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1. Introduction

Gas flows and star formation govern the evolution of galaxies. A key diagnostic of gas flows
and star formation in galaxies is the amount of heavy elements relative to hydrogen in the inter-
stellar medium (ISM). Heavy elements are produced by massive stars and are dispersed into the
ISM by stellar mass loss processes. Therefore, the ISM metal content is closely linked to the stellar
mass of a galaxy. The heavy element abundance is measured relative to hydrogen and therefore
also depends on the gas content of galaxies. The rate at which stars form is also regulated by the
gas content. Understanding the relation between stellar mass, metallicity and star formation rate
(SFR) of galaxies and its evolution is fundamental for developing a comprehensive theory of galaxy
evolution.

Oxygen is the most abundant heavy element formed in the Universe. Therefore, the abundance
of oxygen can be used as a proxy for the production of all heavy elements. The gas-phase oxygen
abundance is correlated to the stellar mass in star-forming galaxies. This relation is known as the
mass-metallicity (MZ) relation. The MZ relation was first observed in a small sample of nearby
galaxies by Lequeux et al. [1]. They showed that galaxy metallicity increases with stellar mass.
Subsequently, Tremonti et al. [2] measure the MZ relation of ~ 50,000 star-forming galaxies in
the Sloan Digital Sky Survey (SDSS). They find a tight MZ relation (~0.1 dex scatter) extending
over three orders of magnitude in stellar mass.

Several independent approaches suggest that the MZ relation extends down to very low stellar
masses. From the examination of ~ 27 nearby dwarf irregular galaxies, Lee et al. [3] argue that the
MZ relation extends down to ~ 10°M.,. Berg et al. [4] reach similar conclusions from examination
of 42 low luminosity galaxies in the local volume. Based on a substantially larger sample, in
Zahid et al. [5] we show that the scatter in metallicities increases at lower stellar masses and the
distribution appears to follow the observed MZ relation for galaxies with stellar masses > 10°M..
Finally, from stacking analysis, Andrews & Martini [6] show that the MZ relation is continuous
down to 107 M,

The MZ relation is one of the primary observations for measuring the chemical evolution of
galaxies. Savaglio et al. [7] first showed the MZ relation for galaxies outside the local Universe.
Many subsequent studies have shown the MZ relation is observed for galaxies out to z ~ 3 [8, 9,
10, 11, 12, 13, 14, 15, 16, 17, 18, 19] and perhaps beyond [20, 21]. Observations of the MZ relation
reveal that the metallicities of galaxies increase with time.

The scatter observed in the MZ relation is correlated with other physical properties of galaxies.
These correlations provide clues to the origin of the MZ relation. Ellison et al. [22] first showed
that the MZ relation depends on specific SFR and galaxy size. At a fixed stellar mass, galaxies with
high specific SFRs or large half-light radii have systematically lower gas-phase metallicities than
galaxies with low specific SFRs or small radii.

Several studies have built on the results of Ellison et al. [22]. A relation between stellar mass,
metallicity and star formation rate (SFR) is observed in local [23, 24, 25, 6] and high redshift
galaxies [18, 19, 26]. At stellar masses < 1093, galaxies with high SFRs typically have lower
metallicities and vice versa. Mannucci et al. [23] derive a relation between stellar mass, metallicity
and SFR that minimizes the scatter of metallicity in the local galaxy population. They argue that the
minimum scatter relation between stellar mass, metallicity and SFR that they derive is independent
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of redshift. They refer to this minimum scatter relation as the fundamental metallicity relation
(FMR). For the FMR, the higher SFRs observed in high redshift galaxies account for their lower
metallicities. However, the redshift independence of the relation between stellar mass, metallicity
and SFR remains tentative [27, 28, 29, 18, 30].

Both the SFR and metallicity are dependent on the gas content and the anti-correlation between
metallicity and SFR is likely the result of variations in gas content [31, 32, 33]. Recently, Bothwell
et al. [33] present observations suggesting that the FMR derived by Mannucci et al. [23] is the result
of a relation between stellar mass, metallicity and gas content. At a fixed stellar mass, galaxies with
higher gas fractions will exhibit elevated SFRs and lower metallicity. In the Bothwell et al. [33]
interpretation, the SFR acts as a proxy for gas content in the FMR proposed by Mannucci et al.
[23]. Bothwell et al. [33] are not able to investigate the redshift dependence of the relation between
stellar mass, metallicity and gas content due to lack of measurements of atomic gas in galaxies
outside the local Universe.

Gas outflows deplete the heavy element content of galaxies. Typically it is assumed that the
wind material has the same metallicity as the ambient ISM. However, the actual wind metallicity
relative to the ISM may be greater if it is primarily comprised of supernova ejecta or substantially
depressed if a sufficient amount of metal-poor gas is entrained as the wind propagates out of the
galaxy. The total amount of metals ejected from the ISM will be proportional to the magnitude and
metallicity of the outflowing gas, modulo the amount of metals ejected and subsequently reaccreted.
In the absence of direct measurements characterizing these physical processes, we must rely on
empirical constraints for the total metal loss in the local galaxy population to infer the properties
of outflows and reaccretion.

Uncovering the origin of the MZ relation is crucial for understanding gas flows and star for-
mation in galaxies. It is clear that the MZ relation depends on gas flows and star formation. Still,
despite numerous studies of the MZ relation over the last few decades, the physical origin of the
MZ relation remains uncertain. The MZ relation could possibly be the result of metal-rich out-
flows [34], inefficient star formation in less massive galaxies [35, 36, 37], metal-poor inflows [38],
variations in the initial mass function [39] or some combination of these physical processes.

In this contribution, we will show recent measurements of the MZ relation and its evolution
with redshift. We will compare these measurements with analytical equations of galactic chemical
evolution in order to understand the origin of the MZ relation. We will conclude by arguing that
the MZ relation originates from a universal relation between metallicity and the stellar-to-gas mass
ratio. For further reading on this topic, we refer the reader to Zahid et al. 2014 [40].

2. The Mass-Metallicity Relation and its Evolution

Many mathematical models may quantitatively fit data but not all models are physically inter-
pretable. For example, the MZ relation can be fit by a polynomial. However, the best fit parameters
derived from a polynomial fit can not be straightforwardly interpreted since the model parameters
are not related to physical quantities. We propose a new model for fitting the MZ relation which we
can physically interpret. This model is similar in form to the model proposed by Moustakas et al.
[41] and used in Zahid et al. [17]. We emphasize that the parameterization adopted in this work is
different. Our interpretation of the fit parameters is presented in the following section. We model
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the MZ relation as ,
M,
12+1og(O/H) = Z, +log [l—exp <— [ﬁ} ﬂ . 2.1

o

In this model, Z, is the saturation metallicity. It quantifies the asymptotic upper metallicity limit
[41, 17]. M, is the characteristic turnover mass above which the metallicity asymptotically ap-
proaches the upper metallicity limit, Z,. At stellar masses < M,, the MZ relation reduces to a
power law with an index 7.
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Figure 1: (A) The MZ relation derived from four galaxy samples ranging to z = 1.55. The data are fit by
the model parameterized by Equation 2.1. The fits are the single parameter model (see text). (B) M, as a
function of redshift derived from fitting Equation 2.1 to the data and fixing the values of Z, and ¥ to the
best-fit parameters derived from the SDSS sample. Figure credit: Zahid et al. 2014. [40].

We plot the MZ relation for z < 1.6 in Figure 1A. The data show that at a fixed stellar mass,
the metallicity increases as the Universe evolves. The MZ relation flattens at high stellar masses.
Massive metal-rich galaxies at high redshifts have metallicities comparable to massive local galax-
ies. In Zahid et al. [17] we show the flattening of the MZ relation results from galaxies enriching to
an empirical metallicity limit. This limit is parameterized by Z, and does not evolve significantly
with redshift. The solid curves in Figure 1A show the single parameter model fits. The redshift
evolution of the MZ relation can be parameterized solely by evolution in the characteristic turnover
mass. The value of M, derived from fitting the single parameter model is plotted in Figure 1B and
the fit of the data is

log(M,/Ms) = (9.138 +0.003) + (2.64 +0.05) log (1 +2). (2.2)

The single parameter model fit to the data shows that the characteristic turnover mass, M,, is an
order of magnitude larger at z ~ 1.6.

The data are consistent with a single, redshift independent value for Z, and y. The fact that the
MZ relation evolution only depends on the characteristic turnover mass, M,, means that relation
between metallicity and stellar mass scaled by M, is independent of redshift. We plot the relation
between metallicity and ylog(M,/M,) in Figure 2. The key to unlocking the origin of the MZ
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Figure 2: The metallicity plotted against the stellar mass normalized to the measured characteristic turnover
mass, M, of each data set. Figure credit: Zahid et al. 2014. [40].

relation is our ability to explain the relation plotted in Figure 2. Thus we must determine physical
meaning of Z,, Yy and M,,.

3. Analytical Solutions to the Equations of Galactic Chemical Evolution

We begin our exploration of the physical origin of the MZ relation by examining analytical
models of chemical evolution. The equations below do not necessarily have analytical solutions.
We will make several physically motivated simplifying assumptions to arrive at an analytical solu-
tion. The model we derive below is the inflow model first introduced by Larson [42]. The novel
aspect of our model is our treatment of the impact of outflows.

While metallicities are traditionally quoted as a number density of oxygen to hydrogen, in the
following discussion we define the metallicity as Z = M./M,. Here M. is the mass of oxygen in
the gas-phase and M, is the hydrogen gas mass. A constant scale factor relates metallicity defined
in terms of mass density to metallicity defined in terms of number density [43]. We analyze the
case of a single galaxy as it evolves chemically. We can thus parameterize the problem only in
terms of stellar mass. To model the chemical evolution of arbitrary galaxy populations, time must
be included in the equations. In this case, partial derivatives replace all derivatives below. The
analytical solution that we derive based on a single galaxy is generalizable to the case of an arbitrary
galaxy population. Our interpretation is independent of whether we analyze the case of a single
galaxy or a population of galaxies.
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We start with the equation of chemical evolution describing the change in the metallicity with
respect to stellar mass. This is given by

z _ d (M _ 1 (dM, dM, 3.1)
dM,  dM, \M,) M, \dM. “dM.)’ '

From observations we know that at low stellar masses we have an MZ relation with a positive
power law index. In this case we necessarily have

dm. _dM,

O oL (3.2)

When the metallicity is small, the second term of Equation 3.1 (Zg—%f) is negligible. From mea-
surements of the stellar and gas content of galaxies in the local Universe, we have that My o< /M,
[44, 45]. The change in gas mass with respect to stellar mass is then dM, /dM, o 1//M,. At higher
stellar masses, the second term of the right hand side of Equation 3.1 (Z éﬂMf) tends to zero. In this
case, the change in metallicity with respect to stellar mass can be approximated by

z 1 dM,
dM, ~ M, dM,’

(3.3)

This equation simply states that the chemical evolution of a galaxy is dominated by the production
of metals and not by a slowly changing gas reservoir.
To solve Equation 3.3 we must define the right hand side. The change in oxygen mass is given
by
dM, =YdM, — ZdM,. + RZdM . + Z;dM; — Z,,dM,,. (3.4

The first term on the right hand side is the production of newly synthesized oxygen where Y is the
nucleosynthetic yield. Y is the mass of oxygen created per unit SFR. dM, is the mass of newly
formed stars, i.e. the SFR. Y does not depend strongly on any galaxy properties [46, 47]. We treat
Y as a constant. The second term on the right hand side is the mass of oxygen in the ISM that
forms into stars. The second term is negative indicating that the oxygen going into stars is taken
out of the ISM. The third term on the right hand side is the mass of oxygen that goes into stars
but is returned back to the ISM via stellar mass loss where R is the fraction of mass returned back
to the ISM. The third term represents previously synthesized oxygen returned back to the ISM by
stellar winds and supernovae. The timescale for stellar mass return is short compared to the galaxy
evolution timescale. We assume that stellar mass is instantaneously returned back into the ISM.
The fourth and fifth terms represent the inflows and outflows (winds) of oxygen, respectively. The
terms Z;, dM;, Z,, and dM,, are the inflow metallicity, mass rate of inflow, outflow metallicity and
mass rate of outflows, respectively. Dividing Equation 3.4 by dM, we obtain
M, dMm; dm,,

o =Y 20 R) + Zig = Zu (3.5)

This equation is the rate of change of the oxygen mass with respect to the SFR.
We combine the effects of outflows and inflows into a single factor defined as
dm,, dM;

CEZWM_ZLCIM*

(3.6)
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{ is the oxygen mass loss factor. Each of the terms on the right hand side of Equation 3.6 are
uncertain [48]. However, in Zahid et al. [16] we derive empirical constraints for the net loss of
oxygen from galaxies. We estimate the total mass of oxygen produced by galaxies from their
current stellar mass. We estimate the mass of oxygen in the gas-phase from the MZ relation and
the scaling between stellar mass and gas mass observed in local galaxies. We empirically constrain
the mass of oxygen locked up in stars by constructing a self-consistent empirical model based on
multi-epoch observations of SFRs and metallicities of galaxies. Based on these estimates, we show
that the total mass of oxygen expelled from galaxies over their lifetime is nearly proportional to
their stellar mass. This means

M,
| cam e, (3.7)
0

implying that ¢ is constant. In a more recent empirical analysis, Peeples et al. [45] confirm that the
mass of oxygen lost relative to the mass of oxygen produced is independent of stellar mass in star-
forming galaxies. They estimate that on average, galaxies lose ~ 80% of the oxygen they produce.
The physical mechanism of outflows is not well understood though it is generally considered to be
driven by energy/momentum from massive stars. Perhaps it is not that surprising that the mass of
oxygen expelled from a galaxy scales with stellar mass since the total energy/momentum which is
responsible for driving outflows in a galaxy is directly proportional to current stellar mass. With
the adoption of { as a constant we have

dZ _Yy—Z(1-R)

W, (3.8)

Here we have combined the production and loss of oxygen, both of which are proportional to stellar
mass, into a single term defined as Yy =Y — {. We refer to this as the net yield. The net yield is
the mass of oxygen produced by star formation modulo the oxygen expelled from the ISM.

The measured hydrogen gas mass of star forming galaxies is reasonably well described by a
power law over ~ 4 decades in stellar mass [44, 45]. To solve Equation 3.8 we parameterize the
relation between gas mass and stellar mass by

M, = GMS, (3.9)
where G is the zero point and g is the power law index of the relation. The solution to Equation 3.8

1— «
Z(M,) = % [1 —exp <— [Tlﬂ %)} . (3.10)

This equation has the same form as the equation we fit to the MZ relation (Equation 2.1). By

18

taking the logarithm of Equation 3.10, we can directly relate our fit parameters in Equation 2.1 to
the physical parameters analytically describing chemical evolution. The asymptotic metallicity Z,

Y,
Z, = log (ﬁ) 3.11)

is

The maximum metallicity observed in galaxies is set by the net yield, Yy. From Equation 3.8 we
see that the metallicity saturates (dZ/dM, =~ 0) when the amount of metals produced, Yy, equals the
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amount of metals locked up in stars, Z(1 — R). The arguments of the exponentials in Equations 2.1

1—-R /M, M, M\
S ik NPVl S (il (3.12)
1-g \ M, M, M,

The return fraction R and the power law index of the gas mass relation, g, are nearly equal (R ~

and 3.10 can be equated to give

g ~ 0.5). Hereafter, we drop the prefactor term of the left hand side of Equation 3.12. Substituting
our relation for the gas mass as a function of stellar mass from Equation 3.9 we have

MmN\ M
<ﬁ> ~ s (3.13)
o0

The low mass end slope we fit to the MZ relation, 7, is related to the power law index of the gas
mass relation by ¥ = 1 — g. The characteristic turnover mass, M,, is related to the zero point of
the relation between gas mass and stellar mass by M, = G'/7. M, is the stellar mass at which the
gas-to-stellar mass ratio is unity. This interpretation suggests that the redshift evolution of the MZ
relation is due to the larger gas masses of galaxies at early times. In Figure 2 we show a redshift
independent relation between metallicity and (M, /M,)". From examination of Equation 3.12, we
learn that (M, /M,)" = M,/M,. Thus, the redshift independent relation plotted in Figure 2 is a
relation between metallicity and stellar-to-gas mass ratio.

4. The Universal Metallicity Relation: The Origin of the Mass-Metallicity Relation
and its Evolution

We analyze observations of the MZ relation for z < 1.6. The MZ relation exhibits very simple
redshift evolution which we parameterize by redshift evolution in the characteristic turnover mass
where the metallicity begins to saturate. We physically interpret our fit parameters by comparing
them to solutions of analytical models of chemical evolution. Our analysis provides a simple and
intuitive perspective of galactic chemical evolution. Galaxies follow a universal relation between
metallicity and stellar-to-gas mass ratio as they evolve. Metallicity is defined as the ratio of oxygen
to hydrogen. The net mass of oxygen produced is directly proportional to galaxy stellar mass.
Given the definition of metallicity, a universal relation between metallicity and stellar-to-gas mass
ratio should be expected.

The chemical evolution of galaxies can be characterized as having three distinct regimes: gas-
rich, gas-poor and gas-depleted. Figure 3 is a schematic which illustrates the three regimes. The
gas-rich regime is plotted in blue. Galaxies are in the gas-rich regime when M, > M,. In the
gas-rich regime, the metallicity is proportional to stellar-to-gas mass ratio. This can be seen by
Taylor expanding Equation 3.10. The gas-poor regime is plotted in green. Galaxies cross over to
the gas-poor regime when M, < M,. In the gas-poor regime the metallicity is high enough that
the mass of oxygen that is being locked up in stars becomes an appreciable fraction of the mass
of oxygen produced. Galaxies exponentially approach the metallicity saturation limit. The gas-
depleted regime is plotted in red. Galaxies in the gas-depleted regime have M,/M, < 1. In this
regime, the metallicity is so high that the mass of oxygen taken out of the ISM and locked up in low
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Figure 3: A schematic illustrating the three regimes of galactic chemical evolution.

mass stars equals the mass of oxygen produced by massive stars. The metallicity can not increase
beyond this point.

The MZ relation originates from the more fundamental universal relation between metallicity
and stellar-to-gas mass ratio. At a fixed stellar mass, the metallicities of galaxies increase as the
Universe evolves because of a commensurate decline in their gas content. The slope of the MZ
relation at M, < M, is set by the slope of the relation between gas mass and stellar mass. This
is because the slope of the more fundamental relation between metallicity and gas-to-stellar mass
ratio is unity for galaxies with M, < M, (see Equation 3.10). The scatter observed in the MZ
relation largely reflects the scatter in gas mass at a fixed stellar mass. The relation between stellar
mass, metallicity and SFR [23] is a natural consequence of the universal metallicity relation. At
a fixed stellar mass, galaxies with larger gas reservoirs will typically exhibit elevated SFRs and
diluted metallicities and vice versa. Several authors have recognized variations in the gas content
of galaxies as the basis of the observed relation between stellar mass, metallicity and SFR [49, 50,
33, 51, 52]. Our results are consistent with this interpretation.

The universal relation of chemical evolution implies that the metallicity of a galaxy is in-
stantaneously set by its stellar-to-gas mass ratio. Gas flows and star formation move galaxies
along—not off—the universal metallicity relation. Unlike the MZ relation in which the stellar mass
is monotonically increasing, the stellar-to-gas mass ratio can increase or decrease. The response
of galaxies to large gas accretion events will be to instantaneously move down the universal metal-
licity relation. Conversely, galaxies will move up the universal metallicity relation as they deplete
their gas reservoirs by star formation and outflows.
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The intrinsic scatter in the universal metallicity relation is likely to be small. At a fixed stellar
mass we expect some scatter in the net yield, Yy due to scatter in total mass of oxygen expelled from
galaxies. Any scatter in the net yield would directly translate into scatter in the universal metallicity
relation. Mergers and starbursts will likely also contribute to the scatter in the universal metallicity
relation since these events significantly disrupt the ISM of galaxies. The observed scatter in the
FMR of Mannucci et al. [23] and HI FMR of Bothwell et al. [33] is ~ 0.07 dex. Since the FMR is
directly a result of the universal metallicity relation, the measured scatter in the FMR provides an
upper limit for the scatter in the universal metallicity relation.

If our interpretation is correct, the metallicities of galaxies provide a precise probe of their
ISM gas content. We derive the relation between average gas mass and stellar mass by combining
Equations 2.2 and 3.12. The average mass of hydrogen gas in the star-forming disk of galaxies as
a function of redshift and stellar mass is

M 0.49
— 9 1.35 *
In the absence of direct measurements, the gas mass of galaxies can be estimated from measure-
ments of stellar mass and metallicity by combining Equation 2.1 and 3.12 and solving for M,. The
hydrogen gas mass as a function of stellar mass and metallicity is

—M,

" In(1- 107 %)) (Mo]. *2

M,(M.,Z)
The stellar mass is measured in units of M and Z, = 9.10. We emphasize that metallicities must
be converted into the KKO04 diagnostic when using Equation 4.2. Gas masses estimated using
Equation 4.2 carry the uncertainties associated with stellar masses, metallicities and the intrinsic
scatter in the universal metallicity relation. The KKO04 strong-line metallicity method is estimated
to have an accuracy of ~ 0.15 dex [53] and we estimate that stellar masses are accurate to ~ 0.1
dex once systematic differences between methods are removed (see Section 3.1). Combining these
uncertainties with the < 0.07 dex estimated scatter in the universal metallicity relation, we conclude
that the gas masses estimated using Equation 4.2 are accurate to within ~ 0.3 dex. The relations
presented by Equation 4.1 and 4.2 are valid for galaxies at z < 1.6. These relations are testable
predictions of the gas content of galaxies based on the observed evolution of the MZ relation.
However, we note that in the saturation regime, the metallicity is not sensitive to the stellar-to-gas
mass ratio.

We have provided evidence for a universal relation between metallicity and stellar-to-gas mass
ratio for galaxies at z < 1.6. Our observations only extend down to stellar masses of ~ 10°M, and
gas-to-stellar mass ratios of ~ 0.5. By summing the spectra of ~ 200,000 galaxies in the SDSS,
Andrews & Martini [6] measure the MZ relation down to stellar masses of ~ 10’ M. They
measure a continuous MZ relation which flattens at high stellar masses and scales as O/H o< Mi /2
at stellar masses < 10°M,. Our measurements are consistent with the scaling of the MZ relation
measured by Andrews & Martini [6] suggesting that the universal metallicity relation may extend
well into the dwarf regime.

The physical basis of the universal metallicity relation needs to be explored in much greater
detail. Several aspects of this work imply a cosmological origin for the relation. The evolution
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of the characteristic turnover mass, M,, is proportional to (1 +z)>®. This scaling with redshift
is similar to the (14 z)>> scaling of the growth rate of dark matter halos in simulations [54].
Additionally, our observations suggest that M, o< /M, for z < 1.6. This scaling of gas and stellar
mass is similar to the scaling between stellar and halo mass, M), determined from abundance
matching [55] and from galaxy-galaxy weak lensing, galaxy clustering and galaxy distribution
[56]. This implies that M,/M), is nearly constant with respect to stellar mass. The slope of the
relation between stellar mass and halo mass does not evolve significantly out to z ~ 1.6 [56, 55].
An M, /Mj, ratio that is constant with stellar mass may be the physical origin for the constant slope
of the relation between gas mass and stellar mass.

A detailed analysis of systematic issues related to measurements of the MZ relation should
soon be possible as larger data sets become available. In particular, metallicities are derived using
techniques that are calibrated using observations of local galaxies. If ISM conditions evolve with
redshift, these calibrations may need to be revised. Our analysis is primarily based on the R23 di-
agnostic calibrated by Kobulnicky & Kewley [57]. However, long-standing discrepancies between
various metallicity diagnostics remain unresolved [58, 59, 60, 61, 62]. Discrepancies between var-
ious metallicity diagnostics do not change the major conclusions of this work but the quantitative
analysis presented is subject to these uncertainties. Additionally, larger and more complete spectro-
scopic samples combined with cosmological simulations should allow us to assess selection biases
in our measurement of the MZ relation. The MZ relation appears to be insensitive to selection
biases and we anticipate that correction for these biases will not change the major conclusions
presented in this work.
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