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Abstract

We study the evolution of the bar fraction in disk galaxies between 0.5 < z < 4.0 using multiband colored images
from JWST Cosmic Evolution Early Release Science Survey (CEERS). These images were classified by citizen
scientists in a new phase of the Galaxy Zoo (GZ) project called GZ CEERS. Citizen scientists were asked whether
a strong or weak bar was visible in the host galaxy. After considering multiple corrections for observational
biases, we find that the bar fraction decreases with redshift in our volume-limited sample (n = 398); from 251’2%
at 0.5 <z < 1.0t03%9% at 3.0 < z < 4.0. However, we argue it is appropriate to interpret these fractions as lower
limits. Disentangling real changes in the bar fraction from detection biases remains challenging. Nevertheless, we
find a significant number of bars up to z = 2.5. This implies that disks are dynamically cool or baryon dominated,
enabling them to host bars. This also suggests that bar-driven secular evolution likely plays an important role at
higher redshifts. When we distinguish between strong and weak bars, we find that the weak bar fraction decreases
with increasing redshift. In contrast, the strong bar fraction is constant between 0.5 < z < 2.5. This implies that the
strong bars found in this work are robust long-lived structures, unless the rate of bar destruction is similar to the
rate of bar formation. Finally, our results are consistent with disk instabilities being the dominant mode of bar
formation at lower redshifts, while bar formation through interactions and mergers is more common at higher
redshifts.

Unified Astronomy Thesaurus concepts: Galaxy bars (2364); Galaxy evolution (594); High-redshift galaxies
(734); Disk galaxies (391); Galaxy classification systems (582)
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1. Introduction the outskirts of the galaxy along the arms of the bar
to the center of the galaxy (S. A. Sorensen et al. 1976;
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E. Cheung et al. 2013; M. Vera et al. 2016; B. Cervantes
Sodi 2017; S. J. Kruk et al. 2018; A. Fraser-McKelvie et al.
2020). Many studies allow for the possibility that bars are
robust structures that are long lived (S. Jogee et al. 2004;
V. P. Debattista et al. 2006; E. Athanassoula et al. 2013;
D. A. Gadotti et al. 2015; 1. Pérez et al. 2017; S. Ghosh et al.
2023; P. D. Lépez et al. 2024; F. Fragkoudi et al. 2025),
although some suggest that they might be short-lived transient
features and can get destroyed or weakened (F. Bournaud &
F. Combes 2002; J. Shen & J. A. Sellwood 2004; E. Athanassoula
et al. 2005; F. Bournaud et al. 2005; S. Ghosh et al. 2021). In
summary, bars are potentially long-lived structures that affect their
host galaxies in multiple significant ways. Having a clear
understanding of the prevalence of bars at different redshifts is
crucial to understand how long bar-driven effects have been
important in galaxy evolution.

There are many different kinds of bars. G. de Vaucouleurs
(1959, 1963) noted that some bars are obvious and long, which
he termed “strong bars.” In contrast, other bars were faint and
small, which he termed “weak bars.” This idea of bar strength
can be measured in many different ways. For example, as
stronger bars have more elongated isophotes, the maximum
ellipticity of these isophotes has been used to estimate bar
strength (E. Athanassoula 1992b; E. Laurikainen &
H. Salo 2002; P. Erwin 2004). In a previous iteration of
Galaxy Zoo (GZ; M. Walmsley et al. 2022), citizen scientists
were asked to judge bar strength and classify whether a galaxy
had a strong or weak bar using images from the Dark Energy
Camera Legacy Survey (DECalLS; A. Dey et al. 2019).
Volunteers needed to complete a brief tutorial before being
able to classify galaxies. In addition, volunteers had access to a
“field guide” that shows examples of strongly and weakly
barred galaxies. These classifications were used to classify
bars as “strong” or “weak.”

Bars are common structures among disk galaxies. The
combined weak and strong bar fraction in low-redshift studies
using optical wavelengths is around 43%-52% (1. Marinova &
S. Jogee 2007; F. D. Barazza et al. 2008; J. A. L. Aguerri et al.
2009; R. J. Buta et al. 2019; T. Géron et al. 2021). This
fraction rises to 59%—-73% when using infrared wavelengths
(P. B. Eskridge et al. 2000; I. Marinova & S. Jogee 2007,
K. Menéndez-Delmestre et al. 2007; K. Sheth et al. 2008),
possibly because these wavelengths are less affected by star
formation and dust (P. Erwin 2018). Lower bar fractions of
23.6%—29.4% are found when only considering strong bars
(K. L. Masters et al. 2011; R. A. Skibba et al. 2012; E. Cheung
et al. 2013).

Studying the bar fraction at higher redshifts is challenging.
It has been proposed that the so-called “epoch of bar
formation” occurred around z ~ 0.7-1, when galaxies started
to dynamically cool and become more disk dominated,
allowing them to form and maintain bars (K. Kraljic et al.
2012; T. Melvin et al. 2014; B. D. Simmons et al. 2014). This
period coincides with an observed lower rate of major mergers
(C. J. Conselice et al. 2003; R. E. J. Ryan et al. 2008; S. Jogee
et al. 2009; J. M. Lotz et al. 2011). Mergers can destroy bars
(K. R. V. Casteels et al. 2013; J. Guedes et al. 2013; S. Ghosh
et al. 2021), although mergers and tidal interactions can also
trigger bar formation (M. Noguchi 1987; D. M. Elmegreen
et al. 1991; M. Lang et al. 2014; N. Peschken &
E. L. Lokas 2019; A. Merrow et al. 2024). Either way, secular
processes, such as bar quenching, are predicted to become
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increasingly more important for the evolution of galaxies from
that epoch onwards (K. Kraljic et al. 2012; T. Melvin et al.
2014; B. D. Simmons et al. 2014). This epoch has been studied
in detail with the Hubble Space Telescope (HST). Bar
fractions at these higher redshifts (0.5 < z < 2) typically vary
between 10% and 20% (K. Sheth et al. 2008; B. D. Simmons
et al. 2014). However, there is some debate about whether the
bar fraction falls or remains constant over this range. For
example, T. Melvin et al. (2014) find that the bar fraction
decreases from 22% at z=04 to 11% at z=1, while
B. G. Elmegreen et al. (2004) find a constant bar fraction of
23% from z=0 to z=1.1. B. D. Simmons et al. (2014) also
find that the bar fraction across 0.5<z<2 does not
significantly evolve.

More recently, JWST made it possible to study bars at even
higher redshifts due to its higher angular resolution and
sensitivity in the near-infrared (NIR), which makes identifying
bars at higher redshifts easier. Y. Guo et al. (2023) have found
multiple bars up to z ~ 2 using the JWST Cosmic Evolution
Early Release Science Survey (CEERS; S. L. Finkelstein et al.
2023b), indicating that bars were present ~8—10Gyr ago.
More bars are being found using JWST between redshifts of
2.4 < z<4.2 (L. Costantin et al. 2023; S. Huang et al. 2023;
I. Smail et al. 2023; A. Amvrosiadis et al. 2025). Although
these studies clearly demonstrate that bars can exist at these
high redshifts, they offer no insight into their prevalence.
Z. A. Le Conte et al. (2024) addressed this problem using a
sample of 339 disk galaxies in CEERS and found that the bar
fraction decreases from 1873% between 1 <z <2 to 141/% at
2 < z< 3. Similarly, Y. Guo et al. (2025) report observed bar
fractions <10% at z ~2—4 in CEERS, but they point out that
the true bar fraction could be higher as their study cannot
robustly detect bars with a semimajor axis below 1.5kpc. A
lower bar fraction at higher redshifts is expected, as a lot of
cosmological simulations predict very few bars beyond
z=1~ 1.5, because the disk is thought to be too dynamically
hot to form bars (K. Kraljic et al. 2012; J. Reddish et al. 2022).
Interestingly, J. Bland-Hawthorn et al. (2023, 2024) have
suggested that bars can actually form in dynamically hot
galaxies, depending on the ratio of baryons to dark matter of
the disk. Other recent simulations also find that bars can form
at higher redshifts (F. Fragkoudi et al. 2020, 2025; Y. Rosas-
Guevara et al. 2022; T. Zana et al. 2022).

Traditionally, experts would visually inspect galaxies to
describe their morphologies and find bars (e.g., see P. B. Nair &
R. G. Abraham 2010a). However, multiple iterations of the GZ
project have shown that citizen scientists are also very capable
of reliably describing the morphology of galaxies and identify-
ing bars (C. J. Lintott et al. 2008; K. W. Willett et al. 2013).
These volunteer classifications were used in M. Walmsley et al.
(2022) to train an ensemble of Bayesian convolutional neural
networks to automatically classify a large sample of galaxies.
However, a sufficiently large sample with accurate morpholo-
gical classifications needed to train such a network for JWST
does not yet exist. This shows the need for a citizen science
project to examine JWST images. This was done in GZ CEERS,
a pilot project that looked at publicly available JWST CEERS
Near-Infrared Camera (NIRCam) images. GZ CEERS has just
finished classifying 7000 galaxies (K. L. Masters et al. 2025, in
preparation), which we will use in this study to find bars. Other
reliable ways to detect bars also exist. For example, ellipse
fitting is a commonly used method (R. I. Jedrzejewski 1987;
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H. Wozniak et al. 1995; B. G. Elmegreen et al. 2004; S. Jogee
et al. 2004; 1. Marinova & S. Jogee 2007; K. Sheth et al. 2008),
where multiple ellipses are fitted to images of galaxies. A bar is
found if the ellipticity and position angle of the ellipses change
as expected when a bar is present. This method has been used
successfully in other JWST studies to identify bars (e.g., see
Y. Guo et al. 2023, 2025; Z. A. Le Conte et al. 2024,
K. Pritchett et al. 2024). Y. H. Lee et al. (2019) show that ellipse
fitting techniques miss ~15% of bars compared to a visual
classification at low redshifts, while Y. Guo et al. (2025) find
similar results between the two techniques at z ~ 2—4.

In this work, we use volunteer classifications of multiband
colored CEERS images to identify barred galaxies. We do this
for a wide redshift range (0.5 <z<4.0) to get an accurate
understanding of how common bars are in the high-redshift
Universe, and whether this differs for strong and weak bars.
This work will help to investigate the importance of secular
processes at high redshifts and when disks become dynami-
cally cool. It will also provide insight into the lifetime and
robustness of strong and weak bars. The structure of this paper
is as follows: In Section 2, we describe the data and methods
used in this work. The results are presented in Section 3 and
discussed in Section 4. Finally, we summarize the main
conclusions in Section 5. We assume a standard flat ACDM
cosmological model with Hy=70km s ! Mpcfl, 0n=0.3,
and Q4 = 0.7 where necessary, implemented with Astropy
(Astropy Collaboration et al. 2013, 2018, 2022).

2. Data and Methods

We summarize GZ CEERS in Section 2.1 and the details of
our sample selection in Section 2.2. In Section 2.3, we discuss
how we calculate bar fractions, the corrections applied to
account for biases, and how we compute the associated
error bars.

2.1. Galaxy Zoo CEERS

GZ CEERS used NIRCam observations from the CEERS
data release 0.5 (M. B. Bagley et al. 2023; S. Finkelstein et al.
2023a). This included imaging in six broadband filters
(F115W, F150W, F200W, F277W, F356W, and F444W)
and one medium-band filter (F410M) over four pointings (1, 2,
3, and 6). The CEERS data can be found on MAST at
doi: 10.17909/z7p0-8481. The targets were selected by
running SExtractor for Python (E. Bertin & S. Arnouts 1996;
K. Barbary 2016) on every pointing. To be consistent with
previous iterations of GZ, we used colored images instead of
single-band images. This allows us to take advantage of the
different properties of the different bands. The smaller full
width at half-maximum (FWHM) of the shorter wavelength
bands is better suited to identify smaller bars, while the longer
wavelength bands are less sensitive to dust extinction and star
formation effects. We used the publicly released color images
created by the CEERS team, which were g%enerated using the
seven different filters mentioned above.”’ The F115W and
F150W filters are visualized in blue, the F200W and F277W
are in green, F356W is in orange, and F410M and F444W are
in red. See K. L. Masters et al. (2025, in preparation) for more
information on the image processing for GZ CEERS.

2! https: / /ceers.github.io/ceers-first-images-release.html

Géron et al.

Is the central galaxy simply smooth and rounded, with no sign of a disk?

® - *
Smooth Features or Disk

Star or Artifact

Could this be a disk viewed edge-on?

o e

Yes - Edge On Disk No - Something Else

——

Is there a bar feature through the centre of the galaxy?

®° 99 909

No Bar Weak Bar Strong Bar

Figure 1. A subset of the decision tree used in GZ CEERS relevant for this
paper. Note that you only reach the bar question if you answered “Features or
Disk” to the first question and “No-Something Else” to the second question.
Please refer to K. L. Masters et al. (2025, in preparation) for the full decision
tree used in GZ CEERS.

A total of 7679 color images were shown to citizen
scientists. Every galaxy was classified by at least 40 different
volunteers. The entire GZ CEERS project received a total of
311,411 individual classifications. Like its predecessors, GZ
CEERS worked with a decision tree structure. The part of the
decision tree relevant to this work is shown in Figure 1; the full
decision tree can be found in K. L. Masters et al. (2025, in
preparation). Note that volunteers are only asked whether the
galaxy has a bar if they previously said that the galaxy has
features or a disk and that the galaxy was not viewed edge-on.
Volunteers are shown a brief tutorial before they can classify
galaxies, which remains accessible at any stage during
classification. Importantly for this work, they are also shown
examples of strongly and weakly barred galaxies, together
with a description of what to look for. We tell them that strong
bars are bright, are obvious, and extend across a large fraction
of the galaxy, while weak bars are smaller and fainter.

2.2. Sample Selection

Our goal is to measure accurate bar fractions at a range of
redshifts. This requires a volume-limited sample of galaxies
with robust bar classifications. We describe in this section how
this sample is obtained from GZ CEERS.

The initial galaxy detection pipeline was designed to find as
many galaxies as possible in the CEERS images to include in
GZ CEERS. However, the pipeline would occasionally identify
one object as two separate galaxies. This was typically more
prevalent for irregular galaxies at higher redshifts. This means
that there are a significant number of duplicate galaxies in GZ
CEERS that have to be removed (see K. L. Masters et al. 2025,
in preparation, for more details). This is done by clustering the
targets with an agglomerative clustering algorithm (F. Niel-
sen 2016). Each target starts in its own cluster, which are then
successively combined together based on the distances between
targets. Clusters keep growing in size until a maximum
separation of 3" between targets within each cluster is reached.
Note that this method is overly conservative and implies that we
likely grouped targets together that are not duplicates, but
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instead are close companions. One of the authors (D.O.R.)
visually inspected each cluster to make sure that was not the
case and separated the clusters when necessary. As a final step,
another author (T.G.) removed any leftover duplicates after
visually inspecting the cutouts. After this deduplication step, we
are left with a sample of 6640 galaxies.

We then crossmatched this sample of 6640 galaxies with the
Cosmic Assembly Near-IR Deep Extragalactic Legacy Survey
(CANDELS; N. A. Grogin et al. 2011; A. M. Koekemoer
et al. 2011) in order to use their stellar mass (M. Stefanon
et al. 2017) and redshift estimates (D. Kodra et al. 2023). This
is a combination of photometric and spectroscopic redshifts.
We use spectroscopic redshifts where available, and supple-
ment with photometric estimates (i.e., we use the z best
parameter). The normalized median absolute deviation
of the differences between the photometric and spectroscopic
redshifts in the full CANDELS sample equals 0.0227,
and the outlier fraction (defined as the fraction where
|Az/(1 + z)| > 0.15) equals 0.067 (D. Kodra et al. 2023).
We used a distance threshold of 5” to match to our sample to
ensure accurate crossmatching, which further reduced our
sample to 6135 galaxies.

The next step involves selecting a subset of disk galaxies
with reliable bar classifications. In the past (e.g., see T. Géron
et al. 2021), this has been done by putting thresholds on the
fraction of volunteers that voted that the galaxy has features or
a disk (Preatures/aisk)» the fraction of volunteers that voted that
the galaxy is not viewed edge-on (Pyo¢ eage-on)> and the number
of volunteers that have been asked the bar question (V). The
classification tree used in GZ CEERS is similar to the one used
in GZ Dark Energy Spectroscopic Instrument (DESI).
However, as noted by R. J. Smethurst et al. (2025), the
distribution of vote fractions in GZ CEERS is different
compared to other GZ iterations. This implies that the
morphology of these higher redshift (z = 0.5) galaxies is
different compared to the morphology of galaxies in the local
Universe. We can therefore not select targets with the same
thresholds used in previous GZ iterations. Instead, we have to
create new thresholds that are applicable for these high-
redshift galaxies. Three of the authors of this paper (T.G., L.L.
G., D.O.R.) visually inspected the cutouts shown to the
volunteers to determine accurate thresholds on preaures/disks
Prot edge-ons aNd Np,,. Our aim with these thresholds was to be
conservative and to select a sample with reliable bar
classifications, at the cost of being less complete. We decided
ON Preatures/disk = 0.3 and Pro edge-on = 0.54. These thresholds
ON Preatures/disk ANd Prot edge-on  €ffectively ensure that our
sample consists of featured or disk galaxies that are not viewed
edge-on. However, we still need an additional threshold on
Npar, as we require sufficient numbers of volunteers to inspect
each image in order for the bar classification to be reliable.
After visually inspecting the cutouts, the authors decided that
Npar = 15 is appropriate. Note that applying the Ny, thresholds
effectively means that the restrictions on preaures/disk and
Prot edge-on DECOmMe even more restrictive. Note that using
slightly different threshold values does not significantly
change the results of this work. Applying these three
thresholds reduced our sample size to 668 galaxies.

The 668 disk galaxies in this sample all have reliable
classifications for the bar question (although not all of them
have bars). We will call this sample the “parent” sample.
However, because we are interested in studying bar fractions
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Figure 2. The average fraction of people that voted that the galaxy is unbarred
(Pro bar» black), weakly barred (pyeak bar» blue), and strongly barred (Pgirong bar»
orange) plotted against redshift. Note that this does not show the actual bar
fraction, but the GZ vote fraction in every redshift bin. The method used to
convert from GZ vote fractions to bar classifications is detailed in Section 2.2.
The weak bar vote fraction clearly decreases with redshift, while the unbarred
vote fraction increases. The strong bar vote fractions remains roughly constant.

Table 1
Summary of the Sequential Sample Selection Used to Create the Volume-
limited Sample Used in This Work

Threshold Sample Size
(1) )

GZ CEERS 7679
Deduplication 6640
Match to CANDELS 6135
Pfeatures /disk >03 1952
Prot edge-on > 0.54 1277
Npar = 15 668
Volume-limit 398

Note. We also show the sample size next to every step.

across redshift, we need to make a volume-limited sample in
order to avoid selection biases. CEERS has a 50 limiting
magnitude of 28.3-29.2, depending on which band is used
(O. B. Kauffmann et al. 2020; M. B. Bagley et al. 2023;
S. L. Finkelstein et al. 2023b). We summed the fluxes in all
bands and converted this to a combined magnitude in order to
not be sensitive to any particular filter. GZ CEERS only
showed galaxies to volunteers if the combined apparent
magnitude was m < 24 (K. L. Masters et al. 2025, in
preparation), which is much brighter than the limiting
magnitudes cited above. Additionally, other studies have
previously used a magnitude threshold of 27 to select galaxies
with reliable morphological classifications in CEERS
(J. S. Kartaltepe et al. 2023; M. Huertas-Company et al.
2024). To make the sample volume limited, we constrained it
to galaxies with redshifts 0.5 < z < 4 and absolute magnitude
M < —=23.77. This lowered our sample size down to 398
galaxies. The multiple thresholds used to create this sample,
together with the sample size at every step, are summarized in
Table 1. We will use the volume-limited sample throughout
this work, unless it is explicitly mentioned that we use the
parent sample instead.

The bar question has three possible answers: strong bar,
weak bar, and no bar. The three associated vote fractions are
Dstrong bars Pweak bar» aNd Pno bar- The evolution of these vote
fractions in the volume-limited sample over redshift is shown
in Figure 2. It is clear that the weak bar vote fraction decreases
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EGS29121 EGS24154 EGS23205

EGS30763

EGS27909 EGS18694

EGS21378 \

Figure 3. A collection of colored CEERS cutouts of strongly barred (top row), weakly barred (middle row), and unbarred (bottom row) galaxies found in the parent
sample. The coloring matches how the images were presented to the volunteers. A full list of the barred galaxies can be found in Appendix A. The CANDELS ID of
each galaxy is shown in the top left corner of each image, while the redshift is shown in the top right corner. The full sample, complete with coordinates, redshifts,
identifiers, and bar strength classifications, can be found in machine-readable format as the data behind the figure.

(The data used to create this figure are available in the online article.)

with redshift, while the unbarred vote fraction increases. The
strong bar vote fraction remains roughly constant over redshift.
Note that Figure 2 does not show the bar fractions, but rather
the vote fractions. We can assign a bar type (strong, weak, or
no bar) to every galaxy using the vote fractions based on the
classification scheme detailed below. A galaxy is classified as
unbarred if more than half of all the classifications voted that
the galaxy did not have a strong or weak bar, i.e.,
Dstrong bar+weak bar < 0.5. If this was not the case, then the
galaxy had a strong bar if pgyong bar=>Pweak bar and a weak bar if
Dstrong bar < Pweak bar- Using this scheme, we find a total of 161
bars in the parent sample, of which 35 are strong bars, and 126
are weak bars. Similarly, we find a total of 87 bars in the
volume-limited sample, of which 17 are strong bars, and 70 are
weak bars. This bar strength classification scheme has been
successfully used before in other work (e.g., see T. Géron
etal. 2021, 2023; I. L. Garland et al. 2024) using data from GZ
DECaLS and GZ DESI. After inspecting the resultant cutouts,
it was concluded that the same bar strength classification
scheme can be used at these higher redshifts as well. Figure 3
shows a few examples of strongly barred, weakly barred, and
unbarred galaxies found in the parent sample of GZ CEERS.
Cutouts of all strongly barred and weakly barred galaxies in
the parent sample can be found in Appendix A.

Although we do make our sample volume limited to enable
comparisons of bar fractions across redshift, we want to double
check that our sample is not biased toward lower masses in
lower-redshift bins. This is done in Figure 4, which shows
redshift against stellar mass (both obtained from CANDELS,
M. Stefanon et al. 2017; D. Kodra et al. 2023) for the strongly
barred (orange), weakly barred (blue), and unbarred (gray)
galaxies in our volume-limited sample. We find that, based on
an Anderson-Darling test, the stellar mass distribution

between strongly barred, weakly barred, and unbarred galaxies
in the volume-limited sample is not significantly different
(<20). We also note that our volume-limited sample is not
dominated by lower stellar masses in the lower-redshift bins.
However, there are a few galaxies with lower stellar masses
(<10°M_) in the bins up to z=3, but not as many in the
highest-redshift bin. As a test, we removed these galaxies, and
found that it does not significantly change any of our results.
This confirms that our volume-limited sample behaves as
intended.

2.3. Calculating Bar Fractions

In this work, whenever we use the term “bar fraction,” we
mean “observed bar fraction,” and not “true bar fraction.” The
bar fraction, f;,;, can be calculated as

Joar = M

where Ny, is the number of barred galaxies, and Ny is the
number of disks. However, there are multiple corrections that
we can make to the bar fraction to remove sources of bias. In
Section 2.3.1, we discuss how to more accurately estimate the
denominator of Equation (1) to include potentially missed
featureless disks. We discuss redshift corrections in
Section 2.3.2. We opt for the most minimal correction factors
when calculating the final corrected bar fraction, which means
that these corrected values should be interpreted as lower
limits and that the “true” bar fraction likely lies above the
corrected bar fractions quoted here. We share the raw bar
fractions, as well as every combination of corrected bar
fractions in Table 2. A machine-readable version of the bar
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Table 2
A Summary of the Bar Fractions and Sample Size in Each Redshift Bin for the Volume-limited Sample

Redshift Joarraw SoarFD Joarz SoarFD+2 Sample Size Number of Bars Number of Strong Bars Number of Weak Bars
M @) 3) C)) %) (6) @) ®) )
05<z< 1.0 03979%  023%0%  042+09¢  0.25%5% 67 26 4 22
1.0 <z< 1.5 027138 0.1679% 035499 02145% 86 23 5 18
15<z< 20 0209508 012309 029708 0.1775% 103 21 4 17
20<z< 25 0.1779% 009738 030109 0.1675% 63 11 3 8
25<z< 30  0.0979% 004708 016109 0.0875% 46 4 1 3
30<z< 40 006739 002435 011758 0.0379% 33 2 0 2

Note. We show the uncorrected raw bar fraction (fyarraw), the bar fraction that includes featureless disks in the denominator (fi,Fp), the bar fraction that applies a

redshift correction (fir,), and a bar fraction that does both (foarFp-t2)-

(This table is available in its entirety in machine-readable form in the online article.)
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Figure 4. Redshift against stellar mass (both obtained from CANDELS,
M. Stefanon et al. 2017; D. Kodra et al. 2023) for the strongly barred (orange),
weakly barred (blue), and unbarred (gray) galaxies in our volume-limited
sample. The vertical dotted lines in the central panel represent the edges of the
redshift bins used in this work. The dashed lines in the histograms denote the
median values for the redshift and stellar mass distributions for the different
bar types.

fractions determined in this work can be found in the online
Journal. Finally, we discuss how we obtain error bars on the
bar fractions in Section 2.3.3.

2.3.1. Correcting for Featureless Disks

A bar fraction can be defined as the number of barred
galaxies (Np,) over the number of disk galaxies (Nyir). The
number of barred galaxies can be estimated using GZ CEERS,
as described above. We can estimate the number of disk
galaxies using GZ CEERS as well, as the first question
volunteers answer is whether they see features or a disk (see
Figure 1). However, previous GZ iterations have shown that
volunteers are more sensitive to picking up features rather than
disks when answering this question. Featureless disks,
lenticular galaxies, and SO galaxies are typically classified as
“smooth” (K. W. Willett et al. 2013; B. D. Simmons et al.
2017; M. Walmsley et al. 2023). This implies that using GZ

CEERS to select disks will bias you toward featured disks, and
that Equation (1) becomes

f _ Ny bar
bar,raw T >
N featured

2

where foarraw 18 the raw bar fraction. As featureless disks,
lenticulars, and SO galaxies are relatively rare, this was not a
major issue, and previous papers could assume that
Niisk = Nieaturea (€.2., see K. L. Masters et al. 2011; T. Melvin
et al. 2014; T. Géron et al. 2021). However, recent work by
R. J. Smethurst et al. (2025) has shown that this is no longer
the case for GZ CEERS. Using the disk classifications from
L. Ferreira et al. (2023), they have found a significant number
of featureless disks at these higher redshifts. As these disks are
classified as “smooth” by the volunteers, they are not included
in the denominator of the bar fractions calculated above. Thus,
a correction to the denominator of Equation (2) is needed.
We can do this by considering all galaxies that did not pass
the featured threshold (pfeatures/aisk) discussed in Section 2.2
and making that sample also volume limited. These 829
galaxies are all classified as having no features (and no disk) in
GZ CEERS, which we will call the “featureless” sample. We
can double check whether these featureless galaxies actually
have no disk using the disk classifications of L. Ferreira et al.
(2023). Here, six experts visually classified the galaxies found
in CEERS into five different categories: unclassifiable, point
source, disk, spheroid, and peculiar. If more than half (i.e., four
out of six) of experts said a source was a disk, then it was
classified as a disk galaxy. However, L. Ferreira et al. (2023)
only classified galaxies with z > 1.5. There are 678 galaxies in
the featureless sample that are z > 1.5, of which 534 are
classified by L. Ferreira et al. (2023). We find that 206 of these
534 galaxies (or 39%) have disks according to L. Ferreira et al.
(2023), despite having been classified as featureless (and
diskless) in GZ CEERS. These are the featureless disks that we
need to account for in our bar fractions. For a more detailed
study on these featureless disks, please refer to R. J. Smethurst
et al. (2025). Thus, we can adjust the denominator of
Equation (2) and include these featureless disks and calculate
a bar fraction that accounts for featureless disks (fyar pp) With

f _ N bar
bar,FD — >
N featured + N featureless disks

3)

where  Nicaturcless disks 18 the number of featureless disks
identified in the featureless sample. Since Npeaureless disks = 05
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Figure 5. The bar fractions fraction measured in the simulations of X. Liang et al. (2024) for different bands over redshift (see their Table 3 and Figure 15). They
kept the true bar fraction constant at 68%, but found that the measured bar fraction decreased with redshift due to observational biases. The rate of decrease depends
on which band is considered. In this work, we correct for redshift by using a combination of the detection fractions of the F115W, F150W, and F200W bands, shown
here in blue. We also show our uncorrected bar fractions (gray dots), as well as the bar fractions corrected for redshift (black dots). Note that these corrected bar
fractions are only corrected for redshift; the featureless disk correction is not shown here.

applying this threshold will lower the overall bar fraction. We
compute this new bar fraction for every redshift bin.

There are a few caveats to this approach that we need to
address. First, 144 galaxies in our featureless sample with
z > 1.5 do not have disk classifications in L. Ferreira et al.
(2023). However, we can mitigate this by assuming that the
fraction of featureless disks for these galaxies is similar to the
ones that do have disk classifications. Second, as mentioned
above, L. Ferreira et al. (2023) only consider galaxies with
z > 1.5. To deal with this problem, we assume that the galaxy
population at z < 1.5 has a similar ratio of featureless disks as
that at z=1.5, and use a similar correction factor for these
lower-redshift bins. This is possibly an overcorrection, which
implies that we would underestimate the final corrected bar
fraction at these lower-redshift bins. This also means that it is
more appropriate to interpret these corrected bar fractions as
lower limits.

2.3.2. Redshift Correction

A major concern for any study that looks at bar fractions is
whether all bars are actually detected. This is especially an
issue at higher redshifts, where resolution and cosmological
dimming effects can obscure bars. We show in Appendix B
that resolution effects alone cannot be responsible for hiding a
significant number of bars in JWST, as the FWHM of the
bands, especially the bluer bands, is sufficiently small.

Another effect that can artificially lower the bar fraction is
cosmological surface brightness dimming, which scales as
(1 + 2)" . However, the intrinsic galaxy surface brightness has
been found to brighten with redshift, which is typically
explained by a combination of luminosity evolution and size
evolution of the galaxies themselves (M. Barden et al. 2005;
D. Sobral et al. 2013; S.-Y. Yu et al. 2023). This suggests that
cosmological surface brightness dimming is not a limiting
factor for detecting bars with HST up to ~1 (K. Sheth et al.

2008), although A. Whitney et al. (2020) argues that this is an
observational bias, and we only find this effect because we
miss low surface brightness galaxies at higher redshifts. Either
way, the detection fraction of bars in CEERS was investigated
in greater detail by S.-Y. Yu et al. (2023) and X. Liang et al.
(2024). S.-Y. Yu et al. (2023) defined a sample of 1816 nearby
galaxies observed in the DESI survey and artificially redshifted
them up to the redshift of 3 to generate simulated CEERS
images. The procedure for simulating these images included
accounting for both observational effects (e.g., lower resolu-
tion, less signal, and more noise) and galaxy evolution effects
(e.g., physical bar and disk size evolution and luminosity
evolution). A subset of these galaxies (N =448) was used in
X. Liang et al. (2024) to simulate the detection fraction of bars
across a redshift range of 0 < z < 3. The true bar fraction in the
artificially redshifted sample was equal to 68%, although they
found that the detected bar fraction was often much lower than
that, depending on the redshift and band used. This implies
that the measured bar fraction in the simulations of X. Liang
et al. (2024) is decreasing with redshift, not because of
changes in the true underlying bar fraction, but because of
other observational biases, which should be corrected for.
The evolution of the simulated, detected bar fraction found in
X. Liang et al. (2024) for the F200W, F277W, F356W, and
F444W bands is shown in Figure 5, together with the
uncorrected raw bar fractions found in this work. Note that
the decrease in our observed bar fraction is similar to the
decrease found in the simulated bar fractions in the F356W band
of X. Liang et al. (2024). Unfortunately, X. Liang et al. (2024)
only measured the detection fraction for single-band images,
while we use color images to find bars in this work, which
makes a direct comparison difficult. However, this implies that,
if the decrease with redshift in our multiband colored images is
similar to the decrease in the simulated measured bar fractions
of the F356W band, the true bar fraction found here is consistent
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with being constant. It is unlikely that this is the case, but
interesting to note nonetheless.

As mentioned above, it is hard to directly compare these
single-band simulations with our colored images. Never-
theless, we still want to apply a redshift correction to mitigate
redshift effects. Thus, we opted for the most minimal redshift
correction. This is a correction obtained from a combination of
the detection fractions of the F115W, F150W, and F200W
bands in the simulations of X. Liang et al. (2024). As they
note, while F115W had the lowest FWHM and therefore can
detect the smallest structures, it will also miss bars at higher
redshifts due to its shifting to shorter rest-frame wavelengths.
Thus, X. Liang et al. (2024) simulate the effectiveness of
detecting bars using a combination of these three bands.
F115W is used for z< 1, F150W is used for 1 <z< 2, and
F200W is used for z > 2. These fractions can be found in
Figure 15 of X. Liang et al. (2024), and their inverses are used
as correction factors in this work going forward. This
combined detection fraction and the bar fraction corrected
for redshift effects (fyar ;) using this correction factor are also
shown in Figure 5. We can apply this correction factor to
Equation (3) to calculate a bar fraction that accounts for both
featureless disks and redshift effects (foarppt2):

Nba.r

N featured T N featureless disks

fbar,FD+z = : k’ (4)
where k is the redshift correction. This increases the bar
fraction across all redshifts. We highlight that this is the most
minimal realistic redshift correction we can apply. It is likely
that the correct correction factor is higher, but it is hard to
estimate without performing more sophisticated simulations
with colored images, which is outside the scope of this work.
This also means that our corrected bar fractions are best
interpreted as lower limits.

Note that the simulations from X. Liang et al. (2024) only go
up to z=3. We use the correction factor of the z=3
simulations for observations with z>3 in order to be
conservative and not extrapolate the correction factor ourselves.

2.3.3. Estimating Uncertainty

The statistical uncertainty on the bar fraction is estimated
using the beta distribution quantile technique, as described in
E. Cameron (2011). They show that this method of calculating
the confidence intervals is more robust than other popular
techniques, such as the “normal approximation” or the method
developed by C. J. Clopper & E. S. Pearson (1934). The
former underestimates the confidence intervals when p
approaches 0 or 1, especially for smaller sample sizes, while
the latter overestimates the confidence intervals. Whether a
random galaxy is barred is a Bernoulli trial, which implies that
the total bar fraction of an entire sample follows the binomial
distribution. This, in turn, defines a beta distribution B(a, b),
with parameters @ = Ny, + 1 and b = Ngjsxk — Npar + 1. Using
the beta distribution quantile technique, we can then find the
upper (p,) and lower bounds (p;) for any confidence level
c=1— awith

fp’ B(a, bydp = a/2 and fl B(a, bydp = a/2.  (5)
0 Dy

Refer to E. Cameron (2011) for more details on this topic. This
technique to quantify the uncertainty on bar fractions was also
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previously used in B. D. Simmons et al. (2014) and Z. A. Le
Conte et al. (2024). We use ¢ = 0.68 in this work.

3. Results

We apply two different corrections to the raw bar fractions
in this work: a correction to include featureless disks (see
Section 2.3.1) and a correction to account for redshift effects
(see Section 2.3.2). The former lowers the bar fraction, while
the latter increases the bar fraction. However, across all
redshift bins, the featureless disk correction is stronger than the
redshift correction. This means that the bar fraction corrected
for both effects is lower than the raw bar fraction. To be
explicit on how each individual correction affects the bar
fraction across redshift, we share the bar fractions of all
possible combinations in Table 2. In the remainder of this
work, when we mention corrected bar fractions, we refer to the
bar fraction adjusted for both redshift and featureless disks,
unless stated otherwise.

The raw and corrected total bar fractions are plotted against
redshift in Figure 6. There is an overall decreasing trend with
redshift; the raw bar fraction starts at 398% at 0.5 < z < 1.0 and
goes down to 677% at 3.0 < z < 4.0. Similarly, the corrected
bar fraction starts at 2575% and goes down to 379%. This is a
>30 significant decrease between the lowest- and highest-
redshift bins for both the raw and corrected bar fractions.
We have added bar fractions from other observations
(G. de Vaucouleurs et al. 1991; P. B. Eskridge et al. 2000;
B. G. Elmegreen et al. 2004; S. Jogee et al. 2004; K. Menénde-
z-Delmestre et al. 2007; K. Sheth et al. 2008; E. Cameron et al.
2010; K. L. Masters et al. 2011; T. Melvin et al. 2014,
B. D. Simmons et al. 2014; P. Erwin 2018; T. Géron et al. 2021;
Y. Guo et al. 2025; Z. A. Le Conte et al. 2024) and the
simulation of F. Fragkoudi et al. (2025) in this plot to facilitate a
comparison with other work. Our corrected bar fractions agree
well with the simulations of F. Fragkoudi et al. (2025). At lower
redshifts (0.5 <z < 1.0), our corrected bar fractions also agree
with B. G. Elmegreen et al. (2004), S. Jogee et al. (2004), and
K. Sheth et al. (2008). Our corrected bar fractions are also
consistent with Z. A. Le Conte et al. (2024), a previous study
looking at bar fractions in CEERS across all redshifts. Our
corrected bar fractions are also consistent with bar fractions of
Y. Guo et al. (2025) in the low-redshift and high-redshift bins,
although we find higher values for the bar fraction in the middle
redshift bin (1.5 < z < 2.0). This is most likely because we apply
a redshift correction, while they do not. A more detailed
comparison to other work can be found in Section 4.1.

We look at the raw and corrected weak and strong bar
fraction over redshift in Figure 7. We also plot the bar
fractions of other observations that explicitly distinguish
between strong and weak bar (T. Melvin et al. 2014;
B. D. Simmons et al. 2014; T. Géron et al. 2021; Z. A. Le
Conte et al. 2024). The weak bar fraction seems to be
decreasing significantly with redshift in this work, both in the
raw and corrected fractions. The corrected weak bar fraction
starts at 217$% at 0.5 <z< 1.0 and goes down to 379% at
3.0 < z< 4. Interestingly, the corrected strong bar fraction
remains roughly constant around 4% between 0.5 <z <2.5.
Both our corrected weak and strong bar fractions are consistent
within the error bars of the weak and strong bar fractions
reported in Z. A. Le Conte et al. (2024). However, the strong
bar fraction at the lowest bin (0.5 <z < 1) is considerably
lower here than what was found in z =~ 0 studies that look at
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Figure 6. The bar fraction found in this work plotted over redshift (gray and black dots). We show both the raw, uncorrected bar fractions (dotted line), and the bar
fractions where we corrected for featureless discs and redshift (FD + z; solid line). We see a general downward trend of bar fraction with redshift. Data from other
studies are included in this figure to facilitate comparison. Some of these studies count both weak and strong bars (filled markers), while others focused on mostly
strong bars (open markers). We include observations from G. de Vaucouleurs et al. (1991), P. B. Eskridge et al. (2000), B. G. Elmegreen et al. (2004), S. Jogee et al.
(2004), K. Menéndez-Delmestre et al. (2007), K. Sheth et al. (2008), E. Cameron et al. (2010), K. L. Masters et al. (2011), T. Melvin et al. (2014), B. D. Simmons
et al. (2014), P. Erwin (2018), T. Géron et al. (2021), Z. A. Le Conte et al. (2024), and Y. Guo et al. (2025). We also show the simulations of F. Fragkoudi et al.
(2025) in the shaded regions. Considering the errors, we are in broad agreement with previous observations at higher redshifts and with the simulation of

F. Fragkoudi et al. (2025).

strong bar fractions (T. Géron et al. 2021). This implies that
there is a large evolution in the strong bar fraction between
z=0 and our lowest-redshift bin, which is supported by the
observations of T. Melvin et al. (2014). Alternatively, the vote
fractions might also be affected by unknown observational
effects. The implications of these strong and weak bar trends
are discussed in greater detail in Section 4.3.

4. Discussion
4.1. Bar Fraction at High Redshifts

We show the raw and corrected bar fractions found in this
work between 0.5 <z<4.0 in Figure 6. As explained in
Section 2.3, we applied a redshift correction and accounted for
featureless disks when calculating the corrected bar fractions.
However, we used the most minimal corrections, which implies
that the corrected bar fractions should be interpreted as lower
limits and that the true bar fraction lies higher. We also plot bar
fractions from other observations (e.g., S. Jogee et al. 2004;
K. Sheth et al. 2008; P. Erwin 2018) and the simulations of

F. Fragkoudi et al. (2025) in Figure 6. We find an overall
decrease in both the raw and corrected bar fractions. This is in
agreement with the simulations of F. Fragkoudi et al. (2025).
Our bar fractions seem to disagree with the simulations
of Y. Rosas-Guevara et al. (2022), who predict a mostly
constant bar fraction of 40% between 0.5 > z > 3.0. However,
Y. Rosas-Guevara et al. (2022) mention that their simulations
are consistent with other observations, such as K. Sheth et al.
(2008) and T. Melvin et al. (2014), when they account for the
limited spatial resolution of these observations. While we did
apply a redshift correction that accounts for resolution effects,
it is likely that a similar issue is the reason for the discrepancy
with this work, especially since we used the most minimal
correction available (see Section 2.3.2). We expect our results to
become more consistent with the simulations of Y. Rosas-Guevara
et al. (2022) if a stronger redshift correction is used. A key
difference between the results of the simulations from
Y. Rosas-Guevara et al. (2022) and F. Fragkoudi et al.
(2025) is that the former predicts a constant bar fraction with
a lot of smaller bars (<2 kpc) that observations will miss at
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Figure 7. The evolution of the strong and weak bar fraction over redshift. The orange lines show the strong bar fraction, and the blue lines show the weak bar
fraction. The dotted lines represent the raw, uncorrected bar fractions (see Equation (1)), while the solid lines represent the bar fractions where we corrected for
featureless discs and redshift (FD + z). (see Equation (4)). We also show strong and weak bar fractions of other observations that explicitly distinguish between weak
and strong bars (T. Melvin et al. 2014; B. D. Simmons et al. 2014; T. Géron et al. 2021; Z. A. Le Conte et al. 2024). The fractions obtained in this work are
additionally outlined in black. The strong bar fraction seems to evolve less over redshift than the weak bar fraction.

higher redshifts, while the latter predicts a decreasing bar
fraction. Even with the superior resolution and depth of
JWST, it is still hard to distinguish between these two
possibilities.

At lower redshifts (0.5 <z<1.0), our corrected bar
fractions agree well with other observations, such as
B. G. Elmegreen et al. (2004), S. Jogee et al. (2004), and
K. Sheth et al. (2008). We do find higher bar fractions than
T. Melvin et al. (2014) and B. D. Simmons et al. (2014), who
used HST between 0.5 <z<2.0, although that is likely
because these studies only focused on stronger bars. The
other two main observational studies we want to compare with
are Z. A. Le Conte et al. (2024) and Y. Guo et al. (2025), as
they both also examined bar fractions in CEERS. Y. Guo et al.
(2025) find a total of 111 barred galaxies with their visual
classifications in either the F200W band or the F444W band.
Z. A. Le Conte et al. (2024) find 39 bars in JWST using the
F444W band. We find 161 bars in our parent sample, the
largest number of barred galaxies found in the high-redshift
Universe to date, of which 87 remain in the volume-limited
sample. However, the two other studies identify bars in a
slightly different way compared to us. First, Z. A. Le Conte
et al. (2024) identify bars by visually inspecting galaxies in the
F444W band that pass certain ellipse fitting criteria. Y. Guo
et al. (2025) identify bars using both ellipse fitting techniques
and visual inspection on the F200W and F444W bands
separately and combined. In order to make the most fair

10

comparison to our work, the bar fractions shown in Figure 6
are the bar fractions determined by a visual inspection of bars
found in either the F200W or the F444W band (column (7) in
their Table 3). However, Y. Guo et al. (2025) do not
distinguish between weak and strong in their bar fractions.
The effects of identifying bars on single-band images
compared to multiband colored images are discussed in more
detail in Section 4.5. Lastly, there are also some differences in
the sample selection, which are noted in greater detail in
Section 4.6. All of these differences make a direct comparison
more difficult. Nevertheless, our corrected bar fractions are
well within the errors of the bar fractions found in Z. A. Le
Conte et al. (2024). This is also the case for the bar fraction of
Y. Guo et al. (2025), except in the 1.5 < z < 2.0 bin, where our
bar fractions are higher. However, they do not correct for
redshift effects, while we do. Additionally, their bar fraction in
that bin based on ellipse fits, rather than visual classification,
equals 11.8% = 2.3%, which is consistent with our corrected
bar fraction after taking the uncertainties into account.

One of the more interesting results is that the bar fraction is
still relatively high at high redshifts (2.0 < z < 2.5), with the
raw and corrected bar fractions equalling 177$% and 167$%,
respectively. This is in contrast with some simulations that
predict that very few bars should exist beyond z=1-1.5
(K. Kraljic et al. 2012; D. G. Algorry et al. 2017; J. Reddish
et al. 2022). This pushes back the so-called “epoch of bar
formation” from z = 0.7 to 1 (K. Kraljic et al. 2012; T. Melvin
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et al. 2014; B. D. Simmons et al. 2014; C. E. Donohoe-Keyes
et al. 2019) to at least z =2.5. This is discussed in more detail
in Section 4.2. Simulations predict that the bar formation
timescale varies from anywhere between 1 and 5 Gyr (K. Saha
& T. Naab 2013; D. G. Algorry et al. 2017). J. Bland-Hawthorn
et al. (2023, 2024) even find bar formation timescales of
~500 Myr for baryon-dominated disks. Our results are most
consistent with a bar formation timescale on the lower end of
that range, as we still find a significant number of bars
at z = 2.5.

Finally, the bar fractions are low in our highest-redshift bin,
3.0 <z< 4.0, equalling 677% and 3'$% for the raw and
corrected bar fractions, respectively. This suggests that the
stellar disks at these redshifts are still dynamically hot or have
not yet had sufficient time to form bars, although various
observational effects might affect our bar fraction at these
higher redshifts. This is discussed in more detail in Section 4.7.
Also, note that the sample size is relatively low in this bin,
with only 33 featured galaxies and a total of 2 identified bars.
Increasing the sample size with morphological classifications
from other JWST imaging surveys, such as COSMOS-Web
(C. M. Casey et al. 2023) and the JWST Advanced Deep
Extragalactic Survey (JADES; D. J. Eisenstein et al. 2023),
would help significantly to provide better constraints on the
bar fraction at these higher redshifts.

4.2. Epoch of Bar Formation and Dynamically Cold Disks

Previous studies have suggested that the “epoch of bar
formation” begins around z ~ 0.7-1 (K. Kraljic et al. 2012;
T. Melvin et al. 2014; B. D. Simmons et al. 2014;
C. E. Donohoe-Keyes et al. 2019). This would be when galaxies
started becoming disk dominated and dynamically cool. This is
supported by simulations that find little to no bars at redshifts
higher than z=1.0-1.5 (K. Kraljic et al. 2012; D. G. Algorry
et al. 2017; J. Reddish et al. 2022). However, the results
presented in this work suggest that a considerable amount of bar
formation might occur at higher redshifts than previously
thought, as we still find a significant number of bars up to
z &~ 2.5. While the corrected bar fractions are clearly decreasing
with redshift, the decrease is only modest between 0.5 < z < 2.5,
going from 2578% in the lowest-redshift bin to 1675% at
2.0 < z<2.5. Instead, the biggest change in the corrected bar
fraction happens when we move to the next bin, 2.5 <z < 3.0,
where it drops to 87$%. The raw bar fractions show a more
gradual decrease. This implies that galaxies at these higher
redshifts were dynamically cool enough to host bars. Alter-
natively, these galaxies might be dynamically hot, but baryon
dominated, since J. Bland-Hawthorn et al. (2023, 2024) have
recently shown that bars can form in dynamically hot galaxies,
depending on the ratio of baryons to dark matter of the disk.
Either way, we find a significant number of bars up to z ~ 2.5,
which suggests that bar-driven secular processes could be
important at higher redshifts than previously expected. Similar
conclusions are also drawn from recent simulations, which show
that bars can exist at high redshifts (z > 2, D. Bi et al. 2022;
Y. Rosas-Guevara et al. 2022; T. Zana et al. 2022; F. Fragkoudi
et al. 2020, 2025). Z. A. Le Conte et al. (2024) also come to a
similar conclusion, as they also find a significant number of bars
at z > 2 and note that this implies bar-driven evolution at these
higher redshifts.

Our corrected bar fractions therefore seem to suggest that
stellar disks at z > 2.5 are not able to form and sustain bars as
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efficiently, as they might be too dynamically hot, thick, and
turbulent (K. Kraljic et al. 2012; K. Sheth et al. 2012;
M. Aumer & J. Binney 2017; S. Ghosh et al. 2023). The
corrected bar fraction is very low in the highest-redshift bin
(3 <z<4), equalling 3f?%. It would be interesting to see if
we can find a significant population of bars and dynamically
cold stellar disks at z > 4, although some barred galaxies have
already been found at these redshifts. For example, I. Smail
et al. (2023) found a galaxy at z=4.26 with a linear bar
feature, T. Tsukui et al. (2024) found a barred galaxy at
z=4.4, and M. Neeleman et al. (2023) found a thin rotating
disk at z=6.5. Finally, the highest-redshift featured disk in
R. J. Smethurst et al. (2025) was found at z =15.5. Never-
theless, at the moment, these galaxies seem more rare. These
results do depend on correctly adjusting for any redshift
effects, which is discussed in greater detail in Section 4.7.

4.3. Disentangling Bar Strength over Redshift

The evolution of the strong bar fraction and the weak bar
fraction over redshift is shown in Figure 7. The weak bar
fraction decreases with redshift and is consistent within the
error bars with the observations of Z. A. Le Conte et al. (2024).
Interestingly, the strong bar fraction remains constant between
0.5<z<2.5. Table 2 in Z. A. Le Conte et al. (2024) also
shows a similar result. They find 20 weak bars (corresponding
to 12.7%) between 1 < z <2, butonly 5 (6.9%)in2 <z<3,a
significant decrease. Meanwhile, the decrease in the number of
strong bars is more moderate: they find eight strong bars
(corresponding to 5.1%) in 1<z<2 and five (6.9%) in
2 < z < 3. Multiple observations and simulations allow for the
possibility that bars are long-lived robust structures (S. Jogee
et al. 2004; V. P. Debattista et al. 2006; E. Athanassoula et al.
2013; D. A. Gadotti et al. 2015; 1. Pérez et al. 2017; S. Ghosh
et al. 2023; P. D. Lépez et al. 2024; F. Fragkoudi et al. 2025),
although other studies suggest that they might be short-lived
transient features and can get destroyed or weakened (F. Bou-
rmaud & F. Combes 2002; J. Shen & J. A. Sellwood 2004;
E. Athanassoula et al. 2005; F. Bournaud et al. 2005; S. Ghosh
et al. 2021). Our results support the idea that the strong bars
observed in this work are long-lived structures that were
formed around z ~ 2-2.5. This is consistent with other
observations. For example, 1. Pérez et al. (2017) found that the
bar in NGC 6032 was formed around 10 Gyr ago, which
corresponds to z ~ 1.86. Similarly, the bar in NGC 4371 was
estimated to have been formed at z ~ 1.8 (D. A. Gadotti et al.
2015). Another way to explain the constant bar fraction is that
the rate of strong bar formation is roughly similar to the rate of
strong bar destruction. B. D. Simmons et al. (2014) note that a
combination of increased merger rates, high gas fractions, and
dynamically warm disks could lead to the formation of short-
lived bar structures at higher redshifts. This could result in a
low, but stable bar fraction. R. J. Smethurst et al. (2025) make
a similar argument for the existence of such a high number of
featureless disks at these redshifts.

Interestingly, the strong bar fraction in the lowest-redshift
bin in this work is significantly lower than the bar fractions
found in other work that study the local Universe. We find a
strong bar fraction of 471% at 0.5 < z < 1.0, while T. Géron
et al. (2021) find a strong bar fraction of 15.5% at
0.01 <z<0.05. This implies that there is a significant
evolution in the strong bar fraction between z=0.05 and
0.5 <z< 1.0. This is supported by T. Melvin et al. (2014),
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who observed a significant change in the strong bar fraction
between 0.4 < z < 1. If we assume that strong bars are robust
features that cannot be destroyed, then these findings imply
that there are two bursts of strong bar formation. Our results
suggest that the first burst happened around z =2-2.5, which
corresponds to a lookback time of 10.2—10.9 Gyr. This period
brought the strong bar fraction from ~0% to ~4%. No new
strong bars are formed, and the strong bar fraction remains
constant until a second, more recent, burst of strong bar
formation happened at z < 1. This is consistent with the
epoch of bar formation around z = 0.7-1 mentioned by other
work (K. Kraljic et al. 2012; T. Melvin et al. 2014;
B. D. Simmons et al. 2014), but one that would specifically
produce strong bars. This corresponds to a lookback time of
6.3-7.7 Gyr. This brings the strong bar fraction from ~4% to
~15% in the local Universe. It would be interesting to look at
the properties of the host galaxies with strong bars that formed
around z=0.7-1 and the host galaxies with strong bars that
formed around z=2-2.5 and see if there are any obvious
differences.

The weak bar fraction reported by T. Géron et al. (2021) is
28.1% at 0.01 < z < 0.05, which is almost within the error bars
of the corrected weak bar fraction found in the lowest-redshift
bin here, 217§ %. This suggests that a moderate change in the
weak bar fraction is expected between 0.05 < z < 0.5, but not
nearly as dramatic as the one for strong bars.

Bars tend to grow longer and stronger over time
(D. Lynden-Bell & A.J. Kalnajs 1972; J. A. Sellwood 1981;
E. Athanassoula 2003; I. Martinez-Valpuesta et al. 2006;
E. Athanassoula et al. 2013; D. G. Algorry et al. 2017). A
growing weak bar fraction with decreasing redshift and a
constant strong bar fraction can be explained by assuming that
the bar strengthening timescale is larger than the bar formation
timescale. Weak bars are continuously formed, which causes
the weak bar fraction to increase. However, they need more
time before they become strong bars, which keeps the strong
bar fraction constant. This is consistent with the simulations of
D. G. Algorry et al. (2017), who find that even the fastest
growing bars in their sample take ~4-5 Gyr to fully form. As
mentioned in Section 4.1, simulations predict bar formation
timescales between 500Myr and 5Gyr (K. Saha &
T. Naab 2013; D. G. Algorry et al. 2017; J. Bland-Hawthorn
et al. 2023, 2024), although our results are most consistent
with the values on the lower end of that scale. An alternative
interpretation is that another factor is preventing weak bars
from becoming strong until z ~ 0.7-1.

It is likely that observational biases affect the interpretation
of these results. For example, as weaker bars are shorter, they
will be easier to miss at higher redshifts, which can explain the
observed decrease in the weak bar fraction over redshift. It is
also possible that it is harder to accurately classify bar strength
at higher redshifts. Naively, you could expect that a strong bar
at higher redshift could be misclassified as a weak bar, because
it would be harder to see and appear smaller. However,
previous work has shown that volunteers likely classify bars
into strong and weak based on the relative size of the bar
compared to the disk (T. Géron et al. 2021). As disks are
typically less bright than bars, this ratio would increase with
redshift. Perhaps the opposite is true: that weak bars get
misclassified as strong bars at higher redshift.

There is also the added complexity that, as mentioned
above, bars tend to grow longer and stronger over time
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(D. Lynden-Bell & A. J. Kalnajs 1972; J. A. Sellwood 1981;
E. Athanassoula 2003; 1. Martinez-Valpuesta et al. 2006;
E. Athanassoula et al. 2013; D. G. Algorry et al. 2017). This
implies that the strong bar fraction should decrease with
redshift, as we expect more stronger bars in the low-redshift
Universe. However, the observational bias described above
could prevent us from observing this trend. Additionally, as we
expect bar length and strength to change over time, perhaps
what we consider “strong” and “weak” changes at higher
redshifts as well. Finally, the redshift correction applied in this
work could be different for weak and strong bars as well,
although this lies beyond the scope of this work. A study
looking at detection thresholds for different bar lengths and bar
strengths at these higher redshifts will be paramount to help
clarify this issue.

While the strong bar fraction is roughly constant between
0.5 <z< 2.5, it drops significantly at higher redshift. It is
likely that bars have not had sufficient time to become strong
before z ~ 2.5. We only find one strong bar between
2.5 < z < 3, which corresponds to a raw strong bar fraction
of 2%, and we find no strong bars at the highest-redshift bin
(3 <z<4). This is interesting, as we still identify a small
number of weak bars (three and two in each bin, respectively),
and presumably, strong bars would be easier to spot at these
higher redshifts than weak bars. However, redshift effects at
these large distances might make strong bars look like weak
bars. It is also important to keep in mind that the small sample
sizes at the high-redshift bins make drawing strong conclu-
sions difficult.

4.4. Bar Formation Mechanisms at High Redshifts

Simulations show that bars can spontaneously form through
instabilities in rotationally supported cold galactic disks
(F. Hohl 1971; J. P. Ostriker & P. J. E. Peebles 1973;
G. Efstathiou et al. 1982; J. A. Sellwood & A. Wilkinson
1993). These bars start out weaker and grow longer and
stronger over time (D. Lynden-Bell & A. J. Kalnajs 1972;
J. A. Sellwood 1981; E. Athanassoula 2003; I. Martinez-Val-
puesta et al. 2006; E. Athanassoula et al. 2013; D. G. Algorry
et al. 2017). However, due to the higher rate of interactions and
mergers at higher redshifts (J. M. Lotz et al. 2011; Q. Duan
et al. 2025) and disks being too dynamically hot (K. Kraljic
et al. 2012; J. Reddish et al. 2022), bar formation through disk
instabilities might be rarer at higher redshifts. Mergers and
tidal interactions can also directly trigger bar formation
(M. Noguchi 1987; D. M. Elmegreen et al. 1991; M. Lang
et al. 2014; N. Peschken & E. L. Lokas 2019; A. Merrow et al.
2024), although it depends on the orbital configuration of the
encounter (G. Gajda et al. 2017; E. L. Lokas 2018). This
suggests that bars at higher redshifts might preferentially be
formed through tidal interactions, rather than through disk
instabilities. This is consistent with the preliminary results of
Y. Guo et al. (2025), who found that a larger fraction of
z > 1.5 barred galaxies have nearby neighbors or showed signs
of a tidal interaction, compared to unbarred galaxies.

Interestingly, simulations show that bars formed by mergers
or tidal interactions tend to be stronger compared to bars
formed through disk instabilities (N. Peschken & E. L. Lokas
2019; F. Fragkoudi et al. 2025). This can help to explain the
strong and weak bar fraction trends we see in Figure 7. A
decreasing weak bar fraction with redshift can be explained by
disk instabilities, which form initially weaker bars, becoming
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increasingly rare at higher redshifts. Similarly, the flattening of
the strong bar fraction can be interpreted as fewer bars being
formed through tidal interactions at lower redshifts. Thus,
while other interpretations are possible, our results are
consistent with disk instabilities being the dominant mode of
bar formation at lower redshifts, while bar formation through
interactions and mergers is more common at higher redshifts.

4.5. Single-band Images or Multiband Images?

As mentioned above, volunteers are shown multiband
colored images in GZ CEERS, while most other studies
typically use single-band images when identifying bars (e.g.,
see Z. A. Le Conte et al. 2024; X. Liang et al. 2024).
Interestingly, Y. Guo et al. (2025) show that, in every redshift
bin, some bars are only identified in either the F200W or the
F444W band, but not in the other. This is likely because
shorter wavelength bands have smaller FWHM, allowing them
to detect smaller structures, while longer wavelength bands are
less affected by dust and star formation. In theory, combining
the different bands into colored images allows us to make use
of the advantages (and disadvantages) of all bands at the same
time. We test this statement by crossmatching our parent
sample to the barred galaxies found by Z. A. Le Conte et al.
(2024), who identified bars in JWST CEERS using a
combination of visual inspection and ellipse fitting techniques
in the F444W band. We find that 31 of the 39 barred galaxies
found in Z. A. Le Conte et al. (2024) are also in our parent
sample. However, interestingly, not all of their bars are
classified as barred in our study. A confusion matrix of our
classifications compared to their classifications is shown in
Figure 8, which shows that 12 of the 31 galaxies they classify
as barred are classified as unbarred here. When we split up by
bar strength, we find that we classify 70% of their strong bars
as barred and 57% of their weak bars as barred. A likely reason
for this discrepancy is the difference in bands used to
identify bars.

Both the color GZ CEERS images and the single-band
F444W images of the 12 galaxies that Z. A. Le Conte et al.
(2024) classify as barred but we classify as unbarred are shown
in Figure 9. The colored images of these galaxies show no
clear evidence of bars. Interestingly, the F444W images do
reveal elliptical structures in the centers of some of these
galaxies, which could potentially be bars. The high FWHM of
this band makes discerning more detail difficult. At the same
time, it is also likely that these structures are obscured by dust
in the other filters, as they are not visible in the colored images.
This figure clearly illustrates the problem with which we are
faced, and it is not clear whether using single bands or multiple
bands is the better approach.

Additionally, among galaxies that we both classify as barred,
we do not always agree on the strength of the bars. This is likely
because the method of classifying bar strength differs between
both studies. We classify bars as strong or weak as outlined in
Section 2.2. In Z. A. Le Conte et al. (2024), five authors
classified galaxies as “barred,” “maybe-barred,” or “unbarred.”
They said a galaxy is strongly barred if at least three out of five
experts voted for barred. A galaxy is weakly barred if two out of
five experts voted for barred or at least three out of five voted
for maybe-barred. This is a reasonable approach, but there is a
small nuance here that can manifest itself in differences in
classification. This approach suggests that weak bars are bars
that you are more unsure about. However, it is possible to be
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Figure 8. Confusion matrix of the 31 galaxies that overlap between this work
and Z. A. Le Conte et al. (2024). This shows that there is some disagreement
on bar type classification, which is likely due to the fact that we use colored
multiband images to identify bars, while Z. A. Le Conte et al. (2024) use
single-band images.

sure that a galaxy has a bar that is weak; though, such a bar
would be classified as a strong bar with this approach. As an
illustration, in our sample, there are 24 weak bars that have
Pweak bar > 0.6, which means that volunteers are convinced that
there is a bar in these galaxies, and they are confident that these
bars are weak. Both approaches to bar strength classification
have merit, but this difference can explain some of the
discrepancies observed here.

While identifying bars is easy in principle, in practise, there
are decisions to be made that will affect the final outcome. It is
clear that different methods find slightly different things. We
want to be clear that both approaches are valid, but it is good to
be aware of these potential differences. Interestingly, despite
our slightly different methods, our overall bar fractions are still
consistent with each other (see Figure 6). So while we might
disagree on individual bar classifications, we agree on the
population level.

4.6. Difficulties with Comparing Bar Fractions

Figure 6 shows the raw and corrected bar fractions found in
this work, as well as bar fractions from multiple other
observational studies. However, it is not obvious that we
can even directly compare bar fractions between different
studies. This is because the bar fraction is very heavily affected
by properties of the sample (e.g., stellar mass and star
formation rate; F. D. Barazza et al. 2008; K. Sheth et al. 2008;
E. Cameron et al. 2010; P. B. Nair & R. G. Abraham 2010b;
K. L. Masters et al. 2011; E. Cheung et al. 2013; T. Melvin
et al. 2014; G. Gavazzi et al. 2015; A. Fraser-McKelvie et al.
2020; T. Géron et al. 2021), which can differ dramatically
between studies. For example, we create a volume-limited
sample to properly compare bar fractions across redshift bins.
To achieve a similar goal, Y. Guo et al. (2025) only considered
galaxies with a stellar mass M, > 10'°M.. We have a
significant population of galaxies with stellar masses lower
than that, which makes a direct comparison complicated.
Z. A. Le Conte et al. (2024) creates a mass-complete sample
based on the 95% empirical completeness found in K. Duncan
et al. (2019). This means that their sample includes lower mass
galaxies and is more comparable to ours, although some
differences are inevitable. These differences in sample
selection are also likely why our results are in better agreement
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Figure 9. The 12 galaxies that are classified by Z. A. Le Conte et al. (2024) as either weakly or strongly barred, while they are classified as unbarred by GZ CEERS.

The CANDELS ID of each galaxy is shown in the top left corner of each image, while the redshift is shown in the top right corner. The bars with a

Gk

next to their

CANDELS ID are classified by Z. A. Le Conte et al. (2024) as strongly barred, while the rest are weakly barred. For every galaxy, we show both the colored GZ
CEERS image and the single-band F444W image in gray scale. Note that the gray color scale is not identical to the one used in Z. A. Le Conte et al. (2024), although

we tried to approximate it as closely as we could.

with those in Z. A. Le Conte et al. (2024) than with those in
Y. Guo et al. (2025).

As noted above, it is also known that the wavelength
used to identify bars strongly affects the final bar fractions.
Bar fractions in optical wavelengths in low-redshift studies
are typically 43%-52% (I. Marinova & S. Jogee 2007;
F. D. Barazza et al. 2008; J. A. L. Aguerri et al. 2009;
R.J. Buta et al. 2019; T. Géron et al. 2021), while they rise to
59%-73% when using infrared wavelengths (P. B. Eskridge
et al. 2000; I. Marinova & S. Jogee 2007; K. Menéndez-
Delmestre et al. 2007; K. Sheth et al. 2008), as infrared
wavelengths are less affected by star formation and dust
(P. Erwin 2018). In contrast, bands with smaller FWHM are
able to detect smaller and weaker bars, further complicating
this issue. Additionally, multiple methods to find and identify
bars exist, ranging from visual classifications (e.g., see
P. B. Nair & R. G. Abraham 2010a; B. D. Simmons et al.
2014) to automated ellipse fitting techniques (e.g., see S. Jogee
et al. 2004; 1. Marinova & S. Jogee 2007). However, these
techniques do not always agree. For example, Y. H. Lee et al.
(2019) show that ellipse fitting techniques miss ~15% of
strong bars compared to a visual classification. Y. Guo et al.
(2025) also find a slightly different number of bars depending
on whether they use ellipse fitting techniques or visually
identify bars, although the two methods are largely consistent
with each other (see their Table 3).

Correctly estimating the number of galaxies with bars (i.e.,
the numerator of Equation (1)) is crucial to correctly estimate
the bar fraction. However, it is almost equally important to
correctly estimate the number of galaxies with disks (i.e., the
denominator of Equation (1)). Furthermore, different studies
will use slightly different denominators (e.g., galaxies with
disks, not edge-on disks, or simply featured galaxies), which
can change the final bar fraction. For example, the inclusion of
featureless disks in the denominator (see Section 2.3.1)
significantly altered the final values of the bar fractions found
in this work.

These issues are not limited to observations. Comparing bar
fractions can also be challenging between simulations, as the

sample selection can vary significantly between different studies.
For example, the simulations of Y. Rosas-Guevara et al. (2022)
look at galaxies with M, > 10'°M_ in a large cosmological
volume in TNGS50. F. Fragkoudi et al. (2025) focuses on 39
progenitors of Milky Way-like galaxies in their Auriga
simulations with present-day stellar masses M, > 10'°M_.
Finally, K. Kraljic et al. (2012) look at 33 galaxies with present-
day stellar masses between 10' and 10"'M.... It is also important
to emphasize that the same galaxies are traced back in time in
studies using zoom-in simulations (such as K. Kraljic et al. 2012;
F. Fragkoudi et al. 2025). Therefore, especially at higher
redshifts (e.g., z > 2-3), the distribution of stellar masses from
studies using zoom-in simulations and those using large
cosmological volumes (e.g., Y. Rosas-Guevara et al. 2022) can
be very different. As the zoom-in simulations specifically trace
Milky Way progenitors, they will not contain galaxies with very
high stellar masses (e.g., My > 10'°M.) at these higher
redshifts. In contrast, such high mass galaxies could exist at high
redshifts in simulations using large cosmological volumes,
depending on the details of the simulation. Thus, as with
observations, these differences in sample selection will inevi-
tably result in differences in the bar fraction found in
simulations. In order to make a precise comparison between
simulations and observations, the same selection function needs
to be used for both simulations and observations.

All of these effects make comparing bar fractions between
studies difficult. This becomes especially apparent when you
look at bar fractions found at lower redshifts, shown in
Figure 6, which can vary between 20% and 70%. While it is
still useful to compare bar fractions and their trends between
studies, it is important to keep these issues in mind.

4.7. Is the Bar Fraction Truly Decreasing?

We discussed in Section 4.1 how the bar fraction decreases
with redshift and what this implies for the epoch of bar
formation in Section 4.2. However, how confident are we that
we corrected for all possible observation biases and truly
detected all bars in the sample?
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Detecting bars becomes more difficult at higher redshifts
because of a combination of resolution and cosmological
dimming effects. We tried to account for these in our corrected
bar fractions. As explained in Section 2.3.2, applying the
appropriate redshift correction is not straightforward. The
redshift correction used in this work is based on the single-
band simulations of X. Liang et al. (2024). However, we use
multiband colored images, and it is not obvious which of the
single-band simulations would be most applicable to our
multiband images. We therefore opted for the most minimal
redshift correction, which implies that our corrected bar
fractions should be interpreted as lower limits. The true bar
fraction is likely higher, and the true bar fraction evolution
over redshift is probably less extreme than detected.

The final bar fractions heavily depend on which correction is
used. To illustrate this point, Figure 5 shows that, if we were to
use the redshift correction based on the F345W band, our
corrected bar fractions would be consistent with being constant.
X. Liang et al. (2024) noted a similar finding based on the
observations of Z. A. Le Conte et al. (2024). Other studies have
also suggested constant bar fractions. The simulations of
Y. Rosas-Guevara et al. (2022) find that the bar fraction
remains almost constant between 0.5 > z > 3.0, which manifests
itself as a decreasing bar fraction when the limited spatial
resolution of observations is taken into account (although they
find a decline in bar fraction beyond z = 4.0). Additionally, the
observations of B. G. Elmegreen et al. (2004) and S. Jogee et al.
(2004) also support a constant bar fraction between
0.0 < zZ 1.1. It is unlikely that the correction based on the
F345W band would be the appropriate one to use for our
multiband images, but this finding is still worth considering.

Another complication arises from the large redshift range
that we are probing, as the rest-frame wavelength of the
galaxies changes significantly. For example, the F200W band
probes the NIR (the pivot wavelength of F200W equals
~1.988 um?%). However, the corresponding rest-frame wave-
length will go from ~1.3 yum at z=0.5 to ~400 nm at z =4,
which is in the blue part of the optical spectrum. This is a
problem, as we know that we observe more bars in the NIR
compared to optical wavelengths (P. Erwin 2018), and implies
that a decreasing bar fraction is expected from this effect
alone, even if the true underlying bar fraction would remain
constant.

A final issue that further complicates this problem is that
simulations show that bars tend to become longer and
stronger over time (J. A. Sellwood 1981; E. Athanassoula
2003; I. Martinez-Valpuesta et al. 2006; E. Athanassoula et al.
2013; D. G. Algorry et al. 2017). This means that bars will be
even harder to find at higher redshifts, as they will be shorter,
and the detection threshold of L, /FWHM > 2 (e.g., see
P. Erwin 2018; X. Liang et al. 2024; D. Xu & S.-Y. Yu 2024)
will be less likely to be met. In summary, it is difficult to
disentangle whether the bar fraction is truly decreasing, or if this
is simply the result of observational biases caused by redshift.
This is true across all redshift ranges, although trends at higher
redshifts (e.g., 2.0-4.0) are more uncertain than those at lower
redshifts (e.g., 0.0-2.0). More detailed simulations looking into
expected bar fractions for multiband colored images over a wide
redshift range, while considering both strong and weak bars, will

22 https: / /jwst-docs.stsci.edu /jwst-near-infrared-camera /nircam-
instrumentation /nircam-filters
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help to obtain a more accurate redshift correction and to better
constrain these issues.

5. Conclusions

Studying the bar fraction at high redshifts is crucial as it
helps uncover when galaxies become dynamically cool enough
to host bars and how important the role of bar-driven secular
processes is at these high redshifts. The bar fraction can also
help to probe the lifetime and robustness of bars. In this work,
we have identified strong and weak bars over a wide range of
redshifts (0.5 < z < 4.0) using volunteer classifications on
multiband colored images obtained from CEERS. The use of
multiple bands allows us to take advantage of multiple
wavelengths. The full morphological catalog, GZ CEERS, is
described in greater detail in K. L. Masters et al. (in
preparation). There are 668 galaxies in our parent sample, of
which 161 are barred galaxies. Similarly, we found that 87 out
of the 398 galaxies in the volume-limited subsample host bars.
This is the largest number of barred galaxies found at these
higher redshifts to date. We also differentiate between strongly
and weakly barred galaxies, correct for redshift effects, and are
careful to include featureless disks. We applied the most
minimal realistic corrections, which means that our corrected
bar fractions should be interpreted as lower limits and that the
true bar fraction likely lies above the quoted values.

We also want to highlight that, while in principle the notion
of a bar fraction seems relatively simple, in practise it is
difficult to obtain. It depends on the exact definition used (see
Equations (1), (2), (3), and (4)), which bands are used, and
what kind of sample you consider. The bar fraction is also very
sensitive to any corrections applied. There are a lot of
complicated observational biases that are hard to disentangle.
Additionally, the sample size quickly becomes low at higher
redshifts. Obtaining reliable bar classifications for JWST
surveys other than CEERS, such as COSMOS-Web
(C. M. Casey et al. 2023) and the JADES (D. J. Eisenstein
et al. 2023), will be crucial to better constrain the bar fraction
at these high redshifts and to possibly probe even higher
redshifts.

Our main findings are the following:

1. In agreement with other work, we find that the overall
bar fraction decreases over redshift with >3c0 signifi-
cance. The raw bar fraction equals 3975% at
0.5 < z< 1.0 and goes down to 677% at 3.0 < z < 4.0.
Similarly, the corrected bar fraction starts at 2575% at
0.5 < z< 1.0 and decreases to 379% at 3.0 < z < 4.0.

2. Despite a decreasing bar fraction, we still find a significant
number of bars at z = 2.5. The biggest decrease in the bar
fraction happens between 2.0 < z < 2.5 and 2.5 <z < 3.0,
where the corrected bar fraction goes from 1675% to
8+5%, respectively. This suggests that disks are dynami-
cally cool enough to host a significant number of bars at
these high redshifts or that they are baryon dominated.
Additionally, this suggests that bar-driven secular evol-
ution could have been playing a crucial role in the
evolution of galaxies since z =2.5.

3. We find that the strong bar fraction is constant around
4% between 0.5 < z<2.5. This is consistent with the
idea that strong bars are robust long-lived structures,
unless the rate of bar formation is similar to the rate of
bar destruction. Additionally, since the bar fraction in the
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present-day Universe equals ~15%, a significant evol-
ution in the strong bar fraction is expected between
0.0 < z < 1.0. The weak bar fraction consistently goes
down with redshift, which suggests that weak bars are
formed anywhere between 0.5 <z <2.5. These results
are consistent with disk instabilities (which tend to form
weaker bars that become stronger over time) being the
dominant mode of bar formation at lower redshifts, while
bar formation through interactions and mergers (which
tend to form stronger bars) is more common at higher
redshifts.
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Appendix A
Full List of Barred Galaxies Found in GZ CEERS

Figure 3 showed examples of strongly and weakly barred
galaxies found in GZ CEERS. Here, we show colored CEERS
cutouts of the 35 strongly barred (Figure 10) and the 126 weakly
barred (Figure 11) galaxies found in the parent sample. The full
sample, complete with coordinates, redshifts, identifiers, and bar
strength classifications, can be found in a machine-readable
format as the data behind the figure (Figure 3).

z=0.67 | EGS23897 z=0.68 | EGS18989 z=0.75 | EGS25253 2z =0.75 | EGS19387 z=0.75

z=0.98 | EGS22226

z=1.04 | EGS23940 z=1.09

z=1.7 | EGS27663 z=1.81 | EGS21099 z=1.98

Figure 10. Color images of all strongly barred galaxies found by volunteers in the parent sample of GZ CEERS. The coloring matches how the images were
presented to the volunteers. The CANDELS ID of each galaxy is shown in the top left corner of each image, while the redshift is shown in the top right corner.
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Figure 11. Color images of all weakly barred galaxies found by volunteers in the parent sample of GZ CEERS. The coloring matches how the images were presented
to the volunteers. The CANDELS ID of each galaxy is shown in the top left corner of each image, while the redshift is shown in the top right corner.

Appendix B
Effect of Resolution on Bar Identification

To see how resolution effects affected our bar fractions, we
examined a low-redshift (z < 0.05) sample of strongly and
weakly barred galaxies identified using the automated
classifications of GZ DESI (M. Walmsley et al. 2023) for
which we have bar length measurements available. This
sample and the associated bar lengths have previously been

used in T. Géron et al. (2023) and T. Géron et al. (2024). The
simulations of X. Liang et al. (2024) show that bars can be
reliably detected as long as the ratio of the bar length (Ly,,) to
FWHM of the point-spread function of the band is greater than
2. This threshold has previously also been proposed by other
studies (P. Erwin 2018; D. Xu & S.-Y. Yu 2024). We can
calculate what the angular size of all the bars in this new
sample would be if their hosts would be at different redshifts.
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Figure 12. The detection fraction (fge¢) of the GZ DESI bar sample over redshift for the DESI r band (left panel), the JWST F444W band (middle panel), and the
JWST F200W band (right panel). Note the different scales on the y-axis for the three panels. We show the detection fraction for strong bars (orange), weak bars
(blue), and all bars (green). This figure shows us that resolution effects are not the limiting factor for detecting bars in JWST images, as the fraction of detected bars
in the shorter wavelength bands (e.g., F200W) is ~99%, even for the shorter, weaker bars.

We then divide these angular sizes by the FWHM of the DESI
r band, the JWST F444W band, and the JWST F200W band.
The FWHM of the DESI r band is 1,18 (A. Dey et al. 2019).
The FWHM for the F444W band is 0714 and is 0.064 for the
F200W band.”* We then note what fraction of bars in this
sample have Ly,,/FWHM > 2 for each of these three bands.
The results are shown in Figure 12.

The leftmost panel shows the detection fraction of the
sample when using the DESI r band. It very quickly drops off
to 0, even for the strongest and longest bars. This clearly
explains why studying the high-redshift bar fraction with DESI
may not be very effective. In contrast, the detection fraction
for the JWST F444W band, which has the highest FWHM of
all CEERS bands, stays >0.7, even for weak bars. The
detection fraction for the shorter wavelength F200W band is
~99%. This suggests that resolution is not the limiting factor
for detecting bars with JWST.

Note that these simple simulations assume that there is no
evolution in the length and strength of bars with redshift. This
is not true, as bars are known to grow longer and stronger over
time (J. A. Sellwood 1981; E. Athanassoula 2003; 1. Martinez-
Valpuesta et al. 2006; E. Athanassoula et al. 2013; D. G. Alg-
orry et al. 2017). This means that bars will be smaller at higher
redshifts, which would make them more difficult to detect than
what is assumed here. These simplified simulations serve as
a useful initial approximation, but they highlight the need
for more advanced approaches to estimate the bar detection
fraction.

ORCID iDs

https: //orcid.org /0000-0002-6851-9613
https: J/orcid.org/0000-0001-6417-7196
Hugh Dickinson ® https: //orcid.org/0000-0003-0475-008X
L. F. Fortson ® https: //orcid.org/0000-0002-1067-8558
Izzy L. Garland ® https: //orcid.org/0000-0002-3887-6433
Sandor Kruk @ https: //orcid.org/0000-0001-8010-8879
Chris Lintott ® https: //orcid.org/0000-0001-5578-359X
Jason Shingirai Makechemu ® https: //orcid.org/0009-0009-
6545-8710
Kameswara Bharadwaj Mantha
0002-6016-300X
Karen L. Masters
David O’Ryan
Hayley Roberts
B. D. Simmons

Tobias Géron
R. J. Smethurst

https: //orcid.org /0000-

https: j/orcid.org/0000-0003-0846-9578
https: //orcid.org/0000-0003-1217-4617
https: //orcid.org /0000-0003-0046-9848
https: //orcid.org/0000-0001-5882-3323

2 https: / /jwst-docs.stsci.edu /jwst-near-infrared-camera /nircam-
performance /nircam-point-spread-functions

18

Mike Walmsley @ https: //orcid.org/0000-0002-6408-4181
Antonello Calabrd @ https: //orcid.org/0000-0003-2536-1614
Rimpei Chiba @ https: //orcid.org/0000-0002-3445-855X
Luca Costantin ® https: /orcid.org/0000-0001-6820-0015
Maria R. Drout @ https: //orcid.org/0000-0001-7081-0082
Francesca Fragkoudi ® https: //orcid.org/0000-0002-
0897-3013

Yuchen Guo © https: //orcid.org/0000-0002-4162-6523

B. W. Holwerda © https: //orcid.org/0000-0002-4884-6756
Shardha Jogee © https: //orcid.org/0000-0002-1590-0568
Anton M. Koekemoer @ https: //orcid.org/0000-0002-
6610-2048
Ray A. Lucas
Fabio Pacucci

https: J/orcid.org /0000-0003-1581-7825
https: //orcid.org /0000-0001-9879-7780

References

Aguerri, J. A. L., Méndez-Abreu, J., & Corsini, E. M. 2009, A&A, 495, 491

Algorry, D. G., Navarro, J. F., Abadi, M. G, et al. 2017, MNRAS, 469, 1054

Amvrosiadis, A., Lange, S., Nightingale, J. W., et al. 2025, MNRAS,
537, 1163

Astropy Collaboration, Price-Whelan, A. M., Lim, P. L., et al. 2022, ApJ,
935, 167

Astropy Collaboration, Price-Whelan, A. M., Sipécz, B. M., et al. 2018, AJ,
156, 123

Astropy Collaboration, Robitaille, T. P., Tollerud, E. J., et al. 2013, A&A,
558, A33

Athanassoula, E. 1992a, MNRAS, 259, 345

Athanassoula, E. 1992b, MNRAS, 259, 328

Athanassoula, E. 2003, MNRAS, 341, 1179

Athanassoula, E., Lambert, J. C., & Dehnen, W. 2005, MNRAS, 363, 496

Athanassoula, E., Machado, R. E. G., & Rodionov, S. A. 2013, MNRAS,
429, 1949

Aumer, M., & Binney, J. 2017, MNRAS, 470, 2113

Bagley, M. B., Finkelstein, S. L., Koekemoer, A. M., et al. 2023, ApJL,
946, L12

Barazza, F. D., Jogee, S., & Marinova, 1. 2008, ApJ, 675, 1194

Barbary, K. 2016, JOSS, 1, 58

Barden, M., Rix, H.-W., Somerville, R. S., et al. 2005, ApJ, 635, 959

Bertin, E., & Arnouts, S. 1996, A&AS, 117, 393

Bi, D., Shlosman, I., & Romano-Diaz, E. 2022, ApJ, 934, 52

Bland-Hawthorn, J., Tepper-Garcia, T., Agertz, O., & Federrath, C. 2024, ApJ,
968, 86

Bland-Hawthorn, J., Tepper-Garcia, T., Agertz, O., & Freeman, K. 2023, ApJ,
947, 80

Bournaud, F., & Combes, F. 2002, A&A, 392, 83

Bournaud, F., Combes, F., & Semelin, B. 2005, MNRAS, 364, L18

Buta, R. J., Verdes-Montenegro, L., Damas-Segovia, A., et al. 2019, MNRAS,
488, 2175

Cameron, E. 2011, PASA, 28, 128

Cameron, E., Carollo, C. M., Oesch, P., et al. 2010, MNRAS, 409, 346

Casey, C. M., Kartaltepe, J. S., Drakos, N. E., et al. 2023, AplJ, 954, 31

Casteels, K. R. V., Bamford, S. P., Skibba, R. A., et al. 2013, MNRAS,
429, 1051

Cervantes Sodi, B. 2017, ApJ, 835, 80


https://orcid.org/0000-0002-6851-9613
https://orcid.org/0000-0001-6417-7196
https://orcid.org/0000-0003-0475-008X
https://orcid.org/0000-0002-1067-8558
https://orcid.org/0000-0002-3887-6433
https://orcid.org/0000-0001-8010-8879
https://orcid.org/0000-0001-5578-359X
https://orcid.org/0009-0009-6545-8710
https://orcid.org/0009-0009-6545-8710
https://orcid.org/0000-0002-6016-300X
https://orcid.org/0000-0002-6016-300X
https://orcid.org/0000-0003-0846-9578
https://orcid.org/0000-0003-1217-4617
https://orcid.org/0000-0003-0046-9848
https://orcid.org/0000-0001-5882-3323
https://orcid.org/0000-0002-6408-4181
https://orcid.org/0000-0003-2536-1614
https://orcid.org/0000-0002-3445-855X
https://orcid.org/0000-0001-6820-0015
https://orcid.org/0000-0001-7081-0082
https://orcid.org/0000-0002-0897-3013
https://orcid.org/0000-0002-0897-3013
https://orcid.org/0000-0002-4162-6523
https://orcid.org/0000-0002-4884-6756
https://orcid.org/0000-0002-1590-0568
https://orcid.org/0000-0002-6610-2048
https://orcid.org/0000-0002-6610-2048
https://orcid.org/0000-0003-1581-7825
https://orcid.org/0000-0001-9879-7780
https://doi.org/10.1051/0004-6361:200810931
https://ui.adsabs.harvard.edu/abs/2009A&A...495..491A/abstract
https://doi.org/10.1093/mnras/stx1008
https://ui.adsabs.harvard.edu/abs/2017MNRAS.469.1054A/abstract
https://doi.org/10.1093/mnras/staf048
https://ui.adsabs.harvard.edu/abs/2025MNRAS.537.1163A/abstract
https://ui.adsabs.harvard.edu/abs/2025MNRAS.537.1163A/abstract
https://doi.org/10.3847/1538-4357/ac7c74
https://ui.adsabs.harvard.edu/abs/2022ApJ...935..167A/abstract
https://ui.adsabs.harvard.edu/abs/2022ApJ...935..167A/abstract
https://doi.org/10.3847/1538-3881/aabc4f
https://ui.adsabs.harvard.edu/abs/2018AJ....156..123A/abstract
https://ui.adsabs.harvard.edu/abs/2018AJ....156..123A/abstract
https://doi.org/10.1051/0004-6361/201322068
https://ui.adsabs.harvard.edu/abs/2013A&A...558A..33A/abstract
https://ui.adsabs.harvard.edu/abs/2013A&A...558A..33A/abstract
https://doi.org/10.1093/mnras/259.2.345
https://ui.adsabs.harvard.edu/abs/1992MNRAS.259..345A/abstract
https://doi.org/10.1093/mnras/259.2.328
https://ui.adsabs.harvard.edu/abs/1992MNRAS.259..328A/abstract
https://doi.org/10.1046/j.1365-8711.2003.06473.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.341.1179A/abstract
https://doi.org/10.1111/j.1365-2966.2005.09445.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.363..496A/abstract
https://doi.org/10.1093/mnras/sts452
https://ui.adsabs.harvard.edu/abs/2013MNRAS.429.1949A/abstract
https://ui.adsabs.harvard.edu/abs/2013MNRAS.429.1949A/abstract
https://doi.org/10.1093/mnras/stx1300
https://ui.adsabs.harvard.edu/abs/2017MNRAS.470.2113A/abstract
https://doi.org/10.3847/2041-8213/acbb08
https://ui.adsabs.harvard.edu/abs/2023ApJ...946L..12B/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...946L..12B/abstract
https://doi.org/10.1086/526510
https://ui.adsabs.harvard.edu/abs/2008ApJ...675.1194B/abstract
https://doi.org/10.21105/joss.00058
https://ui.adsabs.harvard.edu/abs/2016JOSS....1...58B/abstract
https://doi.org/10.1086/497679
https://ui.adsabs.harvard.edu/abs/2005ApJ...635..959B/abstract
https://doi.org/10.1051/aas:1996164
https://ui.adsabs.harvard.edu/abs/1996A&AS..117..393B/abstract
https://doi.org/10.3847/1538-4357/ac779b
https://ui.adsabs.harvard.edu/abs/2022ApJ...934...52B/abstract
https://doi.org/10.3847/1538-4357/ad4118
https://ui.adsabs.harvard.edu/abs/2024ApJ...968...86B/abstract
https://ui.adsabs.harvard.edu/abs/2024ApJ...968...86B/abstract
https://doi.org/10.3847/1538-4357/acc469
https://ui.adsabs.harvard.edu/abs/2023ApJ...947...80B/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...947...80B/abstract
https://doi.org/10.1051/0004-6361:20020920
https://ui.adsabs.harvard.edu/abs/2002A&A...392...83B/abstract
https://doi.org/10.1111/j.1745-3933.2005.00096.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.364L..18B/abstract
https://doi.org/10.1093/mnras/stz1780
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.2175B/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.2175B/abstract
https://doi.org/10.1071/AS10046
https://ui.adsabs.harvard.edu/abs/2011PASA...28..128C/abstract
https://doi.org/10.1111/j.1365-2966.2010.17314.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.409..346C/abstract
https://doi.org/10.3847/1538-4357/acc2bc
https://ui.adsabs.harvard.edu/abs/2023ApJ...954...31C/abstract
https://doi.org/10.1093/mnras/sts391
https://ui.adsabs.harvard.edu/abs/2013MNRAS.429.1051C/abstract
https://ui.adsabs.harvard.edu/abs/2013MNRAS.429.1051C/abstract
https://doi.org/10.3847/1538-4357/835/1/80
https://ui.adsabs.harvard.edu/abs/2017ApJ...835...80C/abstract
https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-performance/nircam-point-spread-functions
https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-performance/nircam-point-spread-functions

THE ASTROPHYSICAL JOURNAL, 987:74 (19pp), 2025 July 1

Cheung, E., Athanassoula, E., Masters, K. L., et al. 2013, ApJ, 779, 162

Clopper, C. J., & Pearson, E. S. 1934, Biometrika, 26, 404

Conselice, C. J., Bershady, M. A., Dickinson, M., & Papovich, C. 2003, AJ,
126, 1183

Costantin, L., Pérez-Gonzalez, P. G., Guo, Y., et al. 2023, Natur, 623, 499

Davoust, E., & Contini, T. 2004, A&A, 416, 515

Debattista, V. P., Mayer, L., Carollo, C. M., et al. 2006, ApJ, 645, 209

de Vaucouleurs, G. 1959, HDP, 53, 275

de Vaucouleurs, G. 1963, ApJS, 8, 31

de Vaucouleurs, G., de Vaucouleurs, A., Corwin, H. G., Jr., et al. 1991, Third
Reference Catalogue of Bright Galaxies (New York: Springer)

Dey, A., Schlegel, D. J., Lang, D., et al. 2019, AJ, 157, 168

Donohoe-Keyes, C. E., Martig, M., James, P. A., & Kraljic, K. 2019, MNRAS,
489, 4992

Duan, Q., Conselice, C. J.,, Li, Q., et al. 2025, MNRAS, 540, 774

Duncan, K., Conselice, C. J., Mundy, C., et al. 2019, ApJ, 876, 110

Efstathiou, G., Lake, G., & Negroponte, J. 1982, MNRAS, 199, 1069

Eisenstein, D. J., Willott, C., Alberts, S., et al. 2023, arXiv:2306.02465

Elmegreen, B. G., Elmegreen, D. M., & Hirst, A. C. 2004, ApJ, 612, 191

Elmegreen, D. M., Sundin, M., Elmegreen, B., & Sundelius, B. 1991, A&A,
244, 52

Erwin, P. 2004, A&A, 415, 941

Erwin, P. 2018, MNRAS, 474, 5372

Eskridge, P. B., Frogel, J. A., Pogge, R. W., et al. 2000, AJ, 119, 536

Fanali, R., Dotti, M., Fiacconi, D., & Haardt, F. 2015, MNRAS, 454, 3641

Ferreira, L., Conselice, C. J., Sazonova, E., et al. 2023, ApJ, 955, 94

Finkelstein, S., Bagley, M., & Yang, G. 2023a, Data from The Cosmic
Evolution Early Release Science Survey (CEERS), STScI/MAST, doi:10.
17909/77P0-8481

Finkelstein, S. L., Bagley, M. B., Ferguson, H. C., et al. 2023b, ApJL,
946, L13

Fragkoudi, F., Athanassoula, E., & Bosma, A. 2016, MNRAS, 462, L41

Fragkoudi, F., Grand, R. J. J., Pakmor, R., et al. 2020, MNRAS, 494, 5936

Fragkoudi, F., Grand, R. J. J., Pakmor, R., et al. 2025, MNRAS, 538, 1587

Fraser-McKelvie, A., Merrifield, M., Aragén-Salamanca, A., et al. 2020,
MNRAS, 499, 1116

Gadotti, D. A., Seidel, M. K., Sanchez-Blazquez, P., et al. 2015, A&A,
584, A90

Gajda, G., Lokas, E. L., & Athanassoula, E. 2017, ApJ, 842, 56

Galloway, M. A., Willett, K. W., Fortson, L. F., et al. 2015, MNRAS,
448, 3442

Garland, 1. L., Walmsley, M., Silcock, M. S., et al. 2024, MNRAS, 532, 2320

Gavazzi, G., Consolandi, G., Dotti, M., et al. 2015, A&A, 580, A116

George, K., Joseph, P., Mondal, C., et al. 2019, A&A, 621, L4

Géron, T., Smethurst, R. J., Lintott, C., et al. 2021, MNRAS, 507, 4389

Géron, T., Smethurst, R. J., Lintott, C., et al. 2023, MNRAS, 521, 1775

Géron, T., Smethurst, R. J., Lintott, C., et al. 2024, ApJ, 973, 129

Ghosh, S., Fragkoudi, F., Di Matteo, P., & Saha, K. 2023, A&A, 674, A128

Ghosh, S., Saha, K., Di Matteo, P., & Combes, F. 2021, MNRAS, 502, 3085

Grogin, N. A., Kocevski, D. D., Faber, S. M., et al. 2011, ApJS, 197, 35

Guedes, J., Mayer, L., Carollo, M., & Madau, P. 2013, ApJ, 772, 36

Guo, Y., Jogee, S., Finkelstein, S. L., et al. 2023, ApJL, 945, L10

Guo, Y., Jogee, S., Wise, E., et al. 2025, ApJ, 985, 181

Hohl, F. 1971, ApJ, 168, 343

Hoyle, B., Masters, K. L., Nichol, R. C., et al. 2011, MNRAS, 415, 3627

Huang, S., Kawabe, R., Kohno, K., et al. 2023, ApJL, 958, L26

Huertas-Company, M., Iyer, K. G., Angeloudi, E., et al. 2024, A&A, 685, A48

Hunt, L. K., Combes, F., Garcia-Burillo, S., et al. 2008, A&A, 482, 133

Jedrzejewski, R. I. 1987, MNRAS, 226, 747

Jogee, S., Barazza, F. D., Rix, H--W., et al. 2004, ApJL, 615, L105

Jogee, S., Miller, S. H., Penner, K., et al. 2009, ApJ, 697, 1971

Jogee, S., Scoville, N., & Kenney, J. D. P. 2005, ApJ, 630, 837

Kartaltepe, J. S., Rose, C., Vanderhoof, B. N., et al. 2023, ApJL, 946, L15

Kauffmann, O. B., Le Fevre, O., Ilbert, O., et al. 2020, A&A, 640, A67

Kodra, D., Andrews, B. H., Newman, J. A., et al. 2023, AplJ, 942, 36

Koekemoer, A. M., Faber, S. M., Ferguson, H. C., et al. 2011, ApJS, 197, 36

19

Géron et al.

Kraljic, K., Bournaud, F., & Martig, M. 2012, Apl, 757, 60

Kruk, S. J., Lintott, C. J., Bamford, S. P., et al. 2018, MNRAS, 473, 4731

Lang, M., Holley-Bockelmann, K., & Sinha, M. 2014, ApJL, 790, L33

Laurikainen, E., & Salo, H. 2002, MNRAS, 337, 1118

Le Conte, Z. A., Gadotti, D. A., Ferreira, L., et al. 2024, MNRAS, 530, 1984

Lee, Y. H., Ann, H. B., & Park, M.-G. 2019, ApJ, 872, 97

Liang, X., Yu, S.-Y., Fang, T., & Ho, L. C. 2024, A&A, 688, A158

Lintott, C. J., Schawinski, K., Slosar, A., et al. 2008, MNRAS, 389, 1179

Lokas, E. L. 2018, ApJ, 857, 6

Lépez, P. D., Scannapieco, C., Cora, S. A., & Gargiulo, I. D. 2024, MNRAS,
529, 979

Lotz, J. M., Jonsson, P., Cox, T. J, et al. 2011, ApJ, 742, 103

Lynden-Bell, D., & Kalnajs, A. J. 1972, MNRAS, 157, 1

Marinova, 1., & Jogee, S. 2007, ApJ, 659, 1176

Martinez-Valpuesta, 1., Shlosman, 1., & Heller, C. 2006, ApJ, 637, 214

Masters, K. L., Nichol, R. C., Haynes, M. P., et al. 2012, MNRAS, 424,
2180

Masters, K. L., Nichol, R. C., Hoyle, B., et al. 2011, MNRAS, 411, 2026

Melvin, T., Masters, K., Lintott, C., et al. 2014, MNRAS, 438, 2882

Menéndez-Delmestre, K., Sheth, K., Schinnerer, E., Jarrett, T. H., &
Scoville, N. Z. 2007, ApJ, 657, 790

Merrow, A., Grand, R. J. J., Fragkoudi, F., & Martig, M. 2024, MNRAS,
531, 1520

Nair, P. B., & Abraham, R. G. 2010a, ApJS, 186, 427

Nair, P. B., & Abraham, R. G. 2010b, ApJL, 714, L260

Neeleman, M., Walter, F., Decarli, R., et al. 2023, ApJ, 958, 132

Nielsen, F. 2016, Introduction to HPC with MPI for Data Science (Cham:
Springer), 195

Noguchi, M. 1987, MNRAS, 228, 635

Ostriker, J. P., & Peebles, P. J. E. 1973, ApJ, 186, 467

Pérez, 1., Martinez-Valpuesta, I., Ruiz-Lara, T., et al. 2017, MNRAS,
470, L122

Peschken, N., & Lokas, E. L. 2019, MNRAS, 483, 2721

Pritchett, K., Jr., Jogee, S., & Guo, Y. 2024, arXiv:2412.06100

Reddish, J., Kraljic, K., Petersen, M. S., et al. 2022, MNRAS, 512, 160

Rosas-Guevara, Y., Bonoli, S., Dotti, M., et al. 2022, MNRAS, 512, 5339

Ryan, R. E. J., Cohen, S. H., Windhorst, R. A., & Silk, J. 2008, ApJ, 678, 751

Saha, K., & Naab, T. 2013, MNRAS, 434, 1287

Sellwood, J. A. 1981, A&A, 99, 362

Sellwood, J. A., & Wilkinson, A. 1993, RPPh, 56, 173

Shen, J., & Sellwood, J. A. 2004, ApJ, 604, 614

Sheth, K., Elmegreen, D. M., Elmegreen, B. G., et al. 2008, ApJ, 675, 1141

Sheth, K., Melbourne, J., Elmegreen, D. M., et al. 2012, ApJ, 758, 136

Sheth, K., Vogel, S. N., Regan, M. W., Thornley, M. D., & Teuben, P. J. 2005,
Apl, 632, 217

Simmons, B. D., Melvin, T., Lintott, C., et al. 2014, MNRAS, 445, 3466

Simmons, B. D., Smethurst, R. J., & Lintott, C. 2017, MNRAS, 470, 1559

Skibba, R. A., Masters, K. L., Nichol, R. C., et al. 2012, MNRAS, 423, 1485

Smail, L., Dudzeviéiaté, U., Gurwell, M., et al. 2023, ApJ, 958, 36

Smethurst, R. J., Simmons, B. D., Géron, T., et al. 2025, MNRAS, 539, 1359

Sobral, D., Smail, 1., Best, P. N., et al. 2013, MNRAS, 428, 1128

Sorensen, S. A., Matsuda, T., & Fujimoto, M. 1976, Ap&SS, 43, 491

Spinoso, D., Bonoli, S., Dotti, M., et al. 2017, MNRAS, 465, 3729

Stefanon, M., Yan, H., Mobasher, B., et al. 2017, ApJS, 229, 32

Tsukui, T., Wisnioski, E., Bland-Hawthorn, J., et al. 2024, MNRAS, 527, 8941

Vera, M., Alonso, S., & Coldwell, G. 2016, A&A, 595, A63

Villa-Vargas, J., Shlosman, I., & Heller, C. 2010, ApJ, 719, 1470

Walmsley, M., Géron, T., Kruk, S., et al. 2023, MNRAS, 526, 4768

Walmsley, M., Lintott, C., Géron, T., et al. 2022, MNRAS, 509, 3966

Whitney, A., Conselice, C. J., Duncan, K., & Spitler, L. R. 2020, ApJ, 903, 14

Willett, K. W., Lintott, C. J., Bamford, S. P., et al. 2013, MNRAS, 435, 2835

Wozniak, H., Friedli, D., Martinet, L., Martin, P., & Bratschi, P. 1995, A&AS,
111, 115

Xu, D., & Yu, S.-Y. 2024, A&A, 682, L17

Yu, S.-Y., Cheng, C., Pan, Y., Sun, F.,, & Li, Y. A. 2023, A&A, 676, A74

Zana, T., Lupi, A., Bonetti, M., et al. 2022, MNRAS, 515, 1524


https://doi.org/10.1088/0004-637X/779/2/162
https://ui.adsabs.harvard.edu/abs/2013ApJ...779..162C/abstract
https://doi.org/10.1093/biomet/26.4.404
https://doi.org/10.1086/377318
https://ui.adsabs.harvard.edu/abs/2003AJ....126.1183C/abstract
https://ui.adsabs.harvard.edu/abs/2003AJ....126.1183C/abstract
https://doi.org/10.1038/s41586-023-06636-x
https://ui.adsabs.harvard.edu/abs/2023Natur.623..499C/abstract
https://doi.org/10.1051/0004-6361:20031726
https://ui.adsabs.harvard.edu/abs/2004A&A...416..515D/abstract
https://doi.org/10.1086/504147
https://ui.adsabs.harvard.edu/abs/2006ApJ...645..209D/abstract
https://doi.org/10.1007/978-3-642-45932-0_7
https://ui.adsabs.harvard.edu/abs/1959HDP....53..275D/abstract
https://doi.org/10.1086/190084
https://ui.adsabs.harvard.edu/abs/1963ApJS....8...31D/abstract
https://doi.org/10.3847/1538-3881/ab089d
https://ui.adsabs.harvard.edu/abs/2019AJ....157..168D/abstract
https://doi.org/10.1093/mnras/stz2474
https://ui.adsabs.harvard.edu/abs/2019MNRAS.489.4992D/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.489.4992D/abstract
https://doi.org/10.1093/mnras/staf638
https://ui.adsabs.harvard.edu/abs/2025MNRAS.540..774D/abstract
https://doi.org/10.3847/1538-4357/ab148a
https://ui.adsabs.harvard.edu/abs/2019ApJ...876..110D/abstract
https://doi.org/10.1093/mnras/199.4.1069
https://ui.adsabs.harvard.edu/abs/1982MNRAS.199.1069E/abstract
http://arxiv.org/abs/2306.02465
https://doi.org/10.1086/422407
https://ui.adsabs.harvard.edu/abs/2004ApJ...612..191E/abstract
https://ui.adsabs.harvard.edu/abs/1991A&A...244...52E/abstract
https://ui.adsabs.harvard.edu/abs/1991A&A...244...52E/abstract
https://doi.org/10.1051/0004-6361:20034408
https://ui.adsabs.harvard.edu/abs/2004A&A...415..941E/abstract
https://doi.org/10.1093/mnras/stx3117
https://ui.adsabs.harvard.edu/abs/2018MNRAS.474.5372E/abstract
https://doi.org/10.1086/301203
https://ui.adsabs.harvard.edu/abs/2000AJ....119..536E/abstract
https://doi.org/10.1093/mnras/stv2247
https://ui.adsabs.harvard.edu/abs/2015MNRAS.454.3641F/abstract
https://doi.org/10.3847/1538-4357/acec76
https://ui.adsabs.harvard.edu/abs/2023ApJ...955...94F/abstract
https://doi.org/10.17909/Z7P0-8481%C2%A0%C2%A0
https://doi.org/10.17909/Z7P0-8481%C2%A0%C2%A0
https://doi.org/10.3847/2041-8213/acade4
https://ui.adsabs.harvard.edu/abs/2023ApJ...946L..13F/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...946L..13F/abstract
https://doi.org/10.1093/mnrasl/slw120
https://ui.adsabs.harvard.edu/abs/2016MNRAS.462L..41F/abstract
https://doi.org/10.1093/mnras/staa1104
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.5936F/abstract
https://doi.org/10.1093/mnras/staf389
https://ui.adsabs.harvard.edu/abs/2025MNRAS.538.1587F/abstract
https://doi.org/10.1093/mnras/staa2866
https://ui.adsabs.harvard.edu/abs/2020MNRAS.499.1116F/abstract
https://doi.org/10.1051/0004-6361/201526677
https://ui.adsabs.harvard.edu/abs/2015A&A...584A..90G/abstract
https://ui.adsabs.harvard.edu/abs/2015A&A...584A..90G/abstract
https://doi.org/10.3847/1538-4357/aa74b4
https://ui.adsabs.harvard.edu/abs/2017ApJ...842...56G/abstract
https://doi.org/10.1093/mnras/stv235
https://ui.adsabs.harvard.edu/abs/2015MNRAS.448.3442G/abstract
https://ui.adsabs.harvard.edu/abs/2015MNRAS.448.3442G/abstract
https://doi.org/10.1093/mnras/stae1620
https://ui.adsabs.harvard.edu/abs/2024MNRAS.532.2320G/abstract
https://doi.org/10.1051/0004-6361/201425351
https://ui.adsabs.harvard.edu/abs/2015A&A...580A.116G/abstract
https://doi.org/10.1051/0004-6361/201834500
https://ui.adsabs.harvard.edu/abs/2019A&A...621L...4G/abstract
https://doi.org/10.1093/mnras/stab2064
https://ui.adsabs.harvard.edu/abs/2021MNRAS.507.4389G/abstract
https://doi.org/10.1093/mnras/stad501
https://ui.adsabs.harvard.edu/abs/2023MNRAS.521.1775G/abstract
https://doi.org/10.3847/1538-4357/ad66b7
https://ui.adsabs.harvard.edu/abs/2024ApJ...973..129G/abstract
https://doi.org/10.1051/0004-6361/202245275
https://ui.adsabs.harvard.edu/abs/2023A&A...674A.128G/abstract
https://doi.org/10.1093/mnras/stab238
https://ui.adsabs.harvard.edu/abs/2021MNRAS.502.3085G/abstract
https://doi.org/10.1088/0067-0049/197/2/35
https://ui.adsabs.harvard.edu/abs/2011ApJS..197...35G/abstract
https://doi.org/10.1088/0004-637X/772/1/36
https://ui.adsabs.harvard.edu/abs/2013ApJ...772...36G/abstract
https://doi.org/10.3847/2041-8213/acacfb
https://ui.adsabs.harvard.edu/abs/2023ApJ...945L..10G/abstract
https://doi.org/10.3847/1538-4357/adc8a7
https://ui.adsabs.harvard.edu/abs/2025ApJ...985..181G/abstract
https://doi.org/10.1086/151091
https://ui.adsabs.harvard.edu/abs/1971ApJ...168..343H/abstract
https://doi.org/10.1111/j.1365-2966.2011.18979.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.415.3627H/abstract
https://doi.org/10.3847/2041-8213/acff63
https://ui.adsabs.harvard.edu/abs/2023ApJ...958L..26H/abstract
https://doi.org/10.1051/0004-6361/202346800
https://ui.adsabs.harvard.edu/abs/2024A&A...685A..48H/abstract
https://doi.org/10.1051/0004-6361:20078874
https://ui.adsabs.harvard.edu/abs/2008A&A...482..133H/abstract
https://doi.org/10.1093/mnras/226.4.747
https://ui.adsabs.harvard.edu/abs/1987MNRAS.226..747J/abstract
https://doi.org/10.1086/426138
https://ui.adsabs.harvard.edu/abs/2004ApJ...615L.105J/abstract
https://doi.org/10.1088/0004-637X/697/2/1971
https://ui.adsabs.harvard.edu/abs/2009ApJ...697.1971J/abstract
https://doi.org/10.1086/432106
https://ui.adsabs.harvard.edu/abs/2005ApJ...630..837J/abstract
https://doi.org/10.3847/2041-8213/acad01
https://ui.adsabs.harvard.edu/abs/2023ApJ...946L..15K/abstract
https://doi.org/10.1051/0004-6361/202037450
https://ui.adsabs.harvard.edu/abs/2020A&A...640A..67K/abstract
https://doi.org/10.3847/1538-4357/ac9f12
https://ui.adsabs.harvard.edu/abs/2023ApJ...942...36K/abstract
https://doi.org/10.1088/0067-0049/197/2/36
https://ui.adsabs.harvard.edu/abs/2011ApJS..197...36K/abstract
https://doi.org/10.1088/0004-637X/757/1/60
https://ui.adsabs.harvard.edu/abs/2012ApJ...757...60K/abstract
https://doi.org/10.1093/mnras/stx2605
https://ui.adsabs.harvard.edu/abs/2018MNRAS.473.4731K/abstract
https://doi.org/10.1088/2041-8205/790/2/L33
https://ui.adsabs.harvard.edu/abs/2014ApJ...790L..33L/abstract
https://doi.org/10.1046/j.1365-8711.2002.06008.x
https://ui.adsabs.harvard.edu/abs/2002MNRAS.337.1118L/abstract
https://doi.org/10.1093/mnras/stae921
https://ui.adsabs.harvard.edu/abs/2024MNRAS.530.1984L/abstract
https://doi.org/10.3847/1538-4357/ab0024
https://ui.adsabs.harvard.edu/abs/2019ApJ...872...97L/abstract
https://doi.org/10.1051/0004-6361/202348539
https://ui.adsabs.harvard.edu/abs/2024A&A...688A.158L/abstract
https://doi.org/10.1111/j.1365-2966.2008.13689.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.389.1179L/abstract
https://doi.org/10.3847/1538-4357/aab4ff
https://ui.adsabs.harvard.edu/abs/2018ApJ...857....6L/abstract
https://doi.org/10.1093/mnras/stae576
https://ui.adsabs.harvard.edu/abs/2024MNRAS.529..979L/abstract
https://ui.adsabs.harvard.edu/abs/2024MNRAS.529..979L/abstract
https://doi.org/10.1088/0004-637X/742/2/103
https://ui.adsabs.harvard.edu/abs/2011ApJ...742..103L/abstract
https://doi.org/10.1093/mnras/157.1.1
https://ui.adsabs.harvard.edu/abs/1972MNRAS.157....1L/abstract
https://doi.org/10.1086/512355
https://ui.adsabs.harvard.edu/abs/2007ApJ...659.1176M/abstract
https://doi.org/10.1086/498338
https://ui.adsabs.harvard.edu/abs/2006ApJ...637..214M/abstract
https://doi.org/10.1111/j.1365-2966.2012.21377.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.424.2180M/abstract
https://ui.adsabs.harvard.edu/abs/2012MNRAS.424.2180M/abstract
https://doi.org/10.1111/j.1365-2966.2010.17834.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.411.2026M/abstract
https://doi.org/10.1093/mnras/stt2397
https://ui.adsabs.harvard.edu/abs/2014MNRAS.438.2882M/abstract
https://doi.org/10.1086/511025
https://ui.adsabs.harvard.edu/abs/2007ApJ...657..790M/abstract
https://doi.org/10.1093/mnras/stae1250
https://ui.adsabs.harvard.edu/abs/2024MNRAS.531.1520M/abstract
https://ui.adsabs.harvard.edu/abs/2024MNRAS.531.1520M/abstract
https://doi.org/10.1088/0067-0049/186/2/427
https://ui.adsabs.harvard.edu/abs/2010ApJS..186..427N/abstract
https://doi.org/10.1088/2041-8205/714/2/L260
https://ui.adsabs.harvard.edu/abs/2010ApJ...714L.260N/abstract
https://doi.org/10.3847/1538-4357/ad05d2
https://ui.adsabs.harvard.edu/abs/2023ApJ...958..132N/abstract
https://doi.org/10.1093/mnras/228.3.635
https://ui.adsabs.harvard.edu/abs/1987MNRAS.228..635N/abstract
https://doi.org/10.1086/152513
https://ui.adsabs.harvard.edu/abs/1973ApJ...186..467O/abstract
https://doi.org/10.1093/mnrasl/slx087
https://ui.adsabs.harvard.edu/abs/2017MNRAS.470L.122P/abstract
https://ui.adsabs.harvard.edu/abs/2017MNRAS.470L.122P/abstract
https://doi.org/10.1093/mnras/sty3277
https://ui.adsabs.harvard.edu/abs/2019MNRAS.483.2721P/abstract
http://arxiv.org/abs/2412.06100
https://doi.org/10.1093/mnras/stac494
https://ui.adsabs.harvard.edu/abs/2022MNRAS.512..160R/abstract
https://doi.org/10.1093/mnras/stac816
https://ui.adsabs.harvard.edu/abs/2022MNRAS.512.5339R/abstract
https://doi.org/10.1086/527463
https://ui.adsabs.harvard.edu/abs/2008ApJ...678..751R/abstract
https://doi.org/10.1093/mnras/stt1088
https://ui.adsabs.harvard.edu/abs/2013MNRAS.434.1287S/abstract
https://ui.adsabs.harvard.edu/abs/1981A&A....99..362S/abstract
https://doi.org/10.1088/0034-4885/56/2/001
https://ui.adsabs.harvard.edu/abs/1993RPPh...56..173S/abstract
https://doi.org/10.1086/382124
https://ui.adsabs.harvard.edu/abs/2004ApJ...604..614S/abstract
https://doi.org/10.1086/524980
https://ui.adsabs.harvard.edu/abs/2008ApJ...675.1141S/abstract
https://doi.org/10.1088/0004-637X/758/2/136
https://ui.adsabs.harvard.edu/abs/2012ApJ...758..136S/abstract
https://doi.org/10.1086/432409
https://ui.adsabs.harvard.edu/abs/2005ApJ...632..217S/abstract
https://doi.org/10.1093/mnras/stu1817
https://ui.adsabs.harvard.edu/abs/2014MNRAS.445.3466S/abstract
https://doi.org/10.1093/mnras/stx1340
https://ui.adsabs.harvard.edu/abs/2017MNRAS.470.1559S/abstract
https://doi.org/10.1111/j.1365-2966.2012.20972.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.423.1485S/abstract
https://doi.org/10.3847/1538-4357/acf931
https://ui.adsabs.harvard.edu/abs/2023ApJ...958...36S/abstract
https://doi.org/10.1093/mnras/staf506
https://ui.adsabs.harvard.edu/abs/2025MNRAS.539.1359S/abstract
https://doi.org/10.1093/mnras/sts096
https://ui.adsabs.harvard.edu/abs/2013MNRAS.428.1128S/abstract
https://doi.org/10.1007/BF00640025
https://ui.adsabs.harvard.edu/abs/1976Ap&SS..43..491S/abstract
https://doi.org/10.1093/mnras/stw2934
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465.3729S/abstract
https://doi.org/10.3847/1538-4365/aa66cb
https://ui.adsabs.harvard.edu/abs/2017ApJS..229...32S/abstract
https://doi.org/10.1093/mnras/stad3588
https://ui.adsabs.harvard.edu/abs/2024MNRAS.527.8941T/abstract
https://doi.org/10.1051/0004-6361/201628750
https://ui.adsabs.harvard.edu/abs/2016A&A...595A..63V/abstract
https://doi.org/10.1088/0004-637X/719/2/1470
https://ui.adsabs.harvard.edu/abs/2010ApJ...719.1470V/abstract
https://doi.org/10.1093/mnras/stad2919
https://ui.adsabs.harvard.edu/abs/2023MNRAS.526.4768W/abstract
https://doi.org/10.1093/mnras/stab2093
https://ui.adsabs.harvard.edu/abs/2022MNRAS.509.3966W/abstract
https://doi.org/10.3847/1538-4357/abb824
https://ui.adsabs.harvard.edu/abs/2020ApJ...903...14W/abstract
https://doi.org/10.1093/mnras/stt1458
https://ui.adsabs.harvard.edu/abs/2013MNRAS.435.2835W/abstract
https://ui.adsabs.harvard.edu/abs/1995A&AS..111..115W/abstract
https://ui.adsabs.harvard.edu/abs/1995A&AS..111..115W/abstract
https://doi.org/10.1051/0004-6361/202449252
https://ui.adsabs.harvard.edu/abs/2024A&A...682L..17X/abstract
https://doi.org/10.1051/0004-6361/202346140
https://ui.adsabs.harvard.edu/abs/2023A&A...676A..74Y/abstract
https://doi.org/10.1093/mnras/stac1708
https://ui.adsabs.harvard.edu/abs/2022MNRAS.515.1524Z/abstract

	1. Introduction
	2. Data and Methods
	2.1. Galaxy Zoo CEERS
	2.2. Sample Selection
	2.3. Calculating Bar Fractions
	2.3.1. Correcting for Featureless Disks
	2.3.2. Redshift Correction
	2.3.3. Estimating Uncertainty


	3. Results
	4. Discussion
	4.1. Bar Fraction at High Redshifts
	4.2. Epoch of Bar Formation and Dynamically Cold Disks
	4.3. Disentangling Bar Strength over Redshift
	4.4. Bar Formation Mechanisms at High Redshifts
	4.5. Single-band Images or Multiband Images?
	4.6. Difficulties with Comparing Bar Fractions
	4.7. Is the Bar Fraction Truly Decreasing?

	5. Conclusions
	Appendix AFull List of Barred Galaxies Found in GZ CEERS
	Appendix BEffect of Resolution on Bar Identification
	References



