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• star forming disc galaxies at redshift 0.5 - 3

• observed to have UV-bright / H-alpha-bright clumps

• clump sizes ~1 kpc, clump masses 1e8 - 1e10 Msun

Intro: What are clumpy galaxies?

simulation
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Figure 2. Case examples of galaxies at z ≈ 1–2 exhibiting off-center peaks in the surface brightness distribution. From left to right (f.l.t.r.): observed I775J125H160
three-color postage stamps sized 3.′′4 × 3.′′4, surface brightness distributions in the observed z850 and H160 bands, rest-frame U − V color maps, and the distribution of
stellar surface mass density. The off-center regions with elevated surface brightness tend to be blue, and therefore less pronounced (but still present) in H160 compared
to z850. With a few notable exceptions (ID1683 and ID12328), the stellar mass maps are centrally concentrated and lack regions with elevated surface mass density at
large radii.
(A color version of this figure is available in the online journal.)

object’s segmentation map. The latter scaling was implemented
to avoid any spurious trends due to aperture corrections in the
multi-wavelength catalog containing the integrated photometry.
The corrections are typically of the order of 10%.

The first conclusion to draw from Figure 3 is that the
estimates of the total stellar mass derived from only integrated
photometry are remarkably robust when compared to those
obtained from resolved SED modeling. The median offset in
log(M) is 0.00 dex, with a scatter (normalized median absolute
deviation) of 0.08 dex. The good correspondence also remains
if we were to ignore the constraints from integrated U, Ks,
and IRAC photometry in the resolved approach (i.e., minimize
χ2

res from Equation (1) instead of χ2
res+int from Equation (2). A

significantly larger systematic offset (by 0.2 dex for z ∼ 2 SFGs)
would be obtained if no pixel binning to a minimum S/N level
were applied. The reason is that in such a scenario there are
many individual pixels in the outskirts that have essentially

no color constraints and to which unreasonably large M/L
ratios can be assigned. This will then lead to erroneously
large estimates of their contribution to the stellar mass when
applying resolved SED modeling. Zibetti et al. (2009) carried
out a detailed analysis of nine nearby galaxies (D < 26 Mpc)
that is similar in spirit to ours. These authors find that stellar
masses derived from resolved color information exceed the
masses inferred from integrated photometry by 0–0.2 dex. We
note that in this study, the physical scales probed are an order
of magnitude smaller than attainable with WFC3 for distant
galaxies. We caution therefore that color and stellar population
variations on spatial scales below the resolution limit may still
affect our estimates of the total stellar mass.

More dramatic differences are revealed when considering
estimates of the SFR-weighted stellar age, which quantifies
the age of the bulk of the stars and equals the mass-weighted
age modulo stellar mass loss (see Equation (4) in Wuyts et al.
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Intro: Clumpy galaxies in observations
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The Astrophysical Journal, 774:86 (14pp), 2013 September 1 Elmegreen et al.

Figure 11. Images of the UDF clumpy galaxies studied here with lines showing
the positions of the linear scans used for Figure 10. The passband is i775.
(A color version of this figure is available in the online journal.)

in the ellipse fits for NGC 3344 and NGC 5248 are foreground
stars). This smoothness is consistent with the previous result
that the non-bulge clumps in normal galaxies are smaller than
those in Kiso and UDF galaxies.

6. DISCUSSION

We find that the brightest Kiso galaxies have giant non-
bulge clumps that are similar in mass and surface density to the
non-bulge clumps in high-redshift clumpy galaxies of the same
absolute restframe B magnitude. The local normal galaxies have
much smaller clumps than either of these. This trend in clump
mass and surface density is consistent with a steady decrease
over time in average gas surface density and turbulent speed
in disk galaxies, leading to a corresponding decrease in the
Jeans mass.

The high mass clumps in the Kiso galaxies are often in spiral
arms, but analogous arms cannot be seen in the clumpy UDF
galaxies. Part of the difference in UDF structure could be from
the lack of sufficiently deep, high resolution restframe V-band or
redder observations, where local galaxies show spiral structure
in the old disk stars. However, the restframe UV sampled in
the clumpy UDF galaxies does not show spiral features either,
whereas Galaxy Evolution Explorer UV images of local galaxies
do show spiral arms, even if only in the alignment of clumps. In

Figure 12. Images of the UDF clumpy galaxies studied here with lines showing
the positions of the linear scans used for Figure 10. The passband is i775.
(A color version of this figure is available in the online journal.)

Figure 13. SDSS images in g, r, and i passbands of three local galaxies that
were used to compare the radial profiles with those of clumpy Kiso and UDF
galaxies.
(A color version of this figure is available in the online journal.)

addition, clumpy galaxies without spirals were found in lower-
redshift surveys too (Elmegreen et al. 2009b), in a redshift range
overlapping that of local spiral galaxies, and in those clumpy
galaxies their restframe B- or V-band images have sufficiently
high resolution and depth in the ACS camera to have shown
spirals if they were present.

Kiso galaxies are also midway between UDF and normal
galaxies with respect to the average radial disk profiles. While
all three types have roughly exponential profiles for azimuthally-
averaged light when measured with increasing distance from the
brightest clumps or bulge-like centers, UDF galaxies viewed
in restframe blue or UV light have the most irregularity in
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Figure 4. Examples of visually clumpy galaxies and blobs detected by our automated blob finder. The first three rows show the composite RGB images made by
the F435W, F606W, and F850LP images of the galaxies. The last three rows show the same galaxies in the images used to detect blobs. The detected blobs are
shown by circles. The color of each circle shows the fractional luminosity (FL = Lblob/Lgalaxy) of the blob: magenta, FL > 0.1; blue, 0.05 < FL < 0.1; green,
0.01 < FL < 0.05; and cyan, FL < 0.01. The redshift and M∗ of each galaxy are labeled. For each row, the M∗ increases from the left to the right, while the redshift
increases from the top to the bottom row. In order to show as many as possible examples of blobs, these galaxies are intentionally chosen to have very high clumpiness
from the CANDELS visual classification in the CANDELS/GOODS-S field (see Appendix). Note that the image scales of the first three rows are different from those
of the last three rows.

3.3. Completeness of the Blob Finder

We evaluate the completeness of our blob finder by recovering
fake blobs. For each galaxy in our sample, regardless of whether
it contains detected blobs, we insert one fake blob into its image
in the detection band and re-run our blob finder on it. We use
point sources to mimic the blobs. This simplification is validated
by the fact that the light profile of blobs can be well described
by the PSF of the detection bands (Figure 5). The fluxes of fake
blobs are randomly selected from a uniform distribution between
1% and 20% of the flux of their galaxies. The fake blobs are
only added into the segmentation areas of the galaxies. For each
galaxy, we repeat the process 30 times to improve the statistics.
Comparing with the method of adding arbitrary numbers of
blobs to fake model galaxies (e.g., Sérsic models), our method
largely preserves the distributions of the size, magnitude, surface
brightness profile, and blob crowdedness of real galaxies, which
are all important to the blob detection probability.

The detection probability, i.e., the successful rate of recov-
ering fake blobs, depends on the properties of both galaxies
and blobs. More specifically, it depends on redshift (z), the

magnitude of galaxies (magg), the size of galaxies (re), the mag-
nitude of blobs (magb), the location of blobs (the distance to
the center of the galaxies, db), and the number of blobs in the
galaxies (nb). For each of the real blobs, we assign a detection
probability to it based on its values of the above parameters,
P (z, magg, re, magb, db, nb), if we have at least five detected
fake blobs in the (z, magg, re, magb, db, nb) bin. Otherwise, we
determine its probability by interpolating the marginalized de-
tection probability as a function of the FL of the blobs (the sec-
ond row of Figure 6). In fact, using the probability–magb relation
(the first row of Figure 6) also provides a good approximation for
blobs in the under-sampled bins, but using the probability–FL
relation makes our later analyses easy because we are measuring
the FLF instead of the absolute luminosity function. Only !10%
of our blobs fall in the under-sampled (z, magg, re, magb, db, nb)
bins. Using the interpolated marginalized detection probability
would not affect our later results.

In order to avoid possible contamination from bulges, which
usually stand out in the filtered images (Panel 3 of Figure 3
and hence almost always are detected as blobs, we also exclude
blobs that are within db < 0.5 × re. For example, we only count
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Why are clumpy galaxies interesting 
previous works/simulations

simulation

• clump formation via Violent Disc Instability (Dekel+2009)

• color gradient: clump inspiral

Genzel+2006,2009, Förster-Schreiber+2006,2011, Wuyts+2012, Elmegreen+2013, Tadaki+2014, Murata+2014, Guo+2015, 
Shibuya+2016

Obs.: 

Theory: Bournaud+2007,2008,2009,2014, Dekel+2009, Ceverino+2010,2012, Mandelker+2014, Moody+2014, Tamburello+2015, 

Mayer+2016, Oklopcic+2017

Gas in Galaxies, Valetta

The Astrophysical Journal, 780:57 (18pp), 2014 January 1 Bournaud et al.

Figure 2. Same as Figure 1 for galaxy G2 (medium mass). Detailed sequences and movies of our fiducial models are available in Perret et al. (2013).
(A color version of this figure is available in the online journal.)

Table 1
Model Parameters

Model Stellar Mass Gas Mass Bulge Fraction Supernova Feedback Resolution
(109 M⊙) (109 M⊙) (in Stellar Mass) (pc)

G1 87 130 7.5% Reduced cooling 7
G2 35 52 7.5% Reduced cooling 7
G’2 44 44 13% Thermal cooling 3.5
G3 14 21 7.5% Reduced cooling 7

Notes. Initial mass in stars and gas, bulge fraction (in the stellar mass distribution), cooling
scheme for regions affected by supernovae explosions: unmodified thermal feedback, or reduced
feedback to model non-thermal dissipation (Teyssier et al. 2013), maximal AMR resolution.
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Figure 3. Gas properties of the central galaxy s224 at z = 2. (a) Face-on SFR surface density, (b) face-on line-of-sight (vertical) velocity dispersion, (c) face-on gas
surface density, (d) edge-on SFR surface density, (e) edge-on line-of-sight velocity field overplotted with contours of SFR surface density, and (f) log Q. Each panel
is 10 kpc on a side. All face-on panels are overplotted with Σg = 1000 M⊙ pc−2 contours.
(A color version of this figure is available in the online journal.)
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Figure 4. Time sequence of gas surface density maps showing the disruption of a clump in our model (top), where t = 0 (not shown) is the formation time of the
clump. To demonstrate the role of the wind, we turn it off at z = 2.03 (t = 22 Myr) and show the alternative evolution of non-disruption, virialization and migration
(bottom). The color coding is as in Figure 3(c). The upper rightmost panel shows the mass of gas (solid) and young (<50 Myr) stars (dashed) for four clumps as a
function of time since their formation. The magenta lines are for the clump highlighted on the top and the black for the clump highlighted on the bottom. The jump in
mass of the green lines at t ≈ 60 Myr is a result of a merger between two clumps (not shown in other panels). The typical clump lifetime in the presence of winds is
≈50 Myr, and the mass of new-formed stars is approximately 10% of the maximum clump gas mass. The mass of new-formed stars internal to the clump decreases
following the decrease of the gas mass, as these stars are dispersed out of the clump when the collapse is halted by the return to Q > 1.
(A color version of this figure is available in the online journal.)
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Observed vs. simulated clumps: 
some tension…

simulation

Gas in Galaxies, Valetta

simulations disagree on fate of clumps


simulations and observations probe different things  

  - observations: clumps in stellar light 

  - most theory: clumps in gas density

The Astrophysical Journal, 800:39 (21pp), 2015 February 10 Guo et al.
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Figure 4. Examples of visually clumpy galaxies and blobs detected by our automated blob finder. The first three rows show the composite RGB images made by
the F435W, F606W, and F850LP images of the galaxies. The last three rows show the same galaxies in the images used to detect blobs. The detected blobs are
shown by circles. The color of each circle shows the fractional luminosity (FL = Lblob/Lgalaxy) of the blob: magenta, FL > 0.1; blue, 0.05 < FL < 0.1; green,
0.01 < FL < 0.05; and cyan, FL < 0.01. The redshift and M∗ of each galaxy are labeled. For each row, the M∗ increases from the left to the right, while the redshift
increases from the top to the bottom row. In order to show as many as possible examples of blobs, these galaxies are intentionally chosen to have very high clumpiness
from the CANDELS visual classification in the CANDELS/GOODS-S field (see Appendix). Note that the image scales of the first three rows are different from those
of the last three rows.

3.3. Completeness of the Blob Finder

We evaluate the completeness of our blob finder by recovering
fake blobs. For each galaxy in our sample, regardless of whether
it contains detected blobs, we insert one fake blob into its image
in the detection band and re-run our blob finder on it. We use
point sources to mimic the blobs. This simplification is validated
by the fact that the light profile of blobs can be well described
by the PSF of the detection bands (Figure 5). The fluxes of fake
blobs are randomly selected from a uniform distribution between
1% and 20% of the flux of their galaxies. The fake blobs are
only added into the segmentation areas of the galaxies. For each
galaxy, we repeat the process 30 times to improve the statistics.
Comparing with the method of adding arbitrary numbers of
blobs to fake model galaxies (e.g., Sérsic models), our method
largely preserves the distributions of the size, magnitude, surface
brightness profile, and blob crowdedness of real galaxies, which
are all important to the blob detection probability.

The detection probability, i.e., the successful rate of recov-
ering fake blobs, depends on the properties of both galaxies
and blobs. More specifically, it depends on redshift (z), the

magnitude of galaxies (magg), the size of galaxies (re), the mag-
nitude of blobs (magb), the location of blobs (the distance to
the center of the galaxies, db), and the number of blobs in the
galaxies (nb). For each of the real blobs, we assign a detection
probability to it based on its values of the above parameters,
P (z, magg, re, magb, db, nb), if we have at least five detected
fake blobs in the (z, magg, re, magb, db, nb) bin. Otherwise, we
determine its probability by interpolating the marginalized de-
tection probability as a function of the FL of the blobs (the sec-
ond row of Figure 6). In fact, using the probability–magb relation
(the first row of Figure 6) also provides a good approximation for
blobs in the under-sampled bins, but using the probability–FL
relation makes our later analyses easy because we are measuring
the FLF instead of the absolute luminosity function. Only !10%
of our blobs fall in the under-sampled (z, magg, re, magb, db, nb)
bins. Using the interpolated marginalized detection probability
would not affect our later results.

In order to avoid possible contamination from bulges, which
usually stand out in the filtered images (Panel 3 of Figure 3
and hence almost always are detected as blobs, we also exclude
blobs that are within db < 0.5 × re. For example, we only count
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Figure 2. Same as Figure 1 for galaxy G2 (medium mass). Detailed sequences and movies of our fiducial models are available in Perret et al. (2013).
(A color version of this figure is available in the online journal.)
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G’2 44 44 13% Thermal cooling 3.5
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The NIHAO Simulation suite
90 zoom-in simulations from Milky-Way mass to dwarf galaxies scales
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(82 galaxies in this plots)
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„intrinsic“

The post processing of NIHAO
19 high mass galaxies from the NIHAO sample  

M_star > 1e9 M_sun at redshift z=1.5 
Selection of clumps in light
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A. intrinsic luminosity calculated from simple stellar populations 
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A. intrinsic luminosity calculated from simple stellar populations 

Gas in Galaxies, Valetta

„intrinsic“

„observed“

The post processing of NIHAO
19 high mass galaxies from the NIHAO sample  

M_star > 1e9 M_sun at redshift z=1.5 
Selection of clumps in light

(Domìnguez-Tenreiro+2014) B.  radiative transfer post processing with GRASIL-3D 
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The „observed“ clumpy fraction of 
NIHAO
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Figure 2. Five examples of our clumpy HAEs. From left to right, MIPS 24 µm images, three-color images of V606/I814/H160, V606 band, I814 band ACS images, J125
band, H160 band images by WFC3, and the estimated spatial distribution of stellar mass (see the text for the estimation technique). The size of each image is 3′′ on
each side, except for the MIPS images (40′′ × 40′′). Circles indicate the position of identified clumps.
(A color version of this figure is available in the online journal.)

of multiple components, no matter if a second component (or
an additional component) is a clump formed by gravitational
collapse or an external small galaxy. We find that 41 out
of 100 HAEs (∼41%) have sub-clumps along with the main
component. Such clumpy galaxies are seen everywhere on and
around the main sequence over a wide range in stellar mass, but
the fraction of clumpy galaxies peaks in M∗ ∼ 1010.5 M⊙ and
SFR ∼ 100 M⊙ yr−1 (Figure 1). The fraction of clumpy galaxies
noted here is the lower limit because non-clumpy galaxies could
consist of a few smaller clumps that are not resolved in the
0.′′18 resolution images, especially for less massive galaxies.
On the other hand, the fraction seems to decrease in the most
massive galaxies with M∗ > 1011 M⊙, although clumps, if they
exist, could be more easily resolved in those larger galaxies.
If clumps are continuously formed by gravitational collapse,
their host disks should be gas rich so as to be able to collapse
by overcoming a large velocity dispersion and the shear of
differential rotation. Given that a gas supply through a cold
stream is prevented by a virial shock in a massive halo, our
HAEs with M∗ > 1011 M⊙ would exhaust the bulk of their
gas and would become unable to form new clumps. In fact,
the specific SFRs (=SFR/M∗) of massive HAEs are suppressed
compared with other HAEs, suggesting that they may be just
quenching their star-formation activities.

Also, we investigate the fraction of HAE clumpy galaxies
with 109.5 M⊙ < M∗ < 1010.8 M⊙ as a function of the offset
from the main sequence at a fixed stellar mass: ∆ log(SFR) =
log(SFR) − log(SFRMS). The AGN fraction is likely to be
small in this mass range (Tadaki et al. 2013). Here, the
main sequence is defined as SFRMS = 238(M∗/1011 M⊙)0.94

(Tadaki et al. 2013). However, there is no clear evidence for
a difference between clumpy and non-clumpy galaxies on the
stellar mass–SFR diagram. To identify any systematic difference
in the physical properties between clumpy/non-clumpy galaxies,
we would need to investigate other quantities such as the local
velocity dispersion. In this paper, we simply conclude that
the clumpy signature is common among star-forming galaxies
at z > 2.

3.2. Distribution of Stellar Components

To derive the spatial distribution of stellar components within
a galaxy with high precision, we take into account the mass-to-
light ratio at each position within the galaxy. We therefore first
establish a relation between the I814 −H160 color and the stellar
mass-to-light ratio in the H160 band by using the population
synthesis bulge-disk composite model of Kodama et al. (1999).
We note that the relation between color and mass-to-light ratio
does not depend much on the assumed star-formation histories,
metallicity, or dust extinction because of the age-metallicity-
dust extinction degeneracy (Kodama & Bower 2003), assuming
that the IMF is fixed. The stellar mass at each position within
galaxies is then calculated from the H160-band luminosity and
the mass-to-light ratio derived from the I814 − H160 color. We
used the following conversion equations:

log(M∗/1011) = −0.4(H160 − H11) (1)

∆logM∗ = a exp[b(I814 − H160)], (2)

where H11 = 22.8, a = −2.3, and b = −1.4 at z = 2.2
and H11 = 23.0, a = −2.4, and b = −1.5 at z = 2.5.
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an additional component) is a clump formed by gravitational
collapse or an external small galaxy. We find that 41 out
of 100 HAEs (∼41%) have sub-clumps along with the main
component. Such clumpy galaxies are seen everywhere on and
around the main sequence over a wide range in stellar mass, but
the fraction of clumpy galaxies peaks in M∗ ∼ 1010.5 M⊙ and
SFR ∼ 100 M⊙ yr−1 (Figure 1). The fraction of clumpy galaxies
noted here is the lower limit because non-clumpy galaxies could
consist of a few smaller clumps that are not resolved in the
0.′′18 resolution images, especially for less massive galaxies.
On the other hand, the fraction seems to decrease in the most
massive galaxies with M∗ > 1011 M⊙, although clumps, if they
exist, could be more easily resolved in those larger galaxies.
If clumps are continuously formed by gravitational collapse,
their host disks should be gas rich so as to be able to collapse
by overcoming a large velocity dispersion and the shear of
differential rotation. Given that a gas supply through a cold
stream is prevented by a virial shock in a massive halo, our
HAEs with M∗ > 1011 M⊙ would exhaust the bulk of their
gas and would become unable to form new clumps. In fact,
the specific SFRs (=SFR/M∗) of massive HAEs are suppressed
compared with other HAEs, suggesting that they may be just
quenching their star-formation activities.
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log(SFR) − log(SFRMS). The AGN fraction is likely to be
small in this mass range (Tadaki et al. 2013). Here, the
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(Tadaki et al. 2013). However, there is no clear evidence for
a difference between clumpy and non-clumpy galaxies on the
stellar mass–SFR diagram. To identify any systematic difference
in the physical properties between clumpy/non-clumpy galaxies,
we would need to investigate other quantities such as the local
velocity dispersion. In this paper, we simply conclude that
the clumpy signature is common among star-forming galaxies
at z > 2.

3.2. Distribution of Stellar Components

To derive the spatial distribution of stellar components within
a galaxy with high precision, we take into account the mass-to-
light ratio at each position within the galaxy. We therefore first
establish a relation between the I814 −H160 color and the stellar
mass-to-light ratio in the H160 band by using the population
synthesis bulge-disk composite model of Kodama et al. (1999).
We note that the relation between color and mass-to-light ratio
does not depend much on the assumed star-formation histories,
metallicity, or dust extinction because of the age-metallicity-
dust extinction degeneracy (Kodama & Bower 2003), assuming
that the IMF is fixed. The stellar mass at each position within
galaxies is then calculated from the H160-band luminosity and
the mass-to-light ratio derived from the I814 − H160 color. We
used the following conversion equations:
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of multiple components, no matter if a second component (or
an additional component) is a clump formed by gravitational
collapse or an external small galaxy. We find that 41 out
of 100 HAEs (∼41%) have sub-clumps along with the main
component. Such clumpy galaxies are seen everywhere on and
around the main sequence over a wide range in stellar mass, but
the fraction of clumpy galaxies peaks in M∗ ∼ 1010.5 M⊙ and
SFR ∼ 100 M⊙ yr−1 (Figure 1). The fraction of clumpy galaxies
noted here is the lower limit because non-clumpy galaxies could
consist of a few smaller clumps that are not resolved in the
0.′′18 resolution images, especially for less massive galaxies.
On the other hand, the fraction seems to decrease in the most
massive galaxies with M∗ > 1011 M⊙, although clumps, if they
exist, could be more easily resolved in those larger galaxies.
If clumps are continuously formed by gravitational collapse,
their host disks should be gas rich so as to be able to collapse
by overcoming a large velocity dispersion and the shear of
differential rotation. Given that a gas supply through a cold
stream is prevented by a virial shock in a massive halo, our
HAEs with M∗ > 1011 M⊙ would exhaust the bulk of their
gas and would become unable to form new clumps. In fact,
the specific SFRs (=SFR/M∗) of massive HAEs are suppressed
compared with other HAEs, suggesting that they may be just
quenching their star-formation activities.

Also, we investigate the fraction of HAE clumpy galaxies
with 109.5 M⊙ < M∗ < 1010.8 M⊙ as a function of the offset
from the main sequence at a fixed stellar mass: ∆ log(SFR) =
log(SFR) − log(SFRMS). The AGN fraction is likely to be
small in this mass range (Tadaki et al. 2013). Here, the
main sequence is defined as SFRMS = 238(M∗/1011 M⊙)0.94

(Tadaki et al. 2013). However, there is no clear evidence for
a difference between clumpy and non-clumpy galaxies on the
stellar mass–SFR diagram. To identify any systematic difference
in the physical properties between clumpy/non-clumpy galaxies,
we would need to investigate other quantities such as the local
velocity dispersion. In this paper, we simply conclude that
the clumpy signature is common among star-forming galaxies
at z > 2.

3.2. Distribution of Stellar Components

To derive the spatial distribution of stellar components within
a galaxy with high precision, we take into account the mass-to-
light ratio at each position within the galaxy. We therefore first
establish a relation between the I814 −H160 color and the stellar
mass-to-light ratio in the H160 band by using the population
synthesis bulge-disk composite model of Kodama et al. (1999).
We note that the relation between color and mass-to-light ratio
does not depend much on the assumed star-formation histories,
metallicity, or dust extinction because of the age-metallicity-
dust extinction degeneracy (Kodama & Bower 2003), assuming
that the IMF is fixed. The stellar mass at each position within
galaxies is then calculated from the H160-band luminosity and
the mass-to-light ratio derived from the I814 − H160 color. We
used the following conversion equations:

log(M∗/1011) = −0.4(H160 − H11) (1)

∆logM∗ = a exp[b(I814 − H160)], (2)

where H11 = 22.8, a = −2.3, and b = −1.4 at z = 2.2
and H11 = 23.0, a = −2.4, and b = −1.5 at z = 2.5.
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of multiple components, no matter if a second component (or
an additional component) is a clump formed by gravitational
collapse or an external small galaxy. We find that 41 out
of 100 HAEs (∼41%) have sub-clumps along with the main
component. Such clumpy galaxies are seen everywhere on and
around the main sequence over a wide range in stellar mass, but
the fraction of clumpy galaxies peaks in M∗ ∼ 1010.5 M⊙ and
SFR ∼ 100 M⊙ yr−1 (Figure 1). The fraction of clumpy galaxies
noted here is the lower limit because non-clumpy galaxies could
consist of a few smaller clumps that are not resolved in the
0.′′18 resolution images, especially for less massive galaxies.
On the other hand, the fraction seems to decrease in the most
massive galaxies with M∗ > 1011 M⊙, although clumps, if they
exist, could be more easily resolved in those larger galaxies.
If clumps are continuously formed by gravitational collapse,
their host disks should be gas rich so as to be able to collapse
by overcoming a large velocity dispersion and the shear of
differential rotation. Given that a gas supply through a cold
stream is prevented by a virial shock in a massive halo, our
HAEs with M∗ > 1011 M⊙ would exhaust the bulk of their
gas and would become unable to form new clumps. In fact,
the specific SFRs (=SFR/M∗) of massive HAEs are suppressed
compared with other HAEs, suggesting that they may be just
quenching their star-formation activities.

Also, we investigate the fraction of HAE clumpy galaxies
with 109.5 M⊙ < M∗ < 1010.8 M⊙ as a function of the offset
from the main sequence at a fixed stellar mass: ∆ log(SFR) =
log(SFR) − log(SFRMS). The AGN fraction is likely to be
small in this mass range (Tadaki et al. 2013). Here, the
main sequence is defined as SFRMS = 238(M∗/1011 M⊙)0.94

(Tadaki et al. 2013). However, there is no clear evidence for
a difference between clumpy and non-clumpy galaxies on the
stellar mass–SFR diagram. To identify any systematic difference
in the physical properties between clumpy/non-clumpy galaxies,
we would need to investigate other quantities such as the local
velocity dispersion. In this paper, we simply conclude that
the clumpy signature is common among star-forming galaxies
at z > 2.

3.2. Distribution of Stellar Components

To derive the spatial distribution of stellar components within
a galaxy with high precision, we take into account the mass-to-
light ratio at each position within the galaxy. We therefore first
establish a relation between the I814 −H160 color and the stellar
mass-to-light ratio in the H160 band by using the population
synthesis bulge-disk composite model of Kodama et al. (1999).
We note that the relation between color and mass-to-light ratio
does not depend much on the assumed star-formation histories,
metallicity, or dust extinction because of the age-metallicity-
dust extinction degeneracy (Kodama & Bower 2003), assuming
that the IMF is fixed. The stellar mass at each position within
galaxies is then calculated from the H160-band luminosity and
the mass-to-light ratio derived from the I814 − H160 color. We
used the following conversion equations:

log(M∗/1011) = −0.4(H160 − H11) (1)

∆logM∗ = a exp[b(I814 − H160)], (2)

where H11 = 22.8, a = −2.3, and b = −1.4 at z = 2.2
and H11 = 23.0, a = −2.4, and b = −1.5 at z = 2.5.
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Differences to other Simulations
Star formation and clumps in RP simulations 1395

Figure 3. The average number of clumps is shown as a function of the clump stellar mass (left column), clump stellar mass normalized to the stellar mass of
the disc in the host galaxy (middle column), and the clump stellar mass normalized to the total stellar mass of the host galaxy (right column). Simulations are
divided into RP (red) and no-RP (blue) classes and shown for three redshift ranges, z = 3.0–2.3 (first row), z = 2.3–1.9 (second row), and z = 1.9–1.5 (third
row). In most mass bins, regardless of which normalization is used, no-RP simulations produce more clumps than RP simulations. The ratio between the average
number of no-RP and RP clumps peaks for intermediate-mass clumps. This ratio becomes less dramatic for clump masses larger than Mclump/Mdisc > 5 per cent.
Overall, the average number of clumps per galaxy grows in time with the redshift interval z = 3.0–2.3 hosting fewer clumps than later redshifts.

the trends in the raw clump mass, Mclump. The contrast ratio for RP
clumps also increases with clump mass, but much less rapidly than
in no-RP simulations. At Mclump = 107 M⊙ the median RP contrast
ratio is 1.7, and increases marginally to 2.0 at Mclump = 108 M⊙.

Between Mclump = 108 M⊙ and Mclump = 109 M⊙ the median con-
trast ratio climbs more rapidly and ultimately reaches a contrast
ratio comparable with the no-RP contrast ratio. Thus, the median
contrast ratio in no-RP simulations is systematically higher than
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Figure 3. The average number of clumps is shown as a function of the clump stellar mass (left column), clump stellar mass normalized to the stellar mass of
the disc in the host galaxy (middle column), and the clump stellar mass normalized to the total stellar mass of the host galaxy (right column). Simulations are
divided into RP (red) and no-RP (blue) classes and shown for three redshift ranges, z = 3.0–2.3 (first row), z = 2.3–1.9 (second row), and z = 1.9–1.5 (third
row). In most mass bins, regardless of which normalization is used, no-RP simulations produce more clumps than RP simulations. The ratio between the average
number of no-RP and RP clumps peaks for intermediate-mass clumps. This ratio becomes less dramatic for clump masses larger than Mclump/Mdisc > 5 per cent.
Overall, the average number of clumps per galaxy grows in time with the redshift interval z = 3.0–2.3 hosting fewer clumps than later redshifts.
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Figure 3. The average number of clumps is shown as a function of the clump stellar mass (left column), clump stellar mass normalized to the stellar mass of
the disc in the host galaxy (middle column), and the clump stellar mass normalized to the total stellar mass of the host galaxy (right column). Simulations are
divided into RP (red) and no-RP (blue) classes and shown for three redshift ranges, z = 3.0–2.3 (first row), z = 2.3–1.9 (second row), and z = 1.9–1.5 (third
row). In most mass bins, regardless of which normalization is used, no-RP simulations produce more clumps than RP simulations. The ratio between the average
number of no-RP and RP clumps peaks for intermediate-mass clumps. This ratio becomes less dramatic for clump masses larger than Mclump/Mdisc > 5 per cent.
Overall, the average number of clumps per galaxy grows in time with the redshift interval z = 3.0–2.3 hosting fewer clumps than later redshifts.
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Figure 3. The average number of clumps is shown as a function of the clump stellar mass (left column), clump stellar mass normalized to the stellar mass of
the disc in the host galaxy (middle column), and the clump stellar mass normalized to the total stellar mass of the host galaxy (right column). Simulations are
divided into RP (red) and no-RP (blue) classes and shown for three redshift ranges, z = 3.0–2.3 (first row), z = 2.3–1.9 (second row), and z = 1.9–1.5 (third
row). In most mass bins, regardless of which normalization is used, no-RP simulations produce more clumps than RP simulations. The ratio between the average
number of no-RP and RP clumps peaks for intermediate-mass clumps. This ratio becomes less dramatic for clump masses larger than Mclump/Mdisc > 5 per cent.
Overall, the average number of clumps per galaxy grows in time with the redshift interval z = 3.0–2.3 hosting fewer clumps than later redshifts.
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Figure 3. The average number of clumps is shown as a function of the clump stellar mass (left column), clump stellar mass normalized to the stellar mass of
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row). In most mass bins, regardless of which normalization is used, no-RP simulations produce more clumps than RP simulations. The ratio between the average
number of no-RP and RP clumps peaks for intermediate-mass clumps. This ratio becomes less dramatic for clump masses larger than Mclump/Mdisc > 5 per cent.
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Figure 3. The average number of clumps is shown as a function of the clump stellar mass (left column), clump stellar mass normalized to the stellar mass of
the disc in the host galaxy (middle column), and the clump stellar mass normalized to the total stellar mass of the host galaxy (right column). Simulations are
divided into RP (red) and no-RP (blue) classes and shown for three redshift ranges, z = 3.0–2.3 (first row), z = 2.3–1.9 (second row), and z = 1.9–1.5 (third
row). In most mass bins, regardless of which normalization is used, no-RP simulations produce more clumps than RP simulations. The ratio between the average
number of no-RP and RP clumps peaks for intermediate-mass clumps. This ratio becomes less dramatic for clump masses larger than Mclump/Mdisc > 5 per cent.
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