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Abstract

We investigate the deconvolved color profiles of 223 disk galaxies at redshifts of z = 1–3 observed by the James Webb Space Telescope (JWST) as part of the Cosmic Evolution Early Release Science survey (CEERS). The filters were selected to approximate the rest-frame B − Y color, which is used to identify U-shaped color profiles –those becoming progressively bluer with increasing radius, then turning redder beyond a specific point. We find that 36% of Type II (down-bending) disks exhibit U-shaped color profiles with a minimum at or near the disk break. In contrast, no Type I (single-exponential) disks and only 9% of Type III (up-bending) disks show such a profile. The presence of U-shaped color profiles in Type II disks likely arises from the interplay between a star-formation threshold and spiral- or bar-driven secular radial migration of older stars outward. The fraction of Type II disks exhibiting a U-shaped color profile remains almost consistent across two redshift bins, z = 1–2 and z = 2–3, but is significantly lower than that observed in the local Universe, likely because the secular process of radial migration at high redshift may not have had sufficient time to significantly influence the disk structure. The absence of U-shaped color profiles in Type II disks could point to rapid rather than secular radial star migration potentially caused by violent clump instabilities, transporting both younger and older stars to the outer disk. Our results provide useful constraints on the formation and evolution models of disk galaxies in the early Universe.
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1. Introduction
Since the seminal work by van der Kruit (1979), it has been established that the radial-surface-brightness profile of disk galaxies does not always decline exponentially but instead exhibits a sharp change after several radial scale lengths. Pohlen & Trujillo (2006) and Erwin et al. (2008) identified three main categories of surface brightness profiles: (1) Type I, classical single exponential; (2) Type II, down-bending double exponential; and (3) Type III, up-bending double exponential. The transition between the two exponential segments is referred to as the disk break. In the local Universe, approximately 20%, 50%, and 30% of disk galaxies observed in the optical display Type I, Type II, and Type III surface-brightness profiles, respectively (Pohlen & Trujillo 2006; Erwin et al. 2008; Gutiérrez et al. 2011). Consistent fractions have been obtained in the near-infrared (Laine et al. 2014). These fractions remain largely unchanged at intermediate redshifts (z = 0.1–1.1) (Azzollini et al. 2008b). Leveraging the superior near-infrared imaging capabilities of JWST NIRCam, Xu & Yu (2024) study high-redshift disk galaxies observed in the Cosmic Evolution Early Release Science survey (CEERS) (PI: Finkelstein, ID=1345, Finkelstein et al. 2022) and report fractions of 12.6%, 56.7%, and 34.8% for the three types at z = 1–3, respectively.
Simulations by Roškar et al. (2008) suggested that the Type II disks result from a combination of star formation cut-off in the outer disk and secular radial star migration, and predicted a U-shape in their color profiles. Consistently, observations at redshift z <  1 reveal that most Type II disks exhibit a U-shaped color profile, with the minimum typically located at or near the disk break (Azzollini et al. 2008a; Bakos et al. 2008; Zheng et al. 2015; Marino et al. 2016). In contrast, Type I disks, possibly formed via protogalactic cloud collapse (e.g., Freeman 1970) or viscous redistribution (e.g., Ferguson & Clarke 2001), and Type III disks, possibly formed via interaction with intergalactic environment (e.g., Younger et al. 2007), rarely show U-shaped color profiles.
At high redshifts z ≳ 1, as the timescale for secular processes to exert significant influence is several gigayears (Roškar et al. 2008), spiral- or bar-driven radial migration may not have had sufficient time to make Type II disks. Additionally, the evolution of bar fractions over cosmic time (Kraljic et al. 2012; Rosas-Guevara et al. 2022) and the potential underdevelopment of spiral structures due to turbulence (Elmegreen & Elmegreen 2014) may further limit the impact of secular radial migration during this epoch. These considerations suggest that the fraction of Type II disks at high redshift might decrease; however, this fraction remains comparable to that in the local Universe (Xu & Yu 2024). Therefore, it is suggested that, alongside secular radial migration, a much more rapid mechanism – likely driven by clump instabilities (Bournaud et al. 2007; Bournaud 2016) – could be responsible for the formation of Type II disks at high redshift. Such rapid processes do not necessarily lead to U-shaped color profiles. This dichotomy between secular and rapid mechanisms raises questions about the formation mechanism of the high-redshift Type II disks.
Studying the color profiles of high-redshift disks could significantly enhance our understanding of the physical processes that dominate disk evolution in the early Universe. However, the color profiles of these high-redshift disks remain unexplored. In this Letter, we investigate the color profiles of disk galaxies at redshifts of z = 1–3 using the JWST sample from Xu & Yu (2024) and discuss their implications for the formation and evolution of disk galaxies.
2. Observation material
Xu & Yu (2024) define a sample of 247 face-on disk galaxies at redshifts of z = 1–3 from CEERS, excluding those with tidal features and selecting galaxies with an inclination of i ≤ 60°, stellar mass of M* >  1010 M⊙, and a half-light radius of Re >  2 × F356W full width at half maximum (FWHM). Although the sample may still include galaxies that have undergone minor mergers in the past, these events typically produce Type III profiles rather than Type II. Our analysis focuses on the color profiles of Type II disks, reducing concerns over the potential effects of past minor mergers. The size criterion ensures robust extraction of deconvolved surface-brightness profiles, with the point spread function (PSF) effects removed. Eliminating the PSF smoothing effect is crucial to study galaxy morphology (Yu et al. 2023; Liang et al. 2024). The classification into Type I, II, and III disks was based on the exponential-function fitting to the deconvolved F356W-band profiles (Xu & Yu 2024). The deconvolution process involves subtracting a PSF-convolved multi-Gaussian model from the original image and subsequently adding the model without PSF convolution back to the residual; for details, see Xu & Yu (2024). Adopting this method, we extracted the F115W- and F150W-band surface-brightness profiles that are not available in Xu & Yu (2024). The extraction robustness is automatically ensured due to the narrower PSFs of the F115W- and F150W-band images. Galaxies lacking these two-band images were excluded, leaving 223 galaxies. In these galaxies, there are 41 Type I, 135 Type II, and 83 Type III profiles. Some galaxies exhibit both Type II and Type III breaks. Scale lengths, hs, and break radii, Rbreak, were adopted from Xu & Yu (2024).
Our construction of the color profiles to study these disks is based on the principle that one band traces young stars and another traces older stars. Consequently, we selected F115W or F150W as the blue band, and F356W as the red band. We avoid using F444W, as this would significantly reduce the number of galaxies due to the wider F444W PSF and the requirement of Re >  2 × FWHM for robust deconvolution. To facilitate optimal comparisons of color profiles across different redshift ranges, we selected filters that closely approximate rest-frame B − Y: for z = 1–2, we used F115W − F356W, and for z = 2–3 we used F150W − F356W. To analyze the radial color gradient, we first normalized the profile radius by the characteristic radius, which is set as 2 × hs for Type I disks and Rbreak for Type II and III disks. We then fitted linear functions to the color profile on both sides of the characteristic radius. The fitting regions are selected as the nearly monotonically increasing or decreasing intervals of data. The U-shape in the color profile is identified if the slope of the best-fit linear function at the low-radius side is less than zero, while that at the high radius side is greater than zero. The U-shape position is estimated as the radius where the two best-fit functions intersect.
Figure 1 presents an example of color-profile extraction for a CEERS galaxy at [image: equation] and [image: equation]. The upper panels display the F356W- and F115W-band images with the dashed ellipse marking the break location, while the middle panel shows the extracted deconvolved surface brightness profiles in F356W (red) and F115W (blue). The calculated color profile, clearly exhibiting a U-shape, is shown in the bottom panel.
	[image: thumbnail]	Fig. 1. Illustration of the calculation of color profiles. The upper panels display the F356W- and F115W-band images of the CEERS galaxy at [image: equation] and [image: equation]. The dashed ellipse marks the break location. The middle panel shows the extracted deconvolved surface-brightness profiles for F115W band, marked in blue, and for F356W band, marked in red. The calculated color profile, exhibiting a clear U-shape, is shown in the bottom panel.



3. Results
Figure 2 plots the color profiles of Type I, II, and III disks in the left, middle, and right panels, respectively. The gray curves represent individual profiles. The variation in color is primarily due to stellar mass (Azzollini et al. 2008a; Bakos et al. 2008). The large red diamonds indicate the average color profiles for each type. The average color profiles exhibit a systematic decrease with increasing radius, regardless of disk type. In particular, the average color profiles of all the high-redshift Type II disks in the sample do not show the U-shape. This result differs significantly from the average color profiles observed at redshift z <  1, where a U-shape is evident.
	[image: thumbnail]	Fig. 2. Color profiles of the galaxies at z = 1–3 with JWST/NIRCam. The left, middle, and right panels show the results for Type I, II, and III disks, respectively. The color index is chosen as the best proxy to the rest-frame B − Y color. The radii are scaled to 2 × hs for Type I disks –where hs is the scale length–, and to the break radius Rbreak for Types II and III. Gray curves are individual color profiles. Large red diamonds are the mean color profile for each subsample, and the error bars give the error. The large blue squares in the middle panel show the average color profile for U-shaped Type II disks, with a minimum color of 0.67 dex.



Previous analyses of disk galaxies at z ≈ 0 from the Sloan Digital Sky Survey and disk galaxies at z = 0.1–1.1 from HST ACS imaging both revealed that the average color profiles of all the Type II disks in their sample exhibit a U-shape near the disk break (Bakos et al. 2008; Marino et al. 2016; Azzollini et al. 2008a). The apparent reason is that most of the low- and intermediate-redshift type II disks have the U-shape.
We analyzed the color gradients to determine the shape of each color profile (Sect. 2) and present the distribution of disk galaxies by type and color profile shape in Fig. 3 to show how many of our high-redshift disks exhibit a U-shape. We find that 36% (49 out of 135) of Type II disks exhibit a U-shape at or near the disk break. The ratio of the break position to the U-shape position yields a mean value of 0.97 with a scatter of 0.13. The fraction of U-shaped color profiles in Type II disks is significantly lower than the 70–90% observed at redshift z ≲ 1. In contrast, none and only 9% (8 out of 83) of Type I and Type III disks, respectively, exhibit a U-shaped profile. As a result, the average color profile of both Type I and Type III disks also lacks a U-shape, which is consistent with previous studies of galaxies at low and intermediate redshifts (Azzollini et al. 2008a; Bakos et al. 2008).
	[image: thumbnail]	Fig. 3. Distribution of disk galaxies by type and color profile shape. The black portion of each bar represents the number of galaxies with a U-shaped color profile, while the gray portion indicates those with a non-U shape. Specifically, 36% of Type II disks and 9% of Type III disks exhibit a U-shaped color profile.



To better illustrate the U-shape in high-redshift disks, we plot the average color profile for the 49 Type II disks with a detected U-shape as blue squares in the middle panel of Fig. 2, where a clear U-shape is evident near the disk break. The average U-shape color profile exhibits a minimum value of 0.62 dex. Additionally, we separate our galaxies into two redshift bins, z = 1–2 and z = 2–3, yielding fractions of U-shaped color profiles in Type II disks of [image: equation] and 34.2[image: equation], respectively (Fig. 4). The uncertainties are calculated using the Wilson interval. These fractions do not show significant evolution across the redshift range considered.
	[image: thumbnail]	Fig. 4. Fraction of Type II disks exhibiting U-shaped color profiles as a function of redshift z. The data points represent the observed fractions in two redshift bins: [image: equation] for z = 1–2 and [image: equation] for z = 2–3, with error bars reflecting the associated uncertainties.



4. Implication
Several models have been proposed to explain the different types of disk profiles. Type I disks may form through the collapse of a uniformly rotating protogalactic cloud (Freeman 1970; Fall & Efstathiou 1980) or via viscous redistribution (e.g., Ferguson & Clarke 2001). Consequently, a U-shaped color profile is not expected in these disks.
Type II profiles are genuine features of underlying older stellar disks (Muñoz-Mateos et al. 2013; Laine et al. 2014). The models proposed to explain the occurrence of the Type II profile in stellar disks can be categorized into three branches: (1) protogalactic cloud collapse with angular-momentum conservation and a sharp cut-off in angular momentum (van der Kruit 1987; 2) a star-formation threshold (Kennicutt 1989; Schaye 2004; Elmegreen & Hunter 2006); and (3) radial star migration (e.g., Debattista et al. 2006; Bournaud et al. 2007; Roškar et al. 2008; Minchev et al. 2012; Martínez-Bautista et al. 2021).
The collapse scenario is embedded within the inside-out galaxy-formation process (e.g., Guo et al. 2011). In this scenario, a galaxy forms in a cold dark matter halo and continues to accrete cold gas from the circumgalactic medium. The gas accreted initially has lower angular momentum, causing it to settle in the inner regions, while gas accreted later has higher angular momentum, leading it to fall into the outer regions. As a result, a sharp cut-off in the angular momentum of the accreted gas cloud can cause a truncation in the disk. However, this collapse scenario predicts a break radius at approximately 4.5 times the disk scale length, which is significantly larger than the observed break radii of 2–2.5 times the scale length (Elmegreen & Hunter 2006), making it an unlikely driver of the Type II disk break. The star-formation threshold scenario suggests a suppression of star-formation activity in the outer region, where the molecular gas surface density falls below a threshold value, leading to a truncation in the disk. However, this scenario fails to produce a sufficiently large disk with an exponential profile extending into the outer region (Schaye 2004), and thus does not fully account for the observed disk break. In addition to the star-formation threshold, a complementary mechanism, which relaxes the assumption that most stars currently in the outer disk were formed in situ, is also necessary. Radial star migration, which relocates stars from the inner to outer disk, plays a critical role in making the outer down-bending disk.
Radial star migration can be driven by several mechanisms. Sellwood & Binney (2002) proposed that transient spiral arms cause a dynamical churning effect, resulting in radial migration. Roškar et al. (2008) suggested that migration is primarily driven by the scattering effects of the bar and/or spiral corotation resonance, a secular process that unfolds over a few gigayears (see also Debattista et al. 2006 and Minchev et al. 2012). Khoperskov et al. (2020) and Haywood et al. (2024) propose that bar structures can induce more rapid migration. Their results indicate that young stars trapped by resonances may be displaced outward within ∼1 Gyr as the bar slows down. Additionally, gravitational torques from clumps, as demonstrated by Bournaud et al. (2007), can effectively fling stars outward into the outer disk. This process is highly rapid, with timescales of 300–500 Myr. Despite these complexities, the radial migration is crucial to the formation of Type II disks. Roškar et al. (2008) concluded that Type II disks form through the interplay between secular radial star migration and a star-formation cut-off in the outer disk, predicting an age profile with a U-shape at the break radius. The U-shape arises because secular migration moves old stars from the inner to the outer disk, while star formation in the outer regions has ceased. As young massive stars in the inner regions evolve rapidly and cease their main sequence phase before the secular radial migration takes effect, the stars transported outward are typically older. This scenario likely explains the 36% of Type II disks exhibiting U-shaped color profiles in our sample. We note that while variations in radial dust thickness may contribute to bluer colors at larger radii, they do not explain the U-shaped color profile or the break in the surface-brightness profile (see Fig. 4).
However, 64% of Type II disks do not show U-shaped color profiles and thus cannot be explained by the scenario involving secular radial migration. This is not entirely surprising, because secular processes require several gigayears to operate, and, additionally, the stellar structures that drive secular evolution, such as bars and spirals, might be only just forming at cosmic noon (z ≈ 1–3; e.g., Kraljic et al. 2012; Elmegreen & Elmegreen 2014). These structures may not have had sufficient time for secular evolution to significantly impact the disk. The faster migration mechanism associated with de-acceleration of the bar, as proposed by Khoperskov et al. (2020) and Haywood et al. (2024), may contribute to the formation of these disks. As this process is relatively fast, stars – including young stars – can be transferred outward within 1 Gyr, potentially forming a break in the surface-brightness profile without producing a U-shape color profile. The absence of U-shaped color profiles in some Type II disks could also be explained by radial migration driven by violent clump instabilities at high redshift, which can efficiently move stars outward on much shorter timescales (Bournaud et al. 2007; Bournaud 2016; Wu et al. 2020). A clump induces a kinematic response in the disk, creating over-densities that exchange angular momentum with the clump itself (Bournaud 2010). The gravity torques in clump instabilities are 10–20 times stronger than in secular processes, enabling efficient angular-momentum transfer (Bournaud et al. 2011). As clumps lose angular momentum and move inward, stars in the disk gain angular momentum and migrate outward (Bournaud et al. 2007). Clumps in high-redshift galaxies are now detected in near-infrared using JWST (Kalita et al. 2024a, 2024a). Although clump-instability models (e.g., Bournaud et al. 2007) do not provide any prediction of the age distribution of stars across the radial range, we infer that, in addition to old stars, young massive stars born in the inner regions could be transported to the outer regions in such a rapid process. If the disk break is driven by a combination of a star-formation threshold and rapid radial migration via violent clump instabilities, then Type II disks without U-shaped color profiles could form under these conditions.
For Type III galaxies, the formation mechanisms are less well understood. Minor mergers, gas accretion, and interactions with the intergalactic or circumgalactic environment may all contribute to their formation (Bekki 1998; Younger et al. 2007; Minchev et al. 2012; Watkins et al. 2019; Peters et al. 2017; Wang et al. 2018). Bakos & Trujillo (2012) suggests that some previously identified Type III profiles might be contaminated by stellar halos, arguing that true Type III disks may not exist. Nevertheless, combining these mechanisms, the truncation of recent star formation in the outer disk could account for the few observed Type III disks with U-shaped color profiles.
5. Conclusion
We analyzed the approximate rest-frame B − Y color profiles of 223 disk galaxies at redshifts of z = 1–3 observed by JWST, focusing on their relation to disk breaks. We find that 36% of Type II disks exhibit U-shaped color profiles with a minimum at or near the disk break, suggesting the influence of secular radial migration of old stars combined with a star formation threshold in these systems. The fraction of U-shaped color in Type II disks remains almost consistent across the redshift range z = 1–3, but is significantly lower than that observed in the local Universe. These results indicate that while secular processes are important, they may not have had sufficient time – a few gigayears – to fully shape disk galaxies at high redshifts. In contrast, Type II disks without U-shaped color profiles may suggest rapid rather than secular radial star migration. This may partly align with the scenario proposed by Khoperskov et al. (2020) and Haywood et al. (2024), wherein stars are captured by resonances and are subsequently transferred outward within ∼1 Gyr. Additionally, rapid star migration is also potentially driven by violent clump instabilities (Roškar et al. 2008), which can transport both young and old stars outward on timescales of 300–500 Myr, forming the secondary down-bending outer disk. These findings may offer critical insights into the formation and evolution of disk structures in the early Universe.
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All Figures
	[image: thumbnail]	Fig. 1. Illustration of the calculation of color profiles. The upper panels display the F356W- and F115W-band images of the CEERS galaxy at [image: equation] and [image: equation]. The dashed ellipse marks the break location. The middle panel shows the extracted deconvolved surface-brightness profiles for F115W band, marked in blue, and for F356W band, marked in red. The calculated color profile, exhibiting a clear U-shape, is shown in the bottom panel.
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	[image: thumbnail]	Fig. 2. Color profiles of the galaxies at z = 1–3 with JWST/NIRCam. The left, middle, and right panels show the results for Type I, II, and III disks, respectively. The color index is chosen as the best proxy to the rest-frame B − Y color. The radii are scaled to 2 × hs for Type I disks –where hs is the scale length–, and to the break radius Rbreak for Types II and III. Gray curves are individual color profiles. Large red diamonds are the mean color profile for each subsample, and the error bars give the error. The large blue squares in the middle panel show the average color profile for U-shaped Type II disks, with a minimum color of 0.67 dex.
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	[image: thumbnail]	Fig. 3. Distribution of disk galaxies by type and color profile shape. The black portion of each bar represents the number of galaxies with a U-shaped color profile, while the gray portion indicates those with a non-U shape. Specifically, 36% of Type II disks and 9% of Type III disks exhibit a U-shaped color profile.
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	[image: thumbnail]	Fig. 4. Fraction of Type II disks exhibiting U-shaped color profiles as a function of redshift z. The data points represent the observed fractions in two redshift bins: [image: equation] for z = 1–2 and [image: equation] for z = 2–3, with error bars reflecting the associated uncertainties.
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        Color profiles of the galaxies at z = 1–3 with JWST/NIRCam. The left, middle, and right panels show the results for Type I, II, and III disks, respectively. The color index is chosen as the best proxy to the rest-frame B − Y color. The radii are scaled to 2 × hs for Type I disks –where hs is the scale length–, and to the break radius Rbreak for Types II and III. Gray curves are individual color profiles. Large red diamonds are the mean color profile for each subsample, and the error bars give the error. The large blue squares in the middle panel show the average color profile for U-shaped Type II disks, with a minimum color of 0.67 dex.

      

    

  
    
      Fig. 3. 
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        Distribution of disk galaxies by type and color profile shape. The black portion of each bar represents the number of galaxies with a U-shaped color profile, while the gray portion indicates those with a non-U shape. Specifically, 36% of Type II disks and 9% of Type III disks exhibit a U-shaped color profile.

      

    

  
    
      Fig. 4. 
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        Fraction of Type II disks exhibiting U-shaped color profiles as a function of redshift z. The data points represent the observed fractions in two redshift bins: [image: equation] for z = 1–2 and [image: equation] for z = 2–3, with error bars reflecting the associated uncertainties.
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