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ABSTRACT

In this paper we aim to (i) test the number of statisticallstidict classes required to classify
the local galaxy population, and, (ii) identify the diffeiees in the physical and star formation
properties of visually-distinct galaxies. To accompligist we analyse the structural parame-
ters (effective radiusK.s ), effective surface brightness withi®. ¢+ ((1).), central surface
brightness (), and Sérsic indexn()), obtained by fitting the light profile of 432 galaxies
(0.002 < z < 0.02; Viking Z-band), and their spectral energy distribution using rrdind
photometry in 18 broadbands to obtain the stellar ma$s)( the star formation rate (SFR),
the specific SFR (sSFR) and the dust mads,(;;), respectively.

We show that visually distinct, star-forming dwarf gales{@regulars, blue spheroids and
low surface brightness galaxies) form a unimodal popufetica parameter space mapped by
()e, o, ny Repy, SFR, SSFRM*, Mg, and (g — 7). The SFR and sSFR distribution of
passively evolving (dwarf) ellipticals on the other hanitistically distinguish them from
other galaxies with similar luminosity, while the giant geiles clearly segregate into star-
forming spirals and passive lenticulars. We therefore sagtihat the morphology classifica-
tion scheme(s) used in literature for dwarf galaxies onfieot the observational differences
based on luminosity and surface brightness among the appdistinct classes, rather than
any physical differences between them.

Key words: galaxies: dwarf; galaxies: evolution; galaxies: fundatabmarameters; galaxies:
general; galaxies: statistics; galaxies: structure

1 INTRODUCTION lated by their environment, such that red, bulge-dominaped-

The visual appearance of a qalaxy is the manifestation aitits sively evolving galaxies are mostly found in the dense cores
pp 9 Y of galaxy clusters and groups, while blue, star-formingkgi

2;;22“22 glfeta(;mtS\t/(ias”l?ertlcn(zgtre%to?gd’ (l);r;m:r;m(iﬁnﬁmrm@(:\g_ galaxies appear more frequently in less dense envir_onnﬁgrgs
L ' . phology galaxy ¥ . rO). But can a galaxy evolve from being disky to
vide |mpprtant cluestoits formatlon_ mechanisms, but thgévity spheroidal away from the harsh environment of clusters and
of Specmc features such as the spiral structure and badl pod groups? To learn about the mechanisms responsible for tenve
tentlally be used to understand secular evolution. . ing one galaxy population into another, and, any evolutipfiaks

Itis however a known fact that galaxy properties are modu- between visually distinct galaxies, it is important to gebanplete
description of galaxies which are evolving independentefim-
pact of dense environment.
* E-mail:snritimahaj an@i sernohali.ac.in
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Historically, galaxies were distinguished by visual cifisa-
tion 6), supported by quantitative descriptbheir
stellar light profile O). But since Hubble'siing

fork diagram, we have come a long way in classifying galax-

ies based on spectroscopic or photometric data obtaineduin m
tiple wavebands. After morphology, the most popular cfassi
tion scheme for galaxies is based on luminosity. Most studie

based on wide-angle survey data such as those obtained by th

Sloan Digital Sky Survey (SDSS), define galaxies faintemtha

M, ~ —18 mag as dwarfs. One of the key characteristics of low-

luminosity galaxies however, is their low surface briglstevhich
is correlated with their luminosity albeit with considelalscatter
(Caldwell 1983 Binggeli. Sandage. & Tarenghi 1984). Hoerev
in some cases like the giant low surface brightness (LSByal
Malin | 7), and galaxies having extendechvi-
olet disks (e. 7), the need to distiniglistween
low-surface brightness and low-luminosity galaxies miggimore
critical than immediately intuitive.

The literature on low-luminosity, low surface brightness
galaxies is further complicated by incorporation of exiemgar-
gon over the decades. Although dwarf ellipticals (dEs),aidnir-
regulars ((d)Irr), dwarf spheroidals (dSph), dwarf spim@d lenticu-
lars (dS, dS0), blue compact dwarfs (BCDs), ultra-compaetrts
(UCDs), and little blue spheroids (LBS) all have their gbos pres-
ence in the extensive literature, it is often not obvious tiveethe
difference between these subpopulations of galaxies éxteyond
their morphology, or if one class is related to another oir thiant
counterparts.

While dwarf ellipticals, which are predominantly found in
rich galaxy clusters, have received considerable atteritiothe
context of the dichotomy between dEs and giant ellipticalg.(

to separate galaxies, especially dwarfs, into statigyiodistin-
guishable populations.

At this point we emphasise that our unique sample (8-87 Mpc)
helps in bridging the gap between studies of galaxies in dhe |

cal volume € 10Mpc; Sharina et al. 2008; McConnadhie 2012)

and statistical analyses of galaxies in rich clusters ssckiao

416 5 Mpc) and ComaA 100 Mpc).

We characterise the dataset used in this paper and varieus se
lection biases that may affect our analysis in the followsegtion.
In g3 we explain the methods we used for classifying our sample:
(i) the visual classification scheme, (i) the light profilifig algo-
rithm which is used to quantify the morphology of galaxie®tigh
structural parameters, and, (i) the spectral energyibigion fit-
ting procedure used to estimate the star formation and dapep
ties of galaxies. We discuss the relation between variouststral
parameters obtained from fitting the light profilef, and discuss
the star formation and dust properties of our sampkginvarious
implications of our analysis on the stellar mass functiogalfxies
and the unimodal nature of galaxies are discussé@,ialong with
the limitations of our analysis. We conclude with a summdrnyur
findings in{7.

All distances, magnitudes and masses in this paper are-calcu
lated under the assumption oA&CDM concordance cosmological
model withHy = 70km s™* Mpc™*, Q4 = 0.7 and2,,, = 0.3.

2 DATA AND SAMPLE SELECTION
2.1 GAMA spectroscopic data
The Galaxy and Mass Assembly (GAMA) survey is a combined

Kormendj/ 1985/ Graham & Guzman 2003; Kormendy & Bender spectroscopic and multi-wavelength programme that etepleiri-

[2012;[Grahah) 2013, and references therein), and, morethecen
for structure ‘hidden’ under the smooth radial profll_
mm), other classes of low-luminosity galaxies metéoeen
studied much beyond the local volumg (0 Mpc). This is partly

ous ground-based and space-borne observing facilitie¢sdy sos-
mology and galaxy evolution. The GAMA spectroscopic cargpai

is based on the Sloan Digital Sky Survey (SDSS; Data Release 7
imaging complete to- = 19.8. The survey, after completion of

due to the lack of data and partly due to the low volume density Phase Il will have photometry in 20 wavebands, from far ultra
of these galaxies, which are hard to observe and easily dhisse olet to radio, and, spectroscopic redshifts 401300, 000 galaxies

from observations focussing on interiors of galaxy clust@ithin
the local volume however, dwarf galaxies, especially tharndv-
regulars have been well explored at the optical (e.g. Shati@l.
12008; Herrmann, Hunter, & Elmegreen 2013) as well as the-ultr
violet wavelengths (Hunter, Elmegreen, & Ludka 2010). hasv-
ever only with the advent of wide-angle sky surveys in the las
decade or so that itis finally possible to measure a suffiei@ome

of the local universe to sample large numbers of low-lumigos
stellar systems outside the extreme environments of chiste

(z < 0.25) in three equatorial regions, each measurl2gx 5
square degrees and two southern fields of similar size (Deival.
2011).

The surface brightness completeness limit for the GAMA sur-
vey is mainly driven by the SDSS imaging, and is important for
understanding some of the selection biases in our sampieeFa
than this completeness limit the imaging data becomesiabtel
Since the targets for the spectroscopic campaign for GAMYsar
lected in the-band, in Figur&ll we show the number distribution of

One such programme is the Galaxy and Mass Assembly sur- all the GAMA Il sources withr < 19.8, SURVEY_.CLASS> 1 and

vey (GAMA,; 1), which now provides a unique op
portunity to analyse the properties of low-luminosity, lewrface
brightness galaxies because of its very high volume (al2®800
Mpc?) at low redshifts. The GAMA survey regions were not se-
lected on the basis of environment. With photometric andtspe
scopic information for nearby galaxies in hand, in this pobjwe
aim to:

e characterise the galaxies, especially dwarfs, residingyaw
from clusters,

e compare the intrinsic and physical properties of visualss d
tinct galaxies with an aim to find evolutionary links betwekam,
and

VIS_CLASS< 1 or = 255 (Baldry et al[2010). The VISLASS
parameter signifies the likelihood of an object for beingrgeaafor
spectroscopic follow-up. Many of the low-redshift targate clas-
sified as VISCLASS= 3, implying they are deblended part of a
galaxy, and are excluded from our analysis.

The bottom panel of Figullg 1 shows the fraction of galaxies
with reliable redshifts (quality of redshify@Q > 3;
@) in each bin of surface brightness, in this sample. As ex
pected, the completeness fraction drops towards faintdacgi
brightness and goes below 95% @t > 24.2magnitude per
square arcsecond. This is in agreement with the medidiniit of
e = 24.60 magnitude per square arcsecond derived for GAMA

| (Teompiete = 19.4; [Kelvin et al.[201P). Since we are mainly

e determine the minimum number of classes which are required dealing with low-luminosity and low-surface brightnesdagées
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Figure 1. (Top) The number distribution of all GAMA Il sources with
r < 19.8 and reliable redshift(Bottom) Redshift success rate for all
GAMA Il galaxies as a function of surface brightness in bih4@00 galax-
ies. The horizontal and vertical dashed lines represent @sfhift com-
pleteness and surface brightness completeness limit ef 23 magnltude
per square arcsecond adopted here (also for SDSS
respectively.

in this paper, we adopt a conservative surface brightnesplebe-
ness limit ofu. = 23.0 magnitude per square arcsecond, consistent
within the limit advocated ih Blanton etlal. (2005).

The sample used in this work is selected from the GAMA I
catalogue such that@) > 3 and0.002 < zronry < 0.02 (see
.mZ, for details on the local flow correctiomhis
redshift range is optimally chosen to exclude galacticssaad en-
able visual classification of low-luminosity and low sudaright-
ness galaxies in the shallow imaging data from the SDSSMI i
ages were visually inspected for any remaining artefatdss sind
duplicates resulting in the final catalogue of 432 galaxiesld-
ing those fainter thap. = 23.0 magnitude per square arcsecond)
which is used throughout this paper unless stated otherwise

All magnitudes used in this work are corrected for galac-
tic extinction and K-corrected te 0 using kcorrzOOv03
(Loveday et dl. 2012) and GalacticExtinctionv02 data manzent
units for GAMA 1. While GAMA 1l is 99% complete for galaxies
down tor = 19.8, Figure[1 shows that the surface brightness in-
completeness starts becoming significariat > 24.2 magnitude
per square arcsecond. This limit thus restricts the ovexall
gular size of the detected galaxies such that,.: = m +
2.510g(27 RE 15 ), Wherepimt, m and Ry;mi; are the limiting ef-
fective surface brightness, magnitude and limiting sizétie sam-
ple, respectively (see Graham & Driler 2005, for a detailedva-
tion of the formula).

2.2 TheViking data
The VISTA Kilo-degree Infrared Galaxy surveyiking) will

cover 1,500 square degrees of sky in five broadband filters

(Z,Y,J, H, K;) with the 4.1 metre Visible and Infrared Survey
Telescope for Astronomy (VISTA), located at the Paranalédbs

(© 2013 RAS, MNRASD00,[TH18

vatory in Chile. TheViking data ha2x better resolution((.6”),
and depth approximately two magnitudes deeper than the SDSS
Since the GAMA parent sample was selected instHzand,
while here we choose to present the analysis iMikang Z-band,
we need to evaluate the limiting values for all parametethéry-
band. The difference between the SDSBand and th&/iking Z-
band magnitudes for our sample galaxies is in the rang69 <
m, —mz < 1.96, with a mean difference of 0.31 magnitude and
standard deviation of 0.36 magnitude, respectively.+ar5% of
the galaxies with data in both wavebands, the mean differémc
the effective surface brightness within the effective uads 0.35
magnitude per square arcsecond. Based on the above mehtione
differences, in the following we assume a limiting effeetaurface
brightness ofu;mi: = 22.65 magnitude per square arcsecond. The
limiting magnitudem;;mi: = 19.5 mag at ourz,, . = 0.02 in the
Z-band translates t8/z;mic = —15.

2.3 Environment of galaxies

As we discuss in Secti@n 1, most previous studies of low-harsity
galaxies focus on the dense environment of rich galaxy etast
There are however, no massive clusters or groups in any of the
three equatorial GAMA regions at< 0.02 as demonstrated by the
redshift distribution of GAMA galaxies in figure 5

). In order to quantify environment for our sample, usoa
made use of the GAMA group cataloglie (Robotham €t al.|2011).
However, due to the high lower redshift limit of this cataleg the
clustering information based on the friends-of-friendsthod is
only available for a subsample of 263 of our galaxies at 0.01.
Ofthese 263, 11 galaxies are found in groups with multiplizi 3,

and another 25 are in pairs.

Together, these properties demonstrate that the galaxms i
sample avoid the very dense cluster environments typicedast
previous dwarf galaxy samples. This does not however impdy t
they are entirely isolated, but do satisfy our aim to detamthe
properties of galaxies evolving away from the influence afsae
environments.

3 METHODOLOGY

We adopt three independent methods for the classificatigalak-
ies: visual classification based on inspecting the fivetgto®DSS
images, quantitative structural analysis based on the hiogief
the light profile of galaxies, and star formation propertiesained
by fitting the spectral energy distribution of galaxies. Vésctibe
each of these methods below.

3.1 \Visual classification of galaxy morphology

The visual appearance of galaxies has historically beeth tosen-
derstand their evolutionary sequence and formation meésiman
by separating them into classes. The Hubble tuning forkrdiag
), for instance is in use to the present day. Tiie H
ble sequence, which was designed to be an evolutionary segue
in morphological types, can also be interpreted as a sequi@enc
gas content, mass, and bar structure of galaxies, all oftwdrie in
a symbiotic relationship with their global star formatiate (SFR)
and dynamic environment.

One of our key motivations for this project is to test if gaéx
that can visually be classified into separate classes, a@istitally
distinguishable in other properties, indicative of an atiohary
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Figure 2. Montage of representative galaxies from each of the sialligidentified morphology classes. The GAMA Il ID and class ahown at the top of

each image followed by its objID from SDSS(DR7).

link between them. To accomplish this, Mahajan visuallpsited

the five colour SDSS images of all galaxi@s002 < z < 0.02) five
times, classifying them into six categories as detailedvein this
redshift range the physical resolution of the SDSS imagasoisnd
0.05 — 0.48kpc. The classification scheme was designed without
any presumptions about how many categories were requined. |
other words, a new category was created based on the imaafiag d
if there appeared to be galaxies which shared common trditeir
appearance, but did not fit into any of the existing classezhav
jan, Driver and Drinkwater also visually classified the trmlour
images in theyi H wavebands. On average, the various classifiers
agreed 80% of the time with the low-surface brightness gedax
and blue spheroids with red centres appearing as the mastfdbu
cases. Amongst different types, different classifiersgiised with
themselves and with each other for galaxies mostly cladsite
irregulars; a non-negligible fraction of the irregular @ydks were
equally likely to be classified as an LSB or a blue spheroid.

all galaxies using their broadband colour and morphologleW
possible however, broadband colour was not accounted fodlier
to simplify the morphology classification scheme (Figure The
different classes and total number of galaxies in each eliass

e Elliptical (E; 21): Galaxies which are morphologically ellip-
tical in shape. They are mostly red in colour.

e Spirals (Sp; 47)Galaxies showing well-defined spiral arms or
clearly identifiable edge-on disks. These galaxies oftemston-
spicuous signs of ongoing star formation, such as Hll regiand
stellar associations forming spiral arms.

e Lenticulars (L; 26):Red, disk galaxies with a resolved nu-
cleus. These galaxies are mostly big and bright, occagjostabw-
ing signs of some ongoing star formation in rings around eus)|
or low surface brightness disks without spiral arms.

e Blue spheroidals (BSph; 73Lolour plays a key role in suc-

The visual classification scheme was designed to categorisecessfully identifying these galaxies. They are very blue gener-

(© 2013 RAS, MNRASD00,[1HI8
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ally compact spheroids, morphologically similar to smélipécal
galaxies or bulges of spiral galaxies.

e Low surface brightness (LSB; 69) galaxiekhese extended
objects show very poor contrast with the background in the-fiv
band SDSS imaging. We note that a substantial fraction afethe
galaxies may have been misclassified due to the very shatiag-i
ing data used here. Many of these galaxies may also be ataksifi
as irregular, and as we will show below, these two classedap/e
in most of the parameter space explored here.

e Irregulars (Irr; 196): All confirmed extended sources that do
not belong to any of the above categories.

Some representative examples from each of the six clasges ar
shown in FiguréP.

We did not use luminosity in our classifications and avoided
labelling galaxies as dwarfs or giants based on appeardane a
because the angular size of galaxies is a function of redstofv-
ever, the resulting classifications were a strong functibhuimi-
nosity with the last three classes listed above (BSph, LSBlah
dominating the low luminosity galaxies (as shown in Figurerhe
mean fraction of these galaxies in the whole sample is 78qu&y ¢
with the fraction increasing from zero af; ~ —20 to 100 per
cent atMz ~ —16; it reaches the mean fraction at a luminosity of
My = —18.5. This is equivalent to thédZ,. ~ —18 mag limit for
dwarf galaxies discussed above. We therefore refer to igalaith
Mz > —18.5 collectively as dwarfs in order to make the following
discussions more concise, unless stated otherwise.

3.2 Structural investigation of galaxy morphology with
model analysis(SIGMA)

sieMa (Kelvin et al[201P) employs a range of image analysis soft-
ware and logical filters to perform structural analysis orirgrut
catalogue of galaxies. At the heartMA lieSSOURCE EXTRAG
TOR (Bertin & Arnouts| 1996),PSF EXTRACTOR(PSFEX
[2011) andGALFIT 3 (Peng etdll 2010), which are aided by ad-
ditional packages in the fitting process. Detailed explanatfor
various packages and their respective roles in the fittinggss
are given bl2}5|GMA only requires the image
and the position of the primary galaxy therein as an inpuhén
outputs magnitude, fitted sky background and the fit paramdee
scribed below.

GALFIT fits a single Sérsic function to each primary galaxy
with seven free parameters: object centrgsand yo, total inte-
grated magnituden..., effective radius along the semi-major axis
R.sy, Sérsic index, ellipticity and position angle. Secondary ob-
jects in the image are modelled by either a single Sérsictiom
or a scaled point spread function (PSF) for stars, as apptepr
The PSF comprises three free parametarsyo and m.:. See
I.O) for more information on the fitting process
single Sérsic function which describes the light profileafalaxy
as a function of its radius is given by the Sérsic equation

I(r) = Lexp [—bn << )1/1, - 1)] ,

where I(r) is the intensity at radius, I. is the intensity at the
effective radiusR.;¢, the approximate radius containing half of
the total light, and: is the Sérsic index which determines the shape
of the light profile of a galaxy. The value @f, is a function of
the Sérsic index. A large number of profile shapes can bel fitye
varyingn; n = 0.5 gives a Gaussian profile, = 1 an exponential
profile suitable for galaxy discs, amd= 4 a de Vaucouleurs profile

T
Rcff

@

(© 2013 RAS, MNRASD00,[TH18

mostly associated with spheroids such as giant elliptiaédodes
(seeé Graham & Drivér 2005, for a detailed description of tesi®
model). The quality of fits can be judged from Figlile 3, which
shows a typical example of fitted light profile for each morplyy
class discussed above. Althoughd1% of our sample galaxies are
fitted well by SIGMA, the single component Sérsic model does not
fit the centre of the nucleated larger galaxies, spirals amitulars,
well. The number of galaxies in each morphology class whige |
profile could not be adequately fitted I3yGMA are presented in
Table[d1. We note that some of the galaxies may have more than
one issue and hence are counted more than once for this \éble.
discuss some limitations of the single component Sérsibainand
its impact on the presented analysis furtheffeid.

It is however notable that only 2/21 elliptical galaxies in
this GAMA sample may require a nuclear component, suggest-
ing that in contrast to the (dwarf) elliptical galaxies inusi

ters kThomas Drinkwater, & EvstigneH\_/a 2k)08), most of tve-|
luminosity elliptical galaxies are not nucleated (also

2000).

No explicit constraints are placed on the parameters fityed b
SIGMA. However,GALFIT has an internal limitation for Sérsic in-
dex such thad.05 < n < 20, where the lower limit is a ‘soft’ limit

and the upper bound is a hard Ii012).

3.3 Multi-wavelength Analysis of Galaxy Physical Propertes
(MAGPHYS)

The spectral energy distribution of all the galaxies in cample
was fitted using the Multi-wavelength Analysis of Galaxy Bilagl
Properties|(da Cunha, Charlot, & Elhaz 2088\GPHYS). The 18
band photometry was derived from cross-matching a numisisof
tinct catalogues which include: the far ultraviol&t{ V') and near
ultraviolet (VUV') GALEX data (GalexMainv02; beshagnuv,
bestmagerrnuyv, bestmagfuv, bestmagerrfuv; see Seibert et
al. in prep); the aperture matched — K photometry (Ap-
MatchedvO4; Kron aperture matched photometry using SExtra
tor, sel.l) for details); publicly availabl|SE data
m. (2010, http://irsadist.ipac.caltech.edsawallsky/;
w(1,2,3,4)mpro and w(1,2,3,4)sigmpro), and bespoke nreasu
ments from the Herschel-Atlas SPIRE observations (18BhodP
tometryv01) using the-band defined apertures convolved to the
relevant SPIRE band point-spread function, and taking twaegp-
portion flux from overlapping targets as described in Appeid
of I.@Z). A full description of the analysigioé as-
sembly of these data will appear in Driver et al. (2014, imppre

To overcome the background confusion level and the bright
high redshift interlopers in the SPIRE bands, measuremeets
also made in apertures of identical area to the target gedebit
placed at random locations across the SPIRE data (Drivet. et a
2014, in prep). The mean flux in the random apertures were then
subtracted from the flux measured at the location of the targe
galaxy, and a flux error assigned based on the quadraturei-comb
nation of the remaining measured target flux and the variaifce
the random measurements.

The 18 band measurements were then converted
from magnitudes to Janskys and fed INntMAGPHYS
(da Cunha, Charlot, & Elbhz_2008MAGPHYS then compares
the data to an extensive library of stellar population andtdu
templates to derive fundamental measurements given flux mea
surements, the redshift and the known filter-set. For eatdxga
MAGPHYS provides both best-fit values for derived parameters,
and marginalised median and quartile values. Here we atlept t
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Figure 3. The surface brightness fits in the VIKING-band for some of the galaxies in our samjleft to right from top:)An elliptical, spiral, lenticular,
irregular, blue spheroid and low surface brightness galespectively. Each panel shogockwise from top left:}he original Viking Z-band image, Sérsic
model, 1D light profile (with residuals: image-model at tlatbm), residual image and, ellipses centred on the prirgalgxy used for estimating the light

profile along with masked objects, respectively.

Table 1.Success rate fag1GMA andMAGPHY sfitting for different morphological classes.

Class— Elliptical ~ Lenticular Spiral BSph Irr LSB
Number (Percentage) of galaxies in each class 21(4.86) 26(6.01) 47(10.88) 73(16.89) 196 (45.37) 69 (2p.9
Issues|

SIGMA fails to fit the centre of the galaxy 2 8 21 15 7
SIGMA fails to fit the outskirts of the galaxy 4 4 6 16 3
sIGMaA fits a profile withAx > 0.2] in at least one bin 2 5 7 2 18 6
SIGMA fails to fit a surface brightness profile 1 8 13 5
Companion object(s) interfering with the light profile fiigj 2 1 2 12 3
MAGPHY sfit not good 1 1 5 5 1
MAGPHYsfalils to fit the SED 1 1

median and quartile values (which on occasion may lie signifi
cantly adrift from the best-fit values), for the followingrpaneters:
stellar massM™, dust massM ., Star formation rate and the
specific star formation rate.

4 THE STRUCTURAL PARAMETERS OF
MORPHOLOGICALLY DISTINCT GALAXIES

In this section we analyse the relation between variousistral
properties of galaxies estimated by fitting their light deofn the
Viking Z-band with a single component Sérsic model.

In order to test if the visual morphology of a galaxy is asso-
ciated with its light profile, in Figurgl4 we show the distriloun
of different morphological classes in surface brightness$ $érsic

© 2013 RAS, MNRASD00,[TH18
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Figure 4. (a) The Sérsic index: is shown as a function of the effec-
tive surface brightnes$u). for morphologically distinct galaxies in our
GAMA Il sample. Different morphological classes are represd by dif-
ferent colours and symbols as per the legend, and measuremzsrtain-
ties are shown for all classes except the LSBs to maintaiitycl@he verti-
cal dashed line represents the surface brightness comedstdimit for our
sample in theZ-band. (b) The same, but shown as a function of the con-
centration indeX Roo/Rs0)r. These figures show that albeit with a huge
scatter, the effective surface brightness is correlated thie light concen-
tration of galaxies, and the correlation betweesnd (1) seen in the upper
panel is not a result of parameter coupling in the Sérsicehod

index. Although there is almost an order of magnitude oftscat
in n at any{u)., a trend is clearly visible, such that higher sur-
face brightness galaxies have higher stellar concentratiwards
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Figure 5. The Sérsic index as a function of the effective radius, s y for

(a) disk-dominated, and (b) bulge-dominated galaxiepees/ely. Unlike
then-log Ry correlation presented in the literature (see text), and see
here for the bulge-dominated galaxies, we do not find anyreppdrend
between logR. y y andn for non-spheroidal galaxies.

ing lenticulars in the nR.;; plane such that the product moment
correlationr = 0.414, while including ellipticals slightly worsens
the correlation withr = 0.365 (Figure[B(b)). Figurél5(a) shows
that although spiral galaxies are somewhat disjoint froe résst
of the ensemble, none of the disk-dominated categoriesdISpir-
regulars and LSBs) show any apparent trend in this parasieaee

(r = 0.134). Some of the intrinsic scatter within each morphologi-
cal class may be due to the measurement uncertainties, iictne
pability of the single component Sérsic model to fully egent the

the centre. In the bottom panel of Figurke 4, we show the same stellar distribution in low-mass, faint galaxies represenby the

replacingn with the concentration indekRgo/ Rs0)-, Where R,
is the Petrosian radius containings of the galaxy’s light in the
r-band. Together, these figures show that the correlatiomewmet

irregulars, blue spheroids and LSBs. However, since thetifma
of galaxies in each class where the light profile is not edtha
properly is small (TablE]l1), we claim that the lack of a catiein

n and (i) does not result from parameter coupling in the Sérsic betweenR.;; and (u). for non-spheroidal galaxies is real. The

model.

limitations of our data and methodology are discussed éurih

Several authors have suggested a correlation between thef6.4.

physical radius ana for luminous elliptical and lenticular galax-
ies, as well as dEs in clusters (elg. Caon, Capaccioli, & D0
11993; Caon & Einasto 1995; Young & Curtie 1995). Even though
our sample does not include classigak 4 ellipticals, in Figurd b
we find a similar correlation for the bulge-dominated gataxin
this sample. It is particularly interesting that the stamfing blue
spheroids form a continuous distribution with the pasgiesfolv-

(© 2013 RAS, MNRASD00,[TH18

Figure[® shows the distribution of morphologically distinc
galaxies in the plane spanned by effective surface brighktaad
the effective radius. As in Figufd 4, the different clasggit sito
distinct populations, but with considerable overlap. Wartify
this observation using the Kolmogrov-Smirnov (K-S) stited
probability for various parameters for all pairs of visyatlistinct
galaxies in AppendikA. Table A5 foR. ;s shows that ellipticals
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brightness withinR. ¢ ¢, (1) for all galaxies. The symbols and colours are
same as in Figuriel 4, and the vertical dashed line is the sulfaghtness
limit for our sample. The different locus of various morpbgical types
shows the unconscious bias affecting visual classification
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Figure 7. Effective radius R s y as a function of theZ-band magnitude for
galaxies in our sample. The symbols and colours are sameFigure[4.
The vertical dashed lines represents the limiting mageifod our sample.
This figure shows that albeit with some scatter, all galaglesny a mono-
tonic relation betweerR, ; y and luminosity, such that the more luminous
galaxies tend to be larger. At lower luminosities, LSBs tenbe larger than
the blue spheroids and the irregulars, while at the bright spirals have
larger R, s ; relative to the lenticulars.

are likely to have a statistically similar rangef ¢ s to all types of
galaxies except spirals and lenticulars. The LSBs anduteeg are
also likely to have similaiz. ;s distributions. Table A8 on the other
hand shows that th€u). distributions are statistically different
for all types of galaxies except ellipticals, which showtistically
similar distribution to spirals as well as blue spheroidsthaut
the visual classification however, the sample fails to sggeeinto
distinct population. Such a lack of correlation betweef. and

10

Sersic index
Lol

—-20 -15
M, (mag)
Figure 8. Sérsic index of galaxies as a function bf,. The vertical line
marks the magnitude limit for our sample, and symbols andwsl are
same as in Figuid 4. While giant galaxies seem to segregat®iphologi-

cal type, the low-luminosity galaxies form a unimodal p@iain. It is note-
worthy that the unimodality of the low-luminosity galaxissnot entirely a
consequence of the measurement uncertainties in the éstiparameters,
shown for all galaxies except the LSBs (see Table 2).

continuous distribution in this parameter space represgnmass
and angular momentum

A similar trend continues in the plane spanned by absolute
magnitude {/z) andn. As shown in Figurgl8, giant galaxies split
into two branches, the passively evolving lenticulars athilghn
end @@ > 2), and spirals at low: (n < 1). The dwarfs on the other
hand do not show any trend in this space with LSBs, irregulars
and blue spheroids forming a single ‘clump’ in the dwarf regi
(Mz > —18). The product moment correlation for the entire sam-
ple in this plane isr = —0.210, which reduces to a negligible
—0.065 when only dwarfs are considered. The K-S statistic sug-
gests that among dwarfs, blue spheroids and ellipticatsjraeg-
ulars and LSBs show statistically similar distributionsrin/Ap-
pendix8). Then distribution of spiral galaxies is also statistically
similar to irregulars and LSBs.

Together, Figurds 4 {d 8 show that while Sérsic index is @algoo
guantitative representation of the morphology of lumingatax-
ies, itis not an effective measure for dwarfs, even at therémighift
(z < 0.02) considered here.

Figure[9 shows the bivariate brightness distribution (BBD)
our sample in thé\lz-{u)e(uo) planes. It is remarkable how dif-
ferent morphological classes segregate into distinctespat the
plane mapped by the (central/effective) surface briglstizesl ab-
solute magnitude, but link to form a continuum across thé&rent
range. This is reflected in the K-S statistical probabdifier differ-
ent types of galaxies showing the distribution/ g}, 1.0 and mag-
nitude to be drawn from the same parent population. AppdAtix
shows that the distributions ¢fi). anduo are different for all com-
binations of visually distinct galaxies except the ellipis and blue

R. ¢ has previously been observed among luminous galaxies (e.g.spheroids, and, ellipticals and spirals. Itis interesthg this trend

Boyce & Phillipps 1995).

Figure[T shows the distribution of the galaxies in fhdand

is seen in the more commonly usegland not justin/x.)., because
()e can be measured more robustly relativem;cwhose measure

magnitude andr.; plane. This figure adds strength to the above is strongly affected by the quality of seeirg (Graham & Gapm’

argument, by showing that the morphologically distinctagés

have a distinct locus in the 3D space mapped by absolute magni

tude, surface brightness and effective radius,thaey all form a

12003; Boselli et al. 2008).

The giant galaxies in Figufd 9 split into two sequences, one
of star-forming spirals and the other formed by lenticuldrse

(© 2013 RAS, MNRASD00,[TH18
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Figure 9. (a) Central surface brightness and (b) effective surfaicgtiess,
respectively as a function df/; for our sample. The symbols and colours
are as in the legend. The vertical dashed line marks theirignihagni-
tude for our GAMA Il sample. For the central surface briglssgop), the
horizontal dashed lines represent the expected valuesspamding to the
Sérsic index, & 1 and4 using the formulae derived ver
M). In thebottompanel the horizontal line represents the surface bright-
ness completeness limit for our sample.

lenticulars in particular have statistically distinctigistribution of
(u)e relative to all other types of galaxies (Appendix A). At a
given magnitude, spirals on an average h@ye fainter by around
two magnitudes per square arcsecond than the lenticuladg,a
fainter by around four magnitudes per square arcsecongdeces
tively.

To summarise, in this section we have shown that although
morphologically distinct galaxies have different centioand sta-
tistically different distributions in many of the 2D parareespaces
mapped by luminosity and the structural parameters, therdiit
classes especially among the dwarf galaxies overlap signifyy.
Table[2 shows the mean, standard deviation and the standard e
ror on mean for(u)., po, Reyy andn, respectively for different
morphological types. Tabld 2 shows that despite being ecayiy
distinctive, the distributions of structural parametergisually dis-
tinct galaxies are very broad and overlap extensively, ¢hrengh
the measurement uncertainties are negligible relativeatatter
within each class. The broad width of the distributions cHfjpeally
of R.yy andpo (i) may be an indication of different evolution histo-
ries of morphologically similar galaxies, or, (ii) a resaftan artifi-
cial categorisation of a continuous galaxy morphologyritigtion

(© 2013 RAS, MNRASD00,[TH18

into discontinuous classes. The same however may alsaied|}
the inefficient modelling of the light profile for some strudl pa-
rameters such ago (Table[d1; also sef6.4), and, (ii) uncertainty
in our visual classification of the low-luminosity galaxid®etter
imaging data and multi-component modelling of light profilie
required to confirm this.

5 STAR FORMATION AND DUST IN
MORPHOLOGICALLY DISTINCT GALAXIES

With the aim of getting further insight into the differendestween
morphologically distinct galaxies, we fitted the multi-ligshotom-
etry available for most of our sample, withacPHYs (§3.3). Here
we describe how morphologically distinct galaxies behavéhe
parameter space formed by the star formation and dust gieper
of galaxies.

Figure[I0 shows the well-known trend in the star formation
rate (SFR) withM =, viz., SFR increases, while specific SFR,
SFRIM™ (sSFR henceforth) decreases with increasing stellar mass
of galaxies, respectively. In this sample spanning alnmstérders
of magnitude inM*, once again the star-forming and passive giant
galaxies occupy very different ranges in bati; and sSFR. Since
our sample does not include clusteg) it is unsurprising that the
visually identified elliptical galaxies are mostly low-nsasllipti-
cals ((d)ellipticals, henceforth) and not the classic gélhipticals
dominating the cores of rich clusters.

As an ensemble all dwarf galaxiedZ(' /Ms < 10%) show
steadily increasing SFR with/*. The K-S statistic suggests that
the distribution of M* for all except the irregulars and blue
spheroids, and SFR for all except the lenticular and (ghidils,
and lenticulars and LSBs, respectively are statisticalffernt
(Appendix[A). The sSFR distribution on the other hand is simi
lar for the irregulars, blue spheroids and the LSBs, thesdtmuw-
ing a unimodality among the star-forming dwarf galaxiean®mf
this overlap in the star formation properties of dwarf gadaxmay
however be a result of the scatter within each morphologileas
as suggested by the mean and standard deviations for thi&uwlist
tions of SFR, sSSFR)M ™ and M,,s: for visually distinct galaxies
(Table[3).

If a galaxy has spent most of its life away from the influence
of cluster and large groups, it may be assumed that the pHase o
its passive evolution begins once it runs out of all the cadd g
which would have fuelled star formation. Under these assiomg,
Figure[10 qualitatively indicates that large spiral gadaxsuch as
those probed here, turn into passively evolving lenticylarhile
the low-mass galaxies may turn into small red (d)ellip8calhis
observation is based on the distribution of galaxies in Ipathels
of Figurd 10, where the (d)ellipticals appear in the samesmasge
as star-forming dwarf galaxies, but with extremely low $tama-
tion.

Figure[11 shows the distribution of our galaxies with UV data
onthe(NUV —r) versusM.. colour magnitude diagram. The UV-
optical colour of (d)elliptical galaxies shows that at fixachinos-
ity, they are on average redder than their counterpartdeahithe
other dwarf galaxies form a unimodal population. In the Highi-
nosity regime on the other hand, the lenticulars and spatxies
clearly segregate, such that the lenticulars are on averaged
2.5 magnitude redder than the spiral galaxies. This figurihdu
strengthens the above hypothesis that a star-forming dyedaky
(LSB, irregular or blue spheroid) may evolve into red (djital,
while a spiral galaxy will turn into a lenticular.
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Table 2. Mean (standard deviation) and the standard error on medreafistribution of structural parameters for different ptaslogical classes.

Class— Lenticular

Parametey,

Elliptical

Spiral BSph Irr

1o (mag/sq arcsecond) 17.95(5.45) £1.19
(u)e(mag/ sq arcsecond) 22.06(1.64) + 0.36

14.20(2.02) £ 0.40
20.37(1.07) + 0.21

19.25(1.51) + 0.22
21.59(1.02) + 0.15

19.10(3.20) = 0.37
22.19(0.96) + 0.11

20.18(3.95) + 0.28
22.63(1.01) +0.07

Res (kpC) 521(4.11) £0.90  9.43(6.56) £ 1.20  19.91(12.24) = 1.78  3.36(2.68) £0.31  6.03(5.05) £0.36  5.74(4.30) = 0.52

n 2.05(2.95) £ 0.64  3.01(1.13) £ 0.22  1.24(0.56) £ 0.08  1.59(1.70) £0.20  1.29(1.68) £0.12  1.37(1.57) £ 0.19
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Figure 10.(a) sSFR and (b) SFR of different types of galaxies as a fonaif log M *. The symbols and colours are the same as in Figure 4. All peteam
shown here are the medians of the PDFs obtained for the porrdig parameter from the spectral energy distributidimditusingMAGPHYS (see text). The
lower and upper uncertainties represent the 16th and ttep@centiles of the PDFs, respectively.

In Figure[12 we analyse the dust mass of galaxies in our sam- sions during their “active” phase. Therefore the total duass of a

ple as a function of\/* and the total SFR, respectively. Although
with considerable scatter, the sample shows a trend ofdsirg
dust mass\/,..s:, with M ™, and SFR. As expected, spiral galaxies
have the highest SFRs and dust masses at fi{édalso see Ta-
ble[3). The lenticulars on the other hand, have at least agr afd
magnitude loweM 4, s: at fixed M ™, and several orders of magni-
tude lower SFRs on average. K-S test probabilities (AppelAdli
suggest that the distribution @f/,,,.: for (d)ellipticals is statisti-
cally similar to irregulars and blue spheroids, while thathe latter
two is similar to LSBs as well.

The star-forming dwarf galaxies; irregulars, blue sphdsoi
and LSBs, show a monotonic increasé\ify, s; with M* and SFR,
but no apparent trends segregating different classes. éd fix*,
(d)ellipticals have lowesd 4.,.s:. This trend however reverses with
SFR, such that at fixed SFR (d)ellipticals have the highest du
masses relative to other dwarf classes. In the 3FR=: space,
(d)ellipticals mark the lower limit of passively evolvinggxies in
Mdust-

If we assume that dust is not easily destroyed in galaxies, an
that galaxies can not produce dust once their star formatiors
off, the trend seen in Figute12(a) suggests that the dwaakga
ies will turn into (d)ellipticals as they age. On the othenthaf
May,s: in the giant spiral galaxies is fixed when star formation
turns off, they will fade into the lenticular class identifikere. The

galaxy towards the end of its star-forming phase is likelpedess
than at the peak of its star formation activity. These olzéas
thus imply that star-forming dwarf galaxies may have evdlieo
(d)ellipticals, while lenticulars succeed star-formimirals.

To summarise, the star formation and dust properties dérive
from MAGPHYS efficiently separate giant galaxies into spirals and
passively evolving lenticulars, but fail to distinguistetmorpho-
logically distinct star-forming dwarf classes. This isdiik a conse-
quence of intrinsic scatter within each class and not thesorea
ment uncertainties as indicated by TdHle 3. The (d)elision the
other hand, span a distinguishable range of SFR and sSRReela
to other galaxies of similar luminosity.

6 DISCUSSION

6.1 Stellar mass distribution for different morphological
types and a comparison with the cluster environment

In Figure[I3 we show the stellar mass function for all the gjekg

in our sample, function corresponding to different morplgatal
classes and a representative function for cluster galakiesclus-
ter mass function was presented|by Baldry, Glazebrook, &ebri
m, see their figure 7) for clusters in the RASS-SDSS galax
cluster survey al._2006). Using the relatioangly

fact thatM .. of lenticulars is on average a magnitude lower than [Taylor et al. [(20111) for our sample completeltfy, = —15 atz =

the spirals does not contradict this hypothesis becaus€ostaing
galaxies tend to loose dust via outflows such as supernoyade-ex

0.02, the stellar mass completeness ranges frfoth <logM™* <
7.99, corresponding t0 < (g —4) < 1.2. The upturn at log/™ <

© 2013 RAS, MNRASD00,[TH18

21.15(3.45) + 0.41
23.79(1.31) + 0.16
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Table 3. Mean (standard deviation) and the standard error on medre alistribution of star formation and dust properties fdfiedént morphological classes.

Class— Lenticular

Parametey,

Elliptical

Spiral BSph Irr LSB

log SFR Moyr—1)
log SFRAZ* (yr—1)

—2.20(0.77) £ 0.17
—10.84(0.81) +0.18

—2.03(0.75) £ 0.15
—11.89(0.93) + 0.18

—0.65(0.64) = 0.09
—9.60(1.00) 4 0.14

—2.05(0.56) & 0.07
—9.30(0.66) + 0.08

~1.83(0.57) £+ 0.07
—9.42(0.73) + 0.08

—1.74(0.69) % 0.05
—9.28(0.71) + 0.05

log M* (M) 8.55(0.58) £0.13  9.86(0.47) £0.09  8.95(0.92) £0.13  7.68(0.64) £0.07  7.63(0.54) £0.04  7.41(0.45) % 0.05
log Mgusr(Mo) — 5.02(0.64) £0.14  6.06(0.65) £0.13  6.41(0.75) £0.01  4.74(0.66) £ 0.08  4.85(0.65) £ 0.05  4.64(0.64) + 0.08
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Figure 12. (a) Dust mass in different types of galaxies as a functiod/of and (b) the total SFR, respectively. All quantities plotted determined from
spectral energy distribution fitting usingaAGPHYS (see text). The symbols and colours are the same as in Eiilee4lotted values are the median, while
uncertainties are the 16th and the 84th percentile valugsnalal from the probability distribution function for ali¢ parameters for each galaxy, respectively.

9 seen in clusters (also see Jenkins &t al. 2007; Yamang 28,
and references therein) is apparent in our GAMA sample ak wel
consistent with other comparisons of galaxy stellar masstfon in
different environments_(Baldry, Glazebrook, & Driver 2)08he
low-mass upturn in clusters is evidently steeper than foGAMA
mass function, suggesting that the slope of the mass fumetio
the low-mass end is environment-dependant. Note, howtvatr,
the cluster distribution is derived by statistical subti@t of back-
ground galaxy counts.

There is also a marked difference in the galaxy populations
which contribute to the low-mass branch of the mass function
is noteworthy that in the environments probed here, LSBse bl
spheroids and irregulars, all of which are forming starg\(Fe10),
dominate at log/* < 9, while in clusters this branch is mostly
populated by passively evolving dEs. Deep, spectroscaiie lab-
mogeneously sampling different environments are thusiredto
confirm the differences seen in the faint-end slope of thesrhag-
tion for different environments.

6.2 The bivariate brightness distribution: A comparison with

literature
Generically speaking, galaxies should be
using two independent parametersmchgwn;
IKodaira, Okamura, & Watanabe 1983). While several com-

\Young & Curri¢ | 1995;| Prugniel & Simien_1997), the bivariate
brightness distribution (BBD) appears to be the most etdiging

in the context of structural evolution of galaxies duringithlife

cycle. The BBD showing the natural morphological segreyati

of Virgo cluster galaxies in the space mapped by centrabsarf
brightness and absolute magnitude has been shown by several
authors [(Caldwelll_1983| Binggeli. Sandage, & Tarenghi 1984
Kormendy| 1985| Binggeli 1994). From these seminal works, in
Binggeli's words, “TheM — . diagram for stellar systems might
well become the equivalent of the HR diagram for stars”.

In this work, the BBD in its two forms comparable to
Binggeli’s figures is shown in Figufd 9. The first conclusibatt
can be drawn from these figures is that the effective surfeagatb
ness within the effective radius is directly correlatedhitminos-
ity. This is an intuitive, yet non-obvious inference. In ettwords,
low-luminosity, high surface brightness galaxies (e.gOMBCD1;
3), and luminous, low surface brightnessxges

like Malin | (Bothun et all 1987) are very rare.

In the environments probed here, the giant galaxies spét in
two categories such that the high surface brightness breoch
prises red and passively evolving lenticular galaxies (Fég[10

describable and[I1). The low surface brightness branch on the other hand i

made up of star-forming spiral galaxies. The dwarfs do notwsh
a trend with luminosity; rather each class of dwarf galasigans

binations of such parameters have been explored in litera- the same range of luminosity but the effective surface Ibmiggs

ture (eg | Caldwell |_1983;| Kodaira, Okamura, & Watanabe
11983; |Binggeli, Sandage, & Tarenghi__1884; Kodaita 1989;

(© 2013 RAS, MNRASD00,[TH18

increases between classes, in increasing order: LSBsrégeilars
and the blue spheroids (also see Table 2). This trend idigiith
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Figure 11. NUV —r colour as a function of the-band absolute magnitude
for all galaxies in our sample. The symbols and colours agesttime as in
Figurd4. The dashed horizontal lineMdt/V — r=5.4 is the lower limit for
the passively evolving early-type galaxies in the SDISS #@afski et al.
), while the vertical dashed line marks the magnitudepteteness
limit of our sample. This figure shows that the passivelyhéng lenticu-
lars are on average arouidb magnitude redder than the spiral galaxies of
similar luminosity. In the low-luminosity regime howevet] dwarf galax-
ies except the ellipticals form a unimodal population. Thiptecals on av-
erage are redder than all other dwarfs of similar luminosity
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Figure 13. The stellar mass function of galaxies derived for in-
dividual morphological classes, the composite for the rentam-
ple, and the composite of cluster galaxies based on the bsityn
function derived bym a|jzb06) and convertedMVid by
Baldry. Glazebrook. & Drivé8). The mass function farster galax-
ies was scaled down by a factor of five to aid in comparisonsgemiian
uncertainties are shown for the composite mass functionGiaMA I
sample. While an upturn dbgM* < 9 is apparent in both samples, the
low-mass end in clusters rises more sharply compared torthieoaments
probed by our GAMA sample. It is also evident that the low-snBganch
in the GAMA sample is mainly populated by the LSBs, Irregsiland blue
spheroids, while in clusters dEs are more prominent at tids e

wo and (u)e, although the segregation and mild trend with lumi-
nosity is more obviously seen with the latter.

Most of the literature following the papers published in the
early 1980s either concentrated on resolving the dichotbewy
tween giant and dwarf elliptical galaxies (

to dwarf ellipticals (e.gl_Boselli et al. 2008; Toloba ef{2011, and
references therein). But since dwarf ellipticals have pneidantly
been discovered in nearby rich clusters such as Virgo andaCom
all such papers are somewhat related to the impact of emaizan

tal processes in clusters on the structural propertieslakige. Our
work in this paper, on the other hand, gives a complimentaw v
of galaxy properties, particularly dwarfs, in environneputside
rich clusters.

6.3 Ontheissue of statistically distinct populations of
galaxies in the local Universe

One of our primary aims was to objectively test how many dgti
classes are required to classify the nearby galaxy populeads op-
posed to the number of classes we inferred from our visuasitia
cations. As shown by the 2-dimensional parameter plotgliand

g8, galaxies with different visual classifications have tagping

distributions at fainter luminosities, but appear to spiib star-

forming and passively-evolving classes at brighter lursities. It

is still possible that the dwarf galaxies separate inteedéht clus-
ters in the full multi-dimensional parameter space that inaye

been missed by the two-dimensional projections. We thezedp-

plied a quantitative statistical analysis to test our datef/idence
of distinct groups in the multi-dimensional parameter gpac

6.3.1 Application of the Clustering Algorithm
We used the “k-means” algorith967) to decompos

the data into 2-20 clusters. For a given number of clusteisfinds
the cluster positions that minimise the sum of the squardsedis-
tances from each data point to its cluster centre. We detexdhthe
best number of clusters to choose by usin inski
@,) variance ratio criterion (as implemented in the NisCI
packang). This involves choosing thigipar
that gives the highest ratio of the variance of the distabetseen
objects in different clusters to the variance of distanoetsvben
objects within clusters. Calinski & Harabhsz (1974) pla thari-
ance ratio as a function of the number of clusters and usertie fi
local maximum to define the best number of clusters. We matifie
this criterion by requiring that the selected peak was ficamitly
(3 standard deviations) above the neighbouring pﬂinﬁm rare oc-
casions a double peak was formed by two variance ratios éth t
same value (to within 1 standard deviation) that was stijhsi-
cantly higher than the neighbouring points. In this casdfiteeof
the two (always: = 2 clusters) was chosen.

Before starting the clustering analysis we removed anyobbje
with missing data and then scaled the remaining galaxieave h
mean of zero and standard deviation of unity in each paramete
All the parameters we analysed were logarithmic measurtsmen
(or magnitudes): the algorithm failed to find a preferred bam
of clusters when applied to linear units, apparently beedlus dis-
tribution in each parameter consisted of a group plus onevor t
extreme outliers.

1 The NbClust packagOlZ) does not take odouat
uncertainties in the parameters and does not calculatatamt&s in the
variance ratios, so we used a Monte Carlo approach to estiomatertain-
ties. We recalculated each variance ratio 30 times usirerélift initial ran-

2003;[Kormendy & Bender 2012; Grahem 2013, and references dom seeds for the k-means algorithm and used the resultigpoditions to

therein), or the evolutionary sequence from bulges of bgaiaxies

estimate the uncertainties: see Apperidix B.
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Figure 14. Automated classification of galaxies in our sample. Thihés t
same as Figulld 7, but colour-coded for “clusters” identiigdhe k-means
algorithm using different combinations of parameters: $&uctural (b)
Structural+SF 1, and (c) Structural+SF 3, respectivelyissudsed in the
text (also see Tablel 4). The symbol types are same as in the digp
ures. Two clusters are preferred statistically for this glanfior all but one
combination of parameters. There is however no statistidgdience for any
partition among the low-luminosity galaxies.

6.3.2 Clustering with Structural Parameters

We first applied the analysis to the four structural parans€tem
SIGMA (10, (1) e, log n andR. s r) and the opticald—:) colour giv-
ing a sample of 405 galaxies. We define this as our referertee da
set as it is closest to the information we used for our visleegifi-
cations. For these parameters, two clusters were prefevedcany
other partition of the data. This partition is summarisesl“@truc-
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tural”) in Table4 and illustrated in Figutel4(a). The figissame
as theMz-R. s distribution shown in Figur] 7 above, but colour-
coded by the clusters identified by the k-means algorithre.firkt
cluster (91 galaxies) tends to higher luminosity and thesséclus-
ter (314) has lower luminosities. Where the two clusterslapen
luminosity, objects in the first cluster have smaller radishown in
Figure[T4(a). In terms of our morphological classificatithe first
cluster contains all the “lenticulars” as well all the moueninous
spirals. It also contains some of the more luminous “eliigiti and
“blue spheroid” galaxies.

We investigated the dependence of the partitions on the pa-
rameter choice by removing different parameters from thstel-
ing calculation. Removing the colour had very little effé2tclus-
ters of 97 and 308 members), but when we removed the colour
and any one of the structural parameters, the k-means tigori
could not find any preferred partition. We then retained thlewr
but removed each of the structural parameters in turn. Aglagse
gave very similar results, except when either of the surfaight-
ness terms was removed. The size of the first cluster inaiease
129 when the central surface brightness was remonpejlgnd it
decreased to 78 when the effective surface brightngss X was
removed. These changes reflect the properties of the réspsat-
face brightness measures shown in Figdre 9. The centracsurf
brightness very strongly separates the different lumingaisxy
classes, so removing it causes the clustering algorithrertd to
put all the luminous galaxies together. The converse apptiehe
effective surface brightness.

We observed two common features of all the partitions based
on the structural plus colour parameters. First, the lafaiogalax-
ies were always all included in the first (high-luminosityyster,
as were the luminousMz < —20.5) spirals. Second, there was
no separation of the low-luminosity galaxies into sepactdsses.
Instead, the majority (88%) of the objects we visually diées as
star-forming dwarfs (BSph, Irr, LSB) were placed in the s&to
cluster. The fraction oéll low luminosity (M7 > —18.5) galaxies
in the second cluster is 87 per cent.

6.3.3 Clustering with Structural andAGPHYS Parameters

We then added the fownAGPHYS parameters (log of SSFR, SFR,
M™* and Mg,st), creating a nine-dimensional space (but with de-
generacy between some of the parameters). This samplemas li
ited to 313 galaxies due to incompletGPHYS data. This also
gave a preference for two clusters but with fewer galaxi€3
the high-luminosity group than with just the structuralgraeters.
This is shown in FigureZ4(b) and listed as “Structural+SITa-
ble[4. The main difference from the previous partition ist thery
few low luminosity galaxies now appear in the first clusteneT
fraction of galaxies in the second cluster is now 97 per ceht-a
minosities fainter thad/z; = —18.5. The first cluster consists of
just the visually-classified lenticulars and the brightgiras. The
second cluster contains 97 per cent of all the visuallysifiesi star-
forming dwarf galaxies.

As previously, we removed the (- ) colour and found that
this made no significant difference to the result (59 in thst fir
cluster; “Structural+SF 2" in Tablgl 4). This is not surpnigias
the MAGPHYS parameters are based on extensive colour informa-
tion; indeedg — 4 correlates strongly with specific star formation
(R = —0.72). For the remaining tests we therefore excluded the
g — 1 colour. We then removed each of the foukGPHYS parame-
ters in turn. Removing any one of specific SFR, SFR and dust mas
still resulted in two clusters, but with varying numbers pirals in
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Table 4. Automated classification results with different choicepafameters

partition parameters N ni n2 N3 Pvis P—18.5
Structural 12345---- 405 91 314 - 88% 87%
Structural+SF 1 123456789 313 57 256 - 9% 97%
Structural+SF 2 1234-6789 313 59 254 - 9% 97%
Structural+SF 3 1234-67-9 313 41 198 74 79% 83%

Note: the parameters used in each choice are numbered@ssoll:io; 2: ()e; 3:logn; 4:logRes5; 5: g — i; 6:log sSFR; 7:log SFR; 8:log M*; 9:
log Mg,s¢. N is the number of galaxies ang are the number of galaxies assigned to clustes colour-coded in Figurésll4(a)-(p). ;s is the percentage
of visually-classified star-forming dwarf galaxies assidrto the second cluster apd ;5 5 are the percentages of galaxies with absolute magnitude
Mz > —18.5 in the second cluster.

the first cluster (cluster 1 sizes 93, 56, and 47 respecjivegmov-
ing the stellar mass, by contrast, resulted in a significefepence
for a 3-cluster partition which we show in Figure] 14(c) (8t
tural+SF 3" in Tablé}). The first cluster (high luminositydaiow
radius) is now smaller and corresponds very closely to theali
lenticular classification. The remaining two clusters eimall the
other galaxies split into high- and low-luminosity group@ (@and
198).

6.3.4 Summary of clustering analysis

Clustering algorithms like k-means provide an objectivei®ao
determine how many distinct groups are defined by our medsure
galaxy parameters. Our analysis has shown that the regelts a
somewhat sensitive to the choice of parameters, notabligheh
luminosities where the numbers of galaxies in the first elusan
vary by up to 30 per cent. However at lower luminositi@éA >
—18.5) there was much less variation: in the two-cluster parigio
the number of galaxies in the second cluster varied by onlgr5 p
cent.

In all but one of the partitions we have discussed, only 2-clus
ters were identified in the data. This is markedly differeatrf our
visual classifications which identified 6 different galaypés. The
most striking result is that the three visual classes of fwiar-
forming galaxies (blue spheroid, irregular and low surfadght-
ness) are assigned to the same cluster. Using just thewstilipa-
rameters 88 per cent of the star-forming dwarfs are in clugte
this rises to 97 per cent when tke\GPHYS parameters are added.
There is no evidence that these dwarf galaxies can be segan&d
distinct types, despite our visual impression that this thascase.
Instead they form a single population with a continuousitistion
that can be parameterised by surface brightness or siza @Eg-i
ure[2).This implies that the different morphological classifioats
given to low luminosity star-forming galaxies in literatuonly re-
flect variations in surface brightness and do not correspanany
intrinsic physical differences between them

6.4 Limitations of the analysis and future prospects

The GAMA Il data analysed here suggests that the dwarf galax-

ies (—18 < M, < —15) in the local Universe (8-87 Mpc distance)
form a unimodal population in the parameter space spanned
Mz, Refg, ny (f)e, pro, (g — 1), NUV — r, M*, Mgyst, SFR
and sSFR. This is most likely due to the intrinsic scatteultesy
from stochastic evolution within different morphologicdsses of
galaxies. Other factors may however also have affectedahele-
sions drawn here, and we discuss them in brief below.

e Wavelength dependencyhe light profile of galaxies and the
structural parameters derived from it are extremely wangtle
dependant. As shown 12) for a sample ofemor
than 138,000 galaxies in GAMA 1, the Sérsic index for galaxies
does not vary significantly with bandpass but minor variaiare
expected in individual galaxies because different optialebands
trace different stellar components. On the other hand, fleetve
radius is a strong function of waveband in which the steitgrtlis
modelled, such that the size of galaxy increases with waugghe
(Kelvin et all.[201P, their figure 22). Zhang ef dl. (2012) feet
similar conclusions when modelling ultraviolet to infrereata for
the nearby dwarf irregular galaxies.

Although we employ the high-resolutioviking data in theZ-
band for low surface brightness, low-luminosity galaxiesd) the
trends seen for the SDSS data usefl by Kelvin et al. (2012}ptil
ply.

e Imaging data:In this work we made use of the SDSS (Data
Release 7) imaging to visually classify our sample intoedéht
classes. The SDSS images are taken with an exposure tifé6f
seconds per field, and have an angular resolutidr2df. Given that
the bulk of our sample comprises low-luminosity dwarfs, lie-
resolution imaging is a major limiting factor in the visudassifi-
cation, and may have significantly contributed to the scatithin
individual classes. This may also have caused morpholihg&ien-
ilar classes such as the irregulars and the LSBs, or irregatad
the blue spheroids to overlap artificially in the paramepaices ex-
plored in§d and§g. However, at this point we are unable to quantify
this effect.

The morphological classification of the sample presented he
is 80% reliable, meaning that among the visual classification by
Mahajan, Driver and Drinkwater, and repetitive classifamatby
Mahajan, the visual class assigned to galaxies agreex)% of
the times. The disagreement is mostly caused in the casevof lo
surface brightness galaxies, and small, blue spheroids|étiter
are as likely to be classified as irregulars).

The light profiles for our galaxy sample are modelled in the
Viking Z-band data to automatically quantify structural parame-
ters such as the Sérsic index and effective radius usiagiA. The
Viking data are~ 2 mag deeper and have a twofold improvement
in angular resolution compared to the SDSS. It is the best-ava
able dataset in the near infrared waveband for such a speop

bycally complete sample, yet still shallow for dim or low-lumosity

galaxies. Deeper datasets with higher resolution and deptthus
required for resolving the issues raised in this work due¢asnre-
ment uncertainties, and confirm the observed trends inthetstal
and star formation properties of galaxies.

e Single component Sérsic fitvhile a single component Sérsic

(© 2013 RAS, MNRASD00,[TH18
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profile fits the giant elliptical galaxie$ (Tal & van Dokklm 21
and references therein) and spirals_(Pohlen & Truijillo_)086c-
cessfully, little is known of its behaviour at the faint erfdtee lumi-
nosity function. Recently though, Herrmann, Hunter, & Egmeeh
m) have fitted single, double and triple exponentiafil@®to
the stellar disk of 141 nearby dwarf galaxies in multi-wavejth
data from ultraviolet to mid infrared. They find that blue quant
dwarfs are over-represented by profiles where the lighs foff
less steeply, and Magellanic-like spirals by profiles whieelight
falls more steeply after the break in the first exponent&ative to
dwarf irregulars. This observation is in agreement withrémults
presented by Pohlen & Truiillo (2006), who showed thaf0% of
their sample deviated from a classieal= 1 exponential profile,
and is instead better represented by a broken exponentidepr

Caon, Capaccioli, & D'Onofrio| (1993) showed the correlatio
between Sérsic indexand (model-independent) size of early-type
galaxies does not result from the parameter coupling in #1si&
model. This implies that if a model fails to capture the raafystel-
lar distribution in a galaxy, it will result in over- or undestimated
magnitude, surface brightnesses and size as a functiore it
lar concentrationsf), and consequently/* (see section 2.1 of the
excellent review b @13).

As we have shown in Figulg 5 (also see TdHle 1), while most
bulge-dominated galaxies (blue spheroids and lenticufatow
the correlation shown by Caon, Capaccioli, & D’Onafrlo_(£99
for early-type and SO cluster galaxies, spirals and other no
spheroidal dwarf galaxies do not. Table 1 suggests thatsalhadf
of the luminous spirals in our sample could be better fit byi-add
tional components to fit their light profile, especially irethen-
tre. Some dwarf galaxies may also benefit by the inclusion of a
second component. However, given the complex geometryeof th
low-luminosity irregular galaxies it is hard to believe thaeasure-
ment uncertainties could be greatly improved by multiplenpo-
nent fits. Moreover, the measurement uncertainties olutefioen
these data are much smaller than the intrinsic scattermwéhch
visually identifiable class. Hence, it is reasonable to mesthat
better models for the light profile may further tighten thereta-
tions seen for the luminous galaxies.

7 SUMMARY

We have shown that morphologically distinct star-formingadf
galaxies are not distinguishable in the parameter spac@mem
ing (p)e, po, n, Reyp, SFR, SSFRM™, Mayst, (NUV — r) and
(g — 7). The (d)elliptical galaxies remain indistinguishablerfr
the other dwarf classes in structural parameters, butlingisSFR
and SFR makes them easily identifiable in star formation grop
ties. In various 2D-parameter spaces formed by structaname-
ters, morphologically distinct dwarf galaxies occupy dapping,
yet different regions of the parameter space. However,xak et
the low-mass ellipticals also show similar star formatiowl aust
properties. The more luminous galaxies on the other haedylgl
separate into star-forming spirals and passively evolW@mgicu-
lars, respectively. For the ensemble of galaxies in our santipe
“k-means” algorithm prefers a bimodal distribution indegent of
the number of parameters used to partition the data.

We have shown for the first time the distribution of morpho-
logically distinct dwarf galaxies in environments outsitsh clus-
tersinM — po ({u)e). Our analysis shows that although morpho-
logically distinct galaxies occupy different regions oéle spaces,
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in the dwarf regime the sub-populations overlap extengivEhe
giants on the other hand split into two as mentioned above.

We showed that the model-independent correlation between
stellar concentration, parametrized by the Sérsic indexd size
(Reyy), shown to exist for elliptical and SO cluster galaxies |$®a
followed by the blue spheroids and passively evolving gdgds.
The non-spheroidal galaxies on the other hand do not sholwauc
correlation.

The SFR, sSFR)M 4,5« and M™ derived by fitting the spec-
tral energy distribution of all galaxies usingpGPHY S qualitatively
suggest that dwarf galaxies in these environments may evoto
red, passive low-mass ellipticals, while the luminous apgialax-
ies turn into lenticulars. This hypothesis is based on tsamagption
that galaxies can not acquire much dust after their stardtam
turns off. A detailed analysis of the neutral hydrogen cohtef
galaxies in these environments is required to confirm thésgia-
tion.

To conclude, we showed that galaxies across a wide range in
magnitudes have statistically distinct, yet overlappirggributions
in all their structural parameters. In the low-luminosiégime, the
star-forming dwarf galaxies: LSBs, irregulars and blueesplds
also overlap in their star formation and dust properties|entne
ellipticals have distinguishably low sSFR relative to atlgalax-
ies of similar luminosity. The giant galaxies on the othendha
show clear separation such that the spirals are charaadnshigh
SFR, sSFR and/4.s:, while vice-versa is true for the lenticulars.
Hence, “classification” (visual or otherwise) of galaxiesnfiing a
continuum in one, two, or multiple parameter space intordisc
categories although useful in understanding the evolutiecha-
nism(s) to first order, must be undertaken with caution, amt c
sequent implications from such a classification must be ustd
caution.
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APPENDIX
A Kolmogorov-Smirnov Statistics

In this appendix, we present tables of probabilities frorne th
Kolmogorov-Smirnov static, showing that the physical atar s
formation properties of various visual morphological sks arise
from the same parent distributions.

B Preferred number of clusters with k-means clustering

algorithm

In this Appendix we illustrate the Monte Carlo approach wedi®
estimate uncertainties in the statistics used to selediebenum-
ber of clusters from the k-means analysis. As noted above- (Se
tion[6.3.1), we used the Calinski & Harabasz (1974) variaatie
as a figure-of-merit. We used the NbClust pack
@) for all the calculations, but this did not provide unamties

et
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Table A3. K-S probabilities for SFRY/*. Table A6. K-S probabilities forn.
E Sp Irr BSph LSB Len E Sp Irr BSph LSB Len
E 1 851E-06 2.41E-12 4.78E-10 4.20E-09 1.45E-05 E 1 1.88E-01 9.83E-03 9.37E-01 2.61E-02 1.28E-04
Sp 1 2.23E-03 8.16E-03 3.08E-02 7.10E-10 Sp 1 5.27E-01 5.23E-03 4.55E-01 7.10E-10
Irr 1 2.41E-01 7.24E-01 2.26E-17 Irr 1 1.80E-06 4.32E-01 1.23E-13
BSph 1 2.27E-01 6.59E-14 BSph 1 2.43E-04  2.33E-08
LSB 1 5.59E-14 LSB 1 1.22E-10
Len 1 Len 1
Table A4. K-S probabilities forM 4, ;. Table A7. K-S probabilities forug.
E Sp Irr BSph LSB Len E Sp Irr BSph LSB Len
E 1 3.35E-08 3.58E-01 6.73E-02 3.70E-02 1.70E-04 E 1 7.67E-01 5.90E-03 5.05E-01 8.93E-09 2.46E-06
Sp 1 3.63E-21 1.04E-17 7.35E-20 2.87E-02 Sp 1 1.05E-07 4.54E-01 9.01E-15 8.92E-10
Irr 1 1.51E-01 1.08E-01 1.05E-09 Irr 1 7.81E-07 8.57E-11 1.14E-17
BSph 1 6.76E-01 3.12E-09 BSph 1 3.66E-18  2.98E-14
LSB 1 3.85E-10 LSB 1 1.44E-14
Len 1 Len 1
for the calculated variance ratios. We applied a simple Mdbarlo Table A8.K-S probabilities for(u)e.
approach to estimate the variance ratio uncertainties jbyaténg
each calculation 30 times using a different random seechoki E Sp e BSph LSB Len
means partition algorithm each time. We used the mean vdlue o
the 30 calculations as the final value of the statistic andt#edard E 1 106E-01 278E-02 549E-01 1.77E-10 1.36E-05
deviation of the 30 values to estimate an uncertainty (thedstrd Sp 1 4.72E-09  3.12E-03  3.65E-20  1.47E-05
error of the mean) which we show using the red symbols in Fig- Irr 1 2776E-05  2.81E-18  1.67E-14
ure[B1 for each of the three partitions shown in Fidurk 14.h%s t Bngh 1 1'601E'23 SZé%OEEfGZ
standard errors on each point are very small we also showahe s Len ' 1 i
dard deviations (in grey) for comparison. We also show tkelts
of a single calculation, showing that quite strong systé&etnds
can be present (e.g. for 6-10 clusters in the first panely:ithan o200 b & T ('a)' 1
additional reason to take the mean of several calculations. = ¥ 1
In panels (a) and (c) of Figute B1 there is a clear local maxi- §15o b # # 1
mum of the variance ratio (at 2,3 clusters respectively) ithaep- g C & [} ]
arated by more than 3 standard errors (the smaller erroy foans 5 kg Lo o a o o
>100 * & & g o ]
the adjacent points. In panel (b) the first point is barelg¢hstan- L : : . * f“
dard errors higher than the second, but we take the prefatned S50 [ %y ®)
ber of clusters as two using our rule to take the smaller nurobe g o=
clusters in the case of a double peak. 8 & 4
G100 [ & & & ]
5 . F e L
— f F———— ?( il bl -
o140 | | & (e) 7]
Ti1z0 [ @F{ & & i .
8100 - ® & e
§eof T s ey,
60 1 1 " " " " 1 " " " " 1

5 Numbég of clusters 15 Z0

Figure B1. The k-means variance ratio as a function of the number of clus
ters analysed. The three plots are for the same parameteaseén Fig-
ure[I3: (a) Structural (b) Structural+SF 1, and (c) StruitBF 3, respec-

E Sp Irr BSph LSB Len tively as discussed above and listed in TdBle 4. In each doblack stars
E 1 14507 6EGEOL 5E6E0z 4610150003 (R S N e e king ciferandom seeds
Sp ! 3.27€-15 3.40E-16 586E-12 1.51E-04 . "0y crror bars give the standard error of the mean andréyeegror

Table A5. K-S probabilities forR. s s.

Irr 1 2.84E-06 5.19E-01 3.61E-04 .
bars show the 1-standard deviation range of the values. et dbe best
BSph 1 5.79E-06  5.33E-10 ) o - . . o
number of clusters by identifying a local maximum in the &ade ratio:
LSB 1 2.21E-03 : 5 he
Len 1 only in plot (c) is a 3-cluster partition preferred over thel@ster case.
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