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ABSTRACT

We use the Galaxy And Mass Assembly (GAMA) survey to meahaéddcal Universe mass
dependent merger fraction and merger rate using galaxy aaif the CAS structural method,
which identifies highly asymmetric merger candidate galsxiOur goals are to determine
which types of mergers produce highly asymmetrical gakdad to provide a new measure-
ment of the local galaxy major merger rate. We examine gapeiss at stellar mass limits
down to M, = 10®M,, with mass ratios 0k 100:1 and line of sight velocity differences
of AV < 500 km s~!. We find a significant increase in mean asymmetries for ptejec
separations less than the sum of the individual galaxy'soBigin 90 radii. For systems in
major merger pairs with mass ratios<o#:1 both galaxies in the pair show a strong increase
in asymmetry, while in minor merger systems (with mass satib>4:1) the lower mass
companion becomes highly asymmetric, while the largerngais. much less affected. The
fraction of highly asymmetric paired galaxies which haveaganmerger companion is high-
est for the most massive galaxies and drops progressivétydecreasing mass. We calculate
that the mass dependent major merger fraction is fairly teosat~ 1.3 — 2% between
1095 < M, < 10*°M, and increases te- 4% at lower masses. When the observabil-
ity time scales are taken into consideration, the major erenate is found to approximately
triple over the mass range we consider. The total co-movirhgnre major merger rate over
the range 080 < M, < 10'-5M is (1.2 4 0.5) x 1072 h3, Mpc=3 Gyr—1.

Key words: galaxies: general — galaxies: evolution — galaxies: irttoas — galaxies:
statistics
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1 INTRODUCTION

The most accepted theories of galaxy and structure formatio
state that galaxies are formed hierarchically, where snghlax-
ies merge to form larger galaxies (elg. White & Rees 1978;
IKauffmann, White, & Guiderdori 1993; Cole et al. 2000). Esse
tially all of the galaxies we observe in the local universe tre
products of mergers or have been influenced by interactidtis w
other galaxies. The mass ratio of the merging progenit@ges is
known to have a major effect on the merger remnant. To digisig
between the different types of mergers, those taking plat@den
progenitor galaxies with similar masses are referred to apm
mergers (mass ratio ef4:1), while mergers between galaxies with
large mass ratios are called minor mergers (mass ratiedof).

The strongly fluctuating gravitational forces and shock egav
experienced during violent relaxation in major mergerska@vn
to funnel gas into their cores and induce intense star-barst feed
central black holes as seen both in simulations and in oasens

1..1996: Mihos & Hernglist 1994. 1996
Di Matt rin Hernquist_2005; Hopkins et al. 20@5a,
Cox et al| 2008t LQtz et &l. QbB_._O_ﬂﬁaI b: Di Matteo éf al.2201
[Ellison et all 20113; Torrey et HI. 2d14). This results in aidagx-
haustion of the gas supply and can lead to the formationiptietl
galaxies, as well as efficiently creates the spheroidal compts of
galaxies (e.d. Hopkins etlal. 2010b). Understanding thesrdas
pendence of the major merger rate can help to tell us how the re
sequence and the spheroidal components of galaxies agglein
up over different mass ranges.

According to the predictions of merger rates of dark matter

halos (e.d. Fakhouri & Ma 2008; Fakhouri, M lan-Kdlgh

M), minor mergers are expected to be much more com-

mon than major mergers. Although there is not a direct corre-
lation between halo mergers and the galaxies they conta@, t

same is expected to be true for galaxies. Indeed papers such a

Lotz et al. (20111): al. (2011); Bluck e(2012)
andMJ @4) find the galaxy minor merger rate to be sev-

eral times higher than the major merger rate. The higher fre-
quency of minor mergers plays an important role in the grad-
ual build up of massive disk galaxies, without the total dest
tion of the primary galaxy, as is the case in major mergers.
[Hopkins et al. [(2010b) showed that minor mergers can alsidl bui
up pre-existing bulges in massive galaxies, as well as fogm n
bulges in lower mass galaxies. It is possible that minor emsrg
may sometimes induce bar structur- 2012)e wh
there is evidence that major mergers have the oppositeteffec

and destroy bars (Méndez-Hernandez &t al. [2011; Lee O&R;

al. 2013).

Previous attempts to measure the mass dependent merger frac
tion using studies of close pairs have found it to be consmant
increase slightly with mass (e.g. Xu et al. 2004; Patton &

12008 Domingue et &l. 2009; Xu et al. 2012). On the otherhmd
study ofi Bridge, Carlberg. & Sullivan (2010) which selectetr-

acting and merging galaxies based on their morphologiezfeu-
idence for a mildly decreasing interaction fraction withssaHow-
ever, these studies may be measuring different aspects oferger
process, as the Bri 010) sampleia-
cludes remnants of mergers identified from tidal featured, reot
exclusively interacting pairs. While many studies haveratited to
measure the nearby galaxy merger fraction and overall meagge
(e.g!.De Propris et &l. 2007), the actuzdss dependenterger rate
is not yet known with much accuracy. Along with this studyptw
companion papers by De Propris et al. (2014)/land Robothain et a
) also use GAMA data to study the luminosity and mass de-
pendent galaxy merger rate using close pairs.

In this study we use the CAS (Concentration, Asymmetry
and Smoothness) method |i@003) to identify lyigh
asymmetric galaxies as merger candidates, and determiigh wh
of these are produced in major mergers (through the exaiminat
of close pairs) to obtain a measurement of the major merger fr
tion and rate for nearby galaxies. Galaxies are known torbeco
highly asymmetric in major mergers, and sometimes also in mi
nor mergers if the progenitor cool gas fractions are highugho
(Lotz et al.[ 2010b). Galaxies in very close pairs often haigg h
asymmetries due to the strong tidal forces at small sepasati
Hernandez-Tol tlal. 2005; Patton et al. 2005; De Frepal.
@), and measuring the mass ratios of highly asymmetiis pa
provides us with a way to estimate the contribution of botljoma
and minor mergers to the population of morphologicallyutised
and highly asymmetric galaxies, and thus obtain a clean lsaofip
major mergers in the nearby universe.

In this paper we present the observed merger fractions for
galaxies in the nearby universe as a function of stellar nzesswell
as projected separation for those which are in galaxy palesde-
termine the proportion of highly asymmetric galaxies prasiiin
major mergers compared to those produced in minor mergexs. W
then utilize this to obtain a measurement of the mergeritraend
rate for nearby galaxies as a function of stellar mass, asase¢he
total merger rate in the nearby universe.

This paper is structured as follows: in Sectidn 2 we describe
the data set and sample selection, in Sedfibon 3 we present our
method and results, and in Sect[dn 4 we discuss their intjgita
and summarize our conclusions in Secfion 5A& DM cosmol-
ogy is assumed throughout, wi¢h, =0.7,9Q,,, =0.3,and K = 70
kms ! Mpc?.

Accurately measuring the mass dependence of galaxy merger

rates is important for fully understanding the phenomenen d
scribed above, as well as providing a way to test hierarthica
galaxy formation models and simulations (€.q. Benson|20812).
The merger history is known to increase as a function of riéish
often very steeply (e. d._Le_F_exLe_e_tbL_Zlob_Q._BaILQn.ldIMZkZ
2 nselice. Raj Myers 2008: Lin €t 802
gtz et al [2008; I_J_Qgeg_ﬂoe Lopez-Sanjuanet al.1201

2 DATA AND SAMPLE SELECTION
2.1 GAMA
Galaxy and Mass Assembly (GAMA; Driver etial. 2009, 2011) is a

galaxy survey covering- 300 degree$ of sky down tor ~ 19.8

MILZ_Q.’M) such that the merger process is a dominantmag. Galaxy spectra have been obtained by the 3.9-m Anglo-

one in the formation of at least the most massive galaxies (e.
Conselice 2006 Lopez-Sanjuan et al. 2011; Tasca et all)28Y
understanding and having a reliable value for the nearbysmas
pendent merger rate we can calibrate the increase in theenrartg
for galaxies seen at higher redshifts to obtain a full pietof the
role of merging in galaxies.

Australian Telescope using the AAOmega multi-object sect
graph. For the brighter galaxies, GAMA also uses existingcsp
tra from the Sloan Digital Sky Survey (SDMOOO)
the 2dF Galaxy Redshift Survey (2dFGF_2001)
and the Millennium Galaxy Catalogue (MG_I-OOS)
The GAMA | NGP sampl 10; Driver etlal. 2011)
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used in this study consists of 114 094 SDSS selected galaribs  structure, a boxcar-smoothed image is produced from thgnati
is ~ 99% spectroscopically complet2 (Hopkins etlal. 2013). This image.S is defined as follows,
sample consists of three equatorial regions-of8 degree$ each,

two of which are complete for < 19.4 and one which is com- ZN’N Loy — I2,) ZN’N BS

. . . z,y=1,1\"%,Y T,y z,y=1,1 "%,y
plete forr < 19.8. This high spectroscopic completeness makes S = 10 NN - =Fx , 2)
GAMA the ideal survey to study galaxies in close pairs, asethe Zac,yzl,l Loy Zw,y:m Loy

is essentially no dependence of incompleteness on angpara wherel, , is the intensity of light in a given pixel; , is the in-
tion, as there is in the MGC and SDSS. The photometricallivelér tensity of that pixel in the image smoothed @$r p.;, and B, , is
galaxy stellar mass estimated of Taylor étlal. (2011) are irsthis an intensity value of a pixel from a smoothed backgroundoregi
study. The photometry used to determine the masses are based Merger candidate galaxies are then identified by selecting
an improved reanalysis of SDSS imagimmnt alb galaxies withA > A and by requiringA > S to ex-
galaxies have mass estimates, due to poor photometric neeasu clude galaxies with bright star-forming regions which da have
ments, and so the overall completeness of the sample used her global asymmetries characteristic of a merger. Througtiostpa-
drops slightly to~ 98%. per Ayimir = 0.35 (e.g.mmi%). For a detailed descrip-
The sample used here to calculate the mass dependent mergetion of the CAS method used in this paper the reader is reféae

fraction and merger rate consists of 51,700 galaxies witHast [Conselicel(2003).

masses\. > 1055 Mg and redshift9.001 < z < 0.2 (median
z = 0.129). The maximum redshift limit of,,.... = 0.2 is chosen
to ensure that all of the galaxies are sufficiently resolesgrtvide

robust CAS measurements. Over this redshift range the saisipl  Soon after beginning work with the GAMA data it became clear
approximately~ 95% stellar mass complete fav/.. > 10'° Mg that there was a problem with the publicly available SDSS seg
(Taylor et al[2011). The final sample contains 1470 highlymas  mentation maps, which are meant to cleanly separate galia
metric galaxies (defined in sectibnP.2), 142 of which arentbto each other and define their boundary. It was found that fadgs
have a very close companion. with close angular separations, the public segmentatiqggsmere
consistently joining clearly separate galaxies togetRer. stud-
ies of the general population this may not be a big problen, bu
2.2 CAS Measurements when dealing with merging galaxies it is essential that \@oge

The CAS method [(Conselice, Bershady, & Jangren [2000; and clearly distinct galaxy pairs are cleanly separatefinidg the

[Conselice [ 2003) was used to obtain quantitative measure- correct boundaries of a galaxy is integral to obtaining asjafly

ments of the morphological properties of the galaxies. TR&C ~ meaningful CAS measurement. For example, if two galaxiesesh

parametrization consists of three measurements: the \galax- the same segmentation map (i.e. they have not been sepateted

centration indexC, an asymmetry indexi and a clumpiness index  the resulting asymmetry measuremen) (il be artificially high

S. The parametersl and S are particularly useful for identifying ~ regardless of the true asymmetry of the galaxies.

merging galaxies in the later stages of a merger. How these ar Therefore the SExtractor code of Bertin & Arnduts (1996)

measured is defined below. was used to create new segmentation maps for all of the GAMA
The paramete is a measure of the rotational symmetry of a  galaxies. Segmentation maps and subsequent CAS meastsemen

galaxy, and is obtained by rotating its image 180 degreesahe were obtained for the SDSS DR7band images. A random sam-

tracting the light within 1.5 the Petrosiam = 0.2 radius from ple of 100 galaxies with small angular separation were tetec

the original monochromatic fits image. The value of the asgmm  to test our method, and the SExtractor parameters weretadjus

try is such that more asymmetric systems have a higher vélde o to optimize the separation of these galaxies. Specificakyfol-

with A > 0.35 typically for merging systems. The centre for rota- |0wing parameters were changed from their default settibgs

tion is decided by an iterative process which finds the locatif TECTMINAREA = 10, DETECT.THRESH = 1.8, and ANALY-

the minimum asymmetry. The parametéris the value measured ~ SISTHRESH=1.8.

2.2.1 Segmentation Maps

when taking the ratio of the subtracted flux to the origindhgp To ensure the robustness of our segmentation maps and the re-
flux, and is given by sultant CAS measurements, the maps of all galaxies idehtifse
being highly asymmetric{ > 0.35, A > S) were visually ex-
ST — Tiso] S |Bo — Buso| amined. Out of 1455 highly asymmetric galaxies, 116 weraﬂcﬂgu
A = mi (M) — mi <M> , Q) to have bad segmentation maps, mostly due to poor deblenéling
2. [Tl 2|l galaxies with small angular separations. The GNU Image Mani
where I, is the intensity of the original imagd;so is the inten- ulation Program (GIMP) was used to manually edit the problem
sity of the rotated image, anB, and Biso are noise corrections  segmentation maps pixel by pixel to ensure they accuratefyped
obtained by iteratively repeating the same rotation andraation out the target galaxies. CAS measurements were then obtiine

on empty background regions. The value€an range from 0 to galaxies with the corrected segmentation maps. Of the lighpo
2, whereA = 0 represents a completely symmetrical galaxy, and tially highly asymmetric galaxies with bad segmentationsps)

A = 2 represents a completely asymmetrical galaxy. 26 continued to havel > 0.35 and A > S with the corrected
The parametes is a measure of highly localized, bright struc- maps. Example images are shown in Figdre 1, comparing ai orig

tures, and is meant to detect bright star forming regi¢hs de- nal SDSS map, an initial SExtractor map, and a manually ctede

fined as the ratio of the amount of light in high spatial fregrye map.

structures within 1.5 the Petrosian 90 radius, to the total amount The photometry used for the stellar mass estimates

of light within that radius|(Conselide 2003). The Petrosténra- (Taylor et all 201/1); Hill et &l. 2011) makes use of SExtrasmito

dius is defined as the radius which contains 90% of the Pafrosi  photometry. These segmentation maps have not been maswally
flux F, @6). To obtain a measure of the high frequency amined or corrected although the resultant photometry|dhunt
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be nearly as affected by bad maps as CAS measurements are. In

most cases, even when close pairs are not properly debleheed
galaxy centre will be correctly identified. The photomesyased
on a flexible, elliptical aperture and as long as the centtbam
proximate light distribution are known, the resultant mimétry
should be reasonable.

3 METHOD AND RESULTS
3.1 Definitions

The main objective of this study is to estimate the mass dig@n

galaxy merger rate. To do so we first need to measure the number

of highly asymmetric merger candidate galaxids:{ as a function
of mass as follows

Nt
Na =) niA>035A4>05),
i=1
where N is the total number of galaxies in each stellar mass bin,
with n; (A > 0.35; A > S) = 1 if a given galaxy meets the criteria
A > 0.35andA > S, and 0 otherwise. Galaxies with > 0.35
andA > S are referred to as highly asymmetric, while those that do
not meet this criteria are referred to as non-asymmetrie. fdc-
tion of all highly asymmetric galaxies as function of mags.{m)
is found as follows

®)

Na

Fasym = - 4)

The actual number of major merger galaxiég,) is found as fol-
lows

Na fthA4:1 , (5)
fam

where f:,, is the fraction of highly asymmetric galaxies which are
truly mergers,fa,., is the fraction of highly asymmetric galaxies
which are caused by major mergers with mass ratidsl, andfs.
is the fraction of mergers which become highly asymmetricrdu
the merger procesg:,, is determined by visually examining all of
the merger candidate galaxies and is discussed in SécBowi3ile
fa,., is measured in Sectign 3.4. In this work we assume all galax-
ies become highly asymmetric at some point in the mergeressoc
SO fom = 1. Although it is possible that in some high mass ratio
mergers the low mass companion will become highly asymmetri
while the high mass companion will not, we statistically reat
the merger fraction to select only major mergers, so thenagsan
that f.., = 1 is still reasonable.

Following the definition i@oe), the fractioh o

galaxies in major mergers is given by

Ny =

Nk
Nt + (H — I)J\fm7 (6)
wherex is the average number of galaxies which merged to pro-
duceN,,. In 6) it was argued thamust be> 2,
but that is not necessarily true. As we will show in Secfiod, 3.
a small fraction of highly asymmetric galaxies are found airg,
and in situations where both paired galaxies are highly asstric,
k < 2. Thus, we define as follows:

fmajor =

K=2—Npy,/Na, )

0.1 ‘ ‘ ‘
0.001<z<02 +——
0.001 <z <0.05 =
0081 Asymmetry Fraction ]
0.06 |
E
>
g
0.04 |
0.02 |
0 s ‘ ‘ ‘ ‘

9.5 10
log;9(Ma/My)

10.5 11 11.5

Figure 2. The mass dependent asymmetry fractigiys(.) is plotted
for two different redshift ranges. The solid black line regEntsfasym

for 0.001 < z < 0.2 and the red dashed line represerftsy. for
0.001 < z < 0.05. No highly asymmetric galaxies were detected for
M, > 10105 M4 inthe0.001 < z < 0.05 range sample.

whereNp, , is the number of paired galaxies where both members
are highly asymmetric. The merger rate per galaRy.{-qer) Can
then be calculated as

fmajor (8)
whereT,erqer, a IS the time scale over which merging galaxies are
observed to havel > 0.35 andA > S. As we will discuss further
in Sectio 4l Tynerger,a is @ strong function of the mass ratios,
masses and gas fractions of the merging galaxies. The camgiov
volume merger rate is defined as

Rmajor - ’
Tme’rge'r,A

fmajor X ¢
)

Tme'rge'r,A

9)

Fmajor'

where ¢ is the co-moving number density of galaxies in a given
mass bin. Note that this is inverse of the notation us

(2006), but the same hs Hopkins et al. (2010b).

3.2 Mass Dependent Asymmetry Fraction

In Figurel2 the fraction of galaxies which are asymmetfic, .,
is shown as a function of mass for systems Wit < M, <
10*° M. Between10'%® < M, < 10'°M, we see that
fasym is constant at- 1.2% but for M. < 10'%-° M, the fraction
increases significantly, up te 9% for 105° < M., < 10°° M.
The errors given for the mean asymmetry measurements are sta
dard error in the mean, while jackknife errors are given fyma-
metry fraction measurements.

The complete sample used in this study(1 < z < 0.2) be-
gins to become significantly mass incomplete for the redghsix-
ies with M, < 10'%° M, which is also the mass where the strong
increase in the merger fraction begins (black solid lineiguFe2).
At the same time, red, low mass galaxies are much less common
than blue, low mass galaxies, so it is not immediately cleay h
much of an effect this mass incompleteness has on the measure
ment of the asymmetry fraction.

To test this we select a sample of galaxies which-i95%

mass complete fakZ. > 105 M, by restricting the redshift range
t0 0.001 < z < 0.05 (Taylor et al[ 2011) resulting in a sample of
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SDSSr-band

SExtractor Map

Figure 1. Example of a SDSS r band image compared to the different sggtien maps. The public SDSS map covers two clearly sepgealaxies with a
single segmentation profile. The raw SExtractor map doesterlyeb of separating the galaxies, but the profile of theclogalaxy partly covers the centre of
the upper galaxy, leading to an non-physical CAS measureniba manually corrected segmentation map realisticahasates the galaxies and results in a

correspondingly robust CAS measurement.

Table 1. Values for the visual checked highly asymmetric galaxiescte
galaxies was classified as eitiderger, Maybeor Non-Merger The frac-
tion of highly asymmetric galaxies visually confirmed to bergers is given
by fim Which is defined in Equatidn10.

lOQ(]W* /]\/](D) Na NMerger NMaybe NNon-Merg ftm
8.25 72 25 41 6 0.680.06
8.75 248 90 142 16 0.650.03
9.25 399 167 209 23 0.680.02
9.75 279 135 119 25 0.760.03
10.25 201 117 66 18 0.725.03
10.75 102 72 24 6 0.820.04
11.25 19 14 5 0 0.8%0.08

5066 galaxies. The red dashed line in Fiddre 2 represenfsate
tion of galaxies withA > 0.35 and A > S for this smaller sample
as a function of mass. Despite the smaller sample size, ie& c
that the fraction of highly asymmetric galaxies increagesngly

for M. < 10'%9M, indicating that the mass incompleteness of
the0.001 < z < 0.2 sample is not significantly contributing to the
increased fraction of highly asymmetric low mass galaxies.

3.3 Visual checking for non-merger systems

All galaxies with A > 0.35 and A > S were visually exam-
ined to determine the contamination of non-merger systems t
fasym (M), which we define asfi.. (Section[31l). Otherwise
undisturbed galaxies can be scattered to higher asymmbtrien-
age noise and artefacts, edge on galaxies with dust lanatnge
apparent breaks and asymmetries, or a foreground staappérty

a galaxy’s light profile, often leading to unrealistic segnation
maps and a high asymmetry measurement.

When visually examining the galaxies, a system was consid-
ered to be a merger if there were clear signs of tidal debdal t
tails or bridges, a clearly offset bulge, double nuclei, engrally
disturbed and clearly highly asymmetrical morphology. ax&ds
which clearly met these criteria were classifiedergers while
galaxies which were clearly symmetrical, and apparentlglisin
turbed, were classified dson-Mergers(see Figurd]3). Galaxies
which appeared to be possible mergers but for which a defniti
classification could not be made (often due to image noiséand

surface brightness) were classified\daybe The fraction of true
mergers was then found as follows,

ft7n X (1 - ftm)
+ v NSa7nple ’ (10)

whereNsgmpie IS the sample siz€yuerger is the number of galax-

ies classified as a clear merger, @igkybeis the number of galaxies
classified as a possible merger. Here we assume half of thg-gal
ies classified aMaybeare mergers, although it is likely that most
of these galaxies are in fact mergers, as an attempt was rade t
be conservative in classifying galaxies aslerger. Errors are cal-
culated using the normal approximation of the binomial aterice
interval. The fraction of true mergers,., is shown as a function of
mass in Figur€]4 and the merger classification results asngiv
Table[1. We find thaf:,, depends on mass and decreases towards
lower masses. The data in Figlide 4 is fit using the least-sgquar
Marquardt-Levenberg algorithm with a linear fit of the form

N]Merger + Nl\/ia,ybe/Q

tm —

NSample

fem = m x log, (M. /Mg) + b, (11)
wherem = 0.077 + 0.010 andb = 0.738 £ 0.0009.
The average level of contamination betweef®® <

M. < 10*° My is ~70%, which is similar to the findings of
De Propris et all (2007) who found thaR0% of the galaxies they
selected as being highly asymmetric were false identificatial-
though their sample consists of more massive galaxies,hngie
plains their lower contamination level.

3.4 Separating Major and Minor Mergers

In this section we investigate the nature of highly asymimetr
galaxies in the nearby universe and determine what fraaifon
highly asymmetric galaxies are produced through majorugensi-
nor mergers. This is an outstanding question, as we stillao n
know for certain the mass range which produces highly asyimme
ric galaxies, which is vital to understand if we are to applist
technique in other samples.

The CAS method is known to primarily identify major merg-
ers, but can also identify minor mergers if the progenitdagjas’
gas fractions are high enough (Lotz et al. 2010b). In the kges
of a merger, when the merging galaxies are completely fuséed,
difficult to determine the masses of the progenitors. On thero
hand, it is possible to know their masses while they are sila-
rated in close pairs. We will now take a detailed look at tHeaf
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Merger

Maybe

Non-Merger

Figure 3. Examples of galaxies classified erger, MaybeandNon-merger The galaxy of concern is the one in the centre of each image.

0.4 1

ftm

02+  Fraction of Asymmetric Galaxies 1
Visually Confirmed to be Mergers
0 L L L L L L
8 8.5 9 9.5 10 10.5 11 115
logy5(M5/My)

Figure 4. The fraction of galaxies wittA > 0.35 and A > S visually
confirmed to be mergers as a function of stellar mass. Theashed line
represents a constant fit and the green lines represerniisttenfidence
intervals.

that the masses and mass ratios of galaxy pairs have on $iyair a
metry, as well as determine the separation where pairecigala
become highly asymmetric. We then use this information touea
late the fraction of highly asymmetric galaxies that are tdumajor
mergers.

3.4.1 The Dependence of Asymmetry on Pair Separation, Mass,
and Mass Ratio

In order to determine the projected separation where coimpsn
produce highly asymmetric galaxies, we look at how the mean
asymmetry of dynamically close paired galaxies changedwasca
tion of projected physical and relative separation, masd,raass
ratio. In|Casteels et all (2013) it was found that paired gata
show little signs of interaction for,... > 120 hz' kpc and
AV > 500 km s™*. In order to select pairs which are not inter-
acting, as well as find at what projected separation galaxg pa
begin to become highly asymmetric, pairs are selected ugpto-a
jected separation Ofma: = 300 hyg kpc. A maximum line of
sight velocity difference oAV < 500 km s™! is used to clearly
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Figure 5. Mean A of major merger pairs versus physical projected separa-
tion for a range of masses. These masses correspond to teeswéshe in-
dividual pair members, and can be either the heavy or lighhbee. Higher
mass pairs are becoming highly asymmetric at larger physegzarations
than lower mass pairs.
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Figure 6. The mean asymmetry of major merger pairs is plotted versus
relative projected separation, where the physical separa divided by

the sum of the Petrosian 90 galaxy radi,{(r1 + r2)). These masses
correspond to the masses of the individual pair memberscamdbe either
the heavy or light member. All pairs are becoming highly asyetric as the
same relative separation of < (r1 + r2).

see the transition between strongly interacting and nteraeting
galaxies with decreasing separation.

The mean value o is found for each mass ang bin as
follows,

A(ryp, (12)

1 N
M) - N Zz_; AZ )
whereN is the number of galaxies in a givep and mass bin.

In Figure[B A is shown against physical projected separation
for paired galaxies with mass ratios @#:1 for a given mass bin.
Both members of the pair are included in the calculationiaind
each mass bin includes a mix of heavy and light members frém di
ferent pairs. Galaxies in the)'*° < M, < 105 M bin show
an increase in mean asymmetry for < 35 h.y kpc, while the
10105 « M. < 1011'0M@ and 101°° < M, < 1010‘5M@
bins show increases for, < 25 h" kpc andr, < 20 hz

03 1:1<M;:M, < 1:4 Heavy  ———
1:1 < MM, < 1:4 Light —
1:4 <M;:M, < 1:10 Heavy -
0.25 1:4 <M;:M3 < 1:10 Light”  +— e
1:10 < M;:M, < 1:100 Heavy
1:10 < M;:M, < 1:100 Light
s 0.2 r ¥ 1
1< 015 | 1
0.1 NS ]
i i ¥
0.05 L Major vs. Minor Mergers
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Tpl(ry+15)
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Figure 7. The mean asymmetry for galaxy pairs of different mass raties
plotted versus relative projected separatiog/(r1 +r2)). Galaxy pairs are
selected from the range0® 0 < M, < 10'1-5 M, with the red and or-
ange colours representing the heavy member of a pair, aridutbesolours

representing the lighter member. In major merger paird) be¢mbers be-
come highly asymmetric for, < (r1 + r2). In minor merger pairs the
light companion becomes highly asymmetric while the heauyganion

does not. Low mass members of minor merger pairs show anageria

mean asymmetry at larger separations, up,tec 1.5 x (r1 + r2).

kpc respectively. This indicates that the high mass majaigere
pairs are highly asymmetric out to larger physical sepanatthan
lower mass pairs. The maximum projected separation idedtifi

here agrees with previous work by De Propris étlal. (2007) and

[Ellison et al. [[2010) who find that the fraction of dynamiyailose

highly asymmetric pairs increases significantly for < 40 h.,'
kpc. Although pairs are only plotted fop, < 100 h-4 kpc in Fig-
ure[d, the mean asymmetries of galaxies at all masses reragin fl
out to 300h-4" kpc, at which separation the galaxies are essentially
isolated.

In Figurd® the pairs are instead binned by their relativaisep
tion (pair separation divided by the sum of the galaxy’s &a#m 90
radii) and we see that the increase in asymmetry is actuatiyre
ring at the same relative separation-gf< (r1 + r2) for all galaxy
masses. This agrees with the finding|by Hernandez-Toledb et
) that asymmetry increases (relative to isolatedxgzsa for
pairs with separations less thdms, the photometric diameter of
the primary.

In Figure[T the mean asymmetry of the heavy and light pair
members are shown against relative separatigf (¢1 + 72))
for mass ratio ranges of4:1, 4:1-10:1 and 10:+100:1. Here
all galaxies have been included from the rafigé® < M, <
10'*° M. For the major merger pairs (mass ratio<o#:1) both
the heavy and light companion have an increased mean asyynmet
forr, < (ri4+rz). As mass ratio increases, light pair members con-
tinue to have a high mean asymmetry at small relative seépasat
rp < (r1 + r2) for the 4:1-10:1, and up to, < 1.5 X (r1 + r2)
for the 10:1-100:1 mass ratio pairs. The heavy members of mi-
nor merger pairs also show an increase in mean asymmetry for
rp < (r1+72), butitis significantly smaller than for major merger
pairs. This result is important in that it shows that the éase in
asymmetry for close galaxy pairs is occurring at approxatyahe
same relative separation regardless of mass ratio.
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Figure 8. The ratio between total number of paired galaxies with mass-m
surementsN,,,.,, and the total number of paired galaxies in the photomet-
ric source cataloguey,,, versus angular separatiéh The errors shown
are binomial confidence intervals.

3.4.2 The Asymmetries of Non-Interacting Projected Pairs

The fact that the mean asymmetry of galaxy pairs increaste at
same relative separation regardless of mass and massais r
the question of whether this increased asymmetry is simpéytd
contaminating light from the nearby companion. To test thés
compare the fraction of dynamically close pairs which aghlyi
asymmetric AV < 500 km s™') with non-interacting projected
pairs which are highly asymmetrid 00 < AV < 100000 km
s~ 1). For a given range iV the fraction of pairs which are highly
asymmetric is defined as

fPasy'm, = NPaSym = Z%l wgasymy
NP“’“” Zi:l W4t ai
whereNpg, .., is the number of paired galaxies in a projected sep-
aration bin which satisfyA > 0.35 and A > S for a given mass
ratio range andVp,,, , is the total number of pairs for the same
separation bin and mass ratio range.is an angular incomplete-

ness weight (see Patton etlal. 2000, 2002) which we define as

(13)

wGZNpp/Nmm7 (14)

where N, is the number of photometric pairs in a given angular
separation bin, and/,,,, is the number of pairs where both galax-
ies have mass measurements. Angular separation bins o$dcarc
ond are used and the actual valueswpfare applied for each sep-
aration bin, as opposed to a fit to the incompleteness fumchip
Figure[8 the fraction of photometric pairs where both gaatiave
mass measurementd .../ Np,) is plotted against angular separa-
tion.

In the GAMA survey there is very little dependence of spec-
troscopic and mass measurement incompleteness on angpéar s
ration. Only for angular separations of less than 5 arcsisdoes
mass incompleteness increase. Keep in mind that the argjnée
of most galaxies are at least several arcseconds, so tbispiete-
ness only affects galaxies which are essentially overtappising
the raw galaxy counts to calculafe,.,,, would give a number
very close to that given here. The weight is applied simply to
ensure the robustness of the measurement.

In Figure[® the fraction of paired galaxies which are highly
asymmetric is plotted as a function of relative separatmnbbth

0.35 ‘ -
0<AV<500 km s I —
03} 1000<AV<100000 km 7= == |
Asymmetry Fraction
0.25 + |
£ 0.2 |
>
R
015 f |
01t |
0.05 |
0 w ‘ ‘ ‘
0 0.5 1 1.5 2 25

Tel(ry +15)

Figure 9. Fraction of paired galaxies which are highly asymmetric as a
function of relative separation for dynamically close pdih V' < 500 km

s~ 1) and projected pairsl(00 < AV < 100000 km s~1). There are no
projected pairs in our sample with, < 0.25 x (r1 + r2).

dynamically close and projected pairs. Pairs are selecitbdmass
ratios of <100:1 and10®° < M. < 10"'-° M. The fraction of
highly asymmetric dynamically close pairs increases §icanitly
for r, < (r1 + r2) while the non-interacting projected pairs show
no increase with decreasing separation. This result shiomistie
increased asymmetry in dynamically close pairs is due t@llyid
induced morphological disturbances, and not contamigdight
from the close companion.

3.4.3 Fraction of Highly Asymmetric Galaxies in Pairs

We now look at the fraction of galaxies in close pairs thatégaly
asymmetric. Pairs are selected from the ramg&® < M, <
1025 M, to ensure that galaxies in the®® < M, < 10'%° M,
range can have companions with mass ratios up to 100:1. There
are no galaxies witthZ. > 10'%-° My, in the GAMA parent sam-
ple, meaning no potentiat100:1 mass ratio pairs are missed for
10195 < M, < 105 M, galaxies. Of course, due to the increas-
ing mass incompleteness of the sample with increasing ifeds
tential low mass companions will be missed. This incompless
will affect high mass ratio, minor merger pairs more thananaj
merger pairs. This effect is probably counteracted by mapermt
dent clustering, where high mass galaxies are much morg like
have lower mass companions, compared to low mass galaxes. W
do not correct for this incompleteness, and as a consequbace
fraction of highly asymmetric galaxies which have minor gesr
companions in the lowest mass bins should be treated as a lowe
limit.

In Figure[10 the fraction of paired galaxies which are highly
asymmetric is shown as a function of relative projected isejman
for different mass bins. In the left panel pairs are selegtigimass
ratios of <100:1 and in the right panel with mass ratios<of:1.
A given mass bin can contain either the heavy or light member o
different pairs. As expected, the fraction of paired gadaxhat are
highly asymmetric increases significantly foy < 1.5 x (r1 +
r2). The fraction of highly asymmetric close pairs in thd00:1
range also depends on mass, with less massive galaxiegtevin
greater percentage of highly asymmetric close pairs. Madaw
the <4:1 mass ratio pairs show no apparent trend with mass and
have a similar fraction of highly asymmetric galaxies anadisses.

The highly asymmetric, low mass galaxies in the 00:1
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Figure 10. The fraction of pair members which are highly asymmetric for
different relative separation bins amsl < 500 km s~ 1. The left panel
shows pairs with<100:1 mass ratios and the left panel shows pairs with
<4:1 mass ratios. The fraction of major merger pairs which ragaly
asymmetric is fairly constant with mass, while for minor g@rpairs there

is a strong mass dependence, with a higher fraction of lovessmair mem-
bers being highly asymmetric.
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Figure 11. The fraction of highly asymmetric galaxies with a close com-
panion ¢, < (r1 + r2)) as a function of mass. Higher mass asymmetric
galaxies are much more likely to have a close companion thaarimass
asymmetric galaxies.

Table 2. Values ofx as a function of mass, using Equatidn 7.

log(M«/Mz) Na Np,, K
8.25 72 0 2.000
8.75 248 2 1.992
9.25 399 2 1.995
9.75 279 0 2.000
10.25 201 1 1.995
10.75 102 1 1.990
11.25 19 2 1.895
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Figure 12. The fraction of highly asymmetrie,, < 1.5 x (r1 + r2)
pairs which have mass ratios @f4:1 is plotted as a function of mass. The
red dashed line represents a linear regression fit to theadatahe green
dashed lines represent the confidence intervals determined through a
Monte Carlo iterative method.

is spent during close passes. For the lowest mass highly-asym
metric galaxies, only about 3% have a companion, indicating
that these galaxies spend a greater fractiof,pf,4e, 4 in merger
proper and post merger than higher mass galaxies. Longenebs
ability time scales are expected for low mass galaxies irfitiz
stages of the merger process due to their much higher gamfrac
as discussed in detail in Sectibnl4.1. Additionally, in ®edB.3
the contamination of highly asymmetric galaxies with noerging
systems was found to increase with decreasing mass overtbe r
10%° < M. < 10'"® M, from approximately~ 15% to ~ 40%.
These two effects together account for the increase inyiagym-

range are generally the lower mass members of minor mergers,Metric paired galaxies with mass. Note that for most of tipeses,

while the higher mass galaxies are the heavy members thabare
experiencing sufficiently strong tidal forces to cause taghmme-
try. These results indicate that high mass galaxies haveaeagr
fraction of minor merger companions than lower mass gataxie
This is expected in the hierarchical model of galaxy forormiin
the ACDM cosmology (e.
galaxies are built up through mergers and large galaxieprare
dicted to have numerous smaller companions, which theyewh-
tually merge with due to a loss of orbital momentum through dy
namical friction.

We now look at what fraction of highly asymmetric galaxies
have a close companion witf), < 1.5 x (r1 + r2). In Figure
[17 the fraction of highly asymmetric galaxies which have m¢o
panion is shown as a function of mass. Around half of the Eghe
mass asymmetric galaxies have a companion, indicatingbmatt
half of the observability time scale of high asymmett¥rge, 1)

only one of the galaxies is actually highly asymmetric.

We now determine the number &f4:1 mass ratio paired
galaxies withr, < 1.5 x (r1 +r2) where both members are highly
asymmetricNp, ,. Using Equatiofi]7 we calculate the valuexof
which tells us the average number progenitor galaxies wtich

78), where massive Stitute a typical merger, as detected using the CAS methsdaf

be seen from the values in Talile 2, higher mass galaxy pairs ar
more likely to have both members being highly asymmetric.

3.4.4 Fraction of Highly Asymmetric Galaxies which are Majo
Mergers

The relative number of highly asymmetric galaxies that feagem-
panion within an appropriate projected separation givesias-
mation about the contribution of ongoing major and minorgees
to the highly asymmetric galaxy population. If we assume the
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Table 3. Values are given here as a function of mass for the total astmgriraction, f sy, the major merger fractiony; .-, the major merger rate per

galaxy, Ryqjor, and the co-moving volume major merger rdtg, q jor -

lOQ(M*/MG)) fasym fmajo’r Rmajor ) Fma]"or
gal-1Gyr—1 h3,Mpc—3Gyr—!

8.25 0.0888:0.0108  0.0259-0.0190  0.0125-0.0092 (3.1 £2.3) x 10~*

8.75 0.0916:0.0060  0.04440.0179  0.02520.0102 (3.7 +1.5) x 10~*

9.25 0.0524-0.0027  0.034%0.0081 0.0243:0.0056 (2.2 +£0.5) x 10~*

9.75 0.0224-0.0014  0.0193-0.0028  0.01730.0025 (1.1+0.2) x 10~*

10.25 0.0122:0.0009  0.013%0.0017 0.016£0.0021 (8.541.1) x 10~5

10.75 0.0103-:0.0010  0.0136:0.0022 0.02650.0042 (9.3 4 1.5) x 1075

11.25 0.0126:0.0028  0.01840.0049  0.0456:0.0122 (2.145.7) x 1075
0.07 are assumed to give the fraction of highly asymmetric pagjiedex-

. . ies that are major mergers and is defined as
0.06 | Major Merger Fraction
0.05 |- ] f Np,, ZZI\;1 wp (<4:1) (16)
Pyq = = )
5 0.04 | 1 u NP100;1 Zzlil w9(<100:1)
£ 0.03 I )l whereNp,,, andNp,,,., are the number of paired galaxies in each
mass bin that satisfyd > 0.35 and A > S for the given mass
0.02 r 1 ratio range andvs is an angular incompleteness weight defined by
001 Equatior T4.
' The fraction of these pairs that are major mergers is shown in
0 : : : : : : Figure[12, where the data is fit with the least-squares Madtua
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Figure 13.The fraction of highly asymmetric galaxies which are onagpoi
major mergers as a function of mass. For each mass bin thefraif all
highly asymmetric galaxies is weighted to account for ongrgers with
mass ratios ok 4:1.

fraction of highly asymmetric pairs that are major mergéis, , ,
is representative of the fraction of all highly asymmetradaxies,

Levenberg algorithm with a linear regression of the form

JPy, =mX loglo(M*/MQ) +b, (17)

wherem = 0.238 4 0.059 andb = 0.638 + 0.043.

The major merger companion fractiofif.,) is highest for
more massive galaxies-(90% for the 10'*-?> M, bin) and drops
progressively for lower mass galaxies §0% for the 1087 M,
bin). Note that almost all of the minor merger galaxies with
mass ratios of>4:1 identified as being highly asymmetric are the
least massive companion. In Figlird 13 the major mergeridract
Fmajor, is shown for10®° < M, < 10''° Mg, with the values

fa.., (pairs and isolated) that are major mergers, then we can de'given in TabldB.

fine

Jas, = fraa- (15)

Note that in this section we only examine those highly asytrime
galaxies that are in pairs. While a significant fraction @ tighly
asymmetric galaxies are not in pairs, the idea here is tieagdme
fraction of minor versus major mergers that produces an esstny
(as seen in a pair) is similar to the fraction of systems thatlal-
ready merged. The fraction of highly asymmetric galaxieclase
pairs will contain two populations: (i) those for which thaiipis in-
teracting and causing the high asymmetry, and (ii) thosevfoch
there is an ongoing merger in addition to the likely futurergireg
of the pair. Due to the relatively low occurrence of multingers
1), for small separations most of the gatawi
be from the first population, anflr,., should provide a good ap-
proximation of the fraction of all highly asymmetrical gsiles that
are major mergersfa,,, -

For each galaxy that satisfies > 0.35 and A > S, close
companions are identified wherg, < 1.5 x (r1 + r2) and
AV < 500 km s, with maximum mass ratios of4:1 (major

4 DISCUSSION
4.1 Major Merger Time scales

Galaxy merger time scales are often estimated using dy-
namical friction (e.g. | Chandrasekhar 1943; White 1976;
Kitzbichler & White [2008), with these calculations being
valid for small satellite galaxies at relatively large sepians. In
Section[3.4.1 we found that major merger galaxy pairs begin t
become highly asymmetric far, < 1.5 x (r1 + r2) over the
entire mass range probed. Since we are dealing with majayener
systems that have small relative separations, these atitms are
not appropriate. As discussed [by Hopkins étlal. (2010a)mails
separations orbital energy is lost more through strongnasces
between the baryonic components than through dynamicaiofini
Also, circular orbits tend to become highly radial as theiiattion
progresses, leading to shorter merger times. For thesengéss
best to use N-body simulations to accurately determine thgen
time scales of galaxies with very small separations.

Studies using N-body simulations (Conselice 2006: Lotdlet a

mergers) anc<100:1 (major and minor mergers). These galaxies [2008/20104lb) have found that interacting galaxies oflaimiass



are most asymmetric when they are undergoing a close pass and
the later stages of a merger. In these simulations it wasdifolat
the first peak in asymmetry occurs during the first close phas o
interacting galaxy pair, and then peaks again during therskpass
and throughout a significant portion of the post merger.
Simulations b@oe) considered galaxies with
mass ratios 0k 1:3 and found that the peak in asymmetry dur-
ing first pass generally lasts around 0.2 Gyrs. Note that these
simulations do not model the effects of gas. Depending orothe
bital parameters of the interaction, the second close pazs©0.6
to 0.8 Gyrs after the first, with the second peak in asymmaeisty |
ing an additionak 0.2 Gyrs. Asymmetry was then found to peak
again, or remain high for an additional 0.2 Gyrs during merger
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proper. From these simulatiohs Conseélice (2006) derivecfdh
lowing relation for the average amount of time a galaxy remmai
highly asymmetricT ,erger, 4, during a merger event,

Mtot *
101 Mg, '
(18)

Trmerger,a = (0.2340.05) N1, +(0.15-0.05) <

where Ny, is the number of close passes a galaxy experiences

before final merger, andl/;,. is the total mass of the galaxy.

Figure 14. The observation time scale modeIsIOOG) (red
short-dash) and Lotz etldl. (2010b) (blue long-dash)! Tte ebal. (201db)
relation (Equatiofidl9) is calculated using a linear fit to|@winella et al.
) mean gas fraction data as a function of mass. Ga®fraare avail-
able for M. > 10'0-° M, and for lower masses an extrapolation to this
fitis used (violet shaded area). The black solid line reprissthe combined
observability time scale and the vertical green dotteditidécates the mass
where thlb) time scale goes to zero (as # ofshe very

low mean gas fraction at this mass).

From the above equation we see that more massive galaxies

are highly asymmetric for longer periods during post metgan
lower mass galaxies. The primary galaxies in these mergau-si
lations have total masses 82 x 10'' M, and stellar masses of
5.98 x 10'° M. If we assume that the galaxies in our sample have
the same stellar mass to total mass ratio, and that eachygatax
dergoes one close pass before final merger, henger, 4 ~ 0.42
Gyrs for M, = 10"?* Mg and Tinerger,a ~ 0.34 Gyrs for

M, = 1010'25M@.

Meanwhile, the relative amount of gas available in galaxies
for star formation increases strongly with decreasingastehass
(e.g. Catinella et &l, 2010), and Lotz et al. (2010b) fourat tias
rich disc galaxies can remain highly asymmetric for sigaifitty
longer times. Using simulations they found that the debectime
for 1:3 mass ratio mergers with > 0.35 can be approximated by

Tnergera = (—0.26 + 0.05) + (2.28 & 0.23) fyas, (19)

where f4q. is the relative gas fraction. In these simulations the
primary galaxies have total masses of 1122 M, and baryonic
masses of 6.210'° M, with a range of stellar to gas mass ratios.
Catinella et al.|(2010) find that the averaes;/M.] gas
fractions increases fronfiy,s ~ 0.025 for a M. = 10" M
galaxy to fyus ~ 0.32 for a M. = 10'%?* M galaxy. Using
these values in Equatién]l9 we fifitherger,a ~ —0.20 Gyrs for
M. = 10'?* M, meaning it is not detectable, and increases to
Trmerger,a ~ 0.46 Gyrs for M, = 10'%2% M. Looking at our ma-
jor merger fraction measurement in Figliré 13 it is clear thetg-
ing galaxies withM.,. ~ 10'!-2° M, are indeed detected using the
A > 0.35 and A > S criteria, implying massive galaxies with
very low gas fractions are still being detected using thishoe.
Therefore the detectability time scale as a function of nslisely
a combination of the asymmetry time scale of the stellar amp
nent alone (equatiop 1L8) combined with the gas componant/st
formation asymmetry time scale (equatfod 19). If we assumae t
we can simply sum these two different estimatesItfe,ger, a
to obtain the total detection time scale, thHBRcrger,a ~ 0.42
Gyrs for M. = 10" Mg and Tynerger,a ~ 0.80 Gyrs for
M, = 1010A25M®_

The Thnerger,a Mass dependent relationships [of Conselice
(2006) and_Lotz et al| (2010b) are shown together in Fifule 14
The.b) relation (equatibn] 19) is calculaisihg
alinear fit to the_Catinella et al. (2010) mean gas fractida da a
function of mass.

These equations are probably over-simplifications of the de
tection time scales for galaxies of different masses, bey thus-
trate the fact that the gas fraction of a galaxy has a muchearea
effect on it being detected with > 0.35 than does its mass alone.
Since gas fraction increases strongly with decreasing ,nhaser
mass galaxies should be detectable in major mergers foifisign
cantly longer periods of time than their more massive capatgs.

In Figure[I5 the galaxy merger rate is shown as a function of
mass using using Equatiémh 8. We find thala = 10*12° M,
galaxy experiences 0.046 major mergers per Gyr while &/..
10'°-?° M, galaxy experiences- 0.016 major mergers per Gyr,
implying that the major merger rate approximately tripleerchis
mass range (see Talple 3).

In Figure[I6 the co-moving volume galaxy merger rate is
presented using Equatigh 9. The galaxy mass function measur
ments o I.@Z) are used here, specifically Egua
6 from their paper. From this we estimate that the major nrerge
rate is(1.2 + 0.5) x 1072 h3; Mpc™® Gyr~* for 10*° < M, <
10115 Mo,

4.2 Detection of Minor Mergers

Studies which use N-body simulations and do not consideetthe
fects of changing gas fraction (Consélice 2006 Lotz Et @1.0&)

find that the CAS system is most sensitive to mergers where the
galaxies are of similar mass (mass ratios@f.1). In these simu-
lations minor mergers with greater mass ratios were geyparat
detected as mergers in CAS, or were for only a very short gerio
of time compared to major mergers. When the gas fraction of a
galaxy is taken into consideration, the picture changesiden
ably, witfm.mb) finding that minor merger exeanere




12 K. R.V. Casteels et al.

0.06 ‘ ‘ ‘ ‘
Measured (This Study) —
— Predicted (Hopkins 2010) -
s 005 | 1
0)
-
Z
& 004r g
©
o
2 003} :
o
g
< 002fF g
9,
£
g0l Major Merger Rate )

8 8.5 9 9.5 10

l0g;9(Mg/My

10.5 11 11.5

Figure 15. The galaxy merger rate as a function of stellar mass. Thd soli
blue line represents the merger rate measured in this wodkhe predicted
merger rate 0b) is represented by thelashed line.
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Figure 16. The co-moving volume galaxy merger rate as a function of stel
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detectable up to mass ratios of 1:9 or greater. As discusstti
previous section, galaxy gas fraction increases strorglyoiver

4.3 Comparison with Other Studies and Theory

In Sectio 3.4 we found that the major merger fraction idyfa
constant atv 1.3 — 2% between10*® < M, < 10'*°*M,, and
increases tov 4% for lower masses. This is consistent with the
result ofl Bridge, Carlberg. & Sullivan (2010) who find a dese
ing merger fraction with increasing mass using visuallyesedd
mergers, although the large errors on our lower mass dat@ mak
our measurement uncertain faf, < 10°°Mg. For 10%° <
M. < 105 M, our results agrees well with the low redshift pair
fractions ofl Patton & Atfield|(2008). Domingue et &l. (2009)da

! m), who all find a relatively constant major negrg
fraction as a function of mass (or luminosity). In Sectiofil we
argued that lower mass major mergers should be detectatsgfo
nificantly longer periods than higher mass major mergers, tdu
the strong increase in gas fraction with decreasing massefdre
we expect the actual major merger rate at low redshift tociase
with mass. Pair fractions are susceptible to interlopesbdas and
Patton & Atfield (2008) used an N-body simulation to determin
that this contamination increases strongly with decreglsiminos-
ity. If the pair fractions mentioned above were correctedirfiter-
loper contamination, they would all show a positive inceeasgth
mass. The technique used in this paper should be much lespsus
tible to interlopers due to the use of morphological infotioma

The fraction of wet mergers is known to increase with red-
shift (e.g.8) so galaxies equivalent to thenhigass
galaxies probed in this study would have been more gas rich in
the past. At higher redshift one would expect that the debelet
ity time scale of massive galaxies using the CAS method shoul
be longer, resulting in a positively increasing mergertfoacwith
mass, as found by Conselice, Rajgor, & Myers (2008). Theiesud
of Xu et al. (2004) and Bundy et al. (2009) both find evidene th
the pair fraction increases positively with mass, althotlyh er-
rors in these studies are rather large. These observatippss the
findings of Hopkins et all (2010b) who found using semi-eipir
models that the absolute merger rates at a fixed mass ratease
with galaxy mass.

In Figured Ih anfl’16 the merger rate per galaxy and the co-
moving volume galaxy merger rates are compared to the moelel p
dictions of_ Hopkins et al! (2010b) (far = 0). From these figures
it is clear that our measurements generally agree with theeio
predictions, especially for the lower mass galaxies, henehe
models predict a slightly steeper increase in the galaxgeraate
with increasing mass compared to our results. The simuisitid

mass galaxies, and so we would expect minor mergers to be moreLotz et al. (2010b) and Conselice (2006) used only disk gesax

detectable for lower mass pairs.

In Sectior 3.411 we found that with decreasing pair separati
the low mass galaxy in a minor merger becomes highly asynienetr
while the more massive companion shows little change. Aatdit
ally, the fraction of galaxies identified as being in a maj@rger
with a mass ratios ok4:1 decreases progressively towards lower
masses. Fol0"'* < M. < 10"°Mg ~ 85% of the highly
asymmetric galaxies with a companion are in a major mergatew
for 1035 < M. < 10%°Myg this fraction drops tov 35%. Of
course the smaller companion in a minor merger is usually de-
stroyed by the strong tidal field of the larger galaxy so iigexted
that it will become highly asymmetric at some point. The higis
fractions of lower mass galaxies also likely prolongs ankiagices
the high asymmetry in low mass minor mergers. A combination o
contaminating light from the primary, inherent asymmeaywell
as high gas fractions, are likely combining to produce a hgym-
metry measurement in these galaxies.

to calculate the values dferger, 4, While in reality, early type,
spheroidal systems dominate the populations of higher gelag-
ies. Itis possible thaly,erger, 4 is Significantly shorter for mergers
between spheroidal galaxies compared to disk galaxiesltires
in higher merger rates, particularly for higher mass gajsogula-
tions. For this reason, and because of the difficulty in deit@ng
the morphological types of progenitor galaxies in advanoedg-
ers, no effort was made in this study to sub-divide the gatagyger
rates based on morphology. Future work determining whatceff
the progenitor galaxy’s morphologies haveBherger, 4 i Clearly
needed. In light of this, the merger rates presented herkkafg
lower limits, especially for higher mass, spheroidally dioated
populations.

As mentioned previously, galaxies selected using the CAS
method are predominantly undergoing a close pass or in post
merger. Therefore the merger fraction obtained using tlathod
misses most of the galaxies which are between close pasdes an
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at large relative separation, although our estimate of tlagom
merger rate accounts for these missed galaxies statistically. In
Casteels et al| (2013) it was found that galaxies with venséo
tidal arms can be identified with a companion up~0120 A,
kpc. Similarly, Patton et all(2013) find evidence of intéi@ en-
hanced star formation up te 150 h;; kpc. Such galaxies are
likely near their maximum separation between their first aad-
ond close passes. In order to obtain a definitive measurewh &g
mass dependent merger rate a combination of different rdstho
will need to be used to identify all merging galaxies, at &bes of
the merger process. Future pair studies will need to acalyrat-
count for interloper pairs as a function of mass, while stadvhich
use morphological methods, such as this one, will need tecty
estimate the effect which gas fraction, mass and morphdiege
on the merger detectability time scales.

5 CONCLUSIONS

We study 1470 highly asymmetric galaxies, 142 of which are in
very close pairs, as seen in the combination of GAMA data and
SDSS imaging. We analyse these data together to derivenpiexpe
of the nearby merging population. Our major results include

(i) Galaxy pairs at all masses and mass ratios are found t®@ sho
a significant increase in asymmetry fo5 < 1.5 x (r1 + r2).
In major mergers with mass ratios @f:1, both galaxies in a pair
show a strong increase in asymmetry, while for minor mergéts
mass ratios greater than 4:1, the lower mass companion lescom
highly asymmetric, while the larger galaxy is much lessaéd.

(ii) The fraction of highly asymmetric galaxies identifies lae-
ing in a major merger pair (with mass ratios<o#:1) decreases pro-
gressively towards lower masses. ROt 0 < M, < 10*° M,
~ 85% of the highly asymmetric galaxies with a companion are in
a major merger, while fot08° < M, < 10°°M this fraction
drops to~ 35%.

(iii) We find that the major merger fraction is fairly constaat
~ 1.3 — 2% between10®® < M. < 10'*°M,, and increases
to ~ 4% at lower masses. We argue that lower mass major merg-
ers should be detectable for significantly longer periods thigher
mass major mergers, due to the strong increase in galaxyayas f
tion with decreasing mass. The major merger rate is found-to i
crease with increasing mass, approximately tripling okerrhass
range probed, rising from 0.04®.009 mergers galaxy Gyr*
at M, ~ 10%%° M, to 0.046+0.012 mergers galaxy Gyr ' at
M. ~ 1025 M, The total co-moving volume major merger rate
for 10%° < M, < 10**° M, is calculated agl1.2 +0.5) x 1073
h3, Mpc~3 Gyr 1.
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