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ABSTRACT

Context. The James Webb Space Telescope’s unprecedented combination of sensitivity, spatial resolution, and infrared coverage enables a new
exploration of galaxy morphology across most of cosmic history.
Aims. We analyze the Near Infrared (∼ 0.8 − 1µm) rest-frame morphologies of galaxies with log M∗/M� > 9 in the redshift range 0 < z < 6,
compare with previous HST-based results and release the first JWST-based morphological catalog of ∼ 20, 000 galaxies in the CEERS survey.
Methods. Galaxies are classified into four main broad classes – spheroid, disk+spheroid, disk, and disturbed – based on imaging with four filters
– F150W, F200W, F356W, and F444W – using Convolutional Neural Networks trained on HST/WFC3 labeled images and domain-adapted to
JWST/NIRCam.
Results. We find that ∼ 90% and ∼ 75% of galaxies at z < 3 have the same early/late and regular/irregular classification, respectively, in JWST and
HST imaging when considering similar wavelengths. For small (large) and faint objects, JWST-based classifications tend to systematically present
less bulge-dominated systems (peculiar galaxies) than HST-based ones, but the impact on the reported evolution of morphological fractions is less
than ∼ 10%. Using JWST-based morphologies at the same rest-frame wavelength (∼ 0.8 − 1µm), we confirm an increase in peculiar galaxies and
a decrease in bulge-dominated galaxies with redshift, as reported in previous HST-based works, suggesting that the stellar mass distribution, in
addition to light distribution, is more disturbed in the early universe. However, we find that undisturbed disk-like systems already dominate the
high-mass end of the late-type galaxy population (log M∗/M� > 10.5) at z ∼ 5, and bulge-dominated galaxies also exist at these early epochs,
confirming a rich and evolved morphological diversity of galaxies ∼ 1 Gyr after the Big Bang. Finally, we find that the morphology-quenching
relation is already in place for massive galaxies at z > 3, with massive quiescent galaxies (log M∗/M� > 10.5) being predominantly bulge-
dominated.

Key words. Astronomical Databases: Catalogs – Galaxies: evolution – Galaxies: high-redshift – Galaxies: statistics – Galaxies: structure

1. Introduction

Understanding how galaxy diversity emerges across cosmic time
is one of the major goals of the field of galaxy formation. Ques-
tions such as how and when stellar disks form, what the main
drivers of bulge growth are, and how and when galaxy mor-
phology and star-formation got connected remain largely unan-
swered despite significant progress in recent years (e.g., Con-
selice 2014; Förster Schreiber & Wuyts 2020). Galaxy mor-
phology remains a key first-order proxy of galaxy diversity
since it is a fast and cost-effective way of identifying differ-
ent types of galaxies in large samples at different cosmic times,
requiring only imaging. Up to now, almost all studies involv-
ing galaxy structure beyond the local Universe make use of the
Hubble Space Telescope (HST), which was the only facility de-
livering high enough spatial resolution to study the structure of
small high-redshift galaxies (e.g., Abraham et al. 1996; Huertas-
Company et al. 2015). HST imaging has revealed that galax-
ies at z > 1 tend to become more irregular in their light dis-
tribution (e.g., Conselice et al. 2000), even if observed in the
rest-frame optical more sensitive to main-sequence stars (e.g.,
Huertas-Company et al. 2016). It has also revealed that star-
forming and quiescent galaxies have different stellar structures
at all cosmic epochs probed so far (e.g., Wuyts et al. 2011; van
der Wel et al. 2014b; Pearson et al. 2021; Dimauro et al. 2022)

and many others. The recent launch of the James Webb Space
Telescope (JWST) opens a new window on galaxy morphology,
especially at early epochs, by providing unprecedented spatial
resolution and depth combined with infrared coverage that al-
lows probing the optical rest-frame emission in the first billion
years of the Universe’s history. A few early works analyzing the
first set of JWST images have started exploring the morphologi-
cal diversity up to z ∼ 6 using visual classifications or deep learn-
ing models trained on HST images (e.g., Ferreira et al. 2022a,b;
Kartaltepe et al. 2022; Robertson et al. 2023). The common con-
clusion of these initial studies is that there might be more disk-
like galaxies at high redshift than previously inferred with HST,
although the exact nature of these disk-like galaxies still needs
to be confirmed (Vega-Ferrero et al. 2023).

In this work, we take a step forward in understanding the
morphological diversity of galaxies in the early Universe by
providing the first and largest publicly available morphological
classification of ∼ 20, 000 galaxies selected in the JWST Cos-
mic Evolution Early Release Science (CEERS, Finkelstein et al.
2022, 2023) survey and observed in four different wavelengths
(F150W, F200W, F356W, and F444W). Galaxies are classified
into four broad morphological classes using a convolutional neu-
ral network (CNN) trained on HST-based classifications from
the Cosmic Assembly Near-infrared Deep Extragalactic Legacy
Survey (CANDELS, Koekemoer et al. 2011; Grogin et al. 2011)
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and domain-adapted to work on JWST images. We then use the
new classifications to precisely quantify the changes in galaxy
morphology when moving from HST to JWST, study the evo-
lution of morphological fractions from z ∼ 6 to z ∼ 0 in the
NIR rest-frame (∼ 0.8 − 1µm) by using different filters at dif-
ferent redshifts, and revisit the morphology-quenching relation
over ∼ 90% of the cosmic history.

The paper proceeds as follows. In section 2 we present the
datasets used, namely the CEERS and the CANDELS surveys.
Section 3 describes the method used to estimate morphologies on
JWST images and Section 4 systematically compares HST and
JWST based galaxy morphologies. Section 5 studies the evolu-
tion of morphological fractions between z ∼ 0 and z ∼ 6 as well
as the morphology-quenching relation and Section 6 discusses
some of the implications of the results presented. A summary is
presented in Section 7. Throughout this paper we use a Planck
2013 cosmology (Planck Collaboration et al. 2014).

2. Data

2.1. CEERS

CEERS (Finkelstein et al. 2022, 2023) is an Early Release
Science (ERS) program (Proposal ID 1345, PI: Finkelstein)
that has been observing the EGS (Extended Groth Strip, Davis
et al. 2007) extragalactic deep field (one of the five CANDELS
fields; Koekemoer et al. 2011; Grogin et al. 2011) since June
2022, with data made available to the public immediately. For
this work, we combined 10 NIRCam pointings observed in June
and December 2022 in four different filters: F150W, F200W,
F356W, and F444W. For the June pointings, we used the images
from the latest CEERS public data release1. A detailed descrip-
tion of the reduction process can be found in Bagley et al. (2022).
For the December data, we used internal data products from the
CEERS team reduced with an analogous procedure.

In addition to imaging data, we also used photometric red-
shifts and physical properties of galaxies derived with Spectral
Energy Distribution (SED) fitting. Photometric redshifts were
derived using the EAZY code (Brammer et al. 2008), as detailed
in Finkelstein et al. (2022). The physical properties of galaxies
- namely, stellar masses and star-formation rates for this work -
have been determined using the Dense Basis method2 (Iyer et al.
2019), an SED fitting method using a procedure similar to that
in Iyer et al. 2019; Olsen et al. 2021; Finkelstein et al. 2022;
Mowla et al. 2022; Asada et al. 2022. The code performs a fully
Bayesian inference of the Star Formaton History (SFH), dust at-
tenuation, and chemical enrichment for each galaxy, using a fully
non-parametric Gaussian process-based description for the SFH
described in Iyer et al. 2019. The model uses a Chabrier IMF
(Chabrier 2003), a Calzetti dust attenuation law (Calzetti et al.
2000), and Madau IGM absorption (Madau 1995). In the fitting
process, a redshift prior taken from the confidence interval of the
EAZY estimate is used. Setting explicit priors in SFH space us-
ing non-parametric SFHs has been shown to be robust against
outshining due to younger stellar populations, which can other-
wise bias estimates of masses and star formation rates (Iyer &
Gawiser 2017; Leja et al. 2019; Lower et al. 2020).

.

1 https://ceers.github.io
2 https://dense-basis.readthedocs.io/

2.2. CANDELS

We use publicly available images and data products from the
CANDELS survey (Koekemoer et al. 2011; Grogin et al. 2011)
from the five different fields (Galametz et al. 2013; Guo et al.
2013; Nayyeri et al. 2017; Stefanon et al. 2017; Barro et al.
2019). For training the neural networks (see section 3), we use
the morphological catalog of Huertas-Company et al. (2015),
which provides neural network based morphological labels
trained on the Kartaltepe et al. (2015) visual classifications for
all galaxies with F160W < 24.5. We decided to use as ground
truth, the labels from the CNN based classification of Huertas-
Company et al. (2015) instead of directly using the visual clas-
sifications from Kartaltepe et al. (2015) because the former pro-
vides an homogeneous and larger sample. Given the excellent
agreement shown in Huertas-Company et al. (2015) we do not
expect this choice to introduce any significant bias. For this
work, we define 4 main morphological classes using the crite-
ria also described in Huertas-Company et al. (2015), which have
been demonstrated to provide reasonably clean classes. Namely:

– Class 1: spheroids / pure bulges: fsph > 2/3 AND fdisk <
2/3 AND firr < 1/10

– Class 2: disks: fsph < 2/3 AND fdisk > 2/3 AND firr <
1/10

– Class 3: bulge+disk: fsph > 2/3 AND fdisk > 2/3 AND
firr < 1/10

– Class 4: irregulars / disturbed / peculiar: firr > 1/10

where fsph, fdisk and firr are estimates of the vote fractions
of different classifiers for spheroid, disk and irregular features
respectively (see Kartaltepe et al. 2015 and Huertas-Company
et al. 2015 for more details). For the remainder of this work, we
consider the labels corresponding to the four classes as ground
truth. We will use the terms spheroids or pure bulges inter-
changeably to refer to the first class, and irregulars, disturbed,
or peculiar to refer to the last class. Additionally, we will refer
to the combination of classes 1 and 3 as early-type galaxies, and
the combination of classes 2 and 4 as late-type galaxies. The
inclusion of bulge+disks systems into the early-type class is mo-
tivated by the results of Huertas-Company et al. (2015) who
showed that the bulge+disk class is mainly composed of bulge-
dominated systems. We will discuss this further in the following
sections. Because we have removed stars using one of the filters
with highest spatial resolution, we do not include a point source
classification, which would furthermore decrease the accuracy
of our classification because of low statistics.

It is important to note that the names given to the classes are
solely used to identify different morphological properties based
on images, and do not necessarily reflect the true physical nature
of these objects. In particular, the irregular class can contain a va-
riety of galaxies with different physical properties. The spheroid
class generally refers to round and compact galaxies which do
not necessarily imply kinematically hot systems, especially at
high redshift.

2.3. Sample Selection and Completeness

We select all galaxies with F200W[AB] < 27. The magni-
tude cut corresponds roughly to a Signal-to-Noise Ratio (SNR)
which enables reliable morphological classification (see Kartal-
tepe et al. 2022). In addition to the apparent magnitude cut, we
also remove obvious stars using a simple procedure described
in Appendix A using photometric parameters measured in the
F200W filter. The final sample for which we estimate galaxy
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Fig. 1: Distribution of selected galaxies (F200W < 27) in the
stellar mass - photometric redshift plane. The dashed red line
shows the 109 solar mass limit used in this work for scientific
analysis, whcih is well above the completeness limit.

morphologies is then of 23, 674 galaxies. Figure 1 shows the
distribution of the selected galaxies in the stellar mass - pho-
tometric redshift plane. The lower envelope of the distribution
can be used as a proxy for completeness which is estimated at
roughly 108.5M� over the considered redshift range. Although
the released morphological catalog includes all galaxies, in the
remaining of this work, we will primarily focus on galaxies more
massive than 109 solar masses - which is well above the com-
pleteness limit - so the main conclusions should not be affected
by incompleteness.

3. Inferring galaxy morphologies of CEERS galaxies

3.1. Method

Galaxy morphology is commonly estimated with supervised
Convolutional Neural Networks (CNNs), which allow one to ef-
ficiently extract image features correlated with galaxy morphol-
ogy (see the review by Huertas-Company & Lanusse 2023). The
main bottleneck of such an approach is the training set, which
needs to contain a large enough sample of annotated images,
typically performed through visual inspection. However, this is a
time-consuming process that potentially undermines the advan-
tage of using machine learning. Therefore, several works have
tried to find global features (e.g., Walmsley et al. 2022; Ćipri-
janović et al. 2023) or transfer a network trained on one dataset
to another (e.g., Domínguez Sánchez et al. 2019).

Since there are very few available labels on JWST images,
we use standard adversarial domain adaptation (Ganin et al.
2015) in this work to transfer existing labels on HST imaging
from the CANDELS survey to JWST-CEERS. Adversarial do-
main adaptation has been successfully applied to astronomical
data in the context of galaxy merger identification (e.g., Ćipri-
janović et al. 2020).

Fig. 2: Schematic representation of the neural network architec-
ture used for classifying CEERS galaxies in this work. A first
CNN (G f (θ f )) is fed with both labeled and unlabeled CAN-
DELS and CEERS stamps respectively. The computed features
are then used as input for two additional CNNs: a discrimina-
tor (Gd(θd)) which learns to distinguish stamps coming from the
two datasets and a classifier (Gy(θy)) which provides a classifica-
tion in four main morphological classes. More details about the
training strategy can be found in the text.

The overall idea is that both labeled images from HST and
unlabeled images from JWST are shown to the CNN. An ad-
versarial term is added to the loss functions to push the features
extracted from the labeled dataset to be close to the ones from the
unlabeled one. This way, the network is prevented from learning
specific features linked to a particular dataset. More precisely, in
this work, we use the network architecture illustrated in Figure 2
and the following loss function:

E(θ f , θy, θd) =
∑

i=1..N

Ly(Gy(G f (xs
i ; θ f ); θy), yi)

− αLd(Gd(G f (xt
i, x

s
i ; θ f ); θd), ki) (1)

where G f , Gy, and Gd are the feature extractor, classifier, and
discriminator networks, respectively, with free parameters θ f , θy,
and θd. Ly and Ld are the losses of the classifier and discrim-
inator, which in our case are standard cross-entropy losses. xs

and xt are source (CANDELS) and target (CEERS) images re-
spectively. y and k are the morphological classes and the dataset
class respectively. α is a scalar hyper-parameter that adjusts the
weight between the two loss terms and hence acts as a trade-off
between classification accuracy and domain invariance. In this
work, we set α = 1 as in the original implementation. We inves-
tigated varying its value without significant impact on the final
classification. Because there is a minus sign in equation 1, the
network is effectively optimized so that the classification loss is
minimized (i.e., classification accuracy) while the domain dis-
criminator loss is maximized (i.e., domain invariance). Optimal
values for the free parameters are thus given by:

(θ̂ f , θ̂y) = arg min
θ f ,θd

E(θ f , θy, θ̂d)

θ̂d = arg max
θd

E(θ̂ f , θ̂y, θ f ) (2)

We train four identical networks using as source images, ∼
50, 000 F160W stamps from the CANDELS survey distributed
in five different fields with labels from Huertas-Company et al.
(2015) (see section 2 for more details) and as target F150W,
F200W, F356W and F444W until convergence (∼ 50 epochs).
The output of the classifier network is determined by a soft-
max layer which provides an array of size four corresponding
to a measurement of the probability that a given galaxy image
belongs to one of the four classes described in section 2. The
stamp size is fixed to 32 × 32 pixels for both datasets - CEERS
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and CANDELS - which implies that the effective field of view is
also different. We tried interpolating the CANDELS images as
a preprocessing step to match the pixel scale of NIRCam, but it
led to worse results. We thus decided to keep the different field
of views and let the network learn the corrections.

The classification is ultimately done by applying the trained
feature extractor (G f ) and classifier (Gy) to the CEERS target
stamps (xt). To account for uncertainty, we employ an ensem-
ble of 10 separate trainings with different initial conditions and
slightly different training sets. To estimate the final probability of
a given morphological class, we take the average of the outputs
from all 10 networks. The standard deviation is used to assess
the robustness of the classification which we find to be typically
below 0.1. Thus, unless otherwise noted, we define classes as
the maximum of the average probability from the 10 classifica-
tion networks. Excluding objects with uncertain classifications
does not significantly impact the main findings.

3.2. Visual inspection

There are very few ground truth labels available for the CEERS
images by construction. It is therefore not straightforward to as-
sess the accuracy of the resulting morphological classification
using the domain adaptation procedure described in the pre-
vious subsection. We followed two approaches to provide an
overview of the quality of the resulting classification. First, we
performed visual inspections of randomly selected galaxies be-
longing to the four classes. Figures 3 to 5 show some random
examples of galaxies ordered by stellar mass and redshift in the
F200W, F356W, and F444W filters, classified in the four dif-
ferent classes3. The stamps clearly show distinct morphological
features, indicating that the network produces meaningful clas-
sifications on JWST images, even without provided labels. The
difference between the two main classes - spheroids and disks
- shown in the top row of figures 3 to 5 is obvious and shows,
not surprisingly, that the network is clearly able to distinguish
between compact and extended sources. The boundary between
disks and irregulars is slightly more diffuse - but this is known
to be a difficult task. The figure seems to suggest that irregular
galaxies might be biased towards images that contain multiple
objects in the field of view. Some look indeed as perturbed light
profiles but others might simply be foreground/background con-
tamination. It is also worth noticing the different spatial resolu-
tion of the different filters. Some compact galaxies appear to be
unresolved in the redder wavebands.

3.3. Comparison with visual classifications

In a recent study, Kartaltepe et al. (2022) visually classified a
subset of galaxies with z > 3 using a similar scheme to the
one used for CANDELS. As an independent cross-check of the
domain-adapted morphologies, we compare our deep learning-
based classification to the visual one in Figure 6. For this com-
parison, we use the neural network-based classification in the
F200W filter, since it is the primary band also used in Kartaltepe
et al. (2022), although classifiers could also inspect other bands.
Although this comparison is performed on a reduced dataset
of ∼ 800 galaxies, it is crucial since it compares two indepen-
dent classifications made on the same images. It is also the set

3 F200W, F356W, and F444W are the filters primarily used in the sci-
entific analysis of this work and thus F150W images are not shown to
keep a reasonably amount of figures. F150W images are used for com-
parison with HST as discussed in Section 4 and in the Appendix B.

of galaxies for which more discrepancies might be expected, as
they represent the faint end of the distribution and cover a red-
shift range not well probed by HST.

Since the classification of Kartaltepe et al. (2022) is more
detailed than ours, figure 6 shows, for each one of the four
deep learning classes, the distribution of visual labels as defined
in Kartaltepe et al. (2022). Overall, we observe good agreement
between the two classifications. The distributions for the four
primary classes are clearly different. More than 90% of galax-
ies classified as spheroids by the neural network are also flagged
as having a spheroid component visually. All galaxies automat-
ically classified as disks have visually identified disks. Even the
class of composite bulge + disk systems shows good agreement
with visual classifications, with a clear peak at the Sph+Disk
systems. As hinted by the visual inspection of the previous sec-
tion, the largest discrepancies are between the irregular and disk
classes. About 25% of galaxies classified as disks by the neu-
ral networks are flagged as irregulars by human classifiers, and
the same happens in the other direction. Given the difficulty -
and somewhat subjective nature - of identifying irregular galax-
ies and the fact that the two classifications compared here are
completely independent, we consider this contamination accept-
able.

4. From HST to JWST: the impact of depth and
spatial resolution

JWST images provide deeper and higher spatial resolution im-
ages compared to the HST, which until recently was the primary
telescope used to quantify galaxy morphologies. The quality of
morphological classification is known to be significantly affected
by factors such as resolution and signal-to-noise ratio. Hence, it
is interesting to compare the classifications of the same galax-
ies observed with HST and JWST. This is the main focus of this
subsection, and to minimize the wavelength effect, we compare
the F160W and F150W images.

We begin by exploring in Figures 7 and 8 how basic mor-
phological classifications on the same objects change between
JWST and HST. For simplicity and to better understand the dif-
ferences between the two classifications, we consider two cases:
early vs. late type and disturbed vs. undisturbed.

In the early-type class, we include both spheroids and
bulge+disk galaxies as defined in section 2. Huertas-Company
et al. (2015) showed that the bulge+disk class is mainly com-
posed of bulge-dominated systems. The late-type class contains
both disks and irregulars.

The disturbed class contains irregulars, while the undis-
turbed class gathers all the remaining three classes (see sec-
tion 2).

Since the primary differences between the two telescopes are
sensitivity and spatial resolution, in addition to a global com-
parison, we quantify the differences as a function of apparent
F150W magnitude as a proxy for signal-to-noise ratio and ap-
parent half-light size as a proxy for resolution.

4.1. Early/late type galaxies

The top panel of Figure 7 shows that, overall, there is a good
agreement between HST and JWST based early/late classifica-
tions. We find that ∼ 90% of the galaxies between z = 0 − 3
have the same classifications with both instruments. The con-
fusion matrix also shows that the agreement is not completely
symmetrical, i.e. ∼ 20% of galaxies classified as early-type with
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Fig. 3: Example of random stamps of CEERS galaxies observed with the F200W filter, classified in four main morpho-
logical classes. Each panel of 16 images illustrates a different class. Top left: spheroids, top right: disks, bottom left:
irregulars, bottom right: composite bulge+disk galaxies. In each group of 16, galaxies are ordered by increasing photo-
metric redshift (top to bottom) and stellar mass (left to right). The physical scale in kpc in shown for every galaxy. A
square root scaling has been applied to enhance the outskirts.

HST move to the late-type class with JWST, in agreement with
previous results suggesting that disks are more abundant than ex-
pected (Ferreira et al. 2022a). In Figure 8 we explore into more
details how the differences depend on apparent magnitude and
apparent size. The discrepancy in the relative fraction of early

type galaxies between JWST and HST (∆early =
NCEERS

early −NCANDELS
early

Ntotal
)

is consistently below ∼ 10% across most of the parameter space.
Only for very small galaxies (Re < 0.1”) does the relative frac-
tion of early-type galaxies measured by JWST drop by about
∼ 30% compared to HST. This increase in discrepancy for small
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Fig. 4: Example of random stamps of CEERS galaxies observed with the F356W filter, classified in four main morpho-
logical classes. Each panel of 16 images illustrates a different class. Top left: spheroids, top right: disks, bottom left:
irregulars, bottom right: composite bulge+disk galaxies. In each group of 16, galaxies are ordered by increasing photo-
metric redshift (top to bottom) and stellar mass (left to right). The physical scale in kpc in shown for every galaxy. A
square root scaling has been applied to enhance the outskirts.

and faint galaxies suggests that it is related to spatial resolution
and possibly signal-to-noise. We show in the Appendix B some
example stamps of galaxies with different morphological clas-
sifications in CANDELS and CEERS. Interestingly, because of
the distribution of galaxies in the parameter space (as shown in
the left panel of figure 8), these discrepancies only affect a small

fraction of objects. Thus, the measured fractions of early and
late-type objects as a function of redshift and stellar mass (shown
in the top row of figure 9) are very similar and fully compatible
within the 1σ uncertainties.
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Fig. 5: Example of random stamps of CEERS galaxies observed with the F444W filter, classified in four main morpho-
logical classes. Each panel of 16 images illustrates a different class. Top left: spheroids, top right: disks, bottom left:
irregulars, bottom right: composite bulge+disk galaxies. In each group of 16, galaxies are ordered by increasing photo-
metric redshift (top to bottom) and stellar mass (left to right). The physical scale in kpc in shown for every galaxy. A
square root scaling has been applied to enhance the outskirts.

4.2. Peculiar galaxies

The differences between the fractions of disturbed and undis-
turbed galaxies are more significant. The top panel of Figure 7
shows that the overall agreement is of ∼ 76%. This is mostly
driven by the fact that ∼ 30% of galaxies classified as irregular

with HST are not found disturbed with JWST. The rightmost
panel of figure 8 confirms a clear trend of classifying galax-
ies as less disturbed in JWST than in HST images. The dif-
ferences in the relative fractions of disturbed systems (∆irr =
NCEERS

irr −NCANDELS
irr

Ntotal
) range on average between ∼ 20 and ∼ 40% and
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Fig. 6: Comparison between the deep learning based classification in the F200W band presented in this work and the visual classi-
fications of Kartaltepe et al. (2022) for galaxies with z > 3. The different panels show the distribution of visual classes for each of
the four classes defined in this work; top left: spheroids, top right: disks, bottom left: irregulars, bottom right: disks+spheroids.

tend to be more pronounced for large objects. This trend is likely
due to the fact that the disturbed/irregular class is a poorly de-
fined category of objects that includes all galaxies with some
irregularity in their surface brightness profile. Thus, the irregu-
lar appearance is highly dependent on the signal-to-noise ratio
since fluctuations in the surface brightness caused by noise can
be easily interpreted as an irregular light distribution. Moreover,
deeper observations will tend to better detect a potential diffuse
component around galaxies which can be interpreted as a disk
and move the classification from irregular to disk. Given that the

CEERS survey’s imaging is significantly deeper than the CAN-
DELS data, it is expected that galaxies will appear less disturbed.
This trend is confirmed by the rightmost panel of figure 8. Ex-
tended galaxies have lower SNR per pixel at a fixed magnitude,
which may explain why the differences are larger for larger ob-
jects. One could argue as well that deeper observation can al-
low one to better detect low surface brightness features around
galaxies which might make them look more irregular and there-
fore have the opposite effect. This is not what Figure 8 suggests,
and the reason might be that the JWST observations, although
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Fig. 7: Confusion matrices showing the overall agreement be-
tween early/late (top) and regular/irregular (bottom) classifi-
cations with HST-WFC3 F160W imaging and JWST-NIRCam
F150W imaging for galaxies in the redshift range z = 0 − 3.

deep, are not deep enough to detect these low surface brightness
features which are typically seen at depths of ∼ 30 mag.arcsec−2

or more (e.g., Trujillo & Fliri 2016). Some examples of images
with different classifications are shown in the Appendix B. De-
spite these differences, the impact on the measured fraction of
disturbed galaxies as a function of stellar mass and redshift re-
ported in figure 9 is not significant. The fraction of irregulars
tends to be less than ∼ 10% smaller in CEERS than in CAN-
DELS. This can be explained by the fact that the majority of ob-
jects lie in a region of the parameter space where the differences
between HST and JWST are less pronounced. We also notice
that the leftmost panel of Figure 9 shows that irregular galax-
ies completely dominate the galaxy distribution at z > 3. This
is most likely a consequence of using the F200W filter which
probes the UV rest-frame as discussed in the following. It might
be also affected by selection biases since we are only represent-
ing objects in common in CANDELS and CEERS and that’s also
why it differs from the results of Kartaltepe et al. (2022).

5. Galaxy morphology since z = 6 in the rest-frame
NIR

A unique feature of JWST is that it probes longer wavelengths
than HST, offering a view of galaxy structure in the mid-infrared.
This enables to probe galaxy structure in the optical rest-frame
up to higher redshifts (z ∼ 6) but also in the NIR rest-frame

with a proxy closer to stellar mass and less biased by stellar age
and/or dust light-weighting effects.

5.1. Morphology vs. Wavelength

In a similar fashion to the analysis of the previous section, we in-
vestigate how galaxy morphology changes with wavelength. Fig-
ure 10 compares the fractions of early-type and peculiar galaxies
between the F200W and F444W filters as a function of stellar
mass and redshift.

Concerning the abundances of early-type galaxies, the fig-
ure shows that the differences between the fractions measured
in the two filters become significant for galaxies above z ∼ 3
and stellar masses larger than log M∗ ∼ 10.5. In particular, we
find that the fraction of early-type galaxies is 30% larger in the
longer wavelengths. This result is expected since, at z > 3, the
F200W filter probes the near-UV and is therefore more sensitive
to the emission of young stars, which can make the bulge diffi-
cult to detect (e.g., Papaderos et al. 2023). The F444W filter, on
the other hand, probes a rest-frame wavelength between ∼ 1 and
∼ 0.8 µm above z ∼ 3, which is dominated by old stars typically
located in the central parts of galaxies (i.e., bulge). For stellar
masses lower than 1010 solar masses, the differences between
the two filters are slightly less pronounced, and the trend is in-
verted. Specifically, the fraction of early-type galaxies is larger in
the bluer filters. This counterintuitive trend may reflect the pres-
ence of compact star-forming regions interpreted as bulge com-
ponents in the F200W filter. It may also be a resolution effect
which prevents the disk component to be detected in the longer
wavelengths. We discuss this further in section 5. The top row of
Figure 11 explores how these reported differences between the
two filters translate into the evolution of early and late-type frac-
tions as a function of stellar mass and redshift. We observe the
expected behavior from the trends described in Figure 10. The
fraction of early-type galaxies in the highest redshift bin slightly
increases at the high-mass end in the F444W filter, while the
opposite is measured at the low-mass end.

The differences between the fractions of disturbed and undis-
turbed galaxies are more pronounced. At z > 3 the fraction of ir-
regular galaxies in the F444W filter can be up to ∼ 50% smaller
than in the F200W. This might be a signature that the distribu-
tion of mass is less irregular than the one of light, as pointed
out by previous works who attempted to estimate stellar mass
maps from HST imaging (e.g.,Wuyts et al. 2012). It is thus in-
teresting to see that this trend is confirmed when probing galaxy
morphology at longer wavelengths. It is worth noticing however
that a similar trend could be driven by a difference in spatial res-
olution. The long wavelength imaging has a factor of ∼ 2 lower
resolution than the short wavelength (see figures 3 and 5) so it is
less sensitive to substructure, which could make galaxies appear
more regular in their light distribution. However, in Section 4 we
report that the fraction of peculiar galaxies decreases in JWST
imaging as compared to HST, even with increased spatial reso-
lution. The trend measured with wavelength hence suggests that
it is not purely a resolution effect. The bottom panel of Figure 11
measures how these differences between the filters is translated
into the fraction of peculiar galaxies as a function of stellar mass
and redshift. The differences are particularly dramatic at z > 3.
The fraction of peculiar galaxies completely dominates in the
F200W band at all stellar masses. In the F444W filter though,
they only dominate at the low mass end.
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Fig. 8: Differences between CANDELS and CEERS measured morphologies as a function of apparent F150W magnitude and
angular half-light radius. Left panel: Number density of objects. Middle panel: Difference between the fraction of early-type galaxies

in CEERS and CANDELS: ∆early =
NCEERS

early −NCANDELS
early

Ntotal
. Right panel: Difference between the fraction of disturbed galaxies in CEERS

and CANDELS: ∆irr =
NCEERS

irr −NCANDELS
irr

Ntotal
.

5.1.1. Morphological evolution

We examine how the fractions of different morphological types
depend on stellar mass and redshift using the new JWST-based
morphologies derived in this work (see Figures 12 and 13). To
define the morphologies, we use the F200W filter at z < 1,
F356W at 1 < z < 3, and F444W at 3 < z < 6, approximately in
the rest-frame ∼ 0.8 − 1µm (Figure C.1). This should be mostly
sensitive to the emission of old stars and therefore more closely
linked to stellar mass. The price to pay - as previously mentioned
- is that the spatial resolution is worse in the redder filters poten-
tially biasing the measured evolution of morphologies. Neverthe-
less, as shown in Figure C.1, the resolution remains reasonably
constant around ∼ 0.5 kpc from z ∼ 1 to z ∼ 6 and only goes
down to ∼ 0.2 kpc at z < 1.

We observe some well-known trends. The fraction of bulge-
dominated galaxies (early-type) shows a strong correlation with
stellar mass, with the number densities of early-type galaxies
steadily increasing above ∼ 1010.3 solar masses. The behavior
is surprisingly similar at all redshifts probed, suggesting similar
physical processes for bulge formation at all epochs. Also, the
fact that the trends change smoothly with redshift, is an indica-
tion that there are no significant biases induced by the use of
different filters with different spatial resolutions. The main dif-
ference is a change in normalization, with early-type galaxies
becoming more abundant at fixed stellar mass at later times. At
∼ 1011 solar masses, ∼ 40−50% of galaxies are bulge-dominated
at z > 3, while the fraction increases to ∼ 70% at z < 1 for the
same stellar mass. Figure 13 shows in fact that early-type galax-
ies start dominating the massive end of the galaxy population
from z ∼ 3. These results qualitatively agree with the recent
findings by Costantin et al. (2021), who reported a bimodality
in bulge formation, with a first wave of bulges (∼ 30%) already
in place at z ∼ 6. Ferreira et al. (2022b) tend to find a smaller
fraction of bulge dominated galaxies at all redshifts using a sim-
ilar dataset but based on pure visual classifications. It might be
because they did not plot the most massive galaxies separately
as we do here. The lower mass bins in Figure 13 show indeed
that late-type galaxies dominate at all redshifts.

Regarding the fraction of peculiar galaxies, we also measure
very similar trends at all redshifts. The abundance of irregu-

lar galaxies is a strong function of stellar mass at all redshifts,
with low-mass galaxies being predominantly peculiar. The stel-
lar mass threshold below which the galaxy population starts to
be dominated by irregular galaxies decreases with time. Galax-
ies less massive than ∼ 1010.5 solar masses are irregular at z > 3,
while this is true only for galaxies less massive than ∼ 109 at
z < 1. It is interesting to see that the abundance of irregular
galaxies is still measured to increase with resdshift even when
probing the rest-frame NIR. This suggests that, at early epochs,
the distribution of stellar mass is also perturbed and that it is not
only a consequence of the presence of bright star-forming re-
gions emitting in the UV. However, as discussed in Section 4, the
classification of a galaxy as irregular or peculiar does not only
depend on wavelength but is also rather noise-sensitive. The re-
sult might therefore be biased because galaxies at fixed stellar
mass appear fainter at high redshift. It is also worth noticing,
though, that the impact of the SNR on the reported fractions is
generally small (see Figure 9) because it affects essentially large
galaxies that represent a small fraction of the galaxy population.
Our results qualitatively agree with the trends reported by Fer-
reira et al. (2022b) in the sense that regular galaxies tend to dom-
inate at lower redshifts, but they do not find such clear trends. In
particular, they find that low mass galaxies (log M∗/M� < 9)
are predominantly disks while our classification tends to classify
the majority of low mass galaxies as irregulars at all redshifts
(bottom left panel of Figure 13). The differences might be a re-
flection of the somehow loose definition of the peculiar class.
A one-to-one comparison between the two classifications should
provide more insights on the origins of the differences.

5.2. Morphology-Quenching relation

In this section, we investigate the evolution of the relationship
between galaxy morphology and star-formation activity, using
the new NIR rest-frame morphologies based on JWST, from z ∼
6.
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Fig. 9: Comparison between the fractions of early and late-type galaxies (top row) and disturbed and undisturbed galaxies (bottom
row) as a function of stellar mass measured in CANDELS (dashed lines) and CEERS (sold lines) for exactly the same galaxies.
For CANDELS, the morphologies are inferred in the F160W filter while for CEERS we use F150W in all panels to reduce wave-
length induced differences in the morphologies. Each panel indicates a redshift bin as labeled. The shaded regions show Poisson
uncertainties.

5.2.1. Definition of Quenched and Star-Forming Samples

To begin, we define quiescent and star-forming galaxies, follow-
ing the definition of Tacchella et al. (2022), which is based on the
timescale for doubling the stellar mass, given the instantaneous
star formation rate at the time of observation.Tacchella et al.
(2022) measure this timescale by defining the mass-doubling
number D(z) =sSFR(z)×tH(z), where sSFR(z) and tH(z) repre-
sent the specific star-formation rate and the Hubble time at the
time of observation, respectively. Therefore, D(z) measures the
number of times the stellar mass doubles within the age of the
universe, at a constant sSFR. To account for uncertainties in both
the measurements of star formation rates and stellar masses, we
sample 100 times from the posterior distributions of both quan-
tities estimated by Dense Basis . For simplicity, we assume a
Gaussian posterior distribution with standard deviation equal to
half the difference between the 84th and 16th quantiles, as esti-

mated by Dense Basis (see section 2 for more details). The top
row of Figure 14 displays the contours of the distribution of the
100 samples in the log M∗ − log SFR plane, for different redshift
bins. The SFR is averaged over a timescale of 100 Myrs, where
star-forming galaxies are defined as those with D(z) > 1/3, tran-
sitionning galaxies those with 1/20 < D(z) < 1/3 and quies-
cent galaxies those with D(z) < 1/20, following Tacchella et al.
(2022).

Next, we fit the distribution of star-forming galaxies (D(z) >
1/3) using a power law with two parameters α and β:

log S FR = α × (log M∗/M� − 10.5) + β

We estimate the posterior distributions
p(α, β|{log M∗, log S FR}) in three redshift bins - 0 < z < 1,
1 < z < 3, and 3 < z < 6 - using an amortized likelihood-free
inference approach with a Masked Autoregressive Neural Flow.
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Fig. 10: Differences between morphologies measured in F200W and F444W in CEERS. The left panel shows the difference in

the fractions of early-type galaxies (∆early =
NF200w

early −NF444w
early

Ntotal
) and the right panel differences in the fractions of disturbed galaxies

(∆irr =
NF200w

irr −NF444w
irr

Ntotal
).

We simulate 100, 000 samples, using a flat prior for both α
and β, and using a Gaussian distribution for both log SFR and
log M∗. We then train a Neural Flow on the simulations to
estimate p. We train three different flows for the three different
redshift bins. To account for systematic uncertainties due to the
neural network architecture, we train five additional random
variations of the masked autoregressive flow in each redshift
bin. We find that all models provide consistent results and
choose one of them as the primary estimator. The mean and
16th and 84th quantiles of α and β are reported in Table 1.

Table 1: Slope (α) and normalization (β) of the power-law fit to
the star-forming main sequence in different redshift bins

0 < z < 1 1 < z < 3 3 < z < 6

α 0.96+0.11
−0.12 0.89+0.07

−0.07 0.55+0.16
−0.15

β 0.72+0.09
−0.08 1.04+0.09

−0.10 1.19+0.15
−0.15

We observe an increase in the zeropoint (β) as we move to
higher redshifts, consistent with previous studies (e.g., Whitaker
et al. 2012b). Furthermore, we note a slight decrease in the slope
of the star-forming main sequence in the highest redshift bin
which is also within the ballpark of the many different values
reported in the literature (see Mérida et al. (2023) for a recent
compilation). Figure 14 shows that this decrease in slope could
be driven by a larger scatter in star formation at fixed stellar mass
and the lack of massive objects at these redshifts. Further inves-
tigation is necessary to fully understand this trend. However, our
primary goal is to obtain a reasonable guess of the location of

the main sequence, rather than to analyze the slope and normal-
ization in detail, which is beyond the scope of this work.

The middle and bottom rows of figure 14 display the distribu-
tion of late-type and early-type galaxies in the log M∗ − log S FR
plane. Consistent with expectations, the vast majority of disk-
dominated galaxies are located within 1 dex of the star-forming
main sequence. In contrast, early-type galaxies are located in
two distinct regions. At the high-mass end, they tend to lie be-
low the main sequence in the region where quenched galaxies
are found, confirming that massive quenched galaxies tend to be
bulge-dominated. Interestingly, this trend seems to hold even in
the highest redshift bin. Additionally, the bottom row of figure 14
reveals a significant population of low-mass (log M∗/M� < 10)
star-forming bulge-dominated galaxies located at all redshifts,
which we investigate further in the following subsections.

5.2.2. Fraction of early-type galaxies

Using the power-law fits discussed in the previous subsection,
we compute the fraction of early-type galaxies as a function of
the distance to the main sequence, ∆ log SFR, in different stellar
mass bins, and present the results in Figure 15. Here, ∆ log SFR
is calculated as the difference between a galaxy’s SFR and the lo-
cation of the main sequence corresponding to its stellar mass. We
find that the fraction of bulge-dominated systems among mas-
sive galaxies (log M∗/M� > 10.5) increases as we move below
the main sequence at all redshifts. Despite the large uncertainties
due to small statistics, we observe that ∼ 70% − 90% of mas-
sive galaxies 2-3 dex below the main sequence are early-type.
These results suggest that the morphology-quenching relation is
already in place for the most massive galaxies at z ∼ 5. At in-
termediate stellar masses, we also observe a moderate increase
in the early-type fraction below the main sequence, at least up
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Fig. 11: Comparison of the morphological fractions as function of redshift and stellar mass measured in the F200W and F444W
filters. The top row show the fractions of early (red lines) an late (blue) type galaxies in three redshift bins as labeled in the F200W
(solid lines) and F444W (dashed lines) bands. The bottom row, indicates the fraction of regular (blue) and peculiar (green) galaxies.

to z ∼ 3. However, at z > 3, the fraction remains consistently
low (< 10%) regardless of star formation activity, indicating that
morphological transformations have not yet occurred in signifi-
cant numbers by z ∼ 5. We do not observe any dependence of
the early-type fraction on star formation activity for low mass
galaxies within the probed redshift range.

5.2.3. Star-forming early-type galaxies

We analyze the distribution of the star-formation rate at fixed
morphological type. Although the fraction of low-mass early-
type galaxies is small at low and intermediate masses, Figure 14
shows that the majority of those are star-forming, in contrast to
what happens at the high-mass end.

To investigate further the nature of these objects and check
whether this is a consequence of classification errors, we show
in Figure 16 example stamps of late-type and early-type star-
forming galaxies (D(z) > 0.33) with similar stellar mass. We

only show examples of z < 1 galaxies to better appreciate
the morphological differences. The figure clearly shows distinct
morphologies for both populations. As expected, late-type galax-
ies are more extended and present more structure than early-
type galaxies, whose light profile is smoother and more com-
pact. An inspection of the half-light radii and Sérsic indices dis-
tributions of both populations also reveals that early-type galax-
ies are, on average, more compact and have higher Sérsic in-
dices. Both results confirm the distinct morphological nature of
these star-forming galaxies. We speculate that the population of
low-mass early-type galaxies might be experiencing a phase of
central star-formation activity (blue nugget) as reported in sev-
eral previous works (e.g., Lapiner et al. 2023; Huertas-Company
et al. 2018; Barro et al. 2016, and references therein). However,
an analysis of the non-parametric SFHs inferred by Dense Basis
does not show any clear differences between the two populations
given the large uncertainties at the current S/N. Therefore we
cannot firmly conclude that they have clear different formation
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Fig. 12: Evolution of the fractions of different morphological types in rest-frame ∼ 0.8 − 1µm as a function of stellar mass and
redshift. Each panel shows a redshift bin as labeled. Filters F200W, F356W and F444W are used to infer galaxy morphology in the
redshift bins 0 < z < 1, 1 < z < 3 and 3 < z < 6 respectively. Top row: Fractions in 4 morphological classes: spheroids (red), disks
(blue), bulge+disk (orange) and peculiar or irregular (green). Middle row: Fractions in two broad classes: disk dominated (blue) and
bulge dominated (red). Bottom row: Fractions in two broad classes: regular (blue) and disturbed (green).
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Fig. 13: Evolution of the fractions of different morphological types in rest-frame ∼ 0.8 − 1µm as a function of stellar mass and
redshift. Filters F200W, F356W and F444W are used to infer galaxy morphology in the redshift bins 0 < z < 1, 1 < z < 3 and
3 < z < 6 respectively. Each panel shows a stellar mass bin as labeled. Top row: Fractions in 4 morphological classes: spheroids
(red), disks (blue), bulge+disk (orange) and peculiar or irregular (green). Middle row: Fractions in two broad classes: disk dominated
(blue) and bulge dominated (red). Bottom row: Fractions in two broad classes: regular (blue) and disturbed (green).
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Fig. 14: Stellar mass - star formation rate (M�.yr−1) plane in different redshift bins as labeled. The top row shows the whole sample
analyzed in this work divided in star-forming (blue contours), green valley (green contours) and quiescent galaxies (red contours)
based on the mass doubling time (see text for details). The middle row shows the distribution of late-type galaxies and the bottom
row the one for early-type galaxies. In all panels, the solid line shows the mean of the posterior power-law fit to star-forming galaxies
and the gray shaded regions indicates random samples of the posterior distribution. The dotted lines indicate the location ±1 dex
around the main sequence.

pathways. Future deep observations targeting these high-redshift
galaxies might enable us to break these degeneracies and better
constrain their SFHs.

6. Discussion

6.1. The differences between HST and JWST-based galaxy
morphologies

Galaxy morphology is a powerful proxy for physical processes
in galaxies, but it is also well known to be significantly affected
by multiple observational effects such as signal-to-noise ratio
(SNR), spatial resolution, and cosmological dimming. Most re-
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Fig. 15: Fraction of early-type galaxies as a function of ∆ log SFR. Each panel shows a different redshift bin - 0 < z < 1,1 <
z < 3,3 < z < 6 - from left to right. The red dashed, green dotted and solid blue lines show galaxies with stellar masses of
10.5 < log M∗/M� < 11.5, 9.5 < log M∗/M� < 10.5, 9.5 < log M∗/M� < 10.5 respectively.
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Fig. 16: Random example stamps of low mass (9 < log M∗/M� < 10) star-forming galaxies with late-type (left panel) and early-type
morphologies (right panel). Images are in the F200W filter.

sults published in the past decades have been based on HST data,
which, despite being a powerful space-based telescope, has been
pushed to its limits for analyzing galaxy structures beyond the
local universe. In particular, many works based on HST data
(e.g., Buitrago et al. 2013; Lang et al. 2014; van der Wel et al.
2014b; Huertas-Company et al. 2016) have shown that massive
bulge-dominated galaxies exist at least from z ∼ 3, suggest-
ing that effective dissipative processes efficiently form bulges
and destroy disks in the early universe (e.g., Naab et al. 2007;

Tacchella et al. 2016; Lapiner et al. 2023). However, these re-
sults may have been partially biased by the depth of observa-
tions coupled with cosmological dimming, which makes it diffi-
cult to detect a disk component. Our work, based on JWST data
with significantly better sensitivity and a factor of ∼ 2 increased
spatial resolution, tends to confirm the morphological classifica-
tions performed with HST for the vast majority of objects. As
expected, we find that JWST classifications tend to present more
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disks, but the differences affect only a small number of objects
that do not change the main trends.

Another key result of the past decades has been that galaxy
morphologies become more irregular and disturbed as we move
to higher redshifts (e.g., Abraham et al. 1996; Conselice et al.
2000; Guo et al. 2015; Huertas-Company et al. 2016). However,
there has been some debate about whether this is due to more dis-
turbed kinematics of stars or if it is biased because HST filters
probe bluer light at high redshift. A disturbed appearance of the
light distribution can also be caused by poor SNR, which tends
to create noise fluctuations that can be interpreted as irregular-
ities in the surface brightness distribution. Kinematic studies of
ionized gas at high redshift (e.g., Genzel et al. 2008; Wisnioski
et al. 2019) have indeed suggested that the majority of galaxies
at z ∼ 1 − 2 present clear rotation patterns, suggesting a more
regular kinematic structure than what is inferred from the UV
rest-frame light, although with higher velocity dispersion than
local disks (e.g., Simons et al. 2016). Some works have tried
to infer the stellar mass distribution from resolved pixel-based
SED fitting (e.g., Wuyts et al. 2012), finding a smoother dis-
tribution than light. Other works have also estimated that the
contribution of bright UV clumps to the stellar mass is rather
modest (Huertas-Company et al. 2020).

JWST data, with its improved sensitivity, spatial resolution,
and longer wavelength coverage, allows us to revisit the issue of
quantifying the abundance of galaxies with irregular morpholo-
gies using the rest-frame NIR, which more closely tracks stellar
mass. Our work confirms that resolution and SNR play an impor-
tant role in defining the class of irregular galaxies. When com-
pared consistently, JWST-based classifications tend to find up
to ∼ 30% fewer irregular galaxies than HST-based ones on the
same objects. However, despite this decrease, the reported frac-
tions as a function of redshift look very similar between HST and
JWST - when compared at similar rest-frame wavelengths - be-
cause it only affects large objects with low SNR per pixel which
represent a small fraction of the galaxy population. The fraction
of irregular galaxies is hence confirmed to increase and does not
seem to be purely driven by an observational bias at least at first
order.

As previously mentioned, JWST does not only enable the
quantification of the effect of SNR and resolution in the classi-
fication of irregular galaxies, but also allows us to look at mor-
phologies in longer wavelengths than HST and therefore quan-
tify how much of the increase in the fraction of irregular galaxies
is driven by the light emitted by young stars. First works us-
ing JWST data have suggested that the fraction of regular disks
might have been underestimated by HST (e.g., Ferreira et al.
2022a; Kartaltepe et al. 2022; Robertson et al. 2023). We con-
firm in this work that ∼ 30% of the galaxies tend to appear less
disturbed when looked in the NIR rest-frame. This would point
towards a smoother distribution of mass than previously mea-
sured with HST and more in agreement with pixel-based SED
fitting results (Wuyts et al. 2012). We find that undisturbed disk-
like morphologies are rather common at the high stellar mass end
up to z ∼ 5. However, low mass galaxies are still found to be ir-
regular in their vast majority even in the NIR rest-frame, suggest-
ing more perturbed kinematics than in the local universe. This is
in slight disagreement with the measurements of Ferreira et al.
(2022b) who find that disks still dominate at the low mass end.
The discrepancies might be a consequence of the different def-
initions of peculiar galaxies. Future spectroscopic JWST-based
observations should allow us to further constrain the physical
properties of these galaxies.

6.2. The onset of the formation of disks and bulges

Understanding when and how bulges form remains a fundamen-
tal question in the field of galaxy formation for which new JWST
is expected to provide new insight. Our work indeed provides a
new look into the emergence of morphological diversity from
z ∼ 6 as seen by JWST at longer wavelengths than ever before
with HST.

Numerous previous works based on HST have shown that,
even if the fraction of bulge-dominated galaxies among massive
galaxies decreases as we move at high redshift, massive bulge-
dominated galaxies are found at least from z ∼ 3, suggesting that
bulge formation starts very early (e.g., Costantin et al. 2021).
We extend the census of bulges up to z ∼ 6. We confirm a de-
creasing trend of their abundance. At z > 3, the majority of mas-
sive galaxies are not bulge-dominated. However, we still mea-
sure ∼ 20% of bulge-dominated galaxies at z ∼ 6 suggesting
that massive galaxy formation is well evolved already at these
early epochs. Our work also shows that the connection between
morphology and quenching, which has been reported in a large
variety of works up to z ∼ 3 (e.g., van Dokkum et al. 2008;
Whitaker et al. 2012a; van der Wel et al. 2014b; Bluck et al.
2014; Barro et al. 2017 and many others), is already in place at
z ∼ 5. The fraction of bulge-dominated galaxies below the main
sequence is close to ∼ 60% also pointing towards a rapid assem-
bly of stellar mass and efficient feedback mechanisms to quench
star formation a few hundred million years after the Big Bang.
In Figure 17, we make an attempt to estimate the fraction of
the stellar mass in bulges and disk components as a function of
stellar mass and redshift. We do so by assuming that, for galax-
ies classified as spheroids, all the mass is in the form of bulges,
while for bulge+disk systems, we set it to an arbitrary number
of 0.7 of the total mass of the galaxy. We estimate the amount of
mass in bulges lies between the lower limit estimate from only
spheroids and the upper limit, which comes from the sum of
spheroids and composite systems. We understand that this is a
very first order approximation with strong assumptions, but we
think can be used at least to explore the main trends. We see that
up to z ∼ 3, ∼ 60% of the stellar mass in quiescent galaxies more
massive than 1010 solar masses is in bulges, which is compatible
with previous HST-based measurements (e.g., Lang et al. 2014;
Huertas-Company et al. 2016). At z ∼ 5, the fraction decreases to
∼ 30%, which suggests we are approaching the onset of massive
bulge formation. However, there is still a significant population
of massive bulges in place at these early epochs. A careful com-
parison with the predictions of numerical simulations can help
put some additional constraints on feedback models in the early
universe (e.g., Dekel et al. 2023).

Interestingly, for star-forming galaxies, the fraction of stel-
lar mass in bulges remains of the order of ∼ 10% at all epochs,
also confirming previous findings (e.g.,Dimauro et al. 2022). Al-
though the abundance of these star-forming bulges, sometimes
referred as blue nuggets, is small, numerous works have sug-
gested they can represent an important phase for bulge build-up
(see Lapiner et al. 2023 for a nice review on the topic). Our work
confirms the presence of these systems. Although there might
still be a disk component which is not detected, the fact that we
see this star-forming bulge dominated population at low redshift
and with deeper imaging than with HST, suggests that that pop-
ulation exists. Whether the morphological transformations and
quenching are causally connected (e.g.,Tacchella et al. 2016; Lee
et al. 2018; Chen et al. 2020; Dimauro et al. 2022; Costantin et al.
2022; Lapiner et al. 2023) or whether it is just a consequence of
progenitor bias (e.g.,Lilly & Carollo 2016) is not something that
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our results can directly address. However, the fact that a galaxy
bimodality already exists at these very early epochs, where the
impact of progenitor bias should be rather limited given the short
amount of elapsed time, suggests that some degree of morpho-
logical transformation is taking place before or after quenching.

Another important question is when the first disks are
formed. The current cosmological model predicts that massive
haloes are assembled by the merging of smaller ones. Simula-
tions show that low mass galaxies at high redshift have indeed
perturbed kinematics or even prolate shapes (e.g.,Tomassetti
et al. 2016) which has also been hinted by some observational
studies (e.g.,van der Wel et al. 2014a; Zhang et al. 2019; Vega-
Ferrero et al. 2023). Kassin et al. (2012) and Simons et al. (2017)
also find that the abundance of rotationally supported systems in-
creases with stellar mass with a transition mass increasing with
redshift. A recent theoretical work by Dekel et al. (2020) sug-
gests that gas disks only survive above a characteristic stellar
mass of ∼ 109 since for lower mass systems the frequent mergers
change the spin in less than an orbital time preventing disk for-
mation. Although it is extremely difficult to infer the true disky
nature of a system solely based on its apparent morphology (see
e.g.,Vega-Ferrero et al. 2023 for a discussion on this), our results
looking at the NIR rest-frame morphologies suggest that massive
unperturbed disk objects do exist at z ∼ 5 (see e.g., Rizzo et al.
2020; Lelli et al. 2021 for similar conclusions based on gas). We
also find that the abundance of galaxies morphologically iden-
tified as disks strongly depends on stellar mass in qualitative
agreement with theoretical predictions and gas kinematic stud-
ies up to z ∼ 2. Following an analogous procedure to what was
done for the bulges, we quantify in Figure17 the fraction of stel-
lar mass in disks in star-forming galaxies as a function of stel-
lar mass and redshift (irregular morphologies are not included in
this estimate). Interestingly, we find that the fraction remains rel-
atively constant across cosmic time between ∼ 30% and ∼ 50%,
suggesting that disk formation above a certain mass happens
even at very early epochs. We emphasize that the measurements
presented in this work do not allow us to firmly conclude on the
true disky nature of the galaxies classified as "disks". We recall
that another potential source of bias could be related to SNR
(see Subsection 6.1), which can artificially increase the fraction
of irregular galaxies. However, since HST and JWST-based clas-
sifications are shown to agree reasonably well, we might deduce
that the impact of this bias is not dominant.

7. Summary and conclusions

In this work, we present a morphological classification of around
20,000 galaxies with F200W[AB] < 27 using JWST/NIRCam
images in four different filters - F150W, F200W, F356W, and
F444W - obtained from the CEERS survey. We classify galax-
ies into four classes - spheroid, bulge+disk, disk, and irregular -
using a Convolutional Neural Network (CNN) and Adversarial
Domain Adaptation. The resulting classification shows excellent
agreement with independent visual classifications, demonstrat-
ing the successful adaptation of the CNN to the new domain and
will be made publicly available as part of the CEERS data prod-
ucts.

We compare our JWST-based classifications with existing
HST/WFC3-based classifications. We find that ∼ 90% and ∼
75% of galaxies with z < 3 have the same early/late and reg-
ular/irregular class respectively in both JWST and HST imag-
ing when considering similar wavelengths. For the smallest and
faintest objects, NIRCam based classifications tend to find fewer
bulge-dominated and disturbed galaxies, likely due to a combi-

nation of SNR and spatial resolution. However, the impact on the
measured morphological fractions as a function of cosmic time
is minimal.

In the second part of the study, we analyze the rest-frame
NIR (∼ 0.8 − 1µm) morphologies of a mass-complete sample
(log M∗/M� > 9) of galaxies from z ∼ 6 to z ∼ 0. Our findings
include:

– The fraction of bulge-dominated galaxies increases at the
high-mass end, even at z ∼ 5, indicating that the processes
of bulge formation in massive galaxies are already in place
at these early cosmic epochs.

– The fraction of peculiar galaxies also increases with redshift,
even in the NIR rest-frame, suggesting that the stellar mass
distribution is more disturbed at high redshift, although the
SNR may still affect this result.

– The high-mass end of the galaxy distribution (log M∗/M� >
10.5) is dominated by undisturbed disk-like morphologies
even at z ∼ 5, indicating that disk formation may be in place
at very early epochs.

– The fraction of early-type galaxies reaches ∼ 70% to ∼ 90%
for massive (log M∗/M� > 10.5) quenched galaxies, even at
z ∼ 5, suggesting that the connection between quenching and
bulge growth is already established around ∼ 1 Gyr after the
Big Bang.

Overall, our results indicate a complex morphological diver-
sity already in place ∼ 1 Gyr after the Big-Bang.
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Fig. 17: Fraction of stellar mass in bulges (red hashed region) and disks (blue hashed region) for all (top row), quiescent (middle
row) and star-forming (bottom row) galaxies in different redshift bins as labeled.
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Appendix A: Star-Galaxy separation

We use a simple procedure to perform a rough star-galaxy sep-
aration in the F200W filter using three parameters delivered by
SExtractor: AIMAGE , F200 and CLAS S S T AR which measure the
isophotal image major axis, the isophotal flux and a stellarity
flag computed with a pre-trained Neural Network, respectively.
In Figure A.1 we plot log F200 vs. log AIMAGE for all galaxies
in our sample and for those with a value of CLAS S S T AR larger
than 0.95. We see that the latter tend to be located in a well de-
fined sequence separated from the bulk of the distribution. We
thus identify this sequence as the locus of bright stars and draw
an empirical linear relation below which objects are flagged as
stars. While this recipe might work reasonably well to identify
bright stars, the separation is expected to be much less obvious at
faint fluxes as seen in Figure A.1. However, given that the main
analysis of this work focuses on galaxies more massive than 109

solar masses, we do not expect the contamination of stars to sig-
nificantly affect any of the conclusions.

Fig. A.1: log F200 − log AIMAGE plane used in this work for star-
galaxy separation. The black dots show all the sample of selected
objects with F200W AB apparent magnitude smaller than 27.
The red points are those objects with a value of CLAS S S T AR >
0.95. The blue solid line show the boundary used to separate
stars (below the line) from galaxies (above the line).

Appendix B: HST vs. JWST stamps

We show in Figure B.1 some examples of galaxies with differ-
ent morphological classifications in CEERS and CANDELS ob-
served at a similar wavelength and at the same pixel scale of
0.03”/pixel. We can see how resolution and depth can impact the
classification. Objects which change the classification for early-
type in CANDELS to late-type in CEERS are typically small as
shown in Figure 8 and therefore appear rounder in CANDELS.
Regarding objects which are classified as irregular in CANDELS
but not in CEERS, we see there are more extended and the better
sensitivity and resolution of CEERS enables a clearer detection
of a diffuse component which can be interpreted as a disk. Nev-

ertheless, galaxies still tend to present some asymmetries which
illustrates the difficulty of defining the irregular class.

Appendix C: Spatial resolution and rest-frame
wavelength

In this work we try to quantify the evolution of galaxy morphol-
ogy in the same rest-frame wavelength by using different filters
depending on the redshift bin. This implies that the effective spa-
tial resolution also changes. In figure C.1 we show the evolution
of the rest-frame wavelength and spatial resolution for the three
different filters used in this work. The spatial resolution is com-
puted as the Full Width Half Maximum (FWHM) value for every
filter reported in the Table 1 of Finkelstein et al. (2023) and di-
vided by 2.35.
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Fig. B.1: Example of random stamps of the same galaxies in CEERS (F150W) and CANDELS (F160W) at the same pixel
scale with different morphological classifications. The two top panels show galaxies classified as late-type in CEERS
(top left) and as early-type in CANDELS (top right). The bottom panels show galaxies classifed as disks in CEERS
(botttom left) and irregular in CANDELS (bottom right). The physical scale in kpc in shown for every galaxy. A square
root scaling has been applied to enhance the outskirts.
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Fig. C.1: Spatial resolution in kpc (blue solid line) and rest wave-
length (red solid line) as a function of redshift for the three dif-
ferent filters used in this work: F200W at z < 1, F356W at
1 < z < 3 and F444W at z > 3. The dashed vertical lines indicate
the mean redshift in each of three redshift bins used throughout
this work.
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