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ABSTRACT

We investigate the evolution of the bar fraction and length using an extended JWST NIRCam imaging dataset of galaxies in the
1 < z < 4 redshift range. We assess the wavelength dependence of the bar fraction in disc galaxies and bar length evolution by
selecting a nearly mass-complete CEERS disc sample and performing independent visual classifications on the short (F200W)
and long (F356W+F444W) wavelength channels. A similar bar fraction is observed for both samples, and combined we find a
declining trend in the bar fraction: O.l6fgf£ atl <z<2; 0.08‘:((’)'.%21 at2 <z<3; 0.07‘:%:%31 at 3 < z < 4. This corroborates our
previous work and other recent studies, suggesting that dynamically cold and rotationally supported massive discs are present at
Cosmic Noon. No evolution in the F356W+F444W bar length is measured from z = 4 to z = 1, which has a mean of 3.6kpc,
but a slight increase of about 1kpc towards z = 1 is measured in the F200W sample, which has a mean of 2.9 kpc. The bar
sample is shorter in the short-wavelength channel due to the better physical spatial resolution; however, we also suggest that dust
obscuration plays a role. We find that the correlation between bar length and galaxy mass for massive galaxies observed at z < 1
is not seen at z > 1. By adding samples of barred galaxies at z < 1, we show that there is a modest increase in the bar length
(= 2kpc) towards z = 0, but bars longer than ~ 8 kpc are only found at z < 1. We show that bars and discs grow in tandem, for
the bar length normalised by disc size does not evolve from z = 4 to z = 0. Not only is a significant population of bars forming
beyond z = 1, but our results also show that some of these bars are as long and strong as the average bar at z ~ 0.



Bbibopka

« JWST/NIRCam un3 apxusa MAST

« CEERS B aByx gnunHax BosiH, F200W &
(F356W+F444W)

o 1<z<4, 2438 ranaktuk Ha nnowagke 88
KB.MWUHYT, C OTPyOOM NO mMacce Tak, YToObl
Ha KaXXJoOM KpaCHOM CMeLLeHnn bbina
nonHota 95% (notom BbIOOPKa
cokpaTunacb Ao 520 AnCcKoBbIX, I<65).

« oTOMETPUYECKNE KPpaCHbIE CMELLEHUS
B3ATbl U3 CANDELS
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Figure 3. Distribution of the best-fit structural parameters from a single 2D Sérsic function fitting using Imfit, performed on the optimised samples for galaxies
between 1 < z < 4. Models fit to F356W and F444W NIRCam images are filled distributions, and those as a result of fits to F200W NIRCam images are unfilled
distributions with black edges. Left: single Sérsic best-fit ellipticity, e. Middle: single Sérsic best-fit Sérsic index, n. Right: single Sérsic best-fit effective radius,
s,
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Figure 4. Evolution of the bar fraction in disc galaxies. At high-z the bar fraction is found in three redshift bins, 1 < z < 2,2 <z<3and? = - = # ==~
the visual classification of the images from the JWST NIRCam filters F356W+F444W (red stars) and F200W (blue stars) and combining the

a total bar fraction (yellow stars). Error bars in fpq, are the 1o~ bimodal interval, and the shaded area is the upper and lower bounds of the Redshift Bar Fraction
text for details). Dashed horizontal error bars show the full range in z of the identified bars, while thick horizontal solid lines show the corresp:
inter-quartile range. The insert shows the bar fraction for the breakdown of strongly (right-pointing triangle) and weakly (left-pointing triangle F200W F356W+F444W F200W+F356W+F444W
The results of Paper 1 are black unfilled squares (HST) and stars (JWST), and in grey are the JWST bar fraction of G25 (diamond), ES25 (circle
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Table 1. The bar fraction for the visually classified samples in F200W, F356W+F444W and F200W+F356W+F444W in three redshift bins. The fpq, is
presented for strongly barred galaxies (SB), weakly barred (WB) and all barred galaxies (B). No strongly barred galaxies were found beyond z = 3. The errors
presented are the statistical 10~ bimodal interval (see text for details).



3aBNCMMOCTb OT MacCcChbl

O * 8 (- F200W Weakly Barred
<4~ F356W+F444W Weakly Barred
> F200W Strongly Barred
| “#  F356W+F444W Strongly Barred ) ''g
(@) e F356W+F444W i
-4:1 >
s
T 0.4 <
F
-
= w
M O0.2 w >
w
, % § < 5 )
® §, . > <
0.0{ * | | |
85 90 95 10.0 10.5 11.0 11.5

log10(M/M.)

Figure 6. The fraction of bars in disc galaxies for a given stellar mass in
the range 8.5 < log(M,/My) < 11.5. We show results for the NIRCam
filters F200W (blue) and F356W+F444W (red). Three different samples are
shown: weakly barred (left-pointing triangle); strongly barred (right-pointing
triangle), and the sum of both weakly and strongly barred galaxies (star).
Error bars in f3 4, show the 10 bimodal interval.
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Figure 7. The evolution of the bar length over 0 < z < 4. The left panels show lengths measured in this work from JWST NIRCam filters F200W (blue) and
F356W+F444W (red) for bars found in galaxies between the redshift range 1 < z < 4, with their normalised distribution (see text for details) shown on the right
panels. The first row shows the distribution of Rogg, whilst the second row is the deprojected Lp, and the third row is the normalised Lpa,, Lpar /Roo. The
high redshift sample is compared against a sample of SDSS i—band barred galaxies at z =~ 0 (G11, black) and a sample of barred galaxies at 0.2 < z < 0.835
using F814W images from the COSMOS survey (K21, grey). The mean value for each parameter in each sample is given in the right panel, with the standard
deviation.
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Figure 9. Single-band images of the example galaxy EGS 23205 in the
NIRCam filters F200W (left) and F444W (right) at z = 2.1. The deprojected
bar length is specified, and the bar is represented by a red ellipse. This
galaxy is chosen to illustrate how bars are measured to be shorter in the short
wavelength channels of NIRCam than in the long wavelength channels. The
rest-frame wavelength is ~ 0.645um and 1.4um for the two wavelengths,
respectively.
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Figure 8. Distribution of the projected bar ellipticity for JWST NIRCam
filters F200W (double hatched) and F356 W+F444W (hatched) for bars found
in galaxies in the redshift range 1 < z < 4. The high redshift sample is
compared against a sample of SDSS barred galaxies at z = 0 (G11, solid
black). The mean ellipticity and standard deviation are given for each sample.
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Figure 11. Distribution of the projected bar ellipticity for the JWST NIRCam
filter F200W (double hatched) and corrected for resolution effects (cross
hatched) for bars found in galaxies in the redshift range 1 < z < 4. Bias-
corrected bar ellipticities are derived from L24 (their Equation 4). The high
redshift sample is compared against a sample of SDSS barred galaxies at
z = 0 G11 (solid black). The mean ellipticity and standard deviation are
given for each sample.
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« BcTpeyaemocTb 6apoB nagaeT ¢ KpacHbIM
CMELLEHNEM.

» [INnHHbIE Bapbl, > 8 KNK, BCTpevarTCcH
TONbKO Ha z<1; HO BOOOLLE OTAENbHOIO
pocta bapa obHapyxuTb He yganocs, L. /R
OCTaeTCH NMOCTOAHHbIM 00 7z=4.

* TOHKME ONCKU, B KOTOPbIX Pa3BUBAIOTCS
bapbl, €CTb M HA KPACHbIX CMELLEHUSAX
BNN1OTb A0 4!
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ABSTRACT

El Gordo (ACT-CL J0102—4915) is a massive galaxy cluster with two major mass components
at redshift z = 0.87. Using SED fitting results from JWST/NIRCam photometry, the fraction of
quenched galaxies in this cluster was measured in two bins of stellar mass: 9 < log (M./Mg) < 10
and 10 < log (M. /M) < 12. While there is no correlation between the quenched fraction and angular
separation from the cluster’s overall center of mass, there is a correlation between the quenched fraction
and angular separation from the center of the nearest of the two mass components for the less-massive
galaxies. This suggests that environmental quenching processes are in place at z ~ 1, and that dwarf
galaxies are more affected by those processes than massive galaxies.
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Figure 3. The parameters log(SFR) vs. log(M.) derived by SED fits of JWST/NIRCam photometry of El Gordo cluster
members. The dashed black line shows the star-formation main sequence best fit from Speagle et al. (2014) for z = 0.87. The
solid black line is 1 dex below the SFMS, representing the quenched threshold as described by Donnari et al. (2021) and Park
et al. (2023). The color represents the age/r value for each galaxy according to the color bar on the right—as expected, galaxies
with lower SFRs have older ages parameterized this way. The shaded region represents the stellar mass range in which we are

incomplete, and the dotted grey lines represent the two mass bins we split the data into.



BrnnaHmne nonoXxeHma ranakTuku
B cybckonneHmn Ha quenching

L o e o 3
[ ® other cluster members 0.5
i A quenched objects ]
L * calculated center of mass |
—49.20 - ® A @ SE Mass Center J
§ = e @ NW Mass Center 1
: LWMC within 1.7 Mpc :
L LWMC within 2.5 Mpe | —1.0
—49.22 - -
r 1 F—1.5
—i i i @)
=T) B i ~
) - 4 —
=, L ] 20 —
20 —
Q § ~
/B —49.24 (LB
A [ 2
L ~—
B0
I =
I —25
—49.26 -
L -3.0
—49.28 - -3.5

L1\ B | I T O O W O 1 | T OOt O | TR B
1578 1577 1576 1575 15.74 1573 1572 1571 1570 15.69
RA [deg]

Figure 4. Positions of cluster galaxies. Quenched objects are shown as triangles with colors indicating specific SFR as shown
on the color bar to the right of the plot. The grey circles mark the other (i.e., not quenched) cluster galaxies. The cyan square
and green pentagon mark the southeast and northwest mass centers, respectively, and the pink and yellow triangles mark the
luminosity-weighted mass centers (LWMCs) within 1.7 and 2.5 Mpc (Frye et al. 2023). The red star marks the center of mass as
computed using the Bagpipes stellar masses of the cluster objects in Module B. The regions separated by black lines represent
the three regions where quenched fraction was measured. The circles are centered on the mass centers and have radii 26", 55",
and 96".
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Figure 5. The quenched fraction of galaxies in El Gordo as
a function of distance to the nearest mass center. Colored
points show the quenched fractions within 3 angular separa-
tion bins from the nearest mass center. Angular separation
from the nearest mass center is given in arcseconds on the
bottom axis, and proper distance from the nearest mass cen-
ter is given in kiloparsecs on the top axis. The sample is
separated into 9 < log (M./Mg) < 10 (green circles), and
10 < log (M./Mg) < 12 (blue triangles). Shading indicates
the boundaries between different regions.
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Figure 6. Quenched fraction compared to other clusters.
The horizontal axis is the projected distance to the cluster
mass center (nearest of the two mass centers, for El Gordo)

normalized to R200, and all galaxies have log(M./Mg) > 9.5.
Red stars show measurements of the quenched fraction of
galaxies in El Gordo, and blue squares show the quenched
fractions for a sample of clusters from the GOGREEN and
GCLASS surveys at 0.867 < z < 1.12 ((2) = 0.96) (Hewitt
et al. 2025). The dashed black line shows the quenched frac-
tion for field galaxies Martis et al. (2016) at z = 0.75-1.0
and with M, > 10%* M.
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Figure 7. Quenched fraction for massive galaxies in El
Gordo compared to galaxies in other clusters. All com-
parisons are for galaxies with 10.25 < log(M./Mp) < 11
and R/R200 < 0.5. El Gordo is shown as a red star. The
other symbols refer to galaxies from the field derived in
the REFINE survey (black open triangles; Sarron & Con-
selice 2021), from the ZFOURGE group sample (full blue
squares; Papovich et al. 2018; Straatman et al. 2016), from
the ORELSE cluster sample (orange hatched region; Lubin
et al. 2009; Straatman et al. 2016), from the Planck cluster
sample at 0.5 < z < 0.7 (full maroon square; van der Burg
et al. 2018), and from the the GOGREEN cluster sample
(full green square; van der Burg et al. 2020; Balogh et al.
2017).
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 BHellHMe Ansa manomMaccuBHbIX
raJ1akTUukK...

* Ho He ram pressure! [lotomy 4yto B NW-
KoHUeHTpauun El Gordo peHTreH He
HabngaeTcs.



