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ABSTRACT

We present a study of local post-starburst galaxies (PS&hsy the photometric and spectro-
scopic observations from the Sloan Digital Sky Survey (Sp8 the results from the Galaxy
Zoo project. We find that the majority of our local PSG popolahave neither early- nor late-
type morphologies but occupy a well-defined space withinctileur—stellar mass diagram,
most notably, the low-mass end of the “green valley” belog/ttlansition mass thought to be
the mass division between low-mass star-forming galaxidshégh-mass passively-evolving
bulge-dominated galaxies. Our analysis suggests thalikely that a local PSG will quickly
transform into “red”, low-mass early-type galaxies as tieflar morphologies of the “green”
PSGs largely resemble that of the early-type galaxies withé same mass range. We pro-
pose that the current population of PSGs represents a fimputd galaxies which is rapidly
transitioning between the star-forming and the passieelylving phases. Subsequently, these
PSGs will contribute towards the build-up of the low-mass efthe “red sequence” once the
current population of young stars fade and stars are no tdrejeg formed. These results are
consistent with the idea of “downsizing” where the buildafgmaller galaxies occurs at later
epochs.

arxXiv:1111.1785v1 [astro-ph.CO] 8 Nov 2011
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1 INTRODUCTION evolution between star-forming, gas-rich spiral galaxiéate”-
type) and non-star-forming, passively-evolving sphemgédaxies
(“early”-type). Since this bimodal nature is highly coatsd to the
stellar age and star formation history of the individualagés, it
is likely that we are observing two main stages of galaxy @oh
(Strateva et all._2001; Baldry etial. 2004, 2006; Kauffmarallet
2004 Drory et al. 2009); and that the transition betweeseta/o

* This publication has been made possible by the partici- types occurs relatively quickly (Martin etial. 2007). Thdaos
pation of more than 250,000 volunteers in the Galaxy Zoo and brightnesses (as defined by their observed magnituéied) o

project.  Their ~contributions are —individually —acknowledy at  gglaxies appear to be concentrated within two well-defirbolr—
http://ww. gal axyzoo. or g/ Vol unt eer s. aspx.

Current research in galaxy evolution is still largely driviey our
lack of understanding of the link between the two main types o
galaxies observed in the sky. Many theories exist to explaén
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magnitude regions. The star-forming galaxies appear talptp
a space dubbed the “blue cloud” and the passively-evolving,
star-forming galaxies lie in a region called the “red seqaénRe-
cent studies argue that local galaxies must migrate rajwitjin
a Gyr) from the “blue cloud” to the “red sequer{aedue to the
scarcity of galaxies within the intervening parameter sp@cca-
sionally dubbed the “green valley”; e.g. Schawinski et &I07).
Therefore, valuable insights into galaxy evolution can b&aimed
by studying galaxies that appear to have intermediate ptiepe
and may be in the act of transitioning between the two maiaxyal
populations.

Post-starburst galaxies (hereafter PSGs) or post-quamchi
galaxies [(Yan et al._2009) such as “E+A’ or “K+A’ galaxies,

are galaxies which appear to have ceased current star forma-

tion, but still exhibit the spectral signature of recerfitymed
stars. In E+A galaxies, strong Balmer absorption lines de o
served together with-element signatures such as Mg, Fe&270

and Cagss 3468 (Dressler & Gunn| 1983| 1992; Dressler et al.
1999, [2004;| Couch & Sharples 1987; MaclLaren etlal. 1988;
Newberry et all_1990; Fabricant et al. 1991; Abraham et 8619
Pogagianti et al._1999; Goto etial. 2003; Goto 2004, 2005, [p007
Similar to E+A galaxies, K+A galaxies are PSGs which have
a disk-like morphology|(Couch etlal. 1994; Dressler et aR49
Caldwell & Rosk 1997; Dressler et al. 1999). Although PSGésu
as E+A galaxies are more common at higher redshifts (Wildl et a
2009;/ Tran et al. 2004), detailed high-resolution studiees anly
possible with a local population of PSGs since low redstifier-
vations extend to lower surface brightness limits than abatrlier
epochs.

Current studies favor the idea that PSGs are formed via-inter
actions or major mergers (Yamauchi et al. 2008; Blake l¢tQi142
Bekki et al. 2001) which trigger bursts of star formation wéwer,
due to the effects of the merger interaction, the gas resdfvom
which stars are formed) is depleted and these PSGs evertuall
into bulge-dominated early-type galaxies once their stamé-
tion fades completely (e.g. Yang etlal. 2008). Kaviraj e{2007)
found that the quenching efficiency of star formation in leg&ss-
sive (< 10*° M) and more massive E+A galaxies (L0'°Mg) is
consistent with supernovae (SNe) and AGN being the maircssur
of negative feedback, respectively.

Using the Sloan Digital Sky Survey (SDSS), we assemble and
analyze one of the largest, and most complete samples, af loc
PSGs to date. This paper investigates the properties ofottad |
PSGs derived from the visual classifications of the Galaxy @it
izen science project (Lintott etlal. 2010, 2008).

2 OUR GALAXY SAMPLE

In this paper, we obtain the photometric and spectroscoaia d
from the Sloan Digital Sky Survey (SDSS) DRI _(York et al.
2000;| Abazajian et al. 2009) for all objects classified adaxy
(Strauss et al. 2002). The main galaxy emission line measmts
are determined from the SDSS spectra usingGaadal f IDL
tool by|Sarzi et al.|(2006). To minimise the Malmquist biasd a
create a volume and magnitude-limited (proxy for stellasmlim-
ited) sample of galaxies, we select all the galaxies withirz <

z < 0.05 with M. petro < —19.5 magnitudes. We use theband
since the reddest waveband provides the closest proxy Harste
mass. It should be noted that the results of this paper remain
changed if thé-band is used instead. As we aim to study the prop-
erties of all galaxies which have ceased star formatiomtéceve
define a PSG to be a galaxy with a recently-truncated stardorm
tion history (i.e. where the observedemission line is weaker
than four times the RMS level), while still exhibiting stigbalmer
absorption lines from recently-formed young stars (whaeeH)
equivalent width is wider than three Angstroms). Our stHict
criterion may result in the omission of a few PSG known to emit
weak Hy emission but the effects from the inclusion of a few-H
emitting galaxies do not change any of the results that weente
in Section 3.

Studies such as Balogh et al. (1999); Blake et al. (2004)) Got
(2007) select for PSGs at higher redshifiss(< 2z < 1.0) which
exhibit very strong A-type stellar populations (where thserved
Hé equivalent width is wider than five Angstroms). To include as
many PSGs as possible into our sample, we imposed a more re-
laxed H equivalent width so we do not bias against galaxies with a
low star formation rate (which results in weaker Balmer eajeint
widths) prior to the cessation of star formation.

The [O1] forbidden lines were not used in the selection crite-
ria because the &demission line is a more accurate tracer of current
star formation in the Local Universe. The luminosity of th&i]
emission lines is not directly linked to the ionizing lumgity and
the [O11] excitation is sensitive to the abundance and the ionisatio
state of the gas (Kennicutt 1998). Moreover, thel[@erived star
formation rates (SFRs) is sensitive to systematic errora xtinc-
tion and variations in the diffused gas fraction (Kennid@98). In
starburst galaxies, the excitation of [Dis much higher in the dif-
fused ionised gas (Hunter & Gallagher 1990; Huhter 1994 tiklar
1998), and is able to double tldO11]/SFR ratio in the integrated
spectrum|(Kennicutt 1992).

Of 47,573 galaxies within our selected volume, we find a total

Section 2 describes our sample selection and the sample prop of 80 PSGs. The general properties of our PSGs are listed-in Ta

erties are examined in Section 3. A discussion of our results
conclusions can be found in Section 4. The AB magnitude syste
is used throughout this work.

1 There are a few cases where the evolution of individual gesamoves
from the “red sequence” to the “blue cloud” (elg. Kannappized|€2009;
Wei et al. 2010). In these cases, passively-evolving gedakave accreted
more gas recently and are in the process of regrowing thellastisk.
However, this “red-to-blue” mode of evolution is very urii to apply to
our particular study because our PSGs are defined to haverrenton-
going star formation.

ble[. FigurdIl shows the SDSS multicolour composite images f
12 random PSGs within our sample. This figure exhibits thetyar
of morphologies and sizes within our PSG sample.

Using the bootstrap resampling method to approximate the un
certainty, we find that our percentage of PSGs to the totabreumof
galaxies (within our specified volume out4o~ 0.05) is 0.17"907
%. This assumes that the uncertainty in our spectral linesarea
ments is given by the signal-to-noise ratio (SNR). This P&@-f
tion is comparable to that of previous local PSG studies btaGo
(2005, 2007) and Kaviraj et al. (2007). It should be noted ta
do not find many of the E+A galaxies found lby Gato (2005, 2007)
(hereafter known as the “G05” sample) from the SDSS DR5 cata-
logue because we detect strong Emission in these GO5 objects
using the SDSS DR7 catalogue. Hence, these E+A galaxiesappe
to have current, on-going star formation and is inconststéth our
definition of a PSG. Of the overlap galaxies between our fitgy
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Table 2. Distributions of galaxy morphologies and star formatioogarties
of our entire local volume sample and that of the PSG samtie.distri-
butions are listed as percentages and the number of galaseegiven in
parentheses.

Entire Galaxy Sample PSG sample
Non-SF SF Total
Early-type 50% (5148) 10% (3770) 19% (8918) 16% (13)
Intermediate 46% (4841) 47% (17589) 47% (22430) 74% (59)
Late-type 4% (388) 43% (15837) 34% (16225) 10% (8)
Total 100% (10377) 100% (37196) 100% (47573) 100% (80)

sample and that of the GO5 sample, we find that our method of us-
ing the Balmer absorption line strength finds every galaxynéb

via its absorption line equivalent width. This is consisteith the

fact that there is a good correlation between the line sthasngnd

the equivalent widths for galaxies of similar sizes.

3 RESULTS
3.1 Morphological properties
3.1.1 Morphological classification using Galaxy Zoo

Galaxy morphologies are derived from the Galaxy Zoo 1 ptojec
(Lintott et al.|2010). From the multiple independent ingfmets
(and classifications) made for each galaxy, the accuradyedatlas-
sifications for individual galaxies can be determined byadsipg

a required level of agreement among the classifiers. Fatigiie
definition of thecl ean sample from_Land et all (2008), we re-
quire a minimum of an 80% majority agreement on the morpholog
for each object. Spiral galaxies (from an Sa to an Sd morpgjyplo
are classified afate-typeobjects, while all spheroids (including
lenticular galaxies) are classedesly-type Galaxy morphologies
which are neither “early”- nor “late” are classed iagermediate-
typewhich include galaxies with irregular/disturbed and meggi
morphologies.

Relative to the entire local volume sample, there is a smalle
fraction of PSGs with spiral or late-type morphologies. Wl fi
that 74 (10)% of our PSG sample appear to have intermediate
morphologies, while 164£5)% and 10 £4)% of our PSGs are
classed as early- and late-types, respectively. It shauttbbed that
a colour bias in morphology votes (by the Galaxy Zoo citizeir s
entists) is unlikely to occur since our PSG sample is dorathat
by intermediate-type morphologies. In addition, investigns by
Lintott et al. (2008) found colour bias to not be a significaffiect
on the final morphological classifications.

Similar to the results of Baldry etlal. (2004); Driver el al.
(2006); | Bamford et al.| (2009), we find that the majority of the
spheroidal/elliptical galaxies within our local volumengzle ex-
hibit non-star-forming (non-SF) properties, while, tharsforming
(SF) galaxies tended to have spiral morphologies. In thipave
classify a galaxy as star-forming if itsdHemission line is stronger
than four times the RMS level. As expected from our PSG selec-
tion criteria of galaxies with recently-truncated stamfiation, we
find that the PSGs appear to have a morphology distributiantwh
appears intermediate to that of SF and non-SF galaxiesnatiiei
control sample. Tablgl 2 lists the distribution of morphdésgand
star-forming properties of both the local volume controhgée and
the PSG sample.

In addition to the Galaxy Zoo classifications, we visually in

Building low mass red sequence with PSG3

1.0

0.9

\

Early-types
Late-types
Indeterminate
PSG

0.8

B NGRS AR AN AR R AR AR AR AR

o
3

Normalized cumulative distribution of f,,

0.05 0.15

o
o T
]
o
N
o

Figure 2. Peak-normalized cumulative distributions i, for our PSG
sample (black solid line) and the different types of galaxigthin the con-
trol sample.

spected each PSG to confirm the morphologies. Consisteht wit
the fact that a majority of the PSGs have intermediate-type- m
phologies, we find disturbed galaxy morphologies whichmése
neither early- nor late-type galaxies. Depending on the sfzhe
galaxy, the 3 fibers (from which the SDSS spectra are obtained)
may only correspond to the central 1.2—-2.9 kpc of galaxid¢kimwi
our redshift range. In our sample, the observed spectradepro
ties may not be representative for approximately 5% of omsa
where the outer galaxy regions are much greater tHam@ appear
to be bluer than the central region.

The f., parameter is a quantification of the merger properties
of Galaxy Zoo 1 and is defined to be the weighted-merger-vate f
tion where the fraction of merger votes is multiplied by agteing
factor (W; Lintott et al. 2008) to account for the quality of the par-
ticular voters who have assessed each galaxy (Darglet all) 201
Assuming thatf,, > 0.4 describes a merger (Darg et al. 2010),
we do not find many mergers within our PSG sample even though
a large number of the PSGs appear asymmetrical or distufbed.
comparison of the distribution of,, parameters of our PSG sam-
ple to those of the early- and late-types of the entire gataxyiple
yields Kolmogorov-Smirnov (KS) probabilities which indie that
there are no significant differences between any of thedistri-
butions. Figuré2 shows the normalized cumulative distidins of
fm for the different galaxy types.

3.1.2 Concentration

As the majority of our PSG sample consists of intermedigpe-t
morphologies, further investigation of the stellar stemetwill re-
veal gquantitatively whether these PSGs truly have interated
type morphologies (possibly due to past interactions) esanilar
in structure to the early- or late-type galaxies within taens vol-
ume. We measure the concentration index using the ratiogagtw
the R90 and R50 parameters which are the radii where 90% and
50% of the total PetrosiBrflux have been measured in théand.
Therefore bulge-dominated galaxies will have gred®f/R50
ratios, while disk-dominated galaxies will have smalldues.

To determine the end-products of our PSG sample, we com-
pare the peak-normalised distributions of concentratimtices

2 A Petrosian radius is where the mean local surface brightfveishin the
local annulus) is equal to a constant fraction of the meafasaibrightness
within that radius|(Strauss et/al. 2002).
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Table 1. General properties of our PSG sample.

SDSS object ID RA Declination my u —r EW (Hé) S[OII] SHa log (M) fm fracgey Type Comments
@ e) @ @ ®) ® ) ® © (10) ay (12)
587731513679478898  01:14:47.2 +00:37:55.7  16.75 2.00 3.4 <7.9x 1015 — 9.95 0.000 0595 | —
587731513681313986  01:31:37.9 400:48:51.7  16.52 137 5.0 <24x10716 <13 x10717 9.69 0.000 0.000 | —
587731511533961332  01:32:50.2 —00:56:17.6  16.86 211 47 < 6.4 x 10715 <1.5x 10715 10.03 0.000 1.000 I blob
587727230522032233  01:37:16.4 : 16.63 2.25 3.7 < 1.2 x 10716 — 9.96 0.000 0546 | blob
588015510358524013  02:20:38.7 15.15 0.97 41 1.5 x 10713 < 6.3 x 10715 9.66 0.000 0.240 s —
587731512082956346  03:23:33.3 14.92 2,04 4.2 — <7.3x 1014 9.99 0.000 0.770 E —
587731514232996008  03:47:10.2 15.78 177 3.9 <48x10716 <47 x10717 9.97 0.000 0.007 | —
587732053779283987  08:43:20.7 +37:13:27.6  16.24 2.26 37 <55x10716 <31 x1016 10.23 0.000 0.926 I blob
587744874791370929  09:01:038 +13:36:33.3  14.91 0.85 4.0 1.7 x 10713 <1.2x10" 14 9.82 0.188 0505 | disturbed
587745403073855572  09:11:31.1 +12:08:52.1  14.96 222 33 < 1.0 x 10— 14 <24 x 1015 10.43 0.047 1.000 I disturbed
587745540514119842  09:25:03.2 : 16.56 2.06 3.0 <35x10~14  <22x10715 9.81 0.000 1.000 | blob
588016891707392070  09:29:34.6 15.28 1.22 43 1.1 x 10713 < 1.6 x 10" 14 9.70 0.115 0.000 | disturbed
587745243626405989  09:45:00.0 15.79 2.10 4.0 <1.2x10"1  <a2x10715 10.25 0.000 0.609 I blob
587735044693753946  09:46:29.9 . 16.72 1.34 3.9 1.9 x 10~ 13 <1.2x 1014 9.61 0.000 0.620 [ -
587725074458804315  09:49:56.4 —00:13:52.9  13.89 2.36 3.4 < 6.5 x 10716 < 2.7 x 10716 11.35 0.095 1.000 I disturbed
588848900973789221  10:04:29.8 +00:41:202  16.49 2.06 3.2 <1.8x 1016 <21 x 1016 9.93 0.000 0.870 | blob
587726032236183669  10:06:50.9 +01:41:34.0  16.94 2,08 57 < 2.0 x 10716 — 9.84 0.074 0613 | blob
587738948283334792  10:12:189 +436:07:50.0  15.62 159 33 1.1 x 10713 <1.9x 1014 9.96 0.000 0.964 | blob
587741828579393617  10:21:25.9 421:32:458  16.00 1.90 41 — < 6.2 x 10-16 9.91 0.000 0.002 s —
587733080268931236  10:30:53.7 : 15.05 118 42 4.9 x 10715 < 8.3x 1016 10.35 0.031 0.194 s asymmetric
587728947978436717  10:42:32.3 15.83 2,07 43 <2.9x 1016 < 7.5 x 10716 10.10 0.000 0.994 I blob
587729386611212446  10:53:05.4 15.60 1.10 38 3.7 x 10716 < 1.5 x 10716 10.05 0.000 0.054 I —
587734894357381314  11:00:48.5 16.44 2.23 4.2 <6.1x 10715 < 1.6 x 10—15 10.12 0.000 0.864 I asymmetric
587741489834754106  11:10:33.9 428:29:333  15.73 2,07 41 — <1.4x 1014 10.00 0.000 0.985 I blob
588848898833842380  11:13:28.0 —00:54:09.5  16.62 2.03 4.9 <25x1071  <37x10715 9.57 0.000 0771 | blob
587732580982521898  11:19:07.6 +58:03:143  14.17 2.16 47 1.6 x 10~ 13 <2.9x 1014 10.74 0.000 1.000 I asymmetric
587739405703577638  11:26:53.7 : 14.86 121 45 1.3 x 10~ 13 < 7.3x 1015 9.92 0.108 0.190 s -
587732482746548338 15.99 2.19 4.0 < 6.5 x 10715 < 1.3 x 10715 9.76 0.017 0.866 [ disturbed
587741726574444657 14.92 173 55 1.4 x 10~ 13 <5.0x 1011 9.98 0.027 0.200 I disturbed
587742573224657026  11:43:47.8 X 15.61 1.83 6.7 <8.2x 1015 — 9.56 0.000 0.305 s disturbed
588017111833182222  12:21:05.7 +47:58:51.9  16.54 2.18 36 <72x10"1  <22x10715 10.02 0.000 0978 I —
588017730836561977  12:26:41.6 +08:44:322 1542 2.45 6.5 <89 x 1013 < 4.9 x 10”14 10.38 0.000 0.906 I —
587726033325850747  12:32:18.9 +03:00:09.8  16.82 2.00 33 < 6.2 x 1014 — 10.10 0.000 1.000 I blob
587725816414142618  12:32:233 466:25:36.6  16.90 2.26 3.1 < 1.0 x 10716 — 9.82 0.032 0528 | blob
587734892220252284  12:37:18.0 +09:32:09.0  14.55 1.89 3.0 < 3.4x 1016 — 9.84 0.000 0.979 E —
587739096454332452  12:38:52.8 : 15.74 2.15 3.7 <1.2x 1016 <1.3x 1017 10.19 0.000 1.000 E —
587741602572599308  12:57:17.8 15.40 1.97 3.9 <1.7x 10715 < 4.4 x 1018 9.74 0.000 0.211 | disturbed
587741722823557134  12:57:21.7 15.23 2.10 3.6 <5.1x 10715 <1.9x 1017 9.94 0.000 0.873 E —
587741722286686489  12:57:45.7 15.92 1.94 3.9 <1.3x 1013 <1.1x 1014 9.56 0.000 0.254 s —
587741721749881039  12:58:120 +427:07:39.5  16.60 231 35 <3.0x 1014 — 10.06 0.000 0.806 s —
587741722823754043  12:59:39.5 427:51:16.6 1657 2.20 42 <3.7x 10717 <1.1x 1017 9.95 0.454 0.343 | disturbed
587741722823819345  13:00:10.2 +27:51:50.2  15.85 2.22 3.4 <2.8x 1015 — 10.00 0.097 0.357 I disturbed
587741722286948519  13:00:29.2 : 1553 163 85 <1.1x 10715 < 9.6 x 10717 9.55 0.125 0.224 | disturbed
587739719754514434  13:04:22.7 14.33 0.86 4.4 <2.9x 1012 <4.2x 1014 10.15 0.365 0.643 s disturbed
587733195160485975  13:05:25.8 14.29 2.15 46 <4.8x 10716 <1.4x 1016 10.75 0.000 1.000 E —
587722982822379684  13:17:59.6 :17:43. 13.29 1.22 5.2 <21x1071 <51 x10714 10.44 0.139 0.477 s asymmetric
587729773681377291  13:37:441 —02:10:27.9  14.61 0.72 35 — <2.5x 1014 10.41 0.000 0.338 s —
587726032797565040  13:50:51.0 +02:19:385 1562 211 a7 <3.2x 1016 <87 x 1017 9.97 0.167 1.000 | disturbed
587730021178867826  14:18:51.0 405:28:14.2  15.92 2.09 3.0 <7.3x 1015 < 2.6 x 10715 9.90 0.000 0.961 | blob
587739827130007710  14:39:085 +422:17:42.4  15.42 0.84 45 2.0 x 10714 <1.1x 10715 9.75 0.136 0.000 | asymmetric
587739408405626997 ~ 14:39:30.4 430:52:49.1  16.14 1.97 42 <5.0x 10" 14 <1.3x 1015 9.97 0.153 1.000 | disturbed
587739379916210254  14:54:24.7 : 16.23 2.04 3.9 <1.8x 1016 <4.2x 1017 9.98 0.000 1.000 I blob
587726032268362094  15:01:24.0 15.90 1.92 3.9 - < 4.5 x 10715 9.95 0.000 0.682 | blob
588017949366157511  15:03:39.4 16.14 0.94 3.9 1.8 x 10713 < 6.4 x 10715 9.60 0.000 0.000 | —
587736975271067720  15:12:04.1 14.26 1.20 42 1.3 x 10~ 15 < 4.7 x 10715 10.43 0.015 0.772 1 asymmetric
588017991773978739  15:14:29.9 407:35:46.8  15.45 1.97 44 <47x107  <55x%x10715 10.27 0.000 0918 l blob
587736543098568963 ~ 15:21:08.6 +07:37:53.9  16.40 2.05 49 <1.7x 1014 < 2.5 x 10715 10.12 0.000 0.920 1 blob
587742575924805956  15:23:22.8 +13:26:19.2 1591 1.38 3.4 2.8 x 10714 < 7.7 x 10" 15 9.99 0.000 0.038 | disturbed
587736477596975155  15:23:43.0 : 15.86 2.06 3.0 <5.2x 1016 — 9.81 0.000 1.000 | —
587739810494218509  15:24:25.6 14.96 113 5.4 1.2 x 10714 < 1.4 x 10715 9.73 0.027 0.031 s L; disturbed
587733603187556413  15:26:21.9 15.88 158 3.9 1.4 x 10~ 13 < 5.7 x 1014 10.07 0.310 1.000 1 —
588017703489634681  15:26:53.3 . 16.64 221 47 <1.3x 1013 < 5.7 x 10715 10.00 0.000 0.359 | blob
587730021724062009  15:34:53.4 404:16:60.0  15.66 1.43 35 1.9 x 10715 < 7.4 x 1016 10.00 0.000 0.181 | disturbed
587739721917595889  15:39:19.9 421:21:30.0  16.76 2.05 3.1 <3.9x 1015 < 8.8 x 1016 9.86 0.000 1.000 | blob
588017704565276972  15:44:31.7 408:35:07.4  16.52 1.93 36 <6.4x10"14  <33x10715 9.75 0.000 0.717 s —
588011101570662666  16:00:17.3 446:51:35.6  16.57 2.28 33 <98x10" 14  <81x10715 10.29 0.000 0.779 E blob
587739828212793702  16:03:15.7 +16:19:07.9  15.86 2.09 3.6 3.1 x 10714 < 4.5 x 10~15 10.07 0.044 0.814 1 disturbed
587739809961804053  16:03:25.9 : 15.43 0.84 4.0 5.7 x 10714 < 4.2 x 10715 9.55 0.000 0.106 s L
587729227152752660  16:03:44.5 15.57 2.23 43 <5.8x 1015 <1.2x 1015 10.42 0.000 1.000 E —
587739707420901722  16:04:38.6 16.61 2.00 3.8 <3.3x 1017 <1.5x 1016 9.46 0.186 0.499 | disturbed
587725817501712592  16:16:52.9 14.69 273 4.0 — < 6.7 x 10~ 15 11.47 0.000 0.734 E —
587735666928844900  16:25:18.3 437:56:40.6  15.03 2.12 3.2 < 1.0 x 10715 < 1.6 x 10716 10.15 0.000 1.000 | —
588018090548920817  16:41:335 +24:42:142  16.01 2,02 41 < 6.9 x 10715 < 2.3 x 10715 10.04 0.000 0.849 | blob
588018253228408956  16:53:14.4 425:07:59.2  14.01 1.45 43 1.1 x 10~ 13 <9.3x 1014 10.44 0.000 0.692 s disturbed
588018254302609790  16:59:33.1 424:5559.9  16.17 2.36 3.0 <7.3x 1016 <2.2x 1016 10.28 0.000 0.717 | blob
587733432998559923  17:04:51.3 +25:03:18.4 1651 251 8.3 <1.1x 1014 <24 x 1015 10.45 0.068 1.000 1 blob
587725503947735340  17:14:07.2 +57:28:38.7  16.00 2.10 3.2 < 1.4 x 1014 <8.2x 1016 9.83 0.000 0.129 s —
587731174382502294  21:19:482 400:40:21.8  16.37 1.83 55 <3.7x 1016 <55 x 10717 9.91 0.000 0.880 | —
587727213347799419  21:33:565 —07:54:08.7  15.22 114 4.4 <2.7x 10716 <5.5x 10717 9.75 0.000 0.000 | —
587731185117954089  22:08:06.1 —00:54:250  15.10 2.06 43 < 4.9 x 10716 < 3.3x 1016 1054 0.036 1.000 E disturbed

Col. (1): SDSS object identification. Col. (2): Galaxy ceisteight ascension. Col. (3): Galaxy center’s declinationl. (4): r-band magnitude. Col. (512 — 7 colour. Col. (6): H5 equivalent width (Angstroms). Col. (7): Measuredi [[Flux
densities in units 0.0 — 1 7 ergss Tem=2 A= 1 The upper limits are defined to be four times the RMS noisé.(@p Estimated upper limits for the & flux densities in units 010 — 17 ergss 1 em—2 A—1 as defined to be four times
the RMS noise. Col. (9): Log of the stellar mass obtained [Banawinski et al[{2007) which were determined by fittingfthe SDSS photometric bands to model star formation histdrar{Marastdri (1998, 2005) stellar models . Col. (10):
Weighted merger parametBr (Dard éf al. 2010). Col. (11):SD&S parameter which gives the fraction of light (in théand) fitted by a de Vaucouleurs profile. Col. (12): Desaipbf galaxy type where ‘S’ represents late-type spirahgigs, ‘E’
represents early-type galaxies and ‘I' represent intefatedype galaxies. Col. (10): Comments from visual insipecof each galaxy. A ‘disturbed’ comment indicates that stellar morphology appears to have been disrupted byititihction with
features such as stellar tails/rings or with neighboririgxjas at close proximities. An ‘asymmetric’ defines an oxse asymmetric stellar disk. A ‘—' comment represents gaawhose morphologies appear fairly regular, while abbtmmment
refers to galaxy morphologies which are small, compact aittyfspherical in appearance. An 'L indicates that thitegg exhibits spectral signatures of a LINER.
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Figure 1. Example SDSS colour images of 12 PSGs within our sample. Esafe frame provides a 48 48" field-of-view centered on the galaxy. The left
panel shows four examples of early-type PSGs, the middlelgnows four examples of intermediate-type PSGs and the pnel shows four examples of
late-type PSGs. The red circles show the SDSS fiber fieldevi-where each spectrum was obtained.

for our population of PSGs to the early- and late-type popula
tion of galaxies with log (M) < 10.5 M. In agreement with
Strateva et al! (2001), we find that the division betweernyearid
late-type galaxies is where thR90 is approximately 2.6 times
greater than th&50. The distribution of concentration indices for
our PSG sample is very similar to that of the early-type gakax

On the other hand, Masters et al. (2010) showed that early-
type galaxies classified in such a manner may be contamisgted
up to 50% by edge-on spirals and that the SO3$%cDev pa-
rameter { r acDev; which gives the fraction of light fitted by a de
Vaucouleurs profile) provides a better differentiationwzstn the
early- and late-type galaxies as typical early-type eligtgalax-
ies are traditionally characterised by a de Vaucouleurfilerand
as such have ahr acDev > 0.5. As such, we show the distribu-
tion of f r acDev for our “green” PSGs and low-mass early- and
late-type sample in Figulg 3. The PSG distribution is shown b
the gray-shaded histogram, while the striped histograrhenift-
panel represents the distribution for the early-types aeddtstri-
bution for late-types are represented by the striped hiatogn the
right panel. A quantitative comparison using the KS testdgiex
KS probability of 0.68 that thé r acDev distributions of PSGs
and early-types are derived from the same parent samplig thii
f r acDev distributions of PSGs and late-types yield a KS proba-
bility of <0.001.

Therefore, we find that the structural stellar morphologies
the PSGs within the “green valley” appear to be more closely r
lated to the morphologies of low-mass early-type galaxiene
though star formation has only been truncated recently.

3.2 Colour and stellar mass

We derive theu — r colours of our sample using tmedel Mags
(from SDSS DR7;| Abazaijian etlal. 2009) which are determined
from the best fit of each galaxy profile to the linear combiorati
of the exponential and the de Vaucouleurs profiles. In aufuliti
these magnitude measurements are corrected for dust atitenu
using the models of Calzetti etlal. (2000). The “green vallely
our sample’s colour distribution is defined to be within tloeninal
colour range ofl.8 < u — r < 2.3. The stellar mass estimates
for each galaxy are measured by fitting the five optical wandba
from SDSS to star formation history libraries generatedfetellar
models of Maraston (1998, 2005). The uncertainties in otivele

5 Early-type T ;//' Late-type ]
n |
: /
: %
g 0.6F I %7 ]

g
T

0.0
0.0 0.2

0.4 0.6 0.8 1.0
fracDev

0.0 0.2 0.4 0.6 0.8 1.0

fracDev

Figure 3. Peak-normalised distributions bf acDev (which describes the
fraction of light from a fit to a de Vaucouleurs profile). Theagrshaded
histograms show thér acDev distribution for PSGs. The striped his-
togram show thé r acDev distribution for the early-type galaxies (in the
left panel) and the distribution for the late-type galaxieghe right panel).

stellar masses are dominated by the inherent uncertainttam
the stellar models used. More details on the parametesizati
the star formation histories and the fitting process can badadn
Schawinski et al. (2010) and references within.

The top row of panels in Figuré] 4 shows the colour—stellar
mass distribution of our PSG sample as red solid circles had t
SDSS galaxy sample of a particular type is represented Hyldlc&
solid contours. Black dotted-lined contours representdibgibu-
tion of the entire sample regardless of galaxy-type and laweris
for comparison purposes. The bottom row of panels in Figlire 4
shows the distribution of the fraction of PSGs to the numtfer o
galaxies (of a particular type) in a given colour—stellasmhin as
a solid orange-shaded contour map overlaid on the solicboosit
showing the distribution of the SDSS galaxies of a partictylpe.

As can be seen from the top row panels of Figdre 4, our PSG
sample appears to be spread over a fairly larger colour range
even though a majority (94%) of the PSGs have stellar masses b
low the transition mass of logd/, < 10.5 My which separate
the low-mass star-forming galaxies from the high-massiyelgs
evolving bulge-dominated galaxies (Kauffmann etlal. 2008)
fact, we do not find any PSG with a lab/, > 11.5 My. Such
a stellar mass limit in our PSG sample is more clearly ilatstd
by the number fractions of PSGs to the number of galaxiesméth
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Figure 4. Thewu — r colour versus stellar mass distribution of our the SDSSxgadample are shown by the contours. The top row shows PSGegsatid
red circles) overplotted onto the distribution of SDSS gigla of a particular type (demarcated by the solid line corgtp The panels from left to right show
the distributions: for all galaxy types, for early-type @dks, for intermediate-type galaxies and for late-typleddes. Within the top row, the distribution of
SDSS galaxies for all galaxy types are also shown as a cosepally dotted-lined contours within the early-, interméaliand late-type galaxy panels. The
bottom row shows the number fraction of our PSG sample to afeexg sample of a particular type in a given colour-mass bia solid orange contour map
overlaid onto the contours marking the distribution of SOfg$axies. The maximum number fractions for all galaxy tymesly-types, intermediate-types,

late-types are 3.0%, 2.6%, 3.0% and 1.9%,; respectively.
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Figure 5. Percentage of PSGs as a function of stellar mass. The uimeerta
ties are given by the b and 96" percentile values derived from bootstrap
resampling of our data.

particular colour—stellar mass range (see the bottom pariétig-
ure[d). Figuré b shows the percentage of PSGs p&F M, bins.
The average percentage of PSGs in the ldg bins between 9.5
and 10.5 M, is ~ 8 times greater than that between the [ag
bins between 10.5 and 11.5dMwith a 3r significance). The un-
certainties in the stellar masses are dominated by the tantges
in the stellar population models and can be up t6°1M in stellar
masses (e.g. _Conroy etal. 2009).

One possible reason for the lack of high mass PSGs s likely to
be because our sample is restricted to a very local volumsugls,
the probability of finding massive galaxies in such a locélinee is
much less than at higher redshifts. Galaxies with log stel@sses
greater than 11.5 account for only 3.8% of the entire galaxg-s

ple. In addition, high-redshift surveys of E+A galaxies ac# as
sensitive to smaller (and fainter) galaxies. As such, tha galax-

ies found az ~ 0.1 are most likely the biggest and brightest types
of post-starburst galaxies. For example, the PSG sample=ai.8
inlyan et al.|(2009) have stellar masses greater 188#4° M. In
addition, low redshift PSGs are also more closely assatiatiess
massive blue galaxies than high redshift PSGs which are siiore
ilar to massive red galaxies (e.g._Yan et al. 2009). Theegfibiis
not surprising that our local sample of PSGs is dominatecbty |
mass objects.

In addition to the apparent stellar mass limit of our PSG pop-
ulation, the bottom panels of Figuré 4 also show that a sigmifi
fraction (61%) of our PSG sample reside within the “greeteyd)
while 31% and 8% reside in the “blue cloud! ¢ r < 1.8) and the
“red sequence”, respectively. Similarly, we find that thecpatage
of PSGs within the “green valley” (0.6%) is 17 times and 6 tme
greater than the fraction of PSGs within the “red sequencel’ a
the “blue cloud”, respectively. Hence, we propose thatll®&&Gs
occupy a well-defined position in the low-mass end of the égre
valley”. Consistent with the idea of galaxy formation dowarsg,
we postulate that local PSGs will transform into passivalgiving
“red” galaxies and contribute towards the build-up of the-lmass
end of the “red sequence” if star formation has indeed ceased

3.3 Environment

Using the adaptive Gaussian environment parametei(which
provides a measure of the number and proximity of galaxiesrat

a point in space, see Schawinski €t al. 2007), we study theoenv
ment properties of our PSG sample. Low, medium and high tensi
environments are described py < 0.21, 0.21 < pg < 0.58 and

pe > 0.58 respectively|(Schawinski etlal. 2007). The low density
class of environment can be likened to the galaxy field envirent.
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Table 3. Fractions of galaxies in three different environment @asor
different types of galaxies.

Galaxy type  pg <0.21  0.21 < pg < 0.58  pg > 0.58
Early-type 45% (4034) 29% (2561) 26% (2333)
Intermediate  53% (11866) 27% (6022) 20% (4592)
Late-type 56% (9124) 28% (4555) 16% (2566)
PSG 50% (40) 26% (21) 24% (19)

Similarly, the medium and high density classes can be cosalpar
the group (or cluster outskirts) and cluster environmergspec-
tively.

We find that 50% of our sample reside in the low density en-
vironment, while 26% and 24% reside in the medium and high
density environments, respectively. In high density envinents,
the fraction of PSGs is similar to that of early-types, wihiidow
density environments, the fraction of PSGs is in betweenh dha
intermediate- and early-type galaxies. As can be seen fram T
ble[3, the number fractions of early- and late-type galaiiethe
low and high density environments differ by10% whereby a
greater fraction of early-types are found in high densityirem-
ments and a greater fraction of late-types are found in lom+ de
sity environments. This greater fraction of early-typeag#s at
higher densities recapitulates the well-known morphotatpnsity
relation found by Dressler (1980) and more recent studiel ag
Bamford et al.[(2009). Similar to the PSG sample, the inteliiate-
type galaxies appear to have fractions which are in betweeset
found for early- and late-types. In addition, the fractiohgalaxies
residing in medium density environments are roughly theesean
gardless of galaxy types.It should be noted that KS testpadny
the p, distributions of different galaxy types confirm these resul
Hence, we find that the PSG distributions across all threg@mv
ment classes are similar to those of the early- and interatedype
galaxies. This is consistent with the fact that90% of the PSG
sample consists of galaxies classified as early- or inteiatetype
galaxies. Our results are also consistent with those ofBédlal.
(2004) who found that the local environments of E+A galafids
low that of the general galaxy population.

4 DISCUSSION

Our results show that local post-starburst galaxies reptesne
population of galaxies which currently occupies a well-ded
position in the low-stellar-mass end of the “green valleptas
rapidly transitioning onto the low-mass end of the “red ssme”
unless star formation resumes within the transitioningagoeof

~ 1 Gyr. The duration within which the individual PSG spends
in the “green valley” is probably only on the orderef1 Gyr (the
timescale for the fading of the Lyman continuum from the entr
generation of young stars) because structurally, theastetincen-
tration of the PSGs within the “green valley” already clgsed-
semble those of low-mass early-type galaxies even thoagticst
mation has only been truncated recently. Our transitiorsicale
concurs with recent findings of transition times on the orofr
~ 1 Gyr between the “blue cloud” and the “red sequence” (e.qg.
Kaviraj et all 20111, 2007; Schawinski etlal. 2007). Theseltesare
consistent with the idea of downsizing in the sense thatlaoy-
jects have mostly been formed at earlier epochs, while emalti-
jects are still being formed at later epochs. Our resultsremefore

comparable to those bf Wild etlal. (2009) who found the mass de
sity of PSGs to be 230 times lowerat- 0.07 than atz ~ 0.7.

Current galaxy evolution models often suggest that feddbac
from an active galactic nuclei (AGN) could provide the metms
guench and truncate the star formation history of a massilaxy
(e.g..Silk & Rees 1998; Kaviraj et al. 2005; Croton €t al. 2006
cidentally, our observation of a stellar mass limit in ouG>&mple
coincides with the findings of Schawinski et al. (2010) whorfd
that the AGN duty cycle peaks at the low mass-end of the “green
valley” and that the low-mass early-type AGN hosts appehai®
post-starburst properties. However, apart from two PSGshndx-
hibit spectral properties of LINERS, we do not observe argctpl
signatures of AGN within our PSG sample.

The connection between AGN and merger/interactions have
been discussed in the context of mergers inducing in-flongasf
that fuel star formation and the black hole (in the centrglaes;

e.g. [Canalizo et al. 2006), while feedback from the AGN is pre
dicted to quench star formation by re-heating the cold gabs an
expelling much of it in AGN-driven winds (e.g. Di Matteo ef al
2005%;| Thacker et al. 200€). Tremonti et al. (2007) found enak

for these winds in 10 out of 14 PSGszat= 0.6. They hypothesised
that the observed gas outflows in these galaxies suggesa@idt
feedback may play a role in quenching star formation in PSGs.
Compared to the PSG sample of Tremonti etlal. (2007), outl loca
PSGs are redder and not as massive. Therefore, followingethe
sults ofl Yan et al.| (2009) and Wild etial. (2009), we hypotbesi
that the evolution of our local PSG sample is likely to be atiff
ent to that of PSGs at higher redshifts. Consistent with ¢iselts

of Kaviraj et al. (2007), it is unlikely that AGN feedback Wile a
dominant quenching process for star formation in local RSGs

5 SUMMARY

In this paper, we have presented a study of local post-statrbu
galaxies (PSGs) using the photometric and spectroscopiered-
tions from SDSS in conjunction with the results from the Ggla
Zoo 1 project. We find that:

e The local population of PSGs occupy a well-defined space on
the colour-stellar mass diagram, most notably in the lovgswand
of the green valley below the transition mass (ldg < 10.5 Mo;
Kauffmann et all_2003) thought to be the mass division betwee
low-mass star-forming galaxies and high-mass passiweiviag
bulge-dominated galaxies. Consistent with the idea ofxyalar-
mation downsizing where smaller galaxies form at later appwe
think that the local PSGs will contribute to the build-up lo&ow-
mass end of the red sequence if star formation has indeedcceas
these galaxies.

e Consistent with previous studies (e.g. Blake et al. 2004), w
find that local environment of local PSGs follow that of theigel
galaxy population within the same volume.

e Using the morphological classifications from Galaxy Zoo, we
are able to study the distributions of morphologies in oUGRSmM-
ple in comparison to those of 47,573 galaxies in our full gala
sample within the same local volume. Although a majority of o
local PSG sample appears to have intermediate-type mangies|
which are neither early- nor late-type morphologies, we fimat
the stellar structural morphology (as describedflyacDev) of
the local “green valley” PSGs to be very similar to that of fow
mass early-type galaxies in the “red sequence” even thotagh s
formation has only recently ceased. Therefore, unlessfatiara-
tion resumes, we hypothesize that the local PSGs will evoiue



8 O.l.Wong et al.

of the “green valley” in~ 1 Gyr onto the “red sequence” as soon
as the young stellar population from the most recent episbd&ar
formation fades.
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