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Mass-Metallicity Relation (MZR)

1924 F. Mannucci et al.

Figure 5. Evolution of the mass–metallicity relation from z = 0.07 (Kewley & Ellison 2008) to z = 0.7 (Savaglio et al. 2005), z = 2.2 (Erb et al. 2006a)
and z = 3–4 (AMAZE+LSD). All data have been calibrated to the same metallicity scale and IMF (Chabrier 2003) in order to make all the different results
directly comparable. Turquoise empty dots show the AMAZE galaxies, blue solid dots the LSD galaxies. The solid square shows the ‘average’ LSD galaxy,
having average mass and composite spectrum (see Fig. 4). The lines show quadratic fits to the data, as described in the text.

individual galaxies, as discussed in Maiolino et al. (2008), but this
is the evolution of the average metallicity of the galaxies contribut-
ing to a significant fraction of the SF activity at their redshifts. The
observed evolution implies that galaxies with relatively high stellar
masses [log (M/M!) = 9–11] and low metallicity are already in
place at z > 3, and this can be used to put strong constraints on the
processes dominating galaxy formation.

While stellar mass, based on integrated photometry, is repre-
sentative of the full galaxy, metallicity is possibly dominated by
the central, brightest regions. The presence of metallicity gradients
could have some influence on the observed mass–metallicity re-
lation. These aperture effects are present at any redshift: even at
z ∼ 0, galaxy spectra from Sloan Digital Sky Survey (SDSS) refer
to the central few arcsec of the galaxies. In most models, the central
brightest part of the galaxies are also the most metal rich, therefore,
the use of total metallicities for our LSD galaxies is expected to
produce an even larger evolution.

The effect of ‘downsizing’ (Cowie et al. 1996) on chemical en-
richment is expected to produce differential evolution related to
stellar mass. Stronger evolution for low-mass galaxies is observed
from z = 0 to 2.2 (see Fig. 5). The observed spread of the distribution
and the uncertainties on the single points still make it impossible to
see if such an effect is already in place between z = 2.2 and 3–4.
Constraints on this effect can be derived when the full AMAZE data
sample will be presented.

Using the same representation as in Maiolino et al. (2008), we fit
the evolution of the mass–metallicity relation with a second-order

polynomial:

Z = A[log(M∗) − log(M0)]2 + K0,

where A = −0.0864 and M0 and K0 are the free parameters
of the fit. By using the LSD and AMAZE galaxies, we derive
log (M0) = 12.28 and K0 = 8.69. The values of M0 and K0 for the
samples at lower redshifts can be found in Maiolino et al. (2008),
and can be converted to the present system by subtracting log(1.7)
to M0.

Several published models of galaxy formation (e.g. de Rossi,
Tissera & Scannapieco 2007; Kobayashi, Springel & White 2007)
cannot account for such a strong evolution. The physical reason
for this can be due to some inappropriate assumption, for example
about feedback processes or merging history. When taken at face
value, some other models (e.g. Brooks et al. 2007; Tornatore et al.
2007) provide a better match with the observations, but a mean-
ingful comparison can only be obtained by taking into account all
the selection effects and observational biases, and by comparing
not only stellar mass and metallicity but also all the other relevant
parameters, such as dynamical mass, angular momentum, gas frac-
tion, SFR, morphology and size (see, for example, Calura et al.
2009).

In fact, it is important to emphasize that the galaxy samples used
for Fig. 5 change with redshift. In the Tremonti et al. (2004) work,
the local SDSS galaxies under study constitute an almost complete
census of the local star-forming galaxies, and the derived mass–
metallicity relation shows the average properties of the sample. At

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 398, 1915–1931



The fundamental metallicity relation 2117

the other properties of galaxies. We extracted 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 extinction: 0.5 < z < 0.9 (Savaglio et al. 2005, GDDS
galaxies), 1.0 < z < 1.6 (Shapley et al. 2005; Liu et al. 2008; Epinat
et al. 2009; Wright et al. 2009) and 2.0 < z < 2.5 (Förster Schreiber
et al. 2009; Law et al. 2009; Lehnert et al. 2009). The same pro-
cedure used for the SDSS galaxies was applied to these galaxies.
Metallicity is estimated either from R23 or from [N II]λ6584/Hα,
depending on which lines are available. AGNs are removed using
the BPT diagram (Kauffmann et al. 2003a) or, when [O III]λ5007
and Hβ are not available, by imposing log([N II]λ6584/Hα) < −0.3.
The [N II]λ6584 line, which is usually much fainter than Hα, is not
detected in several galaxies, but removing these galaxies from the
sample would bias it towards high metallicities. For these objects
we have assumed a value of the intrinsic [N II]λ6584 flux which
is half of the upper limiting flux. When necessary, the published
M! have been converted to a Chabrier (2003) IMF. For galaxies
without observations of both Hα and Hβ, dust extinction is es-
timated from spectral energy distribution (SED) fitting, and we
assume that continuum and the emission lines suffer the same ex-
tinction. In local starburst, lines often suffer of higher extinctions
[AV (lines) ∼ 2.3AV (SED) according to Calzetti et al. (2000)]. We
have checked that the inclusion of this effect would have little effect
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 results of mixing galaxies of
different SFRs. Despite this problem, no systematic differences 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 Hβ

after correction for dust extinction, and metallicities are measured
by a simultaneous fitting of the line ratios involving [O II]λ3727,
Hβ and [O III]λ4958, 5007, as described in Maiolino et al. (2008).

3 TH E M A S S – M E TA L L I C I T Y R E L AT I O N
AS A FUNCTI ON OF SFR

The grey-shaded area in the left-hand panel of Fig. 1 shows the
mass–metallicity relation for our sample of SDSS galaxies. Despite
the differences 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 sam-
ple, ∼0.08 dex, is somewhat smaller to what have been found by
these authors, ∼0.10 dex, possibly due to different sample selec-
tions and metallicity calibration. The fourth-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)

where m = log(M!) − 10 in solar units.
We have computed the median metallicity of SDSS galaxies for

different values of SFR. Median has been computed in bins of mass
and SFR of 0.15 dex width in both quantities. On average, each bin
contains 760 galaxies, and only bins containing more than 50 galax-
ies are considered. The left-hand panel of Fig. 1 also shows these
median metallicities as a function of M!. It is evident that a system-
atic segregation in SFR is present in the data. While galaxies with
high M! [log(M!) > 10.9] show no correlation between metallicity
and SFR, at low M! more active galaxies also show lower metallic-
ity. The same systematic dependence of metallicity on SFR can be
seen in the right-hand panel of Fig. 1, where metallicity is plotted as
a function of SFR for different values of mass. Galaxies with high

Figure 1. Left-hand panel: the mass–metallicity relation of local SDSS galaxies. The grey-shaded areas contain 64 and 90 per cent of all SDSS galaxies, with
the thick central line showing the median relation. The coloured lines show the median metallicities, as a function of M!, of SDSS galaxies with different
values of SFR. Right-hand panel: median metallicity as a function of SFR for galaxies of different M!. At all M! with log(M!) < 10.7, metallicity decreases
with increasing SFR at constant mass.
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12 + log(O/H) = 8.90 + 0.37m� 0.14s� 0.19m2 + 0.12ms� 0.054s2

Fundamental Metallicity Relation (FMR)
(Mannucci+2010, Lara-Lopez+2010)

No evolution in the FMR up to z~2
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3D-HST: Near-IR Grism Spectroscopic Survey

-> Rest frame optical spectra of galaxies in redshift 
range 1 < z < 3.5

-> Low resolution (R~130) near-IR spectroscopy 
(1.1 - 1.7μm)



Stack galaxies into 6 bins of stellar mass

93 galaxies at 2.0 < z < 2.3



z = 2.2 sample of 87 galaxies 
(Erb+2006)

Comparison sample
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Measuring Metallicities

Method follows the empirical emission line ratio 
calibrations of Maiolino+2008

Calibrated nebular emission line 
ratios in the local Universe:

~ 260 low metallicity galaxies 
using direct method [OIII]4636 

(Te method)

~ 22,000 SDSS galaxies 
metallicities derived from 

photoionization models (Kewley & 
Dopita 2002)

12 + log(O/H)

Log(R)



Measuring Metallicities

Use four available emission 
l i n e c a l i b r a t i o n s t o 
measure metallicites:

    -> R23

    -> [OIII]5007 / Hβ

    -> [OIII]5007 / [OII]

    -> [OII] / Hβ

R23[OIII]5007 / Hβ

[OIII]5007 / [OII] [OII] / Hβ



Mass-Metallicity Relation (MZR)

Find a MZR consistent 
with other studies 
across 0 < z < 3: 

metallicity increases 
with increasing stellar 

mass

Compare with Erb et 
al. 2006 MZR at z ~ 2 

who measure 
metallicites with the 

[NII]/Hα ratio



Fundamental Metallicity Relation (FMR)

12 + log(O/H) = 8.90 + 0.37m� 0.14s� 0.19m2 + 0.12ms� 0.054s2

Across the range of 
stellar mass, we measure 
lower SFR in stacks than 

Erb+2006 

Median SFR of total 
sample ~ 20 M*yr-1

According to the FMR 
this should results in 
higher metallicites



Fundamental Metallicity Relation (FMR)

FMR offset of our sample 
~ 0.35 dex

Erb+2006 galaxies 
consistent with FMR

Similar offset (~ 0.5 
dex) seen with AMAZE/LSD 

sample at z ~ 3
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Photo-ionization Conditions: BPT Diagram

Evidence for change in 
ionization conditions of 

the ISM at high-z

Galaxies offset from the 
SFR sequence in the BPT 

diagram

Increased ionization 
parameter/ shape of 

ionizing radiation field, 
density of ISM (Brinchmann

+08, Kewley+2013)

Our [OIII]/Hβ consistent 
with other z ~ 2 galaxies



 Nakajima+2013



Photo-ionization Conditions

Evidence for elevated 
ionization parameter from 

the O32 diagram 

(e.g. Lilly+2003, 
Hainline+2009, 
Nakajima+2013)

At high R23 (low 
metallicity), galaxies at 

high-z show elevated 
[OIII]/[OII] ratio.



Implications for Metallicity Measurements

12 + log(O/H)

Work backwards to predict [NII]/Ha ratios in 3 ways:



Implications for Metallicity Measurements

Infer a theoretical [NII]/
Ha value for our galaxies 

in 3 ways:

i) Using the Maiolino+2008 
metallicity calibrations

ii) Using the SF sequence 
on the BPT diagram at z = 0

iii) Using the SF sequence 
on the BPT diagram at z = 2

The z = 0 metallicity 
calibrations do not account 
for the redshift evolution 

of ISM conditions



Implications for Metallicity Measurements

Assuming a theoretical 
[NII]/Hα ratio from the 

BPT z = 2 sequence leads to 
higher inferred 
metallicites



Implications for Metallicity Measurements

See the same effect when 
using a sample of z ~ 2 

from Newman+2013

The divergence of 
metallicity indicators at 
high-z in agreement with 

other studies (Newman+2013, 
Zahid+2013)



Summary

-> 93 galaxies at z ~ 2 with measured mass, metallicity, SFR

-> Find a MZR similar to those observed from 0 < z < 3

-> However observe an offset from the FMR, in contrast to the 
previous z ~ 2 results of Erb et al. 2006

-> Find evidence to suggest this discrepancy is due to a 
change in ISM conditions at high-z causing divergence of 
metallicities derived from [NII]/Hα and [OIII]/Hβ ratios from 
local calibrations

Thanks!

-> Obtain near-IR spectra at z ~ 2 in J-H-K band to measure 
[OII], Hβ, [OII], [NII], Hα. e.g. KMOS, MOSFIRE

-> Investigate the evolution of the [OIII]/Hβ ratio with 
redshift

Future work


