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Fig. 5.— Specific star formation rate for KINGFISH galaxies, SSFR=SFR/M∗, where the
SFR and the stellar mass M∗ are from Table 1. Only galaxies 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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Fig. 4.— Above: Distribution of KINGFISH galaxies by morphological type and distance.
Below: Distribution by star formation rate (as derived from a combination of Hα and 24mum
measurements) and distance.
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The “Cooling Problem”

Line deficits reveal drastic drop in 
Cooling power in luminous galaxies.... 
where star formation efficiency is highest.

The Astrophysical Journal Letters, 728:L7 (5pp), 2011 February 10 Graciá-Carpio et al.
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Figure 1. Global [C ii] 158 µm line to FIR continuum ratio in galaxies with different optical activity classifications as a function of LFIR (a) and LFIR/MH2 (b). PACS
observations are represented with squares. Open symbols indicate 3σ upper limits to the line flux. Gray areas connect points at one standard deviation below and
above the mean (black line) for various LFIR and LFIR/MH2 bins.
(A color version of this figure is available in the online journal.)

with Herschel (Pilbratt et al. 2010). We find that galaxies with
LFIR/MH2 ! 80 L! M!

−1 tend to have lower line to FIR
continuum ratios than galaxies with lower LFIR/MH2 values.
These line deficits affect all the observed lines, independent of
their origin in the ionized or neutral phase of the interstellar
medium.

2. OBSERVATIONS AND DATA REDUCTION

The observations discussed in this Letter are part of the
Herschel guaranteed time key program SHINING (PI:
E. Sturm), devoted to study the far-infrared properties of a sam-
ple of more than 100 galaxies, that includes local starbursts,
Seyfert galaxies, low-metallicity systems, and infrared lumi-
nous galaxies at low and high redshift. Here, we present the
fine structure line data for the first 44 galaxies: 16 Seyferts
(NGC 1068 and Cen A, among others), 5 H ii galaxies (e.g.,
M 82, M 83, NGC 253), 21 LIRGs and ULIRGs (e.g.,
NGC 4418, Arp 220, Mrk 231), and 2 high-redshift galaxies
(IRAS F10214+4724 and MIPS J142824.0+352619).

The observations were obtained with the PACS far-infrared
spectrometer (Poglitsch et al. 2010) between 2009 October and
2010 December. We observed the three PDR lines [C ii] 158 µm,
[O i] 145 µm, and [O i] 63 µm, and the four H ii lines
[N ii] 122 µm, [O iii] 88 µm, [N iii] 57 µm, and [O iii] 52 µm
in most galaxies, with some exceptions due to data acquisi-
tion problems and scheduling constraints. The rest-frame wave-
length of the [O iii] 52 µm line is at the low sensitivity edge
of the PACS range and was observed only in the high-redshift
galaxies (see Sturm et al. 2010).

The data were reduced using the standard PACS reduction and
calibration pipeline included in HIPE 5.0. However, for the final
calibration we normalized the spectra to the telescope flux and
recalibrated it with a reference telescope spectrum obtained from
dedicated Neptune observations. For unresolved sources, this
method gives excellent agreement (differences "15%) between
the IRAS 60 µm and 100 µm flux densities and those measured
with PACS when extrapolating from the continuum close to the
lines.

Most of the targeted lines were detected. For the extended
galaxies, we integrated the line fluxes and FIR continuum
within the 47′′ × 47′′ PACS field of view. The detailed spatial
information for these sources will be discussed in a future paper.

3. RESULTS

3.1. The [C ii] Line Deficit

The well-known [C ii] line deficit in infrared luminous galax-
ies is shown in Figure 1(a). Together with the PACS data, we
have plotted a comparison sample composed of all galaxies
observed with ISO (Negishi et al. 2001; Malhotra et al. 2001;
Luhman et al. 2003; Brauher et al. 2008). High-redshift galax-
ies (z = 1.1–6.4) with [C ii] observations are also included
(Maiolino et al. 2009; Hailey-Dunsheath et al. 2010; Ivison
et al. 2010; Wagg et al. 2010; Stacey et al. 2010, and references
therein). The average [C ii]/FIR ratio is approximately constant
in galaxies with low infrared luminosities, but starts to decrease
at LFIR ∼ 1011 L!. At the same time, the scatter in the ratio
increases by almost a factor of two: some high-redshift galaxies
do not show a [C ii] deficit, even if their far-infrared luminosi-
ties are higher than 1012 L!, and the source with the lowest
[C ii]/FIR ratio is NGC 4418, a galaxy with LFIR & 1011 L!.

The scatter at high LFIR can be reduced by a factor ∼1.5 if
LFIR/MH2 is used7 instead of LFIR (Figure 1(b)), presumably
because this ratio is more closely related to the properties
of the clouds (gas density and dust temperature) than LFIR
alone (e.g., Gao & Solomon 2004). Galaxies with similar
LFIR luminosities can have very different LFIR/MH2 ratios
and the excitation conditions in their interstellar medium will
also differ (González-Alfonso et al. 2008). With this new
representation, high-redshift galaxies overlap with their low-
redshift counterparts and NGC 4418 is shifted to the right of
the figure due to its relatively low molecular gas content. A
similar result was obtained by Malhotra et al. (2001) using the
IRAS S60µm/S100µm color in a smaller sample of local galaxies
observed with ISO.

3.2. A General Far-infrared Line Deficit

Figure 2 shows the line to FIR continuum ratio against
LFIR/MH2 for all the fine structure lines observed with PACS.

7 MH2 was estimated using previously published CO observations of the
galaxies. We used a XCO conversion factor that is a continuous function of the
IRAS S60µm/S100µm color in a way that produces adequate values for Milky
Way type galaxies (∼4 M! L′−1, with L′ in units of K km s−1 pc2) and
ULIRGs (∼0.8 M! L′−1). Some high-redshift galaxies did not have enough
photometric data points to estimate their rest-frame S60µm/S100µm color;
XCO = 2 M! L′−1 was used in those cases.

2
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Fig. 1.—Top: [C ii]/AFE ratio seen to be constant with FIR colors R(60/100).
This is in contrast to the [C ii]/FIR ratio (bottom), which declines for galaxies
with higher R(60/100) colors, i.e., warmer dust. The constancy of [C ii]/AFE
suggests that the small grains that are responsible for mid-infrared emission also
dominate the photoelectric heating of gas. The 1 j scatter is with respect to the
mean ratio, which is indicated by the dotted line in each panel.

tively star-forming galaxies. There have been many explana-
tions proposed, such as optical depth effects, that the heating
radiation is too soft to ionize carbon, or the influence of an
active galactic nucleus (Malhotra et al. 1997, 2001; Luhman
et al. 1998; Genzel & Césarsky 2000). The currently prevailing
opinion, however, points to decreased efficiency of photoelec-
tric heating due to positively charged grains. In the more ac-
tively star-forming and warmer galaxies, the far-ultraviolet flux
is higher. A higher ratio of far-ultraviolet flux to gas density,

, leads to more positively charged grains and therefore toG /n0
lower photoelectric efficiency.
It is possible that the decrease in [C ii]/FIR, instead of in-

dicating a decrease in the heating efficiency, might result from
the gas cooling via the other principal channel, [O i] 63 mm.
However, the combined flux in the cooling lines normalized to
the far-infrared emission ([C ii]! [O i])/FIR still shows a clear
trend toward smaller values for the more actively star-forming
galaxies. [O i] 63 mm does become the dominant coolant for
galaxies showing warmer dust temperatures, but this relative
rise does not compensate for the decrease in [C ii] relative to
FIR.

3. A NEW NORMALIZATION?

The “deficiency” seen in [C ii] is defined by comparison with
the far-infrared emission from dust grains. Far-infrared emission
measures the radiation emitted by large or “classical” grains that
are in thermal equilibrium, maintaining a nearly constant tem-
perature. If photoelectric heating is dominated by small grains,
a more appropriate normalization factor for the [C ii] line should
be the emission from these grains (Helou 1999). The smallest
grains briefly reach very high effective temperatures with the
absorption of a single photon and therefore emit in the mid-
infrared. In the PAH picture, this can be viewed as a fluorescence
phenomenon from a molecule at a high-excitation temperature.
In any case, because of the invariant AFE spectrum, the mid-
infrared flux tracks well the total heating of this grain population.
The top panel of Figure 1 shows the [C ii] line strength nor-
malized to the AFE flux plotted against R(60/100). The AFE
flux is derived from ISOCAM observations with a broadband
filter at 6.75 mm (Dale et al. 2000), which is very well matched
to measuring the AFEs. The observed flux is scaled up by a
factor of 1.17 to recover the integrated 5–10 mmflux. The scaling
factor derives from the properties of the ISOCAM 6.75 mm filter
and the average mid-infrared spectrum of Helou et al. (2000).
We see not only a lack of any trend of decreasing [C ii]/AFE
with R(60/100) but the scatter in the [C ii]/AFE values is about
half the dispersion in [C ii]/FIR (comparing the top and bottom
panels of Fig. 1). This suggests that there is indeed a special
connection between mid-infrared emission and [C ii] emission.

3.1. Scatter and Outliers
The measured line fluxes have a 30% uncertainty that con-

tributes substantially to the observed scatter of dexj p 0.18
(!50%). The 5–10 mm flux attributed to AFEs also includes
some contribution from stellar light that is not significant except
in early-type galaxies (Malhotra et al. 2000). The mid-infrared
emission is from grains heated by far-ultraviolet as well as
optical photons (Uchida, Sellgren, & Werner 1998), whereas
only far-ultraviolet photons at energies typically greater than
6 eV are effective in heating the gas. Thus, the variation of
the hardness of the radiation field also introduces some scatter
in the observed [C ii]/AFE value. Some fraction of [C ii] flux

also arises in ionized regions where the photoelectric effect is
not the dominant heating mechanism (Petuchowski & Bennett
1993; Heiles 1994; Malhotra et al. 2001); extreme cases of this
offset are discussed further below. With all these terms, it is
remarkable that the dispersion in [C ii]/AFE is not greater than
measured.
The lowest value of [C ii]/AFE in Figure 1 represents NGC

4418 and is more than 5 j away from the mean. As discussed
by N. Y. Lu et al. (2001, in preparation), the mid-infrared spec-
trum of NGC 4418 is not typical of star-forming galaxies. It
shows none of the familiar aromatic features but instead has a
very broad plateau between 6 and 8.5 mm. This may be a partial
view of the continuum along with the 9.7 mm silicate absorption
feature. In any case, the imaging with the ISOCAM filter at
6.75 mm does not measure aromatic feature emission for NGC
4418. The upper limit in [C ii]/AFE in Figure 1 represents IC
860, from which [C ii] was not detected. The mid-infrared spec-
trum of IC 860 appears to be similar to that of NGC 4418 but
has a very low signal-to-noise ratio (N. Y. Lu et al. 2000, in
preparation). Both galaxies are OH megamasers.
Two of the three highest values of [C ii]/AFE in Figure 1

belong to galaxies that have [N ii]/FIR a factor of 10 and 4 j
greater than the mean value. As discussed by Malhotra et al.
(2001), this indicates a larger than average contribution from
H ii regions to the [C ii] line emission from these galaxies,
which appears to cause somewhat elevated [C ii]/AFE.

3.2. [O i] 63 mm

Since [O i] 63 mm is also an important coolant, a more ap-
propriate quantity to plot might be the total gas cooling with
respect to the AFE flux, i.e., ([C ii] ! [O i])/AFE. In Figure 2,
this quantity is plotted againstR(60/100), showing a larger scatter
in ([C ii]! [O i])/AFE but showing essentially the samebehavior

Helou et al., 2001
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A ULIRG Phenomenon?

& Hollenbach 1990; Kaufman et al. 1999). Correcting the
[C ii] and [O i] line fluxes for contributions from non-PDR
sources to the [C ii] and [O i] emission could alter the derived
n and G0 considerably, but we would not expect the G0 to n
ratio to decrease. For example, applying a reasonable cor-
rection to the [C ii] flux to account for emission from ionized
gas would move the ULIRG data points in Figure 4 down
and to the left in such a way that both n and G0 would
increase by a similar amount. Likewise, lowering the [O i]
flux by some correction factor to account for the shocked
gas would move the ULIRG data points toward higher G0
and lower n, thus potentially increasingG0/n. For large cor-
rections in the [O i] emission of a factor of 2 or more, the
derived G0/n, which ranges from 1 to 5 in Figure 4, would
increase by a factor of a few.

A high G0/ n cause for the ULIRG [C ii] deficit would
agree with the conclusion of Malhotra et al. (1997, 2001),
who suggest that high G0/ n PDRs (specifically, high n and
higher G0) account for the [C ii] flux deficiencies seen in the
FIR-bright objects among their sample of normal galaxies.
Malhotra et al. base their argument on the observed
decrease in the [C ii] to FIR ratio as a function of the 60–100
lm flux. The 60–100 lm emission from PDRs measures
average temperatures of the large grain population and
should therefore increase with increasing UV flux G0. In
Figure 5, we plot the Figure 1 data as a function of the 60–
100 lm flux ratio. Here, the drop in [C ii] to FIR flux with
the 60–100 lm flux ratio shows that the full ULIRG sample
data are consistent with the result found by Malhotra et al.
We emphasize, however, that it is a decrease in [C ii]/FIR
with increasing G0/n, not with increasing G0 alone, that
points to a decrease in the photoelectric heating efficiency as
the cause for the [C ii] deficit. As pointed out by Negishi
et al. (2001), we would not expect [C ii]/FIR to decrease if
both G0 and n increase together. If we take Figure 4 at face
value, then G0 would seem to increase with respect to n in
ULIRGs as compared to normal and starburst galaxies;

thus, Figure 5 appears to be consistent with a high G0/n
origin for the [C ii] deficiency.

Assuming that we are correct in applying the PDR
models to the ULIRGs, we explore the degree to which
uncorrected self-absorption in the [O i] 63 lm line could
influence the location of the ULIRGs in Figure 4. Fischer
et al. (1999) have reported such self-absorption in the [O i]
63 lm line in the prototypical ULIRG Arp 220. The upper
limit on the [O i] 145 lm line places a strong constraint on
the amount by which we can feasibly correct the [O i] 63 lm
line for self-absorption. Unlike the ground-state [O i] 63 lm
line, which is seen in absorption in Arp 220, the [O i] 145 lm
line should not be self-absorbed, since it originates from an
energy level that is 228 K above the ground state and should
not be populated in cold or diffuse gas. If, for example, we
increase the [O i] 63 lm line emission by a factor of 2,
Mrk 231 shifts to a location in Figure 4 as shown by the
absorption vector corresponding to n ! 700 cm"3 and
G0 ! 3# 103. According to Figure 6, for this value of n and
G0, the [C ii] 158 lm to [O i] 145 lm ratio is!7, which corre-
sponds to the measured lower limit on the [C ii] to [O i] 145
lm ratio for Mrk 231. Any correction for [O i] 63 lm self-
absorption greater than a factor of 2 would therefore yield
a predicted [C ii] to [O i] 145 lm smaller than !7, in
disagreement with the observed lower limit for this ratio.

When we apply this same constraint to the other ULIRGs
in Figure 4 with [O i] 145 lm upper limits, we find that even
small corrections for self-absorption lead to inconsistencies
with the observations, i.e., the [O i] 63 lm line is likely not
self-absorbed in these ULIRGs. For Mrk 273, the observed
lower limit on the [C ii] to [O i] 145 lm ratio is 18. According
to Figure 6, a [C ii] to [O i] 145 lm ratio of 18 matches the
derived n (!200 cm"3) and G0 (!700) from Figure 4. Any

Fig. 5.—[C ii] 158 lm line to FIR flux ratio vs. the IRAS 60–100 lm flux
ratio for all galaxies plotted in Fig. 1. The filled circles denote the ULIRGs,
the squares denote the comparison normal and starburst galaxies, and the
gray-shaded squares denote the galaxies among the comparison sample
with AGN signatures. The error bars for the ULIRGs are statistical; for the
comparison galaxies, the statistical errors bars are smaller than the symbols
and are therefore not plotted. The arrows represent 3 ! upper limits. For
extended galaxies, the 60–100 lm ratios were derived from the Rice et al.
(1988) IRAS catalog rather than the IRAS Faint Source Catalog. For
galaxies with no IRAS data (e.g., Circinus), the 60–100 lm flux ratio was
derived from the LWS full spectrum using the photometry routine in ISAP.

Fig. 6.—Ratio of the [C ii] 158 lm line intensity to the [O i] 145 lm line
intensity emitted from the surface of a PDR as a function of the cloud
density n and the UV flux incident on the cloud G0. Models of Kaufman
et al. (1999) are used with the standardmodel parameter set.
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A ULIRG Phenomenon?

& Hollenbach 1990; Kaufman et al. 1999). Correcting the
[C ii] and [O i] line fluxes for contributions from non-PDR
sources to the [C ii] and [O i] emission could alter the derived
n and G0 considerably, but we would not expect the G0 to n
ratio to decrease. For example, applying a reasonable cor-
rection to the [C ii] flux to account for emission from ionized
gas would move the ULIRG data points in Figure 4 down
and to the left in such a way that both n and G0 would
increase by a similar amount. Likewise, lowering the [O i]
flux by some correction factor to account for the shocked
gas would move the ULIRG data points toward higher G0
and lower n, thus potentially increasingG0/n. For large cor-
rections in the [O i] emission of a factor of 2 or more, the
derived G0/n, which ranges from 1 to 5 in Figure 4, would
increase by a factor of a few.

A high G0/ n cause for the ULIRG [C ii] deficit would
agree with the conclusion of Malhotra et al. (1997, 2001),
who suggest that high G0/ n PDRs (specifically, high n and
higher G0) account for the [C ii] flux deficiencies seen in the
FIR-bright objects among their sample of normal galaxies.
Malhotra et al. base their argument on the observed
decrease in the [C ii] to FIR ratio as a function of the 60–100
lm flux. The 60–100 lm emission from PDRs measures
average temperatures of the large grain population and
should therefore increase with increasing UV flux G0. In
Figure 5, we plot the Figure 1 data as a function of the 60–
100 lm flux ratio. Here, the drop in [C ii] to FIR flux with
the 60–100 lm flux ratio shows that the full ULIRG sample
data are consistent with the result found by Malhotra et al.
We emphasize, however, that it is a decrease in [C ii]/FIR
with increasing G0/n, not with increasing G0 alone, that
points to a decrease in the photoelectric heating efficiency as
the cause for the [C ii] deficit. As pointed out by Negishi
et al. (2001), we would not expect [C ii]/FIR to decrease if
both G0 and n increase together. If we take Figure 4 at face
value, then G0 would seem to increase with respect to n in
ULIRGs as compared to normal and starburst galaxies;

thus, Figure 5 appears to be consistent with a high G0/n
origin for the [C ii] deficiency.

Assuming that we are correct in applying the PDR
models to the ULIRGs, we explore the degree to which
uncorrected self-absorption in the [O i] 63 lm line could
influence the location of the ULIRGs in Figure 4. Fischer
et al. (1999) have reported such self-absorption in the [O i]
63 lm line in the prototypical ULIRG Arp 220. The upper
limit on the [O i] 145 lm line places a strong constraint on
the amount by which we can feasibly correct the [O i] 63 lm
line for self-absorption. Unlike the ground-state [O i] 63 lm
line, which is seen in absorption in Arp 220, the [O i] 145 lm
line should not be self-absorbed, since it originates from an
energy level that is 228 K above the ground state and should
not be populated in cold or diffuse gas. If, for example, we
increase the [O i] 63 lm line emission by a factor of 2,
Mrk 231 shifts to a location in Figure 4 as shown by the
absorption vector corresponding to n ! 700 cm"3 and
G0 ! 3# 103. According to Figure 6, for this value of n and
G0, the [C ii] 158 lm to [O i] 145 lm ratio is!7, which corre-
sponds to the measured lower limit on the [C ii] to [O i] 145
lm ratio for Mrk 231. Any correction for [O i] 63 lm self-
absorption greater than a factor of 2 would therefore yield
a predicted [C ii] to [O i] 145 lm smaller than !7, in
disagreement with the observed lower limit for this ratio.

When we apply this same constraint to the other ULIRGs
in Figure 4 with [O i] 145 lm upper limits, we find that even
small corrections for self-absorption lead to inconsistencies
with the observations, i.e., the [O i] 63 lm line is likely not
self-absorbed in these ULIRGs. For Mrk 273, the observed
lower limit on the [C ii] to [O i] 145 lm ratio is 18. According
to Figure 6, a [C ii] to [O i] 145 lm ratio of 18 matches the
derived n (!200 cm"3) and G0 (!700) from Figure 4. Any

Fig. 5.—[C ii] 158 lm line to FIR flux ratio vs. the IRAS 60–100 lm flux
ratio for all galaxies plotted in Fig. 1. The filled circles denote the ULIRGs,
the squares denote the comparison normal and starburst galaxies, and the
gray-shaded squares denote the galaxies among the comparison sample
with AGN signatures. The error bars for the ULIRGs are statistical; for the
comparison galaxies, the statistical errors bars are smaller than the symbols
and are therefore not plotted. The arrows represent 3 ! upper limits. For
extended galaxies, the 60–100 lm ratios were derived from the Rice et al.
(1988) IRAS catalog rather than the IRAS Faint Source Catalog. For
galaxies with no IRAS data (e.g., Circinus), the 60–100 lm flux ratio was
derived from the LWS full spectrum using the photometry routine in ISAP.

Fig. 6.—Ratio of the [C ii] 158 lm line intensity to the [O i] 145 lm line
intensity emitted from the surface of a PDR as a function of the cloud
density n and the UV flux incident on the cloud G0. Models of Kaufman
et al. (1999) are used with the standardmodel parameter set.
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Scaling laws for late-types ... a unique SK law or 2 modes of SF ? 

Daddi +10, Genzel +10 

!CO=M(H2)/LCO 
!CO=0.8 for  
mergers/ULIRGs 

!CO=4.5 for  
mergers/ULIRGs 

!=4.5 for normal Sp !=4.5 for normal Sp 

Conversion factor: same !CO for all galaxies in Kennicutt (1998) 
!CO / 6 for (U)LIRGs (Downes & Solomon 98, Solomon & Vanden Bout 05) 
Bouché +07 => slope= 1.7 ! 1.4 
Steeper slope or 2 modes of star formation ? 

genzel+ 
2010
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Herschel Spectroscopy
First time: access to All players in the 
heating/cooling of gas within galaxies on 
<kpc scales.2 Croxall et al.

Fig. 1.—: Observational foot prints for IR spectral observations of NGC 1097 (left) and NGC 4559 (right) overlaid
on MIPS 24µm images. The green box denotes the area which had full LL coverage with IRS. The magenta region is
the area observed in SL with IRS. PACS-WS observational footprint is shown in Blue. PACS-CN coverage is shown
in cyan.

of ionized gas ([O iii] 88 µm and [N ii] 122 µm) in nearby
galaxies that span a wide breadth of key physical param-
eters (Kennicutt et al. 2011).

For a complete picture of the heating and cooling of the
ISM in nearby galaxies, we combine the far-IR observa-
tions of the Kingfish program with mid-IR observations
available from the Spitzer Infrared Nearby Galaxies Sur-
vey (Sings, Kennicutt et al. 2003). The mid-IR spec-
tral range is of increased interest due to the presence of
the PAH features. Small particles such as PAHs cool
off between photon encounters making the characteristic
shape of their emission independent of the UV radiation
field unlike the larger grains (Draine et al. 2007). As
a consequence, PAH vibrational bands should trace the
ejection of photoelectrons, which are thought to domi-
nate the heating of neutral gas, independent of the dust
temperature. Indeed, the ratio of [C ii] line emission
to photometric measures of PAH emission in the mid-IR
was found to be approximately constant in local galaxies
(Helou et al. 2001).

Rather than remain constant with dust temperature,
the relative PAH strength has been seen to decrease with
warmer far-IR colors (Helou et al. 1991) The declining
importance of PAHs in heating the gas can be explained
by intense radiation fields that ionize PAHs (Tielens et
al. 1999). Thus the balance of PAH heating and gas
cooling can be interpreted to suggest that gas heating
is indeed dominated by small grains in low density en-
vironments. Alternatively, the decreased importance of
PAH emission in regions of intense radiation could be due
to sampling different phases of the gas within the large
(∼70 ′′) ISO beam, such as quiescent cirrus, that favor
cooling via [C ii], and high density PDRs that are located
near young stars, that favor cooling via [O i]. The spec-
tral coverage and spatial resolution of our observations
allow us to investigate the distribution of PAH features
and far-IR line emission on scales well-matched to local
star formation.

NGC 1097 and NGC 4559 were selected as King-
fish Science Demonstration Program (SDP) targets.

NGC 4559 is a late spiral type galaxy (SABcd) at a
distance of approximately 8.45 Mpc. It has slightly
sub-solar metallicity (12+log(O/H) = 8.56) and shows
no signs of AGN activity (Moustakas et al. 2010). In
contrast, NGC 1097 is slightly more enriched than
NGC 4559 (12+log(O/H) = 8.77) and is a Seyfert 1
galaxy that contains a bright nuclear star forming ring
(Moustakas et al. 2010). At a distance of 19.1 Mpc
(Willick et al. 1997), the nucleus of NGC 1097 is one
of the brightest regions in the Kingfish sample. These
two systems clearly probe a wide range of environ-
ments: intense, concentrated star formation in the ring in
NGC 1097 to nominal, distributed star formation in the
disks of both galaxies. Indeed, the Kingfish program
has been designed to sample a large range of star form-
ing environments found in the nearby Universe. While
NGC 1097 and NGC 4559 are only a small piece of the
broader Kingfish sample, they span a representative
range of surface brightness and radiation fields for an ex-
ploratory study of the heating and cooling mechanisms
operating in the ISMs of nearby galaxies, as we will dis-
cuss in this work.

In this paper we present an investigation and compari-
son of properties of the ISM in NGC 1097 and NGC 4559
by combining data from the Kingfish and Sings pro-
grams. In §2 we present the observations and discuss the
data processing. As both chopped and un-chopped PACS
spectral data were acquired, these data are compared to
each other as well. In §3 we discuss the heating and
cooling of gas in these galaxies. The far-IR line deficit is
investigated using the two strongest coolants, the [C ii]
157 µm and [O i] 63 µm lines. To better trace total PAH
emission, we derive a method to combine limited spec-
tral and photometric data sets in §4. We discuss how the
cooling is related to observed PAH emission in the ISM
and investigate scenarios that have been proposed to ex-
plain the far-IR line deficit in §5. Finally, we summarize
the results of this study in §6.

2. OBSERVATIONS

[CII]
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Fig. 1.—: Observational foot prints for IR spectral observations of NGC 1097 (left) and NGC 4559 (right) overlaid
on MIPS 24µm images. The green box denotes the area which had full LL coverage with IRS. The magenta region is
the area observed in SL with IRS. PACS-WS observational footprint is shown in Blue. PACS-CN coverage is shown
in cyan.
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off between photon encounters making the characteristic
shape of their emission independent of the UV radiation
field unlike the larger grains (Draine et al. 2007). As
a consequence, PAH vibrational bands should trace the
ejection of photoelectrons, which are thought to domi-
nate the heating of neutral gas, independent of the dust
temperature. Indeed, the ratio of [C ii] line emission
to photometric measures of PAH emission in the mid-IR
was found to be approximately constant in local galaxies
(Helou et al. 2001).
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the relative PAH strength has been seen to decrease with
warmer far-IR colors (Helou et al. 1991) The declining
importance of PAHs in heating the gas can be explained
by intense radiation fields that ionize PAHs (Tielens et
al. 1999). Thus the balance of PAH heating and gas
cooling can be interpreted to suggest that gas heating
is indeed dominated by small grains in low density en-
vironments. Alternatively, the decreased importance of
PAH emission in regions of intense radiation could be due
to sampling different phases of the gas within the large
(∼70 ′′) ISO beam, such as quiescent cirrus, that favor
cooling via [C ii], and high density PDRs that are located
near young stars, that favor cooling via [O i]. The spec-
tral coverage and spatial resolution of our observations
allow us to investigate the distribution of PAH features
and far-IR line emission on scales well-matched to local
star formation.

NGC 1097 and NGC 4559 were selected as King-
fish Science Demonstration Program (SDP) targets.

NGC 4559 is a late spiral type galaxy (SABcd) at a
distance of approximately 8.45 Mpc. It has slightly
sub-solar metallicity (12+log(O/H) = 8.56) and shows
no signs of AGN activity (Moustakas et al. 2010). In
contrast, NGC 1097 is slightly more enriched than
NGC 4559 (12+log(O/H) = 8.77) and is a Seyfert 1
galaxy that contains a bright nuclear star forming ring
(Moustakas et al. 2010). At a distance of 19.1 Mpc
(Willick et al. 1997), the nucleus of NGC 1097 is one
of the brightest regions in the Kingfish sample. These
two systems clearly probe a wide range of environ-
ments: intense, concentrated star formation in the ring in
NGC 1097 to nominal, distributed star formation in the
disks of both galaxies. Indeed, the Kingfish program
has been designed to sample a large range of star form-
ing environments found in the nearby Universe. While
NGC 1097 and NGC 4559 are only a small piece of the
broader Kingfish sample, they span a representative
range of surface brightness and radiation fields for an ex-
ploratory study of the heating and cooling mechanisms
operating in the ISMs of nearby galaxies, as we will dis-
cuss in this work.

In this paper we present an investigation and compari-
son of properties of the ISM in NGC 1097 and NGC 4559
by combining data from the Kingfish and Sings pro-
grams. In §2 we present the observations and discuss the
data processing. As both chopped and un-chopped PACS
spectral data were acquired, these data are compared to
each other as well. In §3 we discuss the heating and
cooling of gas in these galaxies. The far-IR line deficit is
investigated using the two strongest coolants, the [C ii]
157 µm and [O i] 63 µm lines. To better trace total PAH
emission, we derive a method to combine limited spec-
tral and photometric data sets in §4. We discuss how the
cooling is related to observed PAH emission in the ISM
and investigate scenarios that have been proposed to ex-
plain the far-IR line deficit in §5. Finally, we summarize
the results of this study in §6.

2. OBSERVATIONS

[CII]

where B! is the blackbody function, T? is the temperature of the
stellar continuum, Tm are the n ¼ M thermal dust continuum
temperatures, the Ir(!) are the n ¼ R resolved (dust) and un-
resolved (line) emission features, and "k is the dust opacity. These
features are described in detail below.

4.1.1. Starlight

The infrared emission from older stellar populations is repre-
sented by blackbody emission at fixed temperature T? ¼ 5000 K,
similar to the temperature of the stars that dominate stellar emis-
sion redward of 3Y5 #m. This temperature was found to best
represent the stellar continuum in average Starburst99 spectral
energy distributions (SEDs; Leitherer et al. 1999) for stellar pop-
ulations older than 100 Myr and wavelength longward of 3 #m.
For shorter rest-frame wavelengths, or in fits involving near-
infrared (NIR) photometry, including a more realistic suite of
stellar SEDs would be appropriate, as would considering the

very hot (103 K) small grain NIR dust emission component
inferred in ISOPHOTspectra of normal galaxies (Lu et al. 2003).
These components are unimportant beyond rest-frame wave-
lengths of 3Y5 #m.

4.1.2. Dust Continuum

We allow up to M ¼ 8 thermal dust continuum components
represented by modified blackbodies at fixed temperatures Tm ¼
f35; 40; 50; 65; 90; 135; 200; 300 Kg, with ! 2 emissivity nor-
malized at k0 ¼ 9:7 #m.Although the bulk of the dust in galaxies
is heated to relatively low equilibrium temperatures ("15Y20 K;
see B. T. Draine et al. 2007, in preparation), these grains are too
cold to make any contribution at k < 40 #m and are not con-
sidered here. Contributions from a hot grain continuum, which
would be important in strong AGN sources, are also not included;
if present, e.g., for strong SINGS AGNs like NGC 1566 and
NGC 5194, these continuum components would be absorbed by

Fig. 1.—Continued
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Fig. 7.— Top: [C ii] 158 µm / TIR plotted as a function of the far infrared color, νfν(70)/νfν (100). Middle: [O i] 63 µm / TIR plotted
as a function of the far infrared color, νfν(70)/νfν (100). Bottom: ([C ii] 158 µm + [O i] 63 µm) / TIR plotted as a function of the far
infrared color, νfν(70)/νfν (100). Even when accounting for the oxygen emission from denser regions, the photoelectric heating efficiency
decreases with increasingly intense radiation. Regions in NGC 1097 are plotted as blue triangles whereas regions from NGC 4559 are
plotted as green squares. The large grey diamonds show the weighted mean when data are binned. Histograms show the distribution of
heating intensity for regions with gas warmer (red) and cooler (black) than νfν(70)/νfν (100)=0.95. The dash-dot lines in the top panel
represent 80% inclusion curves of the galaxies from the ISO study of Malhotra et al. (2001). We remind the user that there exists a 30%
uncertainty in the absolute calibration of PACS data when comparing these curves to the data. The mean error for each data set are shown
to the lower left. Filled points indicate regions wherein the full IRS spectrum has been obtained.

trend with far-IR color, this is likely due to the paucity
of regions with warm dust that are observed. We also
note that an offset appears to exist between these galax-
ies that increases the measured dispersion in the line-to-
TIR ratio. As the εPE of a gas cloud depends on the
physical conditions of the gas and its location, we can
conclude that the trend seen in Malhotra et al. (2001)
and Brauher et al. (2008) is not simply the result of mix-
ing different phases of the ISM on a global scale, but is
either the result of true differences between galaxies or
the mixing of phases of the ISM on sub-kiloparsec scales.
Theoretical models of the photoelectric effect show

that PAHs and other small grains dominate the
production of photoelectrons in neutral gas (e.g.,

Bakes & Tielens 1994; Weingartner & Draine 2001).
This prediction has been supported by the strong correla-
tion of [C ii] emission and mid-IR flux in nearby galaxies.
In addition to providing photoelectrons, PAHs simulta-
neously emit photons in the mid-IR via vibrational and
bending transitions. These mid-IR bands should provide
a more precise view of heating and cooling than inte-
grated thermal dust emission, which includes emission
from large grains that are inefficient at heating the gas
in the ISM. As PAHs are more directly coupled to heat-
ing efficiency than TIR, they may offer a more robust
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source is deeply buried (optically thick) and embedded in
layers of progressively colder dust (geometrically thick),
it could produce a cumulative absorption that we would
measure via the strength of the silicate feature while still
contributing to the emission outside of it (see Levenson
et al. 2007; Sirocky et al. 2008).
While both explanations are plausible, the second is fa-

vored by the fact that these extremely obscured galaxies
show MIPS 24/70µm ratios very similar, or even slightly
higher than those found for the rest of the LIRGs in
the sample. If foreground cold dust was the respon-
sible for the excess of obscuration, we would expect
these galaxies to show abnormally low 24µm luminosi-
ties with respect to the far-IR. We find that this is not
the case, in agreement with recent results based on ra-
dio observations of a sub-sample of LIRGs in GOALS
(Murphy et al. 2013). Furthermore, the existence of
an additional hot and obscured dust component in these
LIRGs is also consistent with the results presented in
Stierwalt et al. (2013a), where it is shown that there
is a trend for LIRGs with moderate silicate strengths
(S9.7µm ! −1.5) to show higher Sν 30µm/Sν 15µm ra-
tios as the S9.7µm becomes stronger (more negative).
That is, more obscured LIRGs have increasingly larger
fluxes at 30µm, in agreement with our findings in the
previous section. However, galaxies showing the most
extreme silicate strengths (S9.7µm < −1.5) do not have
proportionally higher 30/15µm ratios. On the contrary,
they show ratios similar to those of warm LIRGs with
mild silicate strengths (or even lower than expected given
their extreme S9.7µm), supporting the idea that in these
particular galaxies the dust producing this additional ab-
sorption and excess of mid-IR emission (λ " 20µm)
represents a component of the overall nuclear starburst
activity different than the star-forming regions that drive
the far-IR cooling.

4.1.3. The Compactness of the Mid-IR Emitting Region

The compactness of the starburst region of a galaxy
has been proven to be related to many of its other
physical properties (Wang & Helou 1992). For exam-
ple, all ULIRGs in the GOALS sample have very small
mid-IR emitting regions, with sizes (measured FWHMs)
< 1.5 kpc (Dı́az-Santos et al. 2010b). LIRGs, on the
other hand, span a large range in sizes as well as in how
much of their mid-IR emission is extended. The later
property is parametrized in Dı́az-Santos et al. (2010b)
by the fraction of extended emission, FEEλ, which mea-
sures the fraction of light emitted by a galaxy that is
contained outside of its unresolved component at a given
wavelength λ. The complementary quantity 1−FEEλ
measures how compact the source is, which in turn is
proportional to its luminosity surface density, Σ. We
note that in this paper we use the word compactness as
an equivalent to light concentration, i.e., as a measure-
ment of the amount of energy per unit area produced by
a source, and not as an absolute measurement of its size.
It has been shown that the compactness of the mid-

IR continuum emission of LIRGs (evaluated at λrest =
13.2µm) is related to their merger stage, mid-IR AGN-
fraction and most importantly, to their far-IR color
(Dı́az-Santos et al. 2010b). LIRGs with higher IRAS
Sν 60µm/Sν 100µm ratios are increasingly compact. In
other words, for a given LIR, the dust in sources with

Fig. 4.— [C ii]157.7µm/FIR ratio as a function of the lumi-
nosity surface density at 15µm, Σ15µm (top), and the fraction of
extended emission at 13.2µm, FEE13.2µm (bottom), for individ-
ual galaxies in the GOALS sample. Galaxies are color-coded as
a function of the 63/158µm ratio (top) and the strength of the
silicate feature, S9.7µm (bottom). A linear fit to the datapoints
without limits is shown in the top panel as a solid line. The dotted
lines are the ± 1σ uncertainty. We note that the 15µ luminosi-
ties are measured within the Spitzer/IRS LL slit while the mid-IR
sizes were obtained from the SL module at 13.2µm (Dı́az-Santos
et al. 2010b). For very extended sources, the MIPS 24µm images
were used instead to measure the size of the starburst region. The
intrinsic sizes (FWHMint) of the mid-IR emission were obtained af-
ter subtracting, in quadrature, the contribution of the instrumental
profile (FWHMPSF) from the measured FWHM.

far-IR colors peaking at shorter wavelengths is not only
hotter but also confined towards a smaller volume in the
center of galaxies. In §4.1.1 we found that the [C ii]/FIR
ratio is related to the average Tdust of our galaxies. Thus,
we should expect to see a correlation between the [C ii]
deficit and the luminosity surface density and compact-
ness of LIRGs in the mid-IR. This is shown in Figure 4,
where a clear trend is found for galaxies with higher lu-
minosity surface densities at 15µm, Σ15µm (top panel),
or small FEE13.2µm (bottom panel), i.e, more compact,
to show lower [C ii]/FIR ratios, irrespective of the origin
of the nuclear power source.
Excluding those LIRGs for which only upper limits on

their mid-IR size or L[C II] are available, we perform a

Díaz-Santos+ 
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Figure 7. Ratio of [C ii] luminosity L([C ii]) to total infrared luminosity Lir,
compared to source classification from EW (PAH 6.2 µm) measured in µm.
Crosses are AGNs from the EW classification, open circles are composite
AGNs plus starbursts, and asterisks are starbursts. Sources with diamonds (all
AGNs) are upper limits to [C ii] line fluxes in Table 1. Square is Markarian
231. Horizontal bars are medians within each category; medians include limits
because all limits fall below the median. Median for starbursts is used in the
text to calibrate L([C ii]) compared to star formation rate, giving log SFR =
log L([C ii)]) − 7.08±0.3, for SFR in M" yr−1 and L([C ii]) in L".

are made among Spitzer mid-infrared emission lines, [C ii], and
SEDs for our full sample of sources.

3.2. Star Formation Rate from [C ii]

For eventual application to high-redshift, dusty sources in
which [C ii] measurements with ALMA or other submillimeter/
millimeter spectroscopy are the primary diagnostic, calibration
of [C ii] luminosity to SFR is our most important objective.
The conclusion reached above, that [C ii] luminosity L([C ii])
measures the PDRs arising from star formation, encourages the
calibration of SFR compared to L([C ii]).

Determining the SFR for dusty sources ultimately traces back
to the method of Kennicutt (1998), in which the total infrared
luminosity Lir is attributed to reradiation by dust of the primary
stellar luminosity from the starbursts. The original calibration
is log SFR = log Lir − 9.76, for Lir in L". We adopt the updated
calibration in Buat et al. (2010), giving log SFR = log Lir −
9.97. All of our sources have Lir listed in Sargsyan et al. (2011)
determined using the formulation in Sanders & Mirabel (1996),
described in the footnote to Table 1. This Lir is an estimate of
the complete 8 µm to 1000 µm luminosity derived from all four
IRAS bands.

By comparing Lir to L([C ii]) for starbursts, a calibration
can be determined between L([C ii]) and SFR. It is necessary
to assure that Lir arises only from a starburst and is not
contaminated by an AGN component. Figure 7 compares
the ratio L([C ii])/Lir depending on source classification. The
medians seen in this figure trend as expected if L([C ii])
measures only the starburst component but Lir arises from
both starburst and AGN components. As the contribution to
Lir arising from AGN luminosity increases compared to the
L([C ii]) arising from starburst luminosity, the ratio L([C ii])/
Lir systematically decreases for AGNs (this is discussed further
in Section 3.3 in context of the C ii deficit). To calibrate SFR
to L([C ii]) using Lir, AGNs and composites in Figure 7 are not
used because some fraction of the Lir arises from AGNs.

For starbursts only in Figure 7, the observed median ratio
log L([C ii])/Lir = −2.89. This gives the calibration log SFR =

Figure 8. Star formation rate in all sources in M" yr−1 measured using L([C ii])
to SFR calibration from Figure 7. Crosses are AGNs from the EW classification,
open circles are composite AGNs plus starbursts, and asterisks are starbursts.
Sources with diamonds (all AGNs) are upper limits to SFR from upper limits to
[C ii] line fluxes in Table 1. Square is Markarian 231. Lir is in L".

log L([C ii)]) − 7.08 ± 0.3, for SFR in M" yr−1 and L([C ii])
in L". The uncertainty arises from the 1σ dispersion among
the starburst points shown in Figure 7. This result is our SFR
calibration. Taken with the conclusions from Figures 5 and 6,
that L([C ii]) scales with the starburst component in all sources,
this calibration can be applied to any source in which [C ii] is
measured.

The resulting measures of SFR are shown in Figure 8. The
results show that the greatest SFRs are in sources with a starburst
classification from EW (6.2 µm) even though these sources do
not have the most luminous Lir. For example, among sources
with log SFR > 1.8, six are starbursts, three are composites,
and only two are AGNs (not counting upper limits). This
preponderance of starbursts is even greater when compared to
the sample sizes; this high SFR includes 6 of 24 starbursts, 3 of
31 composites, and only 2 of 55 AGNs. The dominance in SFR
by starbursts arises despite the fact that the largest Lir (Lir >
1012 L") are dominated by AGNs. The maximum SFR in this
sample is ∼100 M" yr−1, about a factor of 10 less than in the
most luminous starbursts at z ∼ 2 with SFR measured using
PAH luminosity (Weedman & Houck 2008).

Another important result from Figure 8 is that AGNs are gen-
erally accompanied by starbursts, but AGN sources (including
composites) encompass a much larger range and dispersion of
SFR than do the pure starbursts. AGNs have −1 < log SFR < 2
compared to 0.8 < log SFR < 2.0 for starbursts. At luminosity
Lir ∼ 1011 L", AGNs have −0.2 < log SFR < 1.3 compared to
0.7 < log SFR < 1.7 for starbursts. Composites are intermedi-
ate. These results mean that some fraction of Lir arises from an
accompanying starburst even for AGN-dominated Lir, but the
large dispersion in SFR/Lir for AGN means this fraction varies
by a factor of more than 10.

3.3. The [C ii] “Deficit” and Source Classification

A primary result from analysis of [C ii] luminosity from ISO
measures was the discovery of the “[C ii] deficit,” whereby the
most luminous sources have weak L([C ii]) compared to infrared
luminosity (Luhman et al. 2003; Helou et al. 2001). This is
confirmed in new Herschel results (Gracia-Carpio et al. 2011)
and ground-based results (Stacey et al. 2010). The explanation of
this deficit remains a question, and there are many possibilities,
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Figure 7. Ratio of [C ii] luminosity L([C ii]) to total infrared luminosity Lir,
compared to source classification from EW (PAH 6.2 µm) measured in µm.
Crosses are AGNs from the EW classification, open circles are composite
AGNs plus starbursts, and asterisks are starbursts. Sources with diamonds (all
AGNs) are upper limits to [C ii] line fluxes in Table 1. Square is Markarian
231. Horizontal bars are medians within each category; medians include limits
because all limits fall below the median. Median for starbursts is used in the
text to calibrate L([C ii]) compared to star formation rate, giving log SFR =
log L([C ii)]) − 7.08±0.3, for SFR in M" yr−1 and L([C ii]) in L".

are made among Spitzer mid-infrared emission lines, [C ii], and
SEDs for our full sample of sources.

3.2. Star Formation Rate from [C ii]

For eventual application to high-redshift, dusty sources in
which [C ii] measurements with ALMA or other submillimeter/
millimeter spectroscopy are the primary diagnostic, calibration
of [C ii] luminosity to SFR is our most important objective.
The conclusion reached above, that [C ii] luminosity L([C ii])
measures the PDRs arising from star formation, encourages the
calibration of SFR compared to L([C ii]).

Determining the SFR for dusty sources ultimately traces back
to the method of Kennicutt (1998), in which the total infrared
luminosity Lir is attributed to reradiation by dust of the primary
stellar luminosity from the starbursts. The original calibration
is log SFR = log Lir − 9.76, for Lir in L". We adopt the updated
calibration in Buat et al. (2010), giving log SFR = log Lir −
9.97. All of our sources have Lir listed in Sargsyan et al. (2011)
determined using the formulation in Sanders & Mirabel (1996),
described in the footnote to Table 1. This Lir is an estimate of
the complete 8 µm to 1000 µm luminosity derived from all four
IRAS bands.

By comparing Lir to L([C ii]) for starbursts, a calibration
can be determined between L([C ii]) and SFR. It is necessary
to assure that Lir arises only from a starburst and is not
contaminated by an AGN component. Figure 7 compares
the ratio L([C ii])/Lir depending on source classification. The
medians seen in this figure trend as expected if L([C ii])
measures only the starburst component but Lir arises from
both starburst and AGN components. As the contribution to
Lir arising from AGN luminosity increases compared to the
L([C ii]) arising from starburst luminosity, the ratio L([C ii])/
Lir systematically decreases for AGNs (this is discussed further
in Section 3.3 in context of the C ii deficit). To calibrate SFR
to L([C ii]) using Lir, AGNs and composites in Figure 7 are not
used because some fraction of the Lir arises from AGNs.

For starbursts only in Figure 7, the observed median ratio
log L([C ii])/Lir = −2.89. This gives the calibration log SFR =

Figure 8. Star formation rate in all sources in M" yr−1 measured using L([C ii])
to SFR calibration from Figure 7. Crosses are AGNs from the EW classification,
open circles are composite AGNs plus starbursts, and asterisks are starbursts.
Sources with diamonds (all AGNs) are upper limits to SFR from upper limits to
[C ii] line fluxes in Table 1. Square is Markarian 231. Lir is in L".

log L([C ii)]) − 7.08 ± 0.3, for SFR in M" yr−1 and L([C ii])
in L". The uncertainty arises from the 1σ dispersion among
the starburst points shown in Figure 7. This result is our SFR
calibration. Taken with the conclusions from Figures 5 and 6,
that L([C ii]) scales with the starburst component in all sources,
this calibration can be applied to any source in which [C ii] is
measured.

The resulting measures of SFR are shown in Figure 8. The
results show that the greatest SFRs are in sources with a starburst
classification from EW (6.2 µm) even though these sources do
not have the most luminous Lir. For example, among sources
with log SFR > 1.8, six are starbursts, three are composites,
and only two are AGNs (not counting upper limits). This
preponderance of starbursts is even greater when compared to
the sample sizes; this high SFR includes 6 of 24 starbursts, 3 of
31 composites, and only 2 of 55 AGNs. The dominance in SFR
by starbursts arises despite the fact that the largest Lir (Lir >
1012 L") are dominated by AGNs. The maximum SFR in this
sample is ∼100 M" yr−1, about a factor of 10 less than in the
most luminous starbursts at z ∼ 2 with SFR measured using
PAH luminosity (Weedman & Houck 2008).

Another important result from Figure 8 is that AGNs are gen-
erally accompanied by starbursts, but AGN sources (including
composites) encompass a much larger range and dispersion of
SFR than do the pure starbursts. AGNs have −1 < log SFR < 2
compared to 0.8 < log SFR < 2.0 for starbursts. At luminosity
Lir ∼ 1011 L", AGNs have −0.2 < log SFR < 1.3 compared to
0.7 < log SFR < 1.7 for starbursts. Composites are intermedi-
ate. These results mean that some fraction of Lir arises from an
accompanying starburst even for AGN-dominated Lir, but the
large dispersion in SFR/Lir for AGN means this fraction varies
by a factor of more than 10.

3.3. The [C ii] “Deficit” and Source Classification

A primary result from analysis of [C ii] luminosity from ISO
measures was the discovery of the “[C ii] deficit,” whereby the
most luminous sources have weak L([C ii]) compared to infrared
luminosity (Luhman et al. 2003; Helou et al. 2001). This is
confirmed in new Herschel results (Gracia-Carpio et al. 2011)
and ground-based results (Stacey et al. 2010). The explanation of
this deficit remains a question, and there are many possibilities,
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Fig 1. Sample of SINGS Galaxy spectra using PAHFIT -  Smith et al. 
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Fig 2. MIR SPECTRA FOR EARLY TYPE GALAXIES 
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Fig 3. Spitzer/IRS spectra for the 2 Jy and 3CRR sample objects Dicken 
et al. ApJ, 745, 2012 
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Fig 4. PAHFIT spectra for 3c84 Ogle et al. ApJ, 724, 2010 
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No. 1, 2010 A z = 2.79 LENSED LIRG BEHIND THE BULLET CLUSTER 247

Figure 2. IRS spectrum of the galaxy, taken in the long-low mode. The data are
presented as the shaded histogram, with the uncertainties shown by the hashed
histogram. The dot-dashed line indicates the best fit from PAHFIT, while the
dashed curves correspond to fits to the individual PAH lines using Drude profiles
and the formulae from Smith et al. (2007). The vertical marks above the spectrum
denote all spectral features robustly detected in our analysis.
(A color version of this figure is available in the online journal.)

2.2. HST Imaging

We obtained imaging with the HST Wide Field Camera 3
(Kimble et al. 2008) on 2009 November 19 and 20 (Cycle 17,
proposal 11099, PI: Bradač), and with the Advanced Camera
for Surveys (ACS; Ford et al. 2003) on 2006 October 12 and
13 (Cycle 15, proposal 10863, PI: Gonzalez) and 2004 October
21 (Cycle 13, proposal 10200, PI: Jones). The new WFC3 data
consist of two overlapping WFC3/IR pointings in F110W and
F160W, with total integration times at the location of the lensed
LIRG (where the WFC3 pointings overlap) of 13 ks and 14
ks, respectively. The ACS data, which are described in Paper I,
include F606W, F775W, and F850LP imaging.

All images were processed using standard calibration files
and stacked using custom software from the HAGGLeS project
(P. J. Marshall et al. 2010, in preparation) that is based
upon MultiDrizzle (Koekemoer et al. 2002). To register
the F850LP, F110W, and F160W images with the astrometric
accuracy needed for this analysis (in particular since the standard
distortion model we used did not give sufficient accuracy to
simply align overlapping pointings), we determine the offsets
among the images by extracting high signal-to-noise (S/N)
objects in the individual, distortion corrected exposures. We
use SExtractor (Bertin & Arnouts 1996) and the IRAF routine
geomap to identify the objects and calculate the residual shifts
and rotation of individual exposures, which were then fed back
into Multidrizzle. We use square as the final drizzling kernel
and an output pixel scale of 0.′′1; this is smaller than the original
pixel scale of the WFC3/IR, but larger than ACS CCD, allowing
us to exploit the dithering of the observations and improve the
sampling of the point-spread function.

3. ANALYSIS AND RESULTS

3.1. PAH Features and Redshift

The IRS spectrum for the galaxy is presented in Figure 2. The
6.2 µm, 7.7 µm, and 8.6 µm PAH complexes are detected in the
spectrum. We also tentatively detect the H2 0–0 S(4) line, which
is discussed separately in Section 3.8. We use Drude profiles,
as in Smith et al. (2007), to model each spectral feature and

Table 1
Observed Fluxes and Magnitudesa

Quantity Value

f (6.2 µm) 1.4 ± 0.2 × 10−14 erg s−1 cm−2

f (7.7 µm) 6.3 ± 1.2 × 10−14 erg s−1 cm−2

f (8.6 µm) 5.2 ± 3.3 × 10−14 erg s−1 cm−2

f (H2S(4)) 5.8 ± 1.9 × 10−15 erg s−1 cm−2

f (H2S(5)) 2.5 ± 1.2 × 10−15 erg s−1 cm−2

f (7.7 µm)/f(6.2 µm) 4.5 ± 1.1
mF160W 23.80 ± 0.1 (AB)

Note. a All quoted values are for the combination of images A and B.

use a power law to fit the underlying continuum. We derive
the redshift from the two strongest PAH features (6.2 µm and
7.7 µm), obtaining z = 2.791 ± 0.007. This redshift confirms
the photometric redshifts in the literature (z ∼ 2.7–2.9; Wilson
et al. 2008; Gonzalez et al. 2009; Rex et al. 2009).

The derived fluxes for the PAH features are listed in
Table 1. The flux ratio for the two highest S/N lines,
f (7.7 µm)/f (6.2 µm) = 4.5 ± 1.1, can be compared with re-
sults from Pope et al. (2008) for SMGs. The star formation
dominated SMGs in the Pope et al. sample (z ∼ 1–2.5) have
flux ratios in the range of 1.4–3.5 for these PAH lines—some-
what lower than the ratio we observe, but with a range that
overlaps the 1σ uncertainty for this galaxy.

3.2. WFC3 Imaging of the Lensed Galaxy

With the new HST WFC3 imaging we repeat the photometric
analysis described in Paper I to try to identify the lensed galaxy
in high-resolution photometry. We show in Figure 3 (left panel)
a composite color image constructed from the F850LP, F110W,
and F160W images. The lensed galaxy can be seen in the
composite image as a faint red arc that contains brighter knots
of emission in the vicinity of images A and B from the Spitzer
data.

We use GALFIT version 3.0 to model and subtract foreground
objects near the location of the lensed galaxy. The object,
which is not detected in F850LP (Paper I), is detected in
F110W but is too faint relative to the model residuals to
recover robust photometry. The arc is bright, however, in F160W
(Figure 3, right panel). To verify that this arc is indeed the same
lensed galaxy as identified at longer wavelengths, we measure
the flux ratio for the two lobes of the arc. Specifically, we
extract the fluxes within polygonal apertures enclosing each
of the bright emission regions and correct for the sky using
background apertures placed on nearby blank sky regions.
We measure a flux ratio B/A = 1.4 ± 0.3—consistent with
results at longer wavelengths in Paper I (see also Section 3.3).
The total magnitude for the entire arc (images A and B) is
mF160W = 23.80 ± 0.1 (AB), which corresponds to a flux
density of 1.1 ± 0.1 µJy. As shall become clear in Section 3.3,
without magnification this object would be extremely faint, with
mF160W ≈ 28.8. We refrain from quoting a flux density at
F110W due to the lower contrast with the foreground galaxy
and higher associated systematic uncertainties.

3.3. Magnification

Conversion of the PAH line fluxes to luminosities requires
not only the redshift but also a determination of the lensing
magnification. We use the same mass maps described in Paper I.
Consequently, the only changes from the previous analysis are

Lensed Galaxies at z~3
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TABLE 4—Continued

Object

(1)

Tex
(K)

(2)

Warm MH2

(107 M!)

(3)

Cold MH2

(1010 M!)

(4)

Warm MH2
/Cold MH2

(%)

(5)

Mrk 273 ....................................... 378 " 8 6.75 " 0.52 2.69a 0.25

Mrk 463E..................................... 368 " 21 3.50 " 0.87 0.04d 8.75

Mrk 1014 ..................................... h336 " 15i 20.38 " 12.20 5.25a 0.39

NGC 6240.................................... 1327 " 36 0.41 " 0.08 . . . . . .
292 " 6 62 " 32 . . . . . .

4.37a 1.43

UGC 5101.................................... 332 " 11 4.75 " 0.78 0.62b 0.77

Notes.—The warm molecular H2 mass is derived from our data. HIRES observations are used when available, and the
LORES observations are marked in the first columnwith an ‘‘L.’’ The temperature is derived from the fit to the S(1)YS(3) data.
The mass is derived using the S(1) line flux; if this line is not detected, the S(3) line flux is used. If only a single line is detected,
we use the average temperature of 336" 15 K to estimate the mass, denoted by angle brackets in col. (2). The standardMilky
Way H2 mass-to-CO luminosity ratio, ! ¼ 4:6M! (K km s$1 pc2)$1, has been used to estimate the cold gas mass. However,
Solomon et al. (1997) argue that ! % 1:4 should be used for ULIRGs. This would decrease the cold gas mass and corre-
spondingly increase the warm gas fraction by a factor of%3. The S(7) line is detected in Arp 220, IRAS 06301$7934, IRAS
12032+1707, IRAS 12112+0305, IRAS 17068+4027, and NGC 6240, and we calculate a hot gas mass. The S(0) line is
detected in IRAS 12112+0305, IRAS 13342+3932, and NGC 6240, which lowers the warm gas temperature. The S(0) line
flux is used to estimate the gas mass. For IRAS 13342+3932 we only detect the S(0) and S(1) lines, resulting in a much lower
gas temperature. We also quote the gas mass using the average temperature for the sample, which may be a more reasonable
estimate of the gas mass. There is a problemwith the absolute flux calibration for IRAS 09022$3615, and the mass could be a
factor of 20 higher than quoted.

a Solomon et al. (1997).
b Rigopoulou et al. (1996).
c Mirabel et al. (1990).
d Evans et al. (2002).

Fig. 5.—Combined IRS-LORES (6.5Y9.8 "m) and IRS-HIRES (9.8Y
13.1 "m) spectrum for Mrk 273. The x-axis is the observed wavelength. A deep
9.7 "m silicate absorption trough is apparent, indicating heavy extinction (AV %
20Y40) toward the active nucleus. On the other hand, the ratio of the S(3) 9.67"m
to S(2) 12.28 "mH2 lines implies much lower levels of extinction, implying that
little of the absorbing material lies in a screen between the warm H2 and us.

Fig. 6.—Molecular hydrogen S(1)/S(3) line ratios as a function of the de-
rived temperature (Tex) for 27 ULIRGs (excluding Arp 220 and IRAS 12112+
0305) with at least three J & 4 HIRES line measurements. The intrinsic (unred-
dened) ratio is shown as a dashed line. Extinction toward the warm H2 com-
ponent is minimal in most of the sources.
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Fig 9. Composite of the 92 SSGSS (Spitzer-SDSS-Galex Spectroscopic 
Survey) low res spectra,  O’Dowd,  Mathew   J.   et   al.  Astrophys.   J.   705  
(2009) UV-selected z~0.5 galaxies
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Fig 8. Detailed decompositions of cool-core galaxy clusters from 4.3 to 
14  μm,  utilizing  PAHFIT Donahue et al. ApJ, 732, 2011 
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Fig 11. H2 MIR rotational lines observed even in Stephen Quintet ridge 
Guillard et al.  A&A, 518, A59, 2010 
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and yet...No. 2, 2009 SPITZER QUASAR AND ULIRG EVOLUTION STUDY (QUEST). IV. 637

Figure 7. Average IRS spectra for ULIRGs with 25-to-60 µm flux ratios,
f25/f60, above and below 0.1, compared with the QSOs in our sample (Paper II).
The individual spectra in each category were normalized to have the same rest-
frame 15 µm flux density. Note the progression from cool ULIRGs to warm
ULIRGs, and then to QSOs.
(A color version of this figure is available in the online journal.)

Figure 8. Average IRS spectra for ULIRGs with infrared luminosities larger or
smaller than 1012.3L!, compared with the QSOs in our sample. The individual
spectra in each category were normalized to have the same rest-frame 15 µm
flux density.
(A color version of this figure is available in the online journal.)

which have weak PAHs and weak silicate absorption (see also
Desai et al. 2007; Spoon et al. 2007).

Figure 9. Average IRS spectra for ULIRGs of various optical spectral types,
compared with the QSOs in our sample. The individual spectra in each category
were normalized to have the same rest-frame 15 µm flux density. Note the
similarity between the average spectrum of Seyfert 1 ULIRGs and that of QSOs.
(A color version of this figure is available in the online journal.)

Figure 10. Average IRS spectra for ULIRGs with PAH 7.7 µm equivalent
widths larger or smaller than 1 µm, compared with the QSOs in our sample.
The individual spectra in each category were normalized to have the same
rest-frame 15 µm flux density.
(A color version of this figure is available in the online journal.)

6.1.2. Continuum Diagnostics

In Figure 12, we compare the continuum flux ratios f15/f6,
f30/f6, f30/f15, and f25/f60 of all ULIRGs and quasars in the
sample. The “reddening” of the SED as one goes from the

ULIRGs and Quasars
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Bad Dog ↵CO & DGR in Nearby Galaxies 27

Figure 15. ↵CO as a function of metallicity compared to previous measurements and models. The left panel shows measurements in
the PT05 calibration while the right panel shows KK04. Measurements from this paper are shown with gray points (individual solutions)
and red circles (galaxy averages). We show all of the solution pixels where ICO> 1 km s�1 and i > 65�, regardless of the source of the
metallicity measurement (i.e. without the requirement of having measured HII region metallicities from M10). Measurements of ↵CO in
Local Group galaxies from Leroy et al. (2011) are shown with green circles. The MW ↵CO is shown with a gray line and the average
of our solution pixels with no weighting is shown with a dotted black line. Predictions based on the model of Wolfire et al. (2010) are
shown with a purple dot-dashed line and those based on Glover & Mac Low (2011) are shown with a dashed blue line. These predictions
assume a linear dependence of DGR on metallicity and a fixed gas mass surface density for molecular clouds of ⌃GMC = 100 M� pc�2.
The model predictions are normalized to have ↵CO= 4.4 M� pc�2 (K km s�1)�1 at the metallicity adopted for the Milky Way in each
calibration. Note that the metallicities we use for NGC 5457 are not from strong line calibrations, so it appears in the same position both
plots. Regardless of the metallicity calibration, our measurements do not extend to low enough metallicities to constrain the e↵ects of
“CO-dark” H2.

with dust. For both models it is necessary to adopt a
filling factor or clumping correction due to the di↵erence
in resolution between the simulations and our observa-
tions. F12 and N12 both have ⇠ 60 � 70pc resolution,
so we apply the same correction to both. For purposes
of comparing with the trend of our observed ↵CO as a
function of CO integrated intensity, we have adopted a
filling factor correction of 3. This correction factor is
larger than purely the ratio of the resolutions because
our beam will contain more than one molecular cloud.
Verifying that this absolute scaling is correct would re-
quire a more detailed investigation that is beyond the
scope of this paper.

We find that the predicted trends of ↵CO with CO
integrated intensity from N12 and F12 match the aver-
age observed behavior well, although both underpredict
↵CO in the central regions of some galaxies. There is
considerable scatter around this trend, however. F12 ar-
gue that on ⇠kpc scales metallicity is the primary driver
of the conversion factor variations. This metallicity de-
pendence reflects, to first order, the Glover & Mac Low
(2011) dependence between ↵CO and extinction through
the cloud with the addition that F12 assume a metal-
licity dependent DGR. Our ↵CO results do not show a
strong dependence on metallicity, but may not extend to
low enough metallicities to clearly distinguish such varia-
tions. N12 do see a decrease in ↵CO in regions with high
star-formation rate surface densities due to enhanced gas
temperatures and velocity dispersions, similar to what we
have found in some galaxy centers.

6.3. Low Central ↵CO and Discrepancies with Virial
Mass Based Measurements

For some galaxy centers in our sample we measure ↵CO
lower than the typical Milky Way value by factors of
5�10. Interestingly, the virial mass based ↵CO measure-

Figure 16. A comparison between our ↵CO measurements and
the predictions of simulations by Narayanan et al. (2012) and Feld-
mann et al. (2012). On the x-axis we show the average ICO in a
given solution pixel. All solutions above our ICO and inclination
cuts are shown as gray circles. The simulation predictions are
shown at three possible metallicities: Z = Z� in a solid line and a
factor of 2 above and below that with dashed lines (for Feldmann
et al. (2012) we show Z = Z�, 3 ⇥ Z� and 0.3 ⇥ Z�). The mean
and standard deviation in 0.25 K km s�1 bins are shown with
black circles and error bars. The predictions from the simulations
have been divided by a filling factor of 3 to correct for our di↵erent
resolutions. In general, the average behavior of our ↵CO measure-
ments agrees well with the predictions of these models except at
the highest ICO.

ments for several of these regions do not agree with the
values found here, instead recovering ↵CO values close to
that of the Milky Way. From Figure 14 we found that the
discrepancy between virial mass and dust-based ↵CO de-
creases with radius for NGC 6946—suggesting that this
is a property of the galaxy centers rather than an issue
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Figure 7. Plot of model molecular gas mass assuming initial temperature of 48K vs total molecular gas mass from LCO measurements
and H2 rotational lines. Different symbols represent different galactic systems as mentioned in the plot. The solid line is one to one
correspondence while the dashed and dotted lines are twice and thrice the value respectively.

Figure 8. The N66 which is the largest and brightest HII region
of low metallicity Small Magellanic Cloud. The area projected is of
8×8 pixels corresponding to 12pc×12pc. The centre of the image
corresponds to RA: 0h59m21s Dec: -72d09’06”

surface density can be calculated

ΣH2 = τ160δGDR − ΣHI (25)

Figure 9. The excitation diagram of N66, the largest HII region
of Small Magellanic Cloud, a dwarf low metallicity galaxy. The H2
molecules are distributed in a temperature range 48-1200K with a
power law index of 5.1. Note the 48K is just our extrapolated aver-
age lower temperature value from our earlier broad galaxy sample.

δGDR =
Σgas

τ160
(26)
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αCO vs. CO excitation
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Figure 7. Plot of model molecular gas mass assuming initial temperature of 48K vs total molecular gas mass from LCO measurements
and H2 rotational lines. Different symbols represent different galactic systems as mentioned in the plot. The solid line is one to one
correspondence while the dashed and dotted lines are twice and thrice the value respectively.

Figure 8. The N66 which is the largest and brightest HII region
of low metallicity Small Magellanic Cloud. The area projected is of
8×8 pixels corresponding to 12pc×12pc. The centre of the image
corresponds to RA: 0h59m21s Dec: -72d09’06”

surface density can be calculated

ΣH2 = τ160δGDR − ΣHI (25)

Figure 9. The excitation diagram of N66, the largest HII region
of Small Magellanic Cloud, a dwarf low metallicity galaxy. The H2
molecules are distributed in a temperature range 48-1200K with a
power law index of 5.1. Note the 48K is just our extrapolated aver-
age lower temperature value from our earlier broad galaxy sample.

δGDR =
Σgas

τ160
(26)
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