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KINGFISH—Key Insights on Nearby Galaxies: A Far-Infrared Survey with
Herschel: Survey Description and Image Atlas1
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ABSTRACT. The KINGFISH project (Key Insights on Nearby Galaxies: a Far-Infrared Survey with Herschel) is
an imaging and spectroscopic survey of 61 nearby (d < 30 Mpc) galaxies, chosen to cover a wide range of galaxy
properties and local interstellar medium (ISM) environments found in the nearby universe. Its broad goals are to
characterize the ISM of present-day galaxies, the heating and cooling of their gaseous and dust components, and to
better understand the physical processes linking star formation and the ISM. KINGFISH is a direct descendant of the
Spitzer Infrared Nearby Galaxies Survey (SINGS), which produced complete Spitzer imaging and spectroscopic
mapping and a comprehensive set of multiwavelength ancillary observations for the sample. The Herschel imaging
consists of complete maps for the galaxies at 70, 100, 160, 250, 350, and 500 μm. The spectral line imaging of the
principal atomic ISM cooling lines ([O I] 63 μm, [O III] 88 μm, [N II] 122,205 μm, and [C II] 158 μm) covers the
subregions in the centers and disks that already have been mapped in the mid-infrared with Spitzer. The KINGFISH
and SINGS multiwavelength data sets combined provide panchromatic mapping of the galaxies sufficient to resolve
individual star-forming regions, and tracing the important heating and cooling channels of the ISM, across a wide
range of local extragalactic ISM environments. This article summarizes the scientific strategy for KINGFISH, the
properties of the galaxy sample, the observing strategy, and data processing and products. It also presents a com-
bined Spitzer andHerschel image atlas for the KINGFISH galaxies, covering the wavelength range 3.6–500 μm. All
imaging and spectroscopy data products will be released to the Herschel user-generated product archives.
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1. INTRODUCTION

Observations of star formation and the interstellar medium
(ISM) in nearby galaxies form a vital bridge between in-depth
studies of individual interstellar clouds and star-forming regions
in the Galaxy and the globally integrated measurements of dis-
tant galaxies. Many of the physical processes that are key to
triggering and regulating star formation are manifested on kilo-
parsec or subkiloparsec scales. These include the formation and
cooling of the atomic gas, the formation of molecular gas and
gravitationally bound clouds; the fragmentation of clouds to
form bound cores, stars, and star clusters; and the return of ra-
diant and mechanical energy from those stars into the ISM. Un-
til recently, this complex interplay of physical processes could
only be probed in depth in the Galaxy and in close neighbors
such as the Magellanic Clouds. The advent of ground-based
aperture synthesis arrays at submillimeter to centimeter wave-
lengths and of sensitive space telescopes in the ultraviolet to
submillimeter range have made it possible to extend such work
to galaxies in the local universe and, thus, to a range of galactic
and interstellar environments that were inaccessible only a few
years ago.

These broad aims formed the basis of the Spitzer Infrared
Nearby Galaxies Survey (SINGS; Kennicutt et al. 2003), one
of the six original Spitzer Legacy Science projects. The primary
goal of SINGS was to fully characterize the infrared emission of
galaxies and their principal infrared-emitting components, using
imaging of 75 nearby galaxies at 3.6–160 μm, along with a suite
of spectroscopic mapping of the galaxy centers and selected
subregions in the 5–40 μm range. The galaxies and the spectro-
scopic targets were selected to span broad ranges of physical
properties, star formation properties, and local interstellar envi-
ronments. The Spitzer observations of the SINGS sample were
supported by an extensive campaign of ancillary observations
extending from X-rays to the radio (Kennicutt et al. 2003)
and have led to a number of follow-up surveys (many led out-
side of the original SINGS collaboration), including mapping of
the ultraviolet continuum emission (Gil de Paz et al. 2007),
radio continuum emission (Braun et al. 2007), velocity-resolved
Fabry-Perot mapping of Hα emission (Daigle et al. 2006;
Dicaire et al. 2008), atomic and molecular gas (Walter et al.
2008; Leroy et al. 2009a), X-ray emission (Jenkins et al. 2011),
and optical spectroscopy (Moustakas et al. 2010). As the result
of this follow-up work, the SINGS sample offers the most com-
prehensive multiwavelength data set for any local galaxy sam-
ple of its size ever assembled. Some of the main scientific
products of the survey have included a comprehensive multi-
wavelength spectral energy distribution (SED) atlas (Dale et al.
2007), spectral atlases (Dale et al. 2006, 2009a; Moustakas et al.
2010), studies of the dust contents and polycyclic aromatic hy-
drocarbon (PAH) emission (Engelbracht et al. 2006; Draine et al.
2007; Prescott et al. 2007; Smith et al. 2007; Bendo et al. 2008;
Muñoz-Mateos et al. 2009a, 2009b), and the molecular gas
emission (Roussel et al. 2007), studies of the form and physical

origins of the spatially resolved radio-infrared correlation
(Murphy et al. 2006a, 2006b, 2008); testing and calibration
of dust-corrected measurements of the star formation rate
(e.g., Calzetti et al. 2005, 2007, 2010; Pérez-González et al.
2006; Kennicutt et al. 2009; Li et al. 2010), studies of the form
of the star formation rate (SFR) versus gas density law (e.g.,
Kennicutt et al. 2007; Bigiel et al. 2008; Leroy et al. 2008;
Liu et al. 2011), along with numerous studies of individual gal-
axies. Most of these investigations exploited the powerful syner-
gies between the infrared observations of the interstellar dust
and/or gas emission with coordinated measurements at other
wavelengths.

These investigations are now reaching their culmination with
the advent of the Herschel Space Observatory (Pilbratt et al.
2010). For observations of nearby star-forming galaxies
Herschel’s key capabilities are its spatial resolution for far-
infrared (FIR) imaging, its extended wavelength coverage into
the submillimeter, and its spectroscopic power for mapping the
primary cooling transitions of the gaseous ISM. Although Spit-
zer provided maps of the mid-infrared dust emission (5.8–
24 μm) with angular resolutions of 6″ or better, its beam sizes
at 70 μm and 160 μm, where the bulk of the dust emission is
radiated, degrade to ∼18″ and 40″ FWHM, respectively, corre-
sponding to typical linear dimensions of 1–5 kpc in the SINGS
galaxies. Thanks to a telescope aperture that is 4 times larger
than Spitzer, the Herschel cameras image the peak of the ther-
mal dust emission with spatial resolutions of a few to several
arcseconds, comparable with that of the Spitzer 24 μm maps,
and sufficient to resolve the emission of dust-emitting clouds
from the diffuse disk background emission in most systems.

The spectral region between 50 μm and 250 μm includes
some of the primary atomic cooling lines for the neutral and
ionized phases of the ISM, including [O I] 63 μm, [O III]
88 μm, [N II] 122,205 μm, and [C II] 158 μm. These lines var-
iously probe the photodissociation regions (PDRs) in the inter-
faces between molecular, atomic, and ionized gas phases in
star-forming regions; the emission of the ionized gas itself in
H II regions; and the diffuse atomic gas. When combined with
spectral diagnostics from the mid-infrared and visible, these
lines provide powerful probes of the physical conditions and
radiation fields in the ISM, the heating of gas and dust, and
potentially robust empirical tracers of star-forming galaxies at
high redshift.

These unique scientific capabilities of Herschel can only be
fully exploited, however, if its imaging and spectroscopy are
mated to a comprehensive set of observations at other wave-
lengths. As such, the SINGS project provides an optimal foun-
dational data set for such a study, and a follow-up Herschel
survey, KINGFISH (Key Insights on Nearby Galaxies: a Far-
Infrared Survey with Herschel), was proposed and approved
as an Open-Time Key Program. With 536.6 hr of observing
time, it is the third-largest scientific program being carried
out with the Herschel Space Observatory.
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The KINGFISH project is an imaging and spectroscopic sur-
vey of 61 nearby (d < 30 Mpc) galaxies (including 57 galaxies
from the SINGS project), chosen to cover the full range of in-
tegrated properties and local ISM environments found in the
nearby universe. The broad goals of KINGFISH are to charac-
terize the ISM of present-day galaxies and the heating and cool-
ing of their gaseous and dust components, as well as to better
understand the physical processes linking star formation to
the ISM.

The main aims of this article are to provide basic information
on the core science program, sample selection and properties,
observing strategy, data properties and processing, and data pro-
ducts as a foundation for the numerous science exploitation ar-
ticles that will follow. The remainder of this article is organized
as follows. In § 2 we briefly summarize the scientific objectives
for the project and demonstrate how these translated into the
experimental design for the Herschel observations. In § 3 we
describe the KINGFISH sample and observing strategy, as well
as the Herschel observations themselves, and (briefly) the rich
set of ancillary data available for the galaxies. This section in-
cludes an updated tabulation of the distances and physical prop-
erties of the galaxies, so future articles can be consistent in what
is assumed. In § 4 we describe the processing of the Herschel
observations and the data products that we plan to deliver from
the survey. We also present examples of early KINGFISH ob-
servations to illustrate the capabilities of performance of the
Herschel instruments for this application. Other examples of
early KINGFISH observations can be found in the Science
Demonstration Phase articles (Beirãao et al. 2010; Engelbracht
et al. 2010; Sandstrom et al. 2010) and in Walter et al. (2011),
Murphy et al. (2011), and Skibba et al. (2011).

2. SCIENTIFIC OBJECTIVES

The KINGFISH science strategy is built around three prin-
cipal scientific objectives: (1) a comprehensive study of the
dust-obscured component of star formation in galaxies and
the relation between star formation and dust heating; (2) a com-
plete inventory of cold dust and its relation to other dust com-
ponents in the ISM; and (3) spatially resolved studies of the
heating and cooling of the ISM, as traced by atomic cooling
lines and the dust. The first objective benefits foremost from
Herschel’s excellent imaging resolution, the second from its
long-wavelength imaging capabilities, and the third from its un-
precedented spectroscopic capabilities. Each of these aims is
described in more detail in this section.

2.1. Linking Star Formation to the Interstellar Medium
in Galaxies

Approximately half of the bolometric luminosity of the
universe is channeled through the FIR emission of galaxies
(Lagache et al. 2005), and the IR thus carries information on
the full range of heating stellar populations, as well as on

the structure and physical conditions of the absorbing dust itself.
Dissecting this information in practice is hampered by the
highly clumped and variable structure of the stars and dust
and by the presence of multiple dust components.

The Infrared Astronomical Satellite (IRAS) established some
basic global trends in the IR luminosities and colors of galaxies
as functions of type and mass, and it revealed a separate class of
starburst and active galactic nucleus (AGN)-driven IR-luminous
galaxies (e.g., Soifer et al. 1987). The Infrared Space Observa-
tory (ISO) and Spitzer missions brought the next breakthrough,
by spatially resolving nearby galaxies in the mid-infrared and by
separately mapping the emission of individual dust grain com-
ponents, each with its own stellar heating population (e.g.,
Helou et al. 2000; Draine et al. 2007 and references therein;
Soifer et al. 2008). These include (1) warm sources associated
with gas and dust clouds (H II regions) surrounding young
(<10 Myr old) star-forming regions (especially prominent in
the ISO 15 μm and Spitzer 24 μm bands); (2) a more diffuse,
extended, and cooler dust component heated by stars with a
range of ages, which dominates the far-infrared emission (the
IRAS cirrus component); and (3) mid-infrared band emission
from large PAH molecules, transiently heated by single UV
and optical photons in PDRs surrounding young star clusters
and by the general interstellar radiation field.

These Spitzer and ISO observations have been especially suc-
cessful in establishing the physical connections between the heat-
ing of the infrared-emitting dust and young stars, but they cannot,
because of insufficient angular resolution, separate the various
emitting regions and components of most galaxies in the FIR,
where the bulk (∼90%) of the dust emission occurs. The beam
sizes of the Spitzer MIPS (Multiband Imaging Photometer for
Spitzer) imager, for example, are ∼18″ and 40″ FWHM at 70 μm
and 160 μm, respectively, corresponding to linear dimensions of
0.9 and 2.0 kpc for a galaxy at a distance of 10Mpc, similar to the
median distance of the galaxies in the SINGS and KINGFISH
samples. The larger aperture of Herschel allows these wave-
lengths to be imaged with nearly a fourfold improvement of
spatial resolution, with point-spread functions of ∼5:5″ and
12″ FWHM, respectively, at the same wavelengths.

The dramatic improvement in structural information with
Herschel is illustrated in Figure 1, which compares SpitzerMIPS
images of the SINGS/KINGFISH galaxy NGC 628 (M74) at 70
and 160 μm with Herschel PACS (Photodetector Array Camera
and Spectrometer; Poglitsch et al. 2010) images at the same
wavelengths. For galaxies at distances of less than 30 Mpc
(the limit for the SINGSandKINGFISH samples), this difference
in resolving power is critical, because it makes it possible to sep-
arate star-forming and giant H II regions from quiescent regions
and to resolve the nuclear, circumnuclear, and more extended
disk emission. This resolution is also well matched to the phys-
ical scales over which cloud formation is triggered and over
which dust reprocesses the light of young stars (e.g., Lawton et al.
2010). The combination of Herschel FIR and submillimeter
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images with the SINGS images at shorter wavelengths provides
spatially resolved SED maps extending from the UV to the FIR.

2.1.1. Understanding and Modeling Dust Heating and
Emission in Galaxies

The FIR and submillimeter SED maps from Herschel also
make it possible to break some of the degeneracies that plague
the interpretation of current observations of dust in nearby gal-
axies. The dust emission and temperature distribution is deter-
mined by several factors, including the local radiation field
intensity, dust opacity, grain size distribution, and composition.
ISO and Spitzer enabled a major advance by providing measure-
ments to successfully treat the heating of the PAH grains and
larger FIR-emitting grains separately. The limited wavelength
coverage of those data, however, makes it difficult to separate
the distributions of dust temperatures from the grain emissivity
functions.

Herschel’s breakthrough capability for this problem is the
deep submillimeter imaging capability offered by the SPIRE
(Spectral and Photometric Imaging Receiver; Griffin et al. 2010)
instrument. SPIRE provides confusion-limited images at 250,
350, and 500 μm, sufficient to detect cool dust and constrain

the Rayleigh-Jeans region of the main dust emission compo-
nents. The FIR and submillimeter SEDs can be fitted with dust
heating models (e.g., Draine & Li 2007; Draine et al. 2007) to
probe dust emission at all ranges of temperatures (from warm
dust at T ∼ 100 K to cooler dust down to T ∼ 15–20 K), to test
for changes in the wavelength-dependent emissivities with
changing metallicity, molecular/atomic gas fractions, and local
radiation field environments. These results in turn will constrain
the composition and survival properties of the grains, to supple-
ment studies of the Galactic ISM.

The effectiveness of the broad wavelength coverage offered
by the combination of Spitzer and Herschel (PACSþ SPIRE)
mapping is illustrated in Figure 2, which shows the integrated
(full-galaxy) SED of the KINGFISH galaxy NGC 337, with a
Draine & Li (2007) dust emission model superimposed.

The spatial resolution of the Herschel FIR maps will also
make it possible to disentangle the respective roles of different
stellar populations in heating the dust. Different age stellar pop-
ulations have distinct spatial distributions within galaxies, and
comparing the surface brightness and color distributions of the
IR emission over a wide baseline in wavelengths with those of
different stellar populations (readily traced by SINGS UV,
broadband visible, and Hα imaging) will allow us to identify

FIG. 1.—Top: Far-infrared scan maps of the KINGFISH galaxy NGC 628 at 70 μm (left) and 160 μm (right), as observed with the SpitzerMIPS instrument as part of
the SINGS project. Bottom: Scan maps at the same wavelengths with the Herschel PACS imager and processed using the Scanamorphos mapping package. The superior
spatial resolution of the PACS images is readily apparent, though the MIPS maps should still be more sensitive to faint extended emission.
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the dominant heating populations as a function of location and
wavelength and to constrain the role of other possible sources
such as cosmic-ray heating (e.g., Hinz et al. 2004, 2006). The
spatially resolved dust SEDs in galaxies are determined by a
combination of factors, including the intensity and spectral
shape of the local radiation field, dust opacity, and heating ge-
ometry. Separating these factors requires a sample of galaxies
with a wide range of SFRs, distributions of star formation, and
dust environments, and the KINGFISH sample was specifically
designed to offer this wide range of environments (§ 3).

The high-angular resolution Herschel data will also address
another problem raised by ISO and Spitzer observations:
namely, the relation of the mid-infrared PAH band emission
at 3–18 μm to the other dust components and the stellar popula-
tions that are mainly responsible for powering this emission.
Spitzer and ISO studies revealed at least two important sources
of PAH emission in star-forming galaxies: emission from PDRs
surrounding star-forming regions and more extended diffuse
PAH emission driven by the general interstellar radiation field,
in relative proportions that can vary significantly within and be-
tween galaxies (e.g., Helou et al. 2004). Studies have shown that
the PAH emission correlates with both the cold (T ∼ 20 K) dust
heated by the general, stellar population (Haas et al. 2002;
Bendo et al. 2008) on one hand and with the number of ionizing
photons from the young stellar population on the other hand
(e.g., Roussel et al. 2001; Förster Schreiber et al. 2004). Recon-
ciling these apparently discordant results is handicapped by the
limited angular resolution and sensitivity of the available maps
of the diffuse cool dust component. Herschel is now making it
possible to obtain maps of the cool dust component with spatial
resolutions that are more comparable with that of the 8 μm PAH
band emission, so the stellar populations heating the respective
dust components can be compared directly. Understanding the

relationships between the PAH emission, large-grain emission,
and star formation is also important because the PAHs are be-
lieved to be major contributors to the heating of the interstellar
gas, especially in PDR regions (§ 2.3.1).

2.1.2. Robust Multiwavelength Star Formation Rates and
the Schmidt Law

The detection of large populations of dusty star-forming gal-
axies at high redshift by ISO, Spitzer, and now by Herschel has
underscored the need for reliable calibrations of IR-based and
composite UVþ IR or visibleþ IR based SFR diagnostics, as
well as for a physical understanding of the basis and limitations
of these tools (Kennicutt 1998). The SINGS project has con-
firmed the close association of the warm 24 μm dust compo-
nent with the youngest star-forming population in H II regions
(Calzetti et al. 2007),which has enabled the derivation of reliable,
extinction-corrected SFR indicators (Calzetti et al. 2007, 2010;
Rieke et al. 2009; Kennicutt et al. 2009). However, the physical
basis and applicability of such calibrations to high-redshift
galaxies, which often exhibit vastly higher SFRs and different
interstellar environments than found locally, is unclear, because
the 24μmemission typically comprises less than 10% of the total
dust emission of galaxies, and the spatial resolution of Spitzer at
longer wavelengths does not allow for the clean resolution of
individual star-forming complexes in most galaxies.

The subkiloparsec-scale FIR maps provided by the Herschel
PACS instrument will directly elucidate the relation between the
24 μm emission and the FIR emission at the peak of the bolom-
etric dust emission, in the 70–170 μm range, for individual star-
forming regions. This will make it possible to directly calibrate
SFR diagnostics based on composite UVþ IR and Hαþ IR
tracers, for spatially resolved applications within galaxies,
and for global studies of more distant galaxies. The same data
will quantify the random and systematic errors in SFRs based on
IR measurements alone (due to starlight not absorbed by dust).
The resulting empirically calibrated SFR recipes can also be
compared with those expected from fitting population synthesis
and dust models to the observed SEDmaps, to test the reliability
of these methods in environments that differ substantially from
those found in local galaxies (e.g., see Murphy et al. 2011).

The resolved attenuation-corrected Herschel SFR maps span
a considerably wider dynamic range than is currently available
from integrated SFR measurements (e.g., Kennicutt et al. 2009),
extending in particular to low surface brightness regimes, where
Hα no longer necessarily provides a statistically reliable local
SFR measure (e.g., Cerviño et al. 2003; Salim et al. 2007;
Meurer et al. 2009; Lee et al. 2009). Combining these data with
the extensive set of high angular resolution H I and CO maps
available for this sample (§ 3.4), enables investigation of the
spatially resolved correlation between the SFR surface density
and the gas surface density (Kennicutt 1998b; Kennicutt et al.
2007), variations in the star formation efficiency as functions of
local dynamical environment within disks (e.g., Leroy et al.

FIG. 2.—Integrated SED for the KINGFISH galaxy NGC 337, based on com-
bined measurements with the Spitzer IRAC and MIPS instruments and with the
Herschel PACS and SPIRE instruments. The corresponding filter bandpasses are
shown at the bottom of the figure. The dark line is a fit of a dust model following
Draine et al. (2007). Note the importance of the SPIRE fluxes in the 250–
500 μm region for constraining the SED shape at long wavelengths.
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2008), and the physical nature of the apparent star forma-
tion thresholds at low-SFR densities in disks (e.g., Martin &
Kennicutt 2001).

2.1.3. The Radio-IR Correlation

There is a close empirical correlation between the centimeter-
wavelength, synchrotron-dominated emission and the FIR
luminosity, which also traces (young) massive star formation
(Helou et al. 1985). As a result, the radio continuum emission
of galaxies is frequently applied as a dust-free tracer of recent
star formation, both for local and distant galaxies (e.g., Condon
1992). However, it is entirely unclear how presumably unrelated
physical processes affecting the propagation of CR electrons and
the heating of dust grains work together to yield a nearly ubiqui-
tous correlation between the radio and FIR emission over many
orders of magnitude.

Spitzer revealed that the spatially resolved correlation be-
tween 70 μm and nonthermal radio emission within galaxies
shows an ”age effect”: the cosmic-ray electron population of
galaxies having more intense star formation largely arise from
a recent episode of enhanced star formation activity and have
not had time to diffuse significant distances (Murphy et al.
2008). This work will be extended with Herschel by enabling
the study of galaxies over a much larger range of spatial scales
and physical parameters than possible so far (Murphy et al.
2011). These comparisons will be carried out using 20 cm maps
obtained with the Westerbork Synthesis Radio Telescope
(WSRT; Braun et al. 2007), and with new observations obtained
with the Expanded Very Large Array, The Australia Telescope
Compact Array (ATCA), the Effelsberg 100 m Radio Telescope,
and the Robert C. Byrd Green Bank Telescope (GBT). The goal
of these studies is to enable the understanding of the underlying
physics of radio-IR correlation on scales down to ∼40 pc.

2.2. The Inventory of Cold Dust in Galaxies

The ISO and Spitzer observatories made major strides toward
compiling a comprehensive inventory of interstellar dust in gal-
axies. Nevertheless, our knowledge has been limited by the rel-
atively few spatially resolved observations of nearby galaxies at
wavelengths above 200 μm and by the limited sensitivity of
those data. Because of the Planck function and the steep de-
crease in the opacity of dust at longer wavelengths (approxi-
mately as λ"β , with 1 < β < 3 in most cases), cooler dust can
radiate relatively little power but still account for most of the
mass. As a result, the amounts and distributions of colder dust
in galaxies (T < 15 K) are poorly measured, and systematic
uncertainties of factors of 2 or more in the dust masses of gal-
axies are not uncommon (e.g., Bendo et al. 2003; Galametz et al.
2011). A combination of ISO, Spitzer, Planck, and ground-
based submillimeter measurements of a handful of galaxies
shows evidence for the existence of extended cold dust, with
temperatures as low as 4–6 K (e.g., Hinz et al. 2004, 2006;

Meijerink et al. 2005; Galliano et al. 2003; Dumke et al. 2004;
Ade et al. 2011a, 2011b). On the other hand, analysis of a large
sample of SINGS galaxies by Draine et al. (2007) concluded
that very cold (T < 10 K) dust contributed no more than half
of the total dust mass. The FIR and submillimeter maps of
galaxies obtained with Herschel, when combined with ground-
based 850 μm and 1100 μm imaging from LABOCA,
MAMBO-2, and SCUBA-2, provide an unprecedented oppor-
tunity to map and quantify the cooler dust emission (e.g.,
Gordon et al. 2010; Meixner et al. 2010). Spatially resolving
the dust emission will also allow us to properly weight the con-
tributions of the different luminosity components (often with
very different SEDs) to the integrated emission and to thus con-
strain any possible biases in deriving dust masses and other
parameters.

A related problem revealed by ISO and Spitzer was the pres-
ence of strong submillimeter excesses in the SEDs for some gal-
axies (e.g., Lisenfeld et al. 2002; Galliano et al. 2003; Israel et al.
2010; Bot et al. 2010; Galametz et al. 2011; Ade et al. 2011b). If
this excess were associated with a component of very cold dust,
this material could comprise the dominant dust component by
mass in the galaxies, but other possible explanations include
emission from (warmer) amorphous dust grains, emission from
spinning dust, or free-free radio emission. Previous detections of
this submillimeter-excess emission in galaxies have been diffi-
cult to interpret because the beam sizes of themeasurements have
often been comparable with the sizes of the entire galaxies. The
sensitivity and the subkiloparsec spatial resolution of the
Herschel SPIRE observations, when combined with longer
wavelength observations mentioned previously, should make
it possible to isolate the sources of the submillimeter-excess
emission, confirm the physical nature and origins for the emis-
sion, and thereby constrain the cold dust masses of the galaxies
muchmore accurately. ThemultiwavelengthKINGFISH/SINGS
maps will also be used to search for extraplanar emission that
might be associated with starburst-driven winds or galactic
fountains.

The Herschel submillimeter continuum maps will also shed
light on the issue of the constancy of the ratio of CO rotational
line brightness to molecular hydrogen surface density, the no-
torious CO=H2 X-factor problem (Bolatto et al. 2008). Compar-
isons of the dust surface densities of KINGFISH galaxies with
the corresponding column densities of H I and H2 (the latter are
derived from CO measurements) provide measurements of the
local dust/gas ratio, over ranges of 2–3 orders of magnitude in
gas surface density and a factor of 20 or more in metallicity
(e.g., Draine et al. 2007). If there are regions in the galaxies
where the CO emission severely underestimates the total mole-
cular gas column, they may be apparent as an anomalously high
dust/gas ratio (e.g., Leroy et al. 2007, 2009b, 2011). Our tests
will make for an excellent comparison with Fermi observations,
which hope to explain the radial gradient in the Galaxy’s diffuse
gamma-ray emission. The leading candidate is a radial variation
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(factor of 5 to 10) in the X-factor (Strong et al. 2004). Using
dust to trace H2 has its own biases and systematics. Because
KINGFISH covers a wide range of environments and this meth-
od has different biases from those of dynamical, diffuse gamma-
ray, or absorption-line approaches, it can provide important
constraints on the behavior of the CO-to-H2 conversion factor
that complement these other methods.

2.3. The Energy Balance of the Star-Forming ISM

The spectral coverage of the PACS instrument includes sev-
eral of the most important cooling lines in the atomic and
ionized ISM, most notably, [C II] 157.7 μm, [O I] 63.2 μm,
[O III] 88.4 μm, and [N II] 121.9 μm and 205 μm. Even with
this limited set of lines, the range of astrophysical applications is
broad, including mapping of the cooling rates and derived UV
radiation intensities in active star-forming regions and the more
quiescent ISM, testing and calibrating fine-structure lines such
as [C II] 158 μm as a star formation diagnostic, and constraining
the metal abundance scale in H II regions.

2.3.1. Cooling of the Interstellar Medium

The [C II] 158 μm and [O I] 63 μm far-infrared lines dom-
inate the cooling of the warm, neutral medium in normal gal-
axies. Photoelectrons liberated from dust grains by UV photons
provide the heat input for the gas (e.g., Hollenbach & Tielens
1997). The heating is relatively inefficient (0.1–1%) and is de-
termined mainly by the ratio of UV radiation field to density
(G0=n). Observations of the far-infrared cooling lines in repre-
sentative samples of local star-forming galaxies were pioneered
with ISO (e.g., Malhotra et al. 1997, 2001; Helou et al. 2001;
Contursi et al. 2002; Brauher et al. 2008). These studies clearly
showed that (1) while the [C II] 158 μm emission dominates the
line cooling, the ratio of [C II] /FIR decreases by more than an
order of magnitude (from 0.004 to less than 0.0004) for galaxies
with high luminosity and/or warm dust temperatures, (2) the
½O I$63 μm=½C II$158 μm flux ratio ranges from 0.2–2, with
[O I] taking over as the primary coolant for the high luminosity,
warm sources, and (3) the [C II] /PAH ratios show no such
trends with dust temperature or luminosity. These results are
broadly consistent with a model that explains the ISM having
a diffuse or cirruslike component, where [C II] dominates the
cooling and the smallest grains provide the bulk of the heating,
together with an “active” component, where [O I] 63 μm is
stronger than [C II] 158 μm.

Near bright star-forming regions, stellar photons from mas-
sive (OB) stars are likely to dominate the gas heating. However,
shocks, turbulence, and cloud-cloud collisions may also contrib-
ute in more isolated regions (Flower & Pineau Des Forêts 2010).
Unfortunately, the poor spatial resolution of ISO and the small
numbers of detected sources made comparisons with models ex-
tremely difficult (e.g., Kaufman et al. 1999; Contursi et al. 2002).
With the addition ofHerschelKINGFISH observations, the cold

dust, PAHs, and the far-infrared cooling lines will be mapped at
comparable spatial resolutions, allowing us to trace the heating
and cooling of the gas and dust in both active and quiescent re-
gions for the first time in a large sample of nearby galaxies. The
KINGFISH sample purposefully includes galaxies (and subre-
gions of galaxies) with a wide range of star formation activity,
as well as a fraction of galaxies hosting low-luminosity AGNs
(27LINERs from their optical nuclear spectra). This will make
it possible to evaluate the impact of nonstellar activity on the dust
grain populations (e.g., Smith et al. 2007) and on the cooling of
the circumnuclear gas in the presence of X-rays, cosmic rays,
and/or large-scale shocks (Meijerink et al. 2007).

2.3.2. The Range of Physical Conditions of the ISM

Herschel spectroscopic observations are well suited for re-
vealing the physical conditions and energetics of the neutral
ISM in these galaxies. The PACS line observations map the
emission of the main [C II] and [O I] cooling lines, as well as
the weaker [N II] 122 μm, [O III] 88 μm, and (in strong sources)
[N II] 205 μm lines, with linear resolutions of ≤300 pc. This is
comparable with the sizes of typical star-forming complexes and
the scales over which the formation of molecular clouds is
thought to be triggered. The [N II] and [O III] lines probe the
ionized gas in the obscured star-forming complexes and allow
for an estimate of the gas density and the effective tempera-
ture of the ionizing stars. The [N II] 122 μm/[N II] 205 μm line
flux ratio is a sensitive probe of gas density, for densities of
10 < ne < 1000 cm"3, lower than that probed with the mid-
infrared [S III] lines seen with Spitzer. The combination of spec-
tral line information from Herschel and SINGS mid-infrared
spectra in the 10–40 μm region with Spitzer will provide criti-
cal measurements of the physical conditions in the ISM—
temperatures, densities, and pressures; local UV radiation
strength and hardness; and constraints on the clumping of the
gas on scales much smaller than the beam resolutions.

As with nearly all of the investigations being carried out in
KINGFISH, most of the diagnostic power of the spectroscopy is
exploited in combination with the matching Spitzer observa-
tions—in this case, with the mid-infrared spectroscopy. As
an illustration of this synergy, Figure 3 plots each of the detect-
able transitions in terms of ionization potential and critical
density.

2.3.3. Tracing Star Formation with Cooling Lines

Understanding how to use the [C II] 158 μm (and other FIR
fine-structure lines) to estimate the SFR in galaxies is timely and
important. These features are already being observed in some
luminous star-forming galaxies at high-redshift, with a variety
of instruments on the ground and in space. The ability to detect
the [C II] line (as well as [O I] and [O III] ) out to extremely high
redshifts and to measure the SFR in extremely young galaxies is
a key science driver for the Atacama Large Millimeter Array
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(ALMA). This capability has recently been highlighted by the
kiloparsec-scale image of the redshifted [C II] line in the z ¼
6 QSO SDSS J114816:6þ 52 obtained with the IRAM Plateau
de Bure millimeter interferometer (Walter et al. 2009). This ob-
ject has an implied SFR of nearly 2000 M⊙ yr"1. Similarly, de-
tection of the [C II] line in the z ¼ 1:3 ultraluminous infrared
galaxy MIPS J142824:0þ 352619 (Hailey-Dunsheath et al.
2010) and in a dozen more galaxies at 1 < z < 2 (Stacey et al.
2010) have provided evidence for massive galaxy-wide star-
bursts at early epochs.

Before these cooling lines are applied indiscriminately as
SFR tracers, it is important to test their accuracy and reliability
using nearby galaxies where the SFR can be accurately mea-
sured using other methods. Observations of M31 by Rodriguez-
Fernandez et al. (2006) show that the [C II] emission follows
both the Hα and Spitzer MIPS 24 μm emission, suggesting
its use as a star formation diagnostic, at least on small scales.
A calibration of the [C II] line as a global SFR tracer was derived
by Boselli et al. (2002). Their calibration was limited to normal
late-type galaxies, but even then the derived SFRs had uncer-
tainties of roughly a factor of 10. Comparisons of the integrated
[C II] and FIR luminosities of a more diverse sample of galaxies

(e.g., Malhotra et al. 1997; Gracia-Carpio et al. 2011) show that
this correlation sometimes breaks down even more severely,
particularly in the regime where [C II] no longer dominates
the cooling or when starlight from evolved populations domi-
nates the grain photoelectric heating. By mapping the key FIR
cooling lines in the KINGFISH sample we will not only shed
light on the range of physical conditions within normal galaxies,
but we will also establish a critical local baseline against which
to compare the observations of high-redshift galaxies in the
coming decade.

2.3.4. Metal Abundances and the Nebular Abundance
Scale

The KINGFISH spectroscopy includes measurements of the
[O III] 88 μm line, a powerful cooling line for H II regions around
early-type O stars. Combining the KINGFISH maps in this line
with matched-aperture optical spectra from SINGS and the lit-
erature will help resolve the long-standing discrepancy between
the H II region metal abundance scale as calibrated by conven-
tional optical spectroscopy based on auroral-line electron tem-
peratures, versus those derived from H II region models fitted
to strong lines, versus those measured from optical recombina-
tion lines (e.g., emission lines of O II that are produced by recom-
bination from O III). Discrepancies of up to factors of 2–3
between these calibrations remain present today (e.g., Kennicutt
et al. 2003; Pérez-Montero & Díaz 2005; Kewley & Ellison
2008). Various explanations for the discrepancies have been of-
fered, including the possible presence of temperature fluctua-
tions that would bias the auroral-line measurements; however,
recent comparisons of nebular and stellar temperature scales ap-
pear to point more in the direction of systematic errors in the
model-derived abundance scales (Bresolin et al. 2009). The
[O III] 88 μm line, which arises from the ground level of the op-
tical [O III] λλ4959, 5007 transitions, provides an independent
measurement of the Oþþ abundance that is much less sensitive
to temperature fluctuations (e.g., Rudolph et al. 2006). Calibra-
tion of the density dependence of the emission is provided by the
SINGS spectroscopy of the [S III] 18.7 μm and [S III] 33.5 μm
lines. This serves as an excellent example of the power of com-
bining Spitzer and Herschel spectroscopy.

3. OBSERVATIONS

3.1. The KINGFISH Galaxy Sample

The scientific potential of KINGFISH derives from combin-
ing the power of deep infrared imaging with spectroscopy of the
key diagnostic lines and the vast ancillary data heritage of
SINGS. To maximize the benefits, the KINGFISH imaging
and spectroscopy have been closely tailored to the existing
SINGS observations.

The SINGS sample comprises 75 galaxies within 30 Mpc,
selected to cover the range of galaxy types, the range of galaxy
luminosities and masses within each type, and the range of dust

FIG. 3.—Key diagnostic lines for the ISM, in terms of ionization potential and
critical density. Red points denote lines accessible within the spectral range of
the Herschel PACS spectrometer, while blue points show lines that lie within the
spectral coverage of the Spitzer IRS instrument. Black points fall outside of the
sensitive range of either instrument, but are shown for completeness. The two
critical densities shown for the [C II] 158 μm line apply to collisional deexcita-
tions from electrons (ionized regions) and from atoms (neutral regions). Note the
unique range of conditions that are probed by the primary far-infrared cooling
lines from Herschel. All of the lines shown in red except for [O I] 145.5 μm are
being observed as part of KINGFISH.
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opacities (as traced by the ratio of IR to visible luminosities)
within this type-mass space, with a strong bias toward star-
forming galaxies (see Kennicutt 2003 for details).

The KINGFISH survey did not need to include all 75 galaxies
in the SINGS sample. Ten galaxies had already been allocated
extensive observing time as parts of Herschel Guaranteed Time
programs. Careful examination of the multiwavelength data
available for the 65 remaining galaxies allowed us to reduce
the KINGFISH sample by a further eight galaxies. The galaxies
excluded (NGC24, 1566, 4450, 4452, and 5033; IC 4710;Ho IX;
and M81dwA) have physical properties and infrared emission
properties that were very similar to other galaxies in the sample.
At the same time, we added four other nearby galaxies that were
drawn from Spitzer surveys other than SINGS and that signifi-
cantly augmented the range of physical properties covered by the
KINGFISH sample. M101 (NGC 5457) is one of the largest spir-
als in the local volume and exhibits one of the largest metal abun-
dance gradients with galactocentric distance found in a nearby
disk galaxy. IC 342 is one of the nearest giant spiral galaxies
and exhibits an unusually large contrast in star formation proper-
ties between a dense starburst nucleus and a very extended disk.
NGC 3077 is a peculiar starburst galaxy in the M81 group that
helps complete our coverage of that group. Finally, NGC 2146 is
an unusually dusty early-type galaxy, one of the nearest luminous
infrared galaxies, and the most IR-luminous galaxy in the
sample.

The properties of the KINGFISH galaxies are summarized in
Table 1. The tabulated values are much improved, thanks to new
observations from SINGS and elsewhere, and supersede those
published earlier by Kennicutt et al. (2003). Recession veloci-
ties, morphology, and projected sizes are from NED, the NASA
Extragalactic Database.23 Sources for the other data are given in
the extensive set of table notes and are summarized next.

Column (1).—Galaxy identification.
Column (2).—Heliocentric radial velocity, from NED.
Column (3).—Morphological type, from NED.
Column (4).—Approximate major and minor diameters in

arcminutes, as listed in NED. These are approximately consis-
tent with RC3 D25 diameters (de Vaucouleurs et al. 1991).

Column (5).—Adopted distance in megaparsecs.
Column (6).—Method used for adopted distance. The dis-

tance for each galaxy was based on a redshift-independent in-
dicator, using, in order of preferences: Cepheid variable stars
(Ceph), tip of the red giant branch stars (TRGB), surface bright-
ness fluctuations (SBF), Type 2 plateau supernovae (SN II),
Tully-Fisher relation (TF), and brightest stars (BS). For
M81DwB we used the mean distance of the M81 Group
(M81G—3.6 Mpc), as no other distance measurement is avail-
able for this galaxy.

Column (7).—Nuclear type, when available, as derived from
optical emission line diagnostic plots constructed from nuclear
spectra. These classifications come fromMoustakas et al. (2010)
or (denoted by asterisks) Ho et al. (1997). The abbreviation SF
denotes anH II regionlike spectrum, andAGN is an accretion disk
spectrum (LINER or Seyfert). Readers should note that although
a considerable number of KINGFISH galaxies show nonstellar
nuclear emission, most of these are low-luminosity AGNs. With
the exception of NGC 1316 ¼ Fornax A, none of the galaxies
hosts a dominant AGN. Galaxies without a listed nuclear type
either lack nuclear emission lines, have completely obscured
nuclei in the visible (e.g., NGC 1377), or, in the case of most
of the dwarf galaxies, lack discernible nuclei altogether.

Columns (8) and (9).—Mean disk logarithmic oxygen abun-
dance. We have adopted the disk-averaged oxygen abundances
(12þ logO=H) from Table 9 of Moustakas et al. (2010). These
authors list two values for each galaxy: one from the theoretical
calibration of Kobulnicky & Kewley (2004; denoted as KK) and
the other from the empirical calibration of Pilyugin & Thuan
(2005; denoted as PT). Both sets of measurements are listed
in the table. We refer the reader to Moustakas et al. (2010)
and the articles cited in § 2.3.4 for a full discussion of the bases
and uncertainties inherent in the two abundance calibrations.
For galaxies lacking H II region measurements, the oxygen
abundances are estimated from the luminosity-metallicity rela-
tion (as denoted by þ symbols). For the four galaxies that were
not originally in the SINGS sample (IC 342, NGC 2146,
NGC 3077, and NGC 5457), we have used values from the lit-
erature: (B) Bresolin et al. (2004); (C) Calzetti et al. (2004);
(E) Engelbracht et al. (2008); and (P) Pilyugin et al. (2004).

Column (10).—Luminosity at 3.6 μm (a proxy for stellar
mass), as derived from flux densities published in Dale et al.
(2007, 2009b) and Engelbracht et al. (2008) and the distances
listed in column (5).

Column (11).—Total infrared luminosity in the range
3–1100 μm, LTIR, are derived from the flux densities at 24,
70, and 160 μm listed in Dale et al. (2007, 2009b) and
Engelbracht et al. (2008) and the distances listed in column
(5). Equation (4) of Dale & Helou (2002) was used to derive
LTIR from the fluxes at 24, 70, and 160 μm.

Column (12).—Star formation rate, in units of M⊙ yr"1,
derived using the combination of Hα and 24 μm emission as
calibrated in Kennicutt et al. (2009) and tabulated in Calzetti
et al. (2010), adjusted to the distances column (5). For NGC
5457, the Hα luminosity is from Kennicutt et al. (2008) and
the 24 μm luminosity is from Dale et al. (2009b).

Column (13).—Total stellar mass in units of solar masses,
derived using the method of Zibetti et al. (2009) and published
by Skibba et al. (2011), but rescaled when necessary to the dis-
tances adopted here.

Column (14).—Classification of the galaxy as a high surface
brightness (B) or faint surface brightness (F) system for the
PACS and SPIRE observations, as described in § 3.2.

23The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Pro-
pulsion Laboratory, California Institute of Technology, under contract with the
National Aeronautics and Space Administration.
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Column (15).—Reference for distance measurements, as
documented in the table notes. The source of the references is
the compilation contained in NED, and we have attempted to
draw the distances from the largest compilations we could find,
in order to minimize the number of different sources and reduce
inconsistencies among different distance measurements.

Figure 4 illustrates the distribution of galaxy types and SFRs
of the galaxies in the KINGFISH sample, plotted in both cases as
functions of distance, to give a sense of the linear resolution avail-
able for specific classes of galaxies. As expected, the distribution
of morphological types is fairly independent of distance, except
for the irregular galaxies, which are overwhelmingly clustered in
the lowest-distance bin, on account of beingmostly faint galaxies
(Table 1). There is also a weak trend for earlier-type galaxies to
populate larger distance bins, on account of these types usually
being larger, more luminous galaxies. Similarly, low SFRs are
generally found in the lowest-distance bins. Most of the closest
low-SFR galaxies are gas-rich dwarfs. Unusual types of galaxies
(for example, early-type galaxies with high SFRs) tend to lie at
larger distances, because they are rare objects and only appear
when one probes a larger cosmic volume.

In terms of other properties, the KINGFISH sample covers
nearly 2 orders of magnitude in oxygen abundance (7:3 <
12þ logðO=HÞ < 9:3, 4 orders of magnitude in 3.6 μm lumi-
nosity (∼106–1010 L⊙) and in total infrared luminosity
(∼4 × 106–1011 L⊙), and a similar total range in
SFRs (∼0:001–7 M⊙ yr"1).

Figure 5 shows the distribution of the KINGFISH galaxies in
terms of the well-known bimodal relation between specific SFR
(SSFR) and stellar mass. Most of the galaxies populate the star-
forming “blue cloud,” which reflects the deliberate survey bias
to actively-star-forming systems. However, higher-mass gal-
axies with low SFRs consistent with the red sequence are also
represented in the sample, though they tend to be early-type
spirals rather than E-S0 systems. The sample lacks examples
of the most massive red galaxies. Also apparent is the lack
of clear separation in SSFRs between early-type and late-type
galaxies. This again reflects the design of the SINGS and
KINGFISH samples; we deliberately included galaxies with
a wide range of infrared luminosities that are independent of
morphological type, so the sample contains unusually large
numbers (relative to any volume-limited sample) of peculiar
early-type galaxies, often with relatively high infrared luminos-
ities and SFRs.

3.2. PACS and SPIRE Imaging

A subsample of 55 galaxies is being imaged with PACSþ
SPIRE to well beyond the optical radius at 70, 100, 160, 250,
350, and 500 μm; the remaining six KINGFISH galaxies, which
are also part of theHerschel Reference Survey Guaranteed Time
Key Project (Boselli et al. 2010a), are imaged with PACS alone.
Our map sizes are designed to probe cool dust, if present, outside
the optical disk and to provide sufficient sky coverage to remove
instrumental artifacts; thus, for all galaxies, we acquire square
maps with dimensions of at least 1.5 times the optical diameter

FIG. 4.—Top: Distribution of KINGFISH galaxies by morphological type and
distance. Bottom: Distribution by star formation rate (as derived from a combi-
nation of Hα and 24 μm measurements) and distance.

FIG. 5.—Specific star formation rate for KINGFISH galaxies, SSFR ¼
SFR=M&, where the SFR and the stellar mass M& are from Table 1. Only gal-
axies for which a SFR is available are shown on the plot. A representative 1-σ
error bar is shown in the top-right corner of the figure. The error bar includes
only random errors (Skibba et al. 2001).
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with both instruments. A minimum map size of 10 × 100 is
imposed in order to maximize efficiency, given the observing
overheads, and to better standardize observations. At the SPIRE
wavelengths, sensitivity is limited by confusion, even for
modest exposure times. On the other hand, at the shortest PACS
wavelengths we cannot easily reach the confusion limit, so we
chose instead to obtain sufficient depth to detect the diffuse disk
emission within 80–90% of R25 and to detect individual IR
sources with high signal-to-noise ratio (S/N) beyond R25. The
goal is tomap the diffuse emission at PACS fainter surface bright-
ness levels through a strategy of smoothing and combinationwith
the SINGS 70 and 160 μmMIPS images, which are much deeper
on large angular scales.

The Spitzer MIPS images for these galaxies show that the
sample spans a wide range in FIR surface brightnesses at the op-
tical radiusR25 (Muñoz-Mateos et al. 2009a). We therefore eval-
uated the 160 μm surface brightnessΣ160 μm atR25 and analyzed
the histogram of the resulting Σ160 μm values. This enabled us to
divide the sample into two groups, a “bright” (high FIR surface
brightness atR25) groupwithmedianΣ160 μm ∼ 3 MJy sr"1 and a
“faint” one (low surface brightness) with Σ160 μm ≲ 1 MJy sr"1.
These two subsets are listed as B and F, respectively, in column
(15) of Table 1. Our observations were devised to achieve these
1-σ per-pixel sensitivities at R25 at 160 μm. By adjusting the
exposure times between the two groups, wewere able to optimize
the requested time allocation.

The SEDs of most of the KINGFISH galaxies peak in the
75–170 μm region and fall off rapidly at longer wavelengths
(Fig. 2). Since the primary goal of our imaging is to accurately
map the distributions of dust mass and temperature, we need to
tailor our exposure times to provide comparable S/N for a typi-
cal galaxy SED across this wide range in wavelength. For most
of the galaxies, this required an estimated extrapolation of the
brightness distributions into the submillimeter. This was done

using the MIPSΣ160 μm atR25, together with empirical or model
SED estimates (Dale et al. 2007).

To maximize efficiency, we have adjusted our exposure times
to achieve comparable sensitivity across the range in wave-
lengths spanned by PACSþ SPIRE and to better constrain
the distributions of dustmass and temperature in the outer regions
of the galaxies. The PACS maps are acquired in scan mode at a
medium speed of 20″ s"1, with homogeneous coverage and the
array oriented at a 45° angle relative to the scan direction. Each
PACS bluewavelength observation (70μmand 100μm) consists
of two chained Astronomical Observation Requests (AORs),
with perpendicular scans to minimize detector anomalies. Four
AORs per galaxy are required for complete PACScoverage, since
PACS acquires a single bluewavelength simultaneously with the
red one (160 μm). Hence, an observation consisted of two ob-
servations at 70 μm and 100 μm and four at 160 μm. These pro-
cedures were also adopted to filter out transient phenomena (e.g.,
asteroids). Each AOR consisted of three scan repetitions for
bright targets and six repetitions for faint targets.

The SPIRE observations were performed similarly, using the
large-map mode at the nominal scan speed of 30″ s"1, with the
array oriented in two orthogonal scans at 42.4° and "42:4° rel-
ative to the scan direction. Galaxies were observed in a single
AOR with two and four repetitions for the bright and faint
groups, respectively. Table 2 lists pixel sizes and approximate
sensitivity limits for each wavelength in the PACS and SPIRE
observations. Note that at the longest wavelengths, the observa-
tions are confusion-limited (Nguyen et al. 2010).

For IC 342, the largest galaxy in our sample, we used the
parallel mode, in which PACS and SPIRE observations are ac-
quired simultaneously. Again, we required complete PACS cov-
erage, so we used two repetitions at slow speed (20″ s"1) in
orthogonal directions for each PACS blue wavelength, in order
to better remove striping and 1=f noise and to mitigate beam

TABLE 2

PACS AND SPIRE IMAGING OBSERVATIONS

Sensitivityc

Instrument Band
PSF FWHMa

(arcsec)
Pixel sizeb

(arcsec)
Bright
MJy sr"1

Faint
MJy sr"1

Parallel
MJy sr"1

PACS . . . . . 70 μm 5:76 × 5:46 1.40 7.1 5.0 11.7
PACS . . . . . 100 μm 6:89 × 6:69 1.70 7.1 5.0 12.3
PACS . . . . . 160 μm 12:13 × 10:65 2.85 3.1 2.2 5.3
SPIRE . . . . . 250 μm 18:3 × 17:0 6.0 1.0 0.7 2.5
SPIRE . . . . . 350 μm 24:7 × 23:2 10.0 0.6 0.4 1.3
SPIRE . . . . . 500 μm 37:0 × 33:4 14.0 0.3 0.2 0.6

aMajor- and minor-axis PSFs, as taken from PACS and SPIRE observers’manuals. Values correspond
to standard KINGFISH scan maps; the PSFs in parallel mode (IC 342 are slightly degraded, see
observer’s manuals).

b Pixel sizes for processed data (see § 4).
cAnticipated 1-σ sensitivities per pixel, estimated using HSPOT version 5. Updated sensitivities will

be provided with data products upon delivery.
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smearing along the scan direction. Estimated sensitivities are
given in Table 2.

3.3. Spectroscopic Observing Strategy

The KINGFISH spectroscopic observations consist of spec-
tral mapping in the key diagnostic emission lines [C II] 158 μm,
[O I] 63 μm, [O III] 88 μm, [N II] 122 μm, and (in areas of high
surface brightness) [N II] 205 μm. The observing strategy clos-
ely follows that of the SINGS project, covering nuclei, selected
extranuclear regions, and full radial strips out to a limiting sur-
face brightness threshold. All of the targeted regions have been
mapped previously with the Spitzer Infrared Spectrograph
(IRS). The galactic centers and extranuclear regions were ob-
served at low resolution with Spitzer from 5–14 μm and with
the Spitzer high-resolution spectrometer at 10–37 μm. The ra-
dial strips coincide with low-resolution SINGS radial strip maps
covering 14–38 μm.

Utilizing the 47″ × 47″ PACS spectrometer field of view, a to-
tal of 51 nuclear pointings, 28 strips (covering 115 PACS fields of
view), and 41 extranuclear positions in 14 separate galaxies were
targeted. The selection criteria for the extranuclear regions was a
physically based strategy to ensure the widest possible coverage
in metal abundance, infrared surface brightness, and 8=24 μm
flux ratios (high 24=8 values are indicative of dust heated by
the intense radiation fields associated with star-forming regions;
e.g., Draine & Li 2007). A small number of SINGS targets were
dropped entirely from the KINGFISH spectroscopic sample due
to nondetection in Spitzer MIPS wavebands. An example of the
PACSþ Spitzer spectroscopic targeting is given in Figure 6.

Line surface brightness projections were based on nominal
scalings from the total infrared (TIR) surface brightness derived
from the SINGS MIPS photometry, together with average frac-
tional line luminosity measurements of nearby galaxies from the
ISO Key Project (Malhotra et al. 2001). Observations of strips
were truncated when the peak projected TIR surface brightness
within a single pointing of PACS fell below 10"7 Wm"2 sr"1,

FIG. 6.—Spitzer 8 μm image of NGC 6946, with PACS spectroscopic line imaging regions superimposed (green boxes). The other color boxes show the footprints of
the corresponding Spitzer IRS observations from SINGS: 5–14 μm low-resolution spectral maps (red); 14–38 μm low-resolution maps (magenta); and 10–37 μm
high-resolution spectral maps (cyan and blue).
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with additional slight trimming to adjust for time constraints and
requirements on the cadence of background observations. Tar-
geted regions (strips, single nuclear pointings, and extranuclear
regions) were divided into three bins of total infrared surface
brightness, and line repetitions were chosen to deliver a S/N
of at least 5 for the median brightness within each bin. A mini-
mum of one repetition per raster position was allocated for [C II]
in the brightest bin, with a maximum of four repetitions for [O I]
and [N II] in the faintest bin. Where possible, multiple line ob-
servations of a given target were grouped into a single AOR.

The sensitivity of these maps varies with wavelength (due to
changes in sensitivity across the spectral range), but for areas
with full depth coverage, a typical 1-σ sensitivity is 2–4×
10"9 Wm"1 sr. This noise is measured from single-pixel ex-
tractions (2.85′′ pixels). Lower surface brightness sensitivities
can be achieved by averaging over larger regions before fitting
the spectra.

Since a substantial majority of the sample is comprised of
galaxies with a photometric radius larger than the maximum
PACS chopper throw angle, unchopped line-scan mode was

FIG. 7.—A montage of infrared images of NGC 6946 from Spitzer (SINGS) and Herschel (KINGFISH). FWHM beam sizes for the respective Herschel bands are
shown in the lower left corner of each panel. Top: Spitzer IRAC images at 3.6 μm and 8.0 μm, and MIPS image at 24 μm. The emission at these wavelengths is
dominated by stars, small PAH dust grains, and small dust grains heated by intense radiation fields, respectively.Middle: Herschel PACS images at 70 μm, 100 μm, and
160 μm, processed with the Scanamorphos map-making package. Note the excellent spatial resolution, despite the longer wavelengths, and the progressive increase in
contributions from diffuse dust emission (“cirrus”) with increasing wavelength. Bottom: Herschel SPIRE images at 250 μm, 350 μm, and 500 μm. These bands trace
increasingly cooler components of the main thermal dust emission, with possible additional contributions from “submillimeter-excess” emission at the longest SPIRE
wavelengths. See the electronic edition of the PASP for similar images of all 61 galaxies in the KINGFISH sample.
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used. In early tests on two smaller KINGFISH galaxies for
which additional chopping observations were obtained, line
fluxes and sensitivity per unit of observing time compared
favorably (within the calibration uncertainty limits) between
maps created with and without chopping. In individual targeted
regions, a 2 × 2 subpixel dither pattern of 4:5″ × 4:5″, or 0:48 ×
0:48 PACS spectrometer pixels, was utilized to mitigate the un-
dersampling of the beam delivered by the telescope, which is
particularly significant at the shortest wavelengths.

For the full radial strips, a dither pattern of 23:5″ × 4:5″ was
used, both to help recover the undersampled beam and to mini-
mize coverage gaps at the perimeter of the maps. This effec-
tively increases the observing time per pixel in most areas by
a factor of 4 over that of a single raster position. Since the radial
strip position angles were dictated by preexisting Spitzer IRS
observations, no attempt was made to adapt the roll angle of
the square PACS spectrometer field to this angle. In practice,
this leads to little or no loss of joint coverage between the Spit-
zer IRS long-low scan maps and the corresponding PACS maps.

Offset backgrounds fields were specified nearby in areas of
low infrared surface brightness and were visited at least every
2 hr, which, in the case of galaxies with long radial strips, re-
quired multiple background visits during individual line scans.

3.4. Ancillary Multiwavelength Observations

Achieving the main scientific aims of this project requires a
strong set of multiwavelength data extending from the UV to the
radio to complement the Herschel observations. These provide
essential information on the gas and dust emission at shorter
wavelengths than those probed by Herschel, the stellar popula-
tions that heat the dust and ionize the gas, and the associated
cold and warm gas components.

Most of these ancillary data sets were assembled for the
SINGS project (Kennicutt et al. 2003) or were carried out by
other groups in parallel with the SINGS project. Briefly, the
imaging data include ultraviolet images (153 nm and
230 nm) from GALEX (Gil de Paz et al. 2007); ground-based

FIG. 8.—Line maps of [C II] , [O III] , the two [N II] lines, and [O I] from KINGFISH observations of NGC 3521. The line maps are overlaid on the SINGSMIPS 24 μm
image, and clipped at an rms level of 3σ. The top left panel shows radial velocities as measured from the [C II] line (color and contours), while the other panels show line
flux, in units given by the respective color bars. Note the range of flux between different lines. The white boxes in the top left panel indicate the extraction apertures for
the line profiles that are shown in Fig. 9.
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B, V , R, I, and Hα images; Fabry-Perot Hα maps and velocity
fields (Daigle et al. 2006, Dicaire et al. 2008); near-IR J ,H, and
K imaging compiled from the Two Micron All Sky Survey
(2MASS; Jarrett et al. 2003); and, of course, the Spitzer imaging
at 3.6, 4.5, 5.8, and 8 μm (IRAC) and at 24, 70, and 160 μm
(MIPS). Radio continuum maps are available from the WSRT
(Braun et al. 2007) and the VLA, and Chandra X-ray imaging
for approximately 75% of the sample is being obtained or com-
piled (Jenkins et al. 2011).

Deeper visible and near-infrared broadband imaging of the
northern KINGFISH sample is being obtained in the g, I, and
H bands, using the wide-field imagers at the Calar Alto Obser-
vatory. These are explicitly designed to be able to produce high-
quality stellar-massmaps of the galaxies based on state-of-the-art
stellar populations models (Zibetti et al. 2009).

A number of the galaxies in the KINGFISH sample are near
enough to have deep Hubble Space Telescope imaging of the
resolved stellar populations, for example, through the ACS
Nearby Galaxy Survey Treasury (ANGST; Dalcanton et al.
2009). Those observations can be used to derive spatially

resolved star formation histories (e.g., McQuinn et al. 2010a,
2010b; Weisz et al. 2011) and strong independent constraints
on SFRs and star formation timescales derived from integrated
light.

Spectroscopy includes ground-based optical spectra (3700–
7000 Å; Moustakas et al. 2010) and Spitzer IRS (low and high
resolution, 5–40 μm) and MIPS SED (50–100 μm) spectral
maps. The SINGS IRS spectral maps (low-resolution spectral
strips, circumnuclear maps, extranuclear region maps) are an
especially unique resource. Spitzer spectra are obtained with
fixed slits, and one needs multiple-pointing maps to properly
interpret the combined spectra, especially in nearby galaxies,
where sources are extended and often multiple sources are
blended in the beam at the longest wavelengths.

A number of radio line surveys have targeted subsets of the
SINGS and KINGFISH samples, to study the relationships be-
tween the cold gas, dust, and star formation in the galaxies. The
H I Nearby Galaxy Survey (THINGS; Walter et al. 2008)
produced atomic gas (H I) maps of 24 KINGFISH galaxies with
∼6″ resolution. For another 21 galaxies, we have somewhat
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FIG. 9.—Spectra of [O I] , [O III] , [N II] , and [C II] are shown for representative apertures (Fig. 8) extracted from KINGFISH observations of NGC 3521. Apertures
cover a range of surface brightness and environments, e.g., diffuse gas and H II regions. The vertical lines show the expected position of the lines at the systemic velocity
of NGC 3521; the offsets are caused by the rotation of the galaxy.
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lower-quality (∼15″ resolution) H I imaging from new or archival
VLA and WSRT observations. Thus, a total of 45 KINGFISH
targets have in-hand atomic gas maps, with the exceptions being
southern and early-type galaxies. The HERA CO-Line Extraga-
lactic Survey (HERACLES; Leroy et al. 2009a) used the IRAM
30 m telescope to obtain deep, wide-field CO J ¼ 2" 1 maps
of 41 KINGFISH targets. Other CO J ¼ 1" 0 surveys are being
carried out with the Combined Array for Research inMillimeter-
Wave Astronomy (CARMA) and the Nobeyama Radio Observa-
tory, and CO J ¼ 3" 2 observations of the centers of many of
the galaxies are being obtained at the JCMTas part of the JCMT
Nearby Galaxies Legacy Survey. Likewise, radio continuum ob-
servations of the galaxies or regions within the galaxies are being
carried out on a number of facilities, as discussed already in
§ 2.1.3 (also see Murphy et al. 2011). Although the teams on
these projects often include members of the KINGFISH
collaboration, most are independent undertakings, and the cor-
responding data sets will be produced and released indepen-
dently from the KINGFISH project.

4. DATA PROCESSING, ANALYSIS, AND
DATA PRODUCTS

As appropriate for a large key program, the Herschel obser-
vations from KINGFISH will be converted to fully documented
data products for archival use by the community. In this section
we briefly describe the processing and expected nature of the
public data products.

Most of the data processing is performed within the Herschel
Interactive Processing Environment (HIPE; Ott 2010), with sub-
sequent customized processing as described next. The KING-
FISH observations present particular challenges in the data
processing, with significant emission over a wide range of spa-
tial scales, and (for spectroscopy) with target sizes that are large
compared with the standard chopping throw of the PACS spec-
trometer. At the time of submission of this article, the higher-
level processing was still under development. Here, we describe
the basic principles and objectives of the data reduction efforts;
more detailed documentation will be provided as part of the
future KINGFISH data releases.

4.1. PACS Scan Maps

At the wavelengths covered by PACS, the KINGFISH
galaxies are expected to emit fluxes on a range of spatial scales,
ranging from unresolved point sources to diffuse emission on
scales extending to at least an order of magnitude larger than
the instrumental point-spread function (PSF). The presence of
this extended structure in the presence of observations with a
high thermal background poses a challenge for the process-
ing of the PACS observations. Early tests by our group and others
reveal that the recovery of diffuse emission is strongly dependent
on the processing algorithms used. As a result, we are apply-
ing more than one approach to the PACS data processing.

We first describe a standard reduction using a slightly mod-
ified version of the HIPE algorithms and then describe a sep-
arate reduction that combines low-level HIPE processing with
a separate mapping stage using the Scanamorphos package
(Roussel 2011).

4.1.1. Initial HIPE Processing

The PACS processing mostly follows the recommended stan-
dard procedure (i.e., pointing association, conversion from en-
gineering units to physical units, and flat-fielding). This
provides pixel timelines that are almost ready to be reprojected
in the sky to produce a map. Prior to this operation, however,
one needs to correct the recorded signals for cosmic-ray events
and 1=f noise (the latter is corrected in the post-level-1 proces-
sing described here). Anomalies (glitches) are removed using
the so-called second-level deglitching method. Instead of in-
specting bolometer timelines for outliers, each individual read-
out is compared with the estimated sky value at the same sky
position to identify outlier values. This reference is composed of
readouts from different pixels in the detector; thus, it is neces-
sary to first remove the relative pixel-to-pixel offsets. This is
achieved either by subtracting a median image or by applying
a high-pass filter with a very large filtering window. This meth-
od has proven to be more robust than the default pipeline meth-
od, in particular, with respect to avoiding rejection of compact
sources, which can mimic instrumental artifacts in their timeline
signature. Another advantage of the second-level deglitching is
that is also flags pixels that are severely affected by cross-talk
effects, as those are obviously outliers with respect to the sky
value at their pointing position.

Once the data have been deglitched, flat-fielded, and cali-
brated into physical units, maps are generated using two differ-
ent approaches, as described next.

4.1.2. PhotProject Maps

Low-frequency noise is the dominant source of uncertainty
in the PACS images of extended sources. Unlike SPIRE, the
PACS photometer does not sample the temperature of its focal
plane with sufficient accuracy to enable the removal of thermal
drifts from the data. Therefore, a strategy using only the signal
must be used to separate the 1=f noise from the signal of inter-
est. This requires the application of a median high-pass filter to
the data before reprojecting the time-series scans back to the
sky. Smaller filtering windows would better sample the time var-
iation of the thermal drifts, but small filter windows also risk
removing more of the real extended emission from the source.
Therefore, this filtering is only applied to the section of the
scans that do not cover the target. We determine the location
of the target in the timeline by projecting a mask, made on a
first rough version of the map, into the timelines using the point-
ing information. Once this is done, the map is created with the
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PhotProject task of HIPE that implements the drizzle
algorithm.

Some maps can present a striped pattern appearing in small
patches over the field. This is due to electrical interferences that
are picked up by the readout circuits. The very low level of these
interferences makes them very difficult to detect and remove,
and at this time there is no efficient method available for elim-
inating these artifacts entirely.

4.1.3. Scanamorphos Maps

Currently, the preferred processing of the KINGFISH PACS
observations is carried out using the Scanamorphos software24

(Roussel 2011). Its main task is to subtract the brightness drifts
caused by the low-frequency noise (comprising both the thermal
drifts of the telescope and detectors and the uncorrelated 1=f
noise of the individual bolometers), before projecting the data
onto a changeable spatial grid. The algorithm employs minimal
assumptions about the noise and the signal, and it extracts the
drifts from the data themselves, taking advantage of the redun-
dancy built in the scan observations. With the nominal settings
used by the KINGFISH survey, the drifts can be determined on
timescales greater than or equal to 0.7 s at 70 and 100 μm, and
0.9 s at 160 μm (for a sampling interval of 0.1 s). These time-
scales correspond to lengths between 1.5 and 2.5 times the beam
FWHM, from 160 μm to 70 μm. The second-level deglitching
was performed, and the option to detect and mask brightness
discontinuities was also used. The data are weighted by the
inverse square high-frequency noise of each bolometer in each
scan.

The output of Scanamorphos is in the form of a FITS data
cube for each band. The four planes of the data cube are a signal
map, an error map, a map of the drifts that have been subtracted,
and the weight map. Currently, there is no propagation of errors
associated with the successive processing steps in the pipeline.
For each pixel, the error is defined as the unbiased statistical
estimate of the error on the mean. The brightness unit is in jans-
kys per pixel, and the pixel size is one-fourth of the beam, as
listed in Table 2.

Over the past year our team has invested considerable effort
into quantifying the uncertainties introduced into both inte-
grated photometry and spatially resolved mapping of the FIR
emission in the PACS maps. These include intercomparisons
of PACS maps produced with different processing algorithms
and independent comparisons with maps produced by Spitzer
MIPS, IRAS, and other instruments. Based on our preliminary
comparisons it appears that the Scanamorphos processing pre-
serves most of the extended emission in most of the galaxies
analyzed to date, and we plan to deliver these as our primary
PACS data products during at least the early stages of the
project. More documentation on the processing and uncertain-

ties in the maps will be provided as parts of those future
deliveries.

4.2. SPIRE Scan Maps

The raw KINGFISH SPIRE data are processed through the
early stages of HIPE to apply all of the standard corrections to
level 1 (including deglitching) and to convert the data to phys-
ical units of flux density. A line is fit to the data for each scan leg
after masking out the galaxy, and this fit is subtracted from the
data. Discrepant data (usually a rogue bolometer, of which there
are typically fewer than one per map) are also masked, and the
data are mosaicked using the native mapper in HIPE. The map
coordinates are then adjusted so that the positions of the point
sources (measured using StarFinder; Diolaiti et al. 2000) match
the positions in the MIPS 24 μm images (with an average cor-
rection of ∼3″). Finally, the images are converted to surface
brightness units by dividing by the beam areas published in
the SPIRE Observer’s Manual: 426, 771, and 1626 square arc-
seconds at 250, 350, and 500 μm, respectively. The output of
our pipeline is six simple FITS files for each galaxy, comprised
of a calibrated image and uncertainty map for each of the
three bands.

4.3. PACS Line Maps and Data Cubes

Readout sample ramps of raw PACS spectral data are fitted
onboard the Herschel Space Observatory. The fitted ramps are
then calibrated and processed using HIPE. After basic calibra-
tion and the insertion of instrument status information into the
metadata associated with an observation, data samples are sep-
arated based upon the observed grating positions. Each ob-
served line is processed independently from other lines
observed during the same AOR. Because motions of the tele-
scope can affect the baseline level of a pixel, individual raster
positions are treated independently. When data lack chopping
offset fields, a canonical dark image is subtracted from each
pointing.

The reliability of unchopped mode observations is signifi-
cantly enhanced by the large amount of redundancy in the data.
During each repetition of an unchopped line scan, each spectral
pixel at a given spatial position samples precisely the same
wavelength 20 times (in two sets of up-down grating scans
of 75 steps per scan, with five readouts per grating step).
The 16 individual spectral pixels at each spatial position to-
gether sweep out a slightly larger wavelength range and further
increase the density of wavelength sampling. Additional repeti-
tions add to this redundancy. This large series of repeated scans
is referred to as a “data cloud.”

Pixel-to-pixel baseline response variations are found to be
several times larger than the predicted continuum levels under-
lying each line. Therefore, readout sequences are normalized by
subtracting a low-order polynomial fit to the time sequence of
data for each pixel, omitting those readings that sample the line24 See http://www2.iap.fr/users/roussel/herschel/.

KINGFISH—SURVEY DESCRIPTION AND IMAGE ATLAS 1365

2011 PASP, 123:1347–1369

This content downloaded from 134.4.251.95 on Mon, 23 Sep 2013 14:51:31 PM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


itself. All data at a given spatial position are then binned within
a wavelength grid that oversamples the theoretical resolution by
a factor of 2. Each wavelength interval in the final binning has
∼100 individual samples contributing (per repetition). With-
in each bin, data that deviate from the bin mean by more than
three standard deviations are flagged as outliers and are
rejected.

Carefully positioned off-source fields, which are free of
known infrared sources, are observed with a cadence of at least
one every 2 hr, using one repetition of the same line-scanning
sequence. Data from these positions are combined to create a
generalized background spectrum. The background spectrum
at each spatial position is fitted with a low-order polynomial
to create a noise-free background map, which is then subtracted
from each raster position in an observation. Background-
subtracted data are produced for each raster position individually.

Final data cubes for each galaxy are obtained by projecting
all raster positions of a given line onto a common set of coor-
dinates based on Herschel pointing information recorded in the
metadata. Pointing uncertainty is of the order of 3″. At the ∼10″
resolution delivered, this pointing uncertainty does not signifi-
cantly degrade the image quality.

Spectral line maps are obtained for each galaxy by applying a
multistep fitting procedure on the data cube. Gaussian fits are
performed on each spectrum of the cube, after removing a third-
order baseline, excluding the spectral line region determined by
the neutral hydrogen systemic velocity and velocity range infor-
mation. This process yields peak surface brightness, integrated
intensity, velocity centroid, and line width for each pixel of
the cube.

In those pixels where the fit fails to meet a number of validity
criteria (for example, the centroid found is outside the allowed
H I velocity range), the fit is replaced by straight integration.
Spectra are integrated on a range of velocities corresponding
to the [C II] emission at that position or are based on the H I

information if the [C II] results were found to be invalid. Un-
certainty maps, based on the scatter within the trimmed, uncol-
lapsed data cloud, and other diagnostic information maps are
simultaneously produced using error propagation.

As a result of the late commissioning of the PACS
unchopped line-scan mode, our data processing algorithms
are still under development. At present, we perform the fitting
and integration on spectra with and without the OFF position
removed, and we combine the results using S/N criteria. We
expect that as the understanding of how to perform the data
deglitching improves this step, the subtraction of the third-
order baseline will become obsolete and the maps will be re-
liably produced based on the off-subtracted data. In the future
we will also correct the PACS data for long-term transient
effects, which are expected with the Ge Ga detectors used
in the spectrometer. Transients with time constants of a
few hundred seconds are very noticeable in all detectors after
a significant change in the background level (for example,
immediately following a calibration sequence or after a move
to a new position during a raster scan). The correction is per-
formed as part of the standard PACS spectroscopy pipeline
reduction in future versions of the HIPE reduction software
(from HIPE 7.0), and we are exploring our own custom algo-
rithms as well. Transients caused by cosmic-ray hits on indi-
vidual detector elements are not corrected by this technique,
but these events are filtered out in the PACS pipeline using an

9.0

FIG. 10.—Ratio of integrated 160 μm flux density (MIPS) to 500 μm flux density (SPIRE) for the KINGFISH galaxies, plotted as functions of mean disk metal
abundance, total infrared luminosity, and infrared to far-ultraviolet (153 nm) flux ratio, an approximate measure of total dust obscuration. Note the strong trends, in the
sense of increased submillimeter emission and thus colder dust SEDs in the fainter, less dusty, and more metal-poor lower-mass galaxies.
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outlier-rejection method that is very effective because of the
huge degree of redundancy present in a typical observation
with the spectrometer.

4.4. KINGFISH Data Deliveries

A staged delivery of complete PACS and SPIRE images and
spectral line maps is planned as part of the KINGFISH project.
The form of the projects is described previously, and deliveries
will be accompanied by full documentation. Since the timescale
for completing the Herschel observations is uncertain, it is not
possible to produce a firm delivery schedule at this time. How-
ever, the first set of KINGFISH data, comprising a complete set
of processed SPIRE maps, was delivered to the Herschel
Science Centre in 2011 June and should be available via the
Herschel Science Centre User Reduced Data pages.25

5. A TASTE OF KINGFISH: IMAGE ATLAS, SAMPLE
SPECTRA, AND SEDS

This article is intended as an introduction and reference ar-
ticle for the many science articles that we anticipate will follow
from the KINGFISH team and from archival users of the survey
data. As illustrations of the scientific potential for these data,
however, we present examples of early results from the imaging
and spectroscopic observations.

To illustrate the wealth of information provided by the
Herschel PACSþ SPIRE maps, individually and in conjunc-
tion with Spitzer images, in Figure 7 we present montages of
SINGS and KINGFISH images for all 61 galaxies in the KING-
FISH sample. For NGC 6946, the nine panels depict grayscale
images in three Spitzer bands (3.6, 8.0, and 24 μm), the three
Herschel PACS bands (70, 100, and 160 μm), and the three
SPIRE bands (250, 350, and 500 μm). Images for all 61 galaxies
are available as online-only materials. At the time this article
was accepted, PACS imaging had not yet been completed for
NGC 584.

As a result of the late commissioning of the full PACS un-
chopped line-scan mode (2 yr after launch), our spectroscopic
observations are still in progress, and our data processing algo-
rithms are still at an early stage of development. Nevertheless,
the powerful capabilities of these observations are illustrated in
Figure 8, which shows preliminary [C II] , [O I] , [N II] , and
[O III] line maps and a velocity map for NGC 3521. Figure 9
shows spectra from representative regions that have been ex-
tracted from these maps.

We conclude with an illustration of how the sample size and
diversity of the KINGFISH survey and the richness of its ancil-
lary data set can help to clarify and unravel some of the astro-
physical questions raised in the first part of this article.

Early studies of IRAS-selected samples had suggested that
local galaxies tend to possess higher mean dust temperatures
than those of high-redshift galaxies. This view has been slowly
changing over the past decade, as more and more submillimeter
data have been accumulating for significant local galaxies sam-
ples (e.g., Dunne & Eales 2001; Galliano et al. 2003, 2005;
Dumke et al. 2004), thus extending the wavelength range to
a regime that can probe the cold dust population and avoiding
the earlier selection biases. Recent studies using submillimeter-
selected samples from the Balloon-borne Large Aperture Sub-
millimeter Telescope (BLAST; Dye et al. 2009), Herschel
(Boselli et al. 2010), or Planck (Ade et al. 2011) find that nearby
galaxies exhibit colder temperatures than what was previously
determined. The submillimeter excess of the local galaxies is
also found to be more pronounced in metal-poor dwarf galaxies
(e.g., O’Halloran et al. 2010; Galametz et al. 2010, 2011). Al-
though the nature of the submillimeter excess in low-metallicity
galaxies is not yet fully known (e.g., Bot et al. 2010), studies of
large samples such as that of Galametz et al. (2011), which com-
bine infrared and submillimeter data, offer the best opportunity
to investigate the systematics of the submillimeter-excess
emission.

The early Herschel KINGFISH data (Dale et al. 2011, in pre-
paration) offer an excellent opportunity to extend these studies
of submillimeter dust by comparing with a consistent set of ob-
servations of the FIR-submillimeter SED shapes of the sample
and to test whether these SEDs correlate systematically with the
gross physical properties of the galaxies. As an illustration,
Figure 10 shows the dependence of the integrated 160 μm=
500 μm flux density ratio as a function of the mean metal abun-
dance, TIR luminosity, and TIR/FUV flux ratio (all plotted in
logarithmic form). Significant correlations appear in all three
comparisons, though the considerable uncertainties in indivi-
dual mean metallicities make that a less convincing correlation
than the others. Similar systematic trends in SED shape have
been seen in early data from the Herschel Reference Survey
(Boselli et al. 2010). These results show that the submillimeter
emission increases as one goes from luminous, dusty, and
metal-rich galaxies to the more metal-poor dwarf galaxies, even
though the SEDs of the latter often show indications of more
warm dust at shorter wavelengths. It is tempting to associate
the 160=500 μm spectral slope as a proxy of the cold dust tem-
perature, in which case the correlations in Figure 10 would
suggest the presence of a larger amount of cold dust in low-
metallicity environments. It is also possible, however, that the
trends seen are produced by a systematic change in the emis-
sivity properties of the dust. In either case, the comparison sug-
gests suggest a continuous trend, rather than a dichotomy
between the massive spiral and less massive dwarf galaxies.

This research has made use of the NASA/IPAC Extragalactic
Database (NED), which is operated by the Jet Propulsion
Laboratory, California Institute of Technology, under contract
with the National Aeronautics and Space Administration.25 See http://herschel.esac.esa.int/UserReducedData.shtml.
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