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The Five Stages of 
Astronomer’s regard 
of dust

1. Disregard.

2. Disdain.

3. Acceptance.

4. Interest: physics.

5. Interest: Tool.



Only <~1% of the 
gas mass in a galaxy.

Is distributed highly 
non-uniformly in galaxies.

Must be created.

Evolves and is destroyed.

responds in complex ways to input 
radiation (ionizing and otherwise).

Dust...



The light Between: 
Cosmic Background12 H. Dole et al.: The Cosmic Infrared Background Resolved by Spitzer.
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Fig. 12. Cosmic Optical Background and Cosmic Infrared
Background due to galaxies permitted zone estimate
(shaded area), using upper and lower values. See Figure 9
for the other symbols.

the upper and lower limits and that makes use of well
known physical processes. The CIB estimate, based on
the Lagache et al. (2004) model, agrees with the data and
is strongly constrained in the MIR and the 240-400 µm
range. It strongly decreases with increasing frequency be-
low 8 µm because of the main PAH features at 6.2 to
8.6 µm being redshifted. The COB estimate also decreases
with increasing wavelength above 2 µm because of the old
stellar population SED. This simple SED behavior is in
agreement with the model of Primack et al. (1999). Our
reasonable guess is that the COB and CIB have equal
contributions around 8 µm.

Figure 13 shows our smooth EBL SED estimate (thick
line), as well as our best estimate of the COB (blue
shaded) and the CIB (red shaded). The overlap region
where both COB and CIB contribute significantly and
the resulting total EBL is shown as the gray-shaded area
around 8 µm. We find that the brightness of the COB is
23 nW m−2 sr−1, and 24 nW m−2 sr−1 for the CIB. The
ratio between the COB and CIB is thus of the order of
unity for this EBL SED.

Our results are in contradiction with Wright (2004)
who finds a COB/CIB ratio of 1.7, and values at least 50%
higher than ours: 59 nW m−2 sr−1 (COB) and 34 nW m−2

sr−1 (CIB). However, the Wright (2004) estimate came be-
fore the strong upper limits of H.E.S.S (Aharonian et al.,
2005) below 4 µm. This limit puts the COB much closer to
the integrated light from galaxy counts than to the diffuse
measurements. From the galaxy counts and stacking anal-
ysis (lower limits), and high-energy experiments (upper
limits), the EBL is now very well constrained. In partic-
ular, we can now securely state that the contributions to
the EBL of faint diffuse emissions outside identified galaxy
populations – too weak to be detected in current surveys,
like population III stars relic emission, galaxy clusters,
hypothetical faint IR galaxy populations – can represent
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Fig. 13. Our best Cosmic Optical Background (blue-
shaded) and Cosmic Infrared Background (red-shaded)
estimates. The gray-shaded area represents the region of
overlap. See Figure 9 for the other symbols.

only a small fraction of the integrated energy output in
the universe.

5.3. The Extragalactic Background vs the Cosmic
Microwave Background

It is interesting to update the contributions of the most
intensive electromagnetic backgrounds in the universe, as
has been done for instance by Scott (2000) or Wright
(2004), and we schematically represent these in Figure 14.
Obviously, the Cosmic Microwave Background (CMB)
dominates the universe’s SED, and accounts for about
960 nW m−2 sr−1. We showed that the CIB and COB
each account for 23 and 24 nW m−2 sr−1, respectively.
With a total of 47 nW m−2 sr−1 in the optical and the
Far-Infrared, the EBL represents about 5% of the bright-
ness of the CMB. Taking into account the complete SED
of the EBL will not change this picture, since the con-
tributions to the total EBL brightness of the radio, UV,
X-ray (Mushotzky et al., 2000; Hasinger et al., 2001) and
γ ray (Strong et al., 2004) extragalactic backgrounds are
smaller by one to three orders of magnitude than the COB
and CIB (Scott, 2000).

The galaxy formation and evolution processes provide
5% in brightness of the electromagnetic content of the
Universe. Half of the energy comes in the form of starlight
(COB) and half as dust-reprocessed starlight (CIB). The
maximum of the power distribution is at ∼ 1.3 µm for
the COB and ∼ 150 µm for the CIB (Fig. 14). There
are therefore on average 115 infrared photons for 1 visible
photon emitted in these processes.

6. Conclusions

Our key points and results for the resolution and charac-
terization of the FIR CIB and the EBL are:

Dole, 2006



The light Between: 
Cosmic Background

τ(universe)=0.5

decomposed their sample into the contribution of nonevolving
galaxies that dominate the 15 !m counts at low redshift and
distant starbursts responsible for the increase of the IR energy
density. Given the negligible role of these starbursts at z! 0,
their evolution must therefore be stronger than that of the global
sample. This may explain why the evolving parameters that
they derived are slightly larger than ours (i.e., "L ¼ 3:5þ1:0

$3:5,
"D ¼ 3:8þ2:0

$2:0). Note that this approach was also used by Xu
et al. (2001) and led to a qualitatively similar trend.

8.3. The Evolving Contribution of Infrared-luminous Galaxies
to Star Formation Activity up to z!1

The constraints on the evolution of  IR(L; z) can be used to
derive the relative importance of galaxies in a given luminosity
range and how their contribution to the star formation history
evolves with redshift. Using the fit and the parameterization dis-
cussed in the previous section, we compare in Figure 14 the
evolution of the IR energy density!IR produced by IR-luminous

galaxies (i.e., LIRGs + ULIRGs) and fainter sources (i.e., LIR <
1011 L%). Uncertainties affecting our results are still significant
due to the degeneracy previously described. Accordingly, the range
of possible solutions was estimated from the 3 # isoprobability
contours shown in Figure 12, excluding the combinations of "D

and "L that overproduce the counts at faint fluxes.
This evolution is also represented in terms of an ‘‘IR-equivalent

SFR’’ using the calibration from Kennicutt (1998). For com-
parison we show integrated SFR densities estimated in various
redshift bins and taken from the literature (for references see the
compilation by Hopkins 2004). It should be noted that we have
not estimated the contribution of the AGN IR emission to !IR.
Following the arguments discussed in x 5.2, we believe that such
contribution results in a 10%–15% overestimate in the true SFR.
On the other hand, this IR-SFR estimate does not take into ac-
count the contribution of the unabsorbed UV light produced by
the young stars. As a result, we are likely underestimating the
total SFR density by a factor ranging between !20%–30% at

Fig. 14.—Evolution of the comoving IR energy density up to z ¼ 1 (green filled region) and the respective contributions from low-luminosity galaxies (i.e.,
LIR<1011 L%; blue filled area), IR-luminous sources (i.e., LIR&1011 L%; orange filled region), and ULIRGs (i.e., LIR&1012 L%; red filled region). The lower and
upper curves delimiting these regions result from the degeneracy in the evolution of  IR (see x 7 for more details). The solid line evolves as (1þ z)3:9 and represents the
best fit of the total IR luminosity density at 0P zP1. Estimates are translated into an IR-equivalent SFR density given on the right vertical axis, where an absolute
additional uncertainty of!0.3 dex should be added to reflect the dispersion in the conversion between luminosities and SFR. Note that the percentage of the contribution
from each population is likely independent of this conversion. The dashed line corresponds to the SFR measured from the UV luminosity not corrected from dust
extinction. The dotted line represents the best estimate of the total SFR density as the sum of this uncorrected UV contribution and the best fit of the IR-SFR (solid line).
At z! 1 IR-luminous galaxies represent 70% ' 15% of the comoving IR energy density and dominate the star formation activity. Open diamonds and vertical and
horizontal bars represent integrated SFR densities and their uncertainties estimated within various redshift bins and taken from the literature (Connolly et al. 1997;
Tresse &Maddox1998; Treyer et al. 1998; Flores et al. 1999; Cowie et al. 1999; Haarsma et al. 2000; Machalski & Godlowski 2000; Sullivan et al. 2001; Condon et al.
2002; Sadler et al. 2002; Serjeant et al. 2002; Tresse et al. 2002;Wilson et al. 2002; Pérez-González et al. 2003; Pozzi et al. 2004; see the compilation by Hopkins 2004).
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The Embarrassingly Rich 
Infrared Spectrum of Galaxies

Old Stellar 
photospheres.

Stochastically 
heated grain 
continuum.

Strong aromatic 
emission bands.

Thermal dust emission. 

Cooling lines of Hii regions, PDRs, high 
excitation AGN environments: 5–150EV.

1. Description of the proposed programme (continued)

Walter), and 13 have 15′′-resolution Nobeyama (NRO) 45m maps from Kuno et al. (2007, PASJ, 59, 117).
Further observations are proposed with CARMA STING (3′′ resolution, PI Bolatto), and with NRO by Koda
et al. Our team members also have access to the IRAM 30m and PdBI, and the LMT 50m (expected operation:
2009), which will ensure further coverage of the sample in CO and other molecular lines.

Constraints on very cold dust components of the ISM will come from a combination of Herschel SPIRE data
and submillimeter continuum observations that are being obtained by several KINGFISH Co-Is. The recently
comissioned bolometer LABOCA at the APEX telescope and the IRAM MAMBO bolometer are being used
by Co-Is Draine and Walter. Co-I Wilson is PI of the JCMT Nearby Galaxies Legacy Survey (NGLS), which
includes 47 SINGS galaxies, and will obtain continuum images at 450 µm and 850 µm out to D25, plus CO
J=3-2 data cubes out to D25/2 (to trace the cool interstellar medium).

Figure 1. Herschel’s Three Windows into the Dusty ISM. I. Spatial Resolution: Comparison of
the Spitzer’s MIPS 160µm resolution (left) versus a simulated PACS image (right) at similar wavelength for
the KINGFISH galaxy M101 (at 7.5 Mpc). PACS will provide the critical resolution to resolve individual
star-forming regions and cloud complexes in these galaxies.

Figure 2. Herschel’s Three Windows into the Dusty ISM. II. Full SED Coverage: Left: A set of
model SEDs with the spectral coverages of Spitzer and Herschel imaging and spectroscopy indicated. One
of SPIRE’s unique capabilities will be to reduce uncertainties in the dust masses of galaxies by factors 3–
5. III. Key Spectral Line Diagnostics of the ISM: Right: The key diagnostic transitions accessible
to Herschel/PACS (red) and Spitzer (blue), plotted in terms of ionization potential and critical densities, to
highlight the complementarity of the two instruments.

- 6 -

courtesy: Brent Groves



Historical Interlude:
IR Spectroscopy of Galaxies
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Large planar aromatic molecules 
(~10’s–1000 Carbons atoms, 10Å 
diameter)

Vibrational (C-C, C-H) emission bands 
at 3.3, 6.2, 7.7, 8.6, 11.3, 12.6, 17.1 μm,
…    (UIB,AFE,AIB,…)

The humble PAH



Is the PAH 
Spectrum Constant?

PAH grains are 
photo-excited by 
single photons to 
T>50-100K.

Insensitive to 
radiation field.

Uniform IR 
emission 
spectrum.

Draine, 2003

“A day in the life 
of a small grain”

1 day



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 have qPAH <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).

DRAINE ET AL.888 Vol. 663
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FIG. 16.ÈRelative strengths of three PAH emission features (6.2 and 7.7 km CwC stretching modes and 11.3 km CwH out-of-plane bending mode) for
neutral and ionized PAHs, labeled by the number of carbon atoms. Results are shown for grains illuminated by the MMP83 spectrum with s \ 1.23 and 123
and for a 3 ] 104 K blackbody spectrum (cuto† at 912 with s \ 102, 104, 105, and 106. Also shown (stars) are observed band ratios for the di†use ISM, theÓ)
reÑection nebulae NGC 7023 and vdB 133, the M17 PDR, the o Oph molecular cloud, the starburst galaxies M82 and NGC 253 et al. 2000), the(Stu! rm
Seyfert 2 galaxy in Circinus, the average of 28 normal galaxies, and a quiescent molecular cloud in the SMC (see text for citations). The dotted line connecting
the neutral and ionized points for (in a PDR) illustrates the variation in the relative strengths of the 6.2, 7.7, and 11.3 km features in a PDR as theNC \ 16
PAH ion fraction varies from 0 to 1.

8.6, 11.3 km) is a strong function of the PAH size : small
PAHs radiate strongly at 6.2 and 7.7 km, while larger PAHs
emit most of their power at increasingly long wavelengths.

The 6.2, 7.7, and 11.3 km features are prominent in many
astronomical spectra. Let be the power radiated in theP(j0)
feature with central wavelength for a Drude proÐle,j0 :

where is the peakP(j0) \ (n/2)(*Pj)0(FWHM)j0
, (*Pj)0contribution of the feature to the emission and (FWHM)j0is the full width at half-maximum. In Figure 16 we show

how the relative strengths of these emission bands vary
depending upon the size and charge state of the PAHs and
upon the starlight intensity characterized by s oru

E
, G0.10

Neutral PAHs have large ratios of P(11.3 km)/P(7.7 km),
while PAH ions have much smaller values. For both neu-
trals and ions, there is a regular progression of P(6.2 km)/
P(7.7 km) to smaller values with increasing For a givenNC.
PAH neutral or ion, the emission band ratios are essentially
independent of s for (see eq. [47]) ;s \ 3 ] 104(103/NC)5@3
for larger values of s, multiphoton heating e†ects begin to
be evident. For s \ 106, multiphoton e†ects are evident
even for (consistent with eq. [47]).NC \ 102

In Figure 16 we plot the observed ratios of P(11.3 km)/
P(7.7 km) and P(6.2 km)/P(7.7 km) for (1) the di†use ISM

10 s is the intensity at 1000 relative to the estimate of Habing (1968) ;Ó
is the ratio of the 6È13.6 eV energy density to the estimate of HabingG0(1968). The MMP83 spectrum has a 3 ] 104 K blackbodyG0 \ 0.923s ;

has G0 \ 0.602s.

(Onaka et al. 1996) ; (2) the average spectrum for a sample of
28 spiral galaxies (Helou et al. 2000) ; (3) the reÑection
nebula at the surface of the o Oph molecular cloud
(Boulanger et al. 1996) ; (4) the reÑection nebula vdB 133,
illuminated by F5 Iab and B7 II stars (Uchida, Sellgren, &
Werner 1998) ; (5) the reÑection nebula/photodissociation
region (PDR) NGC 7023, illuminated by a B2.5 V star
(Cesarsky et al. 1996a) ; (6) the M17 PDR (Cesarsky et al.
1996b) ; (7) the starburst galaxies M82 and NGC 253 (Sturm
et al. 2000) ; (8) the Seyfert 2 galaxy in Circinus (Sturm et al.
2000) ; and (9) the quiescent molecular cloud SMC B1 No. 1
in the Small Magellanic Cloud (Reach et al. 2000). With the
exception of SMC B1 No. 1 (which we discuss below), the
observed band ratios fall between the neutral and ionized
PAH tracks in Figure 16, suggesting that the observed
spectra can be reproduced by an appropriate mixture of
PAH sizes, with an appropriate ionized fraction. The
observed band ratios for the Milky Way ISM, o Oph, 28
normal galaxies, and the reÑection nebulae vdB 133 and
NGC 7023 could be reproduced with a relatively low
ionized fraction, but larger ionized fractions are required for
the M17 PDR, M82, NGC 253, and the Circinus galaxy.

11.2. SMC B1 No. 1
The quiescent molecular cloud SMC B1 No. 1 observed

by Reach et al. (2000) falls outside the region bounded by
the neutral and ionized tracks in Figure 16. Reach et al.

Draine & Li, 2001
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The incredible PAH
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Dust Emission as a 
Tool

PAH Emission is 
already a power-
tool of choice at 
z~2.  

Used to establish 
(even quantify) 
star-formation.

z~2.8

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
(Houck et 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.

MID-IR SPECTROSCOPY OF SUBMILLIMETER GALAXIES 1063No. 2, 2007
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THe Future: PAH’s First 
Light 
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Cold
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~2017







Star-Formation vs. 
PAH Emission

4.2. Uncertainties in the Photometric Measurements

The uncertainties assigned to the photometric values at each
wavelength and for each galaxy are the quadrature combination
of four contributions: Poisson noise, variance of the background,
photometric calibration uncertainties, and variations from poten-

tial misregistration of the multiwavelength images. The vari-
ance on the image background is derived in each case from the
original-pixel-size images. The impact of potential background
under- or oversubtractions varies from galaxy to galaxy and also
depends on the relative brightness of the background and the
sources. The effect of potentialmisregistrations has been evaluated

Fig. 3.—(a) LSD at 8 !m, S8 !m;dust, as a function of the extinction-corrected LSD at Pa" , SPa" ;corr, for the 220 H ii knots in the 33 galaxies for which photometric
measurements have been obtained. LSDs are averaged over 1300 photometric apertures. The 8 !m emission is stellar continuum subtracted (x 3.1). Data points are
divided into three metallicity bins: high (red filled triangles), intermediate (green stars), and low (blue asterisks) oxygen abundance (x 2). Filled black squares mark the
local starbursts from the sample of Engelbracht et al. (2005) (x 5.1). The 3 # error bars are indicated for each data point. Open black stars indicate the location of the
nonthermal sources (Seyfert 2s or LINERs; x 4.1), and open black circles indicate extended background sources. The best-fit line through the high-metallicity (red ) data
points is shown as a solid line, while the dashed line is the linear fit through the same data points with fixed slope of 1. (b) Histogram of the deviation of the H ii knot data
in panel a from the best-fit line through the high-metallicity data (the solid line in panel a). The values of the best-fit coefficients are c ¼ 0:94 " 0:02 and d ¼
4:80 " 0:85 (eq. [2]). Three separate histograms are shown, for high- (red ), intermediate- (green), and low-metallicity (blue) data. The intermediate- and low-metallicity
histograms have been multiplied by a factor of 2 to make them visible.

Fig. 4.—Same as Fig. 3, but for the LSD at 24 !m, S24 !m. In addition to the same data points as Fig. 3, panel a also reports the LIRGs from the sample of Alonso-
Herrero et al. (2006) (black asterisks; x 5.2). The values of the parameters (c, d ) in the horizontal axis of panel b are given in eq. (3) and are c ¼ 1:23 " 0:03 and
d ¼ #6:88 " 0:97.

CALZETTI ET AL.878 Vol. 666

Calzetti, 2007



Dust in AGN

Composite power 
sources dominate local 
ULIRGs

Hot dust, heated to the 
sublimation temperature 
(~1500K).

“Anomalous” properties (E(B-V)/NH, AV/NH).

X-Ray dominated region (XDR) can be quite 
large: Could it destroy/excite grains?



X-ray irradiation of 
interstellar grains

Voit, 1991

•5å grains: evaporate quickly
•10å Grains: persist
•(XDR’S: PAH’S REQUIRED FOR 

ELECTRON HEATING)



PAHs in AGN

Lutz, 1997



PAHs in AGN

Lutz, 1997

No 
PAHs



Difficulties

Host galaxies 
unresolved: 
contaminated dust 
signature.

Solution: use low-
luminosity, nearby 
analogs.



Quasar PAHs 

Shi, 2007



A (weak) AGN in most 
galaxies?

964 L. J. Kewley et al.
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Figure 3. Histograms of the Seyfert and LINER sequences between 1.0
and 1.2 dex (left-hand panel) and 1.2 and 1.4 dex (right-hand panel) for the
[O I]/Hα (top panel) and [S II]/Hα (bottom panel) diagnostic diagrams. The
distribution is clearly bimodal. The LINER sequence is the right-hand peak
and the Seyfert sequence is the left-hand peak.

and [O I]/Hα diagrams:

log([O III]/Hβ) < 0.61/[log([N II]/Hα) − 0.05] + 1.3, (1)

log([O III]/Hβ) < 0.72/[log([S II]/Hα) − 0.32] + 1.30, (2)

and

log([O III]/Hβ) < 0.73/[log([O I]/Hα) + 0.59] + 1.33. (3)

(ii) Composite galaxies lie between the Ka03 and Ke01 classifi-
cation lines on the [N II]/Hα versus [O III]/Hβ diagram:

0.61/[log([N II]/Hα) − 0.05] + 1.3 < log([O III]/Hβ), (4)

0.61/[log([N II]/Hα) − 0.47] + 1.19 > log([O III]/Hβ). (5)

(iii) Seyfert galaxies lie above the Ke01 classification line on the
[N II]/Hα, [S II]/Hα, and [O I]/Hα diagnostic diagrams and above the
Seyfert–LINER line on the [S II]/Hα and [O I]/Hα diagrams, that is,
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Figure 4. The three BPT diagrams showing our new scheme for classifying galaxies using emission-line ratios. The Ke01 extreme starburst classification
line (red solid line), the Ka03 pure star formation line (blue dashed line), and our new Seyfert–LINER line (blue solid line) are used to separate galaxies into
H II-region-like, Seyferts, LINERs, and composite H II–AGN types.

0.61/[log([N II]/Hα) − 0.47] + 1.19 < log([O III]/Hβ), (6)

0.72/[log([S II]/Hα) − 0.32] + 1.30 < log([O III]/Hβ), (7)

0.73/[log([O I]/Hα) + 0.59] + 1.33 < log([O III]/Hβ) (8)

or

[log([O I]/Hα) > −0.59]

and

1.89 log([S II]/Hα) + 0.76 < log([O III]/Hβ), (9)

1.18 log([O I]/Hα) + 1.30 < log([O III]/Hβ). (10)

(iv) LINERs lie above the Ke01 classification line on the
[N II]/Hα, [S II]/Hα, and [O I]/Hα diagnostic diagrams and below
the Seyfert–LINER line on the [S II]/Hα and [O I]/Hα diagrams,
that is,

0.61/[log([N II]/Hα) − 0.47] + 1.19 < log([O III]/Hβ) (11)

0.72/[log([S II]/Hα) − 0.32] + 1.30 < log([O III]/Hβ), (12)

log([O III]/Hβ) < 1.89 log([S II]/Hα) + 0.76, (13)

0.73/[log([O I]/Hα) + 0.59] + 1.33 < log([O III]/Hβ) (14)

or

[log([O I]/Hα) > −0.59]

log([O III]/Hβ) < 1.18 log([O I]/Hα) + 1.30. (15)

(v) Ambiguous galaxies are those that are classified as one type
of object in one or two diagrams and classified as another type
of object in the remaining diagram(s). In our scheme, ambiguous
galaxies fall into one of two categories: (1) galaxies that lie in the
Seyfert region in either the [S II]/Hα or the [O I]/Hα diagram and in
the LINER region in the remaining ([O I]/Hα or [S II]/Hα) diagram,
or (2) galaxies that lie in the composite region (below the Ke01 line)
in the [N II]/Hα diagram but that lie above the Ke01 line in either
the [S II]/Hα or the [O I]/Hα diagram.

According to this scheme, our 85 224-galaxy sample contains
63 893 (75 per cent) star-forming galaxies, 2411 (3 per cent)
Seyferts, 6005 (7 per cent) LINERs, and 5870 (7 per cent) com-
posites. The remaining galaxies are ambiguous galaxies (7045;
8 per cent).

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 372, 961–976

Kewley et al., 2006



Low Luminosity AGN and PAHs
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Low Luminosity AGN and PAHs
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Low Luminosity AGN and PAHs
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Low Luminosity AGN and PAHs
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Low Luminosity AGN and PAHs
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Following the action

Yang, 2007



Following the action
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Issues & Opportunities

Dust emission: a (precision) tool for 
studying galaxy evolution?

How does chemical abundance control PAH 
emission?

How do AGN modify (excite?) PAH grains?  
Bump destroyers?

AGN heated dust vs. “tired” starlight?


