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Abstract

In this work, we explore the nature of z > 1 galactic bars. Once thought to be highly transient, our results
demonstrate otherwise. Our sample consists of nine massive (>1010.5 M⊙) star-forming barred-spiral galaxies at
zspec ∼ 1.5. Using rest-frame near-IR (F444W) JWST/NIRCam imaging, we apply ellipse fitting along with 1D
and 2D morphological modeling to directly measure bar properties. We find that five galaxies host flat surface
brightness profiles (bar Sérsic index < 0.4), indicative of highly evolved, “mature” bars. By contrast, only two
galaxies show exponential profiles, characteristic of young bars, and these are also shorter in absolute length than
the flat bars. We therefore conclude that a large fraction of bars at this epoch have already matured, thereby
indicating the presence of well-settled disks required to facilitate bar formation and sustained evolution well
before z ∼ 1.5. To assess the gravitational impact of the bars, we calculate the maximum transverse-to-radial force
ratio (Qb). We find that the Qb values are comparable to, or weaker than, those of bars in the local Universe; seven
of the nine bars show only a marginal increase in strength with maturity (from exponential to flat bars). Contrarily
however, the remaining two bars are flat, but have the lowest Qb values in our sample. We hence propose that the
mature bars at z ∼ 1.5 may experience phases of weakening due to rapid gas inflows and/or minor mergers. In
conclusion, our work sheds light on the rapidly evolving nature of high-z bars and paves the way for larger
statistical studies.

Unified Astronomy Thesaurus concepts: Barred spiral galaxies (136); Galaxy evolution (594); Galaxy bars (2364)

1. Introduction

The galactic bar is a ubiquitous morphological feature, with
the fraction of galaxies hosting a bar steadily increasing from
∼10%–20% at z ∼ 1 to ∼70% in the local Universe (e.g.,
K. Sheth et al. 2003; B. G. Elmegreen et al. 2004; S. Jogee et al.
2004; I. Marinova & S. Jogee 2007; K. Sheth et al. 2008;
K. L. Masters et al. 2011; B. D. Simmons et al. 2014;
Y. Rosas-Guevara et al. 2020; D. Zhao et al. 2020; Z. A. Le
Conte et al. 2024; Y. Guo et al. 2025; J. M. Espejo Salcedo
et al. 2025; Euclid Collaboration et al. 2025; T. Géron et al.
2025; S. Pastras et al. 2025). These elongated structures,
consisting of stable stellar orbits spanning the inner regions of
disk galaxies, arise from growing nonaxisymmetric instabilities
in dynamically cold disks, with a Toomre Q parameter ≈
1.5–2.0 (F. Combes & R. H. Sanders 1981; F. Combes &
B. G. Elmegreen 1993; E. Athanassoula 2013). Once formed,
these instabilities grow as stars lose angular momentum and join
the elongated orbits making up the bar (M. Semczuk et al. 2024).

Theoretical works suggest that dynamical friction with the
dark matter halo (E. Athanassoula 2002; E. Athanassoula et al.
2013) and high-angular-momentum gas accretion to the disk
outskirts (F. Bournaud et al. 2005b) regulate bar strength.
Tidal interactions have also been proposed to trigger bar
formation and evolution (M. Gerin et al. 1990; M. Noguchi
1996; T. Miwa & M. Noguchi 1998; I. Berentzen et al. 2004;
E. Romano-Díaz et al. 2008; E. L. Łokas et al. 2014;
I. Martinez-Valpuesta et al. 2017; E. L. Łokas 2018;
N. Peschken & E. L. Łokas 2019; S. Ansar et al. 2025;
Y. Zheng & J. Shen 2025). Attempts to verify this interaction-
driven pathway observationally remain inconclusive in the
local Universe (S. van den Bergh 2002; J. A. L. Aguerri et al.
2009; S. Barway et al. 2011; G.-H. Lee et al. 2012). However,
tidally induced bars may dominate at z ≳ 2 (D. Bi et al. 2022;
T. Tsukui et al. 2024), although S. Huang et al. (2025) argue
the opposite for a barred galaxy at z ∼ 2.5.
The growth of bars has also been characterized through

changes in the surface brightness profiles along the major axis
of the bar (D. A. Gadotti 2011; S. R. Anderson et al. 2022;
P. Erwin et al. 2023). The pioneering study of B. G. Elmegreen
& D. M. Elmegreen (1985) divided bars into two profile types:
flat and exponential. Parameterizing these profiles with Sérsic
models, T. Kim et al. (2015) further subdivided flat bars into
flat (n < 0.4) and intermediate (0.4 < n < 0.8), using the
Spitzer Survey of Stellar Structure in Galaxies (S4G; K. Sheth
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et al. 2010). Meanwhile, n > 0.8 profiles are defined as
exponential. Bars are expected to initially follow the
exponential disk profile, and are therefore more common in
low-mass, star-forming, late-type systems (F. Combes &
B. G. Elmegreen 1993; S. J. Kruk et al. 2018). In contrast,
massive and evolved early-type systems host flat, mature bars
(also called “peak” and “shoulder” profiles, with the shoulders
resulting in the characteristic flatness; P. Erwin et al. 2023).
N-body simulations show that as bars grow, particles are
trapped in looped x1 orbits, producing flat profiles with
shoulders. These shoulders may first appear as temporary
structures at ∼1–2 Gyr after bar formation, but become stable
after ≳2–3 Gyr (S. R. Anderson et al. 2022; L. Beraldo e Silva
et al. 2023). However, M. Noguchi (1996) suggested that
shoulders, and hence flatness, can also result from tidal
interactions. This aligns with studies indicating that tidally
induced bars may prematurely evolve into mature states
(T. Miwa & M. Noguchi 1998; F. Fragkoudi et al. 2025;
Y. Zheng & J. Shen 2025).

The timing of local bar formation is linked to the epoch of
“disk settling,” originally expected at z ≳ 1 (K. Sheth et al.
2008; K. Kraljic et al. 2012; T. Kim et al. 2015; T. Kim et al.
2021). However, the exact epoch remains unclear, with
observations finding indications of bar formation as early as
z ∼ 3.5–4.0 (I. Smail et al. 2023; L. Costantin et al. 2023;
A. Amvrosiadis et al. 2025; T. Géron et al. 2025; Y. Guo et al.
2025; Z. A. Le Conte et al. 2026). These may be lower limits
as resolution effects would likely limit detection of early
phases of bar formation. With bars now detected at such high
redshifts, their nature becomes the key question: are they long-
lived or transient structures? Do they exert a dynamical effect
on the host disk comparable to that in the local Universe?

This work explores an alternate way of answering these
questions, by measuring the major-axis surface brightness
profiles of bars at z ∼ 1.5. We aim to determine if they are flat
and “mature,” having persisted for ≳1–2 Gyr (indicated by N-
body simulations, without the inclusion of gas and star
formation; S. R. Anderson et al. 2022), and therefore since
z ∼ 2.5–3.5. Alternatively, if the bars exhibit exponential
profiles, it would imply repeated destruction and reformation
due to tidal disruptions and/or dissipation from high gas
densities (e.g., B. G. Elmegreen et al. 2004, 2005; K. Kraljic
et al. 2012). We also quantify their strengths and impact on
their hosts by calculating the transverse force exerted by the
bar potential, enabling a direct comparison of bar strengths at
z ∼ 1.5 with those in the local Universe (Y. H. Lee et al. 2020).

2. Sample

We investigate the profiles of bars in nine barred-spiral
galaxies at z ∼ 1.5. These galaxies, identified as barred
(selection described in Section 3), are part of the the sample
presented in B. S. Kalita et al. (2025b, hereafter BK25). This
parent sample of 32 star-forming main-sequence galaxies
was selected to be face on (disk axis ratio > 0.6) and without
clear major-merger signatures in rest-frame near-IR imaging.
Each galaxy is spectroscopically confirmed to be within
1.4� z� 1.7 (as part of the FMOS Hα-detected sample in the
COSMOS field; J. D. Silverman et al. 2015; D. Kashino et al.
2019), and has a stellar mass within the range of 1010.5−11.4

M⊙. The sample also has multiband (F115W, F150W, F277W,
and F444W) JWST/NIRCam coverage from the COSMOS-
Web survey (C. M. Casey et al. 2023).

The goal of this study is the detection of bars, which are
most consistently identified at z > 1 in rest-frame near-IR
wavelengths (Y. Guo et al. 2023). For our sample, BK25
likewise found that stellar substructures such as spirals and
bars are detected mainly in the F444W image (∼1.77 μm rest-
frame at z ∼ 1.5). We therefore restrict our analysis to bars in
the F444W images, while a joint multiwavelength analysis will
be presented in future work.

3. Morphological Analysis

In the following subsections, we discuss the set of analyses
we undertake on the F444W images to derive the structural
properties of the galactic bars in our sample.

3.1. Ellipse Fitting

When observing the galactic disk face on, stellar bars are
nonaxisymmetric structures with centers consistent with the host
disk.12 Therefore, the higher ellipticity (≡1 – axis ratio) of the
bar compared to the disk can be used to systematically identify
the presence of a bar. The commonly used method involves
fitting radially concentric ellipses to the flux isophotes of the
image, with the expectation that the ellipses with the highest
ellipticity correspond to the bar (e.g., H. Wozniak et al. 1995;
S. Jogee et al. 2004; I. Marinova & S. Jogee 2007; S.-Y. Yu
et al. 2022; J. M. Espejo Salcedo et al. 2025). This procedure
has now also been implemented at z > 1, although visual
inspection is still necessary to ensure proper bar identification
(Y. Guo et al. 2023, 2025; Z. A. Le Conte et al. 2024, 2026).
We implement this method on the BK25 sample, with two

examples shown in Figure 1. We begin with the F444W image.
Using the PHOTUTILS13 (L. Bradley et al. 2022) package, we
fit progressively larger ellipses to fainter isophotes (Figure 1,
left in each panel). We start at the center determined from the
bulge–disk F444W image morphological modeling in BK25,
and a semimajor axis (SMA) of 2 pixels (∼F444W point-
spread function (PSF) FWHM in pixels). After the first ellipse
is fit to the isophote at SMA = 2 pixels, the code incrementally
increases the SMA by a factor of 0.1 and fits the next isophote.
We allow the progressive ellipse centers to shift freely to
enable the detection of offset bars. The ellipticity (Figure 1,
top right, in each panel) and position angle (PA; Figure 1,
bottom right, in each panel) of the series of ellipses can thus be
plotted as a function of their SMA. A highly elliptical structure
like a bar will appear as a local maximum in the ellipticity
versus SMA plot, beyond which the larger ellipses fit isophotes
representing the more circular disk structure.
We then locate the peak in the ellipticity versus SMA plot

(local maximum with an increase >0.1 in ellipticity; condition
defined in I. Marinova & S. Jogee 2007) within the disk radius
of 90% flux (r90), also from the bulge–disk modeling in BK25.
If the peak occurs at SMA values < PSF FWHM/2, we reject
it, as X. Liang et al. (2024) found bar detectability decreases
drastically below this threshold. Given our small sample of 32
objects, we use visual inspection to ensure that ellipses
corresponding to the peak ellipticity represent bars and not
other disk substructures, such as spiral arms and clumps,
which can be clearly identified. We find these substructures
produce secondary spikes in ellipticity (e.g., IDs 1749 and

12 However, off-centered bars have also been observed (S. J. Kruk et al. 2017;
B. de Swardt et al. 2015).
13 https://photutils.readthedocs.io/
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1861, both shown in Figure 1), as has also been noted in other
z > 1 studies (e.g., Y. Guo et al. 2023).

A second criterion is that of the PA being constant
(<10�; T. Kim et al. 2021) across the length of the bar, since
it is a structure with a fixed rotational velocity. However, to do
this, we have to determine the inner radius of the bar (or at
least a range of SMA data points clearly tracing the bar) to
define a region over which the PA would remain constant. The
current resolution and depth prevent us from satisfactorily
doing that for most of the sample. However, in cases of
(visually) strong bars, the peak ellipticity appears as a plateau
with a constant PA throughout. In these cases, we invoke the
PA criteria and define the bar length as the SMA value within
this plateau that also corresponds to a decrease in the phase
angle of >10� following the drop in ellipticity within ∼0.03
(the pixel size; see ID 89 in Figure 1).

In all cases where no bar is found using our procedure, we
exclude the galaxy from our sample. Applying this to all 32
galaxies in BK25, we identify nine with bars. This constitutes
our final sample. The SMA value corresponding to the peak is
considered the bar length.

3.2. Masking the Spiral Arms

The primary goal of this work is to model the profiles of the
bars (Section 3.3 and Section 3.4). We find that the presence of
spiral arms interferes with such analyses, as indicated by
secondary spikes in the ellipse-fitting method (Section 3.1).
The presence of spiral arms in the sample galaxies has already
been commented on in BK25 and a subset of these have been
analyzed in B. S. Kalita et al. (2025c). In the previous section

we find that these structures interfere with the ellipse-fitting
method by increasing the ellipticity of isophotes. Therefore, in
this section, we create masks for the spiral arms in preparation
of the image-based morphological analysis of the bars
(Section 3.3 and Section 3.4). To achieve this, we create 2D
masks of the logarithmic spirals in these galaxies using a
polar-coordinate wavelet decomposition method developed in
B. S. Kalita et al. (2025c). This method involves de-projecting
the galaxy using the disk axis ratio (from the BK25 bulge–disk
modeling), followed by a wavelet decomposition in polar (r, θ)
coordinates. Using the m = 2−6 modes (signals that repeat
2–6 times over θ = 0–2π), a “spirallike” image is constructed
that contains the spiral structures, if present in a galaxy.
In B. S. Kalita et al. (2025c), this step was followed by

fitting a spiral galaxy model using GALFIT (C. Y. Peng
et al. 2002, 2010). However, this was only possible for six
out of 32 galaxies, mainly due to additional disk
substructures complicating the fit. We have now developed
a simpler tool to “detect” logarithmic spirals in the
spirallike image by fitting simple spiral models. The
parametric function in polar coordinates for each logarith-
mic spiral arm can be defined as

( ) =r a e ,b

where a is a scaling constant controlling the tightness of the
spiral, and ( )=b tan , with (f) being the pitch angle of the
spiral in radians. Converting to Cartesian coordinates, we get

( ) ( ) ( )
( ) ( ) ( ) ( )

= + +
= + +

x r x
y D r y

cos ,
. sin . 1

c

c

Figure 1. Ellipse fitting (for each galaxy; left). The F444W image with ellipses fit with constant surface brightness isophotes. The ellipse with SMA = bar length is
highlighted. Top right: ellipticity vs. SMA plot. The SMA value at the peak ellipticity is used as the bar length. The exception is ID 89 (and ID 1147, not shown),
which rather shows a plateau. In this case we select the outer edge of this plateau as the peak since it also corresponds to a change in the PA change of >10� right
after the fall of the peak in ellipticity. This can be seen in the PA vs. SMA plot (bottom right).
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Here the additional factor of Δ (in radians) is introduced, which
controls the starting phase angle of each spiral and is helpful
while fitting multiple arms. The parameters xc and yc are the
galactic center. Finally the D parameter, which can have values
of either −1 or 1 controls whether a spiral arm propagates
clockwise or anticlockwise. With each arm path defined using
Equation (1), and with a thickness of 5 pixels (∼PSF size), we
can generate multiarm spiral “skeletons” over a parameter space
defined by the number of arms, Δ and f. These skeletons are fit
to the aforementioned spirallike image and we optimize the
parameters by maximizing the contrast between the flux within
the skeletons and the rest of the galaxy. Once the final spiral
skeleton is identified, we create a mask by thickening each arm
by 9 pixels (∼2 kpc at z= 1.5, the approximate width of the
arms in the sample; B. S. Kalita et al. 2025c). We then undo the
de-projection to obtain the mask for the original galaxy image.

Finally, we remove any part of the spiral arm mask that falls
within the ellipse corresponding to the bar (Section 3.1). This
may happen since the bar will be included in the spirallike
image we use to generate the masks, since it is also a structure
dominant in the m= 2 mode. However, we modify this step for
two of the galaxies (IDs 89 and 1147), which feature clearly
visible strong bars. As discussed in the previous section, the
ellipticity versus SMA plot of such galaxies shows a plateau
with an inner peak as well as an outer peak. Although we use the
outer peak to fix the bar ellipse, we rather use the inner peak to
determine the minimum radius where we mask the spiral arms.
We take this conservative approach since the flagging occurs
only on one side of the bar in both cases, and hence there is still
sufficient flux for the proper surface brightness modeling.

3.3. One-dimensional Major-axis Profile

The profile of a galactic bar can be assessed using the flux
distribution across the galaxy along the bar SMA (bar major-
axis profiles, mainly applied for galaxies in the local Universe;
e.g., A. S. Gusev & M. G. Park 2003; P. Erwin et al. 2023).
This is commonly used to determine whether the bar follows
the exponential radial light profile of the disk14 (exponential
bars) or exhibits the characteristic shoulders leading to a flatter
appearance (flat intermediate bars). Once a bar is detected in a
galaxy in our sample, we generate similar bar major-axis
profiles by using the PA of the ellipse corresponding to each
bar (Section 3.1) to define a long slitlike aperture of
thickness = 5 pixels (∼PSF FWHM) along the bar.

Collapsing the slit aperture over its width yields the 1D flux
distribution, which contains contributions from the bulge, bar, and
disk, with spiral arms already masked out. The resulting major-
axis profiles, shown in Figures 2 and 3 are then fit with a
composite model consisting of three Sérsic (F444W PSF-
convolved) components: bulge (n= 4), disk (n= 1), and bar
(n = 0.1–1.5). Details of the PSF generation are mentioned in the
next section. We decided the Sérsic index range for the bar based
on the local Universe study by T. Kim et al. (2015). We find it to
be the largest study that implements fitting of Sérsic profiles to the
surface brightness of bars. Hence we implement the same range in
this study, not just for the 1D profile fitting, but also for the 2D
fitting discussed next. The fit is first optimized using the Python
package SCIFIT, followed by a Markov Chain Monte Carlo

(MCMC) χ2-optimization procedure. Although this 1D morpho-
logical fitting is less robust than a 2D approach—since it cannot
fully exploit structural dissimilarities between the components—it
still serves as a method of characterizing the distinct bar major-
axis profiles observed visually.

3.4. Two-dimensional Morphological Fitting

The final step of our analysis aims to fully decompose the
surface brightness distribution of our galaxies into bulge, bar,

Figure 2. The 1D surface brightness profiles along the bar major axis of the
galaxies in our sample (continued in Figure 3). Also shown are the major-axis
profiles of the 2D best-fit bar models (the 1D profiles of the 2D bar models are
generated through the same procedure that was used to generate the 1D
profiles from the galaxy images in Section 3.3; see Section 3.4) for
comparison. The x-axis gives the radial distance in kiloparsecs from the
galaxy center. The red dashed lines denote the Rbar, which is considered the
approximate extent of the bar. Hence, the region within these lines contains the
majority of the bulge and bar flux. In each case, we also provide the bar n
value from the 2D morphological fitting (Section 3.4), as well as the resulting
classification into flat, intermediate, and exponential bar profiles. In the five
galaxies with flat profiles, the characteristic shoulders beyond the central bulge
can be seen, giving the appearance of a “flattening” of the profile within Rbar.
The gaps in the profile are regions which have been flagged as they likely are
regions influenced by spiral arms (Section 3.2).

14 Disks are expected to be exponential even at z > 1 (B. G. Elmegreen
et al. 2005).
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and disk contributions (Figures 4 and 5). As in Section 3.2,
we use spiral arm masks to minimize contamination. Hence,
these are the dominant features appearing in the residuals.
Following the procedure in BK25, we first perform a
bulge–disk dual Sérsic fit with the Python-based package
GALIGHT15 (X. Ding et al. 2022), which implements
the forward-modeling tool LENSTRONOMY16 (S. Birrer &
A. Amara 2018; S. Birrer et al. 2021). This approach provides
access to the full posterior distribution of each fitted parameter,
with optimization carried out using the particle swarm
optimizer (PSO; J. Kennedy & R. Eberhart 1995). We use
the F444W PSF generated using the software PSFEX
(E. Bertin 2011) on the full COSMOS-Web mosaic from
which the galaxy images have been extracted. Furthermore, the
error images are taken from the public COSMOS-Web
database. These include the contributions of the corresponding
weight images and the count-based Poisson noise.

The shapes of the bulge and disk from this initial fit are then
used to initialize the corresponding components in the final
bulge–bar–disk decomposition. The components of this final
composite model are as follows.

1. Bulge. Fixed n= 4 Sérsic model, initialized with the flux
(amplitude), size (effective radius), and shape (e1 and e2)
from the initial fit.

2. Disk. Fixed n= 1 Sérsic model, initialized from the
initial disk fit. In some cases, however, the disk
component in the initial fit included both the disk and
bar (based on visual inspection). To prevent this, we
constrain e1 and e2 to be within 10% of the ellipse at r90
of the best-fit disk model. This provides a robust
automated safeguard against bar contamination.

3. Bar. Variable n = 0.1–1.5 Sérsic model, covering the full
range of bar profiles observed in the S4G sample at z ∼ 0
(T. Kim et al. 2015). We assume this range also applies
at z ∼ 1.5. The bar phase is initialized from the ellipse-
fitting results, while the initial Re is set to 2× the bulge
Re.

It should be noted that the PSO method only allows for
model optimization, and does not provide uncertainties.
Hence, once the model converges, we run an additional
MCMC sampling with the bulge and bar variables free. The
disk flux is also left free, but its shape is fixed. Without this
constraint, the disk can spuriously fit the bar, an issue we aim
to avoid as discussed above. This step provides the error bars
for the measured values used in later analysis.
We check for dependence of our results on our choice of the

bulge n value. Hence, we repeat our analysis with the bulge n
fixed to 2, 2.5, 3, and 3.5 since a high fraction of local bulges
can have n < 4 (H. Gao et al. 2020). Using n= 1 results in
degeneracy with the disk component and requires additional
constraints, which we have tried to avoid. We find that the bar
profile (discussed throughout this paper) does not get
influenced by our choice of bulge index within the range
n = 2–4. The measured bar parameters remain within the
corresponding uncertainties.
For this multicomponent fitting, we have opted for the PSO-

based GALIGHT rather than the more commonly used
χ2-optimization-based GALFIT for a couple of reasons.
Empirically, we find that the latter software is unable to
converge for at least half of the sample. Meanwhile, the PSO-
based approach results in successful convergence throughout
our sample, and the resulting bar model shapes correspond
well to the ellipse-fitting results in terms of PA as well as
visual shape. We conclude that the reason the PSO-based
approach outperforms in terms of χ2 optimization is that the
former explores the full range of the posterior distribution,
whereas the latter follows local gradients in χ2, which also
results in a heavy reliance on the initial guesses. However, we
are unable to implement the multiwavelength features of
GALFIT that could have improved its performance, since we do
not clearly detect the bars in shorter-wavelength images.

3.5. The Bar Length Uncertainty and Its Implication

We fit the bars in our sample galaxies with a Sérsic profile.
However, this does not allow us to measure the bar length.
Physically, the bar length is the maximum extent of the x1
orbits of the trapped stars making up the bar (J. Binney &
S. Tremaine 2008). In the local Universe, this typically

Figure 3. Continuation of Figure 2 for the remaining galaxies.

15 https://github.com/dartoon/galight
16 https://github.com/lenstronomy/lenstronomy
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corresponds to the major axis derived from ellipse fits to
surface brightness isophotes (Section 3.1), beyond which the
bar surface brightness drops rapidly. For this reason, 2D Sérsic
fitting of local bars often includes an additional parameter,
Rbar, the major-axis radius beyond which the profile is
truncated to zero (T. Kim 2014). At z ∼ 1.5, however,
we cannot include Rbar as a variable due to the combined

effects of low S/N and flux confusion with other nonaxisy-
mmetric disk structures (discussed in BK25). For the same
reason, we do not adopt the modified Ferrers profile (E. Laur-
ikainen et al. 2005), which has a variable α describing the
sharpness of the truncation. We plan to revisit this fitting
procedure in future work with improved treatment of disk
substructures.

Figure 4. The 2D morphological fitting of the rest-frame near-IR F444W images for six of the nine galaxies in our sample. The bulge, disk, and bar models are
shown separately, along with the residual (=image − (bulge + disk + bar)) model. The final image is scaled based on the signal-to-noise ratio (S/N), which is the
ratio of the residual flux and the noise image.
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Instead, we use bar lengths (Rbar) from the ellipse-fit
method: the SMA corresponding to the peak ellipticity. This
follows the approach of T. Kim et al. (2021) for galaxies at
z ≲ 0.84. X. Liang et al. (2024) showed that this measure can
overestimate bar length when the intrinsic length is <PSF
FWHM. However, detectability also drops sharply below this
threshold. Since all bars in our sample have SMA
values≳ PSF FWHM, we assume they are only detected
because their intrinsic lengths are also ≳PSF FWHM. We
therefore adopt an uncertainty of 10% (as measured by
X. Liang et al. 2024, for bars ≳PSF FWHM). We note,
however, that the uncertainties in X. Liang et al. (2024) were
derived from local galaxies after applying redshift-dependent
systematic effects and disk scaling relations; intrinsic (sub-)
structural properties at high redshift (Y. Guo et al. 2012, 2015;
Z. Sattari et al. 2023; B. S. Kalita et al. 2024a, 2025a;
W. Mercier et al. 2025) were not considered. Investigating this
effect is beyond the scope of this work. Finally, we correct for
projection effects, by using the axis ratio of the disk (q) and the
PA difference between the major axes of the disk and the bar
(θ):

( ) ( ) ( )
/

= +R R Rsin cos . 2
qbar,corrected
1

bar

2

bar
2

1 2

The lack of truncation in our model may still bias some
measurements, especially the bar Sérsic index. If truncation is
present in the data but not modeled, the Sérsic index may be
artificially lowered to account for the flux drop. To test this, we
performed a second round of 2D fitting with a fixed-radius
truncation, using the ellipse-derived bar length. The ellipse
corresponding to the bar (Section 3.1) was used as the bar
edge, beyond which the bar profile was masked. We then reran
the MCMC sampling, starting from the previous best-fit
values. All bar profile measurements, particularly the Sérsic
index, remained consistent with the original values within their
uncertainties. We therefore conclude that the flatness of the bar

profiles indicated by the Sérsic index is robust, and consistent
with the flat profiles observed both in the visual 1D major-axis
profiles and the 1D fits (Section 3.3).

4. Results

The final compilation of the bar properties of the galaxies in
our sample is provided in Table 1. We now discuss these
parameters in the following subsections.

4.1. Bar Profile

The first key property we study is the bar major-axis profile,
which spans a range from flat to exponential. Using the 1D
flux distribution along the bar ellipse major axis (Section 3.1),
we identify clear shoulders in 5/9 galaxies (Figures 2 and 3),
suggestive of already present flat bars. This qualitative
assessment is further supported by the 1D and 2D Sérsic fits.
For comparison with the literature, we adopt the classification
scheme of T. Kim et al. (2015), which divides bars into flat
(n < 0.4), intermediate (0.4 < n < 0.8), and exponential
(n > 0.8). This highlights that bar surface brightness profiles
are not strictly flat or exponential, but rather span a continuum.
The 1D fits indicate that eight bars in our sample fall in the

flat-to-intermediate regime (n < 0.8), while the 1D fitting
failed in the final one (ID 852; albeit it clearly shows shoulders
in the major-axis profile). However, the major-axis profile does
not capture the full 2D flux distribution, and bar models may
still be influenced by residual disk substructures, even after
masking the primary spiral arms (Section 3.2). This is evident
in some fits where the composite model converges to a
nonphysical configuration, with the bar fitting large-scale
outer-disk fluctuations. To mitigate this, we constrain the
effective radius to ≲1/2 × the bar ellipse major-axis length.
After applying this constraint, the 1D Sérsic indices remain
consistent with the visual major-axis profiles, with bars
showing clear shoulders also exhibiting low Sérsic indices.

Figure 5. 2D morphological fitting of the rest-frame near-IR F444W images for the remaining three of the nine galaxies in our sample.
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The 2D fits corroborate these results, and agree well with the
visual major-axis profiles as can be seen in Figures 2 and 3.
Sérsic indices from this analysis are generally consistent with
the 1D values as can be seen in Figure 6: for five of the eight
bars with 1D Sérsic measurements, the indices agree within
0.1. These correspond to the bars with the lowest indices
(n < 0.6 in both 1D and 2D). We interpret this agreement as a
consequence of flat-bar major-axis profiles being distinctly
different from the exponential disk profiles. Among the
remaining three bars, one has a 1D index of 0.65 and a 2D
index of 0.35 (ID 1704). The other two show 1D indices ∼ 0.7
but 2D indices > 1.2. We conclude that the closer a bar profile
is to that of the disk, the more uncertain the 1D fits become.

4.2. Bar Lengths

The bar lengths (Rbar) measured from ellipse fitting allow us
to compare with bars at z < 1. As shown in Figure 7, our bars
lie well below the median of the distribution observed at
0.2 < z < 0.85 by T. Kim et al. (2021), at >1σ of their scatter.
A lower offset is seen in the normalized bar lengths (with the
disk Re being the normalizing factor; Figure 8). Half of our
values are within ±1σ scatter around the median of their

distribution, while the rest are below it. In both cases, we
cannot determine any correlation with stellar mass from our
data (as expected in the local Universe; P. Erwin 2018; T. Kim
et al. 2021), due to the small sample size.

Table 1
Bar Structural Properties of the Sample Galaxies

ID R.A. Decl. z Galaxy ( )/M Mlog Rbar Re,bar bar n1D Bar n2D QT
(deg) (deg) (dex) (kpc) (kpc)

89 149.85575 2.13022 1.47840 11.17 ± 0.04 4.51 2.25 0.32 ± 0.02 0.17 ± 0.03 0.29 ± 0.07
147 149.74583 2.12594 1.55634 11.06 ± 0.05 2.80 2.64 0.31 ± 0.03 0.59 ± 0.16 0.32 ± 0.08
852 150.44154 2.12922 1.55744 11.38 ± 0.06 4.73 2.62 … 0.17 ± 0.11 0.10 ± 0.03
1147 149.85471 2.11511 1.48173 11.04 ± 0.04 4.96 1.98 0.57 ± 0.03 0.66 ± 0.12 0.26 ± 0.07
1334 150.40292 2.40883 1.51410 10.87 ± 0.10 3.25 2.44 0.24 ± 0.03 0.20 ± 0.07 0.28 ± 0.07
1704 149.77554 2.25164 1.67310 10.90 ± 0.05 2.42 2.17 0.62 ± 0.02 0.30 ± 0.01 0.07 ± 0.02
1749 150.02500 2.35528 1.61099 10.82 ± 0.06 3.39 2.71 0.41 ± 0.03 0.39 ± 0.20 0.32 ± 0.08
1766 149.87879 2.49983 1.67292 11.05 ± 0.06 2.44 0.89 0.69 ± 0.02 1.26 ± 0.04 0.25 ± 0.06
1861 150.00108 2.32144 1.45947 10.86 ± 0.07 2.21 2.55 0.68 ± 0.06 1.36 ± 0.01 0.18 ± 0.05

Figure 6. Bar profiles in 1D and 2D: Sérsic index measurements for each
galaxy in our sample. The x-axis shows the 1D fitting results (Section 3.3),
while the y-axis shows the 2D fitting results (Section 3.4). The shaded regions
indicate the classification scheme: flat (n < 0.4), intermediate (0.4 < n < 0.8),
and exponential (n > 0.8).

Figure 7. Rbar vs. galaxy stellar mass. Also shown are values for late- and
early-type barred galaxies at 0.2 < z < 0.85 from T. Kim et al. (2021), along
with their median and 1σ scatter.

Figure 8. Rbar normalized by the host disk effective radius vs. galaxy stellar
mass for our sample. Gray points show galaxies at 0.5 < z < 0.85 from T. Kim
et al. (2021). Their median and 1σ scatter are shown in red.
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In Figure 9, the two exponential bars are shorter by ∼1–2
kpc compared to the mean of the flatter bars in our sample.
This trend between bar length and Sérsic index agrees with the
distribution of >1010 M*/M⊙ galaxies at 0.2 < z < 0.85 in
T. Kim et al. (2021). This likely suggests that mature bars are
longer, since the flattening of bars due to trapping stellar orbits
also results in an increase in its length. However, if we plot the
ratio of the effective radius (Re) of the bar to that of the disk
(Figure 10), we find no clear correlation.

4.3. Bar Flux Ratio and Axis Ratio

Theoretical studies conclude that bar growth is driven by the
loss of angular momentum, which traps disk particles (stars) in
the bar potential (V. P. Debattista & J. A. Sellwood 2000;
E. Athanassoula 2002, 2003; O. Valenzuela & A. Klypin 2003;
A. Collier et al. 2019a, 2019b; S. Ansar & M. Das 2024). In a
more detailed sense, as the elongated bar (stellar) structure
rotates with a constant angular velocity within a differentially
rotating disk, additional stars in the disk feel its gravitational
effect. Below the corotation radius (the radius at which the
linear velocity of the bar and the disk match), the stars are
moving faster than the bar. Some of these would lose angular
momentum to the bar and align themselves with the elongated
bar orbits. This reinforces the bar, thereby strengthening it. It
should be noted however, that this process occurs primarily
within the corotation radius and hence the bar length is lower
than it (J. A. L. Aguerri et al. 1998). Gradually the bar slows
down due to a net loss of angular momentum, which is
expelled to the outer disk and the surrounding halo. As this
happens, the corotation radius also increases, as the linear
velocities of the bar and the disk will now match at a higher
radius. Hence, the bar is allowed to get longer, with greater
ellipticity (E. Athanassoula & A. Misiriotis 2002), as more
stars align themselves with the bar.

To further investigate the properties of the bars in our
z ∼ 1.5 sample, we examine the relation between bar flux ratio
(Sbar) and ellipticity. The aim is to understand whether the bars
we detect are increasing their ellipticity as they grow in surface

brightness (due to addition of trapped stars). We define Sbar as

( )=S
F

F
, 3bar

bar

total

where the fluxes (F) are the model fluxes within the 3.6 × 3.6
F444W images for each galaxy. Using the e1 and e2 values, we
compute the axis ratio (q ≡ 1 − ε). Uncertainties in both
quantities are derived from the 1σ range of the posterior
distributions in the MCMC sampling. We find a moderate
correlation, r = −0.42 ± 0.18 (Figure 11), driven primarily by
the two intermediate bars. The flat and exponential bars, by
contrast, show similar Sbar values.
We choose this model-based parameterization rather than

the classical A2 (the Fourier amplitude of the m= 2 component
relative to m= 0; K. Ohta et al. 1990; E. Laurikainen &
H. Salo 2002; S. Díaz-García et al. 2016; Y. H. Lee et al. 2019)
for three reasons. First, we avoid biases from imperfect de-
projection: if the disk is not fully face on, the m= 2 amplitude

Figure 9. Bar Sérsic index vs. Rbar for our sample. Values for massive
(M* > 1010 M⊙) local galaxies from T. Kim et al. (2015) are also shown for
comparison.

Figure 10. Ratio of the effective radius of the bar to that of the host disk (x-
axis) vs. bar Sérsic index (y-axis).

Figure 11. The distribution of Sbar (defined in Equation (3)) and the axis ratio
(≡1 − ε), both measured from the 2D fitting in Section 3.4. We find a
correlation coefficient r = −0.42 ± 0.18.
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is artificially boosted. Second, bulges are not always spherical,
so even a correct de-projection can induce additional
nonaxisymmetries. This problem is amplified because the
central regions of these z ∼ 1.5 galaxies are only marginally
resolved. Finally, Cosmic Noon galaxies contain substantial
substructures such as clumps and spirals (B. S. Kalita et al.
2025b, 2024b), which also contribute to the m= 2 signal.

4.4. Quantifying the Effect of Bars

Measurement of the relative flux contained within the bar
(e.g., Sbar) provides only a photometric estimate of bar
strength, and does not directly quantify the physical effect of
the bar on its host galaxy. However, M. K. Seidel et al. (2015)
found that spectroscopy-based kinematic torques induced by
bars are well correlated with the maximum transverse-to-radial
force ratio (Qb; F. Combes & R. H. Sanders 1981; R. Buta &
D. L. Block 2001; E. Laurikainen & H. Salo 2002; R. Buta
et al. 2004; S. Díaz-García et al. 2016; Y. H. Lee et al. 2020),
which can be calculated directly from galaxy images. To date,
Qb has only been measured at z < 0.8 (T. Kim et al. 2021). At
higher redshifts, low S/Ns and the increasingly complex
morphologies of galaxies make such measurements
challenging.

At z > 1, any Qb estimate would reflect the net effect of all
nonaxisymmetric substructures, since disks at these epochs
host abundant clumps and spirals (B. G. Elmegreen &
D. M. Elmegreen 2005; D. M. Elmegreen et al. 2007;
N. M. Förster Schreiber et al. 2011; Y. Guo et al. 2018;
B. S. Kalita et al. 2024a, 2025a, 2025b, 2025c; J. M. Espejo
Salcedo et al. 2025; W. Mercier et al. 2025). Isolating the bar’s
contribution is therefore challenging. To address this, we adopt
a modified Qb measurement that uses our 2D bulge–disk–bar
models (Section 3.4) instead of the direct galaxy images. This
removes the contribution of other nonaxisymmetric features.
For the original procedure, we refer the readers to Y. H. Lee
et al. (2020).

We first de-project the model image using the disk e1 and e2
values (which jointly give the axis ratio and the PA), yielding a
face-on surface brightness profile. This is converted to a mass
surface density, Σ(x, y), assuming a constant mass-to-light
ratio derived from the total F444W flux and stellar mass
(BK25). This approximation may still result in radial
variations since the central regions maybe highly obscured.
However, our choice of the longest band limits this effect.
Moreover, we opt to not use a stellar mass map derived from a
pixel-by-pixel spectral energy distribution (SED) fitting, since
the JWST data only have four wavelength bands. We therefore
find artificial fluctuations of the order of ∼10% of the average
value in the mass map, introduced due to fitting uncertainties.
Given that our analysis depends on the local gradients, it is
highly susceptible to such fluctuations.

We assume the disk to be made up of multiple stacked thin
disks, with the integrated mass surface density Σ(x, y).
However, to account for the vertical profile, we introduce a
thickness factor given as

( ) ( )/=z
h

e
1

2
, 4z h

z

z

where hz is the scale height. Since our galaxies are nearly face
on (axis ratio > 0.6; BK25), we adopt hz = 0.8 ± 0.3 kpc,
which is twice the scale height determined by J. Lian & L. Luo
(2024) using a JWST-based statistical study of edge-on

galaxies. The factor of two is added since the sech2 function
used in their study drops twice as fast as the exponential
function used in this work. The thickness factor, when
integrated over the full vertical extent, reduces to unity. This
is essential as we are using the integrated Σ(x, y) for the whole
disk, rather than a surface density for each thin disk component
we assume the disk is made up of. Therefore the final density
of the disk is given as

( ) ( ) ( ) ( )=x y z x y z, , , . 5

We then compute the gravitational potential by solving
Poisson’s equation using a fast Fourier transform:

( ) ( ) ( )=x y G x y z, 4 , , . 62

The resulting potential is converted from Cartesian to polar
coordinates (r, f) by regridding and linear interpolating. We
calculate two potentials: Φ0(r) from the axisymmetric
bulge + disk model, and Φ(r, f) which also includes the bar.
Their derivatives give the mean radial force

( ) ( ) ( )F r
d r

dr
, 7R

0

and the transverse force

( ) ( ) ( )F r
r

r
,

1 ,
. 8T

The transverse-to-radial force ratio is then defined as

( ) ( )
( )

( )=Q r
F r

F r
,

,
. 9T

T

R

We map QT(r, f) over (r, f) space (Figure 12); its absolute
peak defines Qb. For our sample, Qb values lie between ≲0.10
and 0.50. The lower limit is uncertain, as polar gridding
introduces local peaks ≲0.10. Two galaxies (IDs 852 and
1704) in our sample fall into this regime.

5. Discussion

As we have been able to characterize the morphological
structure of bars in our sample at z∼ 1.5, we will now discuss
the implications.

5.1. The Presence of “Mature” Bars

Our work has leveraged the high-resolution imaging of
JWST/NIRCam to determine the major-axis profiles of bars.
Using both the 1D (Section 3.3) and 2D (Section 3.4) analyses,
we find that seven of the nine barred galaxies have flat-to-
intermediate (n < 0.8) profiles, while the other two lie in the
exponential regime (n > 0.8). The implications of nonexpo-
nential profiles has been debated since the pioneering study
of B. G. Elmegreen & D. M. Elmegreen (1985). These profiles,
generally referred to as flat bars (and more recently subdivided
into flat and intermediate by T. Kim et al. 2015), are mainly found
in early-type systems in the local Universe (B. G. Elmegreen &
D. M. Elmegreen 1985; C. W. Baumgart & C. J. Peterson 1986;
B. G. Elmegreen et al. 1996; M. W. Regan & D. M. Elmegreen
1997). This bias has been interpreted as evidence that flat bars
evolve from exponential bars, growing longer and stronger in the
process (B. G. Elmegreen & D. M. Elmegreen 1989; T. Kim
et al. 2015; Y. H. Lee et al. 2019). More recently, P. Erwin et al.
(2023) showed that bar profile correlates more fundamentally
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with galaxy mass rather than Hubble type, while S. J. Kruk et al.
(2018) suggested an evolutionary trend based on barred galaxy
disks being redder, and hence lower in star formation, than disks
in unbarred galaxies. Direct evidence for profile evolution has
also been found in N-body simulations: S. R. Anderson et al.
(2022) showed that bars begin with exponential profiles and
evolve into flat profiles in ∼1–2 Gyr.

There are still gaps in our understanding of the formation
and evolution of bars at z > 1, where disks have higher
dispersion in comparison to the local Universe (by a factor ∼2
based on H. Übler et al. 2019). Simulations have found
evidence that bars can still form in such conditions, albeit with
weaker strengths (S. Ghosh et al. 2023). These bars can also
survive for >1–2 Gyr if the disk gas fractions are sufficiently
low (<0.6; J. Bland-Hawthorn et al. 2023). There is however
some uncertainty regarding the source of the initial m= 2
perturbation. Although bars have been found to form
spontaneously in the abovementioned N-body simulations,
F. Fragkoudi et al. (2025) use a suite of magnetohydrodyna-
mical cosmological zoom-in (Auriga) simulations to conclude
that the initial m= 2 perturbation is rather a result of mergers.
This is also expected to result in bars that are already
“saturated” in length and unable to grow further. What this
means for the bar profile is unclear however. Y. Zheng &
J. Shen (2025) similarly concluded that interaction-driven bars
follow an accelerated evolutionary pathway. The only
discussion regarding the effect of interaction on the bar profile
has been provided in M. Noguchi (1996), where they suggest a
rapid development of a flat profile using simple analytical
models.

We do not observe any companions for eight of the galaxies
in our sample, or any sign of clear tidal disruption (BK25).
Furthermore, whether the bars in our sample are saturated at
birth also cannot be verified with our bar length measurements
(Section 4.2). The values predicted by the Auriga simulations
for high-z saturated bars (>4 kpc; F. Fragkoudi et al. 2025) are
larger than our bar length estimates. However, our measure-
ments do agree with the bar lengths from other JWST-based
studies (e.g., Y. Guo et al. 2025) at z ∼ 1.5. Such discrepancies

between observations and simulations may reflect differences
introduced by measurement methods rather than true physical
disagreement, as the maximum ellipticity we have adopted is
known to underestimate the bar length (H. Wozniak et al.
1995; E. Athanassoula & A. Misiriotis 2002; E. Laurikainen &
H. Salo 2002; P. Erwin & L. S. Sparke 2003).
The saturated bars are also expected to be longer than their

local counterparts. Hence, more prudent is a comparison of our
results to the barred galaxies at z ∼ 0.3−0.85 in the S4G
sample (T. Kim et al. 2021), which uses the same method of
measurement. Our galaxies fall on the lower end of their
distribution (Figure 7 for absolute lengths; Figure 8 for
normalized lengths). While our study is limited by small
number statistics, other JWST-based surveys (Z. A. Le Conte
et al. 2024; Y. Guo et al. 2025) contain similar numbers of
galaxies per redshift bin, suggesting that our results are still
representative of z ∼ 1.5 galaxies. Hence, the shorter bars at
this epoch in comparison to those at z < 1 do not agree with
such bars being saturated at birth. Therefore, we do not find
any evidence that the majority of the bars in our sample have
been heavily influenced by interactions. Therefore, the mature
bars in our sample likely have developed as a result of secular
evolution.

5.2. The Varying Strength and Impact of z > 1 Bars

Our first estimate of bar strength is the relative rest-frame
near-IR bar flux with respect to the disk (Sbar; Section 4.3). We
find that the maturity of a bar does not necessarily translate
into higher relative surface brightness: flatter (and possibly
longer) bars are not always brighter. A flux-based measure,
however, does not capture the gravitational torque due to the
bar potential, as it ignores bar morphology. Since longer and
flatter bars exert larger torques (Y. H. Lee et al. 2020), we
instead use Qb (Section 4.4) for a more complete quantification
of the bar strength and its impact on the host disk.
Figure 13 shows that Qb is inversely proportional to axis

ratio, as expected for more elongated bars (E. Laurikainen &
H. Salo 2002). Our values follow the relation observed in the
local Universe (Y. H. Lee et al. 2020). While their study finds

Figure 12. Example of Qb measurement. Left: distribution of QT (Equation (9)) in (r, f) space for galaxy ID 89. The four maxima (lime green circles) correspond to
the “corners” of the bar. Right: locations of these maxima overplotted on the galaxy image. The absolute peak of QT, max(QT), is taken as Qb.
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a small offset between early- and late-type galaxies, this
difference is too subtle to make any comparisons to our limited
sample. We also observe that our absolute Qb values at z ∼ 1.5
lie within the average and lower end of scatter of the z < 0.01
sample. We note that disks at these epochs are expected to be
dynamically hotter and thicker. In our calculations, we adopt a
scale height range of 0.8 ± 0.3 kpc, and this range is
propagated into the Qb uncertainties. Thus the similarity in
Qb values indicates that despite different dynamical conditions,
bars at high redshift exert comparable torques on their host
disks as those in the local Universe. This result is consistent
with T. Kim et al. (2021), who found little redshift evolution in
Qb between 0.2 < z < 0.85. Our values are also in agreement
with theirs (Qb = (0.3–0.25) ± 0.15).

Given the large intrinsic scatter in Qb (Y. H. Lee et al. 2020;
T. Kim et al. 2021), the marginal decrease of Qb with Sérsic
index (Figure 14) for seven of the galaxies in our sample cannot
be considered conclusive. Nonetheless, studies of local galaxies
suggest that bars strengthen as they mature (C. W. Baumgart &
C. J. Peterson 1986; B. G. Elmegreen & D. M. Elmegreen 1989;
T. Kim et al. 2015; Y. H. Lee et al. 2019; T. Kim et al. 2021),
which is consistent with our findings. More puzzling are two
remaining galaxies (IDs 852 and 1704) that show flat-bar
profiles but with only upper limits estimates of Qb ≲ 0.10,
therefore falling below the uncertainty threshold (Section 4.4).
ID 1704 in particular has a distinct rectangular, plane-of-the-disk
profile resembling the 4:1 orbital family (G. Contopoulos 1988),

which typically emerges only in strong bars. We find that the
low Qb values in these galaxies arise from the combination of
bar profile and flux. A dominant bulge could also lower Qb by
increasing 〈FR〉 (T. Kim et al. 2021). But both galaxies have low
bulge-to-total ratios (B/T∼ 0.1), at the lower end of our
sample’s range (0.05–0.4). Thus, the question remains: how did
these mature bars weaken?

Figure 13. Distribution of Qb as a function of bar axis ratio, divided into three profile categories. Also shown is the Y. H. Lee et al. (2020) distribution of local barred
galaxies. The gray region denotes Qb values � 0.1, the uncertainty threshold signifying the maximum systematic fluctuations of the measurement procedure.

Figure 14. Qb vs. Sérsic index for the bars in our sample.
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Another possibility is the addition of angular momentum
from accreted gas (F. Bournaud et al. 2005a). At z > 1,
galaxies experience high gas accretion rates, with the accretion
onto the host halos scaling as (1 + z)2.25 (S. Genel et al. 2008;
T. Goerdt et al. 2010; A. Dekel et al. 2013). This could be
playing a contributing role since ID 852 has the second-highest
gas fraction17 ( fgas = Mgas/(Mgas + M�) = 0.64 ± 0.12) in our
sample. Finally, minor mergers can perturb stellar orbits and
weaken bars (I. Martinez-Valpuesta et al. 2017; S. Ghosh
et al. 2021). Such interactions are expected to be more
common at z ≳ 1 (J. M. Lotz et al. 2011; K. B. Mantha et al.
2018). Once again, ID 852 is the only galaxy in our sample
that has a companion.18

5.3. Bars Tracing the Evolution of High-z Disks

The presence of flat mature bars at z ∼ 1.5 indicates that at
least some disks had already undergone significant dynamical
settling by this epoch, albeit the exact time period required to
establish the flatness is unclear. To estimate the timescale of
evolution for the flat bars in our sample, placing the initial
formation epoch at z ∼ 2.5–3.5, we invoke the results of
S. R. Anderson et al. (2022). They find the shoulders, which
give the characteristic flatness of a bar, appear after the bar
evolves for ∼1–2 Gyr in a secular disk. The models used are
purely N-body, without the inclusion of gas and star formation.
The effects of tidal interactions have not been studied. They
do, however, study disks with a range of thicknesses up to
∼900 pc, hence covering the range observed at z > 1 (J. Lian
& L. Luo 2024). With these caveats in mind, we still
emphasize that the detection of such profiles provides a
constraint on the conditions of early disks of our Universe
at z ≳ 2.

The detection of bars up to z ∼ 3.5 with JWST (e.g., Y. Guo
et al. 2023, 2025; Z. A. Le Conte et al. 2024) has already
challenged the classical expectations of bars being nonexistent
beyond z > 1 (K. Sheth et al. 2012). More recently, C. de
Sá-Freitas et al. (2025) have also found that bars in the local
Universe might have existed well before z ∼ 1 based on stellar
age estimates. These disks with high gas fractions
(G. E. Magdis et al. 2012; R. Genzel et al. 2015; A. Saintonge
et al. 2016; L. J. Tacconi et al. 2018) and high turbulence-
driven (ionized) gas velocity dispersion (I. Labbé et al. 2003;
R. Genzel et al. 2011; E. Wisnioski et al. 2015; N. M. Förster
Schreiber et al. 2018, found to be 2–5× higher than that in the
local Universe) were expected not to be conducive for bar
formation. More recently, however, H. Übler et al. (2019) have
presented an extensive study of 535 star-forming disk galaxies,
where they use the KMOS instrument on the Very Large
Telescope (R. Sharples et al. 2013) to determine the ionized
gas velocity dispersion to be 30–45 km s−1 at z ∼ 1–2.5.
This is ∼2× the values observed in the local Universe (24 ±
5 km s−1 in the GHASP sample; B. Epinat et al. 2010).

Meanwhile, the molecular gas velocity dispersion is found
to be ∼10–15 km s−1 lower, including in galaxies at z > 1.

Hence the molecular gas located in star-forming disks is
dynamically decoupled from the low-mass ionized gas
components. Meanwhile, the structures of bars and spirals
are affected by the molecular and stellar components of the
disk (the stars inherit the velocity dispersion of the molecular
gas; F. van Donkelaar et al. 2022), rather than the ionized gas
(C. J. Jog & P. M. Solomon 1984; A. B. Romeo & N. Falstad
2013). Hence the velocity dispersion directly influencing the
formation and evolution of secular structures like bars and
spirals would rather be limited to ∼30 km s−1 at least up to
z ∼ 2.5. Hence, the extreme conditions that were thought to
prevent the formation of bars may not be that extreme.
Our results, however, do not simply indicate the presence of

bars at z > 1.5, but also indicate their long-term survival. This
conclusion extends the discussion of bars at high z beyond the
emergence of the m= 2 modes, and into sustained evolution
for over ∼1–2 Gyr. Using the AGAMA/RAMSES hydrodyna-
mical N-body simulations, J. Bland-Hawthorn et al. (2024)
explore the formation and evolution of bars in high-z turbulent
disks. They find that galaxies with fgas < 0.6 can have bars
forming and evolving for at least 2 Gyr. It is hence worth
noting that seven out of the nine galaxies in our sample have
fgas < 0.6. Out of the two exceptions, ID 852, has a weak bar,
as has been discussed in the previous section. The other
exception is ID 1749, which has a strong bar. But one could
speculate that the high gas fraction could be due to a more
recent accretion of gas and has not influenced the bar for the
majority of its lifetime. Nevertheless, better statistics would be
required to establish a firm connection between gas fractions
and bar strengths.
Finally, M. S. Fujii et al. (2018) provide a theoretical

framework on predicting the disk dominance after disk
settling,19 at the epoch of bar formation. J. Bland-Hawthorn
et al. (2023) verify the relation using 3D hydro simulations.
They conclude that the timescale of bar formation rises
exponentially with a decrease in the disk dominance
parameter, fdisk, which is defined as the square of the ratio of
the circular velocities for the disk and the whole galaxy,
measured at 2.2× the scale length of the disk (Equation (11) in
M. S. Fujii et al. 2018). Once formed, they remain stable and
evolve for at least ∼1–2 Gyr. Hence, the mature bars in our
study verify this prediction, since we know these bars are not
simply transient m= 2 perturbations. Furthermore, with the
expectation of these bars forming at z ∼ 2.5–3.5, we can also
deduce that the fdisk at that epoch would need to be >0.4–0.5
(based on Figure 7 in J. Bland-Hawthorn et al. 2023). It should
be noted that direct measurement of fdisk requires expensive
high-resolution integral-field unit spectroscopic observations
(e.g., S. H. Price et al. 2021). Therefore, quantification of the
bar profile allows us to reliably determine long-lived (mature)
bars, which can be used to indirectly estimate parameters like
fdisk, an estimation of the disk dominance in a galaxy.

6. Summary

In this work, we explore the nature of bars in a sample of
nine massive galaxies (M*/M⊙ = 1010.6−11.4) at zspec ∼ 1.5.
We use rest-frame near-IR JWST/NIRCam F444W imaging
from the COSMOS-Web survey (C. M. Casey et al. 2023).

17 The gas mass is determined using a metallicity-dependent dust-to-gas ratio,
where the dust mass is measured using multiband SED fitting from the
COSMOS2020 catalog (J. R. Weaver et al. 2022). Further details will be
provided in a follow-up paper.
18 We derive a photometric redshift of the companion using the software
CIGALE and find it to be in agreement with the spectroscopic redshift of the
galaxy. Furthermore, the location of the companion is aligned with one of the
spiral arms. Hence, we claim that the structure is a physical companion.

19 A disk is considered settled when the stellar and gas components are in
equilibrium with the dark matter halo and the stellar bulge.
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Leveraging the high spatial resolution, we perform a suite of
morphological analyses to derive a range of bar properties.

1. Ellipse fitting to surface brightness isophotes, used to
identify bars and measure their lengths.

2. Bulge–bar–disk model fitting to the major-axis surface
brightness profile, which provides a visualization of the
bar profile and initial conditions for the 2D analysis.

3. Bulge–bar–disk model fitting to the images, yielding bar
Sérsic indices (as a proxy for the major-axis profile),
effective radii, and bar-to-host flux ratios.

4. Estimation of the radial-to-transverse force ratio (Qb)
from the best-fit 2D models, providing a measure of bar
strength and the gravitational impact on the host galaxy.

From these analyses, we obtain key results that reveal the
nature of galactic bars at Cosmic Noon.

1. We find that five of the nine galaxies host flat, mature
bars with n < 0.4. Of the remaining four, only two bars
have exponential profiles (n > 0.8), indicating young
bars. Hence, the bars at z ∼ 1.5 have survived long
enough (≳1–2 Gyr, based on N-body simulations) to
develop flat profiles (Section 5.1).

2. The mature bars are longer in absolute length than the
two exponential bars, suggesting that bar lengthening
occurs in parallel with profile flattening.

3. We measure the transverse-to-radial force ratio, Qb, for
seven of the nine bars in the sample, providing an
estimate of bar strength. We find the Qb values at z ∼ 1.5
to be comparable to those of local bars.

4. For the bars with measured Qb, we find a marginal
decrease of the value with the bar Sérsic index
(Section 5.2), consistent with the expectation that bars
grow stronger as they mature.

5. However, the two galaxies with the lowest Qb values
(upper limits≲ 0.1) also have flat profiles. We conclude
that these bars may have weakened due to gas accretion
and/or tidal disruptions.

6. Through comparison with simulations, we conclude that
the mature bars at z ∼ 1.5 suggest the presence of settled,
dominant disks by z ∼ 2.5–3.5 (Section 5.3).

In conclusion, we demonstrate that the detailed character-
ization of z > 1 bar morphology, made possible by JWST, can
reveal important insights into the nature and longevity of such
bars, and by association, the host disks.
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