
THE METALLICITY - 
GAS CONTENT 
CONNECTION

Matt Bothwell, Roberto Maiolino, Jeff Wagg, 
Claudia Cicone 

!

Cavendish Astrophysics, Cambridge



EXTENDING THE M*-Z 
RELATION

Two papers in 2010: 
Mannucci et al. and Lara-
Lopez et al."

The scatter in the M-Z 
relation correlates with 
SFR"

The Fundamental Metallicity Relation 3

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, ??–??
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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)

c� 2010 RAS, MNRAS 000, ??–??

4 F. Mannucci et al.

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)

c� 2010 RAS, MNRAS 000, ??–??



EXTENDING THE M*-Z 
RELATION

(Mannucci+10)

4 F. Mannucci et al.

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)

c� 2010 RAS, MNRAS 000, ??–??

4 F. Mannucci et al.

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)

c� 2010 RAS, MNRAS 000, ??–??

No evolution out to z ~ 2.5?



A HI FMR?
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MOLECULAR GAS...

H2 is more correlated with 
star formation, and 
expected based on SFR-
FMR"

BUT, statistically more 
challenging…



Shi et al. (2015)"
Low SFE at low"

metallicity



Shi et al. (2015)"
Low SFE at low"

metallicity

Dib et al. (2011)"
Low SFE at HIGH"

metallicity
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A L L S M O G

T H E  A P E X  L O W  R E D S H I F T  L E G A C Y  
S U R V E Y  F O R  M O L E C U L A R  G A S

• Selected from SDSS, 
requiring a well-
defined metallicity 

• All spectra publicly 
available at 
www.mrao.cam.ac.u
k/ALLSMOG 

• Bothwell et al. (2014)

http://www.mrao.cam.ac.uk/ALLSMOG


H2 AND METALLICITY

ALLSMOG"

COLD GASS"

HRS"

LVL

BzK"

SMGs



H2 AND METALLICITY
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DEGENERACY

Previous work (HI, SFR) had sample sizes of >1000s"

With large samples, you can control for degeneracy"

With smaller samples (~200), it’s more difficult"

Use Principle Component Analysis
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PC2 = -0.759(M*) -0.585(MH2) -0.284(Z)"
PC3 = 0.299(M*) -0.075(MH2) -0.951(Z)
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Metallicity PRIMARILY determined by stellar mass"

Secondary dependence on H2 content, effect is ~1/4 as 
strong
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What about "
star formation efficiency?



12+log(O/H) = 0.31 (logM*) - 0.08 (log MH2) + 6.53

12+log(O/H) = 0.29 (logM*) - 0.04 (log SFR) + 6.14

12+log(O/H) = 0.25 (logM*) - 0.007 (log SFE) + 6.45



CONCLUSIONS

There is a H2 `Fundamental Metallicity Relation’"

Molecular gas is likely the strongest secondary correlation in 
the mass-metallicity relation"

There is little connection between star formation efficiency 
and metallicity


