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ABSTRACT

Color-color diagrams for the clump and interclump emission in 10 clump-cluster galaxies of the Hubble Ultra Deep
Field (UDF) are made from B,V, i, and z images and compared with models to determine redshifts, star formation
histories, and galaxy masses. These galaxies are members of a class dominated by 5–10 giant clumps, with no
exponential disk or bulge. The redshifts are found to be in the range from 1.6 to 3. The clump emission is typically
40% of the total galaxy emission, and the luminous clump mass is 19% of the total galaxy mass. The clump colors
suggest declining star formation over the last �0.3 Gyr, while the interclump emission is redder than the clumps,
corresponding to a greater age. The clump luminous masses are typically 6 ; 108 M�, and their diameters average
1.8 kpc, making their average density�0.2M� pc�3. Including the interclump populations, assumed to begin form-
ing at z ¼ 6, the total galaxy luminous masses average 6:5 ;1010 M� and their diameters average 19 kpc to the 2 �
noise level. The expected galaxy rotation speeds average�150 km s�1 if they are uniformly rotating disks. The ages of
the clumps are longer than their internal dynamical times by a factor of�8, so they are stable star clusters, but the clump
densities are only�10 times the limiting tidal densities, so they could be deformed by tidal forces. This is consistent
with the observation that some clumps have tails. The clumps could form by gravitational instabilities in accreting
disk gas and then disperse on a�1 Gyr timescale, building up the interclump disk emission, or they could be captured
as gas-rich dwarf galaxies, flaring up with star formation at first and then dispersing. Support for this second possi-
bility comes from the high abundance of nearly identical clumps in the UDF, smaller than 6 pixels, whose distri-
butions on color-magnitude and color-color plots are the same as the galaxy clumps studied here. The distribution of
axial ratios for the combined population of chain and clump-cluster galaxies in the UDF is compared with models and
shown to be consistent with a thick-disk geometry. If these galaxies evolve into today’s disk galaxies, then we are ob-
serving a stage in which accretion and star formation are extremely clumpy and the resulting high velocity dispersions
form thick disks. Several clump-clusters have disk densities that are much larger than in local disks, however,
suggesting an alternate model in which they do not survive until today, but get converted into ellipticals by collisions.

Subject headinggs: galaxies: evolution — galaxies: formation — galaxies: high-redshift — galaxies: irregular

Online material: color figures

1. INTRODUCTION

A high fraction of young galaxies show an irregular clumpy
structure from blue emission that is concentrated into clusters
much larger andmore massive than any found locally. Chain gal-
axies, for example (Cowie et al. 1995; van den Bergh et al. 1996;
Moustakas et al. 2004), are dominated by several giant blue clumps
strung along a line; there are no exponential light profiles or
central red bulges as in spiral galaxies today (Elmegreen et al.
2004c, hereafter Paper I). Dalcanton & Schectman (1996) sug-
gested that chains are edge-on low surface brightness galaxies.
O’Neil et al. (2000) considered high-redshift disk galaxies in
general, many of which have bulges and exponential profiles,
and concluded from the distribution of axial ratios that chains
are edge-on disks. Reshetnikov et al. (2003) showed that the
axial ratios of 34 edge-on galaxies in the Hubble Deep Field are
larger than for local galaxies, implying thicker disks, and noted
that half of their sample, including some face-on galaxies, have
nonexponential profiles like the chains. Edge-on local galaxies
resemble chain galaxies too when seen in projection at ultra-
violet wavelengths, although the local star-forming regions are
much smaller than in chain galaxies (Smith et al. 2001).

Elmegreen et al. (2004a, hereafter Paper II) studied a large
sample of chain and nonexponential clumpy galaxies in a deep

Advanced Camera for Surveys image and confirmed that they
are members of a new class of young galaxies with thick, non-
exponential disks dominated by �109 M� blue clusters. They
have no regular bulge structures, like other disk galaxies at the
same redshifts (Paper I), but sometimes have irregular or offset
bars with a bulgelike size (Elmegreen et al. 2004b, hereafter
Paper III). An objective name for this type was suggested to be
a ‘‘clump cluster,’’ because without kinematic data it was not
known whether each is a conglomeration of preexisting small
galaxies, like a tiny Stephan’s Quintet, or a single coherent
galaxy. A lack of clear rotation in some linear galaxies at high
redshift suggests that they could be conglomerates (Bunker
et al. 2000; Erb et al. 2004). Chain galaxies also lack rotation in
themodels by Taniguchi & Shioya (2001), where the objects are
shocked filaments between expanding galactic-wind bubbles,
and by Iono et al. (2004), where they are interaction-induced
bars with gas inflow. If they are in fact coherent objects, then
‘‘clumpy galaxies’’ might be a better term. Here we refer to
them as clump clusters or clump-cluster galaxies, depending on
the context.
Conselice et al. (2004) noticed a similar dominance of clumps

in many young disk galaxies, including galaxies with bulges
and exponential-like profiles, and called them ‘‘luminous diffuse
objects.’’ Roche et al. (1997) found that faint and large blue
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galaxies with low surface brightness tend to have spiral or
chainlike morphologies. Paper I showed that at I band, chains
dominate all edge-on galaxy types by a factor of�2 beyond the
24th magnitude. Conselice et al. (2004) showed that luminous
diffuse objects dominate star-forming galaxies at redshifts z >
1:5. Conselice et al. (2005) found that peculiar galaxies domi-
nate at z > 2. Consistent with this, there are very few nearby
chain galaxies having I < 22 mag (Abraham et al. 1996).

To study further the formation of stars and disks in young
galaxies, we surveyed the Hubble Ultra Deep Field (UDF) for
more examples of chains and clump clusters. We identified 178
clump clusters with major axes exceeding 10 pixels, and mea-
sured their integrated colors, magnitudes, and surface bright-
nesses, as well as the properties of the individual clumps and
interclump regions. The lack of exponential disks was confirmed
with contour plots and radial profiles. Visual inspection is pre-
ferred for clumpy galaxies because the SExtractor program some-
times mistakes them for multiple sources (Paper I). Here we
discuss 10 examples of this class. A full catalog will be presented
in Elmegreen et al. (2005). The UDF is processed for a resolution
of 0B03 pixel�1; at a redshift between 1 and 3, 0B03 corresponds
to a spatial scale between 220 and 230 pc in a�CDMmodel with
�� ¼ 0:73, �M ¼ 0:27, and H0 ¼ 71 km s�1 Mpc�1 (Spergel
et al. 2003).

Galaxy evolutionmodels of the colors andmagnitudes of dis-
tant galaxies have been used to estimate the redshifts, ages, ex-
tinctions, and stellar masses. Studies of galaxies in the Hubble
Deep Fields North (Papovich et al. 2001; Dickinson et al. 2003)
and South (Rudnick et al. 2003), the Chandra Deep Field South
(Idzi et al. 2004), and in fields observed from the ground (Shapley
et al. 2001) show a general trend of decreasing star formation
rates and increasing stellar mass over time to the present (see
review in Ferguson et al. 2000). We are interested in the ages
and masses of the clump and interclump regions in our sample
and use evolution models like these to compare with the obser-
vations.Wewould like to determine whether the clumps formed
in initially smooth disks as a result of spontaneous gaseous insta-
bilities (Noguchi 1999; Immeli et al. 2004a, 2004b), or whether
they formed by some other mechanism, such as compression-
triggered star formation in giant, hierarchically merging clouds
(Brook et al. 2004). The clumps could also be separate galaxies
combined during minor mergers (Walker et al. 1996; Abadi
et al. 2003). The instability model might apply if the gas accretion
was relatively smooth, as in galaxy formation models by Murali
et al. (2002), Westera et al. (2002), Sommer-Larsen et al. (2003),
and Keres et al. (2005). Smooth gas accretion on the scale of the
disk could occur in the hierarchical model if the gaseous parts of
the accreting galaxies are stripped from the stars at large dis-
tances from the disk and then settle hydrodynamically.

Conselice (2004) suggested that the early build-up phase
of galaxy formation, corresponding to z > 3, is dominated by
major mergers, the intermediate phase at 1 < z < 2 is domi-
nated by hydrodynamic gas accretion, and the late phase (z < 1)
is dominated by minor mergers. He noted that luminous diffuse
objects, which are morphologically similar to clump clusters,
have bright outer regions with low central light concentrations,
and so might be examples of the intermediate phase. The sig-
nature for this may be present in the age and mass distributions
of the clump and interclump regions, studied here.

2. DATA ANALYSIS AND RESULTS

The UDF images used for this study were observed and pro-
cessed by S. Beckwith and coworkers in 2004 and are available
on the STScI archive. The UDF consists of images in four

filters: F435W (hereafter B435 band; 134,880 s exposure), F606W
(V606 band; 135,320 s), F775W (i775 band; 347,110 s), and
F850LP (z850 band; 346,620 s). The magnitude zero points are
posted on the archival data sites: 25.673 (B), 26.486 (V ), 25.654
(i), and 24.862 (z). The images were mosaicked and drizzled
by the HST team to produce final images of 10;500 pixels ;
10;500 pixels with a scale of 0B03 pixel�1. Beckwith et al. used
the program SExtractor to identify some 10,040 sources, so we
use their nomenclature for the sources that we found indepen-
dently by visual examination.

Figure 1 shows 10 of the most spectacular clump clusters seen
at i775 band. They were chosen because of their large angular
size, good resolution into clump and interclump regions, and
wide range of feature types representing most galaxies in this
class. Their positions and integrated properties are in Table 1.
Some have multiple UDF numbers because SExtractor iden-
tified the individual large clumps as separate sources. In the fig-
ure, contour plots of intensity are drawn with the lowest contour
1 � above sky noise, corresponding to a surface brightness of
26.8 mag arcsec�2 at i775 band. The lower left-hand bar in each
panel represents 0B5. The numbers in the lower right are the
UDF catalog numbers.

Objects UDF 3483 andUDF 82+99+103 are ringlike galaxies,
while UDF 7081+7136+7170, UDF 4245+4450+4466+4501+
4595, UDF 3034+3129, UDF 3465+3597, and UDF 3483 have
linear central sections resembling bars (Paper III). UDF 4245+
also has several small clumps distributed around the periph-
ery, while galaxy CC 1 has many small clumps throughout the
body. UDF 2012 apparently has a dust lane running through the
middle.

The integrated galaxy magnitude was measured in a rect-
angular box with edges defined by the i775 isophotal contours
2 � above the sky noise for each filter (corresponding to a sur-
face brightness of 26.0 mag arcsec�2). We also did photom-
etry on each prominent clump and several interclump regions,
giving surface brightnesses and colors. Clump photometry was
done using imstat in IRAF by measuring the total flux inside a
box that surrounds the clump and then subtracting the adjacent
background in the same size box. The background was based on
several flux readings in the immediate neighborhood of the
clump.

Bright clumps have surface brightnesses that are �1.5 mag
arcsec�2 brighter than the interclump regions. On average,�40%
of the i-band luminosity is in the clumps, as indicated by the
clump luminosity fractions flum in Table 1. This luminosity frac-
tion corresponds to a different rest-frame wavelength in each case
because the galaxy redshifts differ, so it is only meant to be a
indicator of the highly clumped morphology viewed at i band.
The two cases with small flum values, UDF 4245+ andCC 1, have
many more clumps, and each is much smaller than in the other
objects. Most clump colors within a given object are similar to
each other, although some apparently dusty interclump regions
are much redder than others, such as the dust lane in galaxy
UDF 2012.

A color-magnitude diagram for i775 versus i775 � z850 is
shown in Figure 2 for all of the big clumps in Figure 1 (circles)
and for the sum of these clumps (small squares) and the inte-
grated galaxies (large squares). The i775 magnitudes of the
clumps range from 25.4 to 30.5. The colors lie mostly in a nar-
row range for each galaxy, but they vary from galaxy to galaxy
with the redshift (see below).

Color-color diagrams for each clump-cluster galaxy are in
Figures 3 and 4. The circles are the clumps, the crosses are the
interclump media at various positions, the big squares are the
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integrated galaxies, the small squares are average colors of
the clumps (weighted by clump luminosity), and the small tri-
angles are the average weighted colors of the measured inter-
clump emissions. Superposed curves are best-fit models that are
described in x 3. The reddest B435 � V606 colors are in UDF
3034+3129 and UDF 2012. In UDF 3034+3129, the central
clump in the image has B435 � V606 ¼ 1:8 mag; in UDF 2012,
most of the red interclumps at B� V > 1 mag are in the dust
lane. Also very red (B435 � V606 ¼ 1:1mag) is the large western
clump in UDF 4245+, which has a similarly red interclump
region. The two bluest clumps in B435 � V606 are in UDF 7081+
(the southernmost round clump) and UDF 2012 (the central
clump just above the dust lane). The bluest clump in i775 � z850
is in CC 1 and is a faint clump in the southeast. Figures 3 and 4

show that the interclump regions are systematically redder than
the clumps.

3. COMPARISON WITH MODELS

3.1. Model Components

Photometric redshifts for the 10 clump-cluster galaxies and the
ages and luminous masses of the clumps and interclump regions
were determined by comparison with stellar population models.
The luminous mass is defined to be themass that fits the observed
emission in the bandpasses that we have available. This mass
does not include possible contributions from older populations of
stars that do not emit significantly in the observed bandpasses
and are not modeled explicitly in the star formation history.

Fig. 1.—Gray-scale i-band images and contour plots for 10 clump-cluster galaxies. The bar indicates 0B5; galaxy UDF names are noted. The contours are linear in
steps of 1 � sky noise, with the outermost contour at 26.8 mag arcsec�2.
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TABLE 1

Properties of Galaxies

Position

(J2000.0)

UDF ID Numbers R.A. Decl.

i775

(mag)

B435 � V606

(mag)

V606 � i775

(mag)

i775 � z850

(mag)

�775

(mag arcsec�2) Number flum

82+99+103 .................................... 3 32 40.7472 27 49 26.047 23.6 0.43 0.25 0.30 25.1 8 0.48

3034+3129 .................................... 3 32 37.8404 27 47 56.390 24.0 0.82 0.18 0.08 24.6 5 0.44

2012............................................... 3 32 35.9178 27 48 17.216 24.3 0.80 0.11 0.12 25.0 10 0.38

3483............................................... 3 32 36.3842 27 47 47.125 23.4 0.20 0.14 0.13 24.5 12 0.30

3465+3597 .................................... 3 32 35.6573 27 47 48.567 23.5 0.11 0.04 0.02 24.3 11 0.34

CC 1a............................................. 3 32 49.3154 27 47 26.377 22.0 0.44 0.16 �0.07 23.9 11 0.13

4245+4450+4466+4501+4595...... 3 32 28.9470 27 47 37.730 22.6 0.08 2.75 �2.18 23.7 14 0.06

1666............................................... 3 32 41.3128 27 48 21.154 23.9 0.09 0.10 0.45 25.2 13 0.39

7081+7136+7170 .......................... 3 32 38.9909 27 46 56.265 24.5 0.06 0.10 0.34 25.9 8 0.38

6462+6886 .................................... 3 32 43.5596 27 46 59.376 23.5 0.18 0.32 0.27 25.5 8 0.36

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
a No UDF number is given for this because it is near the edge of the image, so we use CC for ‘‘clump cluster.’’

Fig. 2.—Color-magnitude distribution for clumps (circles), for the sum of all clumps (small squares), and for the whole galaxy (big squares). Abbreviated galaxy
names are indicated.



The models used the GALAXEV tables of spectra in Bruzual
& Charlot (2003) for the Padova1994 evolutionary tracks with
a Chabrier (2003) initial mass function (IMF; extending from
0.1 to 100 M� with a flattening below �0.5 M�). These tables
give integrated population spectra at 1221 wavelengths from
91 8 to 160 �m and at 221 times from 1:25 ;105 to 2 ;1010 yr.
We use the low-resolution version. The spectra were integrated
over time with two basic time dependencies for star formation, a
constant rate, and an exponentially decreasing rate with time-
scales of 107, 3 ; 107, 108, 3 ;108, and 109 yr. A choice of six
metallicities is available in GALAXEV. Shapley et al. (2004)
found that the metallicities for seven disk galaxies at the same
redshifts as those found here (z � 2 2:5) are approximately so-
lar (Z ¼ 0:02). Themetallicity of theMilkyWay thick disk, which
may have formed at about this epoch (Dalcanton & Bernstein
2002; Brook et al. 2004) peaks at ½Fe/H� ffi �0:6 (Z ¼ 0:005).
We use Z ¼ 0:008 in what follows; different metallicities did
not change the results significantly.

Absorption from cosmological hydrogen lines was included
according to the prescription in Madau (1995), taking Lyman
series lines up to order 20 and including continuum absorp-
tion. Figure 5 shows the resulting transmission for a source at
z ¼ 3:5 for comparison with Figure 3 of Madau (1995). Dust
absorption was included using the wavelength dependence in
Calzetti et al. (2000) with the short-wavelength modification in
Leitherer et al. (2002) and the redshift dependence for galaxy
intrinsic AV extinction in Rowan-Robinson (2003). The result-
ing rest-frame dust transmissions for galaxies at z ¼ 1 and z ¼
3:5 are shown in Figure 6. Other estimates of extinction in z � 2
disk galaxies are 2 or 3 times higher than these (e.g., Adelberger
& Steidel 2000; Papovich et al. 2001), so two other sets of
models with twice and 4 times the Rowan-Robinson extinction
were fit to our data for comparison, as discussed below. In gen-
eral, higher extinction lowers the age and mass-to-luminosity
ratio as the intrinsic stellar populations become bluer and brighter,
but the masses may either increase or decrease depending on the

Fig. 3.—Color-color distribution of clumps (circles), interclump regions (crosses), and whole galaxies (large squares). The average colors for the clumps (small
squares) and interclump regions (triangles) are also shown. Curves are theoretical models that best match the fitted redshifts of the galaxies to the nearest 0.25. In
general, the lower curves (bluer) correspond to the largest star formation decay times, which are assumed to be infinite, 107, 3 ; 107, 108, 3 ;108, and 109 yr. The best-fit
models are determined simultaneously from both this color-color plot and the one in Fig. 4. Observed points that are far off the range of scales are indicated by arrows;
they were not included in the model fits. [See the electronic edition of the Journal for a color version of this figure.]
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relative size of the changes in M/L and 100.4A for extinction A;
the redshift solutions do not change noticeably with extinction
over this range.

3.2. Model Color Evolution

The time-integrated spectra, corrected for cosmological hy-
drogen absorption and intrinsic galactic dust, were convolved
with the four throughput functions for the B435, V606, i775, and z850
filters, as determined from the IRAF task synphot (kindly run for
us by J. Mack at STScI). Equation (8) in the postscript file sup-
plement of the GALAXEV download was used in the AB mag-
nitudes convention. Because this AB version was not written
explicitly for intensity as function of wavelength, we give it here:

m ¼� 2:5

; log

R 1
�1 dkk Lk k 1þ zð Þ�1

h i.
1þ zð Þc4�d 2

L

n o
F(k)

R1
�1 dk=kð ÞF(k)

0
@

1
A

� 48:60: ð1Þ

To get the constants of proportionality, the luminosity L in
GALAXEV, which is tabulated in units of L�8�1 for each solar
mass of stars, was converted to ergs s�1 8�1 using L� ¼ 3:826 ;
1033 ergs s�1; c is the speed of light in cm s�1, and dL is the
luminosity distance in cm. The filter function F(k) is dimen-
sionless, as is dk /k in the denominator. The combination dkLk
has dimensions of ergs when k is in 8, but the other k in the nu-
merator has to be converted to cm to give k /c ¼ 1/ 3 ; 1018ð Þ s1;
k is the observed wavelength.

Models of color versus time are in Figure 7 for three val-
ues of redshift and for the six star formation histories. The lower
curve in each panel (bluest color) is for continuous star for-
mation and the upper curve (reddest color) is for the most
rapidly decaying star formation, with an exponential decay
time of 10 Myr. Intermediate curves span the range of expo-
nential decay times � indicated in the figures. The colors rise
with time rapidly, especially at high redshift, because of the

Fig. 4.—Color-color distribution of clumps (circles), interclump regions (crosses), whole galaxies (large squares), and averages (small squares, triangles) are shown
as in Fig. 3, along with theoretical tracks that are closest in redshift to the fitted values. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 5.—Transmission from foreground cosmological hydrogen clouds for
a galaxy at redshift z ¼ 3:5 calculated using the method of Madau (1995).

Fig. 6.—Transmission from dust inside the model galaxies using the Calzetti
et al. (2000) and Leitherer et al. (2002) extinction curves and the intrinsic AV

extinction in Rowan-Robinson (2003). Dust produces less spectral structure and
color variation than cosmological hydrogen absorption, so the redshifts derived
here are not sensitive to internal extinction.
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depletion of UV light in the absence of current star formation.
The Lyman absorption jump shown in Figure 5 reddens the
B435 � V606 values for all of the curves when z > 3:5 (the
dropout effect; Steidel et al. 1996). The redshifts of star for-
mation corresponding to the times on the abscissae are indi-
cated on the top axes. Analogous models without intrinsic dust
extinction differed only a little in color, at most �0.1 mag in
B435 � V606.

Model color-color plots are shown in Figures 8 and 9. Stellar
age in the rest frame of the galaxy increases along the curves
from 0 at the bottom left (bluest colors) to whatever age cor-
responds to z � 8 at the observed redshift (5.3, 2.7, and 1.5 Gyr
at z ¼ 1, 2, and 3, respectively). The different star formation
histories have separate curves. Solid curves have dust extinc-
tion from Rowan-Robinson (2003), and dashed curves have
4 times this extinction. Generally, the more continuous the star
formation, the closer the curve stays to the lower left end, even

at large times. The most extreme red values occur for the most
rapid decay, where the exponential time is � ¼ 10 Myr.

3.3. Photometric Redshifts

The observed colors of the clump and interclump emissions
correspond to the lower left parts of the theoretical color-color
curves. Figures 3 and 4 show the data and models together,
using the redshift models that best match the colors. To find
these redshifts, we made models with the six star formation
histories mentioned above and with redshifts ranging from
z ¼ 0 to 6.75 in intervals of z ¼ 0:25. Model colors were tab-
ulated for a wide range of times within each history type. The
rms deviations between the average clump positions and the
models on both color-color plots were then determined for each
clump-cluster galaxy, and the model with the minimum rms was
chosen. The highly deviant colors shown by arrows in the fig-
ures were not used for this. Thus the photometric redshifts are

Fig. 7.—Model colors vs. population age for three galaxy redshifts, z ¼ 1, 2, and 3, and six models of the star formation history, as in Fig. 3. Redshifts corresponding
to the population ages for given galaxy redshifts are on the top axis. The tick marks for these redshifts are not the same interval throughout, but they should still be self-
evident; for example, on the top left, the tick marks are at 1.002, 1.003, 1.004, etc., to 1.01, and then 1.01, 1.02, 1.03, etc., to 1.1, and then 1.1, 1.2, 1.3, etc., to 2. [See the
electronic edition of the Journal for a color version of this figure.]
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based only on the clump colors, not the average galaxy colors or
the interclump emission. We do this because clumps are more
homogeneous than whole galaxies. The fit to the redshift also
gives the preferred star formation decay time � and the average
age of the clumps in each object.

We solved for the three main variables (redshift, decay time,
age) in a certain way to minimize possible variations from in-
trinsic scatter in the data. We first solved for the minimum value
of � ¼ (bv� bvm)

2 þ (vi� vim)
2 þ (iz� izm)

2 along each curve
that traces out age for a given redshift and star formation his-

tory. This minimum was found by a quadratic fit to the lowest
three �-values along that curve. Here, bv, vi, and iz represent the
observed colors and bvm, vim, and izm represent the model col-
ors. Next, the minimum values of � were arranged in order of
increasing redshift and, for each redshift, increasing log (�) in
the star formation history. Along this list there were usually one
or two broad minima in the �-values, corresponding to close fits
between the observed and model colors. Typically, one close fit
was at low z and another was at intermediate-to-high z. This
duplicity corresponds to the looping structure of the color-color

Fig. 8.—Population models on a color-color plot where time increases along each curve from the lower left to the upper right. The same six star formation
histories as in the previous figures are used. The solid lines are for internal extinction following the Rowan-Robinson (2003) result, and the dashed lines are for
internal extinctions that are 4 times higher. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 9.—Model color-color plots as in Fig. 8. [See the electronic edition of the Journal for a color version of this figure.]
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curves in Figure 8; i.e., the template spectra have the same slope
at two distinct wavelengths (typically at the rest optical and rest
UV) for some star formation histories and extinctions.We could
rule out the small-z solutions because these gave effective ro-
tation curve speeds (see below) that are unreasonably low for
disklike galaxies (i.e., 20 km s�1 or less). The broad minima
along the ordered models were then isolated from each other by
considering only �-values less than certain limits, 0.1, 0.05, and
0.02. For each limit, the mean and the standard deviation of the
z-value was determined, weighted by the inverse of �. When
this mean z was about the same for each limit, and the standard
deviation in z became small,�0.2 or less, for the smallest limit,
then we felt confident in our z-solutions.

The redshifts based on the whole galaxy colors were typi-
cally several tenths smaller than the redshifts based on the av-
erage clump colors. This difference is larger than the standard
deviation for each z and also larger than the differences in fitted
z-values for the three limiting �-values. Most likely, the inter-
clump emission, which contains about half the total light, is con-
tributing to the composite galaxy spectrum in a way that makes
the composite colors inconsistent with a single exponential-decay
model for star formation. For example, whole galaxies are red-
der than clumps in i775 � z850, and the models in Figure 8 shift
i775 � z850 toward the red for lower z. We believe that the fits
to the clump colors give more accurate redshifts as long as we
use simple star formation histories.

For each fitted z, we also got the inverse-� weighted mean of
log (�) in the star formation history and the inverse-� weighted
mean of the age of the star formation region, t.

To check our method, we compared the photometric red-
shifts derived from our models with the 19 published redshifts
available for the GOODS field (Vanzella et al. 2005) using the
photometry in that study and the same filters as the UDF field.
We also compared our redshifts to those derived by Benı́tez
et al. (2004) in the Tadpole Galaxy field, using the different fil-
ters appropriate to the Tadpole Galaxy survey. Figure 10 shows
a plot of these redshift distributions. Our values matched the
GOODS redshifts, which range from 0.21 to 1.4, with an rms
deviation of 0.2, not counting an object at z ¼ 5:83, for which
we derived z ¼ 2:5. This single large discrepancy could result
from strong emission lines in the observation that are not pres-
ent in the models, or from inappropriate models at high z. Our
values matched the 107 high-quality photometric redshifts in
the Tadpole field (i.e., those for which ODDS > 0:99) to within
an rms of 0.3, not counting 29 more for which Benı́tez et al.
derived a redshift of around 1.85. These excluded galaxies (not
plotted) form a cluster in the redshift distribution with a value of
z from Benı́tez et al. of �1:872 � 0:015; our redshifts for them
range from 0.3 to 2.1, with an average of 1:28 � 0:43. Aside
from these unexplained discrepancies, our photometric red-
shifts are comparable to the redshifts derived by others to within
several tenths. We also determined redshifts for 30 B-band
dropout galaxies in the UDF field (Elmegreen et al. 2005) and
obtained an average of 3:49 � 0:37, which is reasonable.

The interclump age could not be derived reliably from our
models because of the ambiguity between age and decay time � .
The interclump emission is probably a composite of many ages,
however, going back to the beginning of Population II star for-
mation, regardless of the nature of the galaxies inwhich these stars
formed. To find the best interclump star formation histories, we
used the galaxy redshifts found from the clump colors and as-
sumed an interclump age corresponding to a beginning of inter-
clump star formation at z ¼ 6. We then determined the value of �
for each galaxy that best fits the average three interclump colors.

3.4. Redshift and Age Solutions

Table 2 shows the main results of the fitting procedure with the
Rowan-Robinson extinctions. The average clump age is derived
to be 0.34 Gyr from the clump colors and models. The average
interclump age is assumed to be the time between the universe
age at the fitted clump redshift and the universe age at z ¼ 6,
when the interclump star formation presumably began. The aver-
age value in Table 2 is 2.14 Gyr. This larger age for the inter-
clump region is not unreasonable considering the redder colors
there. The clumps are characterized by a decaying star formation
rate with an e-folding time that has an average � � 0:1 Gyr. Thus
the clumps are 3 times older than their e-folding times and should
not be considered starbursts. The fitted e-folding times for star
formation in the interclump regions average �1 Gyr, which is
only slightly less than the average interclump age and consistent
with a continued buildup of these regions.
ExtinctionsE(B� V ) larger than the Rowan-Robinson (2003)

values by factors of 2 and 4 for both clump and interclump emis-
sion give about the same redshifts for the galaxies. The average
values for various quantities in these two cases are given in the

Fig. 10.—Comparison of redshifts calculated by different methods. Bottom:
Photometric redshifts for the Tadpole field galaxies calculated here (abscissa) vs.
the Benı́tez et al. (2004) photometric redshifts (ordinate). The filters appropriate for
the Tadpole survey were used; 29 galaxies with Benı́tez et al. redshifts in a narrow
range around 1.8 were omitted as they appear to be anomalous. Top: Photometric
redshifts for galaxies in the GOODS field (abscissa) vs. the Vanzella et al. (2005)
spectroscopic redshifts (ordinate). The filters appropriate to the GOODS survey
were used in this case; they are the same as the filters for the UDF survey.
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bottom rows of the tables. The average redshift decreases from
z ¼ 2:3 with our fiducial extinction to 2.2 for both 2; and 4;
extinctions. The higher extinctions decrease the average clump
ages from 0.34 Gyr to 0.23 and 0.09 Gyr, respectively, with
�h i ¼ 0:17 and 0.16 for the two cases, because the source has to
be intrinsically bluer when there is additional reddening. They
also make the interclump regions intrinsically bluer by increas-
ing the star formation decay times � from an average of 1.01 Gyr
to averages of 2.09 and 3.30 Gyr, respectively.

The redshifts allow the determination of the luminosity dis-
tance dL in equation (1) (Carroll et al. 1992). The resulting model
apparent magnitudes scaled to the observed apparent magnitudes
give the clump masses. This derivation of mass uses the evolu-
tion models in GALAXEVagain, as they give the residual stellar
mass per initial solar mass of a population of stars as a function of
time. To get the clump mass, we integrated this residual stellar
mass over time using the same time-dependent star formation
rate as for the integrated spectrum, and then multiplied the re-
sultant model mass by the factor used to scale the model lumi-
nosity to the observed clump luminosity.

3.5. Interclump Mass Column Densities

The interclump mass column densities were obtained from the
observed interclump surface brightnesses. To be careful about

surface brightness dimming, we first wrote the absolute magni-
tude of a solar mass of stars from equation (1) using dL ¼ 10 pc.
We then used the cosmological distance modulus (Carroll et al.
1992; Paper III) to give the apparent magnitude for this solar mass
and scaled this result to the observed apparent magnitude in a
square arcseconds. This gave the mass per square arcsecond. The
square arcsecond was then converted into a square kiloparsec
using the cosmological angle formula (Carroll et al. 1992) to get
the rest-frame mass column density. This process corrects for
the 1þ zð Þ4 surface brightness dimming. We got the same re-
sult using the z-dependent luminosity distance dL in equation (1).
The total interclump mass was determined by averaging the in-
terclump masses per square arcsecond for each galaxy and mul-
tiplying this average by the galaxy area in square arcseconds. This
assumes that the interclump medium is uniform. The interclump
mass column density is typically larger than the clump mass col-
umn density. Evidently, the clump light is dominated by the
brightest blue stars, while the total mass in the region is dominated
by the underlying old stars. The sum of the clump mass and the
interclump mass is taken to be the luminous galaxy mass.

3.6. Results

Table 3 gives the average clump mass hMclumpi, diameter
hDclumpi, and clump mass fraction fmass in each clump-cluster

TABLE 3

Derived Properties

Galaxy Number

hMclumpi
(109 M�)

hDclumpi
(kpc) fmass

Mgal

(1010 M�)

Dgal

(kpc)

vrot
(km s�1)

82+ ................................... 1.36 2.5 0.04 25 18 350

3034+ ............................... 0.70 2.1 0.16 2.2 16 110

2012.................................. 0.17 1.5 0.07 2.5 13 130

3483.................................. 0.75 1.4 0.32 2.8 14 130

3465+ ............................... 0.50 1.5 0.28 2.0 17 100

CC 1................................. 0.96 1.3 0.07 15 25 230

4245+ ............................... 0.21 2.1 0.59 0.5 22 44

1666.................................. 0.52 1.6 0.08 8.7 19 200

7081+ ............................... 0.35 1.9 0.11 2.6 20 110

6462+ ............................... 0.90 2.4 0.22 3.3 29 100

Average ........................ 0.64 1.8 0.19 6.5 19 150

Average, AV ; 2........... 0.97 1.8 0.10 6.4 19 140

Average, AV ; 4........... 0.53 1.9 0.07 11 19 180

TABLE 2

Redshift and Star Formation Properties

Galaxy Number Redshift za
Clump Age (t)

(Gyr)

Clump Decay (�)b

(Gyr)

Interclump Agec

(Gyr)

Interclump Decay

(Gyr)

82+ ................................... 2.5 0.36 0.11 1.71 0.33

3034+ ............................... 3.0 0.21 0.10 1.24 0.58

2012.................................. 3.0 0.12 0.03 1.26 0.65

3483.................................. 2.2 0.26 0.05 2.02 1.63

3465+ ............................... 2.4 0.22 0.06 1.80 1.06

CC 1................................. 2.8 0.35 0.14 1.40 1.38

4245+ ............................... 1.7 0.32 0.05 2.92 1.16

1666.................................. 1.6 0.81 0.28 3.15 0.91

7081+ ............................... 1.6 0.43 0.10 3.13 0.92

6462+ ............................... 1.8 0.31 0.06 2.82 1.49

Average ........................ 2.3 0.34 0.10 2.14 1.01

Average, AV ; 2........... 2.2 0.23 0.17 2.40 2.09

Average, AV ; 4........... 2.2 0.09 0.16 2.32 3.30

a Photometric redshifts for the average clump colors.
b Average star formation history exponential decay rate for clumps.
c Assumes that interclump star formation began at z ¼ 6.
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galaxy, and it gives the luminous galaxy mass Mgal, the galaxy
diameter Dgal (equal to the major axis length out to the 2 � con-
tour), and the effective rotation speed vrot ¼ GMgal/ 5Dgal/2

� �� �
1/2

(the factor 5 in the denominator assumes a uniform spherical
mass distribution). For the physical sizes D, the angular sizes
were used, along with the cosmological angle-size relation for
the galaxy redshift.

The results in Table 3 may be summarized as follows. The
objects that we have selected are large composite systems with
an average luminous mass of 6:5 ; 1010 M� and an average di-
ameter of 19.1 kpc out to the 2 � contour. The size and mass
are not unprecedented for disk galaxies at redshifts of 2–3
(Labbé et al. 2003; Shapley et al. 2004). The average rotation
speed would be 150 km s�1 if there were regular circular mo-
tion, but there are no spectroscopic observations yet. There is a
range of a factor of 50 in mass and a factor of 8 in rotation speed,
so the peculiar morphology of this galaxy type does not cor-
respond to a particular mass. The clumps represent an average
total mass fraction of 19%, again with a factor of 10 variation.
This is smaller than their luminosity fraction mentioned above
(40%) because the older interclump medium has a higher mass-
to-light ratio than the clumps.

The average interclump mass column density is �4 times
larger than the mass column density in solar neighborhood. The
primary reason for the high value is the red color of the inter-
clump stars. Colors this red are matched to stellar populations
with highmass-to-light ratios. Increasing the assumed dust abun-
dance by factors of 2 and 4 for both the clumps and the inter-
clump regions hardly changed the redshifts and also changed the
clump masses only a little, from an average of 0:64 ; 109 M� to
averages of 0:97 ; 109 and 0:53 ; 109 M�, respectively. These
small changes reflect the close balance between decreasing M/L
ratios for intrinsically bluer stars and increasing exp �dustð Þ cor-
rections for more reddened stars. The interclump masses and
total galaxy masses changed with extinction only a little too: the
average total galaxy masses changed from 6:5 ; 1010 M� to 6:4 ;
1010 and 11 ; 1010 M�, respectively. Lower metallicity would
also make the intrinsic colors bluer, and this would make the
interclump ages older to match the observed colors, producing
an even higherM/L. Changes in the stellar initial mass function
could lower the inferred interclump mass, but only if the rela-
tive abundance of stars younger than �1 Gyr, corresponding
to A-type stars or earlier, is higher in proportion to low-mass
stars than found locally; i.e., the IMF has to be relatively flat at
intermediate-to-high mass.

In another series of models, we assumed the Rowan-Robinson
(2003) extinction for the models of the clump emission, getting
the same clump redshifts and ages as before, but then we as-
sumed higher extinctions in the interclump regions by factors
of 2 and 4 before deriving their star formation histories and
masses. These higher interclump extinctions gave intrinsically
bluer colors and a greater extinction correction to the magni-
tudes. The resultant interclumpmasses averaged for all 10 galax-
ies increased from 5:9 ; 1010 M� to 6:5 ;1010 and 12 ;1010 M�,
respectively, as the corresponding lower mass-to-luminosity ra-
tios were more than offset by a higher mass needed to overcome
the greater extinction.
Other clump properties are in Table 4. The clump equivalent

atomic density nclump is taken to be the ratio of the clump stellar
mass to the volume given by the clump diameterDclump, assum-
ing a mean molecular weight of 2:2 ; 10�24 g. This equivalent
density is useful for comparisons with molecular cloud and other
gas densities (see below). The dynamical time is tdyn ¼ G�ð Þ�1/2

for mass density �. The average and current star formation rates
(SFRs) are given by

SFR(ave) ¼ Mclump=t; SFR ¼ Mclumpe
�t=�

� 1� e�t=�ð Þ
ð2Þ

for clump age t and decay time � in Table 2. The internal clump
velocity dispersion assumes virial equilibrium with a uniform
density: �vclump ¼ GMclump / 2:5Dclump

� �� �
1/2
. The last column

is the ratio of the clump internal dynamical time to the galaxy
dynamical time. All of these properties are discussed below.

4. DISCUSSION

4.1. General Considerations

Clump-cluster galaxies are a new type of object seen pri-
marily in deep fields such as those surveyed by HST. They are
characterized by (1) a disklike shape (Paper II); (2) a significant
contribution to the total luminosity (�40%; Table 1) from a
small number of relatively blue clumps; (3) a flat light profile
along the major axis (Papers I and II); (4) no central red clump
or bulge (Papers I and II); and (5) a faint, relatively red inter-
clump emission (this paper). Some clump clusters also have
barlike features (Paper III). Edge-on clump clusters may be
chain galaxies (Paper II). The lack of clear rotation in chain
galaxies (Bunker et al. 2000; Erb et al. 2004) is a mystery if
these are normal galaxy disks.

TABLE 4

Other Clump Properties

Galaxy Number

nclump

(cm�3)

tdyn
(Gyr)

SFR(ave)

(M� yr�1)

SFR(now)

(M� yr�1)

�vclump

(km s�1) tdynvrot /Dgal

82+ ................................... 5.1 0.037 31 3.9 31 0.73

3034+ ............................... 3.3 0.046 17 4.0 24 0.32

2012.................................. 2.6 0.052 14 1.1 14 0.53

3483.................................. 16 0.021 34 0.6 30 0.20

3465+ ............................... 7.4 0.030 25 2.6 24 0.19

CC 1................................. 24 0.017 31 7.0 35 0.15

4245+ ............................... 1.1 0.081 9.3 0.1 13 0.17

1666.................................. 5.0 0.037 8.4 1.4 24 0.39

7081+ ............................... 2.4 0.053 6.5 0.4 18 0.28

6462+ ............................... 3.7 0.043 23 0.5 25 0.15

Average ........................ 7.0 0.042 20 2.2 24 0.31

Average, AV ; 2........... 6.7 0.068 25 4.7 22 0.38

Average, AV ; 4........... 2.6 0.090 42 30 15 0.79
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In the few cases studied here, the clumps are typically�0.3Gyr
old in their rest frame and not currently forming stars as fast as
they once did. Emission from the interclump medium is dom-
inated by stars that are much older, perhaps up to 2 Gyr older in
some cases. Older and fainter populations inside the clumps
could be present but undetected.

With �19% of the luminous mass in a dozen or so giant
clumps, these galaxies are unlike modern galaxies, where the
largest star-forming regions are typically <10�4 of a galaxy’s
mass. This difference implies several things. First, the extreme
clumpiness suggests that the rotation curve will not be simple
(Immeli et al. 2004a, 2004b). The clumps should attract each
other and scatter, with their coldest and most dissipative parts
migrating to the center to make a bulge and their hottest, least dis-
sipative parts filling the interclump region or thick disk (Noguchi
1999; Somerville et al. 2001; Immeli et al. 2004a, 2004b;Hartwick
2004; Brook et al. 2004). The lack of clear rotation in the few
chain galaxies that have been observed may be the result of this
severe clump interaction.

Second, the clump ages are longer than their dynamical times,
so the clumps are self-bound like giant clusters. The clump den-
sity is comparable to the mean galaxy density, however, so tidal
forces on the clumps are significant (this follows from the com-
parable clump and galaxy dynamical times in Table 4). This
means that galactic shear and tidal stretching are moderately im-
portant for the lowest density clumps. For example, UDF 6462+
6886 and UDF 82+99+103 have clumps with tails and arcs sug-
gesting the influence of tidal forces.

The fact that the equivalent clump atomic densities are much
less than typical molecular cloud densities implies that the clump
stars probably formed in numerous dense cores inside kpc-sized,
gravitationally bound, low-density cloud complexes. This hier-
archical morphology for star formation is analogous to the case
of star complexes found in local spiral galaxies (Efremov 1995),
except that for the clump clusters, the clumps are more strongly
bound; local star complexes readily disperse or shear into floc-
culent spiral arms.

The internal velocity dispersions in the clumps are inferred to
be moderately large, 24 km s�1 on average, based on the virial
theorem. This velocity is �16% of the average galactic orbital
speed—a high fraction for gas in local spirals but comparable to
the fraction in dwarf galaxies. If the clouds that made the young
stellar clumps formed by gravitational instabilities (Noguchi
1999; Immeli et al. 2004a, 2004b) and if they still have the am-
bient Jeans mass, then the velocity dispersion in the precloud
gas had to be comparable to the virial velocity in the clumps
(this is based on the usual isothermal assumption). Such a high
dispersion implies that clump-cluster galaxies are far more tur-
bulent than local galaxies.

One source of turbulence could be major encounters with other
galaxies. Tidal forces increase the velocity dispersion consider-
ably in local galaxies undergoing such encounters (Kaufman
et al. 1997). The galaxies in our sample have no major com-
panions now, but the giant clumps in them could have been
triggered�0.3 Gyr ago at previous encounters, considering the
average clump age. Another possible source of turbulence is ac-
cretion from the intergalactic medium. The disk impact speed can
be �0.4 times the circular speed if the gas falls in along cosmo-
logical filaments (Keres et al. 2005). This would be �60 km s�1

for our galaxies. Disk turbulence should be slower than this be-
cause of energy dissipation, but still enough to explain the high
�vclump. Supernovae could also be an important source of tur-
bulence, as they are in local galaxies, but in clump-cluster gal-
axies they are likely to be highly concentrated in the clumps,

and then they may just cause blowout rather than widespread
turbulence.

In the accretion model, clump-cluster galaxies would have
added intergalactic gas at a rate comparable to the average star
formation rate, �20M� yr�1. The disks would presumably have
become unstable when the mass column density exceeded a crit-
ical value. Considering the clump ages, the resulting star forma-
tion has a timescale of �0.3 Gyr, which is several galactic orbit
times.

4.2. Accretion Models

A different possibility is that the clumps were formerly sep-
arate galaxies that accreted during hierarchical buildup (e.g.,
Abadi et al. 2003; Brook et al. 2004). Some of our clump clus-
ters are so irregular in morphology (e.g., UDF 6462+6886) that
they appear more like random conglomerations than circular
disks. Also, the lack of clear rotation in the few cases observed
suggests highly disturbed dynamics. This model raises three
questions: (1) Can small galaxies like our clumps survive their
capture by large galaxies, considering the interclump popula-
tion that was present before? (2) Are there examples of bare
clumps in the UDF that resemble the clumps in our sample?
(3) Would the distribution of axial ratios for coalesced systems
be the same as that observed for clump clusters and chain gal-
axies? We attempt to answer these questions here.

4.2.1. Clump Survival

The short-term survival of a small galaxy captured by a large
galaxy depends mostly on the ratio of densities. This ratio is
important because it is also the ratio of the self-binding force per
unit length inside the small galaxy to the tidal disruptive force
per unit length exerted by the large galaxy. If the small galaxy is
much denser than the large galaxy, then the small galaxy will
survive until it migrates, perhaps because of dynamical friction,
to a sufficiently dense region of the large galaxy, at which time
it disperses. The migration time depends on the orbit, and the
outer parts of the clump can be shredded continuously as it
migrates. In the clump-cluster galaxies studied here, the typical
column density of a clump is comparable to the average column
density of the interclump population, both being several hun-
dred M� pc�2. The clump density should be considerably
higher than the interclump density, however, because the in-
terclump medium is likely to be much thicker than any single
clump as a result of stirring from clump motions, dissolution of
previous clumps, and stellar migration. The ratios of axes for
these galaxies also suggest fairly thick disks (Paper II, and see
below). In addition, the clumps probably have dense cores like
other bound clusters. The clumps are therefore likely to survive
their first few impacts with the disk, but probably not much
longer. The observation that the clumps are much older than
both their internal dynamical times and the galaxy orbit times
(by a factor of 10) implies that most of them live outside the
densest regions of the disk. The exceptions are the clumps with
morphologies suggesting tidal disruption, such as the head-tail
shapes of the clumps in UDF 82+99+103, UDF 6462+6886,
and UDF 3034+3129.

4.2.2. Bare Clumps in the UDF

What is the evidence for clumps like these outside of clump-
cluster galaxies, where they presumably existed before the ac-
cretion? The UDF contains many isolated objects that resemble
our clumps in both luminosity and color. The right-hand side of
Figure 11 shows color-magnitude and color-color plots of all
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the UDF objects smaller than 6 pixels in FWHM, as given in the
tabulation on the UDFWeb site.1 This size limit was chosen be-
cause it roughly corresponds to the size of a clump in a clump-
cluster galaxy. The left side of the figure shows the magnitudes
and colors for the measured clumps in the clump-cluster gal-
axies of this paper. The distributions are essentially the same in
the regions of overlap. The UDF clumps can be much bluer than
our clumps, suggesting either that star formation begins to slow
down once a clump is ingested into a larger galaxy, or that the
clump-cluster sample in our survey has too few clumps to in-
clude the rare active ones seen in the general UDF field. There
are also much fainter clumps in the UDF field than those mea-
sured in our survey, but the clump-cluster galaxies have much
fainter clumps too, which we did not study. We note that these
small objects in the UDF field are not the well-studied Lyman
break galaxies, which tend to be more massive, blue, and lu-
minous than our clumps even at the same z � 2:5 3 (e.g.,
Papovich et al. 2001). The small field objects are more the size
of the z � 6 galaxies studied by Bunker et al. (2004). Most
likely, most are low-mass and low-luminosity galaxies in about
the same range of redshifts as the clump-cluster galaxies studied
here.

4.2.3. Distribution of Axial Ratios

The distribution of axial ratios for a random assembly offield
clumps might be expected to be significantly different than the
distribution for a thick disk. This distribution was determined
for a combined sample of chain and clump-cluster galaxies in
Paper II and shown to be similar to the distribution for nearby
spiral galaxies (see also O’Neil et al. 2000; Reshetnikov et al.
2003). In general, a thin disk should have a flat distribution for
the ratio of minor to major axes,W/D, with a slight rise and then
a drop at low ratios where the projected widthW becomes com-
parable to the intrinsic disk thickness. A galaxy whose appear-
ance is dominated by a few clumps will not be very different, in
fact. The first three clumps make a plane regardless of their
positions, so the question is, how much do the few additional
clumps in a clump-cluster or chain galaxy distort this projected
plane?
Figure 12 shows distribution functions of axial ratios for model

galaxies with various numbers of clumps randomly positioned
in three dimensions. Each line is a histogram from 105 models.
The first three clumps in each model are taken to define a plane,
and the others are given random positions around the plane in
polar coordinates. The radial distance of each clump is distrib-
uted as a Gaussian. To simulate variations from different degrees
of flattening in a disk, the distance perpendicular to the plane is

Fig. 11.—Left: Color-color and color-magnitude distributions for all the measured clumps in our 10 clump-cluster galaxies. Right: Analogous distributions for all the
small clumps in the UDF field, with diameters less than 6 pixels. The similar distribution centroids suggest that the clumps in our clump-cluster galaxies could have been
captured from the field. The faintest objects in the field also have faint counterparts in clump-cluster galaxies, but they were not included in our clump measurements.
[See the electronic edition of the Journal for a color version of this figure.]

1 See ftp://archive.stsci.edu/pub/hlsp/udf/acs-wfc/h_udf_wfc_V1_i_cat.txt.
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multiplied by factors of Z ¼ 0:1, 0.3, 0.5, 0.7, and 1 for the
five different lines. Once a clump distribution is chosen, the polar
axis of the model is tilted by a random angle whose cosine has
a uniform distribution function, simulating random inclinations
of the model in the sky. The axial ratio used for the histogram is
then taken to be the minimum ratio of projected width to length,
considering all angles in the sky plane. The resulting histograms
peak for axial ratios near unity when Z ¼ 1 and there are a lot
of clumps, because then the model galaxy is a uniformly filled
sphere. When the number of clumps is small, the distribution de-
creases at high axial ratios because the clumps are irregularly po-
sitioned even in the spherical case (Z ¼ 1) and some directions

happen to have short sizes. The distributions decrease at small
axial ratios because there are usually some clumps at nonzero per-
pendicular distance, makingW/D nonzero. The axial ratio where
this decrease begins is smaller for more flattened systems be-
cause the minimum value of W/D is �Z.

The observed distribution of axial ratios for all of the chains
and clump-cluster galaxies in our survey of the UDF field
(Elmegreen et al. 2005) is also shown in Figure 12. The solid
line is for chains and the dashed line is for clump-clusters,
added on top of the solid line. The observed distribution re-
sembles the models only when there is some intrinsic flattening
of the galaxies. However, the degree of flattening does not have
to be large. The best models are for a number of clumps ap-
propriate to our galaxies, �5–10, and for a flattening Z � 0:3,
which is the second curve from the left. The corresponding
intrinsic axial ratio of the model galaxies is the same, �0.3,
which implies that the disks are very thick. The same conclu-
sion was reached in Paper II.

4.3. Assessment of Accretion Model

These considerations suggest that the clumps in some of our
clump-cluster galaxies could have been accreted as whole ob-
jects from the field. They would probably survive for the re-
quired time, there are isolated field galaxies like them, and the
clump-clusters are relatively thick disks. Some energy dissi-
pation perpendicular to the disk had to occur to flatten the clump
distribution to the observed axial ratio of 0.1–0.3, but dynam-
ical friction from the observed interclump disk could have done
this during the capture process.

This capture scenario is consistent with the model by Brook
et al. (2004), who suggest that thick disks in spiral galaxies form
quickly, in less than 1 Gyr, as a result of mergers with a small
number of�2 ;109 M� clumps. Hartwick (2004) also notes the
quick formation time of thick disks and suggests that the pre-
galactic clumps that make them could remain today, in part, as
disk globular clusters.

A peculiarity of our sample is the high interclump surface
density. If this result is correct, then it implies that the galax-
ies cannot simply age to form present-day spiral disks. Today’s
disks have either high mass column densities along with mas-
sive bulges, or low mass column densities without prominent
bulges. They do not have high mass column densities and no
bulges, like our clump-clusters. One possibility is that a large
fraction of the mass in clump-cluster disks will migrate inward
to form a bulge. This migration would be accompanied by out-
ward angular momentum transfer and might result from spiral
waves or repeated interactions, with bar formation a possible
intermediate step. Another possibility is that clump-cluster gal-
axies merge to form elliptical galaxies. The likelihood of this is
high considering their relatively large sizes and high redshifts,
where interactions are still frequent.
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