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METALLICITY

Metallicity is a critical 
diagnostic for 
understanding galaxy 
evolution 

Sensitive to most 
significant processes

Key diagnostic in models
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BACKGROUND: M*-Z

Luminosity-metallicity 
relation (Lequeux, 1979)

Stellar mass-metallicity 
relation (i.e., Tremonti+04)

Low dispersion (~0.1 dex)

(Tremonti+04)
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BACKGROUND: M*-Z
10 R. Maiolino et al.: AMAZE. I. The evolution of the mass–metallicity relation at z>3

Fig. 7.Mass-metallicity relation observed at di!erent redshifts. The blue, solid and dotted lines indicate the mass-metallicity relation
and its dispersion observed at z!0.07, as inferred by Kewley & Ellison (2008). The red diamonds with errorbars show the mass-
metallicity relation at di!erent redshifts traced by individual objects (or by stacked spectra in the case of panel b, z!2.2). In panel c
(z!3.5) the green square with dashed errorbars is the composite spectrum (which has been assigned the median mass of the sample,
but slightly o!set to avoid a confusing overlap with an individual source). Black, solid lines show the analytical function Eq. 2 with
the best fitting parameters listed in Tab. 5.

closest to the one determined by us through the nebular lines
(Tab. 3).

The stellar mass derived here is subject to uncertainties and
biases related to the synthetic libraries used to carry out the fit-
ting of the galaxy SEDs. In general, the stellar mass turns out
to be the least sensitive parameter to variations of the input
model assumptions, and the extension of the SEDs to mid-IR
wavelengths (near-IR rest-frame) with IRAC greatly reduces the
formal uncertainties on the derived stellar masses, as shown in
Fontana et al. (2006). The uncertainties in the stellar mass are
derived as follows: we compute the 90% confidence level on the
mass by scanning the !2 levels, fixing the redshift and the metal-
licity for each galaxy but allowing the other parameters (SFR,
age, dust extinction) to change.

Age and star formation rate are more uncertain parameters
to derive. In some cases we formally obtain best-fit ages be-
low !50 Myr, which are below the dynamical timescales for
the star forming regions in these systems (Shapley et al., 2001).
Moreover, the conversion between UV luminosity and SFR be-
comes highly non-linear below this age. As a consequence, we
decided to restrict the allowed ages to >50 Myr. However, this
choice may only a!ect the inferred SFR, while the determination
of the stellar mass is essentially una!ected, as discussed above.

For what concerns the library of spectral synthesis mod-
els we adopt both those provided by Bruzual & Charlot (2003)
(hereafter BC03) and those by Maraston (2005) (hereafterM05).
The resulting stellar masses are tabulated for both cases in
Tab. 2. The masses inferred by using the M05 models are pre-
ferred, since they take into account the contribution by TP-
AGB stars, and may di!er from the stellar masses obtained with
BC03 by even a factor of two, especially in older stellar sys-
tems. However, previous works on the mass-metallicity relation
at lower redshift adopted the BC03 templates. Therefore, when
comparing our results with the previous works at lower redshifts
we will adopt for consistency the masses obtained with the BC03
templates. In Tab. 2 we also list the SFR, age and reddening in-
ferred by the SED fitting (adopting templates by BC03, again for
a consistent comparison with previous works).

7. The mass–metallicity relation at high redshift

7.1. Comparing the mass-metallicity relation at different
redshifts

Di!erent studies of the mass-metallicity relation at various
redshifts have employed di!erent diagnostic lines and di!er-
ent calibrations. As discussed in §5 and more extensively in
Kewley & Ellison (2008), the mismatch between the di!erent
calibration scales may introduce artificial evolutionary e!ects of
the mass-metallicity relation. Therefore, it is important that dif-
ferent strong-line diagnostics used in di!erent surveys are cross-
calibrated in a consistent way. The relations obtained in §5 pro-
vide such a common cross-calibration between di!erent strong-
line diagnostics on the same metallicity scale. In this section we
apply (when required) the correction to the metallicities inferred
by past surveys at lower redshift to match our metallicity scale.
We also apply corrections to the mass scale to account for the
di!erent IMF’s adopted by previous works.

As discussed in §1 the local (z!0.1) mass-metallicity rela-
tion was derived by Tremonti et al. (2004) by using SDSS spec-
tra from DR2. Kewley & Ellison (2008) re-determined the lo-
cal mass-metallicity relation by using SDSS spectra from DR4
by setting tighter limits on the redshift range (0.04<z<0.1) so
that the projected SDSS fiber covering factor is >20% of the
total photometric g"-band light, and also to minimize incom-
pleteness e!ects at higher redshifts. The resulting median red-
shift of their sample is !0.07. Kewley & Ellison (2008) cali-
brate the metallicities with the Kewley & Dopita (2002) method,
which is the same adopted by us at 12+log(O/H)>8.35, hence
no additional correction is required to match our metallicity
scale. The only correction to apply is for the stellar masses,
since Tremonti et al. (2004) and Kewley & Ellison (2008) adopt
a di!erent IMF (Kroupa, 2001). We calculate that the masses
in Kewley & Ellison (2008) must be multiplied by a factor of
1.17 to comply with our IMF (note that the IMF’s di!ers not
only in terms of shape but also in terms integration limits). The
thin blue solid lines in Fig. 7 show the Kewley & Ellison (2008)

(Maiolino+08)

Evolves towards high-z!

Many studies... Savaglio
+05; Kewley+08; Shapley
+04, Erb+06; Maiolino+08; 
Mannucci+09, etc etc...

Many models
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Figure 1. Left panel: The mass-metallicity relation of local SDSS galaxies. The grey-shaded areas contain 64% and 90% of all SDSS

galaxies, with the thick central line showing the median relation. The colored lines show the median metallicities, as a function of M
?

,

of SDSS galaxies with di↵erent values of SFR. Right panel: median metallicity as a function of SFR for galaxies of di↵erent M
?

. At all

M
?

with log(M
?

)<10.7, metallicity decreases with increasing SFR at constant mass .

albeit small systematic di↵erence of 0.05 dex (⇠12%) with
the value from R23 systematically higher than that derived
from [NII]�6584/H↵. This small di↵erence is likely to be
due to the di↵erent sample used here and in Maiolino et al.
(2008), which use a SNR threshold of 10 on the flux of each
line. This may introduce a small bias in the calibrations rel-
ative to our sample.

The final galaxy sample contains 141825 galaxies.

2.2 z=0.5–2.5

Many galaxies has been observed at high redshift and these
data can be used to study the evolution of metallicity
with respect to the other properties of galaxies. We ex-
tracted from the literature three samples of galaxies at
intermediate redshifts, for a total of 182 objects, having
published values of emission line fluxes, M

?

, and dust ex-
tinction: 0.5<z<0.9 (Savaglio et al. 2005, GDDS galaxies),
1.0<z<1.6 (Shapley et al. 2005; Liu et al. 2008; Wright
et al. 2009; Epinat et al. 2009), and 2.0<z<2.5 (Law et al.
2009; Lehnert et al. 2009; Förster Schreiber et al. 2009).
The same procedure used for the SDSS galaxies was applied
to these galaxies. Metallicity is estimated either from R23
or from [NII]�6584/H↵, depending on which lines are avail-
able. AGN are removed using the BPT diagram (Kau↵mann
et al. 2003a) or, when [OIII]�5007 and H� are not available,
by imposing log([NII]�6584/H↵)<–0.3. The [NII]�6584 line,
which is usually much fainter than H↵, is not detected in
several galaxies, but removing these galaxies from the sam-
ple would bias it towards high metallicities. For these ob-
jects we have assumed a value of the intrinsic [NII]�6584
flux which is half of the upper limiting flux. When neces-
sary, the published M

?

have been converted to a Chabrier

(2003) IMF. For galaxies without observations of both H↵
and H�, dust extinction is estimated from SED fitting, and
we assume that continuum and the emission lines su↵er the
same extinction. In local starburst lines often su↵er of higher
extinctions (A

V

(lines)⇠2.3A
V

(SED) according to Calzetti
et al. 2000). We have checked that the inclusion of this ef-
fect would have little e↵ect on the final relations and on the
conclusions of this paper.

Erb et al. (2006) have observed a large sample of 91
galaxies at z⇠2.2. Metallicities have been measured only on
average spectra stacked according to M

?

, which has the re-
sults of mixing galaxies of di↵erent SFRs. Despite this prob-
lem, no systematic di↵erences in metallicity are detected
with respect to the other galaxies measured individually,
and the Erb et al. (2006) galaxies are included in the high-
redshift sample, although without binning them with the
rest of the galaxies.

2.3 z=3–4

A significant sample of 16 galaxies at redshift between 3 and
4 was observed by Maiolino et al. (2008) and Mannucci et al.
(2009) for the LSD and AMAZE projects. Published values
of stellar masses, line fluxes and metallicities are available for
these galaxies, which can be compared with lower redshift
data. The same procedure as at lower redshift was used, with
the exception that SFR is estimated from H� after correc-
tion for dust extinction, and metallicities are measured by a
simultaneous fitting of the line ratios involving [OII]�3727,
H� and [OIII]�4958,5007, as described in Maiolino et al.
(2008).

c� 2010 RAS, MNRAS 000, ??–??

(Mannucci+10)
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Figure 2. Three projections of the Fundamental Metallicity Relation among M
?

, SFR and gas-phase metallicity. Circles without error

bars are the median values of metallicity of local SDSS galaxies in bin of M
?

and SFR, color-coded with SFR as shown in the colorbar

on the right. These galaxies define a tight surface in the 3D space, with dispersion of single galaxies around this surface of ⇠0.05 dex.

The black dots show a second-order fit to these SDSS data, extrapolated toward higher SFR. Square dots with error bars are the median

values of high redshift galaxies, as explained in the text. Labels show the corresponding redshifts. The projection in the lower-left panel

emphasizes that most of the high-redshift data, except the point at z=3.3, are found on the same surface defined by low-redshift data.

The projection in the lower-right panel corresponds to the mass-metallicity relation, as in Fig. 1, showing that the origin of the observed

evolution in metallicity up to z=2.5 is due to the progressively increasing SFR.

3 THE MASS-METALLICITY RELATION AS A
FUNCTION OF SFR

The grey-shaded area in the left panel of Fig. 1 shows the
mass-metallicity relation for our sample of SDSS galaxies.
Despite the di↵erences in the selection of the sample and
in the measure of metallicity, our results are very similar
to what has been found by Tremonti et al. (2004). The

metallicity dispersion of our sample, ⇠0.08 dex, is some-
what smaller to what have been found by these authors,
⇠0.10 dex, possibly due to di↵erent sample selections and
metallicity calibration. The 4th-order polynomial fit to the
median mass-metallicity relation is:

12 + log(O/H) = 8.96 + 0.31m� 0.23m2

�0.017m3 + 0.046m4

(1)
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3 THE MASS-METALLICITY RELATION AS A
FUNCTION OF SFR

The grey-shaded area in the left panel of Fig. 1 shows the
mass-metallicity relation for our sample of SDSS galaxies.
Despite the di↵erences in the selection of the sample and
in the measure of metallicity, our results are very similar
to what has been found by Tremonti et al. (2004). The

metallicity dispersion of our sample, ⇠0.08 dex, is some-
what smaller to what have been found by these authors,
⇠0.10 dex, possibly due to di↵erent sample selections and
metallicity calibration. The 4th-order polynomial fit to the
median mass-metallicity relation is:

12 + log(O/H) = 8.96 + 0.31m� 0.23m2

�0.017m3 + 0.046m4

(1)

c� 2010 RAS, MNRAS 000, ??–??

No evolution out to z ~ 2.5?
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E.g., Dayal et al. (2012)
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A FUNDAMENTAL 
METALLICITY 
RELATION? 

E.g., Dayal et al. (2012)

See also, e.g., Dave et al (2012)

M < 1011 M > 1011
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A GAS FMR?

Aim: to explore a potential gas FMR

HI H2

Relatively easy to observe

~104 galaxies

E.g., HIPASS, ALFALFA 

Important (& problematic)

~102 galaxies

E.g., COLDGASS 
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star formation
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POSSIBLE BIASES

Metallicity gradients?

A fibre that collects ~20% 
of the light recovers 
metallicity well (Kewley et 
al. 2005)

So we’re probably OK
SDSS J000310+155815
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Exquisite metallicity data from the ‘PINGS’ survey 
(Rosales-Ortega+10)
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Figure 1: NGC628 a seen in band g of SDSS, with overlaid contours of CO (red) and HI

(blue). Thicker lines correspond to reagions of higher density.

Figure 2: The dependance on metallicity on gas mass density in several star-froming regions

in NGC628, colour coded by radial distance. Left: only molecular gas. Centre: only HI gas.

Right: total gas mass density.
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CONCLUSIONS

There is a fundamental relation between stellar mass, 
metallicity, and HI content of local galaxies that reduces 
scatter relative to the mass-metallicity relation

Unknown if it evolves -- could be useful for predicting HI 
mass evolution for, e.g., SKA

Relationship with molecular gas is tricky, and will require 
much more data (as well as a better understanding of XCO)
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