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The total mass of the ISM in the Milky Way amounts to § 15% of the mass in stars, which
is a typical value for spiral galaxies in general.

(credits to Ralf Bender et al.)
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5.1.2 The cool interstellar medium

The existence of the diffuse ISM was first recognized by the observation of absorption lines in 
binary stars. Most lines moved back and forth due to the motion of the stars around each
other but some lines didn’t move (like CaI and NaI lines). These were due to intervening
gas between the binary and the observer. The analysis of the stationary lines shows that
they are composed of several narrower lines which shows that the gas is clumpy. Satellite
observations of blue stars show a large variety of interstellar UV absorption lines of
LyĮ, N, O, Mg, Si, S, Ar, Fe which allow to determine the metal abundance of the ISM.
The abundances in the gas turn out to somewhat lower than in the sun. Moreover, some
heavy elements (those with low ionization energies or high condensation temperatures, like
Ca and Fe) are significantly depleted. They condense onto dust particles.

Physical state and HI emission

Because the density of the ISM is very low, the particles have a large mean free path. As
the typical cross section of an atom for collisions is of the order:

15 210c cmV � �|
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- Credits Ralf Bender et al.



Stefano Zibetti - INAF OAArcetri - Astrophysics of Galaxies  - Course 2019/2020 - Lecture VI

Neutral atomic Hydrogen: HI

✤ Traced in emission by 21 cm line (1420 GHz)
✤ Spin-flip transition: atomic transition of an electron between the two hyperfine levels of the hydrogen 1s ground state that have 

an energy difference of ~ 5.87433 µeV
✤ Highly forbidden transition: life-time ~11 Myr!
✤ Excited by collisions:

✤ mean free path 

✤ typical velocity 

✤ collision rate 
✤ In typical conditions T~10-100K and nH~1 cm-3, resulting in 𝜏c~500 yr, much shorter than the life-time

✤ Hence the equilibrium is established by the collisions using the Boltzmann equation  
 
but since                       the levels are equally populated, so the number of atom that can make the transition are nH/2

✤ If we integrate over the volume of (part) of a galaxy [or work out the column density], it turns out that the large number of 
atoms available for the transition compensates the very long transition time

✤ In fact, the 21cm emission is detected! First time in our Galaxy in 1951 after the prediction by van der Hulst in 1944
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HI detection via absorption: Lyα 
absorbers
✤ Use background beacon sources with 

smooth spectra (e.g. QSOs) to peer 
through the HI clouds

✤ Different class of absorbers, depending 
of HI column density:

✤ Lyα-forest absorbers: N(HI)<1017 
cm-2

✤ Lyα-limit systems: optically thick at 
the Lyman limit, 1017 cm-2<N(HI)<2 
1020 cm-2

✤ Damped-Lyα (DLA) systems:  
damping wings are optically thick, 
N(HI)>2 1020 cm-2  
Mostly neutral gas!

emitted spectrum by background QSO, redshifted by (1 + zem)

Intervening clouds remove photons at the restframe 
λ of the Ly𝛼
In the observer’s frame this translates into 
absorptions at   λabs = λLyα(1 + zabs)
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Molecular Hydrogen H2 / Gas

✤ Recall molecules have 3 kind of transitions / spectra:
✤ electronic

✤ vibrational
✤ roto-vibrational

✤ The vibrational and roto-vibrational transitions are 
extremely unlikely for molecules without permanent 
electric dipole, as they are accessible only through 
quadrupolar transitions.

✤ H2, as a homonuclear molecule, has no electric 
dipole so that rotovibrational transitions in the 
ground electronic state are all forbidden.

✤ The first allowed dipole transitions from the 
ground state occur at energies between 11 and 
14 eV (in the UV) and are known as Lyman and 
Werner bands. Hence they require a relatively 
high temperature to be excited efficiently.

✤ Also, such a hard UV cannot be accessed from 
the ground

✤ How to trace H2???

Eisberg & Resnick, 
Quantum Physics
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CO as molecular gas tracer

✤ CO has a permanent 
electric dipole, so roto-
vibrational transitions 
are allowed in the 
ground level

✤ Typical transition 
energy is in the mm 
regime

✤ When density too high 
for 12CO to be optically 
thin, use 13CO

NGC7552 (Rosenberg+2015)

Lines of different J-transitions are 
evenly spaced in frequency
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CO-to-H2 conversion

✤ It’s a whole topic in the astrophysical literature, with the conversion 
factor often referred to as αCO

✤ Indirectly calibrated using dust and making assumptions on some 
parameter not to depend on metallicity  
e.g. Leroy et al. (2011):
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The CO ladder

✤ Different Spectral Line Energy Distributions (SLEDs) denote different 
temperatures, as the population of different rotational states depends 
on T
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(credits to Ralf Bender et al.)
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This transition is highly forbidden with a life time of 11 million years! Still, as the total
number of HI atoms in a column of only 1cm2 area and 1parsec depth is already > 1018 and
because collisions will ensure that upper and lower level are populated close to equally,
there are enough of them to make this transition. The transition corresponds to a photon
wavelength of 21cm and is observed in the radio. It was predicted by van der Hulst in 1944
and observed in 1951.

Analysis of the velocity distribution of the HI emission is the most important way to deter-
mine the rotation velocities of spiral and irregular galaxies.

HI clouds

The typical size of an HI cloud is R § 5pc and a typical mass is M § 500 MĬ. If we calculate
the internal energy of the cloud:

this turns out to be larger than the potential energy:

(credits to Ralf Bender et al.)
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which implies that the HI clouds are not gravitationally bound (Virial theorem: |U| = |EG/2|).
This means that the clouds can only be stable if they are in pressure equilibrium with their
environment.

Molecular clouds

The high density molecular clouds were first detected as dark globules which absorb the
light of stars in the Milky Way. The main content of the molecular clouds, namely H2
molecules can not be detected easily in the radio and, so, these clouds were first surveyed
based on radio emission of the CO molecule (rotational transition from J=1 to J=0 corre-
sponding to 2.6mm wavelength). The CO also has the advantage that in very dense clouds,
the 13CO isotope which is about 40 times less abundant than 12CO, still allows to observe
regions which are optically thick in 12CO.

Other molecules detected range from water (H2O) and cyanide (HCN) to more complex
molecules such as ethyl alcohol (CH3CH2OH). In fact, hundreds of such molecules have
been found in molecular clouds and identified by comparing their radio emission line spec-
tra with radio spectra of the same molecules in laboratories on Earth. By analyzing the
ratios of radio spectral lines from the molecular clouds, we find that the gas there is ex-
tremely cold - ranging from about 3-20 K.
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(credits to Ralf Bender et al.)
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Example of a small dark cloud which absorbs the light of stars in the background.

(credits to Ralf Bender et al.)
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Small dark clouds, as the one on the previous page have masses between 102MĬ and

104MĬ and radii between 1pc and 10pc. Giant molecular clouds on the other hand have

sizes between 10pc and 60pc and masses from 105MĬ to 106.5MĬ.

The emission line widths of CO in molecular clouds are typically 3km/s and, so, much

larger than the thermal velocities at T § 30K. Therefore, the line width must be determined

by turbulent velocities. One finds that the velocity dispersion ıv correlates with the size
of the cloud s like:

(credits to Ralf Bender et al.)
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As the pressure associated with the turbulent motions of the clouds is larger than the am-
bient pressure, it must be balanced by the gravitational attraction of the cloud itself. Giant
molecular clouds seem to be in approximate virial equilibrium. For a mass M of a
molecular cloud and a typical observed density profile like     (R = cloud radius),
one obtains:

(magnetic fields being neglected). In numbers this reads:

U U ( ) /r R r

This implies that the mean column density NH of the clouds is approximately independent
of their mass:

and their visual extinction is AV § 8 mag (for a standard dust to gas ratio, see below).

(credits to Ralf Bender et al.)

Recall: σv ≈ 0.8
km
s ( R

pc )
0.5

M/R2 ≈
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Interstellar dust

Interstellar dust consists of tiny grains of silicates (much like ordinary beach sand or vol-

canic ash) and soot (very similar to the black soot in the exhaust of a diesel engine). The

infrared emission spectra from dust in interstellar space are almost identical to the labora-

tory spectra of tiny grains of sand and soot.

This graph shows a comparison of the infrared

spectrum emitted by dust in the Orion Nebula

(lower panel) and that emitted by the exhaust of

a diesel truck (upper panel). Both spectra show

prominent emission features at 6.2 and 7.6 mi-

crometers that we can identify with the laboratory

spectra of ”Polycyclic Aromatic Hydrocarbons”,

or ”PAHs” – known carcinogens.

(credits to Ralf Bender et al.)

ISO-SWS spectrum of the 
Orion Bar, a very well 
known photodissociation 
region.  Credits: E.Peeters

http://www.astro.uwo.ca/%7Eepeeters/research_new.shtml
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Photo-Dissociation Regions (PDRs)

✤ PAHs are mainly found in Photo-Dissociation 
Regions (PDRs)

✤ The most prominent PDRs are associated with 
gas that lies just outside of dense, luminous HII 
regions, and:

✤ The pervasive WNM
✤ Diffuse and translucent clouds
✤ Reflection nebulae
✤ Neutral envelopes around planetary 

nebulae
✤ Photodissociated winds from red giant & 

AGB stars – The ISM in starburst galaxies 
& AGNs (NRL)  

✤ PDRs include all ISM regions where the gas is 
predominantly neutral but where FUV photons 
play a significant role in the chemistry and/or 
the heating 

(credits to J.R. Graham, UC Berkeley)

This image is a false-color composite where light detected at 
wavelengths of 0.43, 0.50, and 0.53 microns is blue. Light at 

wavelengths of 0.6, 0.65, and 0.91 microns is green. Light at 3.6 
microns is orange, and 8.0 microns is red. (Credit NASA/

Spitzer)
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This graph compares the infrared spectrum
from dust in the atmosphere of a red gi-
ant star (upper panel) with the laboratory
spectrum of coronene, one type of ”Poly-
cyclic Aromatic Hydrocarbons”. Observa-
tions with infrared spectrometers also show
that the dust grains in the dense molecular
clouds are often covered with ices, such as
H2O and CO2 (dry ice).

Interstellar dust is produced in the outer atmospheres of red giant stars and expelled into
interstellar space by these stars during the later stages of their evolution. We see in the
figure above that the infrared spectrum of the red giant star HD44179 has emission features
at 6.2 and 7.8 microns, just as does the spectrum of interstellar dust from the Orion Bar.

(credits to Ralf Bender et al.)
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The interstellar dust grains are very effective absorbers of optical and ultraviolet radiation

(but in radio, X-rays and infrared they aren’t). The optical depth due to dust shows the

following wavelength dependence:

This behaviour is explained by Mie scattering at particles which have about the size of

the wavelength of the scattered light (atoms or molecules are too small because then we

would expect a dependence ~ Ȝí4, i.e. Rayleigh scattering). As the scattered light from

dust is partly polarized, the dust particles cannot be simply spherical.

As the dust is approximately distributed like the gas, column densities of HI (NH) and

extinction by dust (as measured by the absorption in the V-band AV are well correlated. In

the Milky Way we observe:

Dust in star formation regions is exposed to strong radiation fields from hot massive stars.

The dust absorbes part of the incident UV radiation and reemits it at infrared wave-
lengths. This process is important for the cooling of star forming regions. We now

calculate the expected temperature of dust under these conditions. If we assume that the

dust particle is spherical, has a radius a and a temperature Td, and is located at a distance

D from a star with temperature T* and radius r*,the energy dEA absorbed by the dust(credits to Ralf Bender et al.)
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Averaged interstellar extinction curve AȜ according to Savage&Mathis (1979).

(credits to Ralf Bender et al.)
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Fitting the FIR SED
✤ Dust emission approximated by 

✤ a blackbody curve

✤ a modified (single temperature) blackbody

✤ Multiple (modified) Black bodies
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ABSTRACT

I show here that the bulk of the dust mass in a galaxy can be equivalently estimated from: i) the full spectral energy distribution of dust
emission, using the approach of Draine & Li (2007) that includes a distribution of dust grains and a range of interstellar radiation field
intensities; ii) the emission in the wavelength range 100µm ≤ λ ≤ 500µm (covered by the Herschel Space Observatory), by fitting to
the data a simpler single temperature modified blackbody. Recent claims on the contrary (Dale et al. 2012) should be interpreted as a
caveat to use in the simpler fits an absorption cross section which is consistent both in the normalization and in the spectral index β
with that of the full dust model. I also show that the dust mass does not depend significantly on the choice of β, if both the dust mass
and the absorption cross section are derived with the same assumption on β.

Key words. dust, extinction - radiation mechanisms: thermal - infrared, submillimeter: ISM, galaxies

1. Introduction
A full coverage of the Spectral Energy Distribution (SED) of
dust emission in galaxies has recently become available, thanks
mainly to the Spitzer Space Telescope (Werner et al. 2004) and
to the Herschel Space Observatory (Pilbratt et al. 2010). Dust
emission models can now extract from the infrared observations
a wealth of information on the dust composition, grain sizes and
intensity of the dust heating sources. One such model is that
of Draine & Li (2007, hereafter, DL07), which has been suc-
cessful in reproducing both the global (Draine et al. 2007; Dale
et al. 2012, hereafter, D12) and the resolved SEDs (Aniano et al.
2012).

A general result of the modelling is that emission for λ ≥
100µm predominantly comes from dust heated at thermal equi-
librium by a mean interstellar radiation field (ISRF); and that
this dust component constitutes the bulk of the dust mass in a
galaxy (≈98-99%; Draine et al. 2007, D12). If all dust grains
share the same size and composition, this emission is equiva-
lent to that of a single temperature modified blackbody (MBB),
i.e. a blackbody multiplied by the dust absorption cross section.
For a dust model including grains of different sizes and com-
positions, and thus different absorption cross sections, the SED
could be broader than that of a MBB, because different grains at-
tain a range of thermal equilibrium temperatures. Thus, the mass
obtained by fitting to the observed SED a MBB with an average
absorption cross section could in principle be biased with respect
to that derived with the DL07 approach, using the full dust grain
model. Nevertheless Magrini et al. (2011), fitting Herschel data
at λ ≥ 100µm for a sample of Virgo Cluster galaxies from the
HeViCS programme (Davies et al. 2012), found that MBB dust
masses are within ≈10% of DL07 masses, proving that the SED
broadening due to the individual grain temperatures is minimal.

⋆ Herschel is an ESA space observatory with science instruments pro-
vided by European-led Principal Investigator consortia and with impor-
tant participation from NASA.

Using the same spectral range for the SEDs of galaxies in
the Herschel KINGFISH sample (Kennicutt et al. 2011), D12 in-
stead claimed that the MBB approach can underestimate the dust
mass by up to a factor two, because "single blackbody curves do
not capture the full range of dust temperatures inherent to any
galaxy".

Starting from the D12 dataset, in this note I derive indepen-
dently the MBB dust masses. I confirm the results of Magrini
et al. (2011) (Sect. 2). I also show that a meaningful deriva-
tion of the dust mass can be obtained only if the same spectral
index is used both in the MBB fitting and in the derivation of
the absorption cross section (Sect. 3). Conclusions are drawn in
Sect. 4.

2. Dust masses from modified blackbody fits
D12 measured the flux densities of the KINGFISH galaxies ob-
served by Herschel with the PACS instrument at 70, 100 and
160µm (Poglitsch et al. 2010), and the SPIRE instrument at
250, 350 and 500µm (Griffin et al. 2010). After complementing
the Herschel observations with available infrared observations at
shorter wavelengths, they derived various parameters character-
izing the dust emission, including the dust mass, by using the
DL07 approach. Here I use their photometry for the five Her-
schel bands with λ ≥ 100µm, and derive the MBB dust mass for
the objects detected in all five bands (56 objects out of 61). The
distances of the galaxies is taken from Kennicutt et al. (2011).

Under the assumption that all dust grains share a single tem-
perature Td, and that the dust distribution is optically thin, the
mass of dust Md can be estimated by fitting the observed flux
densities fν to a MBB,

fν =
Md

D2 κabs Bν(Td), (1)

where D is the distance of the object, Bν(Td) the Planck func-
tion, and κabs the grain absorption cross section per unit mass (a
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Fig. 1. Ratio between dust masses derived from MBB fits to the 100-500µm SEDs of KINGFISH galaxies, Md(MBB), and those obtained using
a dust emission model, Md(model). In the left panels, Md(model) is obtained by D12 applying the DL07 method to the whole dust SED. In the
central panels, Md(model) comes from a simplified application of the DL07 approach to just the Herschel 100-500µm SED; the same in the right
panels, but using the dust properties from C11 (see text for details). In the top panels, Md(MBB) is derived using a power-law fit to the dust
absorption cross section from D03 (left and center) and from C11 (right). In the bottom panels, the spectral index is changed from the fitted value
to β = 1.5. Dashed lines show the median value of the ratios. Open circles (and the dotted line) refer to the case for β = 1.5 after correcting the
κabs normalization (see Sect. 3 for details).

quantity sometimes referred to as emissivity). A power law was
assumed for κabs,

κabs = κabs(λ0) ×
(

λ0

λ

)β

. (2)

Fits were performed using the procedure ofMagrini et al. (2011):
since the flux densities of D12 are not color-corrected, the MBB
was integrated over the the PACS and SPIRE filter response
functions before comparing it to the data; for SPIRE, the filter
response functions for extended sources was selected. The MP-
FIT IDL χ2 minimization routines were used (Markwardt 2009).
Recently, concern has been raised on the use of standard χ2 min-
imizations techniques when fitting MBBs to observed SED, with
biases arising when both Td and β are derived, resulting in a spu-
rious Td-β anticorrelation that might (or might not) conceal real
grain properties (see e.g. Kelly et al. 2012). However, in this
work I always keep β fixed and only derive Md and Td, in anal-
ogy to the other works I comparewith. Results from the fit where
checked with a bootstrapping technique, by fitting one hundred
random representations of each SED (each compatible with the
original photometry, within its error). The mean and standard
deviations for Md and Td obtained with the bootstrapping were
almost the same as those obtained by fitting the observed SED
with MPFIT. For the photometric errors provided by D12, the
relative errors obtained by the fit on Md and Td are, on average,
8 and 2%, respectively.

Since the DL07 emission model used by D12 is based on
Draine’s (2003; hereafter, D03) model for Milky Way (MW)
dust , an appropriate choice for κabs is the absorption cross sec-
tion of the latter, averaged over the the grain size distribution and
composition. The RV = 3.1 MW dust model1 absorption cross

1 The averaged absorption cross section for this model is available
at: http://www.astro.princeton.edu/ draine/dust/dustmix.html. Further

section for 70µm < λ < 700µm is well fitted by Eq. 2 with

κabs(250µm) = 4.0 cm2 g−1, β = 2.08. (3)

The ratio between the dust masses obtained with the two
methods is shown in Fig. 1 (upper-left panel). As in the anal-
ogous Fig. 9 of D12, the ratio is plotted versus the 70µm-to-
160µm flux density ratio. The dust mass obtained by fitting a
MBB to the 100µm ≤ λ ≤ 500µm data is quite close to that
obtained with the DL07 model. The median ratio is 0.962.

D12 claimed that the dust masses derived with a β = 2
MBB fit are underestimated, on average, by 25% (though it ap-
pears that they have included the 70µm flux density in the fits,
which I don’t use here). However, they adopted κabs(250µm) =
4.8 cm2 g−1, a value 20% higher than that of the more recent
D03’s model (i.e. they underestimated the MBB masses by
20%). If they had used a cross section consistent with the dust
model used within their implementation of the DL07 method,
their result would have been in line with what I find here.
updates to the model parameters (DL07; Aniano et al. 2012) did not
change substantially the mean dust absorption cross section for the
wavelength range considered here (Draine, private communication).
2 In a number of Herschel papers (see e.g. Magrini et al. 2011; Davies
et al. 2012; Smith et al. 2012), it was used

κabs(350µm) = 1.92 cm2 g−1, β = 2,

where the normalization at 350µm is the value for the RV = 3.1 Milky
Way (MW) averaged dust absorption cross section from D03. The me-
dian ratio obtained using these values is 0.95, almost the same of that
obtained using the fit of Eq. 3. When the exact, tabulated, averaged
cross section from D03’s model is used, the ratio becomes 0.98. It is to
be noted that I consider here the full dust mass obtained by D12. If, in
addition to the use of the tabulated values, I correct for the fraction of
dust that is heated by higher intensity radiation fields (as given by the γ
parameter provided by D12) and does not contribute significantly to the
emission at λ ≥ 100µm, the median ratio rises to 1.0.
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Fig. 2. MBB fits to the DHGL emission.

For a dust grain of temperature TMWd emitting as a MBB with
a power-law absorption cross section (i.e. the same assumptions
as in Sect. 2), the normalization of the cross section can be de-
rived by fitting
Iν
NH
=
τabs

NH
Bν(TMWd ), (5)

where
τabs

NH
= κabs mH (D/G)MW =

τabs(λ0)
NH

×

(

λ0

λ

)β

. (6)

The absorption cross section per H atom, τabs/NH, can be con-
verted into the cross section per unit dust mass of Eq. 2 by divid-
ing it for the hydrogen nucleonmassmH and the MW dust-to-gas
mass ratio (D/G)MW.

Using β = 1.91, the DHGL emission can be fitted6 with
TMWd = 17.8 ± 0.4K. At 250µm, the absorption cross section
is found to be τabs(250µm)/NH = 0.84 ± 0.09 × 10−25 cm2 H−1.
Assuming (D/G)MW ≈ 0.01, as can be estimated from the ele-
mental depletion patterns in the diffuse MW gas (Draine 2011),
it is κabs(250µm) ≈ 5.0 cm2 g−1, a value close to that from
C11 in Eq. 4: this is not surprising, since the dust model was
made to fit the DHGL data and has a similar dust-to-gas ra-
tio, (D/G)MW = 0.0102. For β = 2, TMWd = 17.4 ± 0.4K
and τabs(250µm)/NH = 0.91 ± 0.10 × 10−25 cm2 H−1 (Fig. 2),
a value close to the original determination of Boulanger et al.
(1996) on the COBE-FIRAS spectrum (though C11 correct for
the contribution of ionised gas to the hydrogen column den-
sity, while Boulanger et al. only consider atomic gas). When
β = 2.08, as for D03’s model, TMWd = 17.1 ± 0.4K and
τabs(250µm)/NH = 0.98 ± 0.11 × 10−25 cm2 H−1, which con-
verts to κabs(250µm) ≈ 5.9 cm2 g−1, a value 45% higher than
that in Eq. 3. The model could still be reconciled with the data,
if the ionised gas contributes more to the total hydrogen column
density than what assumed by C11. To be consistent with the
mass determinations done so far, I continue to use the absorp-
tion cross sections from Eqs. 3 and 4 but scale them according to
the ratios of τabs/NH obtained from the DHGL with different βs.
6 I stress here that the aim of this numerical tests is only to show how
the results are affected by the choice of β, and not to derive the spec-
tral index of MW emission. Though βs between 1.5 and 2.1 produce
plausible fits in the limited spectral range considered in this work, the
analysis of the full MW dust SED yields β ≈ 1.8 ± 0.2 (Planck Collab-
oration et al. 2011).

Using β = 1.5 the temperature rises to TMWd = 19.7 ± 0.5K
and the cross section reduces to τabs(250µm)/NH = 0.57±0.06×
10−25 cm2 H−1, a factor 0.58 and 0.68 those for β = 2.08 and
1.91, respectively. Obviously, the change of β has the same ef-
fect on both the dust mass and cross section determination, since
Eq. 1 and 5 are formally identical.

When the normalizations of Eq. 3 and 4 are corrected by
those factors, the dust masses obtained using β = 1.5 become
very close to those obtained using β fitted to the dust models
(see the open symbols in the lower panels of Fig. 1, with median
mass ratios of 0.94, 0.88 and 0.8 for the three panels, from left to
right). Thus, as already noted in Bianchi et al. (1999), the dust
mass estimate does not change significantly with β if both the
absorption cross section and the dust mass are derived with the
same β. Substituting Eq. 2, 5 and 6 in Eq. 1, one finds that the
dust mass of a galaxy depends on β only through the ratio

Md ∼
Bν(TMWd )
Bν(Td)

.

For the wavelength and temperature ranges considered here, this
ratio does not change significantly if the temperatures are de-
rived using β = 1.5 or β ≈ 2.

4. Conclusions
I have shown that, if the DL07 model of dust emission in galax-
ies is correct, a simple single temperatureMBB fit to the SED for
λ ≥ 100µm can provide in a reliable way one of the parameters
of the more complex approach, i.e. the dust mass. For this, it is
necessary to ensure the consistency in dust emission properties
between the two approaches: the absorption cross section used in
the MBB needs to be the average over the grain size distribution
and composition of the dust model used in DL07. This consis-
tency is broken when a cross section normalization at a given
wavelength is taken from, e.g., the D03 and C11 grain models
(which have been derived with β ≈ 2, implicity coming from the
adopted material properties) and used in conjunction with β ! 2
in the MBB fits.

The need for consistency is illustrated by a numerical exper-
iment: using either β ≈ 2 or 1.5 to derive the absorption cross
section from the MW SED for 100µm ≤ λ ≤ 500µm, and the
same β to derive the dust mass from the SED of galaxies (both
under the assumption of a single temperature MBB) results in
dust masses which are almost independent of β. This might be
true only for this limited range, which is still able to provide a
reliable fit of the MW SED. For βs outside this range, the nor-
malization of the absorption cross section must come from other
sources.

Finally, I remind the reader that I have only considered the
SED for λ ≥ 100µm. Single temperature MBB fits to datasets
including flux densities at shorter wavelengths (i.e. with a large
contribution of non-equilibrium emission), as well as two tem-
peratures MBB fits, might result in further biases in the deriva-
tion of the dust mass, in addition to those discussed here (Aniano
et al. 2012, Aniano et al. in preparation).
Acknowledgements. I thank Daniel Dale for providing me the parameters of the
DL07 fits, Bruce Draine for stimulating discussions, Carlo Giovanardi and Leslie
Hunt for useful comments.
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The energetic balance approach

✤ With MAGPHYS, da 
Cunha et al. (2008) have 
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method that imposes 
energy balance: what is 
lost in the UV-opt is what 
is emitted in FIR

✤ Limitations due to 
geometry: the absorbed 
and re-processed radiation 
is not necessarily re-
emitted in the same 
direction!

A simple model to interpret galaxy spectra 1605

Figure 5. Examples of spectral energy distributions obtained by combining the infrared models of Table 1 with attenuated stellar population spectra
corresponding to the same contributions by dust in stellar birth clouds (1 − f µ) and in the ambient ISM (f µ) to the total energy L tot

d absorbed and reradiated by
dust (Section 2.3). (a) Quiescent star-forming galaxy spectrum combined with the ‘cold’ infrared model of Table 1; (b) normal star-forming galaxy spectrum
combined with the ‘standard’ infrared model of Table 1; (c) starburst galaxy spectrum combined with the ‘hot’ infrared model of Table 1 (see text for details
about the parameters of the stellar population models). Each panel shows the unattenuated stellar spectrum (blue line), the emission by dust in stellar birth
clouds (green line), the emission by dust in the ambient ISM (red line) and the total emission from the galaxy, corresponding to the sum of the attenuated stellar
spectrum and the total infrared emission (black line).

characterized by an age tg and a star formation time-scale parameter
γ (equation 31), and random bursts superimposed on this continu-
ous model. We take tg to be uniformly distributed over the interval
from 0.1 to 13.5 Gyr. To avoid oversampling galaxies with negli-
gible current star formation, we distribute γ using the probability
density function p(γ ) = 1 − tanh (8 γ − 6), which is approximately
uniform over the interval from 0 to 0.6 Gyr−1 and drops expo-
nentially to zero around γ = 1 Gyr−1. Random bursts occur with
equal probability at all times until tg. We set the probability so that
50 per cent of the galaxies in the library have experienced a burst
in the past 2 Gyr. We parametrize the amplitude of each burst as
A = Mburst/Mcont, where Mburst is the mass of stars formed in the
burst and Mcont is the total mass of stars formed by the continuous
model over the time tg. This ratio is distributed logarithmically be-
tween 0.03 and 4.0. During a burst, stars form at a constant rate
over the time tburst, which we distribute uniformly between 3 × 107

and 3 × 108 yr. We distribute the models uniformly in metallicity
between 0.02 and 2 times solar.

We sample attenuation by dust in the library by randomly drawing
the total effective V-band absorption optical depth, τ̂V , and the
fraction of this contributed by dust in the ambient ISM, µ (equations
3 and 4). We distribute τ̂V according to the probability density
function p(τ̂V ) = 1 − tanh(1.5 τ̂V − 6.7), which is approximately
uniform over the interval from 0 to 4 and drops exponentially to
zero around τ̂V = 6. For µ, we adopt the same probability density
function as for γ above, i.e. p(µ) = 1 − tanh (8 µ − 6). We note that

these priors for attenuation encompass the dust properties of SDSS
galaxies, for which τ̂V and µ peak around 1.0 and 0.3, respectively,
with broad scatter (Brinchmann et al. 2004; Kong et al. 2004). Our
final stellar population library consists of 50 000 different models.

In parallel, we generate a random library of infrared spectra as
follows. We take the fraction f µ of the total infrared luminosity
contributed by dust in the ambient ISM to be uniformly distributed
over the interval from 0 to 1. We adopt a similar distribution for
the fractional contribution by warm dust in thermal equilibrium
to the infrared luminosity of stellar birth clouds, ξ BC

W . For each
random drawing of ξ BC

W , we successively draw the contributions by
the other dust components to the infrared luminosity of stellar birth
clouds (i.e. hot mid-infrared continuum and PAHs) to satisfy the
condition in equation (14): we draw ξ BC

MIR from a uniform distribution
between 0 and 1 − ξ BC

W , and we set ξ BC
PAH = 1 − ξ BC

W − ξ BC
MIR. While

this procedure does not exclude values of ξ BC
MIR and ξ BC

PAH close to
unity, it does favour small values of these parameters, and hence,
it avoids oversampling physically implausible models. We take the
equilibrium temperature T BC

W of warm dust in the stellar birth clouds
to be uniformly distributed between 30 and 60 K, and that T ISM

C of
cold dust in the ambient ISM to be uniformly distributed between 15
and 25 K. We draw the fractional contribution ξ ISM

C by cold dust in
thermal equilibrium to the infrared luminosity of the ambient ISM
from a uniform distribution between 0.5 and 1 (this also defines the
contributions ξ ISM

PAH, ξ ISM
MIR and ξ ISM

W by PAHs, the hot mid-infrared
continuum and warm dust to the infrared luminosity of the ambient

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 388, 1595–1617
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The “Schmidt-
Kennicutt law”
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FIG. 5.ÈRelation between the disk-averaged SFR per unit area and
molecular gas density for 36 infrared-selected circumnuclear starbursts.
The solid line shows a bivariate least-squares Ðt to the Schmidt law, as
described in the text. The dashed and dotted lines correspond to constant
global star formation efficiencies and gas consumption timescales, as indi-
cated.

N \ 1.40^ 0.13 (bivariate regression) or N \ 1.28^ 0.08
(errors in SFRs only). The Schmidt law is better deÐned
than for the normal disks, but partly because there is a
much larger dynamic range in SFR and gas densities in the
starburst sample ; the dispersion in absolute SFR per unit
area at Ðxed gas density is only slightly lower in the star-
burst sample. Star formation threshold e†ects are probably
unimportant in the starburst disks, and this might also
account for the somewhat tighter Schmidt law among these
objects.

Although the starburst disks exhibit a SFR versus gas
density relation that is qualitatively similar in form to that
seen in the normal spiral disks, the physical regime we are
probing is radically di†erent. The average gas surface den-
sities here range from 102 to 105 pc~2, compared to aM

_typical range of order 1È100 pc~2 in normal disksM
_(Figs. The mean densities of the starburst disks are2È3).

comparable instead to those of individual molecular cloud
complexes in normal galaxies. For example, the largest
H II/GMC complexes in M31, M33, and M51 have molecu-
lar masses and sizes corresponding to mean surface den-
sities of 40È500 pc~2 & RudolphM

_
(Wilson 1993 ; Wilson

& Scoville & Kuno This is comparable1992 ; Nakai 1995).
to the low end of the density range for the starbursts in

The mean densities of some of the starburstsFigure 5.
approach those found in Galactic molecular cloud cores,
but with the dense gas extending over kiloparsec diameter
regions. The star formation densities are just as extraordi-
nary. For example, the central 10 pc core of the 30 Doradus
giant H II region contains D104 in young stars, whichM

_corresponds to yr~1 kpc~2 if the star for-&SFR D 100 M
_

mation timescale is as short as 106 yr ; the average SFR
density averaged over the entire H II region is D1È10 M

_yr~1 kpc~2. Thus, the regions we are studying have project-
ed SFRs per unit area that approach the maximum limit
observed in nearby optically selected star clusters and
associations et al.(Meurer 1997).

Not surprisingly, the global star formation efficiencies in
the starburst sample are much higher than in the normal
disk sample (e.g., et al. & SageYoung 1986 ; Solomon 1988 ;

Scoville, & Soifer In we show theSanders, 1991). Figure 5
same lines of constant star formation efficiency and gas
consumption times as in (1%, 10%, and 100% perFigure 2
108 yr). The median rate of gas consumption is 30% per 108
yr, which is 6 times larger than for the normal disk samples,
and the efficiencies reach 100% per 108 yr for the most
extreme objects. It is interesting to note that the shortest gas
consumption times are comparable to the dynamical time-
scales of the parent galaxies, implying that the most lumi-
nous starbursts are forming stars near the limit set by the
gas accumulation timescale & Heckman(Lehnert 1996).

4. THE COMPOSITE SCHMIDT LAW

Taken together, the normal disk and starburst samples
span a dynamic range of approximately 105 in gas surface
density and over 106 in SFR per unit area. showsFigure 6
the composite relation, with the normal spirals shown as

FIG. 6.ÈComposite star formation law for the normal disk ( Ðlled
circles) and starburst (squares) samples. Open circles show the SFRs and
gas densities for the centers of the normal disk galaxies. The line is a
least-squares Ðt with index N \ 1.40. The short, diagonal line shows the
e†ect of changing the scaling radius by a factor of 2.

Kennicutt (1998, ApJ)

550 KENNICUTT Vol. 498

Ðlled circles and the starbursts as squares. Quite remark-
ably, the data are consistent with a common Schmidt law
extending over the entire density range.

shows that the normal disk and starburstFigure 6
samples occupy completely separate regimes in gas density
and SFR per unit area, which is not a surprising result given
the very di†erent selection criteria for the two samples. But
before we interpret the composite relation, it is important to
establish whether there is a smooth physical continuity
between the normal disk and starburst regimes and to
conÐrm the consistency of the Ha- and FIR-derived SFR
scales. To this end, we derived Ha-based SFRs and gas
densities for the central regions of 25 of the normal spirals
in (R \ 25A), using our Ha images and publishedTable 1
H I and CO maps The resulting SFR and gas(Paper II).
densities are shown as open circles in TheseFigure 6.
regions span the physical parameter space between the
normal disks as a whole and the infrared-selected circumnu-
clear starburst regions. shows that the gas densitiesFigure 6
and Ha-derived SFRs of these regions fall on the composite
Schmidt law deÐned by the normal disk and starburst
samples and Ðll the transition region between the two physi-
cal regimes. The same conclusion can be drawn by compar-
ing the SFRs of the infrared-selected starburst galaxies in

with the spatially resolved SFRs of the normalFigure 5
disks shown in the starbursts lie on the extrapo-Figure 3 ;
lation of the high-density star formation laws observed in
the spiral disks. This result, combined with the Brc-FIR
comparison discussed earlier, gives us conÐdence that we
are measuring the form of the star formation law on a self-
consistent basis across the sample.

The solid line in shows a bivariate least-squaresFigure 6
Ðt to the composite relation deÐned by the normal disks
and the starbursts (but not including the open circles). In
this case, we applied equal weights to all of the data points,
in order to avoid having the Ðt driven by the normal spirals
in the lower, left-hand region of This yields aFigure 6.
best-Ðtting index N \ 1.40^ 0.05 (bivariate regression) or
N \ 1.35^ 0.03 (errors in SFRs only). These are nearly
identical to the Schmidt law Ðts for the starburst sample
alone, which further conÐrms the consistency of the large-
scale star formation laws in the two samples.

The formal uncertainties listed here assume random
errors of ^0.3 dex in the SFRs and gas densities, but they
underestimate the full uncertainty in the Schmidt law
because we have not accounted for the possibility of a sys-
tematic shift in the overall SFR or density scales for the
starburst sample as a whole. The e†ect of such a shift is
easily calculated. For example, reducing the SFRs for all of
the starbursts by a factor of 2, to match the Brc calibration
in would lower the best-Ðtting index N from 1.40Figure 1,
to 1.28. Likewise, lowering the gas masses in the starbursts
by a factor of 2, to take into account the possibility that the

conversion factor is systematically lower, wouldCO/H2increase N by approximately the same amount, from 1.4 to
1.5. This range of values provides a fairer estimate of the
actual uncertainty in the composite Schmidt law. Folding
together all of these uncertainties, we adopt as our Ðnal
result

&SFR \ (2.5^ 0.7)

]10~4A &gas
1 M

_
pc~2

B1.4B0.15
M

_
yr~1 kpc~2 . (4)

shows that provides an excellentFigure 6 equation (4)
parametrization of the global SFR, over a density range
extending from the most gas-poor spiral disks to the cores
of the most luminous starburst galaxies. This may account
for why conventional galaxy evolution models, which
usually are based on a Schmidt law parametrization of the
SFR, often produce realistic predictions of the gross star
formation properties of galaxies.

There are limitations to the Schmidt law in equation (4)
that should be borne in mind, however, when applying this
recipe to galaxy evolution models or numerical simulations.
Although the full range of SFRs and gas densities are very
well represented by a single power law with N ^ 1.4, the
scatter in SFRs about the mean relation is substantial, ^0.3
dex root mean square, and individual galaxies deviate by as
much as a factor of 7. Consequently, providesequation (4)
at most a statistical description of the global SFR, averaged
over large samples of galaxies. Another potential limitation
for its application to simulations and models is the need to
accurately specify the linear sizes of the relevant star-
forming regions. This is relatively straightforward for
normal disks, where the scaling radius is comparable to the
photometric radius of the galaxy or the edge of the active
star-forming disk. It may be more difficult to model in star-
bursts, however, where the intense star formation is usually
concentrated in a region that is a few percent of the radius
of the parent galaxy. Fortunately, the slope of the Schmidt
law is relatively shallow, and a modest error in the scaling
radius will displace the inferred SFR and gas densities
nearly along a line of slope N \ 1, nearly parallel to the
Schmidt law itself. This is illustrated in where aFigure 6,
short, diagonal line shows the e†ect of changing the scaling
radius by a factor of 2 (for a Ðxed gas mass and total SFR).

5. DISCUSSION : INTERPRETATION AND OTHER RECIPES

The Schmidt law in is so well deÐned that it isFigure 6
tempting to identify a simple, unique physical origin for the
relation. However, we Ðnd that a Schmidt law is not the
only simple parametrization that can reproduce the range
of SFRs observed in this sample, and this serves as a
caution against overinterpreting the physical nature of the
empirical star formation law. In this section we brieÑy
discuss the form of the Schmidt law expected from simple
gravitational arguments and demonstrate that a simple
kinematical model provides an equally useful recipe for
modeling the large-scale SFR.

Numerous theoretical scenarios that produce a Schmidt
law with N \ 1È2 can be found in the literature (Larson

and references therein). Simple self-gravitational1992,
models for disks can reproduce the large-scale star forma-
tion thresholds observed in galaxies and(Quirk 1972 ; K89),
the same basic model is consistent with a Schmidt law at
high densities with index N D 1.5 (Larson 1988, 1992 ;

For example, in a simple self-gravitationalElmegreen 1994).
picture in which the large-scale SFR is presumed to scale
with the growth rate of perturbations in the gas disk, the
SFR will scale as the gas density divided by the growth
timescale :

oSFR P ogas
(Gogas)~0.5 P ogas1.5 , (5)

where and are the volume densities of gas and starogas oSFRformation. The corresponding scaling of the projected
surface densities will depend on the scale height distribution
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between the normal disk and starburst regimes and to
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tematic shift in the overall SFR or density scales for the
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to 1.28. Likewise, lowering the gas masses in the starbursts
by a factor of 2, to take into account the possibility that the
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extending from the most gas-poor spiral disks to the cores
of the most luminous starburst galaxies. This may account
for why conventional galaxy evolution models, which
usually are based on a Schmidt law parametrization of the
SFR, often produce realistic predictions of the gross star
formation properties of galaxies.

There are limitations to the Schmidt law in equation (4)
that should be borne in mind, however, when applying this
recipe to galaxy evolution models or numerical simulations.
Although the full range of SFRs and gas densities are very
well represented by a single power law with N ^ 1.4, the
scatter in SFRs about the mean relation is substantial, ^0.3
dex root mean square, and individual galaxies deviate by as
much as a factor of 7. Consequently, providesequation (4)
at most a statistical description of the global SFR, averaged
over large samples of galaxies. Another potential limitation
for its application to simulations and models is the need to
accurately specify the linear sizes of the relevant star-
forming regions. This is relatively straightforward for
normal disks, where the scaling radius is comparable to the
photometric radius of the galaxy or the edge of the active
star-forming disk. It may be more difficult to model in star-
bursts, however, where the intense star formation is usually
concentrated in a region that is a few percent of the radius
of the parent galaxy. Fortunately, the slope of the Schmidt
law is relatively shallow, and a modest error in the scaling
radius will displace the inferred SFR and gas densities
nearly along a line of slope N \ 1, nearly parallel to the
Schmidt law itself. This is illustrated in where aFigure 6,
short, diagonal line shows the e†ect of changing the scaling
radius by a factor of 2 (for a Ðxed gas mass and total SFR).

5. DISCUSSION : INTERPRETATION AND OTHER RECIPES

The Schmidt law in is so well deÐned that it isFigure 6
tempting to identify a simple, unique physical origin for the
relation. However, we Ðnd that a Schmidt law is not the
only simple parametrization that can reproduce the range
of SFRs observed in this sample, and this serves as a
caution against overinterpreting the physical nature of the
empirical star formation law. In this section we brieÑy
discuss the form of the Schmidt law expected from simple
gravitational arguments and demonstrate that a simple
kinematical model provides an equally useful recipe for
modeling the large-scale SFR.

Numerous theoretical scenarios that produce a Schmidt
law with N \ 1È2 can be found in the literature (Larson

and references therein). Simple self-gravitational1992,
models for disks can reproduce the large-scale star forma-
tion thresholds observed in galaxies and(Quirk 1972 ; K89),
the same basic model is consistent with a Schmidt law at
high densities with index N D 1.5 (Larson 1988, 1992 ;

For example, in a simple self-gravitationalElmegreen 1994).
picture in which the large-scale SFR is presumed to scale
with the growth rate of perturbations in the gas disk, the
SFR will scale as the gas density divided by the growth
timescale :

oSFR P ogas
(Gogas)~0.5 P ogas1.5 , (5)

where and are the volume densities of gas and starogas oSFRformation. The corresponding scaling of the projected
surface densities will depend on the scale height distribution
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of the gas, with N \ 1.5 expected for a constant mean scale
height, a reasonable approximation for the galaxies and
starbursts considered here. Although this is hardly a robust
derivation, it does show that a global Schmidt law with
N D 1.5 is physically plausible.

In a variant of this argument, andSilk (1997) Elmegreen
have suggested a generic form of the star formation(1997)

law, in which the SFR surface density scales with the ratio
of the gas density to the local dynamical timescale :

&SFR P &gas
qdyn

P &gas )gas , (6)

where refers in this case to the local orbital timescale ofqdynthe disk, and ) is the angular rotation speed. Models of this
general class have been studied previously by Wyse (1986)
and & Silk though with di†erent scalings ofWyse (1989),
the gas density and separate treatment of the atomic and
molecular gas. might be expected to hold if, forEquation (6)
example, star formation triggering by spiral arms or bars
were important, in which case the SFR would scale with
orbital frequency. To test this idea, we compiled rotation
velocities for the galaxies in Tables and and used them1 2
to derive a characteristic value of for each disk. Theqdyntimescale was deÐned arbitrarily as 2nR/V (R) \ 2n/qdyn)(R), the orbit time at the outer radius R of the star-forming
region. The mean orbit time in the star-forming disk is
smaller than deÐned in this way, by a factor of 1È2,qdyndepending on the form of the rotation curve and the radial
distribution of gas in the disk. We chose to deÐne and )qdynat the outer edge of the disk to avoid these complications.
Tables and list the adopted values, in units of 108 yr.1 2
Face-on galaxies or those with poorly determined
(rotational) velocity Ðelds were excluded from the analysis.

shows the relationship between the observedFigure 7
SFR density and for our sample. The solid line is&gas/qdyn

FIG. 7.ÈRelation between the SFR for the normal disk and starburst
samples and the ratio of the gas density to the disk orbital timescale, as
described in the text. The symbols are the same as in The line is aFig. 6.
median Ðt to the normal disk sample, with the slope Ðxed at unity as
predicted by equation (7).

not a Ðt but simply a line of slope unity that bisects the
relation for normal disks. This alternate prescription for the
star formation law provides a surprisingly good Ðt to the
data, both in terms of the slope and the relatively small
scatter about the mean relation. When compared over the
entire density range, the observed law is slightly shallower
than predicted by (slope D0.9 instead of 1) ; onequation (7)
the other hand, the Ðt to the normal disk sample is as tight
as a Schmidt law. The zero point of the line corresponds to
a SFR of 21% of the gas mass per orbit at the outer edge of
the disk. Since the average orbit time within the star-
forming disk is about half that at the disk edge, this implies
a simple parametrization of the local star formation law,

&SFR ^ 0.017&gas )gas ; (7)

in other words, the SFR is D10% of the available gas mass
per orbit.

From a strictly empirical point of view, the Schmidt law
in and the kinematical law in o†erequation (4) equation (7)
two equally valid parametrizations for the global SFRs in
galaxies, and either can be employed as a recipe in models
and numerical simulations. It is unclear whether the kine-
matic model can Ðt the radial distribution of star formation
as well as a Schmidt law, and we plan to explore this in
Paper II.

The two parametrizations also o†er two distinct interpre-
tations of the observation that the star formation efficiency
in central starbursts is much higher than that found in
quiescent star-forming disks (e.g., et al.Young 1986 ;

& Sage et al. In the SchmidtSolomon 1988 ; Sanders 1991).
law picture, the higher efficiencies in starbursts are simply a
consequence of their much higher gas densities. For a given
index N, the SFR per unit gas mass will scale as and&gas(N~1)
hence for the law observed here roughly as The central&gas0.4.
starbursts have characteristic gas densities that are 100È
10,000 times higher than the average for normal disks ;
hence, we would expect the global star formation effi-
ciencies to be 6È40 times higher, as observed. In the alterna-
tive picture in which the SFR is presumed to scale with

the high SFRs and star formation efficiencies in&gas/qdyn,starburst galaxies simply reÑect the smaller physical scales
and shorter dynamical timescales in these compact central
regions. It is difficult to di†erentiate between these alterna-
tives with disk-averaged measurements alone, and since the
global star formation law is mainly useful as an empirical
parametrization, the distinction may not be important.
Deeper insight into the physical nature of the star formation
law requires spatially resolved data for individual disks, of
the kind that will be analyzed in Paper II.
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Is the S-K law unique and universal?

✤ Bigiel et al. (2008) find:

✤ highlight 3 regimes
✤ Starburst
✤ “normal”
✤ low density, HI -

dominated: lot of 
scatter, changing from 
galaxy to galaxy — 
peculiar local 
conditions make the 
difference

gas co
nsumptio

n in 108  yrΣSFR ∝ ΣH2


