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A B S T R A C T 

Galaxies fall broadly into two categories: star-forming (blue) galaxies and quiescent (red) galaxies. In between, one finds the 
less populated ‘green valley’. Some of these galaxies are suspected to be in the process of ceasing their star formation through a 
gradual exhaustion of gas supply, or already dead and experiencing a rejuvenation of star formation through fuel injection. We 
use the Galaxy And Mass Assembly (GAMA) database and the Galaxy Zoo citizen science morphological estimates to compare 
the morphology of galaxies in the green valley with those in the red sequence and blue cloud. Our goal is to examine the structural 
differences within galaxies that fall in the green valley, and what brings them there. Previous results found that disc features such 

as rings and lenses are more prominently represented in the green-v alley population. We re visit this with a similar sized data set 
of galaxies with morphology labels provided by the Galaxy Zoo for the GAMA fields based on new Kilo-De gree Surv e y (KiDS) 
images. Our aim is to compare the results from expert classification qualitatively with those of citizen science. We observe 
that ring structures are indeed found more commonly in green-valley galaxies compared with their red and blue counterparts. 
We suggest that ring structures are a consequence of disc galaxies in the green valley actively exhibiting the characteristics of 
fading discs and evolving disc morphology of galaxies. We note that the progression from blue to red correlates with loosening 

spiral-arm structure. 

Key words: galaxies: bar – galaxies: bulges – galaxies: disc – galaxies: evolution – galaxies: spiral – galaxies: star formation. 
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 I N T RO D U C T I O N  

revious large-scale surv e ys of galaxies have revealed a bimodality 
n the colour–magnitude diagram of galaxies with two distinct 
opulations: one with blue optical colours and another with red 
ptical colours (Strate v a et al. 2001 ; Baldry et al. 2004 , 2006 ; Bell
t al. 2004 ; Willmer et al. 2006 ; Faber et al. 2007 ; Martin et al. 2007 ;
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all, Lo v eday & Brunner 2008 ; Brammer et al. 2009 ; Mendez et al.
011 ; Taylor et al. 2015 ; Corcho-Caballero, Ascasibar & L ́opez-
 ́anchez 2020 ; Corcho-Caballero et al. 2021 ). These populations
ere dubbed the ‘blue cloud’ (BC) or ‘star-forming galaxy sequence’ 

nd the ‘red sequence’ (RS), respectively (Driver et al. 2006 ; Faber
t al. 2007 ; Salim 2014 ). The blue cloud and red sequence are best
eparated at higher stellar mass and mix at lower stellar masses (cf.
aylor et al. 2015 ). 
The Galaxy Zoo (GZ) project (Lintott et al. 2008 ), which produced
orphological classifications for a million galaxies, helped to con- 
rm that this bimodality is not entirely morphology-driven (Salim 
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t al. 2007 ; Schawinski et al. 2007 ; Bamford et al. 2009 ; Skibba et al.
009 : Fig. 1 ). It suggested larger fractions of spiral galaxies in the
ed sequence 1 (Masters et al. 2010 ) and elliptical galaxies in the blue
loud (Schawinski 2009 ) than had previously been detected. 

The sparsely populated colour–mass space between these two
opulations, the so-called ‘green valley’ (Fig. 2 ), provides clues
o the nature and duration of galaxy transitions from blue cloud
o red sequence. This transition must occur on rapid time-scales,
therwise there would be an accumulation of galaxies residing in
he green valley, rather than an accumulation in the red sequence
s is observed (Arnouts et al. 2007 ; Martin et al. 2007 ; Smethurst
t al. 2015 , 2017 ; Nogueira-Cavalcante et al. 2018 ; Bremer et al.
018 ; Phillipps et al. 2019 ; Barone et al. 2022 ). Alternatively,
as infall on to red-sequence galaxies may rejuvenate them into
he green valley (e.g. Graham et al. 2017 ). Green-valley galaxies
ave therefore long been thought of as the ‘crossroads’ of galaxy
volution, a transitional population between the two main galactic
tages of the star-forming blue cloud and the ‘red and dead’
equence (Bell et al. 2004 ; Faber et al. 2007 ; Martin et al. 2007 ;

endez et al. 2011 ; Schawinski et al. 2014 ; Pan et al. 2015 ;
raham 2019 ); ho we ver, it is possible that these are also red-

equence galaxies that have been rejuvenated (Graham et al. 2015 ,
017 ). 
The intermediate colours of these green-valley galaxies have been

nterpreted as evidence for recent quenching (suppression) of star
ormation (Salim et al. 2007 ; Salim 2014 ; Smethurst et al. 2015 ;
hillipps et al. 2019 ). Star-forming galaxies are observed to lie
n a well-defined stellar mass–star-formation rate (SFR) relation
Martin et al. 2005 ); ho we ver, quenching a galaxy causes it to
epart from this relation (Noeske et al. 2007 ; Peng et al. 2010 ).
he main mechanism for galaxy quenching is thought to be a lack
f fuel for star formation. Fading of the star-forming disc, the
rimary site of star formation, drives the apparent morphological
ransition of galaxies from spiral to lenticular or elliptical in those
alaxies that are quenching and lie in the green valley (Coenda,
art ́ınez & Muriel 2018 ; Bluck et al. 2020 ; Fraser-McKelvie et al.

019 , 2020a , b ). 
Kelvin et al. ( 2018 ) examined 472 galaxies in the Galaxy And
ass Assembly (GAMA) surv e y with Sloan Digital Sk y Surv e y

SDSS) imaging visually for signs of disc substructures (e.g. rings,
ars, and lenses) with a team of e xpert classifiers. The y found
vidence that rings and lenses are more common in the green
alley than in red-sequence and blue-cloud galaxies. Our goal here
s to re-examine this result using the GZ morphological estimates
sing higher resolution and deeper Kilo-Degree Survey (KiDS)
mages (Kuijken et al. 2019 ) of the galaxies in the GAMA survey’s
quatorial fields (Driver et al. 2011 ). Our sample is of similar
ize to that of Kelvin et al. ( 2018 ) (396 versus 472) and there is
ikely o v erlap. There are two critical differences: the method of
lassification and the quality of the data. Our classifications are
ased on much impro v ed data and arrived at with citizen science
oting rather than a small expert panel. Our aim is to examine
hether the different data and classification schemes arrive at
ualitatively the same conclusions for the morphology of the green
alley. 

Our work is organized as follows: Section 2 describes the GAMA
nd GZ data we use here, Section 3 presents our results, and we
iscuss these in Section 4 . Section 5 lists our conclusions. 
NRAS 517, 4575–4589 (2022) 

 The red sequence was originally known as the colour–magnitude relation 
or early-type galaxies, see the re vie w in Graham ( 2013 ). 
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n this work, we use GAMA and GZ voting data based on KiDS
maging. 

.1 GAMA 

he GAMA surv e y is a spectroscopic surv e y comprised of three
quatorial fields and two southern fields. Its multi-wavelength pho-
ometry ranges from ultraviolet to submm wavelengths (Driver et al.
009 ; Hopkins et al. 2013 ; Liske et al. 2015 ). Redshifts ( z ) are found
eliably to z ∼0.8 and the surv e y is complete to ∼98 per cent for an
pparent magnitude in the Sloan Digital Sky Survey r filter (SDSS- r )
f 19.8 mag in the equatorial fields. Here, we consider only these
G09, G12, and G15), as the y o v erlap with KiDS (de Jong et al. 2013 ,
015 , 2017 ; Kuijken et al. 2019 ), on which the GZ information is
ased (see next section). 
We use GAMA optical photometry from SDSS Stripe-82 pho-

ometry (Taylor et al. 2011 ), which is corrected for redshift ( K
orrection) and internal dust extinction. The final photometry we
sed is the Lambda Adaptive Multi-Band Deblending Algorithm in
 (LAMBDAR) photometry (v01) presented in Wright et al. ( 2017 ).
Separately, we use stellar masses derived from the spectral energy

istribution (SED) model fit using the MAGPHYS tool (da Cunha,
harlot & Elbaz 2008 ), presented in Driver et al. ( 2016 ) and Wright
t al. ( 2017 ) (v06 in DR3). 

.2 KiDS GZ 

he GZ citizen science project analysed KiDS (de Jong et al. 2013 ,
015 , 2017 ; Kuijken et al. 2019 ) images. Citizen scientists answered
 series of questions based on KiDS g - and r -band imaging. A
ynthetic green channel was constructed as the arithmetic mean of
he other two to allow for the construction of three-colour RGB
mages. Because morphological detail is lost with distance, a limit of
 ≤ 0.075 is enforced to ensure reliable morphological estimates of
pc-scale structures (e.g. spiral arms, bars). Initially we ran this data
ith z ≤ 0.15; ho we ver, we realized limitations in the GZ data that

imited us to z ≤ 0.08, making resolution for many morphological
tructures difficult. Therefore, we decided to restrict our sample to z

0.075 to limit the bias due to distance effects in the GZ voting. 
The GZ question tree is presented in Holwerda et al. ( 2019 ) and

n Fig. 1 . The full GZ classification is described in Kelvin et al.
in preparation). We focus on the questions that are asked in the
Z question tree (Fig. 1 ) regarding disc galaxy morphology. In
ection 3 , we begin each subsection with the question code and
ssociated question for the morphological features as asked in the
Z questionnaire. These question codes are T00, T01, T02, T03,
04, T05, T06, T09, and T10. We refer the reader to Kelvin et al.

in preparation) for specific details of the GZ analysis. We used an
nternal GAMA/KiDS catalogue for the subsequent analysis. 

.3 Sample selection 

e organized our GZ data by stellar mass, log( M ∗)/M �, versus
ntrinsic stellar population colour plane ( u ∗ − r ∗) (the population
elections are from Bremer et al. 2018 ). Fig. 2 shows our selection of
lue-cloud, green-valley, and red-sequence galaxies, based on their
tellar mass and rest-frame colour. A second requirement is that these
alaxies are disc-dominated following the T00 question (Fig. 1 ): ‘Is
he galaxy in the centre of the image simply smooth and rounded or
oes it have features?’ with any fraction of the votes in favour of any



Green-valley galaxy morphology 4577 

Figure 1. The flow diagram of the GZ4 (fourth generation) question tree. We refer to the text for details on the questions in the GAMA sample. 
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M

Figure 2. These plots represent all the GAMA galaxies in our mass range (10.25 < log( M ∗/M �) < 10.75), colour-coded for their classification. We use the 
limits from Bremer et al. ( 2018 ) to select red, green, and blue galaxies. The left panel represents all the respective galaxies in their mass ranges before further 
data selection. The right panel shows all galaxies with any votes between 0.1 and 1 for not being seen edge-on and votes between 0.3 and 1 for spiral features. 
The right image represents our current data selection. 
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Figure 3. A scatter plot of the blue, green, and red galaxies in our sample 
extracted from GAMA to compare with GZ voting. The coloured galaxies 
represent the 396 galaxies that composed our selected sample, represented by 
the right panel of Fig. 2 . The GAMA sample is taken for 10.25 < log( M ∗/M �) 
< 10.75 at z ≤ 0.075, which is the redshift limit of the GZ selection from 

KiDS. The colour criteria are from Bremer et al. ( 2018 ). 
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eatures ( f features > 0). This is to remo v e an y galaxies without features
o examine further. 

For the first graph in Fig. 2 , we limited the mass to 10.25 <
og( M ∗/M �) < 10.75 and the redshift to z ≤ 0.075. This mass
ange was selected to ensure a complete sample and for more direct
omparison with Kelvin et al. ( 2018 ), who select galaxies in the same
ass range. This mass range co v ers the tip of the blue cloud at low z ;

his is necessary because, for galaxies to continue evolving beyond
his point, they must transition across the green valley (Bremer et al.
018 ). The redshift limit was imposed to ensure that distance effects
n the GZ voting are minimal (see the discussion in Willett et al.
013 on distance effects). Beyond z = 0.075, the resolution of KiDS
mages is not sufficient to discriminate between features a kiloparsec
n size, such as the width of spiral arms and rings. The voting can be
orrected using debiasing, but the GAMA dataset may be too small
or this (ho we ver, Galaxy Zoo v4 will be). 

The right graph of Fig. 2 represents the galaxies in each faction
hat, in GZ, have any votes for ‘Could this be a disc viewed
dge on?’ as no and ‘Is there any sign of a spiral arm pattern?’
egistering 30 per cent or higher (T01 and T03 in Fig. 1 , respec-
ively). To do this, we set the voting for T01 results to fraction
imits between 0.0001 and 0.9999 to prevent the possible error of
alaxies with single votes thro wing of f the results, and to maximize
hose votes for features. We continued to do the same with T02;
o we ver, this time we set the limits between 0.3 and 1. This
llowed us to choose galaxies that had votes for bulges, spiral
eatures, and all other morphological features in this branch of
he questionnaire. Lastly, for this step we limited our selection
or spiral features in the same way. We were left with a data set
f 176 for the blue cloud, 118 for the green valley, and 102 for
he red sequence, giving a total of 396 galaxies in the mass range
onsidered. 

Fig. 3 shows the distribution of featured galaxies in redshift ( z )
nd stellar mass ( M ∗). Our selection is made to the specifications
0.25 < log( M ∗/M �) < 10.75 and z ≤ 0.075, the redshift limit of GZ
re-selection for classification. This gives us a good representative
NRAS 517, 4575–4589 (2022) 
olume to compare galaxy morphologies. We find that red-sequence
alaxies are at slightly higher masses than the blue cloud, with green-
alley galaxies spanning an intermediate mass range. The galaxy
pread is represented better by mass in Fig. 4 . 

 RESULTS  

e compared the normalized fractions of galaxies between blue-
loud, green-valley, and red-sequence galaxies to generate voting
istograms and violin plots showing sample fractions in the following
ubsections. 

As shown in Fig. 1 , each tier was signified with a code, T##. This
ode represents the question asked in GZ about a morphological trait,
ith the number denoting the tier of each question. We organized

ach subsection by these question codes with their data represented
n a histogram. 

The tool used to compare these data is the Kolmogoro v–Smirno v
K–S) two-sample similarity test and the associated p -value cal-
ulated for our selection samples. The K–S value provides the

art/stac2258_f2.eps
art/stac2258_f3.eps


Green-valley galaxy morphology 4579 

Figure 4. A histogram of the blue, green, and red galaxies in our selection 
sample (right panel of Fig. 2 ) extracted from GAMA to compare with GZ 

voting. The GAMA sample is taken for (10.25 < log( M ∗/M �) < 10.75) and 
z ≤ 0.15, the limit of the GZ selection from KiDS. The histogram illuminates 
the o v erlap of data presented in Fig. 3 . The violin plot belo w sho ws the same 
information as the histogram abo v e it. 
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Figure 5. A histogram of the fraction of votes in favour of classifying 
galaxies as featured with a bar (T02 in the GZ questionnaire). The difference 
between the three groups is nearly equally distinguishable, with K–S values of 
0.16 for green valley and blue cloud, 0.10 for green valley and red sequence, 
and 0.24 for blue cloud and red sequence. The significance from p -values is 
6.14 × 10 −02 , 6.22 × 10 −01 , and 1.25 × 10 −03 , respectively. This confirms 
that the three groups are statistically variant. The violin plots represent the 
same data. 
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aximum difference between any two cumulative distributions we 
onsider. The p -value is the probability of random occurrence of the
resented null hypothesis (the distributions are the same). 
We plot the voting in GZ in two ways in each of the following

gures. In the upper panel, we plot the cumulative histogram of the
oting in GZ: on the x -axis is the fraction of voting in fa v our of the
uestion under consideration and on the y -axis the fraction of the
ample is shown. A plot that rises early has a larger fraction of the
ample with a low fraction of the votes in fa v our of this feature being
resent. In this case, the feature is relatively rare. If the plot rises
n the right of the x -axis, a large fraction of the sample has a high
raction of votes (or greater consensus) that this feature is present. 

In the lower panel, we present the same fraction of the voting in
 more traditional histogram, rendered as a violin plot (a mirrored
istogram with a kernel density applied to render it into a smooth
raph). Because the distribution is slightly smoothed, the range 
f values on the y -axes in the figures goes from −0.2 to 1.2 to
ccommodate the tails resulting from kernel smoothing. The range 
nd standard deviation of the distribution are also shown as thin and
hick horizontal lines. 

By combining both graphical visualizations in each plot, we hope 
o show both when v oting beha viour between populations is similar
r dissimilar in the cumulative distribution, reflected in the K–S 

etric, and how the voting behaviour looks in each population in a
ore intuitive histogram rendering. 

.1 Bars 

ig. 1 , T02: ‘Is there a sign of a bar feature through the centre of the
alaxy?’ 
Stellar bars are a prime suspect for a morphological feature that
ids in quenching, especially quenching from the inside out (see 
asters et al. 2021 for a re vie w). 
GZ voting shows that the red sequence and green valley have

 lower fraction of galaxies having bar-shaped structures than the 
lue cloud. In our statistical analysis, we have chosen only to
nclude galaxies that were voted as bar galaxies 50 per cent ( f bar 

 0.5) or more of the time. From our galaxy sample for each
action, 12.1 per cent of blue-cloud, 20.1 per cent of green-valley, and
9.3 per cent of red-sequence galaxies met this requirement. These 
ercentages are to be expected if the green valley is a transition zone
nd bars are in fact a predecessor to quenching and are long-lived
nough to do so. Fig. 5 shows similar voting behaviour in GZ in the
ed sequence and green valley. The notably different behaviour in the
lue cloud shows lower confidence in more of the blue-cloud sample
f galaxies. 

.2 Featured discs 

ig. 1 , T03: ‘Is there any sign of a spiral arm pattern?’ 
Using the voting data from this question showed galaxies with 

piral features in the red sequence, blue cloud, and green valley. 
The outcome, as shown in Fig. 6 , shows that most disc galaxies in

he blue cloud are featured galaxies. There are fewer featured galaxies 
mong the disc galaxies of the red sequence. The number of featured
alaxies in the green valley falls somewhere in between those present
n the blue cloud and red sequence. The fraction of galaxies with discs
MNRAS 517, 4575–4589 (2022) 
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Figure 6. A histogram of the fraction of votes in favour of classifying 
galaxies as featured (T00 in the GZ questionnaire). According to the K–
S test, the green valley and blue cloud are very distinguishable, with a 
value of 0.37. The difference between the green valley and red sequence 
is distinguishable as well, with a KS value of 0.20. The difference between 
the blue cloud and red sequence yields a KS value of 0.50. These differences 
are confirmed further due to very small p -values: 1.39 × 10 −06 , 3.12 × 10 −02 , 
and 5.66 × 10 −14 , respectively. The violin plots represent the same data as 
the cumulative histogram at the top. 
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Figure 7. Histogram of the fraction of votes in favour of spiral galaxies 
having a loose winding (T05 in the GZ questionnaire). The difference between 
green-valley and blue-cloud galaxies is distinguishable with a KS of 0.23, the 
KS of green-valley and red-sequence galaxies is 0.17, and the KS of the blue 
cloud and red sequence is 0.35. Green valley to blue cloud has a p value of 
2.16 × 10 −03 , green valley and red sequence is 9.43 × 10 −02 , and the KS 
of red sequence and blue cloud is 6.5 × 10 −07 . The violin plots in the lower 
panel represent the same data as the cumulative histogram at the top. 
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s possibly an underestimate, as lenticular galaxies are often missed
n visual inspections (Graham 2019 ). 

.3 Winding of spiral arms 

ig. 1 , T05: ‘How tightly wound do the spiral arms appear?’ 
Green-valley galaxies tend to follow the blue cloud in behaviour in

piral arm windings of tight and medium, but lead in voting of loose
inding. The red sequence continues to show the opposite behaviour

o the blue cloud (see, for example, Figs 7 , 8 , and 9 ). 
Since T05 is a choice between these three questions and one cannot

rogress without clicking one option, the plots in Figs 7 , 8 , and 9 are
omplementary. It shows that loose winding is preferred for the blue
loud and tight winding for the red sequence, and the green-valley
 oting beha viour is somewhere in between. It also shows that the
medium’ option voting is much more similar for all three populations
s a compromise option, but remains less of a preference for red-
equence galaxies, strongly suggesting that red-sequence galaxies
ave tightly wound arms. 

.4 Number of spiral arms 

ig. 1 , T06: ‘How many spiral arms are there?’ 
Green-valley galaxies are more symmetric (180 ◦ rotationally

ymmetric), as the higher relative voting fraction points out. They
re fa v oured to ha ve two arms, rather than one or three (which may
e 120 ◦ symmetric). Spiral galaxies with an odd number of arms are
NRAS 517, 4575–4589 (2022) 
ore commonly found in the blue cloud, the voting suggests (see, for
xample, Fig. 10 ). The number of arms has been linked to specific
tar-formation decline (Porter-Temple et al. 2022 ) and the relative
istributions of voting for three-armed spirals in the red sequence,
reen valley, and blue cloud reflect this. 

.5 Central bulge prominence 

ig. 1 , T04: ‘How prominent is the central bulg e , compared with the
est of the galaxy?’ 

Fig. 11 shows the v oting beha viour for this question with the
ighest voting fractions, i.e. the largest fraction of the sample with
igh voting confidence, for a dominant bulge in the red sequence,
ollowed by the green valley and blue cloud. This trend is an expected
esult following the current understanding of galaxy evolution from
reen valley to red sequence, i.e. discs fading and turning red and the
ulge gaining relative prominence with respect to the disc. 

.6 Rings 

ig. 1 , T10: ‘Do you see any of these odd features in the ima g e?’ 
This last question in the question tree of GZ (Fig. 1 ) is for citizen

cientists to identify rarer morphological phenomena, which are
xpected to be infrequent, such as accidental o v erlaps of galaxies
long the line of sight (see Keel et al. 2013 ; Holwerda 2017 , for
 discussion on these). One of the options is to identify a ring, as
pposed to a lensing object, as this odd feature. 
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Figure 8. Histogram of the fraction of votes in favour of spiral galaxies 
having a medium winding (T05 in the GZ questionnaire). The difference 
between the green valley and blue cloud is distinguishable with a KS of 0.11, 
but the difference between the green valley and red sequence is distinguishable 
at a KS value of 0.22, and the largest difference is between the behaviour 
of the red sequence and the blue cloud with a KS of 0.24. The significances 
of these results are as follo ws: green v alley to blue cloud has a p value of 
4.2 × 10 −01 , green valley to red sequence 1.33 × 10 −02 , and blue cloud to 
red sequence 1.61 × 10 −03 . This shows again how the behaviours of the blue 
cloud and red sequence are opposite, with the green valley maintaining the 
middle. The violin plots represent the same data as the cumulative histogram 

in the top panel. 
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Figure 9. Histogram of the fraction of votes in favour of spiral galaxies 
having a tight winding (T05 in the GZ questionnaire). The difference between 
the green valley and blue cloud is distinguishable with a KS of 0.20, but 
the difference between the green valley and red sequence is 0.29, with 
the difference between the red sequence and blue cloud being the most 
distinguishable at 0.39. The significances of these are represented with p - 
values of the green valley and blue cloud of 1.08 × 10 −02 , green valley and red 
sequence of 3.44 × 10 −04 , and blue cloud and red sequence of 1.66 × 10 −08 . 
The violin plots represent the same data as the top panel histograms. 
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Though the source of rings is still heavily debated, the abundance 
f inside quenching may be a potential cause (Kelvin et al. 2018 ).
e expect a direct correlation between the presence of bars and 

ings in featured galaxies if the inside-out quenching theory holds 
rue. We see this behaviour in the blue cloud and the red sequence
steady increase in bars in disc galaxies from blue cloud to red
equence, Fig. 5 ). Ho we ver, there is an even stronger prevalence of
ing galaxies in the green valley (Fig. 12 ). This could be a sign of
ncreased inside quenching or ring formation in the green valley, 
riven by other possible factors. 

 DISCUSSION  

he transition of galaxies from the star-forming blue cloud to the 
assive red sequence through the green valley is thought to be due
o a variety of processes, both internal and external, and can be
n either direction (see Salim 2014 for a re vie w). There appears
o be a relation between galaxy morphology and transition speed 
Schawinski et al. 2014 ; Smethurst et al. 2015 ): smooth galaxies
ndergo a rapid transit through major mergers, intermediate complex 
alaxies (e.g. S0) undergo minor mergers and galaxy interactions 
or an intermediate crossing scale, and disc galaxies cross most 
lowly, due to secular processes. In disc galaxies, bars and bulges 
re suspected to play a role in the quenching process (Nogueira- 
avalcante et al. 2018 ; Ge et al. 2018 ; Gu et al. 2018 ; Kelvin
t al. 2018 ). Green-valley quenching appears to be ongoing since
 ∼ 2 (Jian et al. 2020 ) with a mass dependence on transition
peed and phase (Schawinski et al. 2014 ; Angthopo, Ferreras &
ilk 2020 ). Higher mass galaxies appear to quench mostly due to

ack of gas supply (Das, P ande y & Sarkar 2021 ) and quenching does
eem linked to a lack of circumgalactic medium (CGM: Kacprzak 
t al. 2021 ). At lower masses, morphological features are thought to
nfluence the quenching speed (Smethurst et al. 2015 ), moti v ating
ur morphological characterization of green-valley galaxies. 
Citizen scientists were asked if the galaxies they were looking at

ere ring galaxies. We have analysed the GZ votes of galaxies of
ass (10.25 < log( M ∗/M �) < 10.75), as was done in Kelvin et al.

 2018 ). Ho we ver, we increased the redshift from z < 0.06 to z < 0.075
hanks to the impro v ed resolution of the KiDS images. This larger
ample size gave us very similar overall results to those from Kelvin
t al. ( 2018 ), i.e. a higher fraction of ring galaxies in green-valley
eatured galaxies. The data presented in Fig. 12 demonstrate this 
ehaviour. Initially, we had constrained our sample to z < 0.15, the
ull redshift range of GAMA/GZ data. The results were qualitatively 
imilar, but distance effects cannot be fully ruled out and we imposed
he z = 0.075 limit (the distance KiDS resolution corresponds to a
-kpc feature). 
It is clear that the green valley has a higher concentration of ring-

eatured galaxies than both the red sequence and the blue cloud.
his is not the only example of the green valley exhibiting its own
ehaviour: as explained in Section 3.3 , the green valley has an initial
MNRAS 517, 4575–4589 (2022) 
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M

Figure 10. A histogram of the fraction of votes in fa v our of classifying 
galaxies as spiral with three arms (T10 in the GZ questionnaire). The 
difference between the green valley and blue cloud is very distinguishable 
with a K–S value of 0.27, green valley to red sequence is distinguishable 
with a K–S value of 0.35, and the highest difference is seen between blue 
cloud and red sequence with a K–S of 0.58. The significance from p -values is 
1.26 × 10 −04 , 6.75 × 10 −06 , and 1.59 × 10 −19 , respectively. This shows that 
spiral galaxies with three arms are found more frequently in the blue cloud 
and green valley. The violin plots represent the same data. 
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Figure 11. A histogram of the fraction of votes classifying disc galaxies 
with dominant bulges (T04 in the GZ questionnaire). The difference between 
the green valley and blue cloud is distinguishable with a K–S of 0.31. 
This difference is less distinguishable between the green valley and the 
red sequence, with a K–S value of 0.13. When comparing the blue cloud 
with the red sequence, the K–S value is 0.34. The significance p -values are 
3.33 × 10 −06 , 3.23 × 10 −01 , and 7.55 × 10 −03 , respectively. 
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ehaviour of looser arm windings (Fig. 7 ). We have also shown
hat the red sequence and green valley have higher concentrations
f featured galaxies with bars, while the blue cloud possesses the
owest amount of featured galaxies with bars (Fig. 5 ). Earlier studies
ound that barred galaxies may transition more slowly (Nogueira-
avalcante et al. 2018 ), or that bulges play a role in the transition

hrough the green valley (Ge et al. 2018 ), some of which may be
ejuvenating rather than quenching (Mancini et al. 2019 ). 

As previously stated, it is theorized that quenching may cause
ing formation. The existence of bars may expedite the quenching
rocess, which may in turn lead to faster ring formation. This shows a
ossible link between the role of bars and rings in galaxy quenching.
he green valley represented in the histogram in Fig. 5 shows a
ifference in behaviour from that seen with rings in Fig. 12 . The
oting for bars in green-valley galaxies in Fig. 5 is in between the
oting for the blue cloud and red sequence. The voting in the green
alley in Fig. 12 is more confident in rings than either the blue cloud
r the red sequence; a larger fraction of the green-valley sample has
 higher confidence in rings than either comparison sample. 

Ho we ver, by looking at our violin graphs portion of Fig. 12 , we see
hat the distribution of the green-valley galaxy sample is spread o v er
he whole range of possible values (galaxies with high and low con-
dence in a ring), while the blue-cloud galaxies are mostly clustered
t low confidence in rings while the red-sequence galaxies resemble
 high-confidence and low-confidence population. The green valley
esembles the red sequence, but with higher voting fractions. 
NRAS 517, 4575–4589 (2022) 
This could be due to the fact that this is a transition zone and
he younger green-valley galaxies have yet to exhibit the bar or
ing behaviours that may occur later in their lifetimes in the green
alley, just before entering the red sequence. Future studies with even
ore GZ information will help probe the link between bar and ring

ormation and the green-valley population. 
Furthermore, we studied the possibility of a correlation between

ominant bulges and rings (Figs 11 and 12 , respectively). Though it
oes appear that the green valley is in the middle in both bulge and
ing distributions, the role of internal quenching remains unclear. It is
ot clear why a fading disc will result in either a ring or a tightening
f the spiral arm. Perhaps, o v er time, the reduction of gas in the disc
esults in a lower density for the spiral density wave (e.g. Roberts,
oberts & Shu 1975 ; Dobbs & Baba 2014 ; Shu 2016 ) and thus a
ifferent spiral pattern speed. This change in the spiral density wave
ould lead to either a tightening of the spiral arms or ring formation.
his depends, ho we ver, on the dominant formation mechanism for
piral arms (Davis, Graham & Combes 2019 ). Rings could quench
he disc or the quenching of the disc could form rings. 

When all conditions are carefully considered, the preference for
reen-valley galaxies to be classified with rings suggests that any
uenching in the green valley is accompanied by subtle changes in
isc morphology, as well as mere dimming of the disc. 

 C O N C L U S I O N S  

e find that the red sequence leads in the highest concentration
f featured galaxies with bulges. It is followed by the green valley
Fig. 11 ). A lack of new-forming stars in the red sequence leads to a
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Figure 12. A histogram of the fraction of votes labelling galaxies as featured 
with rings (T06 in the GZ questionnaire). The green valley is distinguishable 
from the blue cloud with a K–S value of 0.32. The green valley continues to 
differ from the red sequence with a K–S value of 0.18, while the red sequence 
to blue cloud difference has a K–S value of 0.21. The significance p -values 
are 2.92 × 10 −06 , 6.31 × 10 −02 , and 7.55 × 10 −03 , respectively. This is the 
first time we observe a difference in the location of the green-valley data. 
Here, it is no longer in between the blue cloud and the red sequence, thus 
presenting behaviour of its own. 
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ack of contrast, which may allow bulges to be more visible. This is
he diametrically opposite case to bulges in the blue cloud. 

Our results match GZ voting (on KiDS images) in confirming that 
reen-valley featured galaxies have the most rings in comparison 
ith their blue-cloud and red-sequence counterparts (Fig. 12 ). This 

onfirms the initial prominence of rings in green-valley galaxies 
ound by Kelvin et al. ( 2018 ). 

Our findings also show a gradual loosening of spiral arms as
alaxies enter the green valley. Blue-cloud galaxies are viewed 
redominantly with tightly wound arms, while every kind of spiral 
rm winding is present in the red sequence. A trend is visible in the
oting on central bulge prominence: bulges become more dominant 
rom blue cloud to red sequence, with the green valley displaying an
ntermediate distribution. 

Our thorough study of galaxies classified in the green valley 
ndicates that their behaviours typically share characteristics with 
oth the red sequence and blue cloud, placing them in the middle
Fig. 6 ), thereby highlighting the transitional interstitial nature of the 
reen valley. 
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PPENDI X  A :  SUPPLEMENTA L  F I G U R E S  

In this section we supply the histograms representing the rest of
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pared between different galaxy populations based on colour, red, green, and 

stograms 
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Table A2. The p-values of the Kolmogoro v-Smirno v tests between different galaxy populations identified by colour (red, green, and blue). 

p -values for histograms 
Figure Green valley to blue cloud Green valley to red sequence Blue cloud to red sequence 

5 : Bars 6.14 × 10 −02 6.22 × 10 −01 1.25 × 10 −03 

6 : Spiral 1.39 × 10 −06 3.12 × 10 −02 5.66 × 10 −14 

7 : Loose 2.16 × 10 −03 9.43 × 10 −02 6.50 × 10 −07 

8 : Medium 4.20 × 10 −01 1.33 × 10 −02 1.62 × 10 −03 

9 : Tight 1.08 × 10 −02 3.44 × 10 −04 1.66 × 10 −08 

10 : Three arms 1.26 × 10 −04 6.75 × 10 −06 1.59 × 10 −19 

11 : Dominant bulge 3.33 × 10 −06 3.23 × 10 −01 1.51 × 10 −06 

12 : Rings 2.92 × 10 −06 6.31 × 10 −02 7.55 × 10 −03 

A1 : One arm 3.67 × 10 −01 5.17 × 10 −01 5.93 × 10 −01 

A2 : Two arms 8.62 × 10 −04 2.27 × 10 −05 4.97 × 10 −11 

A3 : Four arms 6.77 × 10 −03 1.23 × 10 −01 9.97 × 10 −08 

A4 : Four + arms 1.22 × 10 −01 5.23 × 10 −02 7.57 × 10 −06 

A5 : Dust lane 9.07 × 10 −01 2.15 × 10 −01 4.62 × 10 −02 

A6 : Mergers 5.34 × 10 −01 1.81 × 10 −02 2.70 × 10 −01 

A7 : Lenses or arcs 1.54 × 10 −01 2.76 × 10 −01 8.63 × 10 −01 

A8 : Tidal debris 1.54 × 10 −01 5.64 × 10 −02 1.75 × 10 −03 

A9 : Obvious bulges 2.19 × 10 −04 5.68 × 10 −02 3.12 × 10 −07 

Figure A1. Histogram of the fraction of votes in fa v our of galaxies having 
one arm (T10 in the GZ questionnaire). The difference between the green 
valley and blue cloud is not very distinguishable with a KS of 0.06; the green 
valley is more distinguishable from the red sequence with a KS value of 
0.12, keeping the green valley between the behaviour of the red sequence 
and blue cloud, which has the most difference with a KS value of 0.18. The 
significance between the green valley and blue cloud is 0.1, green valley and 
red sequence 4.18 × 10 −05 , and blue cloud and red sequence 5.48 × 10 −11 . 

Figure A2. Histogram of the fraction of votes in fa v our of galaxies having 
two arms (T10 in the GZ questionnaire). The difference between the green 
valley and blue cloud is distinguishable with a KS of 0.18, while the green 
valley is distinguishable from the red sequence with a KS value of 0.17, 
staying between the behaviour of the blue cloud and red sequence with a 
KS of 0.33. The significance between the green valley and blue cloud is 
1.14 × 10 −10 , green valley and red sequence 1.93 × 10 −09 , and blue cloud 
and red sequence 4.89 × 10 −34 . 
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Figure A3. Histogram of the fraction of votes in fa v our of galaxies having 
four arms (T10 in the GZ questionnaire). The difference between the green 
valley and blue cloud is distinguishable with a KS of 0.17, while the green 
valley is less distinguishable from the red sequence with a KS value of 0.06, 
staying between the behaviour of the blue cloud and red sequence with a 
KS of 0.22. The significance between the green valley and blue cloud is 
5.32 × 10 −09 , green valley and red sequence 0.15, and blue cloud and red 
sequence 3.5 × 10 −16 . 

Figure A4. Histogram of the fraction of votes in fa v our of galaxies having 
more than four arms (T10 in the GZ questionnaire). The difference between 
the green valley and blue cloud is distinguishable with a KS of 0.14, the 
green valley is less distinguishable from the red sequence with a KS value of 
0.06, and the KS of the blue cloud and red sequence is 0.20. The significance 
between the green valley and blue cloud is 3.12 × 10 −06 , green valley and 
red sequence 0.1, and blue cloud and red sequence 7.81 × 10 −13 . 
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Figure A5. Histogram of the fraction of votes in fa v our of galaxies having 
dust lanes (T06 in the GZ questionnaire). The green valley is distinguishable 
from the blue cloud and red sequence with a KS value of 0.08 for both, while 
the red sequence and blue cloud are distinguishable with a KS value of 0.13. 
The significance between the green valley and blue cloud is 0.02, green valley 
and red sequence 0.02, and blue cloud and red sequence 5.36 × 10 −06 . 

Figure A6. Histogram of the fraction of votes in fa v our of galaxies having 
mergers (T05 in the GZ questionnaire). The green valley is distinguishable 
from the blue cloud with a KS value of 0.09, the green valley continues to be 
differentiated from the red sequence with a KS value of 0.12, while the red 
sequence and blue cloud have a KS value of 0.18. The significance between 
the green valley and blue cloud is 8.05 × 10 −03 , green valley and red sequence 
6.8 × 10 −05 , and blue cloud and red sequence 3.78 × 10 −11 . 
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Figure A7. Histogram of the fraction of votes in fa v our of galaxies having 
lenses or arcs (T06 in the GZ questionnaire). The green valley to blue cloud 
KS value is 0.04, the green valley to red sequence KS is 0.10, and the red 
sequence to blue cloud has a KS value of 0.09. The significance between the 
green valley and blue cloud is 0.4, green valley and red sequence 1.81 × 10 −03 , 
and blue cloud and red sequence 6.74 × 10 −03 . 

Figure A8. Histogram of the fraction of votes in fa v our of galaxies having 
tidal debris (T05 in the GZ questionnaire). The green valley is distinguishable 
from the blue cloud with a KS value of 0.19, the green valley continues to be 
differentiated from the red sequence with a KS value of 0.19, while the red 
sequence and blue cloud have a KS value of 0.35. The significance between 
the green valley and blue cloud is 1.78 × 10 −11 , green valley and red sequence 
5.63 × 10 −12 , and blue cloud and red sequence 3.30 × 10 −39 . 
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Figure A9. Histogram of the fraction of votes in fa v our of galaxies having 
obvious bulges (T04 in the GZ questionnaire). The difference between the 
green valley and blue cloud is distinguishable with a KS of 0.21, while the 
green valley is less distinguishable from the red sequence with a KS value 
of 0.11, staying between the behaviour of the blue cloud and red sequence, 
which have a KS of 0.25. The significance between the green valley and blue 
cloud is 6.64 × 10 −14 , green valley and red sequence 6.5 × 10 −04 , and blue 
cloud and red sequence 3.66 × 10 −20 . 
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