
MNRAS 518, 2794–2809 (2023) https://doi.org/10.1093/mnras/stac3228 
Advance Access publication 2022 No v ember 11 

Lessons learned from the two largest Galaxy morphological classification 

catalogues built by convolutional neural networks 

T.-Y. Cheng , 1 ‹ H. Dom ́ınguez S ́anchez, 2 , 3 J. Vega-Ferrero , 4 C. J. Conselice, 5 M. Siudek , 3 , 6 

A. Arag ́on-Salamanca , 7 M. Bernardi, 8 R. Cooke , 1 L. Ferreira, 7 M. Huertas-Company , 4 , 9 

J. Krywult, 10 A. Palmese , 11 † A. Pieres , 12 , 13 A. A. Plazas Malag ́on , 14 A. Carnero Rosell , 3 , 12 , 15 

D. Gruen, 16 D. Thomas , 17 D. Bacon, 17 D. Brooks, 18 D. J. James, 19 D. L. Hollowood , 20 D. Friedel, 21 

E. Suchyta , 22 E. Sanchez, 23 F. Menanteau, 21 , 24 F. Paz-Chinch ́on, 21 , 25 G. Gutierrez, 26 G. Tarle, 27 

I. Sevilla-Noarbe, 23 I. Ferrero , 28 J. Annis, 26 J. Frieman, 26 , 29 J. Garc ́ıa-Bellido , 30 J. Mena-Fern ́andez, 23 

K. Honscheid, 31 , 32 K. Kuehn, 33 , 34 L. N. da Costa, 12 M. Gatti, 8 M. Raveri, 8 M. E. S. Pereira, 35 

M. Rodriguez-Monroy, 23 M. Smith , 36 M. Carrasco Kind , 21 , 24 M. Aguena , 12 M. E. C. Swanson, 
N. Weaverdyck , 27 , 37 P. Doel, 18 R. Miquel, 6 , 38 R. L. C. Ogando , 13 R. A. Gruendl, 21 , 24 S. Allam, 26 

S. R. Hinton , 39 S. Dodelson, 40 , 41 S. Bocquet, 16 S. Desai, 42 S. Everett 43 and V. Scarpine 

26 

Affiliations are listed at the end of the paper 

Accepted 2022 No v ember 2. Received 2022 October 26; in original form 2022 August 19 

A B S T R A C T 

We compare the two largest galaxy morphology catalogues, which separate early- and late-type galaxies at intermediate redshift. 
The two catalogues were built by applying supervised deep learning (convolutional neural networks, CNNs) to the Dark Energy 

Surv e y data down to a magnitude limit of ∼21 mag. The methodologies used for the construction of the catalogues include 
differences such as the cutout sizes, the labels used for training, and the input to the CNN – monochromatic images versus 
gri -band normalized images. In addition, one catalogue is trained using bright galaxies observed with DES ( i < 18), while 
the other is trained with bright galaxies ( r < 17.5) and ‘emulated’ galaxies up to r -band magnitude 22.5. Despite the different 
approaches, the agreement between the two catalogues is excellent up to i < 19, demonstrating that CNN predictions are 
reliable for samples at least one magnitude fainter than the training sample limit. It also shows that morphological classifications 
based on monochromatic images are comparable to those based on gri -band images, at least in the bright regime. At fainter 
magnitudes, i > 19, the o v erall agreement is good ( ∼95 per cent), but is mostly driv en by the large spiral fraction in the two 

catalogues. In contrast, the agreement within the elliptical population is not as good, especially at faint magnitudes. By studying 

the mismatched cases, we are able to identify lenticular galaxies (at least up to i < 19), which are difficult to distinguish using 

standard classification approaches. The synergy of both catalogues provides an unique opportunity to select a population of 
unusual galaxies. 

Key words: methods: data analysis – methods: statistical – galaxies: structure. 
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 I N T RO D U C T I O N  

alaxy morphology describes the visual features of a galaxy and the
tructure of its light distribution. Both of these properties are strongly
onnected with its formation history (e.g. Holmberg 1958 ; Dressler
980 ). In addition, galaxy morphologies are intimately related to their
tellar populations, likewise for galaxy stellar masses, star formation
ates, ages, and metallicities (e.g. Conselice 2006 ; Pozzetti et al.
010 ; Wuyts et al. 2011 ; Huertas-Company et al. 2016 ). Therefore,
 E-mail: ting-yun.cheng@durham.ac.uk 
 NASA Einstein fellow. 

s  

m  

2  

e  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https://cr eativecommons.or g/licenses/by/4.0/), whi
btaining a large number of galaxies with robust morphological
lassifications is of great importance for understanding galaxy
volutionary history and stages. 

Traditionally, the morphological classification of galaxies has been
ased on visual inspection (de Vaucouleurs 1959 ; Sandage 1961 ; de
aucouleurs 1964 ; Fukugita et al. 2007 ; Nair & Abraham 2010 ;
aillard et al. 2011 ). Ho we ver, during the past decades, there was a

ignificant increase in the sizes of galaxy data sets, from the Hubble
pace Telescope , or the Sloan Digital Sk y Surv e y (SDSS), to current
urv e ys such as Dark Energy Surv e y, which includes hundreds of
illions of galaxies (DES Collaboration 2005 ; DES Collaboration

016 , hereafter, DES). The number of observed galaxies will increase
ven more with the advent of future surv e ys such as the Euclid Space
© The Author(s) 2022. 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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1 This unpublished catalogue is built by A. Palmese. 
2 F or e xample, the assumption of a DeVauculers profile or a prior of 0 for the 
FRACDEV parameter at the faint end. 
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elescope (Laureijs et al. 2011 ) and the Vera Rubin Observatory 
e gac y Surv e y of Space and Time (Ivezi ́c et al. 2019 ), making

t impossible to visually classify such extremely large data sets, 
ven with Citizen Science tools such as Galaxy Zoo (Lintott et al.
008 , 2011 ; Willett et al. 2013 ). Thankfully, we can now utilize
achine learning techniques, which have been applied to a variety 

f astronomical studies with great success since the 1990s: e.g. star-
alaxy separation (Odewahn et al. 1992 ; Weir, Fayyad & Djorgovski 
995 ; Soumagnac et al. 2015 ), photo-z estimation (Collister & Lahav
004 ; Alarcon et al. 2021 ; Schuldt et al. 2021 ; Soo et al. 2021 ),
alaxy structural measurements (Tohill et al. 2021 ), strong lensing 
dentification (Jacobs et al. 2017 ; Petrillo et al. 2017 ; Lanusse et al.
018 ; Cheng et al. 2020b ), finding galaxy mergers (Bottrell et al.
019 ; Ferreira et al. 2020 ), and morphological classification of
alaxies (Lahav et al. 1995 ; Banerji et al. 2010 ; Dom ́ınguez S ́anchez
t al. 2018 ; Huertas-Company et al. 2018 ; Siudek et al. 2018a , b ;
hosh et al. 2020 ; Hausen & Robertson 2020 ; Walmsley et al. 2020 ;
heng et al. 2020a ; Turner et al. 2021 ; Cheng et al. 2021a ; Gupta,
rijith & Desai 2022 ). 
The main advantages of machine learning techniques, and in par- 

icular , of con volutional neural network (CNN) algorithms, compared 
o light-profile parametric fitting (e.g. Tarsitano et al. 2018 ; Everett 
t al. 2022 ) are the computation time, orders of magnitude faster once
he modes have been trained, and the lack of a model assumption to
escribe the light profile (of particular importance for asymmetric 
alaxies, which are more frequent at higher redshift). 

Machine learning techniques are applied to astronomical studies 
sing a diversity of approaches, but there are not many comparisons 
f these different techniques to assess their successes and failures. 
n this work, we compare the results of the two morphological 
atalogues presented in Vega-Ferrero et al. ( 2021 , hereafter V21 )
nd Cheng et al. ( 2021b , hereafter C21 ), constructed by applying
NNs to the DES data. The differences between the two approaches 
rovide an excellent opportunity to assess, with great statistics, 
he impact of different deep learning methodologies (e.g. training 
abels, depth of the training sample, the inclusion of ‘emulated’ 
mages in the training sample, etc). The catalogues are the two 
argest morphological classification catalogues to date including 

27 million ( V21 ) and ∼21 ( C21 ) million galaxies, respectively.
he o v erlapping sample includes o v er 17 million galaxies. This
omparison not only potentially further validates the classification of 
he two catalogues, but also provides a detailed analysis of different 
pproaches within CNN galaxy morphology studies. Additionally, 
y combining the two catalogues one can get more than 30 million
alaxies with morphological classification. 

Since both catalogues have their own related papers, in this work, 
e focus on their comparison. The arrangement of this paper is

s follows. In Section 2 , we discuss the differences between the
wo catalogues in sample selection and methodology. We present 
 statistical comparison of the two catalogues in Section 3 . We
iscuss the agreement and disagreement between the two catalogues 
n Section 4 . This part of the discussion is divided into bright and faint
alaxies and a detailed analysis of the mismatched cases. Finally, a 
omparison of the physical properties and structural measurements of 
he two classes reported by each catalogue is discussed in Section 5 .

e summarize our results in Section 6 . 

 DATA  A N D  C ATA L O G U E S  

n this work, we compare the two largest galaxy morphological 
lassification catalogues to date: V21 which contains ∼27 million 
alaxies with r -band magnitude brighter than 21.5, and C21 which 
ncludes ∼21 million galaxies with an i -band magnitude range 16 ≤
 < 21 and at redshift z < 1. Both catalogues are built by analysing
ES data, which is a wide-field optical imaging surv e y co v ering
000 square degrees ( ∼1/8 sky; Neilsen et al. 2019 ). The co-add
mages have a spatial resolution of 0.263 arcsec per pixel and were
aken by the Dark Energy Camera (Flaugher et al. 2015 ), which has
 high quantum efficiency in the red wavebands ( > 90 per cent from
650 to ∼900 nm), and includes ∼300 million galaxies with a mean
edian depth of g = 24.33, r = 24.08, and i = 23.44 at a single-

o-noise ratio S/N = 10 (Abbott et al. 2018 ). The imaging data used
n both works is DES Year 3 (Y3) data, but with different selection
riteria for the initial samples (see Section 2.1 ) from the DES Y3
OLD catalogue (Sevilla-Noarbe et al. 2021 ). 
If not specified, physical properties of galaxies, such as apparent 
agnitude, redshift, colour, etc., shown in this work are from the DES
3 GOLD catalogue. Additional stellar mass information is obtained 
y running the LePhare code (Arnouts & Ilbert 2011 ) using
ruzual & Charlot ( 2003 ) templates, three different metallicities 

including solar), Chabrier Initial Mass Function, and exponentially 
eclining star formation histories (similar to Palmese et al. 2020 ). 1 

Another catalogue built by Tarsitano et al. ( 2018 , hereafter, T18)
rovides structural measurements, such as S ́ersic index, ellipticity, 
tc. While writing this manuscript, a new parametric light-profile 
tting model for DES Y3 GOLD was released (Everett et al. 2022 ),
hich could serve as an additional comparison to the predictions of

he CNN. Ho we ver, there are some assumptions in the deri v ation of
hose parameters 2 that may need further examination. Therefore, in 
his work, we limit the comparison of structural parameters with 
hose from T18. In Section 4.2 , we also use the measurements
rom the VIMOS Public Extragalactic Redshift Surv e y (VIPERS; 

outard et al. 2016a , b ; Krywult et al. 2017 ; Scodeggio et al. 2018 ;
iudek et al. 2018b ) to check the robustness of the morphological
lassifications. 

.1 Data selection 

ifferent selection criteria for constructing the morphologically 
lassified samples were applied in V21 and C21 . The first significant
ifference are the filters used to define the upper limit of the samples’
rightness: V21 imposed r < 21.5, while in C21 the selection was
6 ≤ i < 21. Fig. 1 shows the magnitude and redshift distribution of
he two catalogues. The observed magnitudes are from the DES Y3
OLD catalogue, measured in an elliptical aperture shaped by the 
ron radius in the i -band and r -band. The photometric redshifts are
btained by the Directional Neighbourhood Fitting algorithm (De 
icente, S ́anchez & Sevilla-Noarbe 2016 ). Galaxies in C21 with the

 -band magnitude brighter than 18 (the limit for their training sample,
ee section 2.2 ) contribute to 3.5 per cent of the total sample. In V21 ,
y including ‘emulated’ faint galaxies [see (3) of Section 2.2 ], the
agnitude limit of their training samples is r < 22.5, co v ering the

ull magnitude range of the two catalogues. Fig. 1 shows that the
se of different filters for selecting the initial samples results in ∼3
nd ∼2 million unique galaxies in V21 and C21 , respectively (i.e.
ncluded in V21 and not in C21 , and vice versa). Additionally, C21
pplied a redshift cut at z < 1, because their classifier, which is trained
ith bright galaxies at low redshift, has difficulty discriminating two 
MNRAS 518, 2794–2809 (2023) 
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Figure 1. Magnitude and redshift distributions of C21 sample (blue-filled histogram), V21 sample (light-yellow-filled histogram), and different subsets of 
them. The o v erlapped area is represented as the mix of blue and yellow, i.e. slightly darker blue/green. The solid black lines show the intersection of the two 
catalogues. The blue-dashed lines and the yellow-dashed lines are for samples only in C21 (C \ V) and only in V21 (V \ C), respectively. The vertical lines indicate 
the upper magnitude limit of the training samples such that the blue solid line is for the one of C21 ( i < 18), the yellow-dotted line is the magnitude limit of the 
bright training sample in V21 ( r < 17.7), and the yellow solid line represents the limit of the final training samples in V21 , including emulated faint galaxies ( r 
< 22.5). 
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3 The size was estimated by counting the pixels that have signal to noise > 1 σ . 
4 T-Type is a classification scheme that uses continuous values (from −6 
to ∼10) to categorize galaxy morphology. Elliptical galaxies have negative 
T-Types and spiral galaxies positive values. 
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orphology types at z ≥ 1 (see C21 , section 5.3). This difference
esults in ∼43 000 galaxies included in V21 but not in C21 . 

Secondly, the tw o w orks applied several flags from the
ES Y3 GOLD catalogues, which were not identical. For ex-

mple, EXTENDED CLASS COADD distinguishes point-like ob-
ects and extended objects. V21 selected a sample with
XTENDED CLASS COADD > 1 including medium and high-
onfidence galaxies, while in C21 , only high-confidence galaxies
ere chosen ( EXTENDED CLASS COADD = 3). The different crite-

ia in several flags result in significantly more initial samples in V21
han C21 . 

Finally, a cut in half-light radius ( > 2.8 pixels) was applied in V21
o a v oid giving a morphological classification to galaxies with not
nough spatial resolution. This remo v es ∼ 1.36 million galaxies from
21 , which are included in C21 (corresponding to ∼6 per cent of the

otal samples from C21 ). 
Overall, the different selection criteria applied results in an overlap

f ∼17 million galaxies, and ∼9 and ∼3 million unique galaxies in
21 and C21 , respectively. The union of the two catalogues increases

he total number of morphological classifications to ∼30 million
alaxies. 

.2 Methodology 

he CNN architectures used in the tw o w orks are different, such
hat V21 uses four convolutional layers and one dense layer while
21 uses three convolutional layers and two dense layers. The
yperparameters used in the architectures are also different. This
ould impact the classifications, but this work cannot provide a fair
iscussion due to many differences between the training data sets as
iscussed later. This investigation would be better carried out using
he same data sets, and with architectures optimized for the same task,
o separate the effect from others (see a paper of computer science
n this topic, Alzubaidi et al. 2021 ). Since each work reaches a high
ccuracy on its own classification task, we simply discuss the impact
f other factors on the classifications. Apart from the sample selection
NRAS 518, 2794–2809 (2023) 
nd the CNN architectures, there are also significant differences in
he methodology, including: (1) cutout sizes; (2) training labels; (3)
nitial number of the training sample; (4) brightness of the training
ample; and (5) the input to the CNN. 

(1) Cutout sizes: V21 applied variable cutout sizes that are
11.4 times the half-light radius centred on the target galaxy. Then,

he images are resampled (down or upsampled, depending on the
ize of the resulting cutout) into a size of 64 × 64 ×3 (where the
ast three channels correspond to the g , r , and i bands). On the other
and, C21 estimates the size of a galaxy using their own algorithm. 3 

alaxies with a size smaller than or equal to 30 × 30 pixels, a direct
utout with a size of 50 × 50 pixels is made. For larger galaxies, a
utout of size 200 × 200 pixels is made and then resampled into a
ize of 50 × 50 pixels. 

(2) Training labels: Since there were no morphological classi-
cations for DES galaxies with which to train the deep learning
odels, both studies use the morphological classifications from
DSS imaging. In particular, V21 used the T-Type 4 presented

n Dom ́ınguez S ́anchez et al. ( 2018 , hereafter, DS18), which are
ased on a deep learning model trained on the T-Type provided
y the visual classification of Nair & Abraham ( 2010 ). The V21
raining sample was labelled as early-type galaxies (ETGs; for galax-
es with T-Type < −0.5) or late-type galaxies (LTGs; for galaxies
ith T-Type > 0.5). Galaxies with intermediate T-Types ( −0.5 < T-
ype < 0.5), where the scatter in the T-Type is large, were excluded
rom the training sample. This methodology helped the models to
onv erge by remo ving galaxies with uncertain classifications. Note
hat by doing so, potential lenticular galaxies are excluded in the
raining samples. On the other hand, C21 used the classifications of
piral and elliptical galaxies from Galaxy Zoo 1 catalogue (GZ1;

art/stac3228_f1.eps


Comparison of CNN classifications 2797 

L  

(
c
i  

a  

S  

p  

a  

b
m
d
w
t  

N  

g

a
d
G
t  

u
b  

l  

∼
a

t  

V  

W  

t
i
o
t
c  

D
(
a
F
t  

(
(
t
d
m
u
(

 

n
l  

c
t
d
s
i

2

B
t  

m
t
c

Figure 2. Distributions of mean/median probabilities of being Sp [ C21 ; 
p (Sp)] or L TG [ V21 ; MP L TG = median( P i ), where P i is defined in 
Section 2.3 ]. The light yellow and blue histograms represent all the galaxies in 
V21 and C21 , respectively, while the dashed lines show the galaxies included 
in only one of the two catalogues (light yellow for V21 and blue for C21 ). 
The y -axis is truncated at different scales for optimal visualization. 
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5 C21 also defined a confidence level based on the S ́ersic index and g − i colour 
distribution for users who need a further refinement to the classifications that 
have similar properties in S ́ersic index and colour to the one of the training 
samples. 
6 Note that, by doing so, the ‘secure intermediate’ galaxies from V21 are not 
discussed in this paper. 
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intott et al. 2008 , 2011 ), and therefore C21 separates elliptical
Es) from spiral galaxies (Sp). A correction in the GZ1 visual 
lassifications was applied due to the better resolution and deeper 
mages of the DES data compared to SDSS (Cheng et al. 2020a ,
lso see Fischer, Dom ́ınguez S ́anchez & Bernardi 2019 ; Dom ́ınguez
 ́anchez et al. 2022 ). This correction provides more accurate mor-
hological labels for ∼ 2 . 5 per cent of the training set used in C21 ,
nd excludes ∼ 0 . 56 per cent of galaxies that are ambiguous for
inary classifications. After this, the machine classifier in C21 is 
ore sensitive to disc structures and proves to correctly identify 

iscy galaxies with rounder and blurred features at faint magnitudes, 
hich humans often incorrectly classify as elliptical galaxies (see 

he comparison with visual classification in Section 5.2 of C21 ).
ote that, after this labelling correction, the Sp class in C21 includes
alaxies with disc structures such as lenticular galaxies. 

(3) Initial number of the training sample: Due to different 
vailable sources with labels for training, both works start with 
ifferent number of the initial training samples. By matching the 
Z1 classifications with the DES observation of SDSS stripe 82, 

he number of C21 ’s initial training samples is ∼ 2 800. It is then
pscaled to ∼ 53 000 with data augmentation. On the other hand, 
enefited by using the labels provided from CNN models, V21 has a
arger number of initial labelled samples ( ∼17 000) and ends up with

48 000 galaxies after augmentation, namely, ’emulated’ galaxies 
t higher redshifts. 

(4) Brightness of the training sample: Both catalogues use as 
he basis of their training sample bright SDSS galaxies ( r < 17.7 in
21 and i < 18 in C21 ) with previous morphological classifications.
hile C21 only used the DES i -band images of bright galaxies as

raining sample, V21 ‘emulated’ images at higher redshift. They 
ncluded these faint galaxies in their training sample keeping their 
riginal morphological labels, i.e. without changing their ‘ground 
ruth’ despite their final appearance. Details on the emulation pro- 
edure are described in section 2.3 of V21 , but in short, the original
ES galaxy images were deconvolved by the Point Spread Function 

PSF), flux and size corrections due to cosmological dimming were 
pplied, as well as adding k-correction and evolutionary effects. 
inally, noise was added and the images were re-convolved with 

heir PSF. In V21 , the models were tested on the ‘emulated’ images
for which true labels were available) with an excellent performance 
accuracy ∼ 97 per cent up to r < 21.5 mag), demonstrating that 
heir CNN was able to predict correct morphological labels and 
etect features hidden to the human eye. Additional checks on the 
orphological classification on real DES faint galaxies were done 

sing available data that correlates, to some degree, with morphology 
see Section 5 in V21 and Section 4.2 of this work.) 

(5) Input to the CNN: V21 used g , r , and i band images (after
ormalizing each band individually for each galaxy, to prevent the 
eak of colour information) while C21 used only i -band images, but
ombined linear, logarithmic, and gradient images. This means that 
he V21 machine focuses on different structures that are shown in 
ifferent wavelengths, while the C21 machine considers different 
tructures emphasized in different scales, but uses a single-band 
mage. 

.3 Classification definition 

inary classification models return a probability value of belonging 
o a particular class. In order to assign a class, a probability threshold

ust be defined. Each catalogue has its own recommended thresholds 
o determine morphology classes, which is referred to as ‘certain’ 
lassification throughout the paper. C21 provides the mean value 
f the predicted probabilities from five individual models. For 
ach galaxy, an output probability of being an elliptical, p (Es),
nd a spiral, p (Sp), is assigned by the C21 machine (with p (Es)
 p (Sp) = 1). C21 uses a threshold of 0.8 ( P ≥0.8) to determine

f a galaxy is classified as Es or Sp. 5 In Fig. 2 , we show the mean
robability distributions of being Sp, p (Sp), for the C21 sample.
ote that the galaxies in C21 that are not in V21 (labelled as C \ V)
ave an asymmetrical probability distribution with a preference for 
piral classification. This subsample includes a significant fraction 
f galaxies with an r -band radius ≤2.8 pixels ( ∼ 40 per cent of C \ V
ample). 

On the other hand, V21 defined ‘robust’ classifications for ETG 

nd LTG when max ( P i ) < 0.3 and min ( P i ) > 0.7, respectively,
here P i represents the median probability obtained from 5 k- 

olded models. In addition, galaxies are classified as ‘secure’ when 
he difference between the maximum and minimum values of the 
redicted probabilities from the five individual models is smaller 
han 0.3, i.e. � P < 0.3. By definition, a ‘robust’ classification is a
secure’ classification; galaxies without a robust classification but 
hich satisfies the secure classification criterion are defined as a 

secure intermediate’ in V21 . 
For simplicity, throughout the paper, we focus only on the ‘robust’

lassifications for V21 . For C21 , we use classifications based on
he probability thresholds mentioned abo v e, i.e. P ≥0.8. These 
lassifications are referred to as ‘certain’ type in the discussion. 
he rest of the galaxies not included in any of these selections are
ategorized as ‘uncertain’ type in this paper. 6 Hereafter, to distinguish 
he results from the two catalogues, we will refer to Sp/Es for C21
lassifications and to ETG/LTG for V21 ones. 

 STATISTICAL  C O M PA R I S O N  

able 1 reports the number of galaxies of each morphological type in
he two catalogues and their different combinations. Due to the dif-
erent selection criteria used to construct the catalogue samples (Sec- 
ion 2.1 ), C21 and V21 only partially o v erlap (C ∩ V/C ∪ V =∼0.59).
MNRAS 518, 2794–2809 (2023) 
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Table 1. Number of total galaxies and certain morphological classes in each catalogue (as defined in Section 2.3 ). Fractions are given in brackets. 
The ‘C ∩ V’ reports the number of galaxies in the intersection of the two catalogues; hence, the row of ‘Sp/LTG’ shows the matched case of Sp & 

LTG while the row of ‘Es/ETG’ is Es & ETG. The ‘C \ V’ reports the galaxies included in C21 only, while ‘V \ C’ shows the opposite case. Finally, 
‘C ∪ V’ represents the union of the two catalogues. In this case, the row of ‘Sp/LTG’ shows the sum of Sp, LTG, and Sp & LTG while the row of 
‘Es/ETG’ is the sum of Es, ETG, and Es & ETG. 

Number V21 C21 b C ∩ V C \ V V \ C C ∪ V 

Total 2697 194 5 2111 910 7 1782 125 0 3297 857 9150 695 3026 980 2 
Sp/LTG 1978 980 9 (0.73) 1753 256 4 (0.83) 1183 069 3 (0.66) 2938 910 (0.89) 7100 049 (0.78) 2186 965 2 (0.72) 
Es/ETG 2332 097 (0.086) 1309 229 (0.062) 689 332 (0.039) 35 999 (0.011) 649 727 (0.071) 1375 058 (0.045) 
Uncertain 4850 039 (0.18) a 2277 314 (0.11) 5301 225 (0.30) c 322 948 (0.098) 1400 919 (0.15) 7025 092 (0.23) c 

a This number includes secure intermediate classification from V21 . By excluding them, the number of galaxies with uncertain classifications is 
3637 301 (0.13). 
b When selecting samples with a confidence level > 2 in C21 (see section 5.3 of C21 ), there are 1331 256 8 galaxies (0.63 of the total number of 
galaxies). Within these selected samples, 1025 951 3 (0.77 of the total selected samples) galaxies are Sp and 1197 604 (0.090) galaxies are Es. 
c Galaxies in this set are not assigned a certain classification in one of the two catalogues, or the classifications from the two catalogues disagree with 
each other. 
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7 The V21 catalogue performance is discussed in detail when applied to the 
emulated galaxies, but also with real faint DES galaxies in section 5 of V21 . 
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ote that the fraction of Sp/LTG is much larger than the Es/ETG
n both catalogues (73 per cent and 83 per cent for V21 and C21 ,
espectively). 

Fig. 3 shows the fraction of each morphological class in magnitude
ins (both versus r -band and i -band magnitudes due to the different
ample selection). The two catalogues are dominated by disc-like
alaxies (i.e. Sp/LTG) at fainter magnitudes. Faint observed galaxies
n our sample can be either low-mass systems or at high redshift,

ore likely consistent with the Sp/LTG or peculiar galaxies, which
re likely to be classified as Sp/LTG in binary classifications,
ased on past studies (e.g. Butcher & Oemler 1984 ; Dressler et al.
994 ; Barnes & Hernquist 1996 ; Martel, Premadi & Matzner 1998 ;
onselice, Blackburne & P apo vich 2005 ; Conselice 2014 , etc). 
Ho we ver, there is a clear difference between the two catalogues at

right magnitudes: in V21 , the sample is dominated by ETG up to r
17, where the trend reverses at fainter magnitudes. On the other

and, the C21 sample is dominated by Sp at all magnitude bins, and
his fraction keeps increasing with magnitude, reaching 94 per cent
t i ∼ 20.5. 

To shed more light on this difference, we compare the results with
revious work. In particular, we use the morphological classifications
f the COSMOS sample based on support vector machine (SVM)
eriv ed by Huertas-Compan y et al. ( 2008 ) and presented in Tasca
t al. ( 2009 ). This SVM method classifies the COSMOS galaxies into
hree classes: Early-Type, Spirals, and Irre gulars. F or comparison,
e group the galaxies classified as Spirals and Irregulars as LTG.

n order to limit the selection effects in the comparison, we report
he fractions for COSMOS galaxies with a DES counterpart and use
he magnitude and radius measurements from DES. Fig. 4 shows the
omparison of the fraction of ETG/LTG according to V21 (left) and
s/Sp according to C21 (right), as a function of redshift, with the
nes from the COSMOS sample. The number of COSMOS galaxies
hat satisfy the V21 criteria (e.g. magnitude and radius limits) is
909. When only the magnitude limit is imposed as in C21 , the
umber of COSMOS galaxies increases to 10 350. The fraction of
TG for V21 and COSMOS are very consistent in the full redshift
ange, while the fraction of ETG is somewhat smaller for V21 ,
specially at intermediate redshifts ( z ∼ 0.5). On the other hand,
he fraction of Sp from C21 is abo v e that from COSMOS (and the
pposite for the Es), especially at higher redshift ( z > 0.3). We
ote, ho we ver, that the area co v ered by COSMOS is very small
2 deg 2 ) compared to the DES one (5000 deg 2 ) and thus the results
ould be severely affected by cosmic variance. In addition, the mor-
hological classification from COSMOS may suffer from their own
ncertainties. 
NRAS 518, 2794–2809 (2023) 
In any case, it is evident that there is an o v erabundance of
p (reported by C21 ) compared to LTG (reported by V21 ). One
ossibility is that the C21 model, which was trained with bright
alaxies only, is confusing noise with features in the faint and
lurred images and therefore is o v erpredicting the number of Sp.
ore investigation is carried out in Sections 4.1.2 , 4.1.3 , and 4.2 . 

 M O R P H O L O G I E S  AG R E E M E N T  A N D  

I SAGREEMENT  

n this section, we study the agreement between the morphological
lassifications presented in the two catalogues. To be able to compare
hem one to one, we restrict the analysis to the intersection of the
wo catalogues (1782 125 0 galaxies; C ∩ V in Table 1 ). We define
he agreement as the fraction of matched classifications (i.e. Es &
TG or Sp & LTG) from the total number of galaxies with a certain
lassification (Section 2.3 ). The result is shown in Fig. 5 as a function
f i magnitude (used here for convenience since C21 has both lower
nd upper limits in i -band magnitude). The o v erall agreement is very
ood, larger than 92 per cent in all magnitude ranges. We also check
he agreement between small galaxies ( r -band radius < 64 pixels) to
xamine the impact of resampling the cutouts in the pre-processing.
 ∼95 per cent of agreement for the small galaxy sample indicates
o significant impact from this factor. 
Ho we ver, while the agreement at bright magnitudes is due both

o Es/ETG and Sp/LTG (contributing roughly equally to the o v erall
greement at 16 < i < 17), at fainter magnitudes, the agreement is
argely driven by the high number of Sp/LTG: in the last magnitude
in, i = [20,21), only ∼ 0 . 1 per cent of the galaxies with consistent
orphological type between the two catalogues are classified as
s/ETG. 
To further investigate the agreement of each morphology class,

e show in Fig. 6 the confusion matrices in 4 mag bins. There is an
xcellent agreement between both morphology classes up to i ≤ 19.
ssuming that the V21 classification is correct, 7 this indicates that

he CNN predictions of C21 are reliable for samples at least 1 mag
ainter than the training sample. 

Ho we ver, at i > 19, the agreement vanishes, mostly due to an
ncreasing number of Sp galaxies identified by the C21 catalogue
also see Figs 3 and 4 ). Fig. 5 shows that at i = [16,17), about



Comparison of CNN classifications 2799 

Figure 3. Fraction of Es/ETG (red), Sp/LTG (blue), and galaxies with uncertain classifications (grey) with respect to the total in r and i -band magnitude bins for 
the V21 (left) and C21 (right) catalogues. The grey dotted line in the left-hand panel ( V21 ) are uncertain galaxies excluding ‘secure intermediate’ classification 
(see Section 2.3 for the definition of each class). 

Figure 4. Fraction of morphological classes as a function of redshift for the V21 (left) and the C21 (right) catalogues. Es/ETG (red) are compared with the 
galaxies classified as ETG in COSMOS (orange) and Sp/LTG (blue) are compared to galaxies classified as Spirals and Irregulars in COSMOS (c yan). F or the 
V21 sample the results are shown for the full (solid lines) and the secure (dashed lines) samples (defined in Section 2.3 ). COSMOS galaxies are selected in a 
similar way as the corresponding morphological catalogue: 6909 galaxies have r < 21.5 mag and R e > 2.8 pixels when compared to V21 , and 10 350 galaxies 
have i < 21.5 mag and no cut in radius when compared to C21 . Vertical error bars are computed assuming Poisson error (i.e. considering that the error in the 
number of galaxies is 

√ 

N ). 

4  

b
i  

i  

L

p  

m  

1
m  

b
w
D  

‘  

i
c
m

4

T
i

a  

w  

a
w  

S  

t

4

F
i  

m
l
t  

t  

l  

D  

r  

i
i
s  

g

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/2/2794/6823716 by guest on 18 January 2023
6 per cent of the galaxies are classified as ETG by V21 and Es
y C21 ; the percentage significantly drops, to ∼ 25 per cent , at 
 = [18,19), and the fraction is almost negligible (0.1 per cent ) at
 = [20,21). On the other hand, most of the galaxies classified as
TG in V21 are also classified as Sp by C21 . 
The differences in the classification of the faint-end galaxies are 

robably due to the different training strategies: recall that the C21
achine is trained with the images of bright galaxies (16 ≤ i <

8) while V21 included emulated faint DES galaxies up to 22.5 
ag in the training sample. In addition, it could also be impacted

y the different morphological labels used for training in the two 
orks. Unfortunately, the absence of ‘ground truth’ for the faint 
ES galaxies prevents us from claiming which are the ‘right’ or

wrong’ classifications. In the next Sections 4.1.3 , 4.2.1 , and 5 , we
nvestigate in detail the properties of the galaxies with mismatched 
lassifications to shed some light on their nature and their true 
orphological class. 

.1 Bright galaxies 

he previous section suggests that the comparison of the morpholog- 
cal classifications for the bright and faint galaxies is very different, 
nd so we divide the discussion in the two regimes. In this section,
e validate the classifications of bright galaxies (16 ≤ i < 18) taking

dvantage of the available labels. We compare the classifications 
ith the labels used for training each of the data sets (i.e. GZ1,
ection 4.1.1 ; and DS18, Section 4.1.2 ) and we discuss the nature of

he mismatched cases in Section 4.1.3 . 

.1.1 Compared with GZ1 labels 

irst, we compare the classifications of the bright galaxies (16 ≤
 < 18) with the labels from Galaxy Zoo 1, used for training C21
odels. Both catalogues show an excellent agreement with the GZ1 

abels, with less than 3 per cent of misclassifications. Interestingly, 
he dominant mismatches of each catalogue are different. In C21 ,
he main mismatch occurs for galaxies classified as Sp in C21 but
abelled as Es in GZ1. C21 and Cheng et al. ( 2020a ) discussed that
ES imaging data has better resolution and imaging depth than SDSS

evealing structures such as spiral arms, which are not clearly visible
n SDSS imaging data and which could explain the disagreement 
n the classifications. Randomly selected examples of this case are 
hown in Fig. A1 . These galaxies are visually discy and/or spiral
alaxies, indicating that C21 classifies these galaxies correctly. 
MNRAS 518, 2794–2809 (2023) 
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Figure 5. Agreement of certain types (Section 2.3 ) within different magni- 
tude bins in i -band. Grey bars show the percentage agreement of all galaxies 
with certain classifications. Solid lines represent the fraction of galaxies with 
matched classifications between the two catalogues. Blue colour shows the 
match of Sp & LTG while red colour is for Es & ETG. On the contrary, 
dashed lines and cross points are the fraction of galaxies with mismatched 
classifications. Blue colour shows the fraction of galaxies that are Sp in C21 
but ETG in V21 , while red colour presents the fraction of ones with a class 
of Es in C21 and LTG in V21 . 

 

V  

a  

g  

F

4

N  

F  

o  

a  

w  

p  

t  

a  

t  

m  

o  

q  

S  

c  

b  

b  

T  

f  

c
 

r  

8

w
V
s

i  

t  

f  

u

4

W  

t  

E  

∼  

r
 

g  

c  

w  

p  

g  

a  

t  

p  

s
 

f  

c  

c  

i  

t
 

c  

w  

d  

i  

e  

c  

a  

c  

s  

t  

m  

s  

p  

S  

t

4

D  

m  

(  

o  

i  

m  

w  

s  

(  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/2/2794/6823716 by guest on 18 January 2023
On the other hand, the ∼ 2 per cent of the misclassifications in
21 correspond to galaxies classified as ETG in V21 but labelled

s Sp by GZ1. This mismatch is mostly due to lenticular or edge-on
alaxies. 8 Randomly selected examples of this case are shown in
ig. A2 

.1.2 Compared with DS18 

ext, we compare both catalogues with the labels from DS18 in
ig. 7 . V21 reaches an accuracy of 0.95 while C21 has an accuracy
f 0.85, with the main source of mismatches being galaxies classified
s Sp in C21 but labelled as ETG (T-Type ≤0) in DS18. We check
hether this mismatch is dominated by lenticular galaxies using the
robability of being lenticular ( p (S0)) reported in DS18. We confirm
hat most (0.95) of the galaxies classified as Sp by C21 and labelled
s ETG by DS18 are, in fact, lenticular galaxies, consistent with
he previous section. Randomly selected examples of this kind of

ismatch are shown in Fig. A3 . In addition, we notice that a few
f these galaxies show spiral arms. This is the case where the better
uality of the DES images reveals structures that are not visible in
DSS, and the corrected classifier in C21 is able to classify them
orrectly. In the right-hand panel of Fig. 7 , we check the role played
y lenticular galaxies [classified as such in DS18 according to p (S0)]
y excluding them from the computation of the confusion matrix.
he agreement with C21 classification is significantly impro v ed

or the Sp populations, reaching 99 per cent agreement for this
lass. 

The excellent agreement between the two catalogues and their
espective training labels suggests that the inclusion of the three band
NRAS 518, 2794–2809 (2023) 

 V21 also provides a classification of edge-on galaxies in their catalogue and 
arns the users not to trust galaxies classified both as ETG and edge-on. 
isual inspection confirmed that many of these could be lenticular galaxies 

een edge-on. 
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mages does not impro v e the classification significantly, at least in
he bright regime. This can also be important for the construction of
uture morphological catalogues where single-band images can be
sed. 

.1.3 Mismatched classifications of bright galaxies 

e now study in more detail the misclassifications between
he two catalogues at 16 ≤ i < 18. There are 17 617 Sp &
TG and 1784 Es & LTG, corresponding to ∼3.44 per cent and
0.348 per cent of the certain types within this magnitude range,

espectively. 
For the case of Sp & ETG, 0.94 of them are labelled as lenticular

alaxies according to DS18. This suggests that bright galaxies with a
lassification of Sp & ETG are likely lenticular galaxies, in agreement
ith the finding in Section 4.1.2 . Fig. 8 shows structural and physical
roperties of this mismatch. The distributions indicate that Sp & ETG
alaxies have intermediate-to-large Sersic index, high-stellar mass,
nd similar colour distributions to the Es & ETG. On the contrary,
he y hav e a v ery different ellipticity distribution than Es & ETG,
eaking at elongated values. Randomly selected example images are
ho wn belo w. 

By combining the classifications of the two catalogues and looking
or Sp & ETG, we are able to ‘re-disco v er’ lenticular galaxies, a
lass which was not included in any of the training labels used in the
onstruction of the two catalogues. Note, ho we ver, that completeness
s not ensured when selecting a sample of lenticular galaxies with
his approach. 

For the Es & LTG, we show the S ́ersic index, ellipticity, apparent
olour ( g − r ), and stellar mass distribution in Fig. 9 . Galaxies
ith a classification of Es & LTG follow the same colour and mass
istribution of Sp & LTG and tend to have intermediate S ́ersic
ndex, 1 < n < 4, peaking at n ∼ 1.5. In addition, they have low
llipticity, i.e. are round objects, suggesting that these galaxies
ould be disc galaxies seen face-on. Randomly selected examples
re shown in Fig. 9 . Note that these galaxies have a large bulge
omponent, and the spiral structure, if present, is very faint. Since
piral structures commonly dominate in different wavelengths than
he bulge component, the use of multiband images in V21 might be

ore ef fecti ve than the use of monochromatic images with different
cales when classifying these galaxies. Nevertheless, these galaxies
robably correspond to intermediate types – some of them could be
0 or even Es; these galaxy types are difficult to categorize in any of

he two classes. 

.2 Faint galaxies 

espite the good agreement between the two catalogues at bright
agnitudes ( i < 19 in Fig. 6 ), this only represents 14 per cent

2507 490 galaxies) of the intersection of the two catalogues. The lack
f a labelled sample at i > 19 complicates the comparison. Therefore,
n this section, we rely on other quantities that correlate with
orphology but not uniquely to validate our results. In particular,
e use the structural parameters from T18, stellar masses 1 using

imilar methods to Palmese et al. ( 2020 ), photometric measurements
colour) from the DES Y3 GOLD catalogue, and absolute colour,
tellar mass (Moutard et al. 2016a , b ), and spectral classifications
Siudek et al. 2018b ) from VIPERS. Despite a small statistics, we use
IPERS measurements for the absolute colour at fainter magnitudes,
ecause the measurement of absolute magnitudes in DES is less
ccurate due to the larger uncertainty of the DES photometric
edshifts. 
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Figure 6. Confusion matrices of C ∩ V samples in different magnitude bins. The red or green text in each quadrant represents the number of galaxies with 
classification in agreement between C21 and V21 . The number abo v e is the fraction of these galaxies with respect to the V21 classification. 

Figure 7. Confusion matrices and ROC curves of bright galaxies (16 ≤ i < 18) in C21 (top panel) and V21 (bottom panel) compared with DS18. ‘TT’ represents 
‘T-Type’. TT ≤0 and TT > 0 represents ETG and LTG in DS18, respectively. The right-hand panel shows the confusion matrices that exclude lenticular galaxies 
(S0), i.e. galaxies with T-Type ≤0 and the probability of being S0, p (S0) ≥0.5 from DS18. 
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.2.1 Sp & ETG mismatch 

he number of Sp & ETG at i ≥18 is 580 044, corresponding
nly to ∼4.6 per cent of the certain types at i ≥ 18 (as defined
n Section 2.3 ), but as much as ∼41 per cent of the ETG classified as
uch by V21 . Fig. 6 shows that the agreement between the galaxies
lassified as ETG drops significantly after i ≥ 19. Hereafter, we 
eparate the discussion into three different magnitude bins: 18 ≤
 < 19, 19 ≤ i < 20, and 20 ≤ i < 21. In Fig. 10 , we show
he S ́ersic index, ellipticity, stellar mass, and apparent colour ( g −
 ) distributions in magnitude bins for the Sp & ETG. Note that
he colour is based on observed magnitudes, not absolute or k-
orrected due to the uncertainty in DES photometric redshift, which 
omplicates the comparison at different redshifts. We use apparent 
olour distributions of the matched classifications in each magnitude 
in as a comparison. 
Galaxies classified as Sp & ETG follow a similar S ́ersic index
istribution of bright Sp & ETG in all magnitude bins, peak-
ng at intermediate range ( n ∼ 3). They are red and massive
bjects, with very similar colour and mass distributions to the 
s & ETG. Interestingly, the ellipticity ( ε) distributions are very
if ferent at dif ferent magnitude ranges: the Sp & ETG 18 ≤ i
 19 have large ellipticities (i.e. they are elongated galaxies), 

imilar to the bright Sp & ETG, supporting the assumption that
hey are potential lenticular galaxies. On the other hand, at i > 19
hey span a much wider range peaking at ε ∼ 0.2 (i.e. rounder
bjects). 
The final panel shows randomly selected examples of Sp & ETG.
hile the ones at 18 ≤ i < 19 look like lenticulars seen edge-on,

he images at fainter magnitudes are very noisy and it is difficult to
onfirm their morphology by eye. Because of the significant change 
MNRAS 518, 2794–2809 (2023) 
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Figure 8. Top: the normalized distribution of S ́ersic index, ellipticity, stellar mass, and apparent colour ( g − r ) from left to right. The light green histograms 
represent Sp & ETG, while the red and blue lines show the case of Es & ETG and Sp & LTG, respectively, for comparison. The grey-dashed vertical lines note 
S ́ersic index = 2.0 and 4.0 and ellipticity = 0.5. The text within each area separated by the grey-dashed lines shows the fraction of Sp & ETG in each range. 
Bottom: randomly selected example images of the mismatched case, Sp & ETG. 

Figure 9. Same as Fig. 8 but for the Es & LTG, shown as light orange histogram. 

i  

a
 

g  

l  

U  

V  

E  

t  

F
−  

E  

f  

p  

9 Siudek et al. ( 2018b ) used a Fisher Expectation-Maximization unsupervised 
algorithm to categorize galaxies in 12 spectral classes. 
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n properties, we cannot argue that the Sp & ETG at fainter magnitude
re dominated by lenticular galaxies. 

In order to further investigate the nature of these Sp & ETG
alaxies, we use measurements from VIPERS, which provide abso-
ute colours and a classification based on spectroscopic information.
nfortunately, the number of galaxies in the two catalogues with a
IPERS counterpart is very small ( ∼4800 in total, ∼600–700 Sp &
TG, 99 per cent of them with i ≥ 19), and thus we cannot separate

he sample into magnitude bins. Fig. 11 shows similar trends to
NRAS 518, 2794–2809 (2023) 
ig. 10 . The distribution of S ́ersic index and absolute colour ( M g 

M r ) of Sp & ETG is even more similar to the one of Es &
TG. In addition, 0.99 of the Sp & ETG have spectral classifications

rom Siudek et al. ( 2018b ), 9 consistent with passive or intermediate
opulations (class = [0,7]). These results suggest that this population
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Figure 10. Normalized distributions of S ́ersic index, ellipticity, stellar mass, and apparent colour, g − r , are presented from left to right, and the last panel 
shows randomly selected examples of Sp & ETG within each magnitude range. The green shaded histograms show the distribution of Sp & ETG within each 
magnitude range. The number of Sp & ETG galaxies that are used to construct the green-shaded histograms is shown abo v e each graph. Solid red and blue lines 
are the distribution of Es & ETG and Sp & LTG, respectively, for comparison. The solid dark green lines show the distributions of the Sp & ETG case with 16 
≤ i < 18 for comparison. The gre y v ertical dashed lines note S ́ersic index = 2.0 and 4.0 and ellipticity = 0.5. The text within each area separated by the grey 
lines shows the fraction of Sp & ETG in each range. 

Figure 11. Normalized distributions of S ́ersic index, ellipticity, stellar mass, absolute colour M g − M r (from VIPERS), and unsupervised spectral classification 
from Siudek et al. ( 2018b ) are presented. The green shaded histograms show the distributions of Sp & ETG. The solid red and blue lines are the distributions of 
Es & ETG and Sp & LTG, respectively, for comparison. 
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omprises distant passive/intermediate massive galaxies with round 
hapes, more consistent with ETGs, including potential lenticular 
alaxies (although this is very difficult to say from visual inspection 
lone due to the noisy images). Note that there are only four galaxies
lassified as Sp & ETG at 18 ≤ i < 19 with VIPERS’s measurements.
or i ≥ 19, we also have small statistics − 605 galaxies; thus, for

his specific magnitude range more precise measurements to make a 
obust comparison are needed. 
MNRAS 518, 2794–2809 (2023) 
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Figure 12. Same as Fig. 10 but for the Es & LTG, shown as orange-shaded histograms. 
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10 One can choose to use a less restrictive criteria to increase the statistics, 
depending on the scientific goals. 
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As a side note, the Sp & LTG population at 19 ≤ i < 20 contains
ore massive galaxies (with a peak at log 10 M 

∗/ M 
 ∼ 11) than
ny other magnitude bin. Since there is not an apparent change in
 ́ersic index, ellipticity, and colour, these massive galaxies may be

nteresting targets to followup. 

.2.2 Es & LTG mismatch 

ow we discuss the Es & LTG case, which corresponds to 123 305
alaxies ( ∼1 per cent of the certain types and ∼1 per cent of the LTG
ccording to V21 ), i.e, a much smaller fraction than the mismatch
p & ETG. 
Fig. 12 shows the S ́ersic index, ellipticity, stellar mass, and appar-

nt colour distributions for Es & LTG. In general, these galaxies have
imilar distributions in mass and colour as the Sp & LTG population.
o we v er, the y are round objects with intermediate values of S ́ersic

ndices. The cutout examples have no signs of spiral or asymmetric
tructure, suggesting that these could be face-on spiral galaxies with
ow T-Types (0 < T-Type < 2), or even low-mass elliptical galaxies.
gain, these are intermediate galaxies that are difficult to classify,

imilarly to the brighter population discussed in Section 4.1.3 . Note
hat the fraction of Es & LTG with high S ́ersic index (i.e. S ́ersic
ndex > 2) increases after i ≥ 19. In particular, a bimodal distribution
ppears in the fainter bin (20 ≤ i < 21). These galaxies with bulge
tructure (S ́ersic index > 4) are blue galaxies with relatively lower
ass (peaking at log 10 M 

∗/ M 
 ∼ 10 . 5) compared to the ones of
NRAS 518, 2794–2809 (2023) 
s & ETG. Although the S ́ersic index measurements are more
ncertain for this kind of galaxies, which complicates the analysis,
t is reasonable that these galaxies have uncertain classification
ince they are uncommon in the initial training samples (i.e. bright
alaxies) but also due to their intrinsic faintness, which complicates
he morphological classification. This shows that some populations
f galaxies could be missing in the training sets. As an alternative,
sing hydrodynamic simulations to build complete populations of
alaxies throughout the magnitude and redshift ranges of the targets
n the training process might help solving this bias. By adopting
he certain classifications provided in the two catalogues, one could
lternatively train a series of machines that contains real faint
alaxies. 

 C O M PA R I S O N  O F  G A L A X I E S  PROPERTIES  

inally, without limiting to the intersection samples, we study
everal physical and structural properties in each catalogue for the
amples with a certain classification, i.e. either Es or Sp in C21
nd either ETG or LTG in V21 , in order to further discuss what
ight impact each machine’s decision. Note that the classification

riteria used for V21 classifications is the more restrictive version,
.e. robust ETGs/LTGs (Section 2.3 ). 10 
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Figure 13. Normalized distributions of r -band magnitude, redshift, apparent colour ( g − r ), half-light radius, S ́ersic index, and ellipticity. The shaded histograms 
show galaxies with robust classification from V21 while solid lines are for C21 . Red and blue colour indicates Es/ETG and Sp/LTG, respectively. 

Figure 14. The shaded histograms show the normalized S ́ersic index 
distributions of red Sp with g − r > 1.5 (left) and blue Es with g − r < 

1.5 (right) from C21 . The blue and red solid lines show the S ́ersic index 
distributions of LTG and ETG from V21 , respectively, for comparison. The 
number of data in each class that have S ́ersic index measurements is shown 
within brackets in the legend. 
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Fig. 13 shows the distributions of magnitude, redshift, observed 
olour, and structural parameters (half-light radius, S ́ersic index, 
nd ellipticity) for the two classes (ETG/LTG or Es/Sp) in the two
atalogues. While the distributions in size and ellipticity look quite 
imilar for the two catalogues, there are significant differences in the 
ther properties. 
In particular, ETG and LTG, classified according to V21 , have 

imilar redshift distrib utions, b ut show a clear bimodality in colour.
he ETG have brighter observed magnitudes compared to LTG but 
pan through the full magnitude range, at least up to 21 mag in
he r -band. On the other hand, the colours of Es and Sp galaxies,
lassified as such according to C21 , are more o v erlapped, while the Es
opulation clearly dominates at bright magnitudes (peaking at ∼18.5 
ag in the r -band) and lower redshifts compared to the Sp population.
We further investigate the discrepancy in colour distribution by 

tudying the S ́ersic index distribution of red Sp ( g − r > 1.5)
nd blue Es ( g − r < 1.5) in Fig. 14 . Note that we use apparent
olour in comparison without addressing K-correction; hence, we 
pply a colour cut at g − r = 1.5, at the intersection point of the
olour distributions of ETG and LTG (Fig. 13 ). Blue galaxies ( g −
 < 1.5) classified as Es in C21 do closely follow the S ́ersic index
istribution of ETG from V21 . On the other hand, the red ( g − r > 1.5)
alaxies classified as Sp have a intermediate S ́ersic index distribution
n between ETG and LTG. This indicates a significant structural 
ifference between red Sp and ETG/LTG, which may indicate that 
hey are potential lenticular galaxies. 

Red Sp are ∼21 per cent of galaxies at z < 1 with a certain
lassification in C21 ( ∼18 per cent from the total sample). In
ection 4.1.3 , we discussed that the Sp & ETG can be potential
enticular galaxies. Over 90 per cent of the Sp & ETG are red
p (but only 22.5 per cent red Sp are Sp & ETG). Ho we ver, we
ote again that there are a variety of uncertainties associated with
dentifying lenticular galaxies, since they cover a wide range of 
hysical properties (Deeley et al. 2020 , 2021 ). We remark that the
ursuit in this paper is not to identify lenticular galaxies, but to assess
he impact of different CNN approaches to this undefined class. 

 SUMMARY  A N D  C O N C L U S I O N S  

n this work, we compare the two largest galaxy morphological 
lassification catalogues to date: V21 , which includes ∼27 million 
alaxies at r < 21.5, and C21 , which includes ∼21 million galaxies
ith 16 ≤ i < 21 and z < 1. Due to different initial sample

election, the two catalogues have an overlap of ∼ 60 per cent . 
esides differences in the CNN architectures, the two studies have 

undamental differences in their approaches such as (1) cutout 
izes; (2) training labels; (3) initial number of the training sample;
4) brightness of the training sample; and (5) input to the CNN:
ultiband versus monochromatic images (Section 2.2 ). The fact that 

uch different methodologies are applied to the same large data sets
llows us to compare the results in a statistically significant way and
o assess different machine learning approaches. 

We examine the agreement between the two catalogues using 
he intersection sample (C ∩ V). The agreement is as high as ∼
5 per cent (see Fig. 5 ) of the galaxies with a certain classification,
.e. Es & ETG or Sp & LTG (as defined in Section 2.3 ). Ho we ver, the
arge agreement is mostly driven by the Sp & LTG population, which
orresponds to 66 per cent of the intersection of the two catalogues
89 per cent of the samples with a certain classification from one
f the two catalogues). On the other hand, the agreement of the
s/ETG population is lower (3.9 per cent), especially at i > 19 mag
 ∼1.2 per cent of the total intersection sample), where the number of
alaxies classified as Es by C21 decreases (see Fig. 3 ). 

The classifier of C21 was trained with bright low-redshift galaxies 
nly, where reliable visual labels were available, while V21 added 
aint galaxies to the training sample by emulating bright galaxies to
ainter magnitudes. Additionally, the initial number of the training 
amples in C21 is smaller than the one in V21 , which indicates that
21 ’s sample might have lower diversity than the one of V21 . One of

he main results from this comparison is the fact that the C21 machine
an push its predictions accurately 1 mag fainter than its training
amples. The excellent agreement between the two catalogues up 
o i < 19 also indicates that (1) there is no significant impact from
he number of the initial training samples between C21 and V21 ,
MNRAS 518, 2794–2809 (2023) 
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nd (2) the use of multiband images does not provide a significant
mpro v ement or it posts similar effect in the morphological classi-
cations of galaxies when compared to the use of monochromatic

mages with different scales (i.e. linear, logarithmic, and gradient).
he latter can have a significant impact on the machine learning
ethodologies used for morphological classifications in future Big
ata surv e ys such as Euclid or Rubin/LSST, as it provides a way to
elp improving classifications when using single-band images. 
We have studied in detail the photometric, structural, and spec-

roscopic properties of the mismatched classifications of the two
atalogues divided in the bright ( i < 18) and faint ( i ≥ 18) regimes.
ur main findings are: 

(i) Bright Sp & ETG: These are ∼ 3 . 4 per cent of the galaxies
ith certain classification in this magnitude range. Their properties

nd appearance are consistent with possibly being lenticular galaxies
Fig. 8 ), a class that was not included in any of the training samples.
his mismatch could be a potential way to identify lenticular
alaxies, but we note that this approach might result in a small
ompleteness. 

(ii) Bright Es & LTG: These contribute less than 0.4 per cent to the
alaxies with certain classification in this magnitude range. They are
enerally blue, round galaxies (95 per cent have ellipticity smaller
han 0.5, see Fig. 9 ) with intermediate S ̀ersic indices. These galaxies
re difficult to classify and could be a mixture of face-on disc galaxies
ith no signs of spiral structure, lenticular, or elliptical galaxies. 
(iii) Faint Sp & ETG: This population contributes to ∼5 per cent

f the galaxies with certain classification in this magnitude range but
s much as 41 per cent of the ETG classified as such by V21 . At 18 ≤
 < 19, their structural measurements and physical properties follow
imilar trends as the ones at 16 ≤ i < 18, supporting the hypothesis
hat they could be lenticular galaxies as well. In the fainter magnitude
ins ( i > 19), their properties are more consistent with a red, massive,
nd passive population, although it is almost impossible to confirm
ia visual inspection due to their noisy images (see Fig. 10 ). 
(iv) Faint Es & LTG: These correspond to ∼1 per cent of the

alaxies with a certain classification for both catalogues in this
agnitude range. These systems are blue galaxies with relatively

ow masses compared to the Es & ETG, with round shapes and
ntermediate S ̀ersic indices. These galaxies are difficult to classify,
s in the bright regime (Fig. 12 ). At i ≥ 19, there is a bimodal
istribution of the S ́ersic inde x, i.e. the y could be a population of
lue low-mass galaxies with significant bulge component, which
ay not be well-represented in the training sample. 

Finally, we compare the physical properties of the galaxies
lassified as Es/ETG and Sp/LTG from each catalogue in Fig. 13 .
he galaxies classified as ETG by V21 have similar structural
easurements such as half-light radius, S ́ersic index, and ellipticity

o the galaxies classified as Es by C21 ; the same is true for Sp/LTG.
o we ver, the distribution in observed magnitude, redshift and colour

re very different for the C21 compared to V21 . ETG and LTG
alaxies span more or less o v er the full magnitude and redshift range
ut are clearly separated in colour, with ETGs being redder. On the
ther hand, the colours of Es/Sp are more o v erlapped and instead
here is a clear difference in the magnitude and redshift of Es and Sp,
ith Es being more abundant in the bright low-redshift regime. This

uggests that the C21 classifier underpredicts Es at fainter magnitudes
nd high redshifts (see also Fig. 4 ) probably because it confuses noise
ith structure. Ho we ver, interestingly, when examining blue Es ( g
i < 1.5) and red Sp ( g − i > 1.5) in Fig. 14 , blue Es have similar

tructure to ETG and red Sp show intermediate structure between
TG and LTG. 
NRAS 518, 2794–2809 (2023) 
This is the first comparison of two largest morphological cata-
ogues up to date, including o v er 20 million galaxies each, generated
y a CNN. This allows us to assess different CNN approaches and
o further validate the classifications provided by each catalogue.
hese classifications could indeed serve as a training sample to
lassify future data sets at faint magnitude limits. In the case of
isagreement between the classifications ( ∼5 per cent of intersection
f the two samples), we suggest to complement the classification
ith additional parameters, such as structural measurements. Fur-

hermore, by combining the two catalogues, the number of total
lassifications is increased up to ∼30 million galaxies for future
tudies of galaxy evolution. We warn the reader to be aware of the
iases and disagreement detailed in this paper when making use of
he catalogues for scientific research. In particular, we caution on the
obustness of the selection of the ETG population at faint magnitudes
ue to the large discrepancy of the classifications presented in the
wo catalogues. 
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M

Figure A1. Randomly selected examples of the mismatches that are classified as Sp by C21 and labelled as Es in GZ1. The p (Sp) values quoted under each 
panel is the probability of being Sp provided by C21 . 

Figure A2. Randomly selected examples of the mismatches that are classified as ETG by V21 and labelled as spiral galaxies in GZ1. The MP LTG, p (edge), 
and p (S0) values quoted under each panel represent the median probability of being LTG, edge-on galaxies (provided by V21 ), and lenticular galaxies (S0; 
provided by DS18), respectively. Note that most of these are actually edge-on and/or lenticular galaxies. 

Figure A3. Randomly selected examples of the mismatches that are classified as spiral galaxies (Sp) by C21 and labelled as ETG in DS18. The p (Sp) is the 
probability of being a spiral galaxy according to C21 while the p (S0) represents the probability of being a lenticular galaxy, according to DS18. 
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