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Figure 1. (a) The distribution of warm molecular hydrogen (blue) superimposed
on an HSTWFC3 composite color image (red: Hα; green: V-band; pale blue:
B-band) of Stephan’s Quintet. The H2 outlines the 0–0 S(1) distribution from
Cluver et al. (2010), (b) R-band image of Stephan’s Quintet showing the outline
of the three pointings of the 5 × 5 spaxel PACS IFU (blue, green, and magenta).
The lettered regions (A–E) show the extraction boxes discussed in the text.
Regions B and E overlap, and were chosen to minimize contamination of
the shocked regions by faint star forming emission, (c) SPIRE FTS footprints
superimposed on the R-band image. Blue and red circles show the SSW and
SLW detector beam positions, respectively. Those SSW detectors with letters
inside, denote those detectors in which the pH2O 111–000 molecule was detected
(see Tables 1 and 2). Those with a white “X” show non-detections. SSWC3 was
only marginally detected. Upper limits for CO lines at position SLWC3 which
is cospatial with SSWD4 are given in Table 2.

(1–0, 2–1 and 3–2) emission from the filament. Molecular gas
is seen at velocities ranging from that of the “intruder” galaxy
NGC 7318b (Vhelio = 5774 km s−1) to that of the intergroup
gas (Vhelio = 6600–6700 km s−1). The motions inferred from
the CO kinematics support the idea that a significant amount of
kinetic energy is still present in the filament. Dissipation of this
energy can easily provide a plausible source of in-situ heating
of the warm H2 emission.

Given the potential importance of turbulence and shocks
in dissipating mechanical energy throughout the universe, a
goal of the current project is to quantify line cooling in an
environment which is free of the potentially confusing effects
of star formation. If the picture of a turbulent cascade of energy
down from the galaxy-collision-scales to the scale of small
molecular-clouds is correct, energy may leak out at different
scales and densities. Our observations are aimed at quantifying
the importance of shocks and turbulence in the main far-IR
interstellar medium (ISM) cooling lines of [C ii] and [O i].
The SQ filament is an obvious target because we have already
seen that molecular line emission is a large fraction of the
bolometric luminosity in the structure (Appleton et al. 2006).
Furthermore, Suzuki et al. (2011) suggested that [C ii] emission
might be contributing to a broad-band 160 µm image obtained
with AKARI. Indeed, the approximate surface brightness levels
inferred from their measurements for [C ii] contamination are
not far from the values we detect spectroscopically in this paper.

In order to address some of these questions, we obtained
Herschel observations covering the wavelength range of impor-
tant ISM far-IR emission lines with PACS, as well as SPIRE ob-
servations which allow for the potential detection of the higher-J
transitions of CO (not possible from the ground) which would
probe denser and potentially warmer molecular clouds.

Throughout this paper, we adopt a distance to the main
background group (excluding the assumed foreground galaxy
NGC 7320) of 94 Mpc (Xu et al. 2005). At this distance,
10 arcsec correspond to a linear scale of 4.5 kpc.

2. OBSERVATIONS AND DATA REDUCTION

Observations were made using the PACS integral field
spectrometer (Poglitsch et al. 2010) and the SPIRE Fourier
Transform Spectrometer (FTS; Griffin et al. 2010) onboard
the Herschel Space Observatory (Pilbratt et al. 2010) on 2011
December 7–8 and 2012 May 17, respectively, as part of an
open time program (PI: Appleton19). In addition, Herschel pho-
tometric observations from a companion paper (P. Guillard et al.
2013, in preparation) will be used to provide far-IR continuum
measurements in the current paper.

For the PACS spectrometer, observations of the
[C ii] 157.74 µm and [O i] 63.18 µm lines were made in
the first- and third-order gratings using a short “range-scan”
mode covering the redshifted wavelength range 160.4–161.74
and 64.3–64.72 µm, with a velocity resolution of ∼235 and
∼85 km s−1, respectively. The first-order and third-order spec-
tra are detected on independent red and blue spectrometer ar-
rays. The grating was stepped in high sampling mode pro-
viding a heliocentric velocity coverage at the [C ii] line of
4200–8500 km s−1 and 5000–7700 km s−1 for [O i] designed to
detect broad emission from the group. The PACS integral field
unit (IFU) uses an image-slicer and reflective optics to project
5 × 5 spatial pixels (each 9.′′4×9.′′4 on the sky) through the spec-
trometer system over a total field of view of 47′′ × 47′′. Three
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Figure 1. (a) The distribution of warm molecular hydrogen (blue) superimposed
on an HSTWFC3 composite color image (red: Hα; green: V-band; pale blue:
B-band) of Stephan’s Quintet. The H2 outlines the 0–0 S(1) distribution from
Cluver et al. (2010), (b) R-band image of Stephan’s Quintet showing the outline
of the three pointings of the 5 × 5 spaxel PACS IFU (blue, green, and magenta).
The lettered regions (A–E) show the extraction boxes discussed in the text.
Regions B and E overlap, and were chosen to minimize contamination of
the shocked regions by faint star forming emission, (c) SPIRE FTS footprints
superimposed on the R-band image. Blue and red circles show the SSW and
SLW detector beam positions, respectively. Those SSW detectors with letters
inside, denote those detectors in which the pH2O 111–000 molecule was detected
(see Tables 1 and 2). Those with a white “X” show non-detections. SSWC3 was
only marginally detected. Upper limits for CO lines at position SLWC3 which
is cospatial with SSWD4 are given in Table 2.

(1–0, 2–1 and 3–2) emission from the filament. Molecular gas
is seen at velocities ranging from that of the “intruder” galaxy
NGC 7318b (Vhelio = 5774 km s−1) to that of the intergroup
gas (Vhelio = 6600–6700 km s−1). The motions inferred from
the CO kinematics support the idea that a significant amount of
kinetic energy is still present in the filament. Dissipation of this
energy can easily provide a plausible source of in-situ heating
of the warm H2 emission.

Given the potential importance of turbulence and shocks
in dissipating mechanical energy throughout the universe, a
goal of the current project is to quantify line cooling in an
environment which is free of the potentially confusing effects
of star formation. If the picture of a turbulent cascade of energy
down from the galaxy-collision-scales to the scale of small
molecular-clouds is correct, energy may leak out at different
scales and densities. Our observations are aimed at quantifying
the importance of shocks and turbulence in the main far-IR
interstellar medium (ISM) cooling lines of [C ii] and [O i].
The SQ filament is an obvious target because we have already
seen that molecular line emission is a large fraction of the
bolometric luminosity in the structure (Appleton et al. 2006).
Furthermore, Suzuki et al. (2011) suggested that [C ii] emission
might be contributing to a broad-band 160 µm image obtained
with AKARI. Indeed, the approximate surface brightness levels
inferred from their measurements for [C ii] contamination are
not far from the values we detect spectroscopically in this paper.

In order to address some of these questions, we obtained
Herschel observations covering the wavelength range of impor-
tant ISM far-IR emission lines with PACS, as well as SPIRE ob-
servations which allow for the potential detection of the higher-J
transitions of CO (not possible from the ground) which would
probe denser and potentially warmer molecular clouds.

Throughout this paper, we adopt a distance to the main
background group (excluding the assumed foreground galaxy
NGC 7320) of 94 Mpc (Xu et al. 2005). At this distance,
10 arcsec correspond to a linear scale of 4.5 kpc.

2. OBSERVATIONS AND DATA REDUCTION

Observations were made using the PACS integral field
spectrometer (Poglitsch et al. 2010) and the SPIRE Fourier
Transform Spectrometer (FTS; Griffin et al. 2010) onboard
the Herschel Space Observatory (Pilbratt et al. 2010) on 2011
December 7–8 and 2012 May 17, respectively, as part of an
open time program (PI: Appleton19). In addition, Herschel pho-
tometric observations from a companion paper (P. Guillard et al.
2013, in preparation) will be used to provide far-IR continuum
measurements in the current paper.

For the PACS spectrometer, observations of the
[C ii] 157.74 µm and [O i] 63.18 µm lines were made in
the first- and third-order gratings using a short “range-scan”
mode covering the redshifted wavelength range 160.4–161.74
and 64.3–64.72 µm, with a velocity resolution of ∼235 and
∼85 km s−1, respectively. The first-order and third-order spec-
tra are detected on independent red and blue spectrometer ar-
rays. The grating was stepped in high sampling mode pro-
viding a heliocentric velocity coverage at the [C ii] line of
4200–8500 km s−1 and 5000–7700 km s−1 for [O i] designed to
detect broad emission from the group. The PACS integral field
unit (IFU) uses an image-slicer and reflective optics to project
5 × 5 spatial pixels (each 9.′′4×9.′′4 on the sky) through the spec-
trometer system over a total field of view of 47′′ × 47′′. Three
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Figure 1. (a) The distribution of warm molecular hydrogen (blue) superimposed
on an HSTWFC3 composite color image (red: Hα; green: V-band; pale blue:
B-band) of Stephan’s Quintet. The H2 outlines the 0–0 S(1) distribution from
Cluver et al. (2010), (b) R-band image of Stephan’s Quintet showing the outline
of the three pointings of the 5 × 5 spaxel PACS IFU (blue, green, and magenta).
The lettered regions (A–E) show the extraction boxes discussed in the text.
Regions B and E overlap, and were chosen to minimize contamination of
the shocked regions by faint star forming emission, (c) SPIRE FTS footprints
superimposed on the R-band image. Blue and red circles show the SSW and
SLW detector beam positions, respectively. Those SSW detectors with letters
inside, denote those detectors in which the pH2O 111–000 molecule was detected
(see Tables 1 and 2). Those with a white “X” show non-detections. SSWC3 was
only marginally detected. Upper limits for CO lines at position SLWC3 which
is cospatial with SSWD4 are given in Table 2.
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NGC 7318b (Vhelio = 5774 km s−1) to that of the intergroup
gas (Vhelio = 6600–6700 km s−1). The motions inferred from
the CO kinematics support the idea that a significant amount of
kinetic energy is still present in the filament. Dissipation of this
energy can easily provide a plausible source of in-situ heating
of the warm H2 emission.

Given the potential importance of turbulence and shocks
in dissipating mechanical energy throughout the universe, a
goal of the current project is to quantify line cooling in an
environment which is free of the potentially confusing effects
of star formation. If the picture of a turbulent cascade of energy
down from the galaxy-collision-scales to the scale of small
molecular-clouds is correct, energy may leak out at different
scales and densities. Our observations are aimed at quantifying
the importance of shocks and turbulence in the main far-IR
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The SQ filament is an obvious target because we have already
seen that molecular line emission is a large fraction of the
bolometric luminosity in the structure (Appleton et al. 2006).
Furthermore, Suzuki et al. (2011) suggested that [C ii] emission
might be contributing to a broad-band 160 µm image obtained
with AKARI. Indeed, the approximate surface brightness levels
inferred from their measurements for [C ii] contamination are
not far from the values we detect spectroscopically in this paper.

In order to address some of these questions, we obtained
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tant ISM far-IR emission lines with PACS, as well as SPIRE ob-
servations which allow for the potential detection of the higher-J
transitions of CO (not possible from the ground) which would
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Throughout this paper, we adopt a distance to the main
background group (excluding the assumed foreground galaxy
NGC 7320) of 94 Mpc (Xu et al. 2005). At this distance,
10 arcsec correspond to a linear scale of 4.5 kpc.
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Transform Spectrometer (FTS; Griffin et al. 2010) onboard
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open time program (PI: Appleton19). In addition, Herschel pho-
tometric observations from a companion paper (P. Guillard et al.
2013, in preparation) will be used to provide far-IR continuum
measurements in the current paper.

For the PACS spectrometer, observations of the
[C ii] 157.74 µm and [O i] 63.18 µm lines were made in
the first- and third-order gratings using a short “range-scan”
mode covering the redshifted wavelength range 160.4–161.74
and 64.3–64.72 µm, with a velocity resolution of ∼235 and
∼85 km s−1, respectively. The first-order and third-order spec-
tra are detected on independent red and blue spectrometer ar-
rays. The grating was stepped in high sampling mode pro-
viding a heliocentric velocity coverage at the [C ii] line of
4200–8500 km s−1 and 5000–7700 km s−1 for [O i] designed to
detect broad emission from the group. The PACS integral field
unit (IFU) uses an image-slicer and reflective optics to project
5 × 5 spatial pixels (each 9.′′4×9.′′4 on the sky) through the spec-
trometer system over a total field of view of 47′′ × 47′′. Three
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Table 6
X-Ray Properties of PACS Regions

PACS kT b Zb LXsoft
b,c LXsoft/LFIR) [C ii]/LXsoft H2tot/LXsoft

Regiona (keV) (solar) (1033 W) (1033 W)

A 0.39 (+0.13
−0.06) 1.33 (+1.33

−1.20) 0.90 (+0.02
−0.02) 0.005 11.1 (1.7) 13.4 (0.4)

B 0.62 (+0.06
−0.05) 0.12 (+0.06

−0.04) 3.31 (+0.25
−0.25) 0.029 2.9 (0.5) 4.6 (0.4)

C 0.71 (+0.05
−0.09) 0.18 (+0.09

−0.06) 3.35 (+0.25
−0.25) 0.023 3.4 (0.6) 5.5 (0.4)

D 0.70 (+0.07
−0.09) 0.45 (+2.04

−0.26) 1.66 (+0.18
−0.18) 0.012 3.6 (0.6) 6.7 (0.8)

E 0.60 (+0.07
−0.08) 0.15 (+0.12

−0.06) 2.19 (+0.21
−0.21) 0.018 3.5 (0.6) 5.9 (0.6)

Notes.
a PACS regions as defined in Figure 1(b) and Table 1 covering 18.8 × 18.8 arcsec2.
b Soft X-rays (0.5–2 keV) derived from extractions from the Chandra observations by O’Sullivan et al. (2009).
c Assuming D = 94 Mpc.

Figure 8. [C ii] µm/PAHtot ratio vs. the FIR 70/100 µm dust color for
NGC 1097 and NGC 4559 from Croxall et al. (2012) KINGFISH program,
with the SQ points from PACS Regions A–E plotted. The photoelectric heating
efficiency in PDRs is dominated by PAH molecules, and [C ii]/PAH ratio is
unlikely to exceed 3% for PAHs, and a smaller amount from small and large
grains according to Habart et al. (2004). The SQ points are the values PAHtot as
tabulated in Table 1, and the 70/100 µm colors are derived from the SED fits in
Figure 5.

that PAHs dominate over both small and large grains in terms
of photoelectric heating efficiency (Watson 1972; Hollenbach
& Tielens 1999; Habart et al. 2004). The heating of the diffuse
gas may be further enhanced if the metallicity of the gas is low,
because UV photons can excite a larger volume at smaller net
G, thereby increasing the heating efficiency (see discussion of
extended PDRs by Madden et al. 1997; Israel & Maloney 2011).

One direct measure of the efficiency of photoelectric heating
is the flux ratio of the [C ii] to total emission from PAH features
in the mid-IR spectrum [C ii]/PAHtot. Here we define PAHtot
as the sum of the PAH feature fluxes from 6 to 17 µm. For
diffuse regions in the Galaxy (e.g., Habart et al. 2003), this is
typically few percent, and has been directly measured recently
in a variety of extragalactic environments (Beirão et al. 2012;
Croxall et al. 2012) ranging from 2% to 5%. Figure 8 (see
also Table 1, Column 7) shows the [C ii]/PAH ratio for the five
PACS regions plotted against far-IR color temperature. Also
shown are spatially resolved points from Croxall et al. (2012)
for NGC 1097 and NGC 4559—two nearby galaxies observed
in the Herschel KINGFISH program (Kennicutt et al. 2011).
The plot emphasizes the unusually large ratios of [C ii]/PAHtot
in the SQ shock compared with normal diffuse emission in the
outer parts of galaxies.

Our measured values of [C ii]/PAHtot ratio range from values
of 17%–18% (Regions A and D) to 40%–70% in Regions B,

C, and E. The large [C ii]/PAH ratios we observe, especially in
Region E, strongly argue against heating of the [C ii] emission by
photoelectron from PAH molecules in a diffuse UV field as the
primary mechanism for the [C ii] emission, since the efficiency
of the photoelectric effect would have to be unusually large to
explain the observed result.

Cluver et al. (2010) showed that the 24 µm Spitzer emission
from the molecular shock is very weak, perhaps even absent at
the shock-center (near Region C) suggesting a dearth of small
grains. This can now be quantified more precisely with the new
combined Herschel- and Spitzer-derived SED (P. Guillard et al.
2013, in preparation). The 24 µm point for Region E (scaled to
the 160 µm resolution—red point in lower panel of Figure 5)
shows that it is extremely low, in sharp contrast to the same point
in Region A known to contain some star formation (upper panel
of Figure 5). Since small grains radiate most efficiently in the
20–30 µm range, it is unlikely that the [C ii] emission could arise
from photoelectric heating from small grains, since they seem
depleted over much of the filament. Most of the emission from
Region E comes from long-wavelength emission, presumably
from larger grains where the photoelectric heating of [C ii] is
the most inefficient (Bakes & Tielens (1994).

PACS Regions B, C, and E also show unusually high [C ii]/
FIR ratios (Table 1). These values ([C ii] between 6% and 7%
of the FIR) are much larger than that seen in the diffuse ISM
which is typically <1%, and exceeds by at least a factor of two
the maximum theoretical efficiency for photoelectric heating of
[C ii] by small grains (∼3%) discussed by Bakes & Tielens
(1994). To put these values in a more cosmic perspective,
we show in Figure 9, the [C ii]/FIR ratio versus the FIR IR
luminosity for the five extracted regions overlaid on a plot
shown by Stacey et al. (2010) for galaxies in both the nearby
and distant universe. Interestingly, the Regions A and D, where
the gas filament is contaminated by star formation, show lower
[C ii]/FIR ratios, whereas the other regions in SQ that lie
in more “pure shock” environments away from known H ii
regions, have higher ratios. This suggests that the signature
of shocked or turbulently heated gas can be masked by star
formation—perhaps explaining why such large ratios are not
commonly seen in galaxies with powerful star formation.

In Figure 10, we show one regime where the observations
of the SQ shock seems to fall closer to the norm seen in other
galaxies. Here we plot the [O i] 63 µm/[C ii] ratio as a function
of the FIR dust color F (60 µm)/F (100 µm) from Malhotra et al.
(2001) based on their work with ISO for a set or normal galaxies.
Although the points lie to the extreme in color temperature (we
determine these colors from the SED fits of P. Guillard et al.
2013, in preparation), the points seem to form an extension
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Figure 9. Compilation by Stacey et al. (2010) of the [C ii]/FIR luminosity vs.
the FIR luminosity for individual galaxies over a wide range of luminosity and
redshift. The SQ PACS Regions A–E are also plotted showing the extreme values
for the [C ii]/FIR ratio, especially for the regions less contaminated by star
formation (Regions B, C, and E). Interestingly, those regions exhibiting weak
star formation fall closer to the distribution for normal star forming galaxies.
The arrow shows a highly schematic mixing line as star formation becomes
more dominant over shocks in gas that are actively forming stars rather than in
a highly turbulent state.

of those found for normal galaxies. Recent spatially resolved
observations of M82 with PACS (Contursi et al. 2013) show a tail
of points which also extend into this region. They mainly arise in
the cooler outer parts of M82, with some points possibly being
associated with the starburst wind. Malhotra et al. interpreted
their plot as an indication that [O i] is excited more, with respect
to C+, as the dust temperature rises. Our results for SQ appear
to confirm that this trend remains true for the gas and dust
in the SQ filament, even though we have argued that the process
that excites the [C ii] (and presumably [O i]) is not UV radiation
in a PDR. In some ways this is unfortunate, because if one is
confronted with far-IR diagnostics alone, it is hard to separate
shock or turbulently induced gas from a low-density PDR, since
both can exist as a diffuse, warm component in the ISM.

It is interesting to ask what contribution to the [C ii] emission
might be expected from a standard PDR (solar abundance), given
the low values of far-UV field strength Go of 1.4 Habing units
in SQ measured by Guillard et al. (2010). Such UV radiation
must be present to ionize the carbon. Based on the models of
Kaufman et al. (1999) and adopting a reasonable density of
∼103 cm −3, this low G-field would be expected to contribute a
surface brightness in [C ii] emission of 1–2 × 10−6 erg s−1 cm−2

sr −1, or between 0.8 and 1.6 × 10−17 W m−2, for the extraction
apertures used in our PACS regions. Thus, the UV radiation field
necessary to ionize carbon would contribute between 10% and
15% of the emission detected in the SQ filament regions.

Although we will argue below that the metallicity of the gas is
not likely to be a large factor in explaining the results, we next
consider what the consequences of reduced metallicity might
be in a diffuse PDR. Israel & Maloney (2011) have detected
[C ii]/FIR ratios in some regions of the Large Magellanic Cloud

Figure 10. Line luminosity ratio of [O i]/[C ii] as a function of the far-IR color
from a sample of galaxies by Malhotra et al. (2001) based on ISO data (black
points) with the PACS Regions 1–5 for SQ plotted as red filled circles. The
solid lines are theoretical models of PDRs based on the models of Kaufman
et al. (1999). Unlike the other figures shown in this paper, the SQ points appear
to form a continuous distribution at cool color temperatures with the normal
galaxies (see the text).

(LMC) which range from 1% to 5% (Cloud 9 in LMC-N11 has
the highest value), and several regions in the Small Magellanic
Cloud (SMC) with elevated values of 0.5%–2%, still unusual
compared with most galaxies. These authors argue that PDR
models in low metallicity environments can just, but only just,
reconcile the [C ii]/FIR ratios in the LMC. The models of Bakes
& Tielens (1994) can asymptotically approach values of 5% for
low values of G0. Although one could argue that in the SQ
filament, even lower values of G0 are likely, the extreme value
of [C ii]/FIR = 6%–7% seen in the pure-shock regions of B and
E seem to push the model to the limit. When combined with
the extremely large values of [C ii]/PAH discussed earlier, it
seems reasonable to question whether PDR heating of the gas
with these large ratios is the only possible way that [C ii] can be
heated.

The oxygen metallicity of the gas in the SQ filament has
recently been measured using optical emission lines with an
IFU by Iglesias-Paramo et al. (2012). The results depend on
the velocity regime being considered. Gas consistent with
shock-excitation is seen in two main velocity features around
6000–6300 km s−1, and around 6600 km s−1. The low-velocity
feature, which is broadly associated with the intruder galaxy’s
(NGC 7318b) velocity (and corresponding to the broad left-hand
peak seen in both the [C ii] and CO spectra shown in Figure 2)
has close to solar metallicity, but the higher velocity gas was
found to have an oxygen metallicity of 12 + log O/H = 8.35,
similar to the SMC. However, this result does not agree with
the earlier measurements of Xu et al. (2003) who found 12 +
log(O/H) = 8.76—slightly super-solar. The differences may
be due, in part, to the different methods used, but may also
be due to the difficulty of measuring metallicity when the
lines are broad and faint. If we accept that the higher velocity
component in the [C ii] and CO profiles could be of lower
metallicity, how might this effect our interpretation of the global
ratios, such as [C ii]/PAH and [C ii]/FIR? The answer is that
the effect is minimal, since the average metallicity of the gas,
integrated over the whole profile, is likely to be no less than 0.75
solar, especially as the lower-velocity component dominates the
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Fig. 1.— ZEUS/CSO [CII] spectra of the eight galaxies reported here. Each spectral bin is

one resolution element of the spectrometer and is statistically independent from its neighbors.

The velocity scale is centered on the [CII] line center. Red dashed lines indicate literature

redshift values and uncertainty range where available. Note that the literature redshifts for

MIPS J22530 and SMM J03 do not include uncertainty ranges, while for SDSS J12 a range

of possible redshifts exist with no clearly preferred value.

we rebinned them to resolutions ⇠120 to 350 km s�1 and fit a linear baseline to channels

with no line emission. Line fluxes are tabulated in Table 2.

The [OI] line is clearly detected in six of the seven sources, and marginally detected in

SWIRE 4-5 (discussed in section 4.5.) In a few sources we observe o↵sets from the [CII]

line velocity by ⇠250 km s�1. Both the velocity resolution and signal to noise ratios in our

[CII] spectra are modest, however, and a slight calibration error could introduce a velocity

[CII]158um	
  (CSO/ZEUS)	
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Fig. 2.— The PACS [OI] spectra from the six sources observed in our Herschel program and

SDSS J12, observed by PI Sangeeta Malhotra. SWIRE 3-18 was not observed. Velocities are

with respect to our [CII] line center. Region shaded in yellow indicates the area integrated

to determine line flux. Red dashed lines indicate redshifts from the literature, as in Figure 1

error of ⇠200km s�1, so the o↵set between [OI] and [CII] is acceptable and does not require

a physical explanation.

[OI]63um	
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Fig. 3.— The best fit SED model from the library of Dale & Helou (2002) for each of our

sources. Photometry (diamonds) is listed in Table 6. Data from 24 µm observations is

plotted but not used in SED fit.

formation history. A crude but e↵ective estimation can be arrived at based solely on the

rest frame galaxy luminosity at ⇠2 µm, a wavelength which yields nearly constant mass

to luminosity ratios which are less dependent on star formation histories (de Jong 1996;

Bell et al. 2003). The e↵ectiveness of the 2 µm luminosity for the purpose of estimating

stellar masses has already been demonstrated at z⇠3 using IRAC 8 µm measurements

(Magdis et al. 2010), and here we extend the approach to z⇠1.8 where the appropriate rest

wavelength coincides with the IRAC 5.8 µm band. We take this IRAC band to represent

the rest frame 2 µm flux and directly use the relationship established by Magdis et al.

(2010):

log(M⇤/M�) = 2.01(±0.65)� 0.35(±0.03)⇥M2µm, (3)

IR	
  SED	
  (MIPS/PACS/SPIRE)	
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Fig. 5.— SFR vs. stellar mass. Adapted from Figure 6 of Fiolet et al. (2009). The SFRs and

stellar masses of our sample, represented by filled green and red diamonds, are determined

by LFIR and the IRAC 5.8 µm flux density. One source, SDSS J12 is not included as no

IRAC 5.8 µm data is available. The x error bars have been suppressed for clarity as we only

have order of magnitude stellar mass estimates. Red triangles represent the z⇠2 sources

presented by Fiolet et al. (2009), Large black symbols represent stacked subsets of the Fiolet

sample, small black symbols represent z⇠2 sources from Daddi et al. (2007). Green squares

trace the average trend in GOODS-N. The ‘main sequence’ of galaxies stands out as a strong

correlation of SFR and stellar mass, clustering about the blue line.
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Fig. 6.— Observed [CII]/FIR vs. LFIR. Our sample is shown as in previous Figures. We

have also included local sources from Brauher et al. (2008) (gray circles,) the GOALS sample

(Armus et al. 2009; Dı́az-Santos et al. 2013) (open circles,) and Farrah et al. (2013) (black

filled circles.) Magenta 1<z<2 sources are from Stacey et al. (2010b) (updated by Ferkinho↵

et al. (2014) and Hailey-Dunsheath (2014),) and several high redshift SMGs and QSOs are

from (Pety et al. 2004; Marsden et al. 2005; Maiolino et al. 2005, 2009; Ivison et al. 2010;

Valtchanov et al. 2011; De Breuck et al. 2011; Swinbank et al. 2012; Wagg et al. 2012;

Gallerani et al. 2012; Venemans et al. 2012; Willott et al. 2013; Wang et al. 2013; Riechers

et al. 2013). We also note shock a↵ected regions from Stephan’s Quintet (Appleton et al.

2013) (orange circles,) and the ratios spanned by star forming regions within M33 (Mookerjea

et al. 2011).
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Fig. 12.— PDR diagnostic plots. Color shaded contours show constraints on n and G0

based on the following ratios: green [OI]/[CII], cyan ([OI]+[CII])/IR, blue [CII]/IR, orange

[OI]/CO(3!2). Solid lines note ratio values and shaded areas represent ±1� regions. We

attribute 70% of observed [CII] to the classic PDR model. Also overlaid as a dashed red line

is the region containing 68.27% of the volume in the two dimensional probability distribution

of n and G0. For source SWIRE 4-5, which has a tentative [OI] detection, we additionally

show a purple dashed region indicating the 68.27% region that would result if we take the

[OI] detection as an upper limit instead. Note that in this source the UV field is constrained

to low intensities largely due to the [CII]/IR ratio, and the [OI] measurement mostly e↵ects

the density determination. We have assumed G0 >100.5 as a prior to ignore the low G0 high

density solution which, as discussed in the text, is unrealistic for galaxy averaged properties.

In SWIRE 3-18 we lack a useful [OI]/[CII] ratio to constrain density so we have additionally

assumed n⇠103-105 cm�3, consistent with other star forming sources at high redshift (Stacey

et al. 2010b).
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in star formation powered ULIRGs at redshifts 1-2.

If we interpret our observations within the PDR paradigm, as is the common practice

for [CII] and [OI], then the relative strengths of [CII], [OI], and the infrared continuum

characterize the density of the PDR media and the intensity of the local FUV field. In

general, the densities that characterize our sources are of order or slightly greater than the

[CII] critical density. This suggests that the [CII] line is cooling the PDR gas at nearly

maximum e�ciency, consistent with the high [CII]/FIR ratios we observe.

The FUV intensity we derive from the PDR models can be related to the integrated

source luminosity. Essentially all of the FUV that impinges on neutral gas clouds is absorbed

by dust and reradiated in the FIR continuum. Therefore, the observed infrared intensity

measures the average FUV field intensity within our telescope beam. The PDR-derived

FUV field intensity, (G0,) and our beam-averaged field intensity are thus related by the

source beam filling factor.

We can consider this beam filling factor in the form of a back of the envelope

calculation. Wolfire et al. (1990) found that a cloud of size D, and luminosity, LIR, should

have an average FUV field given by G0 / �LIR/D
3 where �, the mean free path of a

photon, is much smaller than the cloud extent, D; or G0 / LIR/D
2 if � ⇠> D. Detailed

models of the physical conditions of the molecular ISM in the star forming regions of the

nearby starburst galaxy M82 are remarkably similar to the average values we find for our

sources, namely, n⇠104 cm�3 and G⇠103 (Lord et al. 1996), so that we use it as a template

by which we scale our redshift 1-2 sample. Note that strictly this comparison also requires

that the relative distribution of star formation (extended vs nuclear) be similar between

M82 and our sources. Without resolved observations of our sample it is unclear whether

this is the case, so we proceed with the expectation that our findings will be indicative of

the order of magnitude only.
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For M82 if we take D⇠300 pc (Joy et al. 1987) and LFIR⇠2.8⇥1010L� we find that

(D/pc)3 ⇠0.96 (LFIR/L�)/G0 or (D/pc)2 ⇠3.2e-3 (LFIR/L�)/G0. As noted in Table 5, we

find the spatial extent of star formation in all of our sources is ⇠>1 kpc, implying that star

formation is occurring over a large fraction of the galactic disk. Note that a lower FUV

field intensity, G0 ⇠100.25, which often appears as a secondary solution in our PDR models

comparing [CII] and [OI] (see Figure 12), would imply spatial scales an order of magnitude

larger which is not reasonable, so we take the higher FUV field solution. Similar analysis

by Dı́az-Santos et al. (2014) of a sample of local LIRGs shows that there is indeed a strong

correlation between the FUV intensity and emitting region size, but suggests that, on a

galaxy-wide scale on average, G0 / LIR/D
↵ where ↵ < 2. This implies that, if anything,

our estimates of the emitting size regions is an underestimate.

Our finding of kpc scale star formation is consistent with the recent observations of

spatially resolved CO in high redshift sources (Tacconi et al. 2010; Daddi et al. 2010;

Ivison et al. 2011; Riechers et al. 2011). As Tacconi et al. (2010) point out, the large

spatial distribution of molecular gas does not necessarily imply a single coherent disk of

star formation, but instead is very likely the observation of widely distributed clumps

which are not individually resolved, but are all likely undergoing star formation obeying a

Schmidt-Kennicutt law.

As shown in Table 5, the combined [CII], [OI], and and infrared continuum observations

can only be fit within the PDR paradigm if the source size is, in all cases at least a kpc, and

in many potentially much larger. This is in sharp contrast with local ULIRGs which have

intense, and concentrated collision induced bursts of star formation occurring on sub-kpc

scales. Figure 13 presents a cartoon schematic of these di↵erent modes of star formation.

The large spatial scales of star formation are best understood as the expected star

formation that results from large and abundant molecular reserves under a Schmidt-
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Table 5: PDR model parameters.

Source PDR parameters

log(n cm3) log(G0) size (kpc)

MIPS 22530 3.75±0.25
0.25 2.25±0.25

0.25 2.9-9.1

SWIRE 3-9 3.5±0.5
0.5 2.5±0.25

0.25 2.2-6.3

SWIRE 3-14 3.5±0.25
0.5 2.75±0.25

0.25 1.4-3.0

SWIRE 3-18 3-5 2.0±0.25
0.5 2.3-6.5

SMM J03 3.25±0.25
0.25 2.25±0.25

0.25 2.6-8.0

SWIRE 4-5 4.25±0.25
0.5 1.25±0.5

0.5 3.1-10.0

SWIRE 4-15 4.25±0.25
0.5 2.25±0.25

0.75 2.3-6.4

SDSS J12 3.5±0.25
0.25 2.25±0.25

0.25 2.6-7.6

Note. — The size scale represents the summed areal extent of star formation powered PDRs. It is a

representative value only and its range is based on the most likely G0 value under the separate assumptions

of small and large mean free photon paths relative to cloud size as outlined in section 5 (and does not account

for the uncertainty on G0 or the uncertainty in the fraction of [CII] from PDRs). Representative n and G0

values give the best PDR solution assuming 70% of observed [CII] is due to PDRs. Error ranges are such

that 68.27% of the power in the marginalized probability distribution of each parameter is contained within.
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Fig. 13.— A schematic representation of star formation in local ULIRGs (left) vs. star

formation powered ULIRGs at z=1-2 (right.) Local ULIRGs may show one or more compact

regions of intense star formation activity with strong UV fields and high dust temperatures,

often powered by recent galaxy merging. At redshifts 1-2 the modest UV fields discussed

here (as well as the spatially extended molecular gas observed by (Tacconi et al. 2010; Daddi

et al. 2010; Ivison et al. 2011; Riechers et al. 2011)) indicate star formation spread out over

a significant fraction of the galaxy’s disk. We suggest that intergalactic gas accretion from

the cosmic web (indicated by shaded region) fuels such widespread star formation.
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et al. 2006; Vasta et al. 2010). The PDR heating is dominated by FUV radiation from

nearby early type stars. Nearly all of the UV intercepted by dust is absorbed and converted

to long wavelength thermal emission, giving rise to the FIR continuum. A small fraction

(⇠1%) of the UV photons eject hot electrons from dust and PAH grains heating the gas

which, in turn, collisionally excites the [CII] line (Tielens & Hollenbach 1985).

For moderate gas densities (n<104 cm�3) and FUV field strengths (G0 <103)3 that

are typical in star forming galaxies averaged over large scales, the [CII] line is the primary

coolant for gas in PDRs. The ratio of power in this line to the FIR continuum represents

the gas heating as a fraction of the total UV power. It is a first measure of the ‘gas

heating e�ciency’. A more complete measure includes the [OI] 63 µm line, which, due

to its higher critical density for thermalization (ncrit⇠4.7⇥105 cm�3, vs. 2.8⇥103 cm�3

for [CII]) and greater energy above ground for the emitting level (228 K), becomes the

dominant PDR coolant at higher densities and FUV field intensities (eg. Pound & Wolfire

2008; Kaufman et al. 2006). Together, the two fine structure lines constrain n and G0 for

PDRs. However, since the gas densities for most galaxies are between 103 and 105 cm�3,

the [CII]/FIR ratio is in and of itself a good tracer of the heating e�ciency (Stacey et al.

2010b). In PDR models with moderate densities, [CII]/FIR is inversely proportional to

G0. ISO-based studies showed that [CII]/FIR tends to be an order of magnitude smaller in

local Ultra Luminous Infrared Galaxies (ULIRGs; LFIR>1012L�) relative to normal star

forming galaxies - a characteristic sometimes referred to as the ‘[CII] deficit’ (Luhman et al.

2003). This relationship shows that, in the local Universe, ULIRGs are not simply scaled

up normal galaxies. Something is fundamentally di↵erent about their star formation to

cause this deficient [CII] emission.

3G0, the Habing flux, parameterizes the far-UV flux in terms of a typical ISM FUV flux,

G0=FFUV /1.6⇥10�6 W m�2
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Figure 1. R-band (left) and Spitzer/IRAC 3.6 µm (right) images of NGC 2146. Both are shown with a log scaling to show low surface brightness features. Overlaid are
the field of view for the PPAK (white) and PACS spectroscopy (red) instruments, as well as an ellipse (blue) in order to provide a common reference for the remaining
figures in this paper, with the center as determined from CO kinematic modeling (Tsai et al. 2009) marked with an ×. The ellipse corresponds to a diameter of 6 kpc
at the assumed distance.
(A color version of this figure is available in the online journal.)

Extensive analysis of the ionized and molecular gas kinemat-
ics have resulted in an understanding of the geometry of the
system (Greve et al. 2000; Tsai et al. 2009). The disk is highly
inclined at 63◦ (della Ceca et al. 1999), with the near side of the
disk in the southwest, making the southwest outflow behind and
the northeast outflow in front of the disk. The outflow follows
a conical morphology above and below the disk. The molecular
gas outflow is seen through a breakout on the northeast side and
two superbubbles, one to the southeast and another in projection
along the major axis (Tsai et al. 2009). The combination of disk
inclination angle and cone opening angle results in an unusual
line-of-sight projection of the system, as diagramed in Greve
et al. (2000) and Tsai et al. (2009). The far side of the cone to
the north and the near side of the cone to the south are essen-
tially perpendicular to the line of sight, making their velocities
consistent with the systemic velocity. The other walls of the
cone fall, in projection, over the bright central disk component
and may not be easily seen.

Studies of nearby LIRGs and ULIRGs show they are gen-
erally interacting systems (Armus et al. 1987; Sanders et al.
1988; Murphy et al. 1996), and integral field spectroscopic sur-
veys have revealed complex kinematics in multiple gas phases
(Arribas et al. 2008; Alonso-Herrero et al. 2009, 2010). These
kinematics develop along a merger sequence toward more ellip-
tical or lenticular dynamics (Bellocchi et al. 2013). Many show
evidence for shock ionization (Armus et al. 1989; Monreal-
Ibero et al. 2010). However, optical studies are restricted by
dust extinction, particularly along the galaxy disk and in the
center where these winds are launched. Far-IR observations are
able to penetrate these dusty regions, providing a direct view of
the complete galactic wind. Such outflows have been observed
within ULIRGs by molecular absorption against the nucleus
(Fischer et al. 2010; Sturm et al. 2011; Veilleux et al. 2013;
Spoon et al. 2013), but the possibility also exists to map outflow
regions through the far-IR fine-structure emission lines.

We present here results from Herschel PACS spectroscopy,
which reveal conical outflows in the atomic and ionized gas

that can be traced back to the central region of the galaxy
disk. We link this to new optical integral field spectroscopy
that traces the ionized shock diagnostics over a broad region
both above and below the galaxy disk. We also examine the
warm and cold dust distribution through multi-wavelength far-
IR imaging. We present our observations in Section 2, and our
results in Section 3. We discuss in Section 4 and conclude in
Section 5.

2. DATA

We consider maps from the far-IR and optical lines over a
∼1′ field of view containing the central ∼5 kpc of NGC 2146
(Figure 1). We also present new SOFIA 37 µm images to
further explore the warm dust distribution. All observations are
centered on the bulge and exclude most of the extended disk.
Due to the high inclination, they do contain spiral arm regions
superimposed on the bulge, as seen by the deep dust lanes in
the optical image. At the assumed distance of 17.2 Mpc (Tully
1988), 1′′ corresponds to 83 pc.

2.1. Far-IR spectroscopy

Using the PACS instrument (Poglitsch et al. 2010) on board
Herschel (Pilbratt et al. 2010) we carried out far-IR spectral
observations of the [O i] 63 µm, [O iii] 88 µm, [N ii] 122 µm,
and [C ii] 158 µm fine-structure lines as part of the KINGFISH
Open Time Key Program (Kennicutt et al. 2011). The species
producing [O iii], [N ii], and [C ii] have ionization potentials
of 35.12 eV, 14.53 eV, and 11.26 eV, respectively. Observa-
tions were centered on the galactic nucleus of NGC 2146. All
PACS spectral observations were obtained in the Un-Chopped
Mapping mode and reduced using the Herschel Interactive Pro-
cessing Environment version 11.2637. Reductions applied the
standard spectral response functions and flat field corrections,
flagged instrument artifacts and bad pixels, and subtracted the
dark current. Transients caused by thermal instabilities were re-
moved using a custom treatment designed for the KINGFISH
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Fig. 6. Schematic diagram of the H I absorption layer in
NGC 2146

The integrated H I flux density map is shown in Figs. 7
(large scale) and 8 (small scale). We estimate the to-
tal mass for the cloud to be about 6.2 109 M⊙ (H0 =
75 kms−1 Mpc−1) of which 1.6 109 M⊙ come from the
bright region around the galaxy itself, and 4.6 109 M⊙
from the extended component. Furthermore, the ex-
tended distribution is not symmetric with respect to the
amount of gas in the south (3.1 109 M⊙) and the north
(1.5 109 M⊙). For the above calculations a velocity com-
ponent of 223 km s−1 of our Sun towards NGC 2146’s
direction has been assumed, in order to refer the redshift
velocity to the center of mass of the Local Group.

Figures 9 and 10 show the intensity weighted mean
radial velocity field on both large and small scale. Points
with negative flux due to absorption have been excluded
from this calculation, and only emission brighter than
1.3 mJy has been taken into account. It is clear from the
velocity field that the main galaxy has a differentially ro-
tating disk with characteristic rotational speed of about
250 km s−1. The extended H I disk, however, appears sev-
erly lopsided as can immediately be seen from Fig. 10 since
the galaxy is seen almost edge on.

The H I disk of the main galaxy has a well defined
plane of rotation, with an inclination nearly perpendic-
ular to the sky plane. The extended H I stream to the
south, however, has very little velocity gradient along
its entire length, with an average velocity that is coinci-
dent with the systemic velocity of the central galaxy. This
situation occurs when the outlying stream and the galaxy
centroid lie in the plane of the sky and implies that we
observe the southern stream from a preferred viewing an-
gle, in which it appears laid out in the probable plane
of the interaction, which must have been very nearly
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Fig. 7. The total integrated H I flux density of NGC 2146.
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perpendicular to the disk plane of NGC 2146. The north-
ern stream, on the other hand, does show a significant ve-
locity gradient across it, and the orientation of the stream
cannot be inferred in a model–independent way.
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Figure 2. PACS spectroscopy line maps of (left to right) [O i] 63 µm, [O iii] 88 µm, [N ii] 122 µm, and [C ii] 158 µm of the intensity (top), velocity (middle), and
deconvolved velocity dispersion (bottom). The ellipse and center match those shown in Figure 1. All lines are masked in regions where the signal to noise is less
than five. Uncertainties in the velocity dispersion are ∼5% in the regions above and below the disk, and are much lower (<1%) within the disk. [N ii] has velocity
dispersion peaking at ∼450 km s−1. The point-spread function for each map is indicated in the lower left corner, and the 6 kpc ellipse shown for reference.
(A color version of this figure is available in the online journal.)

Pipeline. Specific information on data reduction is contained in
Croxall et al. (2013) and the KINGFISH Data Products Deliv-
ery (DR3) User’s Guide.19 Flux maps were obtained by fitting
single Gaussian profiles to each projected pixel. We extract line
intensities and kinematics from a Gaussian fit to the line pro-
file at each pixel in our line maps (Figure 2). Velocities are not
corrected for inclination; however, given the high inclination of
this galaxy, the corrections would be less than 10%. Velocity
dispersion measurements have been deconvolved to correct for
the instrumental broadening that ranges from 100 km s−1 (at
[O i]) to 180 km s−1 (at [C ii]). Resulting line maps achieve an
angular resolution that varies by wavelength between 9′′–12′′.
[N ii] 205 µm was also observed but is not significantly detected.
Flux calibration of PACS data yield absolute flux uncertainties
on the order of 15% with relative flux uncertainties between
each Herschel pointing within a galaxy on the order of ∼10%.

2.2. Far-IR imaging

SOFIA (Young et al. 2012) observations of NGC 2146 at
37.1 µm using the FORCAST instrument (Herter et al. 2012)
were carried out during four flights (57, 60, 63, and 64) as part
of the Cycle 0 planID 81_0059 (PI: Armus). However, due to

19 http://herschel.esac.esa.int/UserProvidedDataProducts.shtml

adverse atmospheric conditions only data from three flights (57,
60, and 64) have been used in this paper. Level 3 images were
retrieved from the Science Archive at the SOFIA Data Cycle
System.20 Pre-processing of each image includes coadding of all
chop-nod positions as well as correcting for spatial distortions.
WCS is not available for Basic Science observations. Thus, the
registeration of the coadded images was done by smoothing each
image with a Gaussian kernel and finding its centroid. Images
were stacked using weights proportional to 1/σ 2, where σ is
the standard deviation of the sky around the galaxy. Astrometry
was applied by comparing the centroid to the MIPS (Rieke et al.
2004) 24 µm image. Flux-calibration was performed using the
multiplicative factor CALFACTR available in the header of each
image. Final image resolution is diffraction-limited with a full
width at half maximum of 3.′′5.

We also present archival Spitzer MIPS 24 µm (Armus et al.
2009) and Herschel PACS 100 µm, 160 µm, and SPIRE 250 µm
(Kennicutt et al. 2011) images for comparison.

2.3. Optical IFU data

Optical integral field unit (IFU) data were taken at the Calar
Alto 3.5 m telescope using the PMAS instrument in PPAK

20 https://dcs.sofia.usra.edu/

3
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Figure 8. Line ratios of the far-IR fine-structure lines. The [O iii]/[C ii] and [O iii]/[O i] ratios are consistent with star formation within the disk. The [O i]/[C ii]
ratio shows a different morphology, with a bright nucleus and a structure of high [O i]/[C ii] that lies perpendicular to the disk, tracing the outflow. Uncertainties are
typically 5%. The stellar disk and kinematic center (black) are marked for reference.
(A color version of this figure is available in the online journal.)

3.3. Mass Entrainment in the Outflow

In M82 substantial amounts of dust and gas have been
detected in the outflow. We consider here the possibility of
entrainment within the outflow of NGC 2146.

Assuming a Calzetti et al. (2000) attenuation law, Kreckel
et al. (2013) converted the observed reddening in the Balmer
decrement into a map of the V-band attenuation, AV, across
NGC 2146. The Balmer line emission is able to probe down
to AV of 4–5 mag, corresponding to only a few percent of the
Balmer line flux, potentially only probing the surface of the dust
layer and opaque to background emission. However, given these
limitations it appears that most of the dust lies in a relatively thin
disk along the major axis but does exhibit a clumpy morphology
(see also Section 4.1).

We trace the dust distribution through the far-IR continuum
emission, detecting warm dust in the Spitzer MIPS 24 µm
and SOFIA FORCAST 37 µm bands and the cold dust in the
Herschel PACS 100 µm, 160 µm and SPIRE 250 µm bands
(Figure 9). The emission is expected to be dominated by thermal
emission from dust, and displays a disk-like morphology. The
extent in the warm dust at 24 µm is well matched to the star
formation as seen in the Hα emission (Figure 3), including
emission from outlying H ii regions in the north. The small
amount of extended emission above and below the disk is a factor
of five lower surface brightness than similar regions in M82

(Engelbracht et al. 2006), and unlike in M82 it displays a smooth
morphology. This region is also significantly contaminated by
diffraction spikes due to the bright central source, and we do
not consider this a reliable detection of entrained material.
The high resolution 37 µm emission traces the extent of the
central starburst, with the region of peak emission unresolved
at our 3.′′5 resolution. This is consistent with the unresolved
central extent seen in the increased [O i] 63 µm velocity
dispersion. In the cold dust we suffer from significantly lower
angular resolution, however we generally see good agreement
with the optical extent, with outlying features that generally
align with the spiral arms. Note that the hexagonal pattern
at low flux limits in the 100 and 160 µm images is due
to the shape of the PACS point-spread function seen from
the bright unresolved nuclear IR emission. Careful modeling
and subtraction of the disk emission would be necessary to
distinguish emission due to dust in the wind (e.g., Roussel et al.
2010). However from the morphology and lack of filamentary
features we conclude that these observations present no strong
evidence of substantial dust entrainment at the size scales
probed.

As a massive molecular outflow component has been pre-
viously identified in the superwind (Tsai et al. 2009), we es-
timate the atomic gas outflow mass in the superwind using
the [C ii] luminosity following Hailey-Dunsheath et al. (2010)
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Figure 9. Dust emission in NGC 2146. Warm dust is traced by the Spitzer MIPS 24 µm emission (top left) and SOFIA FORCAST 37 µm emission (top right). Cold
dust is traced by the Herschel PACS 100 µm (bottom left), 160 µm (bottom center), and SPIRE 250 µm (bottom right) emission. The emission generally follows the
disk of the galaxy, with extended features that trace the optical spiral arms seen extending beyond the field of view of our line maps. Hexagonal features in the PACS
images at low flux levels are due to the instrumental point-spread function. The stellar disk (blue oval) and kinematic center (cross) is marked for reference and is the
same in all figures.
(A color version of this figure is available in the online journal.)

(see also Maiolino et al. 2012). We estimate the mass as

Matomic

M⊙
= 0.77

(
0.7L[C ii]

L⊙

)(
1.4 × 10−4

XC+

)

× 1 + 2e−91K/T + ncrit/n

2e−91K/T
, (1)

where XC+ is the C+ abundance per hydrogen atom, T is the gas
temperature, n is the gas density, and ncrit is the critical density
of the [C ii] 158 µm transition (3 × 103 cm−3). We assume a
C+ abundance typical of Milky Way photodissociation regions
(XC+ = 1.6 × 10−4; Sofia et al. 2004), a temperature of 200 K,
and a density much higher than the critical density (ncrit/n ≪ 1).
We assume the high density case as this provides a lower limit
for the total atomic gas mass. This calculation is relatively
insensitive to the temperature chosen; a choice of 1000 K instead
of 200 K would only result in a 15% change in the total mass.
Sofia et al. (2011), using a different methodology, suggests a
lower value of XC+ , which would also result in a more massive
wind. We emphasize that, in general, this mass estimate provides

a lower limit in the case that we have a lower gas density or
temperature.

If we assume that all the [C ii] emission from where we
identify the superwind through the increased [C ii] velocity
dispersion is due to a massive outflow (with no disk component),
we find L[C ii] = 3.0×109 L⊙ in the northeast and L[C ii] = 1.5×
109 L⊙ in the southwest to give a total Matomic > 3.9×109 M⊙.
However, given the 63◦ inclination, we may not be cleanly
separating the disk contribution from the [C ii] emission in the
outflow.

As we cannot kinematically isolate the contribution of [C ii]
emission due to the outflow from [C ii] in a disk component,
we fit the disk intensity in regions with low velocity dispersion
using a two dimensional exponential disk model, and consider
the residual emission in the regions identified as dominated by
the superwind through the increased [C ii] velocity dispersion
(Figure 10). The residuals within the disk center are clumpy,
however outside they are smooth and indicate an excess of
flux above the simple disk model. We note, however, that
our disk modeling is sensitive to the high inclination angle
of the disk, as in projection the 30′′ distance angular extent
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Figure 10. To identify the amount of [C ii] emission in the outflow attributable to the outflow itself, we model the [C ii] intensity distribution (left) using only those
regions with low velocity dispersion (outlined in black) with a two-dimensional exponential disk (center). The residual from this fit (right) show an excess in the
regions above and below the disk (in blue) that correspond to the regions with increased velocity dispersion (in black). From this we calculate an atomic gas outflow
mass of 7.4 × 108 M⊙. If we assume that all [C ii] emission in regions of high velocity dispersion is due to the outflow (with no disk component), we calculate an
atomic gas mass of 3.9 × 109 M⊙.
(A color version of this figure is available in the online journal.)

Figure 11. Decoupling of the stellar and gas kinematics can be seen directly at the Hβ 4861 Å feature (vertical dotted line) for one binned region (see Figure 4)
extracted from the optical IFU data cube. Here we show the data (black) with the best fit stellar template (blue) and the residuals below (green). Masked emission line
features are shown in red. The stellar absorption features are well fit across the spectrum with 50 km s−1 uncertainty, and the Hβ line emission is clearly blueshifted
from the underlying stellar absorption feature.
(A color version of this figure is available in the online journal.)

observed along the minor axis covers a large radius (∼6 kpc),
and requires significant extrapolation from the central 5 kpc
diameter region we are modeling. We find that that ∼20% of
the line flux is contributed by the outflow, which corresponds
to L[C ii] = 6.8 ± 0.8 × 108 L⊙ in the northeast and L[C ii] =
1.9 ± 0.3 × 108 L⊙ in the southwest. This gives a total atomic
mass outflow of Matomic > 7.4 × 108 M⊙, 40% higher than
what was found in the molecular superbubbles and outflows
(5.1 × 108 M⊙; Tsai et al. 2009). This is also a substantial
amount as compared to the molecular (2×109 M⊙; Young et al.
1988) or the atomic hydrogen (1.6 × 109 M⊙; Taramopoulos
et al. 2001) gas masses measured in the central disk.

3.4. Stellar Kinematics

Our fits to the stellar kinematics show no ordered motions on
5 kpc scales in the central stellar disk within the ∼50 km s−1 un-
certainty, in stark contrast to the gas kinematics that show a large
∼500 km s−1 velocity gradient across the same region. Voronoi
binning (Cappellari & Copin 2003) of neighboring spectra to
ensure a minimum signal to noise of 20 in the stellar contin-
uum confirms that this is not a signal to noise issue (Figure 4,

right). However, we cannot exclude the presence of ordered mo-
tion on larger scales, or along the disk midplane where the dust
extinction is extreme. We directly observe the offset between
the stellar and gas kinematics in individual binned regions by
examining the Hβ 4861 Å feature (Figure 11). Here, the underly-
ing stellar absorption is clearly misaligned from the superposed
nebular emission line.

This is in contrast to findings by previous studies in NGC 2146
of the stellar absorption features in longslit and driftscan spectra
(Kobulnicky & Gebhardt 2000; Greve et al. 2006). This may
be due to significant dust absorption of the stellar continuum
resulting in unreliable stellar kinematic measurements directly
along the major axis. We find that by simulating a longslit within
our IFU data we can reproduce a rotation curve similar to that
seen by Kobulnicky & Gebhardt (2000), mainly by including the
redshift emission to the northwest side of the disk, that covers a
similar range of velocities but centered at a higher systemic
velocity. However, in the two dimensional kinematics it is
apparent that this does not indicate bulk rotation in the stars, and
that most of the motion appears unordered. We cannot explain
the ∼200 km s−1 offset in systemic velocity that we observe
(also apparent in the longslit measurements by Kobulnicky &
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Figure 9. Dust emission in NGC 2146. Warm dust is traced by the Spitzer MIPS 24 µm emission (top left) and SOFIA FORCAST 37 µm emission (top right). Cold
dust is traced by the Herschel PACS 100 µm (bottom left), 160 µm (bottom center), and SPIRE 250 µm (bottom right) emission. The emission generally follows the
disk of the galaxy, with extended features that trace the optical spiral arms seen extending beyond the field of view of our line maps. Hexagonal features in the PACS
images at low flux levels are due to the instrumental point-spread function. The stellar disk (blue oval) and kinematic center (cross) is marked for reference and is the
same in all figures.
(A color version of this figure is available in the online journal.)

(see also Maiolino et al. 2012). We estimate the mass as
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where XC+ is the C+ abundance per hydrogen atom, T is the gas
temperature, n is the gas density, and ncrit is the critical density
of the [C ii] 158 µm transition (3 × 103 cm−3). We assume a
C+ abundance typical of Milky Way photodissociation regions
(XC+ = 1.6 × 10−4; Sofia et al. 2004), a temperature of 200 K,
and a density much higher than the critical density (ncrit/n ≪ 1).
We assume the high density case as this provides a lower limit
for the total atomic gas mass. This calculation is relatively
insensitive to the temperature chosen; a choice of 1000 K instead
of 200 K would only result in a 15% change in the total mass.
Sofia et al. (2011), using a different methodology, suggests a
lower value of XC+ , which would also result in a more massive
wind. We emphasize that, in general, this mass estimate provides

a lower limit in the case that we have a lower gas density or
temperature.

If we assume that all the [C ii] emission from where we
identify the superwind through the increased [C ii] velocity
dispersion is due to a massive outflow (with no disk component),
we find L[C ii] = 3.0×109 L⊙ in the northeast and L[C ii] = 1.5×
109 L⊙ in the southwest to give a total Matomic > 3.9×109 M⊙.
However, given the 63◦ inclination, we may not be cleanly
separating the disk contribution from the [C ii] emission in the
outflow.

As we cannot kinematically isolate the contribution of [C ii]
emission due to the outflow from [C ii] in a disk component,
we fit the disk intensity in regions with low velocity dispersion
using a two dimensional exponential disk model, and consider
the residual emission in the regions identified as dominated by
the superwind through the increased [C ii] velocity dispersion
(Figure 10). The residuals within the disk center are clumpy,
however outside they are smooth and indicate an excess of
flux above the simple disk model. We note, however, that
our disk modeling is sensitive to the high inclination angle
of the disk, as in projection the 30′′ distance angular extent
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The gas excitation in M82 is dominated by stellar ionization
close to the disk with an increasing contribution from shocks
further away (Heckman et al. 1990; Shopbell & Bland-Hawthorn
1998). We see this also very clearly in NGC 2146 (Figures 6
and 7), as beyond 1 kpc above the disk the excitation is no
longer consistent with photoionization and suggests a significant
contribution from shocks.

The far-IR fine-structure lines in M82 were observed by
Contursi et al. (2013). In NGC 2146 we see that the [C ii] and
[O i] show quite clearly a ∼100 km s−1 increase in the velocity
dispersion in the superwind and along the minor axis to the disk
center, very similar to what is seen in M82 and suggestive of
moderate superwind velocities in the atomic gas. Both galaxies
also show a relatively wide opening angle in the [C ii] and [O i]
diagnostics. In M82 this is different from what is seen in the
Hα outflow, which is much more collimated. This is difficult
to compare with NGC 2146, where we do not see the outflow
clearly in Hα in our observations of the central region.

In M82 dust is seen up to 6 kpc along the minor axis both in
mid-IR continuum and polycyclic aromatic hydrocarbon emis-
sion (Engelbracht et al. 2006), although the physical properties
modeled from the far-IR results suggest that much of it has
been stripped by tidal interaction and not through the starburst
wind (Roussel et al. 2010). The 24 µm emission in the wind
of NGC 2146 is at least a factor of five lower surface bright-
ness than M82 with a smoother morphology, providing no clear
evidence for significant dust entrainment (Figure 9).

4.3. Application to High Redshift Studies

NGC 2146 is undergoing a substantial starburst, which places
it as an outlier in specific SFR(SFR/M∗ = 4 × 10−10 year−1)
as a function of stellar mass when compared to local galaxies
(Brinchmann et al. 2004). However, it is consistent with the
increased specific SFR observed in high redshift z ∼ 1–3
galaxies (Bauer et al. 2005) where outflows are commonly
identified in starburst galaxies (Pettini et al. 2001; Shapley et al.
2003; Steidel et al. 2004; Weiner et al. 2009; Rubin et al. 2010).
Observations of X-rays and ionized gas kinematics have proven
to be strong indicators for the presence of outflows in galaxies in
the local universe, however their use at high redshift is limited.
The [C ii] line, a dominant coolant of the diffuse ISM that
is observable with ALMA, provides a complimentary picture,
tracing the morphology of the outflow through the widths of
observed line profiles (see Section 3.1.1).

While for some systems an outflow may be identified from
broad wings in the spectrum alone (Maiolino et al. 2012; Carilli
et al. 2013), for high redshift galaxies similar to NGC 2146
spatial resolution is essential to identifying the outflow through
the [C ii] line emission. In the spatially integrated far-IR line
profile of NGC 2146 we find that both the [O i] and the [C ii] lines
are well fit by two Gaussians that decompose the galaxy into
two roughly equal components that represent the motion of the
disk and have widths consistent with the instrumental resolution
(Figure 13). We recover no broad residual component that could
be attributed to an outflow. In general, outflows with a velocity
equal to the circular velocity will be impossible to distinguish
in unresolved data, which is especially problematic as in star
formation dominated ULIRGs this is typically observed to be the
case (Martin 2005). Spatially resolved observations are essential
for identifying the presence of an outflow.

ALMA will be the perfect telescope for identifying super-
winds through the [C ii] line kinematics in high redshift sys-
tems, for which the galaxies M82 and NGC 2146 provide key

Figure 13. Modeling of spatially integrated [O i] and [C ii] line profiles assuming
a double Gaussian fit (top). For [C ii] and [O i] the fits recover the instrumental
resolution for the approaching and receding sides of the disk, with no broad
residual (bottom) that could indicate the contribution of the outflow.
(A color version of this figure is available in the online journal.)

local analogs. The ALMA Band-9 and Band-10 receivers pro-
vide 0.′′1–0.′′2 resolution for the [C ii] line at z = 1–3, with a
resulting 1–2 kpc spatial resolution that is equivalent to what
we obtain here for NGC 2146.

4.4. A Transitional Galaxy

The kinematic decoupling of the stars and gas are consistent
with evidence from the optical morphology that this galaxy has
undergone a recent merger event that may have disrupted the
rotational support of the stars. Disjoint optical morphology and
kinematics have been tied in simulations to mergers with mass
ratio between 4:1 and 10:1 (Bournaud et al. 2004). This galaxy
may be in the process of settling into an elliptical type galaxy,
as is thought to happen with ULIRG galaxies (Kormendy &
Sanders 1992; Genzel et al. 2001).

The interaction history of NGC 2146, however, is not com-
pletely clear. There is no double-nucleus observed in the optical
or IR images, implying that the nuclei may have already merged,
which could explain the odd stellar kinematics in the center.
Based on the extended H i tail (Taramopoulos et al. 2001), it is
possible that a third galaxy also passed by the system and was
tidally disrupted, creating both the extended tidal features and
possibly also causing features at smaller galactocentric radius
such as the non-planar Hα arc (Greve et al. 2006). In general, it
is clear that NGC 2146 has not yet settled into a stable configu-
ration, raising the question of what the final morphology of this
galaxy will be. We consider two possibilities: the substantial gas
reservoir could serve to stabilize and rebuild the disk, resulting
in a bulge-dominated spiral galaxy, or the starburst and wind
could use up and expel sufficient material to stop star formation
and convert the system to an elliptical.

NGC 2146 has a substantial reservoir of gas in both the
atomic and molecular phases surrounding the galaxy. Young
et al. (1988) measure a total mass of 1.2×1010 M⊙ in molecular
clouds around the system, and Taramopoulos et al. (2001) detect
a further 6.2 × 109 M⊙ in H i in an extended configuration
around the galaxy. This mass in gas is roughly equal to the
amount currently existing in the stars (M∗ = 2 × 1010 M⊙;
Kennicutt et al. 2011). Even considering the current high SFR
of 7.9 M⊙ yr−1 (Kennicutt et al. 2011), this galaxy has enough
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積分したスペクトルではアウトフロー成分を取り出すことはできなかった！	
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空間分解した[CII]速度分散マップ
からアウトフローが同定出来る	




まとめ	


• ひろがった[CII]輝線で銀河相互作用によ
るショック領域をトレースできる	
  
• 空間分解できなくても、	
  [CII]輝線領域の
サイズが求められる（大きなサイズはイン
フローを示唆？）	
  
• 空間分解できれば[CII]速度分散マップか
らアウトフローが同定（diskと分離）出来る
（~1kpc、0.1-­‐0.2”@z=1-­‐3が必要）	



