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Abstract

During a merger between spiral galaxies, the primary galaxy undergoes a period of strong infall of gas towards the
center. As the disks typically have metallicity gradients with the metallicity decreasing exponentially with radius,
this infall dilutes the central gas metallicity. So far this effect has been studied through samples of galaxy pairs and
simulations of merging galaxies. In this thesis I examine the effect mergers have on metallicity in a new way based
on the asymmetry of the scatter of the Fundamental Metallicity Relation (FMR), which relates the gas metallicity,
stellar mass and star formation rate of galaxies. Selecting a sample of ~ 170, 000 galaxies at z ~ 0.1 from the
Sloan Digital Sky Survey (SDSS), I fit an FMR and compute the residual metallicities. I find an overabundance
of galaxies with lower than expected metallicities as was also noted in Mannucci et al. (2010). The galaxies in
this tail form a physically distinct population with lower stellar masses, enhanced star formation rates and smaller
half-light radii than the rest of the sample, consistent with them being merging galaxies. The existence of the tail is
robust to the choice of metallicity calibration. I develop a simple model for the distribution of metallicity residuals,
where mergers dilute metallicity by an amount proportional to the mass ratio of the merger. This model provides
an excellent fit to the data using three free parameters pertaining to the magnitude and time-scale of the dilution
and a lower mass ratio threshold. The metallicity depressions and time-scales I find are in good agreement with
estimates from hydrodynamical merger simulations and observational studies of close galaxy pairs. These findings
support the suggestion by (Mannucci et al., 2010) that mergers leave a signature in the FMR.
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2 METALLICITY

1 Outline

This thesis basically consists of two parts. The appendix contains an article, which has been submitted to Monthly
Notices of the Royal Astronomical Society, wherein the data, the model and the results are described and discussed.
The purpose of the text outside the appendix is to introduce the concepts underlying the model in much more detail
than the short introduction in the article does, as well as provide a more detailed conclusion. It also includes a short
summary of the project described in the article, in a less technical language. Therefore the reading order should be
Metallicity, Galaxy mergers and The mass-metallicity relation and second-parameter dependencies followed by
the article in the appendix, followed by Conclusions and future work.

2 Metallicity

In astronomy and astrophysics all elements heavier than helium (i.e. not hydrogen and helium) are called “metals”.
The metallicity is the fraction of mass that is in the form of metals; this can either be locally in a single star or
part of the interstellar medium (ISM) or globally as an average over all stars or the entire ISM in a galaxy. In this
thesis, we always mean the metallicity of the ISM of a galaxy unless otherwise stated.

The simplest measure of metallicity is Z = M (He<)/M, where M (He<) is the total mass of all gas heavier
than helium and M is the mass of all gas (this is, of course, the same as the ratio of the densities, V). Some rela-
tively simple analytical models of the metallicity evolution in galaxies, which are summarised in Tinsley (1980),
were developed in the 1960s and 1970s. The simplest of these is the closed-box model which assumes that there
are no flows of gas leading material in or out of the galaxy, such that the total baryonic mass stays constant, and
that the ISM is well-mixed, such that the metallicity is independent of position. If we assume that stars return
a fraction R of their mass to the ISM immediately after being formed, that the initial metallicity was zero and a
time-independent initial mass function (IMF), we get that the metallicity is simply proportional to the logarithm of
the ratio between the initial gas mass and the current gas mass so long as Z < 1. The constant of proportionality
is called the “effective yield” and depends on R and how efficient stars are at producing metals from hydrogen and
helium (the “yield”). Obviously, in such a model the metallicity can never decrease and if we further assume that
the star formation rate (SFR) is proportional to the gas mass, the metallicity will simply be proportional to the time
elapsed since Z = 0.

The closed-box model has the serious flaw of predicting a significantly too high fraction of metal-poor stars
compared to what is observed (this is called the “G-dwarf problem™). This problem can be alleviated by relaxing
the assumption of a closed system. The simplest way of doing this is to add an inflow of pristine (Z = 0) gas
that exactly balances the gas lost to star formation (Larson, 1972), but a more general model with both inflow and
outflow and a non-constant gas mass will also solve the G-dwarf problem. In such models the metallicity typically
tends asymptotically towards the yield.

2.1 Addition of metals to the ISM

Initially the ISM was nearly pristine, as big bang nucleosynthesis produced 75 per cent 'H, 25 per cent *He and
only trace amounts of slightly heavier nuclei such as deuterium and lithium (Coc et al., 2004). This is due to
Helium-4 being very tightly bound for its mass, and the fact that there are no stable nuclei with atomic number
A = 5. Aside from a few of the lighter elements such as boron, which can be produced by cosmic rays interacting
with the ISM, metals are produced only in stars in a process called stellar nucleosynthesis.

The majority of a star’s lifetime is spent in the main sequence phase, where hydrogen nuclei fuse to produce
helium in the core. The net reaction is 4 'H — “He + 2e* + 2v, which can occur in four different ways. The three
so-called PP chains proceed through deuterium, lithium, beryllium and boron while the “CNO cycle” proceed
through carbon, nitrogen and oxygen (hence the “CNO”) with carbon acting as a catalyst. The rate of these
reactions strongly depend on temperature, and therefore the mass of the star, with dwarfs producing all their
helium through the PP chains and the CNO cycle completely dominating in moderate and high-mass stars (Stahler
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& Palla, 2005). When hydrogen becomes sparse in the core, the decreased reaction rate diminishes the pressure
support of the core and the core contracts causing the temperature to increase. The core eventually becomes hot
enough for helium to fuse to carbon. This process of the core fusing elements until one of them is mostly depleted,
after which the core loses support and contracts until another fusion reaction sets in, continues up to oxygen
burning which produces elements up to magnesium. Many elements are also created by photodissociation, i.e.
nuclei being broken up by high-energy gamma ray photons. Heavier elements up to nickel are created through a
complex network of reactions driven mainly by capture of helium nuclei («-capture), where a heavier nucleus and
a photon are produced, e.g. S*?>+*He — 36Ar-++. a-capture releases energy only for elements up to nickel, after
which it requires energy. Therefore, heavier elements are instead produced through neutron capture(s) followed
by beta decay, i.e. (Z,A)+n — (Z,A+ 1)+~ followed by (Z,A+1) — (Z+1,A+ 1)+e~ + U.. This
process can produce heavy nuclei that cannot be produced by fusion reactions because there is no Coulomb barrier
to overcome in neutron capture. Some elements require very high neutron fluxes to be synthesized because the
required chain of neutron captures goes through unstable nuclei with short half-lives. These are called r-process
elements and cannot be produced through regular stellar nucleosynthesis. Possible sites of the r-process are the
region just above a proto-neutron star during a core-collapse supernova, highly asymmetric supernovae with jets
or merging neutron stars (Woosley et al., 2002; Ramirez-Ruiz et al., 2014). The other type of neutron capture
elements, s-process elements, which are produced through neutron captures of nuclei with long half-lives, are
believed to be synthesized by late-stage giant stars that can produce moderate neutron fluxes through reactions
such as 13C+4He — 1%0+n (Busso et al., 1999).

Some of the elements produced in stars are ejected into the ISM through supernovae (SNe) and winds. Stars
of all masses eject a significant fraction of their mass in a “superwind” shortly before becoming a white dwarf
or exploding in a supernova (Willson, 2000; Smith, 2014). During this phase they occupy a part of the colour-
magnitude diagram known as the “Asymptotic Giant Branch” (AGB). As this ejecta originates from the outer
parts of stars, it is mostly unprocessed matter which therefore has the same metallicity as the gas the star initially
formed from. However, at the onset of the AGB phase a star undergoes a process called “third dredge-up” that
transports matter from the deeper layers to the surface, where it can be expelled in the wind. This is unimportant
for metallicity in general, but a significant amount of carbon is expelled in this way (Oppenheimer & Davé, 2008).

Stars with masses less than ~ 1M have such long main sequence life times that they for many purposes
effectively lock up their material permanently, though. Stars of masses > 8 M, end up exploding in core-collapse
supernovae after at most ~ 10 years, leaving a neutron star or a black hole remnant. The fraction of their mass that
they eject depends on the mass. Stars with masses in the range ~ 8 — 400 leave a remnant containing 1040 per
cent of the mass. Stars with masses in the range ~ 40 — 140M might not explode at all but leave all the mass in
the black hole remnant (Fryer, 1999), while extremely massive stars with M > 1400, explode in pair instability
SNe which leaves no remnant at all (Ryan & Norton, 2010). Some elements, such as iron group elements, are
predominantly produced in type Ia SNe rather than core-collapse SNe. This is an important distinction as type la
SNe occur on a much longer time-scale than core-collapse SNe.

Galaxies can also theoretically increase their metallicity by accreting enriched gas from the intergalactic
medium (IGM). While not pristine, infalling IGM gas tends to be metal-poor (Giavalisco et al., 2011; Bouché
et al., 2013) so it will typically dilute, rather than enrich, the ISM of a galaxy. Nonetheless, satellite galaxies in
high-density regions accreting gas enriched by outflows from massive galaxies might partially explain why satellite
galaxies tend to have high metallicities for their masses (Davé et al., 2011).

2.2 Measuring metallicity

Metallicity is not measured according to the definition Z = N(He<)/N, but rather with a single heavy element
as a substitute for all metals and hydrogen as a substitute for all gas. Stellar metallicities are usually measured
as [Fe/H] which is the logarithm of the ratio of the total mass or density of iron to hydrogen, relative to the Sun.
For gas metallicities the standard measure is 12 + log(O/H), i.e. the logarithm of the ratio of oxygen to hydrogen
with a constant term added for historical reasons. This is the most common measure primarily because oxygen
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produces the strongest emission lines. In addition, oxygen is well-suited as a proxy of the general metallicity as
it is an «a-process element that is spread by short-lived stars, so that it tracks the metallicity essentially instantly.
In contrast, elements such as iron are associated with type Ia supernovae and are therefore delayed relative to the
more common a-process elements on Gyr time-scales, making them poor representatives of the overall metallicity
in the ISM. Oxygen comprises about 50 per cent of all metals in the Universe (Lopez-Séanchez et al., 2012).

For Damped Lyman-a (DLA) systems, which are found at high redshifts and are observed as absorption along
the line-of-sight of quasars, the gas metallicity can be inferred from absorption lines, typically those of Zinc (Wolfe
et al., 2005). For galaxies though, gas phase metallicities are estimated from the relative intensities of two or more
emission lines. The methods are divided into two types: direct methods and strong-line methods.

2.2.1 Direct method

In the direct method the metallicity is inferred from the electron temperature and density of HII regions. Metals are
efficient coolants, so gas-phase metallicity is anti-correlated with gas temperature. The temperature is found from
the ratio of the intensities of two emission lines that are emitted from the same ion but at two widely separated
excitation energies. As it is the same ion the densities cancel out in the ratio, so the difference in intensities
depends only on how rare the highly excited ions are relative to the less excited ions, which depends strongly on
temperature. Popular choices are OIII and NII as these have ions with considerably different excitation energies
that both emit in optical wavelengths (Osterbrock & Ferland, 2006). Conversely, the density is found from the ratio
of the intensities of two emission lines that are emitted from the same ion at almost similar excitation energies. In
this case, the intensity ratio is a measure of the relative collisional strengths at nearly equal temperatures which
depends on the electron density.

The main problem with the direct method is that highly excited lines are weak, so that very high signal-to-noise
spectra are required. Thus, it is not possible in most cases to find the metallicities of single galaxies using the direct
method. For alarge sample of galaxies such as the SDSS average metallicities can be found by stacking spectra (the
stacking causes some of random noise to cancel out thus raising signal-to-noise). For instance, Andrews & Martini
(2013) found a mass-metallicity relation for a large SDSS sample (see §4) using the direct method by binning
galaxies by mass and stacking the spectra for the galaxies in each bin. Stacking spectra, however, removes any
knowledge of the scatter in the inferred metallicities. Another problem with the direct method is that metallicities
inferred from collisionally excited lines differ significantly from metallicities inferred from recombination lines.
The source of this discrepancy is currently unknown (Osterbrock & Ferland, 2006), but may be due to temperature
fluctuations within the measured HII regions causing metallicities derived from collisionally excited lines to be
underestimated (L6pez-Sanchez et al., 2012).

2.2.2 Strong-line methods

In order to obtain metallicity measurements of HII regions and galaxies without the often prohibitively high signal-
to-noise required for the direct method, strong-line methods were developed. These methods use ratios of strong
emission lines only. There are two types of strong-line methods: Empirical and theoretical.

Empirical methods are based on HII regions that have had their metallicities measured by the direct method in
addition to the strong lines of choice. For suitable combinations of strong lines, there should be a correlation with
metallicity as measured from electron temperature though the scatter will be quite large. Obviously, the accuracy
of such a calibration depends on the accuracy of the direct method used, and so the derived strong-line method
becomes subject to the same caveats as the direct method. The range of validity of the calibration is also limited
by the sample of HII regions used.

Theoretical methods are based on photoionization models. Thus they do not depend on other methods and can
be extended to a wide range of metallicities. They also naturally yield the strong-line intensity dependence on the
ionization parameter (see further below). They are, however, limited by the accuracy of the photoionization model
used. These models might not be very accurate as they have to assume spherical or plane-parallel geometries and
a homogeneous distribution of gas and dust (Kewley & Ellison, 2008).
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The most common line ratios used in strong-line methods are summarised in Lopez-Séanchez et al. (2012). The
most popular ones are Ro3 (Pagel et al., 1979; Maiolino et al., 2008), N5 (Denicol6 et al., 2002; Nagao et al., 2006)
and O3 N5 (Alloin et al., 1979; Pettini & Pagel, 2004; Marino et al., 2013) which are defined as

5., _ [OIA3727 + [OIIA4959 + [ONIA5007
23 =

HpJ
NI A6584
Ny =1 -_—
2 = 10g ( Ho
[OII]A5007 /H
Ny = log [ St 000
O3z Og([NII])\6584/Ha

Ry3 suffer from being two-valued with respect to metallicity with a low-metallicity and a high-metallicity
branch and an ill-defined turnover region between the two. This is because a small value of Rg3 can either mean
that there is little of the heavy element, or that there is relatively much such that the electron temperature is low
suppressing collisional excitation. O3 N uses the ratio of two forbidden-to-recombination line ratios with different
turnover regions to avoid this issue. This method, however, has the issue that the [OIII] and [NII] lines used are at
significantly different wavelengths, so that flux calibration and extinction correction becomes important. Ny is not
double valued, but flattens and saturates for high metallicities.

The conversion from line ratio to metallicity is complicated by the fact that the strong-line intensity also
depends on the ionization parameter (i.e. the number of ionizing photons per particle), ¢, in addition to the
metallicity. Empirical calibrations ignore this and simply gives the metallicity as a linear or polynomial function
of the line ratio used. In contrast, it is natural to include g-dependent terms in theoretical methods, as g has to be
input to the photoionization model anyway. q is usually estimated from [OIII]A5007 /([OI[]A3726+[OII]A3729)
although ([SIII]A90694-[SIT]A9532) /([SI]A6717+[SI[JA6731) is a more reliable indicator when available as it
does not depend on metallicity (Kewley & Dopita, 2002). The g-dependence is less relevant for integrated galactic
metallicities though as the metallicity will be averaged over a large amount of HII regions with different ¢ in that
case. A more sophisticated approach to converting line ratios to galactic metallicity is used in Tremonti et al.
(2004). Their calibration is based on a wide array of strong lines which are all fit simultaneously to a model
of integrated galaxy spectra, yielding a likelihood surface rather than a simple function between a line ratio and
metallicity.

2.3 Stellar metallicities

For an individual field star, metallicity is estimated from the absorption lines in the spectrum by modeling the line
formation process and stellar atmosphere. This is highly non-trivial, but some progress has been made in recent
years by advancing from one-dimensional to three-dimensional models and abandoning the assumption of local
thermal equilibrium (Asplund, 2005).

For determining the mean stellar metallicity of a galaxy, where individual stars typically cannot be resolved,
a method called “Stellar Population Synthesis (SPS) modeling” is used. The mean metallicity, along with total
stellar mass, mean stellar age and star formation history, is estimated by fitting a synthetic spectrum or spectral
energy distribution (SED; when only photometry is available) to the observed one. The synthetic spectra/SEDs are
generated in a series of steps described in detail in Conroy et al. (2009). First, isochrones, i.e. colour-magnitude
tracks of stars of equal age, are calculated for each fitted stellar age. A spectrum is then assigned to each sampled
point in the colour-magnitude diagram based on a library of spectra of different temperatures, surface gravities and
metallicities. Such a library consists of either observed spectra or empirically calibrated spectra computed from
a photospheric model. The composite spectrum of a stellar population of a given age, called a “Simple Stellar
Population” (SSP), can then be found by integrating spectra along the corresponding isochrone, weighting by the
IMF. The full synthetic galaxy spectrum for some age is then the sum of SSPs up to that age weighted by the star
formation history and corrected for dust extinction.
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SPS modeling has significant uncertainties, chiefly from poorly understood phases of stellar evolution such as
the thermally pulsating AGB phase, the shape of the IMF in the turnover region about M ~ 1M, and variations
in metallicity across the galaxy (Conroy et al., 2009). In addition, star forming galaxies have strong emission lines
which must be subtracted from the spectra before SPS modeling can be used (Gallazzi et al., 2005).
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3 Galaxy mergers

Mergers between galaxies are relatively rare in the local Universe but are believed to be essential to galaxy for-
mation and evolution, as mergers can dramatically change the galaxies involved and are more common at higher
redshift. In addition to mergers, galaxies can also interact quite strongly during close flybys, but the effects,
time-scales and frequency of such flybys are at present very poorly constrained so I will focus on mergers in this
section.

3.1 Effect of mergers on star formation and morphology

In numerical simulations of mergers it is found that a significant fraction of the gas in the disk of the primary galaxy
falls towards the centre (Mihos & Hernquist, 1996; Hopkins et al., 2009). This severe infall event is associated with
stellar and gas bars formed by the nonaxisymmetric perturbations caused by the secondary galaxy. The gas bar lags
slightly behind the stellar bar because the gas is collisional while the stars are collisionless. This causes the stars
to torque the gas, such that it loses angular momentum and falls inwards. As the rate of star formation generally
increases with increasing gas density, (Kennicutt, 1998) this infall triggers a burst of star formation which can
enhance the SFR by a couple of orders of magnitude. Cox et al. (2008) found that the efficiency of the starburst,
defined as the SFR relative to the SFR of the same galaxy evolved in isolation, increased approximately linearly
with mass ratio. In addition, the magnitude of the burst also increases with higher gas fractions and decreases with
larger bulges because bulges stabilise disks against the perturbations that cause the infall. The orientation of the
galaxies also matters, with retrograde encounters causing more star formation than prograde encounters because
less gas is transferred between the galaxies in the retrograde case. This leaves more gas in the disk, where it is
available for star formation (Di Matteo et al., 2007).

Interactions between galaxies can strongly affect
their morphologies well before they actually merge
(if they end up merging at all). The most dramatic
example of this is the formation of tidal tails and
“bridges” of material connecting the galaxies. The
archetype of this class of interacting galaxy pairs is
M51 (see Figure 1), which has led to them being
called “M51-type pairs” (Buta, 2013). Another ex-
ample is the formation of bars previously mentioned.

Rings, inner disks and warped disks are very
common and in most cases associated with internal
dynamics, rather than interactions. However, inner
disks and warped disks have been observed in some
galaxies where their presence cannot be explained
by internal processes, and for these galaxies mergers
have been shown to be a viable explanation (Eliche-
Moral et al., 2011). In addition, some rarer types of
rings, namely accretion rings, polar rings and collisional rings, are thought to be signs of a recent merger (Buta,
2013). The defining feature of accretion rings is that they rotate opposite to the rest of the galaxy. These rings are
formed from material accreted from a smaller satellite galaxy. A polar ring, as the name suggests, tends to be nearly
perpendicular to the rest of the galaxy and is also associated with the accretion of a satellite. Collisional rings are
thought to arise from galaxy collisions where one of the galaxies passes through the centre of the other. These rings
are blue, luminous and sites of star formation (Appleton, 1999). A dramatic example is the “Cartwheel galaxy”
which consists of a centre, an inner ring and a prominent outer ring connected to the inner ring by “spokes”.

In general, mergers between spiral galaxies will tend to produce an elliptical galaxy. In fact, a popular hypoth-
esis is that the majority of elliptical galaxies are formed in this way (Toomre, 1977). However, if the galaxies have

Figure 1: The interacting galaxy pair M51 (NASA - Photo
in public domain).
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high gas fractions, feedback from star formation can pressurise the gas stabilising the disks against fragmentation
such that the remnant ends up being a spiral galaxy, even in major mergers (Springel & Hernquist, 2005).

Aside from visual inspection, mergers can be discerned from other galaxies through various parameters. Many
such merger indicators have been devised, these are described in detail in Lotz et al. (2004) and Conselice (2014).
The asymmetry, A, of a galaxy is defined as the difference in pixel values between the image of the galaxy out to
some radius and the same image rotated by some amount (typically 180 degrees). It is important to use a well-
defined radius, as A is a strong function of radius (Conselice et al., 2000). Typical values of A vary by galaxy type,
but are in general much higher for merging galaxies. The smoothness, S, is essentially measured by subtracting a
blurred galaxy image from the normal image. The image of residuals produced in this way functions as a measure
of how clumpy the distribution of the galaxy’s light is, regardless of whether the clumps are near the center or
further out. A common and simple merger criterion is A > 0.35 and A > S Conselice (2014). Another parameter
is the concentration, C, which is basically the ratio of the radius encompassing most of the galaxy’s light (e.g. 80
per cent) and some radius containing less of the light (e.g. 20 per cent). Interacting galaxies tend to become more
concentrated than when they were isolated because of the previously mentioned central starburst that occurs during
a merger (Li et al., 2008). However, many isolated galaxies also have high concentration, so concentration is not
by itself sufficient to classify galaxies as mergers. Two more sophisticated parameters are the Gini coefficient and
Myp. The Gini coefficient measures the area between the cumulative luminosity distribution of the pixels, sorted
from lowest to highest, and the cumulative distribution that the pixel luminosities would follow if each pixel was
equally bright (i.e. a straight line). As such, it measures the clumpiness of the galaxy without having to subtract
another image, as is necessary to compute A and S. Mo is the second order moment of the luminosity distribution
of the brightest 20 per cent of the galaxy. Thus, it is also a measure of how concentrated the light is, but, in contrast
with C, the light can be concentrated anywhere in the galaxy.

3.2 Merger-induced metallicity dilution

Spiral galaxies are found to have radial metallicity gradients with the metallicity decreasing exponentially (i.e.
linearly in log(O/H) units) with galactocentric radius (Zaritsky et al., 1994; Luck & Lambert, 2011). This gradient
is usually about —0.10 dex/kpc and is thought to be a consequence of “inside-out” disk formation, i.e. that parts
of a galactic disk closer to the centre evolve faster than parts further away (Sanchez et al., 2014). As mentioned
previously, during a merger substantial amounts of gas falls towards the centre of the primary galaxy. Because of
the presence of metallicity gradients this gas from further out in the disk causes the gas in the more central regions
to be diluted and the metallicity gradient to flatten.

In recent years, this metallicity dilution has been studied in hydrodynamical merger simulations, which have
mostly been limited to 1:1 mergers. Rupke et al. (2010) found that the nuclear metallicity decreased by 0.1—0.3 dex
after the first pericentric passage in a 1:1 merger probing an array of different inclinations and retrograde/prograde
combinations. These simulations did not include any stellar feedback (so there was no enrichment from star
formation), however. More comprehensive simulations were performed by Montuori et al. (2010) who included
stellar feedback and also looked at flybys in addition to mergers. In good agreement with Rupke et al. (2010),
they found an average metallicity depression of 0.2 — 0.3 dex, but the inclusion of stellar feedback caused the
metallicity to eventually increase above its pre-merger level in most cases. Remarkably, they found that grazing
flybys affected the metallicity in much the same way as mergers. They also found that the time between metallicity
dilution becoming significant and the metallicity recovering to its pre-merger value was ~ 2 Gyr.

The most comprehensive numerical study of metal-induced metallicity dilution to date is Torrey et al. (2012).
They probed different orientations, gas fractions, masses and mass ratios. They found that the average metallicity
depression was about 0.07 dex. The reason for this value being smaller than other studies is the inclusion of mass
ratios other than 1:1 as smaller mass ratios lead to the dilution being less severe. They also showed that while the
orientation of the galaxies changed the magnitude of the dilution, the mean was well-behaved with a reasonably
small dispersion. Gas fractions were found to be important with higher gas fractions causing less dilution. At very
high gas fractions the merger might even lead to enrichment rather than dilution.
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As previously mentioned, the infall i ] Q ] O \
of gas during a merger also leads to en- ] “ 1, /] el g
hanced star formation and this has a sub- i ] @ 4T @ [
stantial effect on the metallicity evolu- ] ]
tion. In addition to causing the metallic-
ity to eventually recover after the merger, 100
this star formation also causes the metal-
licity as a function of time to have a
“double-dip” shape, which is seen in
merger simulations that include star for-
mation and feedback. After first pericen-
tric passage the metallicity starts decreas-
ing, but concurrently the SFR starts in-
creasing and the metals ejected from these
newly formed stars cause the metallicity
to decrease at a slower rate and eventu-
ally begin to increase. Before it can fully
recover, though, the trajectories of the 1.5
galaxies start bringing them closer which,
once again, disturbs the primary galaxy
inducing dilution and star formation, and
the metallicity drops to a lower level than 0.0 s R — Tl Y
during the first passage. Shortly after the =15 =10 =05 0.0
second passage the galaxies finally coa-
lesce and the metallicity keeps recover- Figure 2: Evolution of the metallicities and SFRs of two merging
ing eventually surpassing its pre-merger galaxies of equal masses simulated in Scudder et al. (2012).
value. Given sufficient time without an-
other interaction event the remnant galaxy will presumably settle on a new equilibrium between gas flows and star
formation and follow the stellar mass-SFR-metallicity relation (assuming that this relation is the consequence of
such an equilibrium state, see §4.3). This scenario can be seen in the merger simulation of Scudder et al. (2012)
shown in Figure 2.
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Observational studies of close galaxy pairs find metallicity depressions of typically about 0.05 dex (Ellison
et al., 2008b; Michel-Dansac et al., 2008; Scudder et al., 2012). This is smaller than what is found in simulations
of 1:1 mergers, but this is expected as these observational studies include galaxies down to mass ratios of about
1:10, so the results are still compatible. In addition to the magnitude of the dilution, Michel-Dansac et al. (2008)
found that the secondary merger members showed enhanced metallicities, rather than dilution, and Ellison et al.
(2008b) found that galaxies with small half-light radii appeared to be more strongly affected than larger galaxies.

3.3 The merger rate

The frequency of galaxy mergers can be estimated either from observations or simulations, both of which are
notoriously difficult. The merger rate is usually defined as the number of mergers (often divided by the total number
of galaxies to get the merger probability, i.e. mergers per galaxy) per time, R [Gyr~—!], or per comoving volume
per time, I' [Mpc® Gyr~!]. The merger rate grows with increasing redshift, with R showing a strong redshift
dependence and I" a somewhat weaker one. While both observationally and theoretically derived merger rates
have significant uncertainties, the observational major merger rates generally agree quite well with the theoretical
ones. The total (minor+major) merger rate inferred from simulations, however, shows factor ~ 3 discrepancies
with the total merger rate from observations (Lotz et al., 2011).
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3.3.1 Merger rates from observations

Observationally, merger rates can be estimated based on one of three methods — visual inspection, merger indicators
(as described in §3.1) or close pairs. By counting the number of mergers in some volume the merger fraction, i.e.
the fraction of galaxies at the observed redshift that are undergoing a merger, is found which can then be divided
by the merger time-scale to obtain the merger rate at that redshift. Visual classification is problematic because its
subjective nature makes comparisons to other merger rate estimates difficult. Instead, merger indicators such as
asymmetry, A, and Gini coefficient, G, are often used. This is complicated by the fact that galaxies only show
disturbed morphologies during some stages of a merger. The sum of these gives the “effective merger time-scale”
that the merger fraction should be divided by to get the merger rate and this time-scale differs for each indicator.
The mass ratio range that each indicator is sensitive to also differs, e.g. A typically identifies mergers with baryonic
mass ratios down to about 1:4 while G' and My identify mergers down to baryonic mass fractions of about 1:10
(Lotz et al., 2011). In addition, the time-scale and mass ratio ranges of each indicator also depends on the gas
fractions of the merging galaxies, e.g. A is able to also detect minor mergers when the gas fractions are high.
Because gas fractions generally increase with redshift this means that the mean merger time-scale and mass ratio
range for each indicator is a function of redshift.

Using close galaxy pairs instead avoids the complication of only being sensitive to mergers at certain discon-
nected stages, but misses mergers that have almost coalesced and therefore are mistaken to be a single galaxy
by the algorithm employed. Pairs are identified as galaxies that are close in redshift and within some projected
distance (typically ~ 30 kpc) of each other and have relative velocities below some threshold (typically ~ 500 km
s~1). Both methods based on close pairs and on merger indicators tend to produce numerous false positives and
will therefore overestimate the merger rate if this is not corrected for. Close pairs mistake some flybys for mergers,
and merger indicators mistake some galaxies which have disturbed morphologies because of internal processes,
such as disk instabilities, as being mergers. In either case the correction factor is ~ 0.6 (Lotz et al., 2011).

3.3.2 Merger rates from simulations

Alternatively, the merger rate can be inferred from simulations. This method has the advantage of being able to
derive the merger rate as a function of mass ratio and primary galaxy mass rather than just the total major or
minor merger rate found observationally. However, it is not yet possible to run sufficiently large simulations to
directly estimate the galaxy-galaxy merger rate. Instead, the galaxy-galaxy merger rate is derived from the halo-
halo merger rate from cosmological dark matter simulations such as the Millennium Simulation. These halo-halo
merger rates have uncertainties associated with the algorithm used to identify mergers, resolution limits and the
cosmological parameters. Nevertheless, most of the uncertainty comes from the conversion of the merger rates
from halo-halo to galaxy-galaxy. A merger between halos is not the same as a merger between galaxies as the
smaller halo will spend considerable time as a subhalo inside the bigger halo before the galaxies within the halos
themselves merge. Ideally, this is taken into a account by following the subhalos until they fully merge, but this
is often not feasible in which case a merger delay time is added. Even when subhalos are being followed, a
“hybrid” approach often has to be used where the estimated merger time remaining is added once the subhalo
comes too close to the primary galaxy to be distinguished in the simulation. The merger time can be estimated
from merger simulations (e.g. Lotz et al. (2008)), analytical or numerical calculations of characteristic time-scales
for gravitational or angular momentum capture (see Hopkins et al. (2010b)), or analytical calculations based on
dynamical friction (e.g. Boylan-Kolchin et al. (2008)).

In addition, the halo masses and halo mass ratios must be converted to another type of mass more appropriate
for galaxies to be useful. Typically, stellar mass is used because stellar masses are relatively widely available
through the fitting of stellar population synthesis models (see §2.3). The stellar mass is a poor proxy for the total
mass involved in mergers at low masses and high redshifts, where gas fractions are high, though. In this case,
Hopkins et al. (2010a) recommends using the total tightly bound mass of the galaxies (defined there as the sum of
stellar mass, gas mass and halo dark matter mass within 3 effective radii), if available. In any case, though, halo
mass ratios are very poor proxies for stellar mass ratios because the halo mass — stellar mass relation, while being
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one-to-one, is far from being a straight line. It rises sharply for low masses, but there is a “knee” at halo mass
M, ~ 10120, o after which the relation becomes much shallower (Behroozi et al., 2010). Because of this, a 1:3
halo mass ratio might correspond to a 1:9 stellar mass ratio at low galaxy masses, but a 1:2 stellar mass ratio at
high galaxy masses.

Ideally, the merger rate from simulations should be able to correctly predict the observational major, minor and
total merger rates. As previously mentioned though, there is a significant discrepancy between the total merger
rates. In principle, this discrepancy can be used to gain insight into problems with models of galaxy evolution and
cosmology.
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4 The mass-metallicity relation and second-parameter dependencies

4.1 The mass-metallicity relation o20f - 3
A relation between galaxy stellar mass and gas metallicity & g::g_ R EERE - R
was first noted by Lequeux et al. (1979). Instead of mass, 0.05F L §
luminosity has often been used (in fact a relation between e T T T
the luminosity and metallicity of elliptical galaxies had been

found previously by McClure & van den Bergh (1968)), 02— :;g;‘:: 1
but in recent years stellar masses have become much more —_— "
widely available through the fitting of stellar population syn- (2}
thesis models. In the seminal paper of Tremonti et al. (2004) 9.0

the mass-metallicity relation (MZR) was derived using a
sample of 53,000 local SDSS galaxies and a sophisticated

method of estimating metallicity (see §2.2.2). Although the =% 881 ]
shape of the MZR differs greatly across different metallic- E
ity calibrations (Kewley & Ellison (2008), see Figure 3), 2 gl |

a strong positive correlation between mass and metallicity
that is steepest at low masses and flattens at high masses
and is well described by a simple polynomial is generally 84
found. The scatter about the relation is typically in the range
0.08 — 0.13 dex at low redshift (Kewley & Ellison, 2008).

The MZR can be explained by outflows being more ef-
fective at driving metals out in smaller galaxies because of
their shallower gravitational potential wells (Dekel & Silk, Bl '

. . . 8.5 8.0 95 10.0 10.5 11.0

1986; Tremonti et al., 2004; Finlator & Davé, 2008). In the log (M)
model of Dekel & Silk (1/986) the outflow veloc':ity is con- Figure 3: Best-fit mass-metallicity relations for
stant, but F 1n1aF0r & Dave .(2008) argu‘ed that this led to an range of different metallicity calibrations, after
MZR that was in conflict with pbservatlons and used an 01.1t- Kewley & Ellison (2008). The top panel shows the
flow velocity that was proportional to the halo velocity dis-
persion instead. Alternatively, the MZR may be the result of
a variable Initial Mass Function (IMF) where massive galax-
ies are more efficient at producing massive stars than smaller galaxies (K&ppen et al., 2007), or low-mass galaxies
being generally less efficient at turning gas into stars (Brooks et al., 2007). The MZR appears to be part of a
mass-SFR-metallicity relation though, which is typically explained by a combination of inflows and outflows (see
§4.3).

8.2 4

RMS scatter around the relations in bins of 0.1 dex
in mass.

4.2 Redshift, environment and SFR dependencies

In addition to mass, metallicity is known to depend on redshift (Erb et al., 2006; Maiolino et al., 2008; Cullen et al.,
2014), environment (Cooper et al., 2008; Ellison et al., 2009) and star formation rate (Ellison et al., 2008a; Lara-
Lopez et al., 2010; Mannucci et al., 2010). However, these trends are not well known quantitatively. There seems
to be a redshift evolution with the MZR shifting downwards to lower metallicities with higher redshifts. Accurate
determination of the MZR at high redshift (z > 2) is hampered by small sample sizes. At z ~ 0.1 the vast SDSS
sample allows the local MZR to be determined using sample sizes of order 10° galaxies. In contrast, all studies of
the MZR at z > 2 has used samples of less than 100 galaxies. Erb et al. (2006) was the first to measure the MZR
at a high redshift. They found that the MZR at z ~ 2.2 was shifted downward by 0.56 dex compared to the local
MZR of Tremonti et al. (2004). Maiolino et al. (2008) determined the MZR at z ~ 3.5 using a sample of just nine
galaxies. They derived their own metallicity calibrations and were careful to convert metallicities from previous
works to their calibrations when comparing MZRs at different redshifts. They found that their z ~ 3.5 galaxies
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Figure 4: The redshift evolution of the mass-metallicity relation, after Maiolino et al. (2008). Left is the MZR at
z == 0.7 from Savaglio et al. (2005), center is the MZR at z ~ 2.2 from Erb et al. (2006) and right is the MZR at
z =~ 3.5 from Maiolino et al. (2008). The blue curve is the local MZR from Kewley & Ellison (2008).

followed an MZR that was shifted further towards low metallicities than the Erb et al. (2006) MZR (see figure 4).
In a recent study by Cullen et al. (2014) an MZR with a significantly larger offset towards lower metallicities than
Erb et al. (2006) was found despite the redshift range of the samples being approximately similar. Most studies, in
addition to overall lower metallicities, also find that the offset is larger at low masses, i.e. the MZR steepens with
redshift. A possible explanation for the redshift dependence of the MZR is that galaxies at higher redshifts simply
have had less time to form massive stars to enrich their gas (Brooks et al., 2007). Alternatively, if the MZR is
actually part of a largely redshift-independent mass-SFR-metallicity relation as suggested by many recent studies
(see §4.3), it follows that the redshift evolution of the MZR is just a consequence of the redshift evolution of the
stellar mass-SFR relation (Davé, 2008).

Local environment has also been found to affect the metallicity of galaxies. Galaxies in overdense regions
have slightly higher metallicities than the general population (Cooper et al., 2008; Ellison et al., 2009). These tend
to reside in clusters, but it is the high density, rather than cluster membership by itself, which is found to lead to
higher metallicities. This is theorised as being caused by either ram pressure and tidal stripping or starbursts. Gas
stripping can increase the metallicity of a galaxy by removing mostly metal-poor gas from the outskirts, or simply
because the metal-rich matter ejected through recent SNe will constitute a larger fraction of the gas in a galaxy
that has experienced gas stripping at an earlier point. In addition, the stripped gas can then enrich the IGM, such
that the inflow of cluster galaxies will have less of a diluting effect on the galaxy. Alternatively, galaxies might
experience a starburst when they enter a dense region causing their metallicity to increase.

The dependence on SFR was first examined by Ellison et al. (2008a). They found that galaxies with masses
M, < 10'° M, and small specific SFRs (SSFR= SFR/M.,) tend to have higher metallicities than the median for
their mass, while high-SSFR galaxies show the opposite trend. This was also found in Lara-Lépez et al. (2010)
who fitted a plane to the mass-SFR-metallicity distribution. The origin of this SFR dependence of the MZR is
not completely clear, but the general result that metallicity depends on mass and SFR can be derived from crude
models or scaling arguments. This is discussed in the next section.

4.3 The Fundamental Metallicity Relation

Mannucci et al. (2010) studied the SFR dependence of the MZR in more detail using a large sample of local SDSS
galaxies. They binned stellar masses and metallicities by SFR and found that the MZR anticorrelated with the SFR
bin for stellar masses below 10%-° M. This mass-metallicity-SFR relation can be fitted well by a polynomial of
the form log(O/H) +12 = a+bm+cs+dm?+es? + fms where m = log(M, /M) —10 and s = log(SFR). This
relation was coined the fundamental metallicity relation (FMR). They found that the two-dimensional projection
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that minimised the metallicity scatter had log(M..) — us2 log(SFR), where 32 = 0.32, as the abscissa, rather than
just stellar mass. Curiously, they found no redshift evolution of the FMR up to z ~ 2.5. This result has been
corroborated by later studies (Henry et al., 2013; Cullen et al., 2014). This suggests that the redshift evolution of
the MZR is caused mainly by galaxies at higher redshifts having higher SFRs.

Mannucci et al. (2010) were able to reproduce p32 from a “back-of-the-envelope” type calculation combining
pristine infall, an outflow proportional to SFR and 1/M., to some powers, and the Kennicutt-Schmidt law (Kenni-
cutt, 1998). A relation between metallicity, mass and SFR is naturally produced in some simple analytical models
(Lilly et al., 2013; Dayal et al., 2013; Forbes et al., 2014) where inflow and outflow both depend on SFR, and SFR
is proportional to the gas mass. An important difference between these three models though is that the SFR de-
pendence is caused by scatter in inflow rates in the Lilly et al. (2013) and Forbes et al. (2014) models, while Dayal
et al. (2013) attributes the SFR dependence to differences in initial conditions. These models also predict little or
no redshift evolution. The stellar mass-SFR-metallicity relation might be the consequence of a more fundamen-
tal stellar mass-HI mass-metallicity relation as studied in Bothwell et al. (2013). They found a correlation with
metallicity to be present for all atomic hydrogen masses in contrast with the SFR correlation, which flattens at high
masses and disappears altogether for M, > 10'°-5M . However, SFRs as measured through Ho are available for
a much larger amount of galaxies than the mass of atomic hydrogen, so currently the FMR is much more useful
than the relation based on HI mass.

13
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5 Summary of the project

As mentioned in the introduction, mergers are known to dilute the central metallicities of primary galaxies (a
“primary galaxy” being the most massive member of a merging galaxy pair). Even though the Fundamental
Metallicity Relation (FMR) is thought to be a product of gas flows, no studies have as of yet looked at what
insight into the effect of mergers on metallicity might be obtained through the scatter of the FMR. In Mannucci
et al. (2010) it was noted that the scatter around the FMR closely follows a normal distribution except for a slight
overabundance of galaxies with lower metallicity than expected. They theorised that this could be due to galaxy
mergers, but did not examine it any further. The purpose of my thesis project was to examine if this extended wing
in the metallicity residuals of the FMR towards low metallicities could be accounted for by a simple analytical
model based on merger-induced metallicity dilution and if so what this would imply about the impact and time-
scale of such dilution events.

In the model I assume that the residuals = (log(O/H)ga) — (log(O/H)pmr ) would follow a normal distribu-
tion in the absence of mergers. This normal distribution is fitted in a two-step process: First a Gaussian function
is fitted over the entire range, then a new Gaussian is fitted within two standard deviations of the mean. This is to
ensure that the fit is not affected by the tails. The standard deviation and mean of this Gaussian is then inputted as
fixed parameters in the merger model.

The merger model itself has three free parameters: 7, « and &, Mergers with a stellar mass ratio, i.e. the
ratio between the primary (larger) galaxy mass and the secondary (lower) galaxy mass, greater than &, dilute the
metallicity of the primary galaxy by an amount proportional to the mass ratio. The constant of proportionality is the
parameter ¢, i.e. the change in metallicity will be Ar = AZ = —af. Here we assume that the change in residual
metallicity is caused purely by the change in metallicity rather than changes in mass or SFR, an assumption we
found to be quite accurate. This dilution remains constant for a time 7 (in Gyr, i.e. billions of years), after which
the metallicity immediately goes back to follow the intrinsic Gaussian scatter of the FMR.

The model depends on the merger rate and the distribution of galaxy stellar masses. I used the merger rate of
Fakhouri et al. (2010), which I had to convert from using halo masses and redshift to stellar masses and lookback
time.

To fit the model I of course needed a histogram of metallicity residuals which meant fitting an FMR to a large
sample of galaxies. I used a subset of the Sloan Digital Sky Survey Data Release 9 (SDSS DR9) catalogue by the
MPA-JHU group. I selected ~ 167, 000 out of the total of ~ 1.8 million galaxies in this catalogue using criteria that
were close to those employed in Mannucci et al. (2010). These criteria chiefly filtered out high-redshift galaxies,
galaxies with active nuclei (AGNs) and galaxies with low signal-to-noise emission lines. The median redshift of
the final sample was z = 0.11. Total stellar masses were available in the catalogue while the SFRs within the 3
arcsec aperture used by SDSS were derived from the extinction corrected Ha flux. Metallicities were found using
the O3N2 calibration of Marino et al. (2013).

Once I had selected the sample, I fitted an FMR to the data and created a histogram of the metallicity residuals
using 100 equally spaced bins from —0.5 dex to 0.5 dex. I found that, as in Mannucci et al. (2010), there was a
significant tail towards lower metallicities. There was also a slight excess of galaxies with higher than predicted
metallicities. I fitted a Gaussian to the entire distribution and defined the tail as all bins below two standard
deviations from the mean. Examining the galaxies in this tail, I found that they had slightly lower stellar masses,
higher specific SFRs (SFR/M.,), lower metallicities and smaller half-light radii than the general population. They
thus form a physically distinct population. The higher SSFRs can be interpreted as galaxies in the tail experiencing
a boost in SFR because they are interacting.

I fitted 403 models (40 values of each free parameter equally spaced) to the histogram of residuals evaluating
the goodness-of-fit of each model as the log-likelihood for poisson distributed errors. I found the best-fitting
parameters to be 7 = 1.7970:0%5 Gyr, a = 0.209570-0915 and &min = 0.3200705132. The errors are statistical
errors only, i.e. they are the uncertainties that arise from slightly different parameter values being almost equally
good at fitting the data, but do not include uncertainties in the underlying measurements (e.g. the SFRs), the
assumptions of the model, etc.
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The best-fitting value of « leads to an average decrease in metallicity of about 0.2 dex during a 1:1 merger.
This is in good agreement with simulations (Montuori et al., 2010; Rupke et al., 2010). The average decrease in
metallicity during the mergers included in the model, i.e. mergers with & > &, = 0.32 so essentially all major
mergers, was 0.116 dex. This is a factor of ~ 2 larger than what is found in the observational studies of galaxy
pairs of Ellison et al. (2008b), Michel-Dansac et al. (2008) and Scudder et al. (2012), but most of this discrepancy
can be explained by these studies having minimum mass ratios smaller than 0.32. The best-fitting value of 7 means
that on average the metallicity remains depressed due to a merger for about 1.8 Gyr. This is in agreement with the
~ 2 Gyr of Montuori et al. (2010) and above the upper limit of 1 Gyr found in Torrey et al. (2012).

The main uncertainties of the model overall are the merger rate, which has an uncertainty of at least a factor of
~ 2 (Hopkins et al., 2010a), and the exclusion of flybys, which may be as common as mergers (Sinha & Holley-
Bockelmann, 2012). In addition, a large source of uncertainty is the calibration used to determine the metallicities
of the galaxies in the sample. The shape of the residual distribution varies with the calibration used, however the
basic shape of a Gaussian with a significant tail towards low metallicities appears to be robust, as I found that it
was present when using the popular calibrations of N2 from (Denicol6 et al., 2002) and R23 from (Maiolino et al.,
2008) in addition to the O3N2 calibration. There is also a potential uncertainty caused by ignoring secondary
merger members, but in most cases the secondary galaxy should experience enrichment rather than dilution as it
accretes gas from the more massive, and thereby typically more metal-rich, galaxy.

Aperture effects is a potential problem as the SFRs and metallicities were only measured within the 3 arcsec
aperture used in SDSS. Although the redshift range in the sample is small (z = 0.07 to z = 0.3), the aperture on
average covers a significantly larger part of the most distant galaxies than it does for the nearest ones. Additionally,
there is also the aperture effect of galaxies with smaller radii being more completely covered on average than larger
ones. Splitting the sample into a low-redshift and a high-redshift sample and finding the best-fitting model to these,
I found that o was nearly unchanged while &,,;, was about 30 per cent higher and 7 about 67 per cent lower for
the high-redshift sample than for the low-redshift sample. The increase of &, with redshift is expected as it
represents the smallest merger that can cause a change in metallicity sufficiently large to be discernible from the
Gaussian scatter in the FMR and this scatter grows with redshift as the masses, SFRs and metallicities become
more uncertain. The decrease in 7 with redshift may be mainly due to the increase in £y, with redshift if the
dilution time-scale decreases with mass ratio as the merger time does (Hopkins et al., 2010b).
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6 Conclusions and future work

In this thesis I have investigated the phenomenon of merger-induced metallicity dilution through a model of the
scatter of the Fundamental Metallicity Relation (FMR). I selected a sample of ~ 167, 000 galaxies from the SDSS
and reproduced the tail towards lower metallicities in the scatter of the FMR noted by Mannucci et al. (2010). I
showed that the tail is robust to the choice of metallicity calibration and forms a distinct population of galaxies that
is consistent with being merging or recently merged galaxies.

I developed a simple model based on the hypothesis that the undisturbed galaxies follow a Gaussian scatter
about the FMR, while the tail consists of merging galaxies. This model provides an excellent fit to the observed
scatter which yields insights into the metallicity dilution associated with mergers. These predictions are in good
agreement with the existing knowledge from merger simulations and observations of close galaxy pairs.

I find that an equal-mass merger on average leads to a metallicity depression of about 0.2 dex, in agreement
with the hydrodynamical merger simulations of Montuori et al. (2010) and Rupke et al. (2010). I find that only
mergers with mass ratio &, > 0.32 lead to sufficient dilution to be discerned from the Gaussian scatter in the FMR.
This closely corresponds to “major’” mergers, which are often defined as mergers with mass ratio greater than 1:3.
The average metallicity depression of all these major mergers is 0.116 dex, which is consistent with the actual
metallicity difference of the tail compared to the entire sample. This is a greater dilution than what is found in the
metallicity measurements of SDSS pair samples of Ellison et al. (2008b), Scudder et al. (2012) and Michel-Dansac
et al. (2008), but my value is consistent with those studies when the differences between the minimum mass ratios
in those samples and in our model are taken into account. I find that the metallicity on average stays depressed for
1.79 Gyr in good agreement with the merger simulations of Montuori et al. (2010).

The model can be improved in the future, as the two largest uncertainties stem from uncertainties in the merger
rate and neglecting flybys. Incorporating flybys in the model was not possible as we currently have essentially
no quantitative knowledge of flybys, but this should change in the future with further work based on the simple
studies of Sinha & Holley-Bockelmann (2012) and Montuori et al. (2010), which were limited to grazing flybys.
We would need to know with reasonable accuracy the flyby rate as a function of mass, mass ratio and pericentric
distance; and how the dilution diminishes as the pericentric distance increases.

Furthermore, more comprehensive merger simulations are needed to test the model in more detail. Current
works are all limited to 1:1 mergers, except for Torrey et al. (2012) who only includes a few mass ratios and
just averages over them with no attempt at identifying trends with mass ratio. A simulation that included at least
a reasonable range of major mergers and was run at least until the metallicity recovered would be able to test
our assumption that the dilution, as time-averaged between pericentric passages, scales linearly with mass ratio.
In addition, it could probe the relation between the dilution time-scale and mass ratio, which we assume to be
independent. This assumption stems from our current lack of knowledge of this relation and some dependence on
mass ratio is probable.

Our model makes some predictions that might be tested observationally. Low-metallicity outliers from the
FMR should have a higher probability of being in a pair or showing disturbed morphology (e.g. higher asymmetry)
than the general population. Also, a pair study where the pairs are binned by mass ratio should find that the median
metallicity decreases as one moves towards larger mass ratio bins.

In addition, large-scale hydrodynamical simulations that track the metallicity of thousands of galaxies such
as Illustris (Vogelsberger et al., 2014; Genel et al., 2014) or EAGLE (Schaye et al., 2015) should, in principle,
enable a statistical study of merger-induced metallicity dilution. An FMR could be fit to the simulated galaxies,
and if a low-metallicity tail appears in the scatter those galaxies could be directly checked for ongoing or recent
interactions. The dilution time-scale, magnitude of metallicity depression and mass ratio dependence could then
be inferred and compared with our results. This might not be possible with this first generation of large-scale
hydrodynamical simulations though, as EAGLE has trouble reproducing the mass-metallicity relation (Schaye
et al., 2015).
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ABSTRACT

From a large sample of local SDSS galaxies we find that the Fundamental Metallicity Rela-
tion (FMR) has an overabundance of outliers, compared to what would be expected from a
Gaussian distribution of residuals, with significantly lower metallicities than predicted from
their stellar mass and star formation rate (SFR). This low-metallicity population has lower
stellar masses, enhanced specific SFRs and smaller half-light radii than the general sample
and are hence a physically distinct population. We show that they are consistent with being
galaxies that are merging or have recently merged with a satellite galaxy. In this scenario,
low-metallicity gas flows in from large radii, diluting the metallicity of star-forming regions
and enhancing the specific SFR until the inflowing gas is processed and the metallicity has
recovered. We introduce a simple model in which mergers with a mass ratio larger than a min-
imum dilute the central galaxy’s metallicity by an amount that is proportional to the stellar
mass ratio for a constant time, and show that it provides an excellent fit to the distribution
of FMR residuals. We find the dilution time-scale to be 7 = 1.7970 335 Gyr, the average

metallicity depression caused by a 1:1 merger to be o = 0-20951_8'.88%8 dex and the minimum
mass ratio merger that can be discerned from the intrinsic Gaussian scatter in the FMR to be
Emin = 0.32007 50732 (these are statistical errors only). From this we derive that the average
metallicity depression caused by major merger is 0.116 dex.

Key words: galaxies: abundances — galaxies: interactions — galaxies: evolution

1 INTRODUCTION

Understanding the way that the metallicities of galaxies depend on
galactic properties and events is crucial in understanding galaxy
evolution as metallicity is connected to important galactic pro-
cesses such as inflows, outflows and star formation. A relation
between galaxy mass and metallicity was found in Lequeux et al.
(1979) and measured to great accuracy based on SDSS Data Re-
lease 2 as a tight relation between galaxy stellar mass and gas-
phase metallicity by Tremonti et al. (2004). This mass-metallicity
relation (MZR) is thought to arise from galactic winds being more
efficient at blowing metals out of lower mass galaxies owing to
their shallower gravitational potential wells. The MZR depends
on environment (Cooper et al. 2008) and redshift (Erb et al. 2006;
Maiolino et al. 2008; Henry et al. 2013). In addition Ellison et al.
(2008a) found that galaxies with high star formation rates (SFR)
showed systematically lower metallicities than galaxies with sim-
ilar masses but lower SFRs. This was studied in more detail in
Mannucci et al. (2010) (hereafter M10) who binned stellar masses
and metallicities by SFR and found that the MZR anticorrelated
with the SFR bin for masses M. < 10'%-° M. In light of this M10

* E-mail: agronnow @dark-cosmology.dk
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introduced the Fundamental Metallicity Relation (FMR) between
stellar mass, SFR and gas-phase metallicity. They interpreted the
SFR dependence as being due to continuous accretion of pristine
gas from the intergalactic medium raising the SFR while diluting
the metallicity. Concurrently with M10 Lara-Lépez et al. (2010)
also investigated the SFR dependence of the MZR and also found
a relation between mass, SFR and metallicity. These studies of
second-parameter dependencies of the MZR all look at galaxy sam-
ples that are selected to differ with the parameter of interest whose
MZRs can then be compared. A complementary way of examining
further dependencies of the MZR or FMR is to instead select galax-
ies with abnormally low or high metallicity for their masses (and
SFR in the case of the FMR) and then check what the metallicity
offset correlates with.

Peeples et al. (2009) analysed a sample of 42 metal-poor
galaxy outliers from the MZR and found that all but two of those
showed signs of interaction. More systematically, M10 produced a
histogram of the residuals of the FMR i.e. the difference between
the measured metallicity and the metallicity predicted by the FMR
for each galaxy. These residuals closely followed a Gaussian dis-
tribution with the exception of an extended wing of galaxies with
lower nuclear metallicities than predicted. There it was speculated
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that the bulk of these low-metallicity galaxies were interacting, but
this was not examined further.

That interactions tend to dilute nuclear metallicities
has been found both in observations of close galaxy pairs
(Kewley et al. 2006; Ellison et al. 2008b; Michel-Dansac et al.
2008; Scudder etal. 2012) and in simulations of mergers
(Montuori et al. 2010; Rupke etal. 2010; Perezetal. 2011;
Torrey et al. 2012) with these authors finding systematic offsets
from the MZR of up to a few tenths of a dex towards lower
metallicities for merging galaxies. The standard explanation for
this phenomenon is that the centre of the primary spiral galaxy
experiences a period of strong inflow of gas from the outskirts of
the galaxy. This inflow is driven by torques exerted by stars in bar
instabilities created by the tidal interactions (Mihos & Hernquist
1996) and it will be metal deficient compared to the nuclear metal-
licity as spiral galaxies have radial abundance gradients with lower
metallicities at larger radii (Zaritsky et al. 1994; Luck & Lambert
2011). The inflow also leads to an increase in star formation which
causes the metallicity to eventually recover on a time-scale of a
few Gyr (Montuori et al. 2010).

In this paper, we ask whether the population of star-forming
galaxies whose metallicities are significantly below expectations
based on the FMR can be readily interpreted within the context of a
simple model for galaxy mergers that dilute the nuclear metallicity
and boosts its star formation. In particular:

(1) Can the low-metallicity tail be successfully modeled as being
due to mergers?

(2) Do the galaxies in the low-metallicity tail show complementary
evidence of being in mergers?

(3) What does this imply about the impact of mergers on galaxies’
gas reservoirs and the time-scale over which mergers have such an
impact?

We will show that mergers readily account for the observed
low-metallicity outliers. This enables us to estimate the time-scale
and magnitude of merger-induced metallicity dilution in a novel
way.

In §2 we describe our sample selection. In §3 we fit an FMR
to our sample and examine the differences between the main sam-
ple and the tail. In §4 we review our merger model and in §5 we
describe how we find the best-fitting parameters and their values.
In §6 we discuss uncertainties and assumptions in our model and
compare our results to observations and hydrodynamical simula-
tions. Finally, we summarise our findings and avenues for future
work in §7.

2 SAMPLE SELECTION

We need to establish a large sample of galaxies in order
to investigate the tail in the residuals of the FMR. We
used a subset of the Sloan Digital Sky Survey (SDSS)
DRY catalogue by the MPA-JHU group available at
http://www.sdss3.org/dr9/algorithms/galaxy_mpa_jhu.php where
the techniques used to measure emission lines and derive galaxy
parameters are also summarised. Half-light radii were adopted
from the SDSS-DRY photometric table “PhotoObjAll”. The full
catalogue contains 1,843,205 galaxies from which we selected
167,086 galaxies according to the following criteria which were
adopted from M10.

Only galaxies with redshifts within 0.07 < z < 0.30 were se-
lected to ensure that the 3 arcsec aperture of the spectroscopic fibre
covered a significant part of the galaxies. We also demanded that

Ha was detected at a signal-to-noise ratio of at least 25. This en-
sures a sufficiently high S/N of the N[II] A6584 line that is used in
many metallicity calibrations as well as making BPT diagram clas-
sification of the galaxies more accurate. We selected only galaxies
classified as BPT class 1 (star-forming) or 2 (low S/N star-forming)
filtering out AGN's and composite galaxies. Finally, we filtered out
galaxies for which it was not possible to measure the [OIII]JA5007
line which is necessary to determine the metallicity using the O3N2
or R23 calibrations (see §3.1); this amounted to 0.4 per cent of the
remaining sample.

Total stellar masses were taken from the MPA-JHU catalogue,
these were calculated using the method of Kauffmann et al. (2003).
Star formation rates were derived from the extinction corrected
Ha flux using the calibration in Kennicutt (1998) (with extinctions
measured from Balmer decrements). The masses were multiplied
by 1.06 and the SFRs divided by 1.8 to scale them to a Chabrier
IMF (Chabrier 2003). SFRs and metallicities were measured within
the aperture only without any aperture correction.

3 DATA ANALYSIS
3.1 Fitting an FMR

We had to use a strong-line method to find the metallicities of
the galaxies in our sample. These methods are calibrated by fit-
ting the relationship between the ratio of two or more strong emis-
sion lines and metallicities inferred directly from electron tem-
peratures of HII regions. While “direct” metallicities found from
electron temperature measurements are more accurate, they have
to be calculated from auroral lines that are very weak and can
only be detected with sufficient signal-to-noise in the SDSS spec-
tra by stacking (Andrews & Martini 2013). This is a problem as
we need to be able to measure metallicities for single galaxies as
we will be studying outliers. We chose to use the O3N2 calibra-
tion of Marino et al. (2013), which gives 12 + log(O/H) as a linear
function of O3N2= log ([OII]A5007/HA x Ha/[NII]A6584), to
derive metallicities as this recent calibration is based on more ex-
tensive electron temperature data than older calibrations such as
Pettini & Pagel (2004). M10 used an average of the N2 and R23
calibrations of Maiolino et al. (2008) but as we are interested only
in the residuals, the differences in the absolute metallicities derived
from different calibrations do not matter and the differences in the
residual distributions are quite small (see §6.4). We fitted an FMR
of the form introduced in M10 to the data using least squares. While
MI10 only fitted their FMR to galaxies with M, < 10°! Mg, we
did not include a mass cut. In Mannucci et al. (2011), where the
FMR was extended down to M, =~ 1083 Mg, it can be seen that
the FMR for low-mass galaxies begins to deviate significantly from
the extrapolation of the FMR of M10 at masses below ~ 8.8 M .
Only 0.1 per cent of the galaxies in our sample has such low masses.
Our fit yielded

(12 + log (O/H)gpwr) = 8.436 + 0.222m — 0.129s — 0.093m>
+0.088ms — 0.052s> (1)

where m = log(M.) — 10 and s = log(SFR) and m and s
are in units of Mg and Mg yr~!, respectively. The residuals r =
(12 4 log(O/H)gata) — (12 + log(O/H)pmr) were then computed
for all galaxies.

We show a histogram of these metallicity residuals in figure
1. This histogram has 100 equally spaced bins from —0.5 dex to
0.5 dex. 58 of the 167,087 galaxies, i.e. about 1 in 3000 galaxies,
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tail that is not included in the model.

fall outside this range. All but a single one of these outliers (which
falls just below the range with » = —0.5004 dex) have » > 0.5
dex and appear to be mostly dwarfs with log(M./Mg) ~ 8 and
high specific SFRs. We will not examine these high metallicity out-
liers further and from this point on in the analysis these outliers are
filtered out.

This metallicity dispersion is almost Gaussian distributed but
with a distinct tail towards lower metallicities as was also noted in
MI10 (cf. their figure 3). We fit a Gaussian function to the metallicity
dispersion using least squares finding a dispersion of o = 0.047
dex and a slight offset from zero of ;1 = 0.005 dex; this enables us
to quantitatively define the tail as the bins with r < p—20. This tail
contains an excess amount of 4.29 per cent of all galaxies relative to
the number of galaxies that it would contain if it followed the fitted
Gaussian. Upon close inspection a tail towards high metallicities
can be seen as well but this tail only contains an excess of about 1
per cent of all galaxies (where this tail is defined as the bins with
r > 1+ 20).

M10 binned their stellar masses and SFRs in bins of 0.05 dex
and then fitted their FMR to the median values in each bin. Doing
this in our case turned out to make very little difference in the fitted
FMR so we chose not to bin the masses and SFRs.

3.2 Properties of the galaxies in the tail

We compare the galaxies in the tail to the general population to es-
tablish whether or not they form a distinct population. The stellar

© 2014 RAS, MNRAS 000, 000-000

masses of the galaxies in the tail are generally lower than the gen-
eral population with a median value that is 0.26 dex below the me-
dian value of all galaxies, both being approximately lognormally
distributed (see figure 2). This suggests that the tail cannot be an
artefact of metallicity aperture effects alone (i.e. galaxies that are
more completely covered by the aperture being found to have lower
metallicities because of metallicity gradients) because in that case
the mass distributions should be similar as the stellar masses are
all estimated for entire galaxies. It also indicates that the tail is not
predominantly driven by errors in mass because in that case the
galaxies in the tail should have erroneously high masses as this
would cause their predicted metallicities to be too high. That the
galaxies in the tail have lower masses than the general population
can be interpreted as being due to low-mass galaxies being more
strongly impacted by mergers because of weaker bulges or higher
gas fractions.

The specific SFRs (SSFR) of the galaxies in the tail are gener-
ally higher with a median value that is 0.30 dex above the median
value for all galaxies (see figure 3) due to the median SFR being
slightly higher even though the median stellar mass is lower. This
indicates that the tail is not predominantly driven by errors in SFR
because in that case the SFRs in the tail should have erroneously
low SFRs as this would cause their predicted metallicities to be too
high. A simple interpretation of the higher sSFRs in the tail is that
many of those galaxies are experiencing a boost in star formation
owing to interactions.

The metallicities of the galaxies in the tail are as expected sig-
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Figure 4. Same as figure 2 but for metallicity.

nificantly lower than for the general population the median metal-
licity of the tail being 0.17 dex below the overall median value (see
figure 4). One might worry that a significant part of the tail would
then have metallicities below 12 + log(O/H) = 8.2, which is the
lower limit of validity for the O3N2 calibration we use. However,
only 4.4 per cent of the galaxies in the tail have metallicities be-
low this. For the overall sample 99.2 per cent is within the range of
validity of 8.2 < 12 + log(O/H) < 8.8.

As can be seen in Figure 5, the galaxies in the tail have sig-
nificantly smaller half-light radii than the general population. The
figure shows the U-band half-light radii but the G and R bands show
the same trend. The difference in the median values is about 30 per
cent which is small enough that it could be attributed to the differ-
ences in the mass and redshift distributions (see §6.5) of the tail and
general population samples. However, the sudden rise at 0.5 arcsec
suggests that the half-light radii of many of these galaxies are over-
estimated because they are smaller than the seeing. Additionally,
as can be seen from the figure, the modes of the two half-light ra-
dius distributions differ by a factor above 2. Thus a significant part
of the galaxies in the tail are significantly more compact than is
typical for the full sample. This is in agreement with Ellison et al.
(2008b) who found that galaxies in their pair sample with half-light
radii below 3 kpc tended to have lower metallicities than galaxies
with larger half-light radii.

In summary, galaxies whose metallicity is lower than pre-
dicted for their stellar mass and SFR have systematically low stel-
lar mass, high SSFR, small half-light radius and low metallicity.
The offsets in SFR and stellar mass are the opposite of what would
be expected if errors were driving galaxies into the tail. Also the
tail towards lower metallicities is much larger than the tail towards

Half-light radius (arcsec)

Figure 5. Same as figure 2 but for U-band half-light radii.

higher metallicities. These considerations support the view that the
low-metallicity tail consists of a physically distinct population.

4 THE MERGER MODEL

We assume that the residuals of the FMR in the absence of merg-
ers would be a normal distribution and fit a Gaussian function to
the residuals from the FMR found in §3.1 using least squares. A
Gaussian G(r) is then fitted again but this time only in the inter-
val [ — 20, @+ 20], where the mean p and the standard devi-
ation o is estimated from the first fit, in order to avoid the low-r
tail where the shape deviates significantly from a Gaussian and the
high-r tail which is not a part of the model. We then introduce a
simple model to take the effect of interaction triggered metallicity
dilution into account. This model has three free parameters, &min, v
and 7, and two fixed parameters namely the scatter and mean of the
non-merging population G(r) that has already been fitted.

Mergers above a certain mass ratio threshold &min shift galax-
ies towards lower r by an amount o« where &, is the stellar mass
ratio of the merger with respect to the most massive galaxy. So in
the case of a 1:1 merger the metallicity changes by —a dex assum-
ing that the change in r caused by changes in stellar mass and/or
SFR is small compared to the change in r caused by the metal-
licity change (we show that this assumption is quite accurate in
§6.1). This offset remains constant for a time 7 (in Gyr) before the
galaxy’s metallicity returns to normal i.e. goes back to follow the
FMR. &min can be thought of as representing the minimum shift in r
that can be distinguished from the intrinsic Gaussian scatter of the
FMR, so we would expect a&min ~ 0.

The probability density function (PDF) of FMR residuals is

(© 2014 RAS, MNRAS 000, 000000



given by the following expression

P(r) = P(r|unmerged) P(unmerged)+
P(r|merged) P(merged) (2)

Obviously P(unmerged) = 1 — P(merged). P(merged) is calcu-
lated by integrating the merger rate per galaxy per mass ratio per
lookback time for a galaxy of stellar mass M., W,
over lookback times O to 7" > 7, mass ratios from &min to 1 (as &.
is defined as the stellar mass ratio of the merger with respect to the

most massive galaxy) and the galaxy stellar mass PDF %.

P(merged) =

© dp (' (T d*P(merged|¢., M.) T
) dtde. dM,
/0 dM, /,gmin/0 d¢, dt 7 dtde S

P(r|unmerged) is just the normal distribution previously fitted to
the data, G(r), normalised to have unit area.

We calculate the second term in P(r) by integrating the prob-
abilities given a specific mass ratio over ..

P(r|merged) P(merged) =
1
P(r|merged, &) P(merged, &) A& (4)
Emin
P(r|merged, &) is just the Gaussian P(r|unmerged) where the
mean is shifted from p to pp — ..

P(r |merged)P(merged

/°° dpP
0

(r|merged, &) X

d? P(merged|§*7 M.,)
dé. dt

.
7 dtdédM. (5)

We obtain the merger rate per galaxy per stellar mass ratio
per lookback time from the merger rate per halo per halo mass
ratio per redshift (for a halo mass M},) d (Mh, &n, z) from
Fakhouri et al. (2010) through the followmg calculatlon

dap a?p d¢n, dM,, dz
M*7 *y = Ma L5 —_—
de. dt( o) = Ggraz Mno & Z)dM*,s dé, dt
d2P th(M* S)
M hninhint. LA Subinbol b
df dz ( haél’wt(z)) dM*,S 1\/1*_h><
M,
ﬁ(1+z)H0 Qu(l+42)3 4+ Qa

Q]

where M, s is the stellar mass of the smaller galaxy in the merger
and Hy is in units of Gyr~'. We use a ACDM cosmology with
Hy = 70 kms™* Mpc’l, Qa = 0.7 and Qn = 0.3 and the stel-
lar mass - halo mass relation of Behroozi et al. (2010). Normally
some “merger delay” time-scale would be imposed because a halo
will spend some time as a subhalo before the merger is completed.
We do not include this effect as the metallicity depression may well
begin and end at different times than the merger itself as estimated
from e.g. dynamical friction and operate on a time-scale that scales
differently with parameters such as mass ratio from the merger de-
lay time-scale (see §6.2).

We evaluate equation (2) numerically creating a histogram
of galaxies in bins of width 0.005 dex in r. We do the time in-
tegration by simply multiplying by 7 under the assumption that
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the merger rate is approximately constant over 7" > 7 (i.e. as-
suming 7' < ty where ty is the Hubble time) with the look-
back time set to ¢(z = 0.1) = 1.30 Gyr, the typical redshift of
the galaxies in our sample. The stellar mass integration is done by
looping over 10 stellar masses equally logarithmically spaced from
log(M.. /M) = 9.125 to log(M. /M) = 11.375 with 57— be-
ing based on the mass distribution of our sample. Finally, the prob-
ability is converted to galaxy counts in each bin in order to compare
the model to the data.

5 MODEL FITS

We fit our 5-parameter model in two steps: First, we fit a Gaussian
to the FMR residual distribution in the way described in §4. We
found the best-fitting Gaussian had a mean of 0.006 dex and a scat-
ter of 0.046 dex. Then we fitted the three parameters describing the
low-r tail: £min Which represents the minimum mass ratio merger
that can be discerned, o which represents the metallicity change
caused by a merger and 7 which represents the time-scale of the
dilution (see §4 for a detailed description of these parameters). We
ran 40° models with 40 equally spaced values of each of these.

We evaluate the relative goodness-of-fit of each model by
defining a likelihood that compares the predicted and observed
number of galaxies in each bin of r. In particular, we calculate
each model’s negative log-likelihood assuming that the errors are
Poisson distributed.

—InL = Z In (d;!) +m; —d; lnm, @)

1€ bin no.

Here d; is the number of galaxies in bin ¢ and m; is the number
of galaxies in bin ¢ predicted by the model. The set of parameters
7, o and &min that produces the model that fits the data the best
are the ones that minimises — In L as this is equivalent to max-
imising the likelihood L (we call this maximum likelihood Lg). As
In (d;!) becomes enormous and is constant across all the models
anyway we set this term to zero and find the model that minimises
this shifted log-likelihood, which will be the same as the one that
minimises — In L, instead. We subtract this minimum shifted log-
likelihood from all the shifted log-likelihoods to get the relative
log-likelihood AlnL = —In L — (—In Log) = In Lo — In L. This
is proportional to a likelihood ratio test, but we will stick to calling
it relative log-likelihood and labeling this A In L as likelihood ratio
tests are usually associated with the comparison of nested models.
This is a more appropriate goodness-of-fit indicator than x? in this
case because several of the bins in the low-r tail have fewer than 5
galaxies and therefore have errors that are distributed significantly
differently from a Gaussian and rebinning to ensure that all bins
had at least 5 galaxies produced a binning that was too coarse.

5.1 Parameters

Slices from the Aln L space are plotted in figure 6 for 7 =
[1.60,1.99], @ = [0.2000, 0.2195] and &min = [0.2500, 0.3865]
with 40 equally spaced values in each range, i.e. A7 = 0.01
Gyr, Aa = 0.0005 and Aémin = 0.0035. The best-fitting model
has 7 = 1.79700%5 Gyr, @« = 0.2095705015 and Emin =
0.320015-9132 and is plotted in figure 1. The given errors are sta-
tistical errors only, the errors owing to various assumptions and un-
certainties in the model are much greater (see §6). As can be seen
there are slight degeneracies between 7 and &min and between 7 and
«; if 7 is increased a higher min and/or a lower « is preferred. This
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behaviour is quite intuitive: a higher number of galaxies showing
diluted metallicities at a given time because the time-scale of metal-
licity depression is longer can be partially counteracted by exclud-
ing more merger mass ratios or making the effect of mergers on
metallicity less severe.

The standard errors are found by marginalising the likelihood
over the other two parameters for each parameter and finding the
value of the parameter left and right of the peak where L = e? Lo
(Lo being the maximum likelihood) using linear interpolation be-
tween data points. This is done by numerically integrating the rela-
tive likelihood as found from A In L over the other two parameters.
Using A In L rather than — In L only changes the normalisation of
the marginalised likelihood distribution. For example, in the case
of a the marginalised likelihood distribution is given by

L(a):// exp(Aln L(«, 7, &min)) A7 démin

min

/ / exp(In L(a, 7, &min) — In Lo) A7 d&min
TJE

min

:i//zmmmmmmn ®)
Lo /.

Emin

LLO can be found by requiring that the integral over all three param-
eters be unity.

The normalised parameter likelihood distributions are shown
in figure 7. As can be seen, the distributions are approximately
Gaussian and quite well resolved, meaning that the simple method
used to derive the standard errors is appropriate, an assertion that
is also supported by the fact that integrating from the left or right
until 15.9 per cent of the area is enclosed yields nearly the same
estimate of the errors.

To get a feel for how each of the parameters affects the model,
we change one of the parameters by 450 per cent while keeping
the other two parameters at their best-fitting value and the normal-
isation fixed. The resulting models are plotted in figure 8. As can
be seen, increasing 7 amplifies the tail while decreasing it brings
the distribution closer to the best-fitting Gaussian. This is because

increasing 7 means that galaxies have diluted metallicities for a
longer time and therefore the relative number of galaxies showing
depressed metallicity at any one point in time increases. Varying
« changes the overall shape of the tail with larger values caus-
ing a decrease of the moderate low-r part and an increase of the
more extreme offsets and smaller values bringing the distribution
closer to a Gaussian that is wider than the best-fitting one. This
is because increasing « increases the magnitude of metallicity di-
lution moving galaxies that are already experiencing dilution fur-
ther towards lower metallicities. Increasing/decreasing &min dimin-
ishes/amplifies the moderate part of the tail while having no influ-
ence at the more extreme offsets. This is because increasing &min
removes the galaxies at the lowest mass ratios previously included
which therefore have the smallest metallicity dilutions.

6 DISCUSSION
6.1 Magnitude and time-scale of the metallicity dilution

The magnitude of the nuclear metallicity dilution caused by a
merger is connected to the parameter « in our model. Because star
formation is enhanced during a merger and the FMR is inversely
correlated with SFR the change in r in our model is a lower limit
on the change in nuclear metallicity during a merger. In practice,
however, both the SFR dependence of our fitted FMR and the in-
crease in SFR in the tail relative to the general population are small
enough that we can safely ignore this (the difference in median SFR
between the general population and the tail by itself only leads to
Ar = —0.003). The same is true for mass (the difference in mass
leads to Ar = —0.02) so we can equate the change in r with the
change in nuclear metallicity without introducing any significant
uncertainty.

The best-fitting value of ov = 0.2095 implies that the nuclear
metallicity will on average decrease by about 0.2 dex during a 1:1
merger in agreement with the simulations of Montuori et al. (2010)
and Rupke et al. (2010) who found metallicity depressions to be in
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the range 0.2 dex — 0.3 dex and 0.1 dex — 0.3 dex, respectively.
Both of these were smoothed-particle hydrodynamics simulations
of equal mass mergers with Montuori et al. (2010) being the more
sophisticated of the two by including star formation and chemical
enrichment from supernovae.

We calculate the average metallicity decrease for
all mass ratio mergers included in a given model as
/ 305 5 7P (r|merged) P(merged)cuorm A7~ Where  Cnorm

-1
( > P(r|merged) P(merged) dr) (see §4 for the defi-
nitions of P(r|merged) and P(merged)) and find that this is 0.116

dex for our best-fitting model. This is a somewhat more modest
decrease than the 0.17 dex metallicity difference we find in the

© 2014 RAS, MNRAS 000, 000-000

median metallicities between our general sample (which is very
close to the difference between the averages) and the galaxies in
the tail. However, this value is quite sensitive to the definition of
where the tail begins, which we chose to be 20 below the mean
r to be able to clearly distinguish the population in the tail from
the general population. If, for example, the tail is defined to begin
at 1.50 below the mean r instead, the galaxies in the tail have an
average metallicity deficiency of 0.13 dex.

Comparing our average metallicity dilution of 0.116 dex to ob-
servations of close galaxy pairs in the SDSS, Kewley et al. (2006)
found that pairs with separations < 20 kpc followed a luminosity-
metallicity (LZ) relation that was systematically shifted relative to
the LZ relation for field galaxies by —0.2 dex but Ellison et al.
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(2008b) argued that roughly half of this shift is due to luminosity so
correcting for this puts their observed metallicity dilutions close to
our value. However, studies by Ellison et al. (2008b), Scudder et al.
(2012) and Michel-Dansac et al. (2008) find a smaller change of
—0.03 to —0.05 dex. Most of this discrepancy is due to the use
of different lower mass ratio limits. Ellison et al. (2008b) and
Scudder et al. (2012) both included mergers down to a mass ratio of
1:10 while our best-fitting model has {min = 0.32, i.e. only includes
mergers down to a mass ratio of about 1:3. Keeping the other pa-
rameters at their best-fitting value but setting £min = 0.1 yields an
average metallicity depression of 0.073 dex. Michel-Dansac et al.
(2008) does not employ a sharp mass ratio cutoff but they do plot
the mass-metallicity relation (MZR) for all galaxies versus interact-
ing galaxies for £&x < 0.2 and &, > 0.2 with the larger interactions
showing much stronger dilution (see their figure 2).

The parameter 7 should be the average time from the mo-
ment when the metallicity becomes diluted due to a merger until it
completely recovers. Unfortunately most numerical simulations of
merger-induced metallicity dilution are not run sufficiently long to
estimate this time-scale and as such only yield lower limits. How-
ever we find our best-fitting value of 1.79 Gyr to be in good agree-
ment with the typical metallicity depression time of ~ 2 Gyr found
in Montuori et al. (2010) and above the lower limit of 1 Gyr found
in Torrey et al. (2012).

In our model the metallicity depression is constant in time and
lasts the same for all mergers. However simulations show that for
any particular merger both the magnitude and length of metallicity
depression depends in complicated ways on the orientations of the
galaxies and on wether they are on retrograde or prograde orbits.
The metallicity depression time-scale probably also depends on
mass ratio (see §6.5). Furthermore Torrey et al. (2012) found that
the initial gas fractions of the galaxies are important with higher
gas fractions leading to less dilution. A characteristic feature found
to some degree in all merger simulations is a “double-dip” shape of
the metallicity as function of time associated with the first and sec-
ond pericentric passages. We chose to ignore these complications
as their effects are not well known and including any of them would
add significant complexity to our model ruining its appealing sim-
plicity. Furthermore, because we are using a rather large sample,
our model should still yield representative average values of the
dilution magnitude and time-scale.

6.2 Merger rate

Galaxy-galaxy merger rates have significant uncertainties pertain-
ing to the halo-halo merger rate, the stellar mass-halo mass rela-
tion used to convert halo masses to stellar masses and the method
used to follow sub-haloes or the assumed merger delay, either of
which are used to convert the halo-halo merger rate to a galaxy-
galaxy merger rate (see Hopkins et al. 2010b for a detailed anal-
ysis of each source of uncertainty in merger rates). For a halo-
halo merger rate derived from a simulation such as the one we use
from Fakhouri et al. (2010) (which is based on the Millennium and
Millennium-II simulations) there are uncertainties from the defini-
tion of mass ratios, the construction of merger trees and the time
resolution in the simulation. These yield a combined uncertainty of
factor ~ 2.

A source of uncertainty that we introduce in converting this to
a galaxy-galaxy merger rate is that we do not include any merger
delay, i.e. we assume that the time that passes from one of the
haloes to become a subhalo to the merger is completed is the same
for all galaxies. This merger delay is often calculated based on a

model of inspiral due to dynamical friction in which case it depends
on mass ratio, virial radius of the primary galaxy and the energy
and angular momentum of the orbit (see e.g. Jiang et al. (2008) or
Boylan-Kolchin et al. (2008)). Other methods based on characteris-
tic time-scales for gravitational or angular momentum capture can
also be used (see Hopkins et al. (2010a)). In general ignoring the
merger delay time yields fewer major mergers. The differences in
merger rates arising from using different merger delays or subhalo-
following methods was examined in Hopkins et al. (2010b) and
Hopkins et al. (2010a) where it was found that the merger rate de-
rived using no delay or method to follow subhaloes lay within the
range of merger rates derived using these methods. More impor-
tantly we are interested in galaxies with diluted metallicities due to
mergers which may well be a process that scales differently with
various parameters and begins and ends at different times than the
merger itself as measured from some dynamical friction or group
capture time-scale.

At low stellar masses of log(M. /M) < 10 the gas fraction
is significantly greater than at high stellar masses so our using the
stellar mass ratio £, underestimates the actual metallicity impact,
which should depend on the total tightly bound mass, of low- M.
mergers by a factor of at least ~ 3 (Hopkins et al. 2010b).

My secondary <1

A consequence of defining mass ratio as & = <

M prima
is that we are ignoring the secondary members of mergpersryin our
model. The degree of uncertainty caused by this depends on two
factors: the number of such galaxies in our sample and how the
metallicity of smaller companions in a merger changes. For a given
stellar mass we can estimate the fraction of mergers as the primary
galaxy from the merger rate and the galaxy stellar mass function.
Based on this calculation and the stellar mass distribution of the
galaxies in our sample we roughly estimate that if the secondary
galaxy was affected similarly to the primary galaxy 7 would be
overestimated by a factor of ~ 4 in our model. This calculation is
detailed in appendix A.

The effect on the metallicity of a galaxy caused by it merging
with a more massive galaxy has not been examined in any detail but
we would expect enrichment rather than dilution in this case as the
smaller galaxy accretes more enriched gas from the larger galaxy
which also triggers star formation. Indeed Scudder et al. (2012)
found that both members of merging pairs experienced similar lev-
els of SFR enhancement and Michel-Dansac et al. (2008) found
that while massive galaxies in mergers showed diluted metallicities
smaller merging galaxies with log(M.) /Mg < 10 showed enrich-
ment instead. Therefore we expect the vast majority of galaxies that
are merging or have recently merged as a secondary member to not
be in the low-r tail and the effect on our results of ignoring these
should be small.

‘We can roughly estimate the merger fraction of our sample as-
suming that all galaxies in excess of the best-fitting Gaussian for
the FMR residuals below the mean are merging. We find a merger
fraction of 5.25 per cent of the sample in this way. As we are ignor-
ing flybys (see §6.3) and metallicities recover on a time-scale that
is longer than the time-scale of the merger being visible (as either
clear morphological disturbances or galaxy pairs) this is an upper
limit. We cannot compare this directly to observational measure-
ments of the merger fraction as these are measured for high masses
(typically M, > 10'°My) or luminosities only and for different
types of samples (as we filtered out AGNs and galaxies without ac-
tive star formation) at typically significantly higher redshifts. How-
ever our value lies within the range of results in the literature found
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from morphological merger indicators (generally 1-10 per cent at
lower redshifts; see Lotz et al. (2011)).

6.3 Flybys

A potentially important complication that we are ignoring is fly-
bys i.e. when a galaxy passes another galaxy at a small distance
but does not merge. We chose not to include flybys as the cur-
rent quantitative knowledge of the effect and rate of flybys is poor
and because of the considerable complexity it would add to our
model. Little work has been done to examine the effects of flybys
on metallicity. However Montuori et al. (2010) found that in their
simulations of equal-mass interactions close flybys caused almost
as much nuclear metallicity dilution as mergers and that this dilu-
tion lasted for almost as long as for mergers.

The flyby rate has also received very little study.
Sinha & Holley-Bockelmann (2012) found from cosmologi-
cal N-body simulations that the rate of “grazing” flybys (i.e. when
two primary haloes approach each other, overlap for at least half a
crossing time, then continue on different trajectories as two distinct
primary haloes again) was comparable to the merger rate for halo
masses log(My /M) > 11 (corresponding to log(M. /Mg ) > 9)
atz < 2.

In the simple scenario where the flyby rate is equal to the
merger rate and flybys dilute the nuclear metallicity in a way sim-
ilar to mergers and on the same time-scale, the full effect of ig-
noring flybys in our model is simply that 7 will be overestimated
by a factor of 2. While this simple situation might not be that far
from the truth considering the findings of Montuori et al. (2010)
and Sinha & Holley-Bockelmann (2012) we expect the magnitude
of dilution to depend on the pericentric distance of the flyby with
greater distances causing less dilution.

6.4 Metallicity calibrations

As different metallicity calibrations yield quite different metallic-
ities and mass-metallicity relations (see Kewley & Ellison (2008))
we expect the choice of calibration to have an impact on the FMR.
To evaluate the impact of different calibrations we compare the
shape of the distribution of residuals of the fitted FMR and na-
ture of the low-r tail of the data based on the N2 calibration of
Denicol6 et al. (2002), the R23 calibration of Maiolino et al. (2008)
and the average of these two which was used in M10 with the pre-
vious data based on the O3N2 calibration of Marino et al. (2013).
We show the FMR residual distributions for these calibrations in
figure 9.

As with O3N2 these calibrations have limited ranges of va-
lidity, though both are broad. N2 has a range of 7.2 < 12 +
log(O/H) < 9.1 and the entire sample lies within this. The range
for R23 is about 7.0 < 12 + log(O/H) < 9.3 and 99 per cent of
the sample lies within this range.

Denicold et al. (2002) finds a relation for 12 + log(O/H) as
a linear function of N2 = [NII]A6584 /Ha. Using this relation to
find the metallicities and fitting an FMR to these we find that the
metallicity dispersion is not too dissimilar to the dispersion based
on O3N2. Fitting a Gaussian distribution with least squares as be-
fore we find an almost identical scatter of ¢ = 0.044 dex and a
slightly lower mean of ; = 0.002 dex. The tail is smaller though,
containing an excess of about 2.3 per cent of all galaxies. There is a
systematic offset towards lower metallicities of 0.05 dex for the en-
tire population and the tail alike. The SSFRs of the galaxies in the
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tail have a median value that is 0.12 dex higher than for O3N2 (i.e.
0.42 dex higher than the median SSFR of the general population).
This is due to there being about the same number of galaxies with
log(SSFR) > —10 as there are for O3N2 while there are fewer
galaxies with lower SSFRs rather than the overall distribution being
shifted.

Maiolino et al. (2008) find a relation of 12 + log(O/H) as
a polynomial function of R23 = ([OI[]A3727 + [OII]A4959 +
[OHI]A5007) /HP. In this case we find a much wider and more
skewed metallicity dispersion distribution with a scatter of o =
0.078 dex and mean p = 0.011 dex. The tail is bigger containing
an excess of about 5.3 per cent of all galaxies. As with N2 there is a
systematic offset in the metallicities of 0.05 dex but towards higher
rather than lower metallicities. The median SSFR of the galaxies in
the tail are lower than for O3N2 by 0.12 dex (i.e. 0.18 dex higher
than the median SSFR of the general population). As in the case of
N2 this is due to the low-SSFR part with log(SSFR) < —11 be-
ing enhanced relative to the high-SSFR part rather than an overall
offset.

Finally we look at the average of the N2 and R23 metallicities
as was used in M10. In this case the scatter is slightly smaller at
o = 0.044 dex while the mean is slightly larger at © = 0.0088
dex. However while the scatter is small the tail is large with an
excess of 6.9 per cent of all galaxies. There is a systematic offset
towards higher metallicities of 0.26 dex. The SSFRs in the tail have
a median value that is 0.07 dex lower than for O3N2 (i.e. 0.23 dex
higher than the general population). M10 used the N2 calibration of
Maiolino et al. (2008) but we use the Denicol6 et al. (2002) calibra-
tion because a sizeable fraction of the galaxies in our sample have
log ([NIIJA6564/0O1IA3727) < 1.2 for which the Maiolino et al.
(2008) calibration is not valid. However, for the subset of galaxies
that do have valid Maiolino et al. (2008) N2 metallicities the resid-
ual distribution is quite similar to the Maiolino et al. (2008) R23
metallicities.

From these comparisons it is clear that while the shape of the
metallicity dispersion around the FMR changes with the calibration
used, a low-r tail containing galaxies with generally lower metallic-
ities and higher SSFRs than the general population is present across
at least the three popular metallicity calibrations based on O3N2,
N2 and R23. Thus our qualitative conclusion that the tail is consis-
tent with reflecting the impact of mergers is unchanged and the un-
certainties in the inferred model parameters arising from different
metallicity calibrations seem to be no greater than the uncertainties
caused by e.g. uncertainties in the merger rate or ignoring flybys.

6.5 Aperture effects

As we use a 3 arcsec aperture for measuring SFRs and metallicities
these quantities represent only the central 4-11 kpc of the galax-
ies in our redshift range. This leads to systematic changes with
redshift (in addition to any effects from cosmic evolution) as the
fiber on average covers larger parts of galaxies at higher redshifts.
There is a slight difference in the median redshifts of the low-r
tail (z = 0.117) and the general population (z = 0.107) but this
only leads to an 8 per cent difference in median angular sizes. In
order to assess the magnitude of aperture effects we split our full
sample into two equally sized subsamples: a low-redshift sample
containing galaxies with redshift below the overall median redshift
of our sample and a high-redshift sample containing galaxies with
redshift above the median redshift. We then fit our model to these
two subsamples in the same way as for the full sample, i.e. we fit
an FMR and a Gaussian to the distribution of metallicity residuals
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Figure 9. The FMR residuals of different metallicity calibrations. The black line is the residuals of the O3N2 calibration of Marino et al. (2013) that we have
been using while the red, green and blue lines are residuals of calibrations based on N2 (Denicol6 et al. 2002), R23 (Maiolino et al. 2008) and the average of

those two, respectively.

and fit another Gaussian only within two standard deviations from
the mean found from the first fit to avoid the tails and then input the
standard deviation and mean found to our merger model.

We find that the best-fitting value of « is very similar for the
high-redshift sample and full sample while it is a bit lower for the
low-redshift sample (o« = 0.205, 0.210 and 0.2095 for the low-
redshift, high-redshift and full samples, respectively). While the
low-redshift value is more than two sigma below the full sample
value it only leads to physically insignificant changes in metallicity
dilution magnitudes. The best-fitting value of 7 is 0.50 Gyr higher
for the low-redshift sample and 0.25 Gyr lower for the high-redshift
sample compared to the best-fitting 7 for the full sample of 1.79
Gyr. The best-fitting &min is slightly smaller by 0.054 for the low-
redshift sample and slightly larger by 0.036 for the high-redshift
sample compared to the best-fitting value of 0.32 for the full sam-
ple. The fitted Gaussian that excludes the tails has a slightly smaller
scatter for the low-redshift sample (¢ = 0.045 dex) than the full
sample which has ¢ = 0.047 dex while the high-redshift sample
has approximately the same scatter. As &min represents the small-
est merger that produces a metallicity change that can be differen-
tiated from the intrinsic scatter in the FMR we would expect it to
increase/decrease if the scatter increases/decreases. As such the dif-

ference in &min across the samples is as expected seeing how both
Emin and the scatter is smaller for the low-redshift sample while
Emin 18 only slightly greater and the scatter is the same for the high-
redshift sample compared to the full sample.

The decrease in 7 with redshift might be mainly due to the
increase of &min With redshift. The merger time decreases with mass
ratio (Hopkins et al. 2010a), if the metallicity depression time-scale
has this trend as well the lower &min found at lower redshifts will
cause the model to have a larger contribution from smaller mass
ratio mergers with longer time-scales which will drive the average
time-scale 7 up. Furthermore the merger time also depends on the
virial time vy = 15"“‘ which evolves with redshift as ¢yir oc (1 +

vir

z)3/ 2 but this only causes a 7 per cent increase in ty from the
median redshift of the low-redshift sample z = 0.085 to the median
redshift of the high-redshift sample z = 0.138 and the virial time is
only one part of the merger time which again is only one part of the
dilution time. That 7 and &min change with redshift in a way that is
different from the degeneracy between the two (see §5.1) indicates
that this effect is not due to random errors.

Overall the differences in the best-fitting model parameters be-
tween the low-redshift and the high-redshift subsamples are fairly
small and can be explained by effects other than aperture effects.
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7 CONCLUSIONS

Fitting an FMR to our large sample of SDSS galaxies we have
shown that the tail in the distribution of the FMR residuals towards
lower metallicities forms a distinct population and that many of
these might be merging or have recently merged given their en-
hanced SSFRs. Our simple model is able to successfully reproduce
the observed distribution of FMR residuals yielding metallicity de-
pressions and dilution time-scales that are in good agreement with
the results of merger simulations and observations of galaxy pairs.

‘We find that the average metallicity depression caused by a 1:1
merger is about 0.2 dex in agreement with the hydrodynamical sim-
ulations of Montuori et al. (2010) and Rupke et al. (2010). We also
find the average depression of all major mergers (£ > 0.32) to be
0.116 dex which is consistent with the actual metallicity difference
of the tail compared to the entire sample. This is a greater dilu-
tion than what is found in the metallicity measurements of SDSS
pair samples of Ellison et al. (2008b), Scudder et al. (2012) and
Michel-Dansac et al. (2008) but our value is consistent with those
studies when the differences between the minimum mass ratios in
those samples and in our model are taken into account.

We find that the average metallicity depression time-scale (the
time from the onset of metallicity dilution until recovery to the pre-
merger value) due to a merger is 1.79 Gyr in good agreement with
the merger simulations of Montuori et al. (2010).

Currently the quantitative knowledge of the rate and effect of
galaxy flybys is very poor. However in the future as our under-
standing of flybys increases, the precision of our model can be sig-
nificantly increased by extending the formalism to include flybys
in addition to mergers. In addition, future hydrodynamical merger
simulations more comprehensive than the merger simulations done
so far, that probe the entire range of galaxy masses and mass ra-
tios could allow for a more specific estimation of the dilution time-
scale. Provided such a simulation is run for a sufficiently long time
so that any potential stellar mass and mass ratio dependence of the
metallicity depression time-scale can be found it would allow our
model to predict this time-scale for mergers of different member
masses rather than as averaged over all mergers. In addition such a
simulation might probe whether the mass ratio dependence of the
metallicity depression (as time-averaged between pericentric pas-
sages) is approximately linear as we assume or has a more compli-
cated form.

Our model makes some predictions that might be tested ob-
servationally. Low-metallicity outliers from the FMR should have a
higher pair fraction than the general population and the mass ratios
of pairs should be closer to unity as one moves to greater metallicity
depressions. For theorists large-scale hydrodynamical simulations
that track the metallicity of thousands of galaxies such as Illustris
(Vogelsberger et al. 2014; Genel et al. 2014) should enable a sta-
tistical study of merger induced metallicity dilution that could test
whether the galaxies in the low-metallicity tail are really interacting
(or have recently interacted) and in that case compare their inferred
dilution time-scale, magnitude of metallicity depression and mass
ratio dependence of those with our results.
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APPENDIX A: ESTIMATING THE POTENTIAL IMPACT
OF SECONDARY MERGER MEMBERS

Given the merger rate per galaxy per stellar mass ratio per lookback
time %(M*7 &x, t) for primary merger members, ie. & < 1,
and the distribution of galaxy stellar masses ¢ (M. ) (defined such
that ¢(M)dM is the number of galaxies per volume with stel-
lar mass between M and M + dM) we can calculate the rate of
mergers per galaxy that galaxies of a given mass experience as the
secondary member, i.e. £, > 1.

mergers
—— (& > 1, Mp) =
time - galaxy (&> 0)

) Mo / My da2p
f]MOJr(SIM P(Mpri) f(A{0+6’J)VI)/]\/[p,i dé, dt A& d My

Mo+6M S(M)dM

My

(AD)

where the merger rate is evaluated at My, &+, and ¢t = 1.30 Gyr
which corresponds to z = 0.1, the typical redshift of our sample.
We use the mass function of Baldry et al. (2012). If we assume that
the metallicity of these galaxies is affected in the same way as the
primary galaxies we can get a rough estimate of the overall error
0 that ignoring secondary galaxies introduces in the dilution time-
scale 7. We define

mergers
ri M) = 1 \Qmin * 17M
By (M) t1me~galaxy(5 <& < )
and
Ree(M) = — (¢ 51 M)

" time - galaxy

and calculate 0 by integrating the fraction of merging galaxies that
are primary at each mass over the mass distribution of our sample.

oo dP Ry
0 — Tcorrected f() dM Rpyi+ Rsec M A2
oo A4l (A2)
0 dMm

For the best-fitting value of &min = 0.32 we find 8 = 0.27 so 7
would be overestimated by a factor ~ 4.
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