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Disk Break:

• 3 types in radial profile of disk galaxies (Fig 2)
• Type I : single exponential
• Type II : has steeper profile outside

Possibly caused by threshold in molecular surface density, radial migration by bar or spirals, or disk 
instabilities

• Type III : has shallower profile outside
Merger? Tidal disturbance? Confusion with a stellar halo? Star formation due to gas accretion?

JWST enables us to trace the stellar distribution of galaxies at z=1-3

CEERS Data :
• Z=1-3, 𝑀 > 10!" 𝑀⊙ SFGs

• F356W morphology (axis ratio > 0.5, 𝑅$" > 2×𝐹𝑊𝐻𝑀)

• 247 galaxies. 42% barred
• Classification

• Type I, II, III
• Type IIi, IIo for barred galaxies (break inside bar our outside), 

but treat Iio as II
Result
• f_I=12.6%, f_II=56.7%, fIIi=4.9%, f_III=34.8%

: Basically consistent with local results (Fig 3)
• Correlation with physical properties

• Concentration index correlates with f_II and f_III
• Weak correlation with U-V color or stellar mass
• Same trend as local

• Not only the disk structures (spirals and bars, e.g. Fudammoto+22), 
the disk break is already established in the early universe

Discussions
• Simulation predicts that bar-driven radial migration is expected to leads to Rbrk/Rbar=2-3: consistent 

with observations ó however, it takes few Gys
• Disk instability may also lead to a break, by flinging out materials

Astronomy & Astrophysics manuscript no. clean ©ESO 2024
February 7, 2024

JWST reveals a high fraction of disk breaks at 1  z  3
Dewang Xu1,2 and Si-Yue Yu3?

1 Department of Astronomy, Peking University, 5 Yiheyuan Road, Haidian District, Beijing, 100871, China
2 The Kavli Institute for Astronomy and Astrophysics, Peking University, 5 Yiheyuan Road, Haidian District, Beijing, 100871, China
3 Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, 53121 Bonn, Germany

e-mail: phyyueyu@gmail.com, syu@mpifr-bonn.mpg.de

February 7, 2024

ABSTRACT

We have analyzed the deconvolved surface brightness profiles of 247 massive and angularly large disk galaxies at 1  z  3 to
study high-redshift disk breaks, using F356W-band images from the Cosmic Evolution Early Release Science survey. We found that
12.6% of these galaxies have Type I (exponential) profiles, 56.7% have Type II (down-bending) profiles, and 34.8% have Type III
(up-bending) profiles. Moreover, we showed that galaxies that are more massive, centrally concentrated, or redder, tend to show fewer
Type II and more Type III breaks. These fractions and the detected dependencies on galaxy properties are in good agreement with
those observed in the local Universe. In particular, the ratio of the Type II disk break radius to the bar radius in barred galaxies
typically peaks at a value of 2.25, perhaps due to bar-induced radial migration. However, the timescale for secular evolution may be
too lengthy to explain the observed breaks at such high redshifts. Instead, violent disk instabilities may be responsible, where spiral
arms and clumps torque fling out the material, leading to the formation of outer exponential disks. Our results provide further evidence
for the assertion that the Hubble Sequence was already in place during these early periods.
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1. Introduction

The radial distribution of stars in galaxy disks has been widely
described by an exponential function (de Vaucouleurs 1958,
1959; Freeman 1970), which may be a result of the redistribution
of mass and angular momentum due to viscosity (Lin & Pringle
1987). Although an exponential function provides on average a
reasonably successful description, numerous recent works have
pointed out that the outer regions of many galaxies deviate from
this simple functional form and instead are better parameterized
by a double exponential function (Erwin et al. 2005; Pohlen &
Trujillo 2006; Erwin et al. 2008; Gutiérrez et al. 2011; Laine
et al. 2014; Watkins et al. 2019; Tang et al. 2020).

Following the nomenclature of Freeman (1970), which was
further developed by Pohlen & Trujillo (2006) and Erwin et al.
(2008), the disk surface brightness profiles are divided primarily
into three types: Type I, which well follows a single exponential
function; Type II, best fitted by a double exponential function
with a steeper slope in the outer profile; and Type III, best de-
scribed by a double exponential function with a shallower slope
in the outer profile. There are approximately 70%–80% nearby
disk galaxies having Type II or III disk breaks (Pohlen & Tru-
jillo 2006; Erwin et al. 2008; Gutiérrez et al. 2011; Laine et al.
2014; Tang et al. 2020). It has been found that Type II disks are
more prevalent in late-type galaxies, while Type III disk breaks
occur more frequently in early-type systems (Pohlen & Trujillo
2006; Erwin et al. 2008; Gutiérrez et al. 2011; Laine et al. 2016;
Tang et al. 2020). Furthermore, the fraction of Type II profiles
present in cluster disk galaxies is suppressed in comparison to
those found in field galaxies (Erwin et al. 2012; Roediger et al.
2012; Raj et al. 2019; Pfe↵er et al. 2022; but see Pranger et al.
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2017). Type II disk are likely caused by a threshold in molecular
surface density for forming new stars (Kennicutt 1989; Martin
& Kennicutt 2001; Schaye 2004; Elmegreen & Hunter 2006),
radial migration driven by bars or spirals (Sellwood & Binney
2002; Debattista et al. 2006; Bakos et al. 2008; Roškar et al.
2008; Minchev et al. 2012; Di Matteo et al. 2013), or disk insta-
bilities at the earlier Universe (Bournaud et al. 2007). In contrast,
relatively little is known about the origin of Type III disks. Pos-
sible scenarios that have been proposed include mergers (Bekki
1998), tidal disturbances (e.g., Watkins et al. 2019), confusion
with a stellar halo (Martín-Navarro et al. 2012, 2014; Peters et al.
2017), and in situ star formation due to gas accretion (Wang et al.
2018).

Thanks to the Hubble Space Telescope (HST), galaxies ex-
hibiting disk breaks at intermediate redshifts (z . 1) have been
found (Pérez 2004; Trujillo & Pohlen 2005; Azzollini et al.
2008; Bakos et al. 2008; Borla↵ et al. 2018). However, the explo-
ration of disk breaks at higher redshifts (z & 1) using HST has
been limited, due to the clumpy nature of high-redshift galax-
ies observed by HST (Conselice et al. 2008; Mortlock et al.
2013). Recent studies, leveraging the unprecedented sensitivity
and resolution of the James Webb Space Telescope (JWST) in
the infrared, have revealed that a substantial fraction of high-
redshift galaxies are regular disks, rather than being predomi-
nantly clumpy (Ferreira et al. 2022, 2023; Kartaltepe et al. 2023).
These galaxies display features such as spirals and bars as seen
in nearby galaxies (Chen et al. 2022; Fudamoto et al. 2022; Guo
et al. 2023; Le Conte et al. 2023). These findings raise new ques-
tions about the occurrence and frequency of disk breaks in galax-
ies at high redshifts, the knowledge of which may contribute to
our understanding of galaxy evolution. To investigate these ques-
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Fig. 2. Classification of the deconvolved disk profiles into three types: Type I (exponential; top), Type II (down-bending; middle), and Type III
(up-bending; bottom). The left panels plot the deconvolved surface brightness profiles as a function of semi-major axis (SMA) extracted from
deconvolved images. In these, the blue dashed-point line marks the measured bar radius (if present), and the solid red line indicates the identified
disk break radius. The dashed lines represent the best-fit exponential functions. On the right, the panels display the deconvolved F356W-band
images, with overplotted ellipses corresponding to the bar radius (if present) and disk break radius in the same line styles as in the left panels.

5. Discussion and conclusion

A significant proportion of nearby disk galaxies exhibit breaks
in their surface brightness profiles, mainly categorized as Type I,
Type II, and Type III. Studying the potential cosmic evolution of
the fraction of these disk break types could provide insights into
the origin of disk breaks and the process of galaxy evolution.
Through the analysis of deconvolved surface brightness profiles
of 247 CEERS disk galaxies at 1  z  3, we found that not
only are their fraction of break types comparable with those ob-
served in the local Universe (Pohlen & Trujillo 2006; Erwin et al.
2008; Gutiérrez et al. 2011; Laine et al. 2014), but that the depen-
dence of fractions on galaxy properties is similar to previous re-
sults based on nearby galaxies (Gutiérrez et al. 2011; Wang et al.
2018; Tang et al. 2020). This consistency implies that despite

galaxies being intrinsically more luminous (e.g., Yu et al. 2023)
and more compact (e.g., van der Wel et al. 2014) at the earlier
cosmic time, the phenomenon of disk breaks had already been
firmly established in the early Universe. Moreover, our findings
are in good agreement with recent observations by the JWST,
which reveal that regular stellar structures such as bars and spi-
rals, closely resembling their nearby counterparts, are present in
these high-redshift galaxies (e.g., Chen et al. 2022; Fudamoto
et al. 2022; Guo et al. 2023).

Environment may play a role in sculpting the surface bright-
ness profiles. Clusters are rarer at higher redshifts (Gladders &
Yee 2005; Pacaud et al. 2007; Hasselfield et al. 2013), reduc-
ing the likelihood of Type II profile suppression within clus-
ter environments (Erwin et al. 2012; Roediger et al. 2012; Raj
et al. 2019; Pfe↵er et al. 2022). This potentially contributes to
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Fig. 5. Distribution of the ratio of Type II break radius (Rbrk) to bar
radius (Rbar) on the left and the ratio of Rbrk to R90 on the right.

an increase in the fraction of Type II profiles at higher red-
shifts and leads to the observed modest elevation in our re-
ported Type II fraction compared to those identified in the lo-
cal Universe (Fig. 3). In contrast, given that Type III profiles are
more frequent in denser environment (Watkins et al. 2019; Pf-
e↵er et al. 2022), the Type III fraction at higher redshifts may
decrease. Nonetheless, the increased merger rates (Rodriguez-
Gomez et al. 2015) and gas fractions (Geach et al. 2011; Magdis
et al. 2012) observed at higher redshifts may promote the for-
mation of Type III profiles through mergers (Bekki 1998) and in

situ star formation fuelled by gas accretion (Wang et al. 2018),
respectively, compensating for the aforementioned decline.

Previous observational studies have suggested a connection
of Type II disk break to the outer Lindblad resonance (OLR) of
the bar structure (e.g., Pohlen & Trujillo 2006; Erwin et al. 2008;
Muñoz-Mateos et al. 2013; Laine et al. 2014). Simulations have
shown that bars are e↵ective drivers of radial migration through
their corotation resonance (CR), making stars travel several kilo-
parsecs radially both inwards and outwards and leading to the
formation of a down-bending break roughly at the OLR (e.g.,
Debattista et al. 2006; Minchev et al. 2012). Given the position
of the OLR being about 2–3 times the bar radius (Erwin et al.
2008; Muñoz-Mateos et al. 2013), the bar-driven radial migra-
tion leads to Rbrk/Rbar ⇡2–3 on average, potentially explaining
our reported distribution of Rbrk/Rbar. The observation of this
peak from the high-redshift Universe (1  z  3), as reported in
this study, persisting into the local Universe (z ⇡ 0), which was
explored in Muñoz-Mateos et al. (2013), implies that these disk
breaks are likely long-lived structures and evolve in conjunction
with the bars. For unbarred galaxies, Type II breaks could be
a result of radial migration driven solely by spirals (Martínez-
Bautista et al. 2021), particularly in grand-design spiral galaxies
with density-wave arms.

However, we note that the distribution of Rbrk/Rbar spans a
wide range and that the breaks do not show a stronger corre-
lation with bar than disk, thereby suggesting that bars might
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an increase in the fraction of Type II profiles at higher red-
shifts and leads to the observed modest elevation in our re-
ported Type II fraction compared to those identified in the lo-
cal Universe (Fig. 3). In contrast, given that Type III profiles are
more frequent in denser environment (Watkins et al. 2019; Pf-
e↵er et al. 2022), the Type III fraction at higher redshifts may
decrease. Nonetheless, the increased merger rates (Rodriguez-
Gomez et al. 2015) and gas fractions (Geach et al. 2011; Magdis
et al. 2012) observed at higher redshifts may promote the for-
mation of Type III profiles through mergers (Bekki 1998) and in

situ star formation fuelled by gas accretion (Wang et al. 2018),
respectively, compensating for the aforementioned decline.

Previous observational studies have suggested a connection
of Type II disk break to the outer Lindblad resonance (OLR) of
the bar structure (e.g., Pohlen & Trujillo 2006; Erwin et al. 2008;
Muñoz-Mateos et al. 2013; Laine et al. 2014). Simulations have
shown that bars are e↵ective drivers of radial migration through
their corotation resonance (CR), making stars travel several kilo-
parsecs radially both inwards and outwards and leading to the
formation of a down-bending break roughly at the OLR (e.g.,
Debattista et al. 2006; Minchev et al. 2012). Given the position
of the OLR being about 2–3 times the bar radius (Erwin et al.
2008; Muñoz-Mateos et al. 2013), the bar-driven radial migra-
tion leads to Rbrk/Rbar ⇡2–3 on average, potentially explaining
our reported distribution of Rbrk/Rbar. The observation of this
peak from the high-redshift Universe (1  z  3), as reported in
this study, persisting into the local Universe (z ⇡ 0), which was
explored in Muñoz-Mateos et al. (2013), implies that these disk
breaks are likely long-lived structures and evolve in conjunction
with the bars. For unbarred galaxies, Type II breaks could be
a result of radial migration driven solely by spirals (Martínez-
Bautista et al. 2021), particularly in grand-design spiral galaxies
with density-wave arms.

However, we note that the distribution of Rbrk/Rbar spans a
wide range and that the breaks do not show a stronger corre-
lation with bar than disk, thereby suggesting that bars might
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an increase in the fraction of Type II profiles at higher red-
shifts and leads to the observed modest elevation in our re-
ported Type II fraction compared to those identified in the lo-
cal Universe (Fig. 3). In contrast, given that Type III profiles are
more frequent in denser environment (Watkins et al. 2019; Pf-
e↵er et al. 2022), the Type III fraction at higher redshifts may
decrease. Nonetheless, the increased merger rates (Rodriguez-
Gomez et al. 2015) and gas fractions (Geach et al. 2011; Magdis
et al. 2012) observed at higher redshifts may promote the for-
mation of Type III profiles through mergers (Bekki 1998) and in

situ star formation fuelled by gas accretion (Wang et al. 2018),
respectively, compensating for the aforementioned decline.

Previous observational studies have suggested a connection
of Type II disk break to the outer Lindblad resonance (OLR) of
the bar structure (e.g., Pohlen & Trujillo 2006; Erwin et al. 2008;
Muñoz-Mateos et al. 2013; Laine et al. 2014). Simulations have
shown that bars are e↵ective drivers of radial migration through
their corotation resonance (CR), making stars travel several kilo-
parsecs radially both inwards and outwards and leading to the
formation of a down-bending break roughly at the OLR (e.g.,
Debattista et al. 2006; Minchev et al. 2012). Given the position
of the OLR being about 2–3 times the bar radius (Erwin et al.
2008; Muñoz-Mateos et al. 2013), the bar-driven radial migra-
tion leads to Rbrk/Rbar ⇡2–3 on average, potentially explaining
our reported distribution of Rbrk/Rbar. The observation of this
peak from the high-redshift Universe (1  z  3), as reported in
this study, persisting into the local Universe (z ⇡ 0), which was
explored in Muñoz-Mateos et al. (2013), implies that these disk
breaks are likely long-lived structures and evolve in conjunction
with the bars. For unbarred galaxies, Type II breaks could be
a result of radial migration driven solely by spirals (Martínez-
Bautista et al. 2021), particularly in grand-design spiral galaxies
with density-wave arms.

However, we note that the distribution of Rbrk/Rbar spans a
wide range and that the breaks do not show a stronger corre-
lation with bar than disk, thereby suggesting that bars might
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