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First PAH detection in a Galaxy
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strong absorption features, the strongest being silicate absorption.
Examples of PAH features in high-redshift galaxies observedwith
IRS are in Teplitz et al. (2005), Yan et al. (2005), Lutz et al.
(2005a), and Desai et al. (2006). An extremely absorbed local
source is IRAS F00183!7111 (Tran et al. 2001), whose IRS
spectrum is shown in Spoon et al. (2004). Similar spectra have
been observed in optically obscured high-redshift 24 !m sources
(Houcket al. 2005; Weedman et al. 2006).

Redshifts can be determined by using either the set of strong
PAH emission features or, for absorbed spectra, the 8 !m max-
imum and nearby silicate absorption. The strongest PAH feature

is at 7.7!m (rest frame), so a similar redshift (!z " #0:1) would
be derived even if it is ambiguous whether the strongest feature is
the 8 !m maximum or true PAH emission. The physical inter-
pretation of the source, however, would be very different for the
two alternatives. In order to correctly identify a feature as a PAH,
we require an indication that the 6.2 !m PAH feature is present
with the correct shape and (relative to the 7.7 !m feature) flux. In
our sample there is no case of ambiguity in identifying a feature
with the 6.2 or 7.7 !m PAH feature, since either both are detected
or the large observed width indicates that it cannot be the narrow
6.2 !mPAH feature. For one of our sources, template fits identify

Fig. 1.—Spitzer IRS low-resolution spectra (solid lines) of the sample galaxies. The detected sources are shown together with the best template fit (dotted and dashed
line). Their redshifts are listed in Table 3. The last four spectra show the IRS nondetections.
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FIG. 5.ÈA new diagnostic diagram combining the extinction-corrected 25.9 km [O IV]/12.8 km [Ne II] Mor alternatively 1.7 ] (33.5 km [S III])N line ratio
(vertical) with the strength of the 7.7 km PAH feature (horizontal). Starburst galaxies are marked as open triangles, ULIRGs as Ðlled circles, and AGNs as
crossed rectangles. Downward arrows denote upper limits (derived from ““most probable ÏÏ errors), and a typical error (for NGC 1068) is denoted by a cross.
Dashed arrows at 45¡ denote where composite sources would move if their observed characteristics were corrected for the starburst component (Cen A,
Circinus, and NGC 7582), or their AGN component (N 7469). L eft : basic data with individual sources marked. Right : (dashed with crosses) a simple linear
““ mixing ÏÏ curve, made by combining various fractions of total luminosity in an AGN (numbers marked) and a starburst ; 100% AGN is assumed to be
[O IV]/[Ne II] D 1, PAH strength D 0.04, 0% AGN (\100% starburst) is assumed to be [O IV]/[Ne II] D 0.02, PAH strength D 3.6. The areas of the diagram
dominated by star formation and by AGNs are denoted.

tion models. For solar abundances (Ne/H\ 1.1 ] 10~4)
and log U \ [1.5 to [2.5 the value of II])L Lyc/L ([Ne
predicted by photoionization models with the new NLTE,
line-blanketed models of et al. forPauldrach (1998) Teff D
33È42 kK and K is 100 ^ 15. This is in reason-T

e
D 7500

able agreement with the empirical value but probably indi-
cates a 50% overabundance of Ne relative to solar. For

III]) the value predicted from theory with solarL Lyc/L ([S
abundance (S/H \ 1.6 ] 10~5) is 36 with a small disper-
sion, 2.5 times lower than the empirical value. This indicates
that in the galaxies we have observed the gas phase abun-
dance of sulfur is about 0.4 times solar, in good agreement
with infrared spectroscopy of Galactic H II regions

et al. Column (13) lists the ratio of(Simpson 1995).
to 75 times L ([Si II]). The [Si II] line is aL (FIR) D L bolmeasure of the 8È13.6 eV luminosity which is comparable to

for hot stars, and, in fact, a conversion factor ofL Lyc
II]) D 75 is again the average for the starburstL Lyc/L ([Si

galaxies in Within the uncertainties (^50% to aTable 2.
factor of 2) resulting from calibration, extinction correction,
and conversion to the di†erent estimators ofL Lyc, L bol/L Lycagree reasonably well in most galaxies, including that using
the [Si II] line. An exception to this good agreement is Arp
220 (see Taking, wherever possible, averages offootnote 11).

all the H II region tracers (recombination lines, [Ne II], [S
III], [Si II]) we list the resulting mean in columnL bol/L Lyc(14) of Table 2.

We plot the ISO derived values of for ULIRGsL bol/L Lycin the bottom inset of From the ISO data we inferFigure 6.
on average a 3 times larger Lyman continuum luminosity
for the ULIRGs than from the near-infrared data, resulting
in a corresponding shift of the top) ULIRG histo-(Fig. 6,
gram toward the left. This di†erence is the direct result of
the much larger extinctions implied by the mid-/far-infrared
spectroscopy. T he extinction-corrected L yman continuum
luminosities in UL IRGs derived from mid-IR recombination
lines or low-excitation Ðne-structure lines are thus large
enough to account for the total bolometric luminosities with
UV radiation Ðelds that are similar to starburst galaxies with
recently formed massive stars dominating the 13.6È35 eV
energy range.

The last conclusion would not be expected if all ULIRGs
were heavily extincted AGNs (see In that case both° 3.7).
high- and low-excitation lines would be equally suppressed
by the large extinction, as perhaps is indeed the case in Mrk
231. However, cannot be used as a quantitativeL bol/L Lycdiagnostic tool for distinguishing starburst galaxies and
AGNs, as their respective mean values of (orL bol/L Lyc
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SFR(PAH)of galaxies are composed of emission of dust around young
star-forming regions and emission of more extended dust
heated by the interstellar radiation field. The same holds for
PAHs as a tracer of star formation. Likewise, the observed
PAH flux is integrated over the whole galaxy and therefore also
includes PAH emission originating in the ISM, RNs, exposed
PDRs, and embedded compact H ii regions. This ISM contri-
bution can be estimated by comparing L6.2PAH with Nlyc (since
it does not suffer from this contamination) for both the H ii
regions, as a template for massive star formation, and the gal-
axies. Concerning LFIR, the galaxies show a similar distri-
bution of Nlyc /LFIR as the H ii regions (Fig. 13) and so LFIR is
likely not influenced by an ISM contribution in these galaxies.
In contrast, the galaxies have a clearly different distribution in
Nlyc /L6.2PAH compared to the H ii regions, with, on average, a
lower ratio, indicating that the PAH emission in galaxies partly
originates in the ISM. Therefore, PAHs do not trace massive
star formation (O stars; consistent with Haas et al. 2002) and
may be better suited as a tracer of B stars, which dominate
the Galactic stellar energy budget. Obviously, PAHs are a bad
tracer for highly embedded massive star formation owing to
their absence in the MIR spectrum of these objects.

5.3. Convversion from PAH Luminosity to IR Luminosity

Recently, Soifer et al. (2002) and Lutz et al. (2003) have
used PAH emission as a quantitative measure for the contri-
bution of exposed star formation to the bolometric luminosity
of two ULIRGs (Arp 220 and NGC 6240). While Soifer et al.
(2002) assumed the ratio of L(11.2PAH) and L( IR) for the
starburst core in M82 to be a measure for exposed star for-
mation, Lutz et al. (2003) instead used the mean L(7.7PAH)/
L( IR) ratio derived from a sample of 10 starburst nuclei. A
third method to derive the bolometric correction was proposed
in Spoon et al. (2004) and is based on the mean L(6.2PAH)/
L( IR) ratio for our sample of normal and starburst nuclei. This
ratio is (3:4!1:7) ; 10"3.

For sources where the environment of massive star forma-
tion resembles exposed PDRs (such as M82 and NGC 253;
Carral et al. 1994; Lord et al. 1996), the three methods dis-
cussed above will give reasonable results. On the other hand,
for sources that resemble embedded star formation (e.g.,

Fig. 12.—Three tracers of star formation, L6.2PAH, logNlyc, and LFIR plotted
against each other for Galactic H ii regions, LMC H ii regions (Vermeij
et al. 2002), and normal and starburst galaxies. In case of a distance ambiguity
for the Galactic H ii regions, only the far distance is shown. The gray dotted,
dot-dashed, and dashed lines indicate an L6.2PAH equal to, respectively, 1%,
0.1%, and 0.01% of LFIR (top), an Nlyc /LFIR ratio of, respectively, 1044, 1043,
and 1042 (middle), and an Nlyc /L6.2PAH ratio of, respectively, 1047, 1046, and
1045 (bottom).

Fig. 13.—Distributions in Nlyc /LFIR and Nlyc /L6.2PAH for the Galactic and LMC H ii regions (solid line) and the normal and starburst galaxies (gray scale).
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Fig. 1.—Correlations between MIR and radio luminosities. The filled circles
are the sample galaxies, and the open circles are the dwarf galaxies, with
MB ! !18.0 mag. The solid and dotted lines are the best nonlinear and linear
fits, respectively, for star-forming galaxies. (a) The 24 mm vs. radio
(1.4 GHz) luminosity. The long-dashed line represents the linear fit to the
radio and 24 mm luminosities obtained by Appleton et al. (2004) for radio-
quiet sources, with K-corrections based on an M82 template. (b) The 8 mm
(dust) vs. radio luminosity. The short-dashed line represents the relation of
the radio and 6.75 mm (ISO) luminosities drawn from Elbaz et al. (2002).

removed. The fluxes of all the emission lines were taken from
the SDSS catalog of measured line fluxes (Tremonti et al. 2004,
ver. 5.04). We also included 1.4 GHz fluxes when the coor-
dinates in the VLA 1.4 GHz radio catalog of Condon et al.
(2003) matched the sample galaxies to within 0!.5.
Our sample of the star-forming galaxies contains a total of

91 galaxies with both Ha and MIR fluxes in all four IRAC
bands. Seventy of these also have MIPS 24 mm fluxes. Because
of sensitivity limitations affecting the VLA observations (Con-
don et al. 2003), only 38 of our 91 IRAC sources and 33 of
our 70 MIPS sources have 1.4 GHz fluxes. All these objects
are local, with redshifts of less than 0.2. There are 12 dwarf
galaxies, with absolute B magnitudes fainter than !18.0, in
our sample, but only three of these have radio data.

3. MIR LUMINOSITIES AND CORRELATION ANALYSIS

To examine whether MIR 8 mm and 24 mm luminosities can
be taken as measures of the SFRs of star-forming galaxies, we
first compare them with 1.4 GHz and Ha luminosities, which
have already been extensively used as SFRmeasures. To correct
for redshift effects, we adopt a steep nonthermal radio spectrum
whose flux obeys a power law of the form n!a (Cardiel et al.
2003) and has a spectral index of a p 0.8 (Condon 1992) and
compute rest-frame radio luminosities at 1.4 GHz.
For the Ha luminosities, both extinction and aperture cor-

rections were applied to derive the total Ha emission of the
whole galaxy based on the fiber spectra. The extinction cor-
rection included both the foreground extinction of the Milky
Way and the intrinsic extinction of the galaxy itself. The Milky
Way extinction was corrected with the parameterized curve of
Cardelli et al. (1989), and the intrinsic extinction AHa was ob-
tained from the Balmer decrement FHa/FHb (Calzetti 2001). For

the aperture corrections, we followed equation (A1) of Hopkins
et al. (2003). The corrections were based on the r-band fiber
magnitude and the corresponding Petrosian magnitude, which
can be approximately treated as the total flux of the entire
galaxy in the r band.
Using SExtractor, “auto” magnitudes were obtained for the

total luminosities of the sample galaxies in the IRAC and
MIPS 24 mm bands. We adopted the spectral energy distri-
bution (SED) of the normal H ii galaxy NGC 3351 from Spitzer
Infrared Spectrograph observations in the SINGS Legacy
program (Kennicutt et al. 2003) as the template for the
K-corrections for our sample galaxies in both the 24 mm and
8 mm bands. To estimate the uncertainty of the SED template,
we compared it with those of 20 other SINGS normal galaxies,
M82, and the models of normal and starburst galaxies by
Lagache et al. (2003). Within a redshift of 0.2, the difference
in K-corrections is at most 30%. Although PAH emissions
dominate the 8.0 mm band for most of the sample galaxies,
there is still a stellar continuum in this band, especially for
galaxies of earlier types. To remove the stellar contribution in
this band, we made use of the 3.6 mm band, which avoids the
strong PAH emission, to estimate the stellar contribution in the
8.0 mm band. We selected 74 galaxies without optical emission
lines in the FLS and assume they are dust-free at 3.6 mm. The
statistics show that the average magnitude differences between
the 3.6 and 8.0 mm bands for these galaxies is about 1.45 mag
with a scatter of 0.28 mag for z ! 0.2. This corresponds to a
factor of 0.26 to scale the stellar continuum at 3.6 mm to that
at 8 mm, a little larger than the 0.232 of Helou et al. (2004).
This factor was then used to subtract the stellar continuum
contributions from the estimated luminosities for sample gal-
axies in the 8 mm band. Generally, the stellar continuum flux
amounted to about 10% of the 8.0 mmflux, similar to the finding
of Engelbracht et al. (2005). The resulting luminosities, which
represent the dust emissions of our sample galaxies, will hence-
forth be denoted “8 mm (dust).” Though PAH emissions dom-
inate the 8 mm band, dust grains larger than 50 can stillÅ
contribute to the 8 mm continuum at some level (Li & Draine
2001).
Figure 1 shows (a) 24 mm and (b) 8 mm (dust) luminosity

versus the 1.4 GHz radio luminosity in log-log space. We can
see that a good correlation exists between the MIR and radio
luminosities over a luminosity range of about 2 orders of mag-
nitude. The open circles represent the only three dwarf galaxies
with cataloged radio fluxes. These three dwarfs seem to follow
similar correlations to those found for brighter galaxies. The
solid lines in the figures are the best fits to all brighter galaxies
from a two-variable regression. The dotted lines are the linear
fits. The fitted parameters and the correlation coefficients are
listed in Table 1. As is evident from Figure 1a, our results are
consistent with those of Appleton et al. (2004). However, our
correlation exhibits a greatly reduced scatter of 0.17 compared
with Appleton et al.’s 0.27. In the case of Figure 1b, our results
appear to be consistent with those of Elbaz et al. (2002) at the
faint end, but there is a departure at the bright end. The cor-
relation was deduced from Elbaz et al.’s relation between the
bolometric IR luminosity versus ISO 6.75 mm luminosity and
the radio “q” parameter.
Figure 2 shows (a) 24 mm and (b) 8 mm (dust) luminosity

versus Ha luminosity in log-log space. We observe a good
correlation between these two MIR luminosities and the Ha
luminosity for the sample galaxies, except that there appears
to be a slope change for the dwarf galaxies. Both of the linear
correlations for nondwarf galaxies have correlation coefficients
of about 0.9. As is evident from Figure 2b, broad agreement

z=0–0.2; Wu+ 2005

emission. This trend is not seen in their calibration of
extinction-corrected Paα to Hα + 24 μm luminosities,
illustrating the PAH emission dependence on metallicity.

We calibrate the relation between metallicity, PAH emission,
and SFRs using the data in our samples. For all galaxies in the
calibration sample, we estimate the gas-phase oxygen abun-
dance using the N2 index, N2 º log [N II] λ6583/Hα, using
the relation from Pettini & Pagel (2004),

N12 log O H 8.90 0.57 2. 2( ) ( )+ = + ´

We use 12 + log(O/H)N2 because the N2 index is available for
all galaxies in our calibration sample. Figure 5 shows the
distribution of oxygen abundance for the galaxies in our
primary and secondary calibration samples. Most sources fall in
a tight distribution (±0.2 dex) around the solar abundance (12
+ log(O/H) = 8.69;Asplund et al. 2009) with a long tail to
lower abundances. This is unsurprising because of the well-
known mass–metallicity relation (Tremonti et al. 2004). Most
sources in the calibration samples have L L10IR

10> :and
likely have higher stellar massand therefore higher abundance

(e.g., based on Tremonti et al. 2004, galaxies with stellar mass
>109M: have abundances >0.5 Z:). We use star-forming
galaxies with 12 + log(O/H)N2�8.5 for the primary
calibration sample.

3.5. Total IR Luminosity

We estimate the total IR luminosity (LIR = L8 1000 mm- ) using
the MIPS 24 μm flux densities (also 70 and 160 μm, where
available in Shipley et al. 2013) and the method in Shipley
et al. (2013). We use the Rieke et al. (2009) IR SEDs because
for star-forming galaxies the total IR luminosities derived from
these templates using the 24 μm flux density only are closest to
the IR luminosities derived when more IR photometric bands
are available. These results help us understand the range of
total IR luminosity over which our PAH SFRs are calibrated;
our calibration may not extend to higher IR luminosities, where
the PAH features tend to be suppressed. We were able to
determine the contributing total IR luminosity range for the
Brown et al. (2014) sample by using the values reported in
Haan et al. (2013) for the majority of the galaxies.

Figure 6. Top: extinction-corrected Hα luminosity (L L0.020H 24 m+ ´a m ) vs. total PAH luminosity (L6.2 mm + L7.7 mm + L11.3 mm PAH features). We fit a unity
relation (dashed black line) to the primary calibration sample (filled blue points) and use this line (that we define as Lfit) to show the ratio of the total PAH luminosity,
for each galaxy, to the unity relationship as a function of extinction-corrected Hα luminosity (bottom panel). We classify galaxies as star-forming (filled blue points),
composite (unfilled green points), or an AGN (unfilled red points) based on the location of their emission-line ratios on a BPT diagram. Unclassified galaxies (unfilled
purple points) did not have all lines required for BPT classification, and the star-forming galaxies with low metallicity or S/N (unfilled orange points) are not used for
the PAH SFR calibration (filled blue points; see the text for more details). The blue point enclosed by a black circle denotes II Zw 096;see Section 4.4.
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SFR(PAH)of galaxies are composed of emission of dust around young
star-forming regions and emission of more extended dust
heated by the interstellar radiation field. The same holds for
PAHs as a tracer of star formation. Likewise, the observed
PAH flux is integrated over the whole galaxy and therefore also
includes PAH emission originating in the ISM, RNs, exposed
PDRs, and embedded compact H ii regions. This ISM contri-
bution can be estimated by comparing L6.2PAH with Nlyc (since
it does not suffer from this contamination) for both the H ii
regions, as a template for massive star formation, and the gal-
axies. Concerning LFIR, the galaxies show a similar distri-
bution of Nlyc /LFIR as the H ii regions (Fig. 13) and so LFIR is
likely not influenced by an ISM contribution in these galaxies.
In contrast, the galaxies have a clearly different distribution in
Nlyc /L6.2PAH compared to the H ii regions, with, on average, a
lower ratio, indicating that the PAH emission in galaxies partly
originates in the ISM. Therefore, PAHs do not trace massive
star formation (O stars; consistent with Haas et al. 2002) and
may be better suited as a tracer of B stars, which dominate
the Galactic stellar energy budget. Obviously, PAHs are a bad
tracer for highly embedded massive star formation owing to
their absence in the MIR spectrum of these objects.

5.3. Convversion from PAH Luminosity to IR Luminosity

Recently, Soifer et al. (2002) and Lutz et al. (2003) have
used PAH emission as a quantitative measure for the contri-
bution of exposed star formation to the bolometric luminosity
of two ULIRGs (Arp 220 and NGC 6240). While Soifer et al.
(2002) assumed the ratio of L(11.2PAH) and L( IR) for the
starburst core in M82 to be a measure for exposed star for-
mation, Lutz et al. (2003) instead used the mean L(7.7PAH)/
L( IR) ratio derived from a sample of 10 starburst nuclei. A
third method to derive the bolometric correction was proposed
in Spoon et al. (2004) and is based on the mean L(6.2PAH)/
L( IR) ratio for our sample of normal and starburst nuclei. This
ratio is (3:4!1:7) ; 10"3.

For sources where the environment of massive star forma-
tion resembles exposed PDRs (such as M82 and NGC 253;
Carral et al. 1994; Lord et al. 1996), the three methods dis-
cussed above will give reasonable results. On the other hand,
for sources that resemble embedded star formation (e.g.,

Fig. 12.—Three tracers of star formation, L6.2PAH, logNlyc, and LFIR plotted
against each other for Galactic H ii regions, LMC H ii regions (Vermeij
et al. 2002), and normal and starburst galaxies. In case of a distance ambiguity
for the Galactic H ii regions, only the far distance is shown. The gray dotted,
dot-dashed, and dashed lines indicate an L6.2PAH equal to, respectively, 1%,
0.1%, and 0.01% of LFIR (top), an Nlyc /LFIR ratio of, respectively, 1044, 1043,
and 1042 (middle), and an Nlyc /L6.2PAH ratio of, respectively, 1047, 1046, and
1045 (bottom).

Fig. 13.—Distributions in Nlyc /LFIR and Nlyc /L6.2PAH for the Galactic and LMC H ii regions (solid line) and the normal and starburst galaxies (gray scale).
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Fig. 1.—Correlations between MIR and radio luminosities. The filled circles
are the sample galaxies, and the open circles are the dwarf galaxies, with
MB ! !18.0 mag. The solid and dotted lines are the best nonlinear and linear
fits, respectively, for star-forming galaxies. (a) The 24 mm vs. radio
(1.4 GHz) luminosity. The long-dashed line represents the linear fit to the
radio and 24 mm luminosities obtained by Appleton et al. (2004) for radio-
quiet sources, with K-corrections based on an M82 template. (b) The 8 mm
(dust) vs. radio luminosity. The short-dashed line represents the relation of
the radio and 6.75 mm (ISO) luminosities drawn from Elbaz et al. (2002).

removed. The fluxes of all the emission lines were taken from
the SDSS catalog of measured line fluxes (Tremonti et al. 2004,
ver. 5.04). We also included 1.4 GHz fluxes when the coor-
dinates in the VLA 1.4 GHz radio catalog of Condon et al.
(2003) matched the sample galaxies to within 0!.5.
Our sample of the star-forming galaxies contains a total of

91 galaxies with both Ha and MIR fluxes in all four IRAC
bands. Seventy of these also have MIPS 24 mm fluxes. Because
of sensitivity limitations affecting the VLA observations (Con-
don et al. 2003), only 38 of our 91 IRAC sources and 33 of
our 70 MIPS sources have 1.4 GHz fluxes. All these objects
are local, with redshifts of less than 0.2. There are 12 dwarf
galaxies, with absolute B magnitudes fainter than !18.0, in
our sample, but only three of these have radio data.

3. MIR LUMINOSITIES AND CORRELATION ANALYSIS

To examine whether MIR 8 mm and 24 mm luminosities can
be taken as measures of the SFRs of star-forming galaxies, we
first compare them with 1.4 GHz and Ha luminosities, which
have already been extensively used as SFRmeasures. To correct
for redshift effects, we adopt a steep nonthermal radio spectrum
whose flux obeys a power law of the form n!a (Cardiel et al.
2003) and has a spectral index of a p 0.8 (Condon 1992) and
compute rest-frame radio luminosities at 1.4 GHz.
For the Ha luminosities, both extinction and aperture cor-

rections were applied to derive the total Ha emission of the
whole galaxy based on the fiber spectra. The extinction cor-
rection included both the foreground extinction of the Milky
Way and the intrinsic extinction of the galaxy itself. The Milky
Way extinction was corrected with the parameterized curve of
Cardelli et al. (1989), and the intrinsic extinction AHa was ob-
tained from the Balmer decrement FHa/FHb (Calzetti 2001). For

the aperture corrections, we followed equation (A1) of Hopkins
et al. (2003). The corrections were based on the r-band fiber
magnitude and the corresponding Petrosian magnitude, which
can be approximately treated as the total flux of the entire
galaxy in the r band.
Using SExtractor, “auto” magnitudes were obtained for the

total luminosities of the sample galaxies in the IRAC and
MIPS 24 mm bands. We adopted the spectral energy distri-
bution (SED) of the normal H ii galaxy NGC 3351 from Spitzer
Infrared Spectrograph observations in the SINGS Legacy
program (Kennicutt et al. 2003) as the template for the
K-corrections for our sample galaxies in both the 24 mm and
8 mm bands. To estimate the uncertainty of the SED template,
we compared it with those of 20 other SINGS normal galaxies,
M82, and the models of normal and starburst galaxies by
Lagache et al. (2003). Within a redshift of 0.2, the difference
in K-corrections is at most 30%. Although PAH emissions
dominate the 8.0 mm band for most of the sample galaxies,
there is still a stellar continuum in this band, especially for
galaxies of earlier types. To remove the stellar contribution in
this band, we made use of the 3.6 mm band, which avoids the
strong PAH emission, to estimate the stellar contribution in the
8.0 mm band. We selected 74 galaxies without optical emission
lines in the FLS and assume they are dust-free at 3.6 mm. The
statistics show that the average magnitude differences between
the 3.6 and 8.0 mm bands for these galaxies is about 1.45 mag
with a scatter of 0.28 mag for z ! 0.2. This corresponds to a
factor of 0.26 to scale the stellar continuum at 3.6 mm to that
at 8 mm, a little larger than the 0.232 of Helou et al. (2004).
This factor was then used to subtract the stellar continuum
contributions from the estimated luminosities for sample gal-
axies in the 8 mm band. Generally, the stellar continuum flux
amounted to about 10% of the 8.0 mmflux, similar to the finding
of Engelbracht et al. (2005). The resulting luminosities, which
represent the dust emissions of our sample galaxies, will hence-
forth be denoted “8 mm (dust).” Though PAH emissions dom-
inate the 8 mm band, dust grains larger than 50 can stillÅ
contribute to the 8 mm continuum at some level (Li & Draine
2001).
Figure 1 shows (a) 24 mm and (b) 8 mm (dust) luminosity

versus the 1.4 GHz radio luminosity in log-log space. We can
see that a good correlation exists between the MIR and radio
luminosities over a luminosity range of about 2 orders of mag-
nitude. The open circles represent the only three dwarf galaxies
with cataloged radio fluxes. These three dwarfs seem to follow
similar correlations to those found for brighter galaxies. The
solid lines in the figures are the best fits to all brighter galaxies
from a two-variable regression. The dotted lines are the linear
fits. The fitted parameters and the correlation coefficients are
listed in Table 1. As is evident from Figure 1a, our results are
consistent with those of Appleton et al. (2004). However, our
correlation exhibits a greatly reduced scatter of 0.17 compared
with Appleton et al.’s 0.27. In the case of Figure 1b, our results
appear to be consistent with those of Elbaz et al. (2002) at the
faint end, but there is a departure at the bright end. The cor-
relation was deduced from Elbaz et al.’s relation between the
bolometric IR luminosity versus ISO 6.75 mm luminosity and
the radio “q” parameter.
Figure 2 shows (a) 24 mm and (b) 8 mm (dust) luminosity

versus Ha luminosity in log-log space. We observe a good
correlation between these two MIR luminosities and the Ha
luminosity for the sample galaxies, except that there appears
to be a slope change for the dwarf galaxies. Both of the linear
correlations for nondwarf galaxies have correlation coefficients
of about 0.9. As is evident from Figure 2b, broad agreement

z=0–0.2; Wu+ 2005

emission. This trend is not seen in their calibration of
extinction-corrected Paα to Hα + 24 μm luminosities,
illustrating the PAH emission dependence on metallicity.

We calibrate the relation between metallicity, PAH emission,
and SFRs using the data in our samples. For all galaxies in the
calibration sample, we estimate the gas-phase oxygen abun-
dance using the N2 index, N2 º log [N II] λ6583/Hα, using
the relation from Pettini & Pagel (2004),

N12 log O H 8.90 0.57 2. 2( ) ( )+ = + ´

We use 12 + log(O/H)N2 because the N2 index is available for
all galaxies in our calibration sample. Figure 5 shows the
distribution of oxygen abundance for the galaxies in our
primary and secondary calibration samples. Most sources fall in
a tight distribution (±0.2 dex) around the solar abundance (12
+ log(O/H) = 8.69;Asplund et al. 2009) with a long tail to
lower abundances. This is unsurprising because of the well-
known mass–metallicity relation (Tremonti et al. 2004). Most
sources in the calibration samples have L L10IR

10> :and
likely have higher stellar massand therefore higher abundance

(e.g., based on Tremonti et al. 2004, galaxies with stellar mass
>109M: have abundances >0.5 Z:). We use star-forming
galaxies with 12 + log(O/H)N2�8.5 for the primary
calibration sample.

3.5. Total IR Luminosity

We estimate the total IR luminosity (LIR = L8 1000 mm- ) using
the MIPS 24 μm flux densities (also 70 and 160 μm, where
available in Shipley et al. 2013) and the method in Shipley
et al. (2013). We use the Rieke et al. (2009) IR SEDs because
for star-forming galaxies the total IR luminosities derived from
these templates using the 24 μm flux density only are closest to
the IR luminosities derived when more IR photometric bands
are available. These results help us understand the range of
total IR luminosity over which our PAH SFRs are calibrated;
our calibration may not extend to higher IR luminosities, where
the PAH features tend to be suppressed. We were able to
determine the contributing total IR luminosity range for the
Brown et al. (2014) sample by using the values reported in
Haan et al. (2013) for the majority of the galaxies.

Figure 6. Top: extinction-corrected Hα luminosity (L L0.020H 24 m+ ´a m ) vs. total PAH luminosity (L6.2 mm + L7.7 mm + L11.3 mm PAH features). We fit a unity
relation (dashed black line) to the primary calibration sample (filled blue points) and use this line (that we define as Lfit) to show the ratio of the total PAH luminosity,
for each galaxy, to the unity relationship as a function of extinction-corrected Hα luminosity (bottom panel). We classify galaxies as star-forming (filled blue points),
composite (unfilled green points), or an AGN (unfilled red points) based on the location of their emission-line ratios on a BPT diagram. Unclassified galaxies (unfilled
purple points) did not have all lines required for BPT classification, and the star-forming galaxies with low metallicity or S/N (unfilled orange points) are not used for
the PAH SFR calibration (filled blue points; see the text for more details). The blue point enclosed by a black circle denotes II Zw 096;see Section 4.4.
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z=1–3; Shipley+ 2016See also: Roussel+ 2001, Boselli+ 2004, 
Förster-Schreiber+ 2004, Shi+ 2007, Lutz+ 2008, Salim+ 2009, 

Diamond-Stanic & Rieke, 2010, Kim+ 2012

“No calibration is presented for 
the 8 µm emission because of its 
significant dependence on both 

metallicity and environment.” 
       –Calzetti+ 2007

4 Title : will be set by the publisher

Fig. 1. The surface luminosity density at 8 µm (stellar–continuum subtracted) as a

function of the surface luminosity density of the extinction–corrected hydrogen recombi-

nation emission line Pα (1.8756 µm), for HII knots (red, green, and blue symbols) and
low–metallicity starburst galaxies (black symbols). The HII-knots are typically ≈0.5 kpc–

size line–emitting regions from 33 nearby galaxies; there are a total of 220 regions in the

plot. The starburst galaxies are from the sample of Engelbracht et al. (2005). The
red symbols show regions hosted in galaxies with oxygen abundance 12+log(O/H)>8.35.

Regions of lower metal abundance are divided between those with oxygen abundance
8.00<12+log(O/H)≤8.35 (green symbols) and those with 12+log(O/H)≤8.00 (blue sym-

bols). The continuous line shows the best linear fit (in the log–log plane) through the high

metallicity data points (red symbols). The dash line shows the best linear fit with unity
slope. A common result is for the best fit to yield a slope lower than unity. The dot-dash

curve shows the locus of a model for which regions/galaxies suffer from decreasing dust

attenuation (and, consequently, decreasing dust emission) as their total luminosity de-
creases, a commonly observed trend in galaxies and star–forming regions (see references

in the last paragraph of the Introduction). Even when taking this effect into account,
low metallicity regions and starburst galaxies display a depressed 8 µm emission, which

has been shown to be due to deficiency of PAH emission. From Calzetti et al. (2007).

et al. elsewhere in this volume and Sandstrom et al. elsewhere in this volume).
The nature of the correlation between the strength of the PAH emission features

and the region’s metallicity is still ground for debate. The two main scenarios
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to have higher values of qPAH than the H ii galaxies: the global
SEDs show no evidence for PAH suppression. This is presumably
because the SINGS sample excludes powerful AGNs, and low-
luminosity AGNs have little effect on the global SED. Note that
the five galaxies in Figure 20b with qPAH < 2% include two ir-
regulars (NGC 1705, Mrk 33), one elliptical (NGC 0855), and a
dwarf starburst (Tol 89).

Figure 21 shows qPAH versus metallicity for the 61 galaxies in
the present study for which qPAH has been determined. We are
able to estimate qPAH for galaxies spanning a range of at least
0.9 dex in metallicity, from AO ¼ 7:68 " 0:03 (Holmberg II ) to
8:60 " 0:06 (NGC 3351). (AO ¼ 7:54 " 0:34 of Holmberg I is
nominally lower than for Holmberg II but is uncertain.) A clear
separation is seen: all nine of the galaxies with AO < 8:1 have
qPAH # 1:9%, with median qPAH ¼ 1:0%.When AOk 8:1, higher
PAH abundances are seen, with median qPAH ¼ 3:55% for the
52 galaxies withAO > 8:1, although note that only 3 of the 52 gal-
axieswith AO > 8:1 haveqPAH <1:0% (themedian forAO < 8:1).
PAH emission strength, as a fraction of total IR emission, there-
fore appears to always be low for AO < 8:1.

The weakness of PAH emission from low-metallicity galaxies
was first noted by Roche et al. (1991) using ground-based spec-
troscopy and further investigated with ISO data by Boselli et al.
(1998), Sturm et al. (2000), andMadden (2000). The SMC, with
AO ¼ 8:0 (Kurt & Dufour 1998; Garnett 1999), falls just below
the apparent threshold AO ¼ 8:1 seen in Figure 21. Li & Draine
(2002) concluded that the SED of the SMC Bar was consistent
with the ‘‘SMC’’ dust model of WD01with a PAH index qPAH of
only 0.1% (see Table 3).20 ISO observed PAH emission from
molecular cloud SMC B1 No. 1 (Reach et al. 2000) outside the
SMC Bar; Li & Draine (2002) showed that the observed emis-

sion could be reproduced with amodel with only 3% of the SMC
carbon in PAHs, corresponding to qPAH $ 0:8%. Thus, the SMC
appears to have qPAH < 1%.
Hunt et al. (2005) observed PAH emission to be weak in a

number of low-metallicity blue compact dwarf galaxies. In a pho-
tometric study of 34 galaxies spanning two decades inmetallicity,
Engelbracht et al. (2005) concluded that there was a sharp differ-
ence in the ratio of 8 !m emission from PAHs to 24 !m emission
from warm dust for metallicities above and below a threshold
value AO $ 8:2.21 Hogg et al. (2005) compared PAH emission
with starlight for a sample of 313 SDSS galaxies and noted that
low-luminosity (presumably low metallicity) star-forming gal-
axies tended to have low ratios of PAH emission to starlight.
Using ISOCAM data, Madden et al. (2006) concluded that PAH
abundance, relative to larger grains, was positively correlated
with metallicity and suppressed in systems with hard radiation
fields (i.e., high [Ne iii]/[Ne ii] ratio). In a spectroscopic study of
blue compact dwarf galaxies, Wu et al. (2006) found that the
equivalent width of the PAH 6.2 and 11.2 !m features appeared
to be suppressed for Z/Z%P 0:2, or AOP 7:9.
The threshold AO ¼ 8:1 found here is close to the value 8.2

found by Engelbracht et al. (2005) and the value 8.0 found by
Wu et al. (2006). The reason for the small value of qPAH when
AO < 8:1 is not clear at this time. A number of possibilities exist:

1. Low AO might imply more rapid destruction of PAHs by
UV radiation in an ISM with reduced shielding by dust.
2. Low AO might imply more effective destruction of PAHs

by thermal sputtering in shock-heated gas that cools slowly
because of the reduced metallicity.
3. Galaxies with low O/H have lower values of C/O (Henry

&Worthey 1999); the reduced PAH abundance in these galaxies
might be due to a deficiency of PAH-producing carbon stars and
C-rich planetary nebulae.
4. PAH formation and growth in the ISM would be sup-

pressed by low gas-phase C abundances.
5. We also call attention to the relatively low value of qPAH $

1:3% for Mrk 33, which with AO ¼ 8:30 " 0:10 (J. Moustakas
et al. 2007, in preparation) is well above the threshold AO $ 8:1.
The relatively low value of qPAH in Mrk 33 may be a conse-
quence of the vigorous star formation in Mrk 33, which, via the
combined effects of hard UVand supernova blast waves, may be
enhancing the rate of destruction of PAHs, thus acting to lower
the steady state PAH abundance.
6. The strong 7.6 !m emission feature requires free-flying

PAHs with NC < 103 C atoms (DL07), and emission can there-
fore be suppressed if small PAHs coagulate with larger grains.
Such coagulation can take place in molecular clouds. (How this
might correlate with metallicity is uncertain, as the metallicity
dependence of molecular cloud properties is not understood.)

While we can speculate about various effects that may be im-
portant, our limited understanding of the dynamics of the ISM in
other galaxies, together with our limited knowledge regarding
many of the processes acting to form and destroy PAHs in the
ISM, precludes definite explanations of the observed galaxy-to-
galaxy variations in qPAH.

8. STARLIGHT PROPERTIES FOR 65 SINGS GALAXIES

The distribution of Umin values is shown in Figure 22. The
shaded portion of the histogram is contributed by the 17 galaxies

Fig. 21.—PAH index (percentage of dust mass contributed by PAHs with
NC < 103 C atoms) vs. galaxy metallicity (see text). Low-metallicity galaxies
always have low PAH index qPAH. Filled circles are SINGS-SCUBA galaxies;
diamonds are SINGS galaxies lacking submillimeter data. [See the electronic
edition of the Journal for a color version of this figure.]

20 This result is controversial: for the SMC Bar, Bot et al. (2004) have argued
that the PAH abundance as a fraction of the dust mass is similar to theMWvalue,
which we estimate to correspond to qPAH $ 5%. Observations of the SMC with
Spitzer should soon clarify this issue.

21 Note that the oxygen abundances used by Engelbracht et al. (2005) were
based on a heterogeneous compilation of measurements from the literature, whereas
the abundances in our study have been derived self-consistently and placed on a
common abundance scale (for details see J. Moustakas et al. 2007, in preparation).
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parameter space, as galaxies at z�2 below and above the
BPT locus have the same L L7.7 IR ratio of 0.20±0.03. It is
not clear why we do not see a significant change of the PAH

intensity across the BPT diagram; it may be due to the small
sample size.
Our results directly show the correlation between the PAH

emission and intensity of the radiation field as was speculated
by Elbaz et al. (2011, hereafter E11). In Elbaz et al. (2011), the
reduced L8/LIR ratio was attributed to star formation
“compactness” and “starburstiness” characterized by the SFR
surface density and specific SFR, respectively. These authors
concluded that the weak PAH emission in compact starbursts
compared to their typical star-forming counterparts is a
consequence of an increased radiation field intensity in these
galaxies, which is directly shown by our results of decreasing
PAH intensity with O32. In other words, based on the
assumption of a constant electron density (as electron density
appears to be almost independent from other galaxy properties
in MOSDEF; Sanders et al. 2016) and the same ionizing
spectrum, there is a tight correspondence between O32 and
ionization parameter, such that increasing O32 reflects a more
intense radiation field. This conclusion still holds even if we
assume a different (harder) ionizing spectrum for the higher
O32 bins, which would lower the inferred ionization parameter
for a given O32 value (see Figure 10 in Sanders et al. 2016).

3.2. L L7.7 IR and ISM Properties

Estimating the total IR luminosity independent of f24
requires access to longer-wavelength IR data. As mentioned
before, in our sample, only very dusty star-forming galaxies
with bright dust continua are detected in Herschel/PACS at
100 and 160 μm bands. Therefore, we rely on stacks of images
to obtain a sufficiently high S/N to calculate robust IR
luminosities.
Figure 4 shows L L7.7 IR stacks in bins of metallicity and

O32. We combine the two lowest-metallicity bins and the two
highest-O32 bins in Figure 3 and Table 1 to gain higher S/N in
the PACS stacks. The N2 stacks are adopted only for galaxies
at z>2, because otherwise the highest N2 metallicity bin is
dominated by lower-redshift (z∼1.5) galaxies. In O3N2 and
O32 plots, the median redshifts of all bins are similar and all
above z=2. We note that there are only eight galaxies at
z<2 in the O32 sample, as [O II] is not covered by the
MOSFIRE Y filter at z<1.6 (see Figure 3(c)). Properties of
L L7.7 IR stacks are listed in Table 2.
To place our analysis in the context of other studies, we

compare our results with E11, Reddy et al. (2012a, R12), and
Wuyts et al. (2008, W08). E11 found that typical main-sequence
galaxies between z=0 and 2.5 follow a Gaussian distribution of
L LIR 8 (n m ºn ( )L L8 m 8) centered at =L L 4IR 8 (s = 1.6)
with a tail of starburst galaxies with larger L LIR 8 ratios. The
median L LIR 8 ratio of all galaxies in their sample was -

+4.9 2.2
2.9.

Furthermore, the R12 study found =L L 7.7 1.6IR 8 for a
sample of UV-selected galaxies at 1.5�z<2.6 (with mean
redshift of 2.08). R12 attributed their higher L LIR 8 to redshift
evolution and larger IR luminosity surface densities compared to
those of the local galaxies. For a consistent comparison of these
ratios with our results, we converted L L8 IR ratios of R12 and
E11 to L L7.7 IR ratios. The E11 and R12 samples have

= ´ ´ :–L L5 10 3 10IR
9 12 and ´ :– L10 5 1010 12 , respec-

tively. According to the CE01 templates, n nL at 7.7 μm is
higher than n nL at 8 μm by 29% for a template with

= ´ :L L5 10IR
9 and 12% for = ´ :L L5 10IR

12 . The
average LIR in the R12 and E11 high-z samples is
~ ´ :L2 1011 , which corresponds to an L L7.7 8 ratio of 1.25.

Figure 3. Ratio of 7.7 μm luminosity to dust-corrected a bSFRH ,H as a function
of (a) N2 metallicity, (b) O3N2 metallicity, and (c) O32 ratio. The O32 gas-
phase metallicity (based on calibrations of Jones et al. 2015) is also displayed
in panel (c). The plots show galaxies that have detections (S/N>3) in all of
the diagnostic emission lines used in each plot: panel (a) has objects detected in
aH , bH , and [N II] (total of 187 objects); panel (b) has objects detected in aH ,
bH , [N II], and [O III] (172 objects); and objects in panel (c) are detected in aH ,
bH , [O III], and [O II] (171 objects). AGNs and objects with 24 μm nearby

neighbors are removed. Small circles and arrows indicate individual detections
and 3σ upper limits for nondetections at 24 μm, respectively. The 24 μm
detection fraction in each bin is shown in the bottom panels. Red symbols show
galaxies at 1.37�z�2.0. The L7.7/ a bSFRH ,H stacks are performed in bins of
the quantity on the horizontal axis and include all the 24 μm detected and
undetected galaxies in each bin. The horizontal error bars show the width of the
bins. In panel (c), there are only eight objects at z<2, because [O II] is not
covered by the MOSFIRE Y filter at z�1.6. In panels (a) and (b), solar
metallicity (12+log(O/H)=8.69; Asplund et al. 2009) is indicated with a
dashed line. Stack values are listed in Table 1.
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Figure 4. Cumulative distribution of aromatic feature ratios for 35 RSA Seyfert nuclei, 21 off-nuclear regions, and 27 SINGS H ii galaxies. The first three panels show
that the 6.2, 7.7, and 8.6 µm features are systematically weaker relative to the 11.3 µm feature for the Seyfert nuclei than for the off-nuclear regions or the SINGS
H ii galaxies. Panel (c), for example, shows that half of the RSA Seyfert nuclei have L(8.6 µm)/L(11.3 µm) ratios < 0.5, whereas for the H ii galaxies, half have ratios
< 0.75. The remaining three panels show that the ratios among the 6.2, 7.7, and 8.6 µm features show no significant differences between any of the samples.
(A color version of this figure is available in the online journal.)

Figure 5. Cumulative distribution of the ratio of 6.2, 7.7, and 8.6 µm features to
the 11.3 µm feature for SINGS galaxies with Seyfert, LINER, and H ii optical
classifications. This illustrates the result found by Smith et al. (2007a) that
the Seyferts and LINERs have ratios that are significantly lower than the H ii
galaxies. The apparent difference between SINGS Seyferts and LINERs is not
statistically significant.
(A color version of this figure is available in the online journal.)

indicating that shock excitation is more important than X-
ray heating (e.g., Roussel et al. 2007). A connection between
shock-heated, H2-emitting gas and small L(7.7 µm)/L(11.3 µm)

Figure 6. Relationship between the strength of the H2 S(3) rotational line,
normalized to the strength of the aromatic features, and the L(7.7 µm)/
L(11.3 µm) ratio for RSA Seyfert nuclei. The sources with small L(7.7 µm)/
L(11.3 µm) ratios also exhibit strong H2 emission. The most extreme sources
with L(7.7 µm)/L(11.3 µm) < 1.6 are highlighted with filled circles.

ratios was found by Ogle et al. (2007) for the radio galaxy
3C 326 and by Guillard et al. (2010) for Stephan’s Quintet,
a compact group of interacting galaxies exhibiting a large-
scale shock (e.g., Appleton et al. 2006; Cluver et al. 2010).
Similarly, Kaneda et al. (2008) found strong H2 emission and
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Figure 5. Cumulative distribution of the ratio of 6.2, 7.7, and 8.6 µm features to
the 11.3 µm feature for SINGS galaxies with Seyfert, LINER, and H ii optical
classifications. This illustrates the result found by Smith et al. (2007a) that
the Seyferts and LINERs have ratios that are significantly lower than the H ii
galaxies. The apparent difference between SINGS Seyferts and LINERs is not
statistically significant.
(A color version of this figure is available in the online journal.)

indicating that shock excitation is more important than X-
ray heating (e.g., Roussel et al. 2007). A connection between
shock-heated, H2-emitting gas and small L(7.7 µm)/L(11.3 µm)

Figure 6. Relationship between the strength of the H2 S(3) rotational line,
normalized to the strength of the aromatic features, and the L(7.7 µm)/
L(11.3 µm) ratio for RSA Seyfert nuclei. The sources with small L(7.7 µm)/
L(11.3 µm) ratios also exhibit strong H2 emission. The most extreme sources
with L(7.7 µm)/L(11.3 µm) < 1.6 are highlighted with filled circles.

ratios was found by Ogle et al. (2007) for the radio galaxy
3C 326 and by Guillard et al. (2010) for Stephan’s Quintet,
a compact group of interacting galaxies exhibiting a large-
scale shock (e.g., Appleton et al. 2006; Cluver et al. 2010).
Similarly, Kaneda et al. (2008) found strong H2 emission and
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Figure 1. Three examples of fits to the 11.3 µm PAH feature in the spectrum
extracted at an offset of 0.4 arcsec from the nucleus in NGC 3227. The shaded
grey areas show the spectral regions from which the continuum anchors are
drawn. Each fit is shown in its own colour with the continuum as the solid
line and the Gaussian model as the dashed line.

randomly varying the continuum anchors on each side of the PAH
feature. Three examples of these Gaussian models are shown in
Fig. 1. Such a Monte Carlo-based procedure, similar to the one
used by Hernán-Caballero & Hatziminaoglou (2011), allows us to
include the systematic uncertainty due to the selection of the con-
tinuum subtraction into the overall errors of the extracted lines. The
continuum anchors are generally drawn from the regions between
10.55–10.85 and 11.6–11.9 µm in the rest frame. However, we var-
ied these windows slightly if significant background contamination
was present. For each repetition of the fitting routine, we manu-
ally reject or accept the fit. The mean and standard deviation of all
accepted fits for a given extraction are then used as the measured

PAH flux and its uncertainty, respectively. In those cases where the
signal-to-noise (S/N) ratio of the continuum drops below 1 or where
no clear 11.3 µm PAH feature is present, we attempt to measure
an upper limit. In a few cases, neither a measurement nor an upper
limit can be extracted, simply because the spectrum is completely
noise dominated or there is not enough flux in the spectrum.

As a note of caution, we risk underestimating the uncertainty
of our fits by biasing the manually accepted fits to those that look
similar. If the noise in our manually chosen continuum regions
does not represent the true amount of continuum noise, we also
risk underestimating the 11.3 µm PAH flux uncertainty. This is
especially a concern if the continuum range is narrow, the spectral
noise is low, or both. However, given the wide range of continuum
shapes and noise levels, in addition to the narrow spectral range of
our data, the outlined procedure is the most practical one.

We find PAH features in 13 out of the 28 objects. The PAH
luminosity as a function of physical distance from the AGN for
these 13 objects is shown in Fig. 2. This detection rate is similar to
what is found in other studies of Seyfert galaxies (e.g. Esquej et al.
2014; Alonso-Herrero et al. 2016). For Circinus and Mark 1239, we
do not detect the 11.3 µm PAH feature in the central aperture, but
the feature appears at apertures further away from the nucleus. For
Circinus, this is consistent with the work by Roche et al. (2006) who
found the 11.3 µm PAH feature to be very weak within 2 arcsec of
the nucleus.

Fig. 3 shows upper limits for the 15 AGN where we do not detect
the 11.3 µm PAH feature. Most of these are within the region (grey
shaded area) where we detect PAH features for the remaining 13
objects in our sample, which means that the PAH features might
very well be present in these objects, but that they are too weak
for us to detect them. For the few remaining sources, we can only
speculate as to why we do not find any 11.3 µm PAH feature. One
possibility is that the molecular clouds are not sufficiently self-
shielding to protect the PAH molecules from destruction by the
hard AGN radiation field. This could be a matter of either not dense

Figure 2. Luminosity of the 11.3 µm PAH feature measured within 0.4 arcsec apertures as a function of physical distance for the 13 AGN in our sample where
we detect the feature. Upper limits are shown as downward arrows. Each object is colour coded according to its intrinsic X-ray luminosity LX listed in Table 2.

MNRAS 470, 3071–3094 (2017)Downloaded from https://academic.oup.com/mnras/article-abstract/470/3/3071/3866921
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Figure 3. Dust sublimation radius (rsub) as a function of in-
trinsic 2–10 keV X-ray luminosity (LX) for the 11 type 1 AGN
summarised in Table 3. Solid line shows the best power-law fit
using linmix err. Shaded areas shows the 68 and 95 per cent
confidence intervals, respectively.

X-ray luminosities (LX). These are listed in Table 3 and
the data are visualised in Fig. 3. Using X-rays has the ad-
vantage that intrinsic X-ray luminosities can be estimated
even for highly obscured sources up to the Compton-thick
limit, and beyond, if one can robustly model the broadband
X-ray spectra (for a discussion of uncertainties in intrinsic
X-ray luminosities of Compton-thick AGN, see for example
Gandhi et al. 2014, 2015), which allows us to reliably es-
timate the sublimation radius in optically-obscured type 2
AGN.

We model the data with a power-law of the form
rsub ∝ Lγ using the IDL procedure linmix err (Kelly 2007).
The underlying method uses a Bayesian approach to lin-
ear regression and accounts for effects of uneven sampling.
The data and best-fit linear regression (solid black line) are
shown in Figure 3. The best-fit model parameters are

rsub = (0.0407 ± 0.0003) pc

!

LX

1043 erg/s

"0.44 (+0.06
−0.07)

(1)

with a correlation strength measured in terms of the
Spearman rank of ρs = 0.97+0.02

−0.06. The power-law slope
of 0.44+0.06

−0.07 is consistent with the canonical 1/2 within
the 68 per cent confidence interval (Barvainis 1987;
Suganuma et al. 2006; Kishimoto et al. 2007). Since the re-
lation between X-ray and UV-optical luminosity is observed
as non-linear (e.g., Lusso et al. 2010; Marchese et al. 2012),
a deviation from 1/2 may however be expected. The bisector
regression of the Ldisc−L2−10 keV relation of Marchese et al.
(2012) implies a rsub −Lx power-law index of ∼ 0.42± 0.03,
which is consistent with our measurement.

The luminosity range spanned by the 11 objects in Ta-
ble 3 is almost identical to that of the 28 objects of our
main sample. Together with the fact that we use the intrin-
sic X-ray luminosity, this justifies our use of equation 1 to
estimate dust sublimation radii for both type 1 and type 2
AGN, at least for objects that are not Compton-thick. We
note that some of our sources are Compton-thick but that
we consider their LX measurements to be very reliable as
they are shown to lie on the same LX –LMIR correlation
as those sources that are not Compton-thick (Gandhi et al.
2009; Asmus et al. 2015). In addition, detailed broadband
X-ray spectroscopy of several of these has found excellent
agreement with expectations based upon the correlation (cf.

Bauer et al. (2015) for NGC 1068; Arévalo et al. (2014) for
Circinus; Annuar et al. (2015) for NGC 5643).

5 RESULTS AND ANALYSIS

5.1 Qualitative analysis

In Fig. 2, we show the radial dependence of the PAH lumi-
nosities, scaled in physical units. As can be seen, the absolute
scaling is offset by more than 3 orders of magnitudes. The
physical scales of detected fluxes range from 8pc to 700 pc
(i.e. 2 orders of magnitudes), which illustrates the increased
spatial resolution of about a factor of 10 as compared to
Spitzer IRS observations. Given the large offset in luminosi-
ties, it is difficult to make a comparison between the different
objects from this plot. In particular, if we are interested in
the possible effect of the AGN on the PAHs, we want to
make sure that the physical scales and the observed fluxes
of all the objects are normalised for the difference in AGN
luminosities. Therefore, we normalise the physical scales by
an AGN-intrinsic scale – here the dust sublimation radius
as defined in section 4. We also use the same intrinsic scale
to normalise the observed PAH fluxes or luminosities to the
emitted surface flux from the respective spatial scale. This
way, any given distance from the AGN receives the same
radiation field from the AGN in all sources and the emit-
ted radiation can directly be compared among the different
objects.

Figure 4 shows this renormalised, emitted 11.3 µm PAH
surface flux for the 13 objects where we detect this feature.
These were calculated from the extracted PAH fluxes and
the respective aperture area. The first interesting observa-
tion of this renormalisation is that the overall range in ob-
served PAH fluxes is reduced from more than 3 orders of
magnitudes in the physical scaling to less than 1 order of
magnitude in the AGN-normalised scaling. If the PAH emis-
sion would be independent of the AGN, we would not nec-
essarily expect that scaling for the AGN would reduce the
scatter in the observed flux normalisations of the sample,
unless the star formation closely correlates with the AGN
activity in all galaxies. Therefore, the source of PAH excita-
tion must be related to the AGN power, i.e., it could either
be a physical process that scales with the AGN power or
it could be the AGN itself. We will discuss these scenarios
further in section 6.

The second interesting observation of this AGN-
normalised PAH emission concerns the dependence on dis-
tance. In Fig. 4, we see that all objects except for Circinus
fall into a narrow band where the PAH surface flux decreases
with increasing distance from the AGN. This confirms the
earlier finding by Alonso-Herrero et al. (2014) for Seyferts
and LIRGs. The band only widens at distances larger than
∼5,000 rsub (marked by the grey-hatched area), although
part of this widening is related to non-detections rather than
detections. A prominent example of the change in behaviour
at distances >5,000 rsub is NGC 7469 (green labelled curve
in Figure 4). This source has a well known starburst ring at
about 2 arcsec distance from the AGN (Genzel et al. 1995;
Dı́az-Santos et al. 2007), which coincides with this turnover.
As such, the turnover in this source indicates that local star
formation activity clearly is the dominant contributor to the
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Figure 5. Emitted surface flux of the 11.3 µm PAH feature measured within 0.4 arcsec apertures as a function of sublimation radius for the 13 AGN in our
sample where we detect such features. Upper limits are shown as downward arrows. The hashed grey area above 5000 rsub shows where emission associated
with star formation starts to become the dominant excitation mechanism for the PAH grains (see Section 5). Each object is colour coded according to its
intrinsic X-ray luminosity LX.

calculated from the extracted PAH fluxes and the respective aper-
ture area. The first interesting observation of this renormalization is
that the overall range in observed PAH fluxes is reduced from more
than three orders of magnitude in the physical scaling to less than
one order of magnitude in the AGN-normalized scaling. If the PAH
emission would be independent of the AGN, we would not nec-
essarily expect that scaling for the AGN would reduce the scatter
in the observed flux normalizations of the sample, unless the star
formation closely correlates with the AGN activity in all galaxies.
Therefore, the source of PAH excitation must be related to the AGN
power, i.e. it could either be a physical process that scales with the
AGN power or it could be the AGN itself. We will discuss these
scenarios further in Section 6.

The second interesting observation of this AGN-normalized PAH
emission concerns the dependence on distance. In Fig. 5, we see
that all objects except for Circinus fall into a narrow band where
the PAH surface flux decreases with increasing distance from the
AGN. This confirms the earlier finding by Alonso-Herrero et al.
(2014) for Seyferts and luminous infrared galaxies (LIRGs). The
band only widens at distances larger than ∼5000 rsub (marked by
the grey hatched area), although part of this widening is related to
non-detections rather than detections. A prominent example of the
change in behaviour at distances >5000 rsub is NGC 7469 (green
labelled curve in Fig. 5). This source has a well-known starburst
ring at about 2 arcsec distance from the AGN (Genzel et al. 1995;
Dı́az-Santos et al. 2007), which coincides with this turnover. As
such, the turnover in this source indicates that local star formation
activity clearly is the dominant contributor to the PAH emission at
these radii. We will statistically analyse the scatter in the slopes of
all the objects in the next subsection.

Circinus is an outlier both in terms of radial slope and absolute
PAH surface flux. Tristram et al. (2014) have shown that it has a
strong optical depth gradient of !τ = 27 arcsec−1 in the mid-IR
from the west to the east side of the nucleus on parsec scales. Such

a gradient was also found by Roche et al. (2006), albeit with a value
of only !τ = 0.6 arcsec−1 and on larger scales. Larger scale obser-
vations indicate that the eastern side of the galactic disc (Freeman
et al. 1977) and a circumnuclear molecular ring (Curran et al. 1998,
1999) are closer to us, so that the obscuration increases towards
the nucleus (see also Mezcua et al. 2016). This provides a feasible
explanation for the reverse slope we observe for the PAH features
in Circinus compared with the rest of our sample. Indeed, we find a
slope of the PAH features in Circinus that corresponds to a gradient
in the optical depth of !τ = 2.5 arcsec−1 at mid-IR wavelengths,
in between the two previous measurements. Therefore, we consider
Circinus as a special case and leave it out of the following analysis.
This leaves us with 12 objects to investigate quantitatively.

5.2 Statistical analysis

We want to quantify the slope of the radial dependence of the
PAH emission by a model of the form log #PAH = log #0, PAH +
α∗log (rsub). For that, we first model the emitted PAH fluxes for
each object individually and then combine the results to obtain
a joint probability distribution function for the power-law slope.
Since some objects show changes in the slope at larger radii, we
also investigate how selection of an outer cut-off affects the fit. We
perform a linear regression in log–log space using radial cut-offs at
3000, 5000, 6000, 7000 and 10 000 rsub, respectively (see Table 4).
When modelling the PAH emission for each object, we generate
10 000 random realizations of the data using Monte Carlo simula-
tions to account for the measurement uncertainties. We assume all
measurements to have normally distributed errors and include the
upper limits in the fit by allowing them to take on any value between
the measured upper limit and 1 per cent of this value.

Because the PSF of the observations smears out the signal and
distributes flux from smaller to larger radii, we observe a shallower
PAH slope than the intrinsic one. To account for this in our fitting
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Figure 2. Star Formation History (SFH) models used here in fitting the post-starburst SFHs. The old stellar population is
modeled by a linear exponential. The young stellar population is fit to two different classes of SFHs, those with 1 recent burst,
varying the burst duration, and those with 2 recent bursts, varying the separation between bursts. Post-starburst galaxies are
likely post-merger, so we use simulations of gas-rich major mergers to motivate the range of recent SFH used (see §3.2). The
burst durations range from 25 Myr to 150 Myr for the single burst models. We do not have the sensitivity to distinguish the
burst mass fractions or durations of the individual bursts in the double recent burst model, so we assume the bursts are each 25
Myr exponentially declining models, and form equal stellar masses. We instead vary the separation between each burst, from
100 Myr to 1 Gyr.

ter fit to many of the galaxies, by plotting the fitting
residuals for the FUV flux, Dn(4000) index, and Lick
HδA index in Figure 3. For galaxies that strongly prefer
the double recent burst model, the fitting residuals are
narrower and less biased than the single burst model fit-
ting residuals for the same galaxies. The addition of an
intermediate F star population allows for these indices,
as well as many of the iron-influenced Lick indices, to be
better fit, while still providing a good fit to the UV col-
ors and Balmer absorption indices. We ultimately find
that 50% of the galaxies prefer the single burst model,
and 48% prefer the double burst model. Only 11 galax-
ies (2%) do not show a statistical preference given the
error in χ2. For these galaxies, we nonetheless assign the
model with the lower χ2, although this does not affect
our conclusions.

3.3. SED fitting

To determine the time elapsed since the starburst
ended, what fraction of the stellar mass was produced
during the burst, the duration of the recent burst, and
whether there was more than one burst, we model the
SEDs of post-starburst galaxies as a combination of old
and new stellar population. The old stellar population
is modeled as a linear-exponential star formation rate
over time told:

Ψ ∝ tolde
−told/τold (1)

beginning 10 Gyr ago and characterized by the timescale
τold = 1 Gyr. The young stellar population’s star forma-
tion history is modeled as either one or two exponential
declining components in the star formation rate over
time tyoung. For one recent burst:

Ψ ∝ e−tyoung/τ . (2)

We vary the time tSB since this recent period of star
formation began4 as well as the characteristic timescale
τ .
For two recent bursts,

Ψ ∝ e−tyoung/τ + e−(tyoung−∆t)/τ , (3)

where τ = 25 Myr for each, and the separation ∆t be-
tween the two recent bursts is 0.1-1 Gyr.
We use the flexible stellar population synthesis (FSPS)

models of Conroy et al. (2009); Conroy & Gunn (2010)
to construct model template spectra. We assume a
metallicity Z using a stellar mass prior (§3.5), a Calzetti
reddening curve, and a Chabrier IMF. The effects of
these assumptions, as well as the assumed SFHs, are
discussed below (§3.5, §3.6, §3.7).
The observed spectrum is modeled as a linear combi-

nation of the young and old stellar templates:

fmodel = [yfyoung + (1− y)fold]× 10−0.4k(λ)AV , (4)

where k(λ) is the reddening curve as a function
of the wavelength λ, AV is the amount of extinc-
tion expressed in magnitudes of V -band absorption,
fyoung(λ; tSB, τ/∆t, Z) is the young stellar population
spectrum (arising from Eqs. 2 and 3) with an SFR de-
cay rate of τ (or the separation ∆t between 2 recent
bursts), and fold(λ;Z) is the old stellar population spec-
trum (arising from Eq. 1). Z is the stellar metallicity
assumed, using the priors described below (§3.5). Each
spectrum is normalized within the rest-frame 5200–5800
Å wavelength window, and y represents the fraction of
the total galaxy light in the young stellar template. The
mass fraction of new starsmf is derived from y and tSB.

4 Equations 1 and 2 are related by told−tyoung = 10 Gyr −tSB.
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Star Formation, After the Fall

1 Scientific justification
⌅ Introduction: Major merger events are thought to be a crucial evolutionary pathway leading
to the buildup of the present-day galaxy red sequence — most isolated elliptical galaxies at z > 1
likely underwent one (e.g., Kaviraj et al. 2014). In the current paradigm, the colliding gas is heated
in galaxy-wide shocks which quickly dissipate, resulting in significant inflow of dense molecular
gas towards the central potential (Barnes & Hernquist 1991, 1996). This is predicted to trigger
vigorous starburst events and copious fueling of the sinking pair of supermassive black holes (SMBHs),
culminating in the ultimate expulsion of star-forming fuel in stellar and active galactic nucleus (AGN)
feedback-driven galaxy-wide outflows (Sanders & Mirabel 1996; Hopkins et al. 2006, 2008) — rapidly
‘quenching’ star formation.

This theoretical framework is compelling, predicting a merger sequence linking luminous infrared
galaxies (LIRGs), AGN, and quiescent ellipticals. However, observational support for this transitional
sequence has remained elusive. It remains unclear whether star formation alone is sufficient to ‘shut
down’ star formation or if AGN activity is necessary. To understand how galaxies are shut off and
remain dormant for the duration of their ⇠1 Gyr transitional periods, we must understand what
becomes of the interstellar medium (ISM) in the quenched remnants. How much of the former ISM

remains and in what form? What processes control the efficiency of turning the ISM into stars?

The program outlined here — resolving the dense molecular reservoirs in an inex-

plicably quenched galaxy on ⇠20 pc scales — will substantially progress our under-

standing of how starbursting galaxies die and fade into quiescence.

Figure 1: The Kennicutt-Schmidt star-formation relation for a wide
range of local galaxies (Kennicutt 1998) is compared to our previous
sample of PSBs with high-resolution ALMA data (blue), including our
Cycle 6 target (blue star). Arp 220 is shown as an orange star. Curves
of constant gas depletion time are shown as dashed lines. Adopted
SFRs for the PSBs are taken from various infrared (obscuration-free)
tracers (Smercina et al. 2018). An arrow showing the effect of smaller
sizes (due to the frequency of unresolved sources) is shown. Despite
possessing molecular gas densities comparable to the most vigorously
star-forming ULIRGs — many are nearly the same as Arp 220 — the
PSBs are forming stars <1/10 as efficiently.

⌅ Post-Starbursts & Prior Work:

In the merger-driven galaxy evolution
paradigm, quiescent gas-poor systems
with old stellar populations (mod-
ern day elliptical galaxies, for exam-
ple) are formed after powerful feed-
back from AGN and/or massive star-
formation strips their gas supply. De-
void of newly forming stars, the re-
maining stellar population begins to
age and redden rapidly. Post-starburst
(PSB), or ‘E+A’ galaxies (so called
due to their resemblance to the Balmer
absorption-line spectra of A stars), are
systems believed to be precisely in
this phase, having undergone a re-
cent strong burst of star formation
which came suddenly and abruptly to
a halt within the past few 100 Myr
(Dressler & Gunn 1983). The near-
est PSBs show tidal features indica-
tive of late stage mergers (e.g., Zablud-
off et al. 1996), kinematics which sug-
gest they are in transition from disks
to pressure- supported spheroids (Nor-
ton et al. 2001), little H i gas (Chang
et al. 2001), and tantalizing evidence of relic galactic winds (Tremonti et al. 2007). Though common

1
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The way forward
• Hybridize PAH Emission with 

other tracers to mitigate  

• Use intrinsic PAH band ratio 
diagnostics of AGN 
contributions, metallicity, 
etc. 

•
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Figure 15. Top panels: observed 8 µm PAH luminosities (left) and 24 µm
luminosities (right) of SINGS galaxies and subregions, plotted as a function of
Balmer-corrected Hα luminosities, as in previous figures. Open circles denote
integrated measurements of SINGS galaxies, open squares denote measurements
of the central 20′′× 20′′ regions, while small solid points denote individual
H ii regions from C07. Bottom panels: best-fitting linear combinations of
uncorrected Hα and 8 µm (left) or 24 µm (right) luminosities, as a function of
Balmer-corrected Hα luminosities.

from the SINGS and MK06 integrated measurements provides
an excellent fit to the SINGS central aperture measurements as
well, which is not surprising. What may be more surprising
is the excellent consistency of the attenuation-corrected Hα
luminosities derived from Hα + 8 µm with those derived from
the Balmer decrement attenuation corrections. The metal-poor
outliers in the upper left panel of Figure 15 join the main relation
in the weighted sum of Hα + 8 µm (lower left panel), because
these galaxies have very low reddening and very low 8 µm
emission, so both measured quantities in the plot are essentially
(and identically) the observed Hα luminosity.

Interestingly, the residuals using the 8 µm fluxes are lower
than those derived using 24 µm fluxes, ±0.11 dex versus
±0.14 dex, respectively. This can be understood if the 8 µm
luminosity is more tightly coupled to the TIR dust luminosities
of galaxies than the 24 µm emission, as shown, for example, by
Mattila et al. (1999), Haas et al. (2002), Boselli et al. (2004),
and Bendo et al. (2008). Upcoming high angular resolution
observations of the FIR continuum of the SINGS sample,
currently planned with the Herschel Space Observatory, will
allow us to test the coupling of the various IR emission
components with higher spatial resolution and sensitivity.

5.2. Composite SFR Indices Using [O ii] Emission Lines

In principle, our approach can be applied to estimate dust
attenuation corrections for any optical emission line that is
used as a SFR diagnostic. The most commonly applied visible-
wavelength line, especially for observations of galaxies at
intermediate redshift, is the [O ii]λ3727 forbidden line doublet.
The chief advantage of this feature is that it is accessible to
ground-based telescopes and CCD spectrometers out to redshifts
z ∼ 1.7, whereas Hα redshifts beyond the optical window above
z ∼ 0.5. As a result, [O ii]-based SFR estimates are available
for tens of thousands of galaxies at z ∼ 0.1–1.5 (e.g., Franzetti
et al. 2007; Ly et al. 2007; Cooper et al. 2008).

Figure 16. Top left: observed [O ii] λ3727 emission-line luminosities of SINGS
central 20′′× 20′′ regions (open squares) and MK06 (solid circles) galaxies,
plotted as a function of Balmer-corrected Hα luminosities, as in previous figures.
Other panels: best-fitting linear combinations of observed [O ii] luminosities and
IR band luminosities, as functions of Balmer-corrected Hα luminosities.

The calibration and reliability of the [O ii] feature as a
quantitative SFR tracer has been discussed by several authors
(e.g., Hopkins et al. 2003; Kewley et al. 2004; Moustakas
et al. 2006). Unlike the Balmer lines, the luminosity of the
collisionally excited [O ii] doublet is not fundamentally coupled
to the ionizing flux, so its accuracy is limited by excitation
variations, which in turn are systematically correlated with the
metal abundance and ionization of the gas. However, the typical
variations in intrinsic [O ii]/Hα are of order a factor of 2 or
less over a wide range of abundances and galaxy environments,
so the index can be useful, especially in applications to large
samples. Dust attenuation, however, is a much more severe
problem, with typical attenuations in normal galaxies of nearly
an order of magnitude, and large variations between objects.
Kewley et al. (2004) and Moustakas et al. (2006) provide
empirical schemes for correcting for this attenuation as functions
of [O ii] luminosity and B-band luminosity, respectively, but
these are crude approximations at best. Here, we investigate
whether the combination of [O ii] and IR luminosities can
provide more robust attenuation-corrected SFRs.

Our results are summarized in Figure 16. The upper left
panel compares the observed [O ii] luminosities and reddening-
corrected Hα luminosities for the MK06 sample (solid circles)
and the inner 20′′ × 20′′ regions of the SINGS galaxies (open
squares). The integrated measurements of the SINGS sample
are not plotted because we do not have full-galaxy [O ii]
luminosities for that sample. This shows the worst case of
applying the [O ii] luminosity with no attenuation correction at
all. By coincidence, the mean attenuation-corrected luminosity
of [O ii] in the MK06 sample is nearly identical to that of Hα
(⟨[O ii]/Hα⟩= 0.98), so any difference in luminosities translates
identically to a deficit in the estimated SFR. On average, the
[O ii] luminosities are suppressed by about 0.6 dex, with a
range (excluding the two outliers) of 0.0–1.7 dex (a factor 50 at
worst).
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Figure 15. Top panels: observed 8 µm PAH luminosities (left) and 24 µm
luminosities (right) of SINGS galaxies and subregions, plotted as a function of
Balmer-corrected Hα luminosities, as in previous figures. Open circles denote
integrated measurements of SINGS galaxies, open squares denote measurements
of the central 20′′× 20′′ regions, while small solid points denote individual
H ii regions from C07. Bottom panels: best-fitting linear combinations of
uncorrected Hα and 8 µm (left) or 24 µm (right) luminosities, as a function of
Balmer-corrected Hα luminosities.
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metal abundance and ionization of the gas. However, the typical
variations in intrinsic [O ii]/Hα are of order a factor of 2 or
less over a wide range of abundances and galaxy environments,
so the index can be useful, especially in applications to large
samples. Dust attenuation, however, is a much more severe
problem, with typical attenuations in normal galaxies of nearly
an order of magnitude, and large variations between objects.
Kewley et al. (2004) and Moustakas et al. (2006) provide
empirical schemes for correcting for this attenuation as functions
of [O ii] luminosity and B-band luminosity, respectively, but
these are crude approximations at best. Here, we investigate
whether the combination of [O ii] and IR luminosities can
provide more robust attenuation-corrected SFRs.

Our results are summarized in Figure 16. The upper left
panel compares the observed [O ii] luminosities and reddening-
corrected Hα luminosities for the MK06 sample (solid circles)
and the inner 20′′ × 20′′ regions of the SINGS galaxies (open
squares). The integrated measurements of the SINGS sample
are not plotted because we do not have full-galaxy [O ii]
luminosities for that sample. This shows the worst case of
applying the [O ii] luminosity with no attenuation correction at
all. By coincidence, the mean attenuation-corrected luminosity
of [O ii] in the MK06 sample is nearly identical to that of Hα
(⟨[O ii]/Hα⟩= 0.98), so any difference in luminosities translates
identically to a deficit in the estimated SFR. On average, the
[O ii] luminosities are suppressed by about 0.6 dex, with a
range (excluding the two outliers) of 0.0–1.7 dex (a factor 50 at
worst).
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emission. This trend is not seen in their calibration of
extinction-corrected Paα to Hα + 24 μm luminosities,
illustrating the PAH emission dependence on metallicity.

We calibrate the relation between metallicity, PAH emission,
and SFRs using the data in our samples. For all galaxies in the
calibration sample, we estimate the gas-phase oxygen abun-
dance using the N2 index, N2 º log [N II] λ6583/Hα, using
the relation from Pettini & Pagel (2004),

N12 log O H 8.90 0.57 2. 2( ) ( )+ = + ´

We use 12 + log(O/H)N2 because the N2 index is available for
all galaxies in our calibration sample. Figure 5 shows the
distribution of oxygen abundance for the galaxies in our
primary and secondary calibration samples. Most sources fall in
a tight distribution (±0.2 dex) around the solar abundance (12
+ log(O/H) = 8.69;Asplund et al. 2009) with a long tail to
lower abundances. This is unsurprising because of the well-
known mass–metallicity relation (Tremonti et al. 2004). Most
sources in the calibration samples have L L10IR

10> :and
likely have higher stellar massand therefore higher abundance

(e.g., based on Tremonti et al. 2004, galaxies with stellar mass
>109M: have abundances >0.5 Z:). We use star-forming
galaxies with 12 + log(O/H)N2�8.5 for the primary
calibration sample.

3.5. Total IR Luminosity

We estimate the total IR luminosity (LIR = L8 1000 mm- ) using
the MIPS 24 μm flux densities (also 70 and 160 μm, where
available in Shipley et al. 2013) and the method in Shipley
et al. (2013). We use the Rieke et al. (2009) IR SEDs because
for star-forming galaxies the total IR luminosities derived from
these templates using the 24 μm flux density only are closest to
the IR luminosities derived when more IR photometric bands
are available. These results help us understand the range of
total IR luminosity over which our PAH SFRs are calibrated;
our calibration may not extend to higher IR luminosities, where
the PAH features tend to be suppressed. We were able to
determine the contributing total IR luminosity range for the
Brown et al. (2014) sample by using the values reported in
Haan et al. (2013) for the majority of the galaxies.

Figure 6. Top: extinction-corrected Hα luminosity (L L0.020H 24 m+ ´a m ) vs. total PAH luminosity (L6.2 mm + L7.7 mm + L11.3 mm PAH features). We fit a unity
relation (dashed black line) to the primary calibration sample (filled blue points) and use this line (that we define as Lfit) to show the ratio of the total PAH luminosity,
for each galaxy, to the unity relationship as a function of extinction-corrected Hα luminosity (bottom panel). We classify galaxies as star-forming (filled blue points),
composite (unfilled green points), or an AGN (unfilled red points) based on the location of their emission-line ratios on a BPT diagram. Unclassified galaxies (unfilled
purple points) did not have all lines required for BPT classification, and the star-forming galaxies with low metallicity or S/N (unfilled orange points) are not used for
the PAH SFR calibration (filled blue points; see the text for more details). The blue point enclosed by a black circle denotes II Zw 096;see Section 4.4.
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extinction-corrected Paα to Hα + 24 μm luminosities,
illustrating the PAH emission dependence on metallicity.

We calibrate the relation between metallicity, PAH emission,
and SFRs using the data in our samples. For all galaxies in the
calibration sample, we estimate the gas-phase oxygen abun-
dance using the N2 index, N2 º log [N II] λ6583/Hα, using
the relation from Pettini & Pagel (2004),
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We use 12 + log(O/H)N2 because the N2 index is available for
all galaxies in our calibration sample. Figure 5 shows the
distribution of oxygen abundance for the galaxies in our
primary and secondary calibration samples. Most sources fall in
a tight distribution (±0.2 dex) around the solar abundance (12
+ log(O/H) = 8.69;Asplund et al. 2009) with a long tail to
lower abundances. This is unsurprising because of the well-
known mass–metallicity relation (Tremonti et al. 2004). Most
sources in the calibration samples have L L10IR
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(e.g., based on Tremonti et al. 2004, galaxies with stellar mass
>109M: have abundances >0.5 Z:). We use star-forming
galaxies with 12 + log(O/H)N2�8.5 for the primary
calibration sample.

3.5. Total IR Luminosity

We estimate the total IR luminosity (LIR = L8 1000 mm- ) using
the MIPS 24 μm flux densities (also 70 and 160 μm, where
available in Shipley et al. 2013) and the method in Shipley
et al. (2013). We use the Rieke et al. (2009) IR SEDs because
for star-forming galaxies the total IR luminosities derived from
these templates using the 24 μm flux density only are closest to
the IR luminosities derived when more IR photometric bands
are available. These results help us understand the range of
total IR luminosity over which our PAH SFRs are calibrated;
our calibration may not extend to higher IR luminosities, where
the PAH features tend to be suppressed. We were able to
determine the contributing total IR luminosity range for the
Brown et al. (2014) sample by using the values reported in
Haan et al. (2013) for the majority of the galaxies.

Figure 6. Top: extinction-corrected Hα luminosity (L L0.020H 24 m+ ´a m ) vs. total PAH luminosity (L6.2 mm + L7.7 mm + L11.3 mm PAH features). We fit a unity
relation (dashed black line) to the primary calibration sample (filled blue points) and use this line (that we define as Lfit) to show the ratio of the total PAH luminosity,
for each galaxy, to the unity relationship as a function of extinction-corrected Hα luminosity (bottom panel). We classify galaxies as star-forming (filled blue points),
composite (unfilled green points), or an AGN (unfilled red points) based on the location of their emission-line ratios on a BPT diagram. Unclassified galaxies (unfilled
purple points) did not have all lines required for BPT classification, and the star-forming galaxies with low metallicity or S/N (unfilled orange points) are not used for
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