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12+log(O/H) — The (Elusive) Oxygen
Abundance Scale
What does 12+log(O/H) mean?

• Using Oxygen is common

for metal abundance
determinations: convenient
bright optical transitions.

• Calibrating:

1) to models of HII regions,
2) to “direct” temperaturesensitive measurements

• disagree by factors of ~3–5!
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Fig. 1. The so-called Fundamental Plane by Hunt et al. (2016), as derived by PCA of a sample of ⇠ 1000 low metallicity starbursts, shown
as a green line. The distribution of SDSS galaxies from M10 is overplotted 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,
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Dust and
metal enrichment
result from local physical
processes in the ISM — stellar
production, depletion &
destruction, regrowth
dominate here.
Dust Observer/Modeler

Dust &
metals are simple tracer
particles of the global galactic
baryon cycle: gravity, gas
kinetics, pristine inflow and
enriched outflow set this
relationship.
Galaxy Simulation Theorist

Metals Condense
306

SAVAGE & SEMBACH

Depletion

log(X/H) − log(X/H)⊙

100%
Still in the
Gas

Only 1% in
the Gas

Tcondensation

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

Savage & Sembach, 1996
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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.
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⍺ from H itself:
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FIG. 1.È(a) Sequence of clumps with identical radius and decreasing metallicity according to model A. When Z \ (a ] 1)h /R, the CO is completely
photodissociated and the clump consists only of C0 and C`. The next stage happens at Z \ ah /R, when all the neutral carbon is0 photoionized into C`. At
0
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.

Figure 14. Ratio of molecular gas masses estimated using different methods to the “naive mass” obtained using L CO (and aCO =aCO,Gal ), as a func
metallicity. This ratio is equivalent to aCO aCO,Gal . The black points show the molecular gas masses derived from the H2 rotational model. The blue l
this ratio derived from inverting the star formation law for HERACLES non-starburst galaxies (Schruba et al. 2012). The molecular gas masses tr
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P. De Vis1,2 et al.: DustPedia dust-to-metal ratios
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ft: 4.5 ⇥ 4.5 arcmin2 SDSS gri colour image together with the distribution of metals (coloured circles) in NGC5248 (well sampled;
UGC00931 (sparsely sampled; bottom). Middle: Radial metallicity profile for both galaxies. MUSE data points are shown in orange,
data with measured uncertainties in blue and literature data without measured uncertainty (uncertainty of 0.2 dex was assigned) in cyan.
nta line gives the best radial fit and the black lines give the 30000 individual fits attempted in our Bayesian approach, weighted by their
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Changes in the Extinction
Curve Itself may be driven by Z
The Astrophysical Journal, 838:36 (11pp), 2017 March 20

RV=slope of the
extinction curve
=~ grain size
APOGEE/Pan-STARRS1

RV>3.7

The Sun

RV<3.1

Schlafly+ 2017

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
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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.

strongabsorption features, the strongest being silicateabsorption.

isat7.7!m(restframe),soasimilarredshift(!z " #0:1)would

z~2.8,
Valiente+
2007

The Astrophysical Journal, 786:31 (7pp), 2014 May 1

GN20 (z=4.055)

GN20
z=2 SMGs
(scaled x4)

1.5•1025
Luminosity (W/Hz)

0.6

Flux (mJy)

z~4
Reichers+
2014

0.4

0.2

Riechers et al.

1.0•1025

0.5•1025

0.0
0
4.5

5.0
5.5
6.0
6.5
Rest Wavelength (µm)

4

5

6
7
8
Rest Wavelength (µm)

9

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,
4. ANALYSIS
the spectral decomposition suggests that ∼2/3 (fit value: 66%)
4.1. Spectral Energy Distribution
of the continuum emission at 6 µm is due to the powerlaw component, ∼1/3 (34%) contribution from the starburst
Our spectral decomposition suggests that ∼34%–70% of the
template, and a level of uncertainty of at least 30% from the
mid-infrared continuum flux in GN20 is due to star formation.
fitting alone. The power-law component alone, likely due to a
This suggests that, in order to determine the fraction of LIR that
hot dust source, corresponds to a rest-frame 6 µm continuum
dueofto
the photometry
these with
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45
−1
low-resolution
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the star
sampleformation,
galaxies. The detected
sources are shownat together
the best template fit (dotted and dashed
luminosity of νLν (6 µm) = 2.6 × Fig.
10 1.—Spitzer
erg s IRS
. As
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to be corrected down accordingly to fit only the starburst
below, we interpret this power-law
component
to
be
mainly
a
line). Their redshifts are listed in Table 3. The last four
spectra show
the IRSspectral
nondetections.
fraction
of the
energy distribution (SED). We have
result of a heavily dust-enshrouded AGN in GN20, tracing the
applied this correction to the SED fit presented by Magdis et al.
thermally re-radiated emission from the obscuring material.
(2011; conservatively adopting the 34% value from the twoIn the right panel of Figure 1, a comparison between the
component fit). This yields a starburst infrared luminosity of
spectrum of GN20 and the z ∼ 2 SMG composite spectrum of
LIR = (1.9 ± 0.4)×1013 L⊙ , which is essentially the same as the
P0815 (scaled up by a factor of four in luminosity) is shown.
total infrared luminosity quoted by Magdis et al. (2011). Given
Except for a narrower PAH feature in GN20, both spectra look

strongabsorption features, the strongest being silicateabsorption.
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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…

F. Galliano: PAH abundance with metallicity

47

You are
Impatient:
Star Formation
History(Z)
Delayed onset of
PAH production

Galliano+ 2008;
Dwek+ 2009

Explanations…
Life is hard for a
small grain (1):
Photons/
Ionization

Grain photodestruction at low Z

PAH Equiv. Width

AROMATICS IN M101

2.—Three-color image of M101 annotated with the locations of H ii regions with measured metallicities. The red, green, and blue channels are filled with the MIPS
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

Nucleus ..................................
Hodge 602..............................
Hodge 1013............................
Searle 5 ..................................
NGC 5461..............................
NGC 5447..............................
NGC 5462..............................
NGC 5455..............................
Hodge 67................................

...
...
...
Hodge 336
Hodge 1105
Hodge 128
Hodge 1170
Hodge 409
...

R.A.
14
14
14
14
14
14
14
14
14

03
03
03
02
03
02
03
03
02

12.48
10.22
31.39
55.05
41.36
28.18
53.19
01.13
19.92

54
54
54
54
54
54
54
54
54

Decl.

R /Roa

12 þ log (O/H)

IRS Spectra

20
20
21
22
19
16
22
14
19

0.00
0.02
0.19
0.21
0.32
0.55
0.44
0.46
0.54

8:76 " 0:06
8:76 " 0:06
8:71 " 0:05
8:55 " 0:16
8:50 " 0:03
8:45 " 0:04
8:37 " 0:07
8:25 " 0:03
8:14 " 0:08

X
X
...
X
X
X
X
X
...

Gordon+ 2008

55.4
57.8
14.5
26.6
04.9
26.3
06.3
28.7
56.4
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Strong PAH–metallicity
Evolution at z~2

Shivaei+ 2017

ALMA, z=8.4,
Laporte+ 2017

Dust and
Metals in the
ISM at High z

Dust to Metal Ratio ~Same as
MW in DLA’s@high-z
Dust-to-Metals Ratio
from extinction/depletion

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

Abundance

Redshift

Fig. 2. Metals-to-dust ratio ((log NH I /cm−2 + [M/H]) – log AV /mag) Fig. 3. Metals-to-dust ratio versus redshift for GRB afterglows (black),
versus metallicity for GRB afterglows (black) and QSO-DLAs (blue). QSO-DLAs (blue), and lensed galaxies (red). The black dashed line
The black dashed line represents the LG metals-to-dust relation. The represents the LG metals-to-dust relation. The gray dashed line is the
gray dashed line is the mean metals-to-dust ratio of our sample and mean metals-to-dust ratio of our sample and its standard deviation is
standard deviation is illustrated by dotted lines. The symbols have the illustrated by dotted lines. The symbols have the same meaning as in
also: talks by Roman-Duval, Chiang
same meaning as in Fig. 1. For comparison, the upper limit derived by See
Fig. 1.
Herrera-Camus et al. (2012) from SED modeling of the lowest metal-
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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-

with N(H) measure
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Fig. 7. DTM as calculated using Eq. (8) as a function of metallicity. The
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PopIII (PI)SNe produce (lots
of) Silicate-Rich dust
George:
“Dust will be
different”

Schneider+ in prep

Dust vs. Metals in the ISM:
Ponderables
• Z2 vs. Z: Either dust scales

linearly with metallicity, or
A&A 563, A31 (2014)
non-linearly. This distinction
b) is important.

a)

• What (if anything) is

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

⇐

indirectly) trace the metal
content of galaxies? When
does clouddust overtake
stardust?

¼-⅕ Z⊙

• Does dust reliably (if

