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2013, Cullen et al. 2014, Yabe et al. 2014, Maier et al. 2014,
Divoy et al. 2014, Stott et al. 2014, Yabe et al. 2015, Salim
et al. 2015, Kacprzak, et al. 2016, Calabró et al. 2017, among
others), though in some cases an o↵set from the z ⇠ 0 relation
was found, suggesting a redshift evolution (Zahid et al. 2014,
Sanders et al. 2018, Gao et al. 2018, Pharo et al. 2018).

As suggested already in Ellison et al. (2008) and M10, the
existence of the 3D relation can be explained by the interplay of
infall of pristine gas and outflow of enriched material (e.g. Davé,
et al. 2011, Dayal et al. 2013, Lilly et al. 2013, Forbes et al. 2014,
Harwit & Brisbin 2015, De Rossi et al. 2015, 2017, Torrey et al.
2018). For this reason, the FMR is expected to be just a proxy
of a primary relation between metallicity, mass and gas content
of galaxies. Such relation has been in fact observed using HI
content by Bothwell et al. (2013), Hughes et al. (2013), Brown
et al. (2018) and by Bothwell et al. (2016) using molecular gas.

In some cases the correlation of metallicity with both mass
and SFR is present, but the overall shape of the correlation
changes significantly (see e.g. Lara-López et al. 2010, Yates et
al. 2012, Hunt et al. 2012). As discussed in Sect. 2, these e↵ects
are due to the di↵erent sample selection or to the assumed
calibration and methodology to derive SFR and metallicities,
while the dependence on SFR of the measured metallicity at
fixed mass is very robust and has been confirmed.

However, the existence of the FMR and the role of the SFR
has been questioned by some authors, both locally (Sánchez et
al. 2013, de los Reyes et al. 2015, Barrera-Ballesteros et al. 2017,
Sánchez et al. 2017) and at high-z (Steidel et al. 2014, Wuyts et
al. 2014, Sanders et al. 2015). In this paper, we first discuss in
Sect. 2 the origin of the di↵erent shapes of the FMR obtained
by di↵erent authors, and we then discuss the analysis presented
in some of the works above for galaxies in the local Universe
(in Sect. 3 and 4) and at high-z (Sect. 5), to show that the FMR
is actually consistent with those data. Our conclusions follow in
Sect. 6.

2. Different shapes of the FMR

After the seminal work of M10, the shape and parametrization
of the FMR were investigated by several groups, each applying
their own sample selection, as well as metallicity and SFR cali-
brations. In this Section we briefly review some of these di↵er-
ent parametrizations, in order to better understand the underlying
di↵erences.

Lara-López et al. (2010) and Hunt et al. (2012) both de-
scribed as a plane the locus populated by galaxies in the M⇤-
SFR-Z space, instead of a curved 3D surface as in M10. They
both used Principal Component Analysis (PCA) or linear regres-
sion to derive the best fitting plane.
In particular, Lara-López et al. (2010) used SDSS-DR7 galaxies
as M10, but limit their analysis to galaxies with 0.04 < z < 0.1,
to work with a complete sample in magnitude and redshift,
while M10 used galaxies with z > 0.07 and median redshift
< z >= 0.106, to ensure that [OII]�3727 was within the use-
ful spectral range and that 3” aperture of the spectroscopic fiber
samples a significant fraction of the galaxy (⇠ 4 kpc at z = 0.07).
The Lara-López et al. (2010) upper cut in redshift, however, re-
sults in a poorer sampling of the high mass population, and thus
most galaxies on the flat part of the MZ at high metallicity are
missing. Moreover, one of the original aims of the paper is to
estimate "stellar masses from SFR and metallicity". Therefore,
contrary to all other studies including M10, they bin galaxies

Fig. 1. The so-called Fundamental Plane by Hunt et al. (2016), as de-
rived by PCA of a sample of ⇠ 1000 low metallicity starbursts, shown
as a green line. The distribution of SDSS galaxies from M10 is over-
plotted with their median metallicity values in mass bins shown in red.
The high-z samples with a significant number of galaxies and z < 3
and measured N2 index used by Hunt et al. (2016) are also reported,
the zCOSMOS galaxies at z ⇠ 0.25 from Cresci et al. (2012) in orange
and the KBSS z ⇠ 2.3 galaxies from Steidel et al. (2014) in blue. All
metallicities have been derived with the same calibration based on N2
(Pettini & Pagel 2004). Small dots represent the single galaxy measure-
ments, while the larger circles the medians in mass bins. The general
population of local star forming galaxies, as traced by SDSS, as well as
the higher z samples are not well reproduced by the plane.

as a function metallicity and SFR, deriving the median mass in
each bin. They fit a plane to this distribution of masses, that they
called Fundamental Plane, which is quantitatively very di↵er-
ent from the FMR and with a much larger scatter, 0.32 dex in
mass. They confirm the result by M10 that this 3D relation or
plane does not significantly evolve with redshift, using compar-
ison samples up to z ⇠ 3. This Fundamental Plane was later
revised in Lara-López et al. (2013), where they refit a plane to
SDSS data now extended to higher redshifts and masses with lin-
ear regression and PCA, confirming the correlation between M⇤,
SFR and Z. They obtain a scatter � = 0.1 around their best fit-
ting plane, given by linear regression of log(M⇤) as a function of
a combination SFR and metallicity. Despite this scatter is larger
than the M10 FMR (� = 0.05) and consistent with the original
MZ one, they claimed that the FMR do not provide the best rep-
resentation of the data, although their fit was actually compared
with the work of Yates et al. (2012) (see below) and not directly
with M10.

As opposed to M10 and Lara-López et al. (2010, 2013),
Hunt et al. (2012) used as reference an heterogeneous sample
of ⇠ 1000 low metallicity starbursts between 0 < z < 3.4 with
metallicities derived using di↵erent calibrations, of which 803
are drawn from the Izotov et al. (2011) Luminous Compact
emission-line Galaxies (LCG) sample, characterized by green
colors, compact structure and low metallicities. Despite being
selected to be extreme and rare objects with low metal content,
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was found, suggesting a redshift evolution (Zahid et al. 2014,
Sanders et al. 2018, Gao et al. 2018, Pharo et al. 2018).

As suggested already in Ellison et al. (2008) and M10, the
existence of the 3D relation can be explained by the interplay of
infall of pristine gas and outflow of enriched material (e.g. Davé,
et al. 2011, Dayal et al. 2013, Lilly et al. 2013, Forbes et al. 2014,
Harwit & Brisbin 2015, De Rossi et al. 2015, 2017, Torrey et al.
2018). For this reason, the FMR is expected to be just a proxy
of a primary relation between metallicity, mass and gas content
of galaxies. Such relation has been in fact observed using HI
content by Bothwell et al. (2013), Hughes et al. (2013), Brown
et al. (2018) and by Bothwell et al. (2016) using molecular gas.

In some cases the correlation of metallicity with both mass
and SFR is present, but the overall shape of the correlation
changes significantly (see e.g. Lara-López et al. 2010, Yates et
al. 2012, Hunt et al. 2012). As discussed in Sect. 2, these e↵ects
are due to the di↵erent sample selection or to the assumed
calibration and methodology to derive SFR and metallicities,
while the dependence on SFR of the measured metallicity at
fixed mass is very robust and has been confirmed.

However, the existence of the FMR and the role of the SFR
has been questioned by some authors, both locally (Sánchez et
al. 2013, de los Reyes et al. 2015, Barrera-Ballesteros et al. 2017,
Sánchez et al. 2017) and at high-z (Steidel et al. 2014, Wuyts et
al. 2014, Sanders et al. 2015). In this paper, we first discuss in
Sect. 2 the origin of the di↵erent shapes of the FMR obtained
by di↵erent authors, and we then discuss the analysis presented
in some of the works above for galaxies in the local Universe
(in Sect. 3 and 4) and at high-z (Sect. 5), to show that the FMR
is actually consistent with those data. Our conclusions follow in
Sect. 6.

2. Different shapes of the FMR

After the seminal work of M10, the shape and parametrization
of the FMR were investigated by several groups, each applying
their own sample selection, as well as metallicity and SFR cali-
brations. In this Section we briefly review some of these di↵er-
ent parametrizations, in order to better understand the underlying
di↵erences.

Lara-López et al. (2010) and Hunt et al. (2012) both de-
scribed as a plane the locus populated by galaxies in the M⇤-
SFR-Z space, instead of a curved 3D surface as in M10. They
both used Principal Component Analysis (PCA) or linear regres-
sion to derive the best fitting plane.
In particular, Lara-López et al. (2010) used SDSS-DR7 galaxies
as M10, but limit their analysis to galaxies with 0.04 < z < 0.1,
to work with a complete sample in magnitude and redshift,
while M10 used galaxies with z > 0.07 and median redshift
< z >= 0.106, to ensure that [OII]�3727 was within the use-
ful spectral range and that 3” aperture of the spectroscopic fiber
samples a significant fraction of the galaxy (⇠ 4 kpc at z = 0.07).
The Lara-López et al. (2010) upper cut in redshift, however, re-
sults in a poorer sampling of the high mass population, and thus
most galaxies on the flat part of the MZ at high metallicity are
missing. Moreover, one of the original aims of the paper is to
estimate "stellar masses from SFR and metallicity". Therefore,
contrary to all other studies including M10, they bin galaxies

Fig. 1. The so-called Fundamental Plane by Hunt et al. (2016), as de-
rived by PCA of a sample of ⇠ 1000 low metallicity starbursts, shown
as a green line. The distribution of SDSS galaxies from M10 is over-
plotted with their median metallicity values in mass bins shown in red.
The high-z samples with a significant number of galaxies and z < 3
and measured N2 index used by Hunt et al. (2016) are also reported,
the zCOSMOS galaxies at z ⇠ 0.25 from Cresci et al. (2012) in orange
and the KBSS z ⇠ 2.3 galaxies from Steidel et al. (2014) in blue. All
metallicities have been derived with the same calibration based on N2
(Pettini & Pagel 2004). Small dots represent the single galaxy measure-
ments, while the larger circles the medians in mass bins. The general
population of local star forming galaxies, as traced by SDSS, as well as
the higher z samples are not well reproduced by the plane.

as a function metallicity and SFR, deriving the median mass in
each bin. They fit a plane to this distribution of masses, that they
called Fundamental Plane, which is quantitatively very di↵er-
ent from the FMR and with a much larger scatter, 0.32 dex in
mass. They confirm the result by M10 that this 3D relation or
plane does not significantly evolve with redshift, using compar-
ison samples up to z ⇠ 3. This Fundamental Plane was later
revised in Lara-López et al. (2013), where they refit a plane to
SDSS data now extended to higher redshifts and masses with lin-
ear regression and PCA, confirming the correlation between M⇤,
SFR and Z. They obtain a scatter � = 0.1 around their best fit-
ting plane, given by linear regression of log(M⇤) as a function of
a combination SFR and metallicity. Despite this scatter is larger
than the M10 FMR (� = 0.05) and consistent with the original
MZ one, they claimed that the FMR do not provide the best rep-
resentation of the data, although their fit was actually compared
with the work of Yates et al. (2012) (see below) and not directly
with M10.

As opposed to M10 and Lara-López et al. (2010, 2013),
Hunt et al. (2012) used as reference an heterogeneous sample
of ⇠ 1000 low metallicity starbursts between 0 < z < 3.4 with
metallicities derived using di↵erent calibrations, of which 803
are drawn from the Izotov et al. (2011) Luminous Compact
emission-line Galaxies (LCG) sample, characterized by green
colors, compact structure and low metallicities. Despite being
selected to be extreme and rare objects with low metal content,

Article number, page 2 of 10

Cresci+ 2019

The  
“Fundamental 

Metallicity  
Plane” 

 
Tight relationship 

among metallicity, 
stellar mass, and 

star-formation rate

MaNGA

Relation



Metallicity is FundamentalA&A proofs: manuscript no. fmr_cmhz_2

2013, Cullen et al. 2014, Yabe et al. 2014, Maier et al. 2014,
Divoy et al. 2014, Stott et al. 2014, Yabe et al. 2015, Salim
et al. 2015, Kacprzak, et al. 2016, Calabró et al. 2017, among
others), though in some cases an o↵set from the z ⇠ 0 relation
was found, suggesting a redshift evolution (Zahid et al. 2014,
Sanders et al. 2018, Gao et al. 2018, Pharo et al. 2018).

As suggested already in Ellison et al. (2008) and M10, the
existence of the 3D relation can be explained by the interplay of
infall of pristine gas and outflow of enriched material (e.g. Davé,
et al. 2011, Dayal et al. 2013, Lilly et al. 2013, Forbes et al. 2014,
Harwit & Brisbin 2015, De Rossi et al. 2015, 2017, Torrey et al.
2018). For this reason, the FMR is expected to be just a proxy
of a primary relation between metallicity, mass and gas content
of galaxies. Such relation has been in fact observed using HI
content by Bothwell et al. (2013), Hughes et al. (2013), Brown
et al. (2018) and by Bothwell et al. (2016) using molecular gas.

In some cases the correlation of metallicity with both mass
and SFR is present, but the overall shape of the correlation
changes significantly (see e.g. Lara-López et al. 2010, Yates et
al. 2012, Hunt et al. 2012). As discussed in Sect. 2, these e↵ects
are due to the di↵erent sample selection or to the assumed
calibration and methodology to derive SFR and metallicities,
while the dependence on SFR of the measured metallicity at
fixed mass is very robust and has been confirmed.

However, the existence of the FMR and the role of the SFR
has been questioned by some authors, both locally (Sánchez et
al. 2013, de los Reyes et al. 2015, Barrera-Ballesteros et al. 2017,
Sánchez et al. 2017) and at high-z (Steidel et al. 2014, Wuyts et
al. 2014, Sanders et al. 2015). In this paper, we first discuss in
Sect. 2 the origin of the di↵erent shapes of the FMR obtained
by di↵erent authors, and we then discuss the analysis presented
in some of the works above for galaxies in the local Universe
(in Sect. 3 and 4) and at high-z (Sect. 5), to show that the FMR
is actually consistent with those data. Our conclusions follow in
Sect. 6.

2. Different shapes of the FMR

After the seminal work of M10, the shape and parametrization
of the FMR were investigated by several groups, each applying
their own sample selection, as well as metallicity and SFR cali-
brations. In this Section we briefly review some of these di↵er-
ent parametrizations, in order to better understand the underlying
di↵erences.

Lara-López et al. (2010) and Hunt et al. (2012) both de-
scribed as a plane the locus populated by galaxies in the M⇤-
SFR-Z space, instead of a curved 3D surface as in M10. They
both used Principal Component Analysis (PCA) or linear regres-
sion to derive the best fitting plane.
In particular, Lara-López et al. (2010) used SDSS-DR7 galaxies
as M10, but limit their analysis to galaxies with 0.04 < z < 0.1,
to work with a complete sample in magnitude and redshift,
while M10 used galaxies with z > 0.07 and median redshift
< z >= 0.106, to ensure that [OII]�3727 was within the use-
ful spectral range and that 3” aperture of the spectroscopic fiber
samples a significant fraction of the galaxy (⇠ 4 kpc at z = 0.07).
The Lara-López et al. (2010) upper cut in redshift, however, re-
sults in a poorer sampling of the high mass population, and thus
most galaxies on the flat part of the MZ at high metallicity are
missing. Moreover, one of the original aims of the paper is to
estimate "stellar masses from SFR and metallicity". Therefore,
contrary to all other studies including M10, they bin galaxies

Fig. 1. The so-called Fundamental Plane by Hunt et al. (2016), as de-
rived by PCA of a sample of ⇠ 1000 low metallicity starbursts, shown
as a green line. The distribution of SDSS galaxies from M10 is over-
plotted with their median metallicity values in mass bins shown in red.
The high-z samples with a significant number of galaxies and z < 3
and measured N2 index used by Hunt et al. (2016) are also reported,
the zCOSMOS galaxies at z ⇠ 0.25 from Cresci et al. (2012) in orange
and the KBSS z ⇠ 2.3 galaxies from Steidel et al. (2014) in blue. All
metallicities have been derived with the same calibration based on N2
(Pettini & Pagel 2004). Small dots represent the single galaxy measure-
ments, while the larger circles the medians in mass bins. The general
population of local star forming galaxies, as traced by SDSS, as well as
the higher z samples are not well reproduced by the plane.

as a function metallicity and SFR, deriving the median mass in
each bin. They fit a plane to this distribution of masses, that they
called Fundamental Plane, which is quantitatively very di↵er-
ent from the FMR and with a much larger scatter, 0.32 dex in
mass. They confirm the result by M10 that this 3D relation or
plane does not significantly evolve with redshift, using compar-
ison samples up to z ⇠ 3. This Fundamental Plane was later
revised in Lara-López et al. (2013), where they refit a plane to
SDSS data now extended to higher redshifts and masses with lin-
ear regression and PCA, confirming the correlation between M⇤,
SFR and Z. They obtain a scatter � = 0.1 around their best fit-
ting plane, given by linear regression of log(M⇤) as a function of
a combination SFR and metallicity. Despite this scatter is larger
than the M10 FMR (� = 0.05) and consistent with the original
MZ one, they claimed that the FMR do not provide the best rep-
resentation of the data, although their fit was actually compared
with the work of Yates et al. (2012) (see below) and not directly
with M10.

As opposed to M10 and Lara-López et al. (2010, 2013),
Hunt et al. (2012) used as reference an heterogeneous sample
of ⇠ 1000 low metallicity starbursts between 0 < z < 3.4 with
metallicities derived using di↵erent calibrations, of which 803
are drawn from the Izotov et al. (2011) Luminous Compact
emission-line Galaxies (LCG) sample, characterized by green
colors, compact structure and low metallicities. Despite being
selected to be extreme and rare objects with low metal content,
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2013, Cullen et al. 2014, Yabe et al. 2014, Maier et al. 2014,
Divoy et al. 2014, Stott et al. 2014, Yabe et al. 2015, Salim
et al. 2015, Kacprzak, et al. 2016, Calabró et al. 2017, among
others), though in some cases an o↵set from the z ⇠ 0 relation
was found, suggesting a redshift evolution (Zahid et al. 2014,
Sanders et al. 2018, Gao et al. 2018, Pharo et al. 2018).

As suggested already in Ellison et al. (2008) and M10, the
existence of the 3D relation can be explained by the interplay of
infall of pristine gas and outflow of enriched material (e.g. Davé,
et al. 2011, Dayal et al. 2013, Lilly et al. 2013, Forbes et al. 2014,
Harwit & Brisbin 2015, De Rossi et al. 2015, 2017, Torrey et al.
2018). For this reason, the FMR is expected to be just a proxy
of a primary relation between metallicity, mass and gas content
of galaxies. Such relation has been in fact observed using HI
content by Bothwell et al. (2013), Hughes et al. (2013), Brown
et al. (2018) and by Bothwell et al. (2016) using molecular gas.

In some cases the correlation of metallicity with both mass
and SFR is present, but the overall shape of the correlation
changes significantly (see e.g. Lara-López et al. 2010, Yates et
al. 2012, Hunt et al. 2012). As discussed in Sect. 2, these e↵ects
are due to the di↵erent sample selection or to the assumed
calibration and methodology to derive SFR and metallicities,
while the dependence on SFR of the measured metallicity at
fixed mass is very robust and has been confirmed.

However, the existence of the FMR and the role of the SFR
has been questioned by some authors, both locally (Sánchez et
al. 2013, de los Reyes et al. 2015, Barrera-Ballesteros et al. 2017,
Sánchez et al. 2017) and at high-z (Steidel et al. 2014, Wuyts et
al. 2014, Sanders et al. 2015). In this paper, we first discuss in
Sect. 2 the origin of the di↵erent shapes of the FMR obtained
by di↵erent authors, and we then discuss the analysis presented
in some of the works above for galaxies in the local Universe
(in Sect. 3 and 4) and at high-z (Sect. 5), to show that the FMR
is actually consistent with those data. Our conclusions follow in
Sect. 6.

2. Different shapes of the FMR

After the seminal work of M10, the shape and parametrization
of the FMR were investigated by several groups, each applying
their own sample selection, as well as metallicity and SFR cali-
brations. In this Section we briefly review some of these di↵er-
ent parametrizations, in order to better understand the underlying
di↵erences.

Lara-López et al. (2010) and Hunt et al. (2012) both de-
scribed as a plane the locus populated by galaxies in the M⇤-
SFR-Z space, instead of a curved 3D surface as in M10. They
both used Principal Component Analysis (PCA) or linear regres-
sion to derive the best fitting plane.
In particular, Lara-López et al. (2010) used SDSS-DR7 galaxies
as M10, but limit their analysis to galaxies with 0.04 < z < 0.1,
to work with a complete sample in magnitude and redshift,
while M10 used galaxies with z > 0.07 and median redshift
< z >= 0.106, to ensure that [OII]�3727 was within the use-
ful spectral range and that 3” aperture of the spectroscopic fiber
samples a significant fraction of the galaxy (⇠ 4 kpc at z = 0.07).
The Lara-López et al. (2010) upper cut in redshift, however, re-
sults in a poorer sampling of the high mass population, and thus
most galaxies on the flat part of the MZ at high metallicity are
missing. Moreover, one of the original aims of the paper is to
estimate "stellar masses from SFR and metallicity". Therefore,
contrary to all other studies including M10, they bin galaxies

Fig. 1. The so-called Fundamental Plane by Hunt et al. (2016), as de-
rived by PCA of a sample of ⇠ 1000 low metallicity starbursts, shown
as a green line. The distribution of SDSS galaxies from M10 is over-
plotted with their median metallicity values in mass bins shown in red.
The high-z samples with a significant number of galaxies and z < 3
and measured N2 index used by Hunt et al. (2016) are also reported,
the zCOSMOS galaxies at z ⇠ 0.25 from Cresci et al. (2012) in orange
and the KBSS z ⇠ 2.3 galaxies from Steidel et al. (2014) in blue. All
metallicities have been derived with the same calibration based on N2
(Pettini & Pagel 2004). Small dots represent the single galaxy measure-
ments, while the larger circles the medians in mass bins. The general
population of local star forming galaxies, as traced by SDSS, as well as
the higher z samples are not well reproduced by the plane.

as a function metallicity and SFR, deriving the median mass in
each bin. They fit a plane to this distribution of masses, that they
called Fundamental Plane, which is quantitatively very di↵er-
ent from the FMR and with a much larger scatter, 0.32 dex in
mass. They confirm the result by M10 that this 3D relation or
plane does not significantly evolve with redshift, using compar-
ison samples up to z ⇠ 3. This Fundamental Plane was later
revised in Lara-López et al. (2013), where they refit a plane to
SDSS data now extended to higher redshifts and masses with lin-
ear regression and PCA, confirming the correlation between M⇤,
SFR and Z. They obtain a scatter � = 0.1 around their best fit-
ting plane, given by linear regression of log(M⇤) as a function of
a combination SFR and metallicity. Despite this scatter is larger
than the M10 FMR (� = 0.05) and consistent with the original
MZ one, they claimed that the FMR do not provide the best rep-
resentation of the data, although their fit was actually compared
with the work of Yates et al. (2012) (see below) and not directly
with M10.

As opposed to M10 and Lara-López et al. (2010, 2013),
Hunt et al. (2012) used as reference an heterogeneous sample
of ⇠ 1000 low metallicity starbursts between 0 < z < 3.4 with
metallicities derived using di↵erent calibrations, of which 803
are drawn from the Izotov et al. (2011) Luminous Compact
emission-line Galaxies (LCG) sample, characterized by green
colors, compact structure and low metallicities. Despite being
selected to be extreme and rare objects with low metal content,
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2013, Cullen et al. 2014, Yabe et al. 2014, Maier et al. 2014,
Divoy et al. 2014, Stott et al. 2014, Yabe et al. 2015, Salim
et al. 2015, Kacprzak, et al. 2016, Calabró et al. 2017, among
others), though in some cases an o↵set from the z ⇠ 0 relation
was found, suggesting a redshift evolution (Zahid et al. 2014,
Sanders et al. 2018, Gao et al. 2018, Pharo et al. 2018).

As suggested already in Ellison et al. (2008) and M10, the
existence of the 3D relation can be explained by the interplay of
infall of pristine gas and outflow of enriched material (e.g. Davé,
et al. 2011, Dayal et al. 2013, Lilly et al. 2013, Forbes et al. 2014,
Harwit & Brisbin 2015, De Rossi et al. 2015, 2017, Torrey et al.
2018). For this reason, the FMR is expected to be just a proxy
of a primary relation between metallicity, mass and gas content
of galaxies. Such relation has been in fact observed using HI
content by Bothwell et al. (2013), Hughes et al. (2013), Brown
et al. (2018) and by Bothwell et al. (2016) using molecular gas.

In some cases the correlation of metallicity with both mass
and SFR is present, but the overall shape of the correlation
changes significantly (see e.g. Lara-López et al. 2010, Yates et
al. 2012, Hunt et al. 2012). As discussed in Sect. 2, these e↵ects
are due to the di↵erent sample selection or to the assumed
calibration and methodology to derive SFR and metallicities,
while the dependence on SFR of the measured metallicity at
fixed mass is very robust and has been confirmed.

However, the existence of the FMR and the role of the SFR
has been questioned by some authors, both locally (Sánchez et
al. 2013, de los Reyes et al. 2015, Barrera-Ballesteros et al. 2017,
Sánchez et al. 2017) and at high-z (Steidel et al. 2014, Wuyts et
al. 2014, Sanders et al. 2015). In this paper, we first discuss in
Sect. 2 the origin of the di↵erent shapes of the FMR obtained
by di↵erent authors, and we then discuss the analysis presented
in some of the works above for galaxies in the local Universe
(in Sect. 3 and 4) and at high-z (Sect. 5), to show that the FMR
is actually consistent with those data. Our conclusions follow in
Sect. 6.

2. Different shapes of the FMR

After the seminal work of M10, the shape and parametrization
of the FMR were investigated by several groups, each applying
their own sample selection, as well as metallicity and SFR cali-
brations. In this Section we briefly review some of these di↵er-
ent parametrizations, in order to better understand the underlying
di↵erences.

Lara-López et al. (2010) and Hunt et al. (2012) both de-
scribed as a plane the locus populated by galaxies in the M⇤-
SFR-Z space, instead of a curved 3D surface as in M10. They
both used Principal Component Analysis (PCA) or linear regres-
sion to derive the best fitting plane.
In particular, Lara-López et al. (2010) used SDSS-DR7 galaxies
as M10, but limit their analysis to galaxies with 0.04 < z < 0.1,
to work with a complete sample in magnitude and redshift,
while M10 used galaxies with z > 0.07 and median redshift
< z >= 0.106, to ensure that [OII]�3727 was within the use-
ful spectral range and that 3” aperture of the spectroscopic fiber
samples a significant fraction of the galaxy (⇠ 4 kpc at z = 0.07).
The Lara-López et al. (2010) upper cut in redshift, however, re-
sults in a poorer sampling of the high mass population, and thus
most galaxies on the flat part of the MZ at high metallicity are
missing. Moreover, one of the original aims of the paper is to
estimate "stellar masses from SFR and metallicity". Therefore,
contrary to all other studies including M10, they bin galaxies

Fig. 1. The so-called Fundamental Plane by Hunt et al. (2016), as de-
rived by PCA of a sample of ⇠ 1000 low metallicity starbursts, shown
as a green line. The distribution of SDSS galaxies from M10 is over-
plotted with their median metallicity values in mass bins shown in red.
The high-z samples with a significant number of galaxies and z < 3
and measured N2 index used by Hunt et al. (2016) are also reported,
the zCOSMOS galaxies at z ⇠ 0.25 from Cresci et al. (2012) in orange
and the KBSS z ⇠ 2.3 galaxies from Steidel et al. (2014) in blue. All
metallicities have been derived with the same calibration based on N2
(Pettini & Pagel 2004). Small dots represent the single galaxy measure-
ments, while the larger circles the medians in mass bins. The general
population of local star forming galaxies, as traced by SDSS, as well as
the higher z samples are not well reproduced by the plane.

as a function metallicity and SFR, deriving the median mass in
each bin. They fit a plane to this distribution of masses, that they
called Fundamental Plane, which is quantitatively very di↵er-
ent from the FMR and with a much larger scatter, 0.32 dex in
mass. They confirm the result by M10 that this 3D relation or
plane does not significantly evolve with redshift, using compar-
ison samples up to z ⇠ 3. This Fundamental Plane was later
revised in Lara-López et al. (2013), where they refit a plane to
SDSS data now extended to higher redshifts and masses with lin-
ear regression and PCA, confirming the correlation between M⇤,
SFR and Z. They obtain a scatter � = 0.1 around their best fit-
ting plane, given by linear regression of log(M⇤) as a function of
a combination SFR and metallicity. Despite this scatter is larger
than the M10 FMR (� = 0.05) and consistent with the original
MZ one, they claimed that the FMR do not provide the best rep-
resentation of the data, although their fit was actually compared
with the work of Yates et al. (2012) (see below) and not directly
with M10.

As opposed to M10 and Lara-López et al. (2010, 2013),
Hunt et al. (2012) used as reference an heterogeneous sample
of ⇠ 1000 low metallicity starbursts between 0 < z < 3.4 with
metallicities derived using di↵erent calibrations, of which 803
are drawn from the Izotov et al. (2011) Luminous Compact
emission-line Galaxies (LCG) sample, characterized by green
colors, compact structure and low metallicities. Despite being
selected to be extreme and rare objects with low metal content,
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metallicities have been derived with the same calibration based on N2
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each bin. They fit a plane to this distribution of masses, that they
called Fundamental Plane, which is quantitatively very di↵er-
ent from the FMR and with a much larger scatter, 0.32 dex in
mass. They confirm the result by M10 that this 3D relation or
plane does not significantly evolve with redshift, using compar-
ison samples up to z ⇠ 3. This Fundamental Plane was later
revised in Lara-López et al. (2013), where they refit a plane to
SDSS data now extended to higher redshifts and masses with lin-
ear regression and PCA, confirming the correlation between M⇤,
SFR and Z. They obtain a scatter � = 0.1 around their best fit-
ting plane, given by linear regression of log(M⇤) as a function of
a combination SFR and metallicity. Despite this scatter is larger
than the M10 FMR (� = 0.05) and consistent with the original
MZ one, they claimed that the FMR do not provide the best rep-
resentation of the data, although their fit was actually compared
with the work of Yates et al. (2012) (see below) and not directly
with M10.

As opposed to M10 and Lara-López et al. (2010, 2013),
Hunt et al. (2012) used as reference an heterogeneous sample
of ⇠ 1000 low metallicity starbursts between 0 < z < 3.4 with
metallicities derived using di↵erent calibrations, of which 803
are drawn from the Izotov et al. (2011) Luminous Compact
emission-line Galaxies (LCG) sample, characterized by green
colors, compact structure and low metallicities. Despite being
selected to be extreme and rare objects with low metal content,

Article number, page 2 of 10



          July 24, 1996 11:8 Annual Reviews CHAP8 AR12-08

306 SAVAGE & SEMBACH

Figure 4 Gas-phase abundance, [X/H] = log(X/H) � log(X/H)�, vs condensation temperature
for the cool diffuse interstellar cloud toward ⇣ Oph. The data used to construct this plot are listed
in Table 5. The condensation temperature is the temperature at which 50% of an element has been
removed from the gas phase. GHRS data points referenced to solar abundances are shown as filled
squares. Copernicus satellite and optical data points are indicated by filled circles. The error bars
on all points represent measurement errors only. The data points for Kr and Ni have been shifted
slightly in the horizontal direction for clarity. The 1� errors in condensation temperature (± 20
K) and solar reference abundances combined with f -value uncertainties (± 0.04 dex) are shown
in the lower left corner of the plot.

In Figure 4wepresent the cool diffuse cloud abundance results for ⇣ Ophplot-
ted in the familiar form of gas-phase abundance vs condensation temperature.
The GHRS data (filled squares) are supplemented by Copernicus and ground-
based observations (filled circles) for a few elements. In the cool cloud, C,
N, O, S, Ar, Kr, and some heavy elements have depletion factors of less than
three. P, Zn, and Ge have slightly larger depletion factors. Ca, Ti, V, Cr, Fe,
Co, and Ni have depletion factors in excess of 100. This is the most complete
set of elemental abundances available for any interstellar cloud. The depletion
pattern exhibited by this cloud, in which elements with larger condensation
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Figure 1: Schematic representation of the gas and dust cycle between clouds, intercloud medium, and
stars. The main processes a↵ecting grains in the ISM are shown.

2 Models of the life cycle of dust in the ISM
Dwek and Scalo [14] proposed a model of the life cycle of refractory grains in the solar neighbourhood
that captures main dust formation and destruction processes operating in the ISM (Fig. 1). This model
is based on the chemical evolution model of the Galaxy, therefore it also accounts for the dependence of
dust content on global galactic evolution processes such as star formation, and galactic in- and outflows.
Other advantages of this approach is that it naturally includes element abundance constraints for the
interstellar dust mixture, and allows to study variations of its amount and chemical composition. These
quantities can be estimated from observations and compared with model predictions for the present
day. Since the original work [14], the models of the lifecycle of grains in the ISM have been further
developed to include multiphase structure of the ISM [29, 78], individual evolution of stardust grains
of di↵erent origins [78, 22], variations in grain size distribution (see [30] in this volume) and applied
for the Milky Way disk and galaxies of di↵erent morphological types in the local Universe [15, 6, 79]
and high redshifts [71, 57, 20]. Majority of dust evolution models include the evolution of two main
dust constituents: silicate and carbonaceous grains. This dust mixture is built out of the most abundant
refractory elements (“big five”: Mg, Si, Fe, O, and C) and satisfies extinction, emission and abundance
constraints in the solar neighbourhood (e.g., [80]).

2.1 Stellar dust production
The global production rate of stardust of kind i is determined from the dust and gas chemical evolution
models by integration over stellar mass range ending their life at instant t

Ṁi,d(t) = m�1
av

Z mu

ml

�(m) (t � ⌧(m,Z)) Yi,d(m,Z)dm, (1)

where �(m) is the initial stellar mass function (IMF), mav =
R

m�(m)dm is the average stellar mass,
⌧(m,Z) is the stellar lifetime,  (t � ⌧(m,Z) is the star formation rate at the instant of birth of a star with
the initial mass m and metallicity Z in units, here Z is the metallicity of the ISM at the instant of birth
of a star determined by galactic chemical evolution. Yi,d(m,Z) is the dust yield, i.e. the total mass of
dust of kind i returned to the ISM by a star over its evolution. Mass- and metallicity-dependent dust
yields are the central quantities for calculations of the total dust input from stars. The local Milky Way
and the Magellanic Clouds provide complementary tests for the dust yields from both AGB stars and
type II SNe as discussed in Sect. 3.

3
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Figure 1: Schematic representation of the gas and dust cycle between clouds, intercloud medium, and
stars. The main processes a↵ecting grains in the ISM are shown.

2 Models of the life cycle of dust in the ISM
Dwek and Scalo [14] proposed a model of the life cycle of refractory grains in the solar neighbourhood
that captures main dust formation and destruction processes operating in the ISM (Fig. 1). This model
is based on the chemical evolution model of the Galaxy, therefore it also accounts for the dependence of
dust content on global galactic evolution processes such as star formation, and galactic in- and outflows.
Other advantages of this approach is that it naturally includes element abundance constraints for the
interstellar dust mixture, and allows to study variations of its amount and chemical composition. These
quantities can be estimated from observations and compared with model predictions for the present
day. Since the original work [14], the models of the lifecycle of grains in the ISM have been further
developed to include multiphase structure of the ISM [29, 78], individual evolution of stardust grains
of di↵erent origins [78, 22], variations in grain size distribution (see [30] in this volume) and applied
for the Milky Way disk and galaxies of di↵erent morphological types in the local Universe [15, 6, 79]
and high redshifts [71, 57, 20]. Majority of dust evolution models include the evolution of two main
dust constituents: silicate and carbonaceous grains. This dust mixture is built out of the most abundant
refractory elements (“big five”: Mg, Si, Fe, O, and C) and satisfies extinction, emission and abundance
constraints in the solar neighbourhood (e.g., [80]).

2.1 Stellar dust production
The global production rate of stardust of kind i is determined from the dust and gas chemical evolution
models by integration over stellar mass range ending their life at instant t

Ṁi,d(t) = m�1
av
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�(m) (t � ⌧(m,Z)) Yi,d(m,Z)dm, (1)

where �(m) is the initial stellar mass function (IMF), mav =
R

m�(m)dm is the average stellar mass,
⌧(m,Z) is the stellar lifetime,  (t � ⌧(m,Z) is the star formation rate at the instant of birth of a star with
the initial mass m and metallicity Z in units, here Z is the metallicity of the ISM at the instant of birth
of a star determined by galactic chemical evolution. Yi,d(m,Z) is the dust yield, i.e. the total mass of
dust of kind i returned to the ISM by a star over its evolution. Mass- and metallicity-dependent dust
yields are the central quantities for calculations of the total dust input from stars. The local Milky Way
and the Magellanic Clouds provide complementary tests for the dust yields from both AGB stars and
type II SNe as discussed in Sect. 3.
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2 Models of the life cycle of dust in the ISM
Dwek and Scalo [14] proposed a model of the life cycle of refractory grains in the solar neighbourhood
that captures main dust formation and destruction processes operating in the ISM (Fig. 1). This model
is based on the chemical evolution model of the Galaxy, therefore it also accounts for the dependence of
dust content on global galactic evolution processes such as star formation, and galactic in- and outflows.
Other advantages of this approach is that it naturally includes element abundance constraints for the
interstellar dust mixture, and allows to study variations of its amount and chemical composition. These
quantities can be estimated from observations and compared with model predictions for the present
day. Since the original work [14], the models of the lifecycle of grains in the ISM have been further
developed to include multiphase structure of the ISM [29, 78], individual evolution of stardust grains
of di↵erent origins [78, 22], variations in grain size distribution (see [30] in this volume) and applied
for the Milky Way disk and galaxies of di↵erent morphological types in the local Universe [15, 6, 79]
and high redshifts [71, 57, 20]. Majority of dust evolution models include the evolution of two main
dust constituents: silicate and carbonaceous grains. This dust mixture is built out of the most abundant
refractory elements (“big five”: Mg, Si, Fe, O, and C) and satisfies extinction, emission and abundance
constraints in the solar neighbourhood (e.g., [80]).

2.1 Stellar dust production
The global production rate of stardust of kind i is determined from the dust and gas chemical evolution
models by integration over stellar mass range ending their life at instant t
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⌧(m,Z) is the stellar lifetime,  (t � ⌧(m,Z) is the star formation rate at the instant of birth of a star with
the initial mass m and metallicity Z in units, here Z is the metallicity of the ISM at the instant of birth
of a star determined by galactic chemical evolution. Yi,d(m,Z) is the dust yield, i.e. the total mass of
dust of kind i returned to the ISM by a star over its evolution. Mass- and metallicity-dependent dust
yields are the central quantities for calculations of the total dust input from stars. The local Milky Way
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2 Models of the life cycle of dust in the ISM
Dwek and Scalo [14] proposed a model of the life cycle of refractory grains in the solar neighbourhood
that captures main dust formation and destruction processes operating in the ISM (Fig. 1). This model
is based on the chemical evolution model of the Galaxy, therefore it also accounts for the dependence of
dust content on global galactic evolution processes such as star formation, and galactic in- and outflows.
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dust constituents: silicate and carbonaceous grains. This dust mixture is built out of the most abundant
refractory elements (“big five”: Mg, Si, Fe, O, and C) and satisfies extinction, emission and abundance
constraints in the solar neighbourhood (e.g., [80]).
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models by integration over stellar mass range ending their life at instant t
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yields are the central quantities for calculations of the total dust input from stars. The local Milky Way
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2 Models of the life cycle of dust in the ISM
Dwek and Scalo [14] proposed a model of the life cycle of refractory grains in the solar neighbourhood
that captures main dust formation and destruction processes operating in the ISM (Fig. 1). This model
is based on the chemical evolution model of the Galaxy, therefore it also accounts for the dependence of
dust content on global galactic evolution processes such as star formation, and galactic in- and outflows.
Other advantages of this approach is that it naturally includes element abundance constraints for the
interstellar dust mixture, and allows to study variations of its amount and chemical composition. These
quantities can be estimated from observations and compared with model predictions for the present
day. Since the original work [14], the models of the lifecycle of grains in the ISM have been further
developed to include multiphase structure of the ISM [29, 78], individual evolution of stardust grains
of di↵erent origins [78, 22], variations in grain size distribution (see [30] in this volume) and applied
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and high redshifts [71, 57, 20]. Majority of dust evolution models include the evolution of two main
dust constituents: silicate and carbonaceous grains. This dust mixture is built out of the most abundant
refractory elements (“big five”: Mg, Si, Fe, O, and C) and satisfies extinction, emission and abundance
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2 Models of the life cycle of dust in the ISM
Dwek and Scalo [14] proposed a model of the life cycle of refractory grains in the solar neighbourhood
that captures main dust formation and destruction processes operating in the ISM (Fig. 1). This model
is based on the chemical evolution model of the Galaxy, therefore it also accounts for the dependence of
dust content on global galactic evolution processes such as star formation, and galactic in- and outflows.
Other advantages of this approach is that it naturally includes element abundance constraints for the
interstellar dust mixture, and allows to study variations of its amount and chemical composition. These
quantities can be estimated from observations and compared with model predictions for the present
day. Since the original work [14], the models of the lifecycle of grains in the ISM have been further
developed to include multiphase structure of the ISM [29, 78], individual evolution of stardust grains
of di↵erent origins [78, 22], variations in grain size distribution (see [30] in this volume) and applied
for the Milky Way disk and galaxies of di↵erent morphological types in the local Universe [15, 6, 79]
and high redshifts [71, 57, 20]. Majority of dust evolution models include the evolution of two main
dust constituents: silicate and carbonaceous grains. This dust mixture is built out of the most abundant
refractory elements (“big five”: Mg, Si, Fe, O, and C) and satisfies extinction, emission and abundance
constraints in the solar neighbourhood (e.g., [80]).

2.1 Stellar dust production
The global production rate of stardust of kind i is determined from the dust and gas chemical evolution
models by integration over stellar mass range ending their life at instant t
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⌧(m,Z) is the stellar lifetime,  (t � ⌧(m,Z) is the star formation rate at the instant of birth of a star with
the initial mass m and metallicity Z in units, here Z is the metallicity of the ISM at the instant of birth
of a star determined by galactic chemical evolution. Yi,d(m,Z) is the dust yield, i.e. the total mass of
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Dust, Metals and Star-Forming Gas
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(Larson 1981 ; Myers 1983). Throughout this work we assume that the dust-to-gas ratio is proportional to the metallicity of
the ISM.

According to PDR theory, a typical clump has three well-deÐned regions : an outermost zone where C` is the dominant
form of carbon, a core where almost all the carbon is locked in CO molecules, and a transition region where most of the
carbon is in neutral atomic form (C0). We model each clump as consisting of three concentric zones with sharp boundaries,
where all the carbon is in the dominant form of the species corresponding to each zone.

3. THE COLUMN DENSITY OF THE CARBON SPECIES

3.1. Model A
Let the physical extent of the C0 region be h. We assume that the following scaling for hwith metallicity holds

h\ h0
Z

, (1)

where Z is the metallicity of the gas relative to the Milky Way (i.e., Z \ 1 for Milky Way objects) and thus is the width ofh0the C0 region in clumps of Z \ 1. We can justify this scaling law by the following argument : the abundance of C0 is
determined by the balance between production of C0 via photodissociation of CO and destruction of C0 via photoionization
into C`. The rates for both photoprocesses are dominated by dust shielding of the UV photons, while other processes that do
not scale with the metallicity (such as CO cross-shielding with play only a secondary role. Observationally, we know thatH2)
the dust-to-gas ratio scales approximately as the metallicity (e.g., Koornneef 1982 ; Bouchet et al. 1985), which is not surprising
since heavy elements are needed to create grains. Therefore the extent of the region over which both photoprocesses balance
will be inversely proportional to the metallicity. In other words, the extent of the C0 region is constant in visual extinction

but since the length scale corresponding to scales as 1/Z so does h. Note that the CO self-shielding, which depends on(A
v
), A

vthe CO abundance and ultimately on the C content of the gas, scales in the same manner as the dust shielding.
Similar considerations lead us to write the scaling law for the extent of the C` region as(h̀ )

h̀ \ ah0
Z

, (2)

where a is an assumed constant ratio between and h. From chemical modeling (e.g., Hollenbach, Takahashi, & Tielensh̀
1991) we surmise that aD1È2.

All the material that is not photoionized (C`) or photodissociated (C0) is in molecular form (CO), and given the radius R of
a clump it is easy to compute the size of the CO region as Figure 1a illustrates how these scaling lawshCO \ R [ h[ h̀ .
apply to a sequence of clumps with constant radius and decreasing metallicity. Conversely, Figure 1b illustrates the scaling
laws applied to a sequence of clumps with constant metallicity and decreasing radius.

From the geometry and scaling laws the contribution of a clump of radius R to the number of particles N of each species is

N(C`) \ qrs
43nngC[R3 [ (R [ ah)3] R [ h̀
43nngC R3 0 \ R ¹ h̀ ,

(3)

FIG. 1.È(a) Sequence of clumps with identical radius and decreasing metallicity according to model A. When the CO is completelyZ \ (a ] 1)h0/R,
photodissociated and the clump consists only of C0 and C`. The next stage happens at when all the neutral carbon is photoionized into C`. AtZ \ ah0/R,
even lower metallicities all the gas consists only of C`. (b) A sequence of clumps with constant metallicity and decreasing radii in model A. Similar sequences
where the limiting cases occur at slightly di†erent metallicities can be created using model B.

Bolatto+ 1999

Cloud Structure: Mediated by Dust/Metals

LIR=3×1011 :L (typical for LIRGs), for S(1) at z=0.5 to
have S/N=5 will require 30 minutes of integration time with
JWST-MIRI. It will be possible to measure pure H2 rotational
lines at high redshifts of z≈6–7, almost reaching the
reionization era of the universe, with the SPace Infrared
telescope for Cosmology and Astrophysics (SPICA) and the
Cryogenic Aperture Large Infrared Submillimeter Telescope
Observatory (CALISTO), planned for the 2020 decade (Roelf-
sema et al. 2012; Bradford et al. 2015).

The above-mentioned future projects for the next decade
provides an opportunity to observe H2 rotational lines at high
redshifts. The power-law model can be a useful tool in
estimating molecular gas mass and study its variation and
consequences at different redshifts.

6. SUMMARY

We present a new power-law temperature distribution model
capable of reliably estimating the total molecular gas mass in
galaxies purely from as few as three mid-infrared pure-
rotational H2 emission lines. Our model is independent of the
biases affecting indirect tracers like CO, dust emission, or star
formation prescriptions. It can hence be used even in
environments where reliability of those indirect tracers is poor,
such as at low metallicity. We calibrate the model on a sample
of local star-forming galaxies with well-quantified CO-based
molecular gas masses, and apply the model to local ULIRGs
and-low metallicity systems. Our key results are:

1. A model based on a continuous power-law distribution of
rotational temperatures reproduces well the H2 excitation
from a wide range of galaxy types using only a single
parameter (the power-law slope n). This simple model
can directly recover the warm H2 mass ( 2T 100 K)
more reproducibly than arbitrary discrete temperature fits.

2. The power-law index obtained for all SINGS galaxies ranges
from 3.79–6.4, with an average value of 4.84±0.61.

3. With typical Spitzer detection sensitivities, the model can
directly recover the H2 gas mass down to a limiting
sensitivity temperature of =T 81s K (when the S(0) line
is available), accounting for ∼15% of the total molecular
reservoir.

4. By calibrating the model using a subset of the SINGS
sample with well determined CO-based molecular
masses, we find that extrapolating the H2 temperature
distribution to a single cutoff temperature of � =T 49ℓ K
enables recovery of the total H2 gas mass within a factor
of 2.2 (0.34 dex).

Figure 13. Excitation diagram for low-metallicity galaxy Haro 11. The Nu/gu
ratios are normalized with respect to S(1) transition. The dashed red line
indicates the model fit to the observed ratios. The blue dashed line predicts the
value of S(0) flux ratio. The model-estimated Tℓ, and n are mentioned.

Figure 14. Ratio of molecular gas masses estimated using different methods to the “naive mass” obtained using LCO (and aCO=aCO,Gal), as a function of gas-phase
metallicity. This ratio is equivalent to a aCO CO,Gal. The black points show the molecular gas masses derived from the H2 rotational model. The blue line shows a fit to
this ratio derived from inverting the star formation law for HERACLES non-starburst galaxies (Schruba et al. 2012). The molecular gas masses traced by the dust
emission are denoted by the red points in the plot, and are shifted slightly in their metallicity values for clarity. The black solid line is the predicted mass ratio from the
theoretical model of Wolfire et al. (2010), assuming ( ) =N H 102

22 cm−2 and ( )G nlog 0 =−0.3. A steep increase in the ratio of model derived H2 gas mass to the
LCO derived measurements is observed at metallicity values [ ]+12 log O H - 8.4.
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Fewer Ingredients, Less Dust 
(obviously)

Fischer+ 2014

NGC 1705 (Cannon et al. 2006a), NGC 2915, NGC 4236, and
NGC 6822 (Cannon et al. 2006b). Our estimates for !IR and for
the fraction f (H i) of theH i located at ! < !IR are given in Table 6,
with f ranging from 0.028 (for NGC 2915) to 0.5 (for NGC
4236). The dust-to-gas mass ratios for the regions where IR emis-
sion is detected are shown in Figure 17. Six of the eight galaxies
in Table 6 now have upper limits consistent with equation (13) to
within a factor of 2, with only two (DDO 053 and NGC 4236)
falling low by a factor of !2.5. Given the uncertainties in estima-
tion of bothMdust and f (H i), it is entirely possible that >50% of
the interstellar Mg, Si, and Fe may be in solid grains, at least in
systems with AOk 7:5.

What can we say about the dust-to-metals ratio in the extended
H i envelopes? Both the metal abundances and the dust masses in
these regions are uncertain. The metallicities are estimated using
H ii regions and therefore apply only to regions with recent star
formation. The outer H i envelopes lack bright H ii regions, and
therefore the metallicity there is unknown. It would not be sur-
prising if it were substantially lower than the ‘‘characteristic’’
metallicities used in Figure 17. For the outer regions of some
spiral galaxies, oxygen has been found to be underabundant,
relative to the characteristic metallicity of the central regions, by
factors of 4 or more (e.g., Ferguson et al. 1998; Tüllmann et al.
2003).

Fig. 16.—Ratio ofMdust toMH vs. oxygen abundance (see text) for galaxies with and without SCUBAfluxes (circles and diamonds, respectively), showing 32 galaxies
where gasmass is known, for two values of XCO/½cm# 2 (K km s# 1)# 1$: (a) 2 ; 1020 and (b) 4 ; 1020. Filled diamonds:Mdust/MH for regions where IR emission is detected
(see text). The solid line shows eq. (13); dashed lines show factor of 2 variations around the solid line. (c, d ) Histogram of normalized dust-to-gas mass ratio for
XCO/½cm# 2 (K km s# 1)# 1$ ¼ 2 ; 1020 and 4 ; 1020, respectively. [See the electronic edition of the Journal for a color version of panels aYb of this figure.]

DUST MASSES IN SINGS GALAXY SAMPLE 885No. 2, 2007
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Low-metallicity Severely Disfavors Dust!

Rémy-Ruyer+ 2014 

A&A 563, A31 (2014)

a) b)

c) d)

Fig. 4. Top row: G/D as a function of metallicity for the 2 values of XCO: XCO,MW a) and XCO,Z b). The mean error for the data points is shown in
grey on the right of the plots. The colours code the reliability of the point depending whether the gas mass is uncertain (in blue), the dust mass
is uncertain (in red) or if both are uncertain (in purple). The symbol traces the changes made in the Hi and H2 masses (see text for details on the
uncertainties and the changes on the gas masses). The dashed line represents the reference scaling of the G/D with metallicity (not fit to the data).
The dotted and dash-dotted lines represent the best power-law and best broken power-law fits to the data. Bottom row: same as top row for XCO,MW
c) and XCO,Z d), where the binned G/D values (see text) have been added as pink filled circles. For clarity, the observed G/D values are now shown
in grey. On the bottom panels the relative dispersion in each bins, in terms of standard deviation, is shown and the colours show the number of
galaxies in each bin.

where MHe is the helium mass and Zgal the mass fraction of met-
als in the galaxy. Assuming MHe = Y� Mgas, where Y� is the
Galactic mass fraction of Helium, Y� = 0.270 (Asplund et al.
2009), we have:

Mgas = µgal(MHI + MH2 ), (3)

with µgal = 1/(1�Y��Zgal) the mean atomic weight. µgal has been
computed for each galaxy and the mean value for our sample
is 1.38± 0.01 (see Table A.1). We get Zgal assuming (Zgal/Z�)=
(O/Hgal)/(O/H�) and Z� = 0.014 (Asplund et al. 2009).

We assume here that the ionised gas mass (MHII) is negligi-
ble compared to the Hi mass. We perform the test for 67 galax-
ies of the sample, with MHII derived from H↵ measurements of
Gil de Paz et al. (2003); Kennicutt et al. (2009); Skibba et al.
(2011) and found MHII/MHI ⇠ 0.2%. However, we found two

dwarf galaxies for which the ionised gas mass should be taken
into account as it contributes equally or more than the atomic
gas mass: Haro11 (MHII ⇠ 1.2 ⇥ MHI, Cormier et al. 2012) and
Pox186 (MHII ⇠MHI, Gil de Paz et al. 2003). For these two galax-
ies, the total gas mass also includes MHII.

The G/D as a function of metallicity is presented in
Figs. 4a, b for the two cases: XCO,MW or XCO,Z . The average er-
ror on the observed G/D is ⇠27% in both XCO cases (⇠10% for
the total gas mass and ⇠26% for the dust mass). The dashed
line indicates the reference scaling of the G/D with metallicity.
The colours of the symbols indicate the reliability of the data
points by tracing if the gas or dust masses determinations are
uncertain. Blue symbols refer to Hi or H2 non-detections or to
the absence of H2 observations for the galaxy. Red symbols in-
dicate that the galaxy is not detected at wavelengths �160 µm.
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Fig. 4. Top row: G/D as a function of metallicity for the 2 values of XCO: XCO,MW a) and XCO,Z b). The mean error for the data points is shown in
grey on the right of the plots. The colours code the reliability of the point depending whether the gas mass is uncertain (in blue), the dust mass
is uncertain (in red) or if both are uncertain (in purple). The symbol traces the changes made in the Hi and H2 masses (see text for details on the
uncertainties and the changes on the gas masses). The dashed line represents the reference scaling of the G/D with metallicity (not fit to the data).
The dotted and dash-dotted lines represent the best power-law and best broken power-law fits to the data. Bottom row: same as top row for XCO,MW
c) and XCO,Z d), where the binned G/D values (see text) have been added as pink filled circles. For clarity, the observed G/D values are now shown
in grey. On the bottom panels the relative dispersion in each bins, in terms of standard deviation, is shown and the colours show the number of
galaxies in each bin.
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(Or Does It?)
P. De Vis1,2 et al.: DustPedia dust-to-metal ratios

Table 4. Power law fits to the DustPedia LTGs for each of the metallicity
calibrations used in this work. The slope a and intercept b are given
together with their uncertainties (log(Md/Mg) = a ⇥ 12+log(O/H) + b).

calib. a �a b �b
PG16S 2.45 0.12 -23.30 1.03
PG16R 2.00 0.13 -19.56 1.13
N2 2.13 0.11 -20.93 0.94
O3N2 2.15 0.11 -21.19 0.90
IZI 2.10 0.11 -20.91 0.92
KK04 1.78 0.19 -18.52 1.67
T04 1.95 0.11 -19.96 0.93

5.3. Evolution in the dust-to-metal ratio

In this section, the dust and metal content are compared to bet-
ter understand the processes driving the dust evolution. We start
by plotting the dust-to-gas ratio against 12 + log(O/H) (which
by definition is a measure of the metal-to-gas ratio) for the 466
DustPedia galaxies which have all three of these measures avail-
able. In Figure 9, we find an increasing dust-to-gas ratio with in-
creasing metallicity. The dust-to-gas ratio increases more steeply
than Model I of the chemical evolution models. Model I only
includes stellar sources of dust, and thus has a constant dust-to-
metal ratio. The only way to obtain a steep enough increase of
the dust-to-gas ratio, is to include dust grain growth in the mod-
els (Model V and VI). When Rémy-Ruyer et al. (2014) studied
this relationship, they found a broken power law provides a good
empirical fit to the data. We find this relation results in slightly
higher dust-to-gas ratios than the average for our sample. Some
of this o↵set might be due to the use of a di↵erent metallicity cal-
ibration13. The Rémy-Ruyer et al. (2014) trend traces the DGS
data at low metallicity, yet the observed DustPedia dust-to-gas
ratios are lower in general. Our more complete sample of Dust-
Pedia galaxies is thus key to properly constrain models of the
dust and chemical evolution of galaxies.

We have fitted a power law and broken power law to the
DustPedia14 LTGs for each of the metallicity calibrations using
orthogonal distance regression (taking into account uncertainties
on both the dust-to-gas ratios and metallicities). ETGs have not
been included as dust destruction by hot gas sputtering might
lower their dust-to-gas ratio (see also Figure 14 in Section 6.2).
The results for single power laws are listed in Table 4. Contrary
to Rémy-Ruyer et al. (2014), we find broken power laws do not
provide a better description to the data as a single power law.
When we followed Rémy-Ruyer et al. (2014) in fixing the slope
for high metallicities to one (see also e.g. James et al. 2002; Gal-
liano et al. 2008), the fits to the data are all formally worse than
the single power law. If this slope is left free, the fits are only
marginally better than the single power law (in spite of two ad-
ditional free parameters), and the slope for high metallicities is
consistent within the errors with the single power laws listed in
Table 4. The single power laws thus provide the best descrip-
tion of the dust build up with increasing metallicity. For each of
the calibrations, the relation is super-linear, indicating that stellar
dust sources alone (which would result in a slope of one) cannot
explain these relations.

13 The Pilyugin & Thuan (2005) metallicity calibration used in this
work cannot be reliably scaled into the di↵erent calibration methods
used in this work (Kewley & Ellison 2008).
14 We have not included the DGS, HIGH and HAPLESS samples in
our fit to avoid any potential bias from the di↵erent selection criteria or
methods used.

Fig. 9. Dust-to-gas ratio is plotted against 12 + log(O/H) (proxy for
metal-to-gas ratio). The observations show a steeper increase than
would be expected from stellar dust sources alone (Model I).

DV17b found a steep initial increase of the dust-to-gas ratio,
followed by a more gradual increase (with constant dust-to-metal
ratio). Using our larger DustPedia sample, there is no such clear
break between these two regimes. The steep increase in these
previous works could be explained by galaxies reaching the crit-
ical metallicity at which dust grain growth becomes e↵ective.
This steep increase is also seen in Models V and VI (at slightly
di↵erent critical metallicities). However, in reality, the metallic-
ity in a galaxy is not uniform (as is assumed in these models).
The critical metallicity will be reached at di↵erent points in time
for di↵erent regions in the galaxy (inside-out evolution, which
also results in the observed metallicity gradients), and as a re-
sult the increase in the dust-to-gas ratio will be more gradual.
Further resolved chemical evolution modelling (such as Aoyama
et al. 2016; McKinnon et al. 2016, 2018) is necessary to study
this behaviour in detail.

In what follows, we have studied the evolution of the dust-
to-metal ratio with other galaxy properties. The mass of metals
is calculated as MZ = fZ ⇥ Mg + Md where fZ is the fraction of
metals by mass calculated using fZ = 27.36 ⇥ 10(12+log(O/H) � 12).
The factor of 27.36 is found from assuming 12 + log(O/H)� =
8.69 and a Solar metal mass fraction Z� = 0.0134 following
Asplund et al. (2009). Throughout this work we track the total
mass of metals in the ISM (i.e. including metals locked up in
dust).

In reality, the fraction of oxygen to the total mass of metals
will not be constant throughout the evolution (see e.g. varying
N/O in previous section). From studying the DV17b chemical
evolution models where the mass of oxygen and total mass of
metals are tracked separately, we find that these di↵erences are
of the order of ⇠ 25% (0.1 dex). It should be kept in mind that in
what follows, we are essentially tracking changes in the dust-to-
oxygen mass ratio (re-scaled to dust-to-metal ratio using a fixed
oxygen-to-metal ratio) rather than in the intrinsic dust-to-metal
mass ratio.

Plotting the dust-to-metal ratio against metallicity and gas
fraction (both tracers of the evolutionary stage) in Figure 10, a
significantly lower Md/MZ is found for the earliest stages of evo-
lution. This behaviour is also followed by Models V and VI (see
Section 6 for further discussion), where for some galaxies Model
V provides the best fit, yet for others Model VI is better. The
overall correlations are quite weak (Spearman ⇢ = �0.121 and
⇢ = �0.441 for metallicity and gas fraction respectively). We

Article number, page 13 of 24

A&A proofs: manuscript no. DPmetals

Fig. 3. Left: 4.5 ⇥ 4.5 arcmin2 SDSS gri colour image together with the distribution of metals (coloured circles) in NGC5248 (well sampled;
top) and UGC00931 (sparsely sampled; bottom). Middle: Radial metallicity profile for both galaxies. MUSE data points are shown in orange,
literature data with measured uncertainties in blue and literature data without measured uncertainty (uncertainty of 0.2 dex was assigned) in cyan.
The magenta line gives the best radial fit and the black lines give the 30000 individual fits attempted in our Bayesian approach, weighted by their
probability from Eq. 5. Right: The resulting PDFs for the gradient r12+log(O/H) and characteristic metallicity. The median is shown in magenta (see
also middle panel) and is used for the remainder of this work.

the two estimates, indicating that our method performs well. Fi-
nally, we also tested using the ‘universal prior’ for the gradi-
ents for all galaxies, rather than just for the unconstrained sub-
sample. When the results are compared, we find the e↵ect on
the global metallicities is negligible, though there are some sig-
nificant o↵sets on the resulting gradients, where the ‘universal
prior’ results are biased towards the mean of the sample9. There-
fore, we consider our global metallicities to be reliable, even for
the unconstrained sub-sample. However, the measured gradients
for the unconstrained sub-sample are likely to be unreliable and
we used them no further.

4. Other galaxy properties

4.1. DustPedia

Dust masses, stellar masses and star formation rates (SFR) for
the DustPedia galaxies will be presented in Nersesian et al.
(in prep.). These results are derived from the aperture-matched
DustPedia Photometry presented in Clark et al. (2018) using the
SED fitting package CIGALE (Noll et al. 2009). CIGALE cre-
ates a library of SED templates for which the energy balance be-
tween the energy absorbed by dust in the UV-optical and the en-
ergy re-emitted in the infrared is maintained. This library is build

9 When the ‘universal prior’ is used, the comparison with other sam-
ples is less good (Section 6.1).

assuming a delayed and truncated SF history (Ciesla et al. 2016)
along with stellar emission from the stellar population models of
Bruzual & Charlot (2003) and a Salpeter initial mass function.
For the dust emission, the THEMIS (Jones et al. 2017) dust grain
model is used, which is the reference DustPedia dust model. Us-
ing Bayesian statistics the best values and uncertainties for the
Md, M⇤ and SFR are determined.

To obtain Hi masses for the DustPedia sample we have per-
formed a literature compilation (see also Casasola et al. in prep.).
Integrated Hi fluxes were found for 764 out of the 875 DustPe-
dia galaxies. The various references used for this compilation are
listed in Table C.2. 569 sources were found with Hi-detections
and listed uncertainties, 96 galaxies have Hi-detections but no
listing for the uncertainty and 99 galaxies have upper limits
available only. When multiple references were available, pref-
erence was given to the measurements with the smallest uncer-
tainty. There are 67 ALFALFA sources for which the DustPedia
aperture from Clark et al. (2018) is larger than 50 and there might
thus be some Hi flux outside the ALFALFA aperture. The Hi flux
for these sources was therefore corrected to account for Hi out-
side of the ALFALFA aperture using the Hi-profile from Wang
et al. (2014), who found the Hi discs of galaxies exhibit a ho-
mogeneous radial distribution in their outer regions, and provide
scaling relations between the scale length and MHi.

This method of correcting the ALFALFA Hi flux seemed
to give more reliable results than using alternative observa-
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Figure 10. Average dust–to–gas ratio vs. metallicity for
all NGC 628 radial bins, NGC 6503, NGC 7793 (both ra-
dial bins), UGC 5139, and UGC 4305. Red points use the
“maximum” extinction maps, while the blue ones use the
average extinction maps. The black cross is the typically ob-
served Milky Way value. Vertical errorbars are determined
using the scatter of both AV and gas column density in that
bin or galaxy. The black horizontal errorbar in the upper
left shows the typical metallicity uncertainty from the liter-
ature. Dashed red and blue lines are fit to NGC 6503 and
the NGC 628 radial bins, while solid red and blue lines lines
are fit to the entire sample. The dark grey lines are the
Rémy-Ruyer et al. (2014) single (solid) and broken (dashed)
power law relationships. Top: Dust–to–gas ratios calculated
using NH = NHI + 2NH2 for all but NGC 7793. Bottom:
Dust–to–gas ratios calculated with NHI only.

having a large gap between the spirals and the dwarf
galaxies. The case where we exclude CO and fit the
spirals only is slightly steeper. This is more consistent
with the single power law slope of 2.02±0.3 from Rémy-
Ruyer et al. (2014) for a varying XCO. Both cases are
steeper than the slope of 1 for the high-metallicity end of

the broken power law relationship in Rémy-Ruyer et al.
(2014). Due to geometric e↵ects, we tend to underes-
timate the extinction. This e↵ect is magnified in areas
of high extinction. A correction for this e↵ect might
result in a steeper slope than what we observe, as high-
metallicity, highly-extinguished regions are pushed to
higher extinctions and higher dust-to-gas ratios faster
than the low-metallicity, more lowly-extinguished re-
gions. This would not solve the discrepancy, so we
find dust–to–gas ratios that are inconsistent with a bro-
ken power law with a high-metallicity end slope of 1.
Our two dwarf galaxies, UGC 4305 and UGC 5139, are
roughly at the break in the power law from Rémy-Ruyer
et al. (2014), so we cannot determine if we are consistent
with the slope of the low-metallicity end, or even if our
data require a broken power law. With the full LEGUS
sample, we can better test if a varying XCO based on a
galaxy’s metallicity leads to a more consistent agreement
with previous work and reduced scatter in the relations
between dust–to–gas ratio and metallicity.
As discussed in Section 6.1, it is also likely that we un-

derestimate the dust–to–gas ratio of the radial bins of
NGC 628, especially in the center, since we are likely see-
ing a high percentage of blends. Highly obscured faint
stars will be washed out by the less-obscured faint stars,
reducing the extinctions we derive for a region. NGC
628 is likely the furthest galaxy this method should be
attempted on at the angular resolution of our survey.
For this work, we have assumed the constant XCO =

2⇥ 1020 cm2 K-1 (km/s)-1 used in Rahman et al. (2011)
and Leroy et al. (2008), however there is evidence that
XCO varies with metallicity (Leroy et al. 2011; Bolatto
et al. 2013) and star formation rate (Clark & Glover
2015). Low-metallicity galaxies with a lower star forma-
tion rate like UGC 5139 and UGC 4305 likely have a
higher XCO than the spiral galaxies NGC 628 and NGC
6503, which would drive their gas content up, specifi-
cally the H2 gas. This has the overall e↵ect of reduc-
ing the dust–to–gas ratios calculated for these galaxies.
Rémy-Ruyer et al. (2014) found that an XCO with a
metallicity dependence of (O/H)�2 caused shifts in the
dust–to–gas ratios of half a dex or less across the entire
sample of galaxies, though localized dust–to–gas ratios
will vary based on the relative column densities of HI
and CO in the map. If this shift is dependent on metal-
licity, there could be a change in our observed slope
of metallicty vs. dust–to–gas ratio. A higher XCO at
lower metallicity would increase the gas column density
at low metallicity but not at high metallicity, increasing
our observed slopes further. Bolatto et al. (2013) also
find that there is evidence that the XCO varies within

Kahre+ 2018; LEGUS Survey

12

Figure 4. Top row, left to right: NGC 628 central field, NGC 628 eastern field. Second row, left to right: NGC 7793 eastern
field, NGC 7793 western field. Third row, left to right: UGC 4305, UGC 5139. Bottom center: NGC 6503. The left image in
each set is the 3-color HST image, using I, B, and U-band images. Colored contours for the reddening are shown on the map to
the right, with contour values equal to 20% (magenta), 40% (green), 60% (yellow), and 80% (red) of the maximum extinction.
The right image in each set is the weighted average reddening adaptive resolution map for each galaxy, smoothed with a 3”
Gaussian. Maps show E(V-I) for each galaxy. Blue is low E(V-I), while yellow/white is high E(V-I) (see color bar). For a MW
extinction law with RV = 3.1, AV = 2.41E(V � I).
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lower-right panel shows our inferred R(V ) map. In each panel,
the×symbol indicates the adopted location of the Sun at
X Y, 8 kpc, 0=( ) ( ), and the red circle shows a circle of 1 kpc
centered at the Sun. The blue contours in the left two panels
show where most of the APOGEE data lie.

The R(V ) map is colored light blue in regions where the
result is particularly uncertain (estimated uncertainty 0.16),
though the value is somewhat arbitrary because of the ad hoc
regularization we have employed. This masks the Southern
Galactic plane, where we have no APOGEE or 3D dust map
information, as well as most of the sky beyond 5 kpc, where
likewise few observations are available.

The clearest structure we see in the lower right panel of
Figure 3 is the region of relatively low R(V ) within about
1 kpc, anticipated in Section 3.1. Toward l 180= and
l 100= , there are clear transitions between nearby low R(V )
dust and more distant high R(V ) dust at a distance of about
1 kpc. Many features of the map, however, are strongly
heliocentrically radial. For example, there is a narrow radial
wedge of low R(V ) at l 160= and a wide wedge of
intermediate R(V ) at l30 90< < . Unfortunately, given the
significant uncertainty in distance in both the 3D dust map and
the distances to the individual APOGEE stars, as well as our
rudimentary treatment of this uncertainty, such “fingers of god”
are expected.

We show in Figure 4 an attempt to combine the R(V ) and
E B V-( ) maps. The darkness of a region in Figure 4 is set by
the amount of dust column E B V-( ) in that region from G15,
while the color of the pixel is determined by our R(V ) map.
Since regions with little dust are not useful for constraining R
(V ), this visualization makes it easier to focus on the R(V ) map
where it is actually constrained by the data. The information
shown in Figure 4 is identical to that in Figure 3, however.

Our 3D-pixelized model contains three dust slices at
different heights above the Galactic plane, which we show in

Figure 5. The slices show reasonable consistency with one
another, though this is partially enforced by the regularization
scheme. The nearest kiloparsec has reduced R(V ) in each slice,
though nearby, above the plane, toward the Galactic center the
map prefers a high R(V ), presumably due to the influence of the
Ophiuchus molecular cloud. The lowest R(V ) is found above
the plane near l 125= , corresponding to the low R(V ) region
at l b, 125 , 7 . 5=( ) ( ), identified in Figure 1.
We can test the accuracy of the R(V ) measurements in

Figure 3 by comparing predictions of R(V ) from the map and
comparing the stellar distances with the measurements. We
make this comparison for the 3D-pixelized map in Figure 6
(second panel; the results for the 2D-pixelized map are similar).
Unsurprisingly, given that we are fitting the R(V ) measure-
ments, the correlation between our model and the measure-
ments is good. The standard deviation of all S16 R V¢ ( )
measurements is 0.19, while the model residuals have a
standard deviation of 0.13; the model explains roughly half of
the variance in R(V ). The median uncertainty in R V¢ ( ) is 0.1,
so the dispersion in the residuals is roughly half uncertainty in
the data and half inadequacies in the model.
The R(V ) map is limited in its accuracy by the accuracy of

the underlying 3D dust map and stellar distance catalog. We
test one important aspect of these underlying catalogs in the
first panel of Figure 6. The figure compares the measured
reddenings of the APOGEE sources with the reddenings we
expect from integrating through the 3D extinction map of G15
to the stars, with distances given by Ness et al. (2016). We find
excellent agreement in the mean.
Nevertheless, the differences between the two E B V-( )

measurements are significant. The rms disagreement is
0.1magE B V-( ), but the APOGEE E B V-( ) should be
accurate to better than 0.03mag, while the extinction map
likewise claims 0.02» mag accuracy from comparisons with
Schlegel et al. (1998, hereafter SFD) at high latitudes. Some
part of this discrepancy can be explained by the uncertain
distances, which are not important at high latitudes, where the
SFD comparison was performed. We find it likely that angular
differential extinction at the low latitudes and at high
reddenings where the APOGEE stars reside is also a significant
source of error in the APOGEE-3D map comparison. These
0.1mag errors correspond to 15% errors at the median
extinction of the sample, and will translate to errors in the R
(V ) map.

4.1. R(V) Input Catalog Limitations

Our technique transforms a set of R(V ) measurements to
objects at known distances into a 3D map of R(V ). The resulting
3D map naturally inherits all of the limitations and systematics of
the R(V ) catalog on which it is based. In the case of the S16
catalog used in this work, we consider two possible systematic
errors: an overall offset in the R(V ) proxy adopted in S16,
R V E g W E g r1.2 2 1.18» - - -( ) ( ) ( ) (Equation (1)), and
the dependence of this proxy on stellar type in the absence of true
variation in the extinction curve.
We first consider the effect of a systematic offset in the input

R(V ) catalog. The work of S16 uses the linear function of
Equation (1) to determine R(V ) from the color excess ratio
E g W E g r2- -( ) ( ). This color excess ratio is a decent
proxy for R V A V E B V= -( ) ( ) ( ) because g−r and B−V
are similar optical colors and because A W2( ) is much smaller
than A(g), so E g W2-( ) roughly equals A(g). Unsurprisingly,

Figure 4. A map of E B V-( ) and R(V ) in the Galactic plane. The colors
show R(V ), with deep red indicating R V 3.1<( ) , gray indicating R V 3.4=( ) ,
and deep blue indicating R V 3.7>( ) . The darkness of a region shows how
much dust is present in that region, using E B V-( ) per unit distance as a
proxy.
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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.

MID-IR SPECTROSCOPY OF SUBMILLIMETER GALAXIES 1063No. 2, 2007
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Figure 1. Left: Spitzer IRS spectrum of 6.2 µm PAH and mid-infrared continuum emission toward GN20 (z = 4.055). The solid black histogram shows the raw
(unsmoothed) spectrum, and the shaded region shows the associated ±1σ noise level (smoothed with a boxcar for display purposes), as estimated from the residual
sky background. The dashed red line shows the best-fit SED, which is composed of a power-law component plus an extinction curve (dash–dotted blue line; the “dip”
is due to extinction) and a starburst component (dash–triple-dotted green line). At a rest-frame wavelength of 6 µm, ∼2/3 (fit value: 66%) of the continuum flux is
due to the power-law component. Right: comparison between GN20 (black histogram) and the z ∼ 2 SMG composite (which contains a ∼30% contribution from a
power-law AGN component) shown in Pope et al. (2008), scaled up by a factor of four in luminosity (red histogram).
(A color version of this figure is available in the online journal.)

(e.g., Armus et al. 2007). Within the limited spectral range,
the spectral decomposition suggests that ∼2/3 (fit value: 66%)
of the continuum emission at 6 µm is due to the power-
law component, ∼1/3 (34%) contribution from the starburst
template, and a level of uncertainty of at least 30% from the
fitting alone. The power-law component alone, likely due to a
hot dust source, corresponds to a rest-frame 6 µm continuum
luminosity of νLν(6 µm) = 2.6 × 1045 erg s−1. As discussed
below, we interpret this power-law component to be mainly a
result of a heavily dust-enshrouded AGN in GN20, tracing the
thermally re-radiated emission from the obscuring material.

In the right panel of Figure 1, a comparison between the
spectrum of GN20 and the z ∼ 2 SMG composite spectrum of
P0815 (scaled up by a factor of four in luminosity) is shown.
Except for a narrower PAH feature in GN20, both spectra look
quite similar. The average AGN contribution for the z ∼ 2
SMG composite sources is ∼30% (P08). This shows that the
presence of an AGN in GN20 is likely, but that, due to the limited
spectral range of our observations, the AGN contribution to the
rest-frame 6 µm continuum luminosity is probably uncertain by
about a factor of two.

For comparison, we have extracted the rest-frame X-ray
2–10 keV luminosity of GN20 from the deep 2 Ms exposure
of the region obtained with the Chandra X-Ray Observatory
(Alexander et al. 2003). The source is not detected down to
a limiting luminosity of LX(2–10 keV) < 1.8 × 1042 erg s−1

(based on the observed-frame 0.5–2 keV flux limit, assuming a
K correction of 1.085 and a spectral slope of Γ = 1.4). Under the
assumption that GN20 hosts a mid-infrared-luminous, obscured
AGN, this X-ray limit provides interesting constraints on its
AGN properties (as outlined below).

15 The 6.2 µm PAH equivalent widths for individual SMGs that are part of this
template are 0.22–1.10 µm, which includes two upper limits of < 0.45 and
< 0.50 µm (P08).

4. ANALYSIS

4.1. Spectral Energy Distribution

Our spectral decomposition suggests that ∼34%–70% of the
mid-infrared continuum flux in GN20 is due to star formation.
This suggests that, in order to determine the fraction of LIR that
is due to star formation, the photometry at these wavelengths
needs to be corrected down accordingly to fit only the starburst
fraction of the spectral energy distribution (SED). We have
applied this correction to the SED fit presented by Magdis et al.
(2011; conservatively adopting the 34% value from the two-
component fit). This yields a starburst infrared luminosity of
LIR = (1.9 ± 0.4)×1013 L⊙, which is essentially the same as the
total infrared luminosity quoted by Magdis et al. (2011). Given
the SED shape of the source, the impact of the correction (and its
factor of ∼2 uncertainty) on the total LIR is minor. The correction
does not account for a potential cooler dust component that may
be subject to AGN heating, but that cannot be described by
the mid-infrared power-law component. At present, there is no
evidence for the existence of such an additional component
in GN20.

To better quantify the possible contribution of any additional,
unconstrained component to LIR if present, we simultaneously fit
the mid-infrared spectrum and full infrared SED of GN20 with
a composite full SED template of z ∼ 2 SMGs (consisting of the
same galaxies used in the mid-infrared composite in Figure 1;
P08) and an SED template of the z = 0.042 AGN-dominated
infrared-luminous galaxy Mrk 231 (Figure 2; Rigopoulou et al.
1999; P08). The estimated contribution of star formation to the
far-infrared luminosity of Mrk 231 is 30% ± 15% (Veilleux
et al. 2009). This simultaneous composite fit reproduces the
overall SED properties of GN20 fairly well, and it suggests a
starburst contribution of 35% to the mid-infrared luminosity.
This agrees well with the estimate based on the decomposition
of the mid-infrared spectrum alone. The fit overestimates the
luminosity at ∼4.4–5.0 µm. This may be due to the possible
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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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3.3. Electron Densities and Temperature Selections

To calculate abundances in regions where one or more
temperature-sensitive line ratios were measured, we adopt an
electron density, ne, based on the [S II] λ6717/6731 line ratio

as these relatively strong lines are cleanly separated in MODS1
spectra. The large majority of H II regions observed, 95 out of
109, lie in the low-density regime [I(λ6717)/I(λ6731) > 1.35].
For these regions, we thus adopt an ne of 100 cm−3. For the

Figure 6. Radial abundance gradients in NGC 5457. Points are color-coded by study of origin. We have recomputed all abundances using identical atomic data and
temperature–temperature relations. We plot the O/H and N/O abundance gradients we derive from direct abundance determinations as solid lines, with the flattened
portion of the N/O gradient plotted as a dashed line. We include data from H II regions in which auroral lines are not detected as smaller points on the N/O gradient,
as this quantity is relatively insensitive to the electron temperature. For the S/O and Ar/O gradients we plot the weighted-mean value of the data as a dashed line. For
Ne/O the dashed line indicates the mean of data with a log(Ne/O) greater than −0.9.
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Why do the PAHs 
vanish?

• Carbon Crisis 2.0: They never get formed by stars (low C to O 
ratios) 

• You’re too impatient: They didn’t yet have time to be formed 

• Low-Z Life is Hard For Small Grains: 

• (1): UV photo-destruction destroys grains 

• (2): SN shocks destroy small grains (but also create 
them??) 

• (3): Grain re-growth is inhibited



Explanations…

Galliano+ 2008; 
Dwek+ 2009

Delayed onset of 
PAH production

You are 
Impatient: 

Star Formation 
History(Z)

F. Galliano: PAH abundance with metallicity 47

Fig. 2. Comparison between our dust evolution model and the derived trend of PAH

and dust-to-gas mass ratios (ZPAH = MPAH/Mgas and Zdust = Mdust/Mgas) with the
observed gas metallicity. The grey envelopes show the result of our dust evolution model.

The various curves within the envelopes represent the spread caused by assuming different

star formation rates and different dust destruction efficiencies by SN blast waves. No
parameter has been adjusted to fit the dust evolution trends to the observed dust content.

4 Additional confirmations from spatially resolved studies

Although our global approach is relatively crude, because of its lack of spatial
resolution, it provides general trends of the various processes and allows a com-
parison of their respective contributions. Several studies have addressed some of
these issues by looking at spatially resolved observations.

A / / 9/09 / 6 CCC 1/:0 25  5 1 :  6 2  5  /
, C 9 /2 2 4 : 6 CCC 1/:0 25  5 1  . D 4 / / / A0 1 6 /:0 25 : 4



Explanations…

Gordon+ 2008

Grain photo-
destruction at low Z

Life is hard for a 
small grain (1): 

Photons/
Ionization

ratio (Fig. 8c) is likely due to different H ii region ages and/or
ionization parameters. Disentangling the different effects is
complicated and beyond the scope of this paper as we are only
interested in these ratios as ameasure of the amount of processing
that might have taken place in the H ii regions.

The equivalent widths of the aromatic features are plotted ver-
sus metallicity and II in Figure 9. The equivalent width measures
the strength of the aromatic features versus the underlying mid-
infrared dust continuum emission. As both the aromatic features
and underlying continuum are measured at the samewavelengths,
they are likely to have undergone similar excitation and, therefore,
the equivalent width is a measurement of the abundance ratio
of the aromatic carriers to small dust grains. Visually, it appears
that the equivalent width of the aromatic features is better corre-
lated with II than with metallicity. We have quantified this by fit-
ting the measurements with two different functions. The first is a
simple power law

y ¼ axb; ð8Þ

where x ¼ 10II and y is the normalized aromatic equivalent
width. The second equation is a power law plus a constant with
the form

y ¼ axb þ c
! "% 1

: ð9Þ

The best fits using both of these equations are shown in Figure 9.
The reduced !2 values for the data versus metallicity are 356 and
339 for the simple power and power law plus a constant, respec-

tively. The reduced!2 values for the data versus II are 240 and 195
for the simple power and power law plus a constant, respectively.
This indicates that the aromatic feature equivalent widths are
better correlated with ionization than metallicity. In addition, the
functional form favored is the power law plus constant (eq. [9]).
The behavior of the aromatic equivalent widths can be described
as constant up to a threshold II (& 0, which is a [Ne iii]/[Ne ii]
value of 1) and then a reduction in equivalent width with a power-
law form at higher II values. The best fit between the II and nor-
malized equivalent width measurements is

y ¼ 0:55x0:98 þ 0:73
! "% 1

: ð10Þ

The expected values for the equivalent widths for a particular
aromatic feature can be determined from this equation multi-
plied by the average equivalent widths that are given in the cap-
tion of Figure 9.

The ratio of the integrated strengths of different aromatic fea-
tures is a diagnostic of the physical mechanism of processing.
For example, models using PAHs as the carriers of the aromatic
features predict the strength of the 6.22, 7.70, and 8.61 "m fea-
tures to strengthen relative to the 11.3 and 12.7 "m features as
the ionization level increases or to weaken as the smaller PAHs
are removed (Bakes et al. 2001; Peeters et al. 2002). In Figure 10
we show the ratio of the four strongest aromatic features to the
11.3 "m feature versus metallicity and II. The ratios do not vary
significantly from object to object, nor does there seem to be a
significant trend with either of the two diagnostics. While there
is a large scatter in the ratios of around a factor of 2, the large

Fig. 9.—Normalized equivalent widths of the five highest equivalent width aromatic features (AFs) plotted vs. metallicity (left) and ionization index ( II; right; see
x 3.2). The normalization was done to the average equivalent width of each AF. The normalization values are 0.87, 3.01, 1.04, 1.32, and 0.56 "m for the 6.22, 7.70, 8.61,
11.30, and 12.70 "m aromatic features, respectively. The dotted and dashed lines give the best-fit power law and power law plus constant, respectively (see x 3.2).

Fig. 10.—Ratio of the strength of the four strongest AFs to the 11.3 "mAF plotted vs. metallicity (left) and ionization index ( II; right). The normalization was done to
the average ratio of each AF. The normalization values are 1.01, 3.41, 0.80, and 0.57 for the 6.22, 7.70, 8.61, and 12.70 "m aromatic features, respectively.

AROMATICS IN M101 347

Fig. 2.—Three-color image of M101 annotatedwith the locations of H ii regions withmeasuredmetallicities. The red, green, and blue channels are filledwith theMIPS
24 !m, IRAC 8 !m, and IRAC 3.6 !m images, respectively. The regions that were observed with IRS are identified as having a box around their names.

TABLE 1

M101 Regions with Measured Metallicities

Name Other Names R.A. Decl. R /Ro
a 12þ log(O/H) IRS Spectra

Nucleus .................................. . . . 14 03 12.48 54 20 55.4 0.00 8:76 " 0:06 X

Hodge 602.............................. . . . 14 03 10.22 54 20 57.8 0.02 8:76 " 0:06 X

Hodge 1013............................ . . . 14 03 31.39 54 21 14.5 0.19 8:71 " 0:05 . . .
Searle 5 .................................. Hodge 336 14 02 55.05 54 22 26.6 0.21 8:55 " 0:16 X

NGC 5461.............................. Hodge 1105 14 03 41.36 54 19 04.9 0.32 8:50 " 0:03 X

NGC 5447.............................. Hodge 128 14 02 28.18 54 16 26.3 0.55 8:45 " 0:04 X

NGC 5462.............................. Hodge 1170 14 03 53.19 54 22 06.3 0.44 8:37 " 0:07 X

NGC 5455.............................. Hodge 409 14 03 01.13 54 14 28.7 0.46 8:25 " 0:03 X

Hodge 67................................ . . . 14 02 19.92 54 19 56.4 0.54 8:14 " 0:08 . . .
Hodge 70/71 .......................... . . . 14 02 20.50 54 17 46.0 0.57 8:10 " 0:12 . . .
Searle 12 ................................ Hodge 1216 14 04 11.11 54 25 17.8 0.67 8:16 " 0:03 . . .
NGC 5471.............................. NGC 5471-D 14 04 29.35 54 23 46.4 0.80 8:09 " 0:03 X

Hodge 681.............................. . . . 14 03 13.64 54 35 43.0 1.03 7:92 " 0:09 . . .

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
a Ro ¼ 14:420.
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PAH vs. Z in high dZ/dR 
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Strong PAH–metallicity 
Evolution at z~2

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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See also: talks by Roman-Duval, Chiang

T. Zafar and D. Watson: The metals-to-dust ratios of GRB and QSO absorbers

Fig. 2. Metals-to-dust ratio ((log NH I/cm−2 + [M/H]) – log AV /mag)
versus metallicity for GRB afterglows (black) and QSO-DLAs (blue).
The black dashed line represents the LG metals-to-dust relation. The
gray dashed line is the mean metals-to-dust ratio of our sample and
standard deviation is illustrated by dotted lines. The symbols have the
same meaning as in Fig. 1. For comparison, the upper limit derived by
Herrera-Camus et al. (2012) from SED modeling of the lowest metal-
licity galaxy known in the local universe, I Zw 18, is plotted in green.

the redshift range from z < 3 to z > 6, and covers a much wider
variety of objects, dealing not only with QSO-DLAs, but also
with the hearts of star-forming galaxies.

4. Discussion

The origin of cosmic dust is currently a major issue in astro-
physics and cosmology. The three candidates for forming the
bulk of the dust are condensation in the envelopes of low mass,
evolved stars (AGB dust formation, Gail et al. 2009), conden-
sation in SN ejecta (Dunne et al. 2003), and growth in dense
molecular clouds (Draine 2009). While it has long been advo-
cated on the basis of models of dust formation in AGB stars
and dust destruction in the ISM that AGB stars are not sufficient
to explain all of the dust in the Galaxy (e.g. Draine & Salpeter
1979; Gehrz 1989), they dominate the pre-solar grain popula-
tions found to date (Nittler 2009), and were believed to be the
dominant form of dust from stars (Gail et al. 2009). Furthermore,
it has been proposed that they were major contributors to dust
in the early universe (Valiante et al. 2009; Cherchneff & Dwek
2009). Conversely, Maiolino et al. (2004), Dwek et al. (2007;
2011), Michałowski et al. (2010), Gall et al. (2011a,b), claimed
that AGB stars are not efficient enough at high redshifts and that
dust is due to SNe or ISM dust grain growth.

For dominant dust formation by AGB stars, there is a signif-
icant time delay between the formation of the bulk of the metals
(which are formed in SNe) and the bulk of the dust, because of
the time required to evolve off the main sequence for these stars.
This delay will introduce significant scatter in the metals-to-dust
ratio, particularly showing deviations at the lowest metallicities,
where the metals-to-dust ratios should be very high, since the
dust has typically not had time to form.

For bulk dust formation via accretion of dust onto seed par-
ticles in the dense ISM, the growth rate is strongly related to
the metallicity of the ISM. Indeed, in most analyses there is
a critical metallicity below which grain growth in molecular

Fig. 3. Metals-to-dust ratio versus redshift for GRB afterglows (black),
QSO-DLAs (blue), and lensed galaxies (red). The black dashed line
represents the LG metals-to-dust relation. The gray dashed line is the
mean metals-to-dust ratio of our sample and its standard deviation is
illustrated by dotted lines. The symbols have the same meaning as in
Fig. 1.

clouds is likely to be insignificant (e.g. Zhukovska & Gail 2009;
Asano et al. 2011). The precise critical metallicity is depen-
dent on the sticking coefficient for the grains, the survival times
of the molecular clouds, and the injected grain size distribu-
tion. Zhukovska & Gail (2009) indicate that grain growth in
molecular clouds only becomes dominant above a metallicity
of [M/H] ∼ −1. Again, this indicates that if dust formation is
dominated by this mechanism, there should be a fall away from
a constant metals-to-dust ratio at low metallicities. Where pre-
cisely this low metallicity value lies is unclear. However, down
to [M/H] = −2, we see no sign of it in our data (Fig. 2). If grain
growth in the ISM does dominate dust masses, the process must
therefore be much more efficient than assumed in Zhukovska &
Gail (2009), implying an extremely fast dust growth timescale in
higher metallicity systems. Draine (2009) makes a simple, order
of magnitude estimate of the timescale required for dust growth
in the ISM. According to Eq. (8) of Draine (2009), a 1% metal-
licity would imply an accretion timescale of 1 Gyr, far longer
than the typical stellar ages of GRB hosts (Christensen et al.
2004; Savaglio et al. 2009; Jakobsson et al. 2012), and therefore
inconsistent with our data. On the other hand, charged polycyclic
aromatic hydrocarbons (PAH) could make the initial growth rate
a factor of 50 faster than this (Draine 2009) at least for the
growth of the smallest grain, i.e. 20 Myr, which is consistent with
the typical stellar ages of GRB hosts. However, we should note
that this is extreme, since it relies on PAH growth, which seems
unlikely to drive the bulk of grain growth. Future measurements
of dust and metal columns in objects with metallicities signifi-
cantly below 1% of the solar abundance should thus distinguish
between ISM grain growth and SN-formation (see below) as
the dominant dust-making scenario. As a corollary, this analy-
sis also implies that in solar metallicity systems, the grain accre-
tion timescales are typically less than 1 Myr. A similarly short
timescale has been inferred on other grounds based on an anal-
ysis of dusty high redshift galaxies (Watson et al., in prep.; see
also Calura et al. 2008; Pipino et al. 2011).

Finally, a constant metals-to-dust ratio is a natural conse-
quence of formation of the bulk of the dust in core collapse
SNe. In this scenario, if core-collapse SNe turn most of their
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Fig. 6. DTM as a function of redshift. z error bars are too small to
be displayed. There does not seem to be any evolution over the red-
shift range of 1.7–5, but no conclusions can be drawn with such a small
sample.

Fig. 7.DTM as calculated using Eq. (8) as a function of metallicity. The
dashed line and shaded area is a linear fit to the data and its 1� confi-
dence interval respectively, tracing a significant positive correlation be-
tween the two variables. The trend is predominantly set by the lowest
metallicity points, with those data points at [M/H] > �1 showing no
obvious trend. The Milky Way is shown by a black point at [M/H]= 0,
DTM = 1.

broadband SEDs from the optical to the X-ray regimes (see e.g.
Greiner et al. 2011; Schady et al. 2012; Covino et al. 2013; and
upcoming papers Bolmer et al. and Greiner et al., both in prep.).
For all bursts from 2007 onwards, we use optical/NIR data from
the seven-channel imager GROND (Greiner et al. 2008), and
X-ray data from the X-ray Telescope (XRT; Burrows et al. 2005)
on board Swift (Gehrels et al. 2004). For the pre-GROND bursts,
see Schady et al. (2011). A simple power-law or broken power-
law is fit to the observed data, and “missing” flux in the bluer
visible bands is attributed to dust. This reddening is fit with one
of three di↵erent exctintion laws, namely those from the SMC,
LMC, and MW (Pei 1992), and is described by the colour excess,
E(B � V). This is converted into AV;SED via the relation

AV = RV E(B � V), (9)

where RV is the total-to-selective extinction, and is fairly well
known for the Local Group extinction curves at an average
of 3.08, 3.16, and 2.93 for the MW, LMC and SMC, respectively.
It includes silicates and carbonaceous grains and depends largely
on the grain-size distribution. Typically, these Local Group ex-
tinction laws produce a good fit to GRB SEDs (Schady et al.
2010; Kann et al. 2010; Greiner et al. 2011), although a more
complex dust model might fit the extinction curves better. Al-
though the best fit AV varies slightly depending on which curve
is used, the use of NIR and X-ray data in the SED fit typically
provides good constraints on AV;SED. The extinction law used for
the final AV;SED measurement is that which results in the best �2

red
value.

In Fig. 8, we plot the metals-to-dust ratio according to the
definition of Zafar & Watson (2013), which uses the AV as a dust
tracer. As in that work, we see no strong trend with metallic-
ity, at odds with the result from Fig. 7. We note than our mean
metals-to-dust of 21.65 cm�2AV mag�1 is higher than that from
their sample, and we see a higher spread of � = 0.46 dex. A
Spearman’s rank test gives ⇢ = 0.38 with a false positive prob-
ability of P = 0.11, suggesting that there is perhaps a slight
positive correlation, and indeed in the opposite direction to that
in our DTM method. Given that the metal measurement comes
from the same place in both methods, there must be a discrep-
ancy between how the dust is measured, the reasons for which
we explore in the following sections.

6.2. The AV ;SED to AV ;DTM discrepancy

We can see from Figs. 7 and 8 that depletion and extinction
seem either to have di↵erent sensitivity, or not to trace the same
dust along the line of sight, or properties thereof. To compare
these values we look to the relation used to calculate a value of
AV from a depletion-measured DTM, which we label AV;DTM.
This is based on the average extinction for a given hydrogen
column density in the MW, scaled for DTM and metallicity, as
per Savaglio et al. (2003), and using the N(H)/AV from Watson
(2011)

AV = 0.45
DT M

DT MGal

Z
Z�

N (H) cm�2

1021 mag, (10)

with N(H) measured in cm�2. In the literature there are many
cases of GRB afterglows where a direct AV measurement from
the SED was possible, as well as spectra with measurable de-
pletion, and there is often disagreement between the two values,
with the depletion-inferred AV usually higher than the SED value
(e.g. Watson et al. 2006; Savaglio et al. 2012; Friis et al. 2015).
For our sample, we compare our independently measured AV;SED
values to AV;DTM based upon the DTM, N(H) and [M/H] from
our fits, the result of which is shown in Fig. 9. There seem to be
two distinct categories of objects: group (1) are found above the
green 1:1 line and make up the majority of the sample and show
the known overprediction of AV;DTM compared to AV;SED, which
are best fit by the blue dashed line; group (2) are found below
this line and are those whose AV;DTM prediction is lower than
that measured from the SED. These objects include the known
outlier GRB 070802 (Krühler et al. 2008; Elíasdóttir et al. 2009)
at an AV;SED of 1.23 mag. This underprediction for GRB 070802
is also noted by De Cia et al. (2016), and could be a result of
the uncertain column density measurements resulting from low-
resolution spectral data.

Including those GRBs with AV;SED upper limits, 11 are cate-
gorized as overpredictions in group (1), while 6 are definitely
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Fig. 6. DTM as a function of redshift. z error bars are too small to
be displayed. There does not seem to be any evolution over the red-
shift range of 1.7–5, but no conclusions can be drawn with such a small
sample.

Fig. 7.DTM as calculated using Eq. (8) as a function of metallicity. The
dashed line and shaded area is a linear fit to the data and its 1� confi-
dence interval respectively, tracing a significant positive correlation be-
tween the two variables. The trend is predominantly set by the lowest
metallicity points, with those data points at [M/H] > �1 showing no
obvious trend. The Milky Way is shown by a black point at [M/H]= 0,
DTM = 1.

broadband SEDs from the optical to the X-ray regimes (see e.g.
Greiner et al. 2011; Schady et al. 2012; Covino et al. 2013; and
upcoming papers Bolmer et al. and Greiner et al., both in prep.).
For all bursts from 2007 onwards, we use optical/NIR data from
the seven-channel imager GROND (Greiner et al. 2008), and
X-ray data from the X-ray Telescope (XRT; Burrows et al. 2005)
on board Swift (Gehrels et al. 2004). For the pre-GROND bursts,
see Schady et al. (2011). A simple power-law or broken power-
law is fit to the observed data, and “missing” flux in the bluer
visible bands is attributed to dust. This reddening is fit with one
of three di↵erent exctintion laws, namely those from the SMC,
LMC, and MW (Pei 1992), and is described by the colour excess,
E(B � V). This is converted into AV;SED via the relation

AV = RV E(B � V), (9)

where RV is the total-to-selective extinction, and is fairly well
known for the Local Group extinction curves at an average
of 3.08, 3.16, and 2.93 for the MW, LMC and SMC, respectively.
It includes silicates and carbonaceous grains and depends largely
on the grain-size distribution. Typically, these Local Group ex-
tinction laws produce a good fit to GRB SEDs (Schady et al.
2010; Kann et al. 2010; Greiner et al. 2011), although a more
complex dust model might fit the extinction curves better. Al-
though the best fit AV varies slightly depending on which curve
is used, the use of NIR and X-ray data in the SED fit typically
provides good constraints on AV;SED. The extinction law used for
the final AV;SED measurement is that which results in the best �2

red
value.

In Fig. 8, we plot the metals-to-dust ratio according to the
definition of Zafar & Watson (2013), which uses the AV as a dust
tracer. As in that work, we see no strong trend with metallic-
ity, at odds with the result from Fig. 7. We note than our mean
metals-to-dust of 21.65 cm�2AV mag�1 is higher than that from
their sample, and we see a higher spread of � = 0.46 dex. A
Spearman’s rank test gives ⇢ = 0.38 with a false positive prob-
ability of P = 0.11, suggesting that there is perhaps a slight
positive correlation, and indeed in the opposite direction to that
in our DTM method. Given that the metal measurement comes
from the same place in both methods, there must be a discrep-
ancy between how the dust is measured, the reasons for which
we explore in the following sections.

6.2. The AV ;SED to AV ;DTM discrepancy

We can see from Figs. 7 and 8 that depletion and extinction
seem either to have di↵erent sensitivity, or not to trace the same
dust along the line of sight, or properties thereof. To compare
these values we look to the relation used to calculate a value of
AV from a depletion-measured DTM, which we label AV;DTM.
This is based on the average extinction for a given hydrogen
column density in the MW, scaled for DTM and metallicity, as
per Savaglio et al. (2003), and using the N(H)/AV from Watson
(2011)

AV = 0.45
DT M

DT MGal

Z
Z�

N (H) cm�2

1021 mag, (10)

with N(H) measured in cm�2. In the literature there are many
cases of GRB afterglows where a direct AV measurement from
the SED was possible, as well as spectra with measurable de-
pletion, and there is often disagreement between the two values,
with the depletion-inferred AV usually higher than the SED value
(e.g. Watson et al. 2006; Savaglio et al. 2012; Friis et al. 2015).
For our sample, we compare our independently measured AV;SED
values to AV;DTM based upon the DTM, N(H) and [M/H] from
our fits, the result of which is shown in Fig. 9. There seem to be
two distinct categories of objects: group (1) are found above the
green 1:1 line and make up the majority of the sample and show
the known overprediction of AV;DTM compared to AV;SED, which
are best fit by the blue dashed line; group (2) are found below
this line and are those whose AV;DTM prediction is lower than
that measured from the SED. These objects include the known
outlier GRB 070802 (Krühler et al. 2008; Elíasdóttir et al. 2009)
at an AV;SED of 1.23 mag. This underprediction for GRB 070802
is also noted by De Cia et al. (2016), and could be a result of
the uncertain column density measurements resulting from low-
resolution spectral data.

Including those GRBs with AV;SED upper limits, 11 are cate-
gorized as overpredictions in group (1), while 6 are definitely
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Dust vs. Metals in the ISM: 
Ponderables

• What (if anything) is 
special about ~1/5–1/4 Z⊙?  
(CO vanishes, DGR 
collapses, PAHs evacuate!) 

•

• Does dust reliably (if 
indirectly) trace the metal 
content of galaxies?  When 
does clouddust overtake 
stardust?

• Z2 vs. Z: Either dust scales 
linearly with metallicity, or 
non-linearly. This distinction 
is important.

A&A 563, A31 (2014)

a) b)

c) d)

Fig. 4. Top row: G/D as a function of metallicity for the 2 values of XCO: XCO,MW a) and XCO,Z b). The mean error for the data points is shown in
grey on the right of the plots. The colours code the reliability of the point depending whether the gas mass is uncertain (in blue), the dust mass
is uncertain (in red) or if both are uncertain (in purple). The symbol traces the changes made in the Hi and H2 masses (see text for details on the
uncertainties and the changes on the gas masses). The dashed line represents the reference scaling of the G/D with metallicity (not fit to the data).
The dotted and dash-dotted lines represent the best power-law and best broken power-law fits to the data. Bottom row: same as top row for XCO,MW
c) and XCO,Z d), where the binned G/D values (see text) have been added as pink filled circles. For clarity, the observed G/D values are now shown
in grey. On the bottom panels the relative dispersion in each bins, in terms of standard deviation, is shown and the colours show the number of
galaxies in each bin.

where MHe is the helium mass and Zgal the mass fraction of met-
als in the galaxy. Assuming MHe = Y� Mgas, where Y� is the
Galactic mass fraction of Helium, Y� = 0.270 (Asplund et al.
2009), we have:

Mgas = µgal(MHI + MH2 ), (3)

with µgal = 1/(1�Y��Zgal) the mean atomic weight. µgal has been
computed for each galaxy and the mean value for our sample
is 1.38± 0.01 (see Table A.1). We get Zgal assuming (Zgal/Z�)=
(O/Hgal)/(O/H�) and Z� = 0.014 (Asplund et al. 2009).

We assume here that the ionised gas mass (MHII) is negligi-
ble compared to the Hi mass. We perform the test for 67 galax-
ies of the sample, with MHII derived from H↵ measurements of
Gil de Paz et al. (2003); Kennicutt et al. (2009); Skibba et al.
(2011) and found MHII/MHI ⇠ 0.2%. However, we found two

dwarf galaxies for which the ionised gas mass should be taken
into account as it contributes equally or more than the atomic
gas mass: Haro11 (MHII ⇠ 1.2 ⇥ MHI, Cormier et al. 2012) and
Pox186 (MHII ⇠MHI, Gil de Paz et al. 2003). For these two galax-
ies, the total gas mass also includes MHII.

The G/D as a function of metallicity is presented in
Figs. 4a, b for the two cases: XCO,MW or XCO,Z . The average er-
ror on the observed G/D is ⇠27% in both XCO cases (⇠10% for
the total gas mass and ⇠26% for the dust mass). The dashed
line indicates the reference scaling of the G/D with metallicity.
The colours of the symbols indicate the reliability of the data
points by tracing if the gas or dust masses determinations are
uncertain. Blue symbols refer to Hi or H2 non-detections or to
the absence of H2 observations for the galaxy. Red symbols in-
dicate that the galaxy is not detected at wavelengths �160 µm.
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