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THE MORPHOLOGICAL DIVERSITIES AMONG STAR-FORMING GALAXIE AT HIGH REDSHIFTS IN
THE GREAT OBSERVATORIES ORIGINS DEEP SURVEY

SWARA RAVINDRANATH 2%, MAURO GIAVALISCO?, HENRY C. FERGUSON"*, CHRISTOPHERCONSELICE,
NEAL KATZ®, MARTIN WEINBERG®, JENNIFERLOTZ’, MARK DICKINSON’, S. MICHAEL FALL?, BAHRAM
MOBASHER, CASEY PapovicH®

draft revised version 1.0, dated June 6, 2006

ABSTRACT

We have used the deep, multi-wavelength images obtainédhétAdvanced Camera for Surveys (ACS) on
theHubble Space Telescope (H®¥)the Great Observatories Origins Deep Survey (GOODSwtify ~ 4700
Lyman-break galaxies (LBGs) at redshift82 z< 5, and 292 starburst galaxieszat 1.2. We present the results
from a parametric analysis of the two-dimensional surfagghiness profiles using a Sérsic function, for the 1333
brightest LBGs with rest-frame Moo < —20.5 AB magnitudes. We distinguish the various morphologigpés
based on the Sérsic indax,which measures the profile shape. About 40% of LBGs~at3 have light profiles
close to exponential, as seen for disks, and only about 3@Peafalaxies have the high central concentrations seen
in spheroids. We also identify a significant fraction 80%) of galaxies with shallower than exponential profiles,
which appear to have multiple cores or disturbed morphegiiggestive of close pairs or on-going mergers. The
fraction of spheroid-liker{ > 2.5) LBGs decreases by about 15% fram 5 to 3. A comparison of LBGs with the
starburst galaxies at~ 1.2, shows that disk-like and merger morphologies are dontataoth redshifts, but the
fraction of spheroid-like profiles is about 20% higher amaBgss. The ellipticity distribution for LBGs exhibits
a pronounced skew towards high ellipticities3{0.5), which cannot be explained by galaxy morphologies simila
to the local disks and spheroids viewed at random oriemtstidhe peak of the distribution evolves toward lower
ellipticities, from 0.7 az=4 to ~ 0.5 atz=3. The ellipticity distribution for the ~ 1.2 galaxies is similar to
the relatively flat distribution seen among the present-gidsixies. The dominance of elongated morphologies
among LBGs suggests that in a significant fraction of them \ag be witnessing star-formation in clumps along
gas-rich filaments, or the earliest gas-rich bars that epassessentially the entire visible galaxy. Similar fezgur
are found to be ubiquitous in hydrodynamical simulations/iich galaxy formation at high redshifts occurs in
filamentary inflows of dynamically—cold gas within the darktter halos, and involves gas-rich mergers.

Subject headinggjalaxies: evolution — galaxies: formation — galaxies: highlshift — galaxies: fundamental
parameters — galaxies: structure

1. INTRODUCTION al. 2002; Stanford et al. 2004; Ravindranath et al. 2004; Bar
den et al. 2005). Therefore, the assembly of the spheroid and
disk components that define the morphological types appears
have occurred at much higher redshifts>(1). Although based

on small samples, the morphological analysis of galaxigs wi
spectroscopic redshifts< z < 3, have shown that the regular
Hubble types can be identified outtez=1-1.5. However,
atz> 1.5 the Hubble sequence is no longer clearly discernible,

Galaxy morphologies at various look-back times provide im-
portant insights into the physical process associatedgailiixy
assembly. In the local Universe, the morphologies seen gmon
the galaxy population are well described by the Hubble se-
quence (Hubble 1936) and both the physical, and kinematic
properties of galaxies are known to vary systematicalliwie
Eg?gf;%gﬁ,s(gogeéga%is: z/:g_sr rlez?)faﬁﬁuzgt}%l\gi gr]g%rsriho evenin deenHS_'ﬂNI_CMOS infrared images _whlch measure the
that the Hubble sequence was already in place byl (Abra- rest-frame optical light. Az > 1.5, the galaxies are often irreg-

ham et al. 1996 Schade et al. 1999 Brinchmann et al 1998_u!ar and compact, and show tidal features, double nuclei, or
Lilly et aI.'1998;’MarIeau & Sirﬁard 1598; Im et al. 1999.; van ‘disturbed morphology suggesting that mergers may be domi-

den Bergh 2001; Trujillo & Aguerri 2004; Conselice, Black- nantatthese redshifts (Papovich et al. 2005; Conseliaksl
burne, &gPapovich 20105). The%e is growing evidence thata sig burne, & Papovich 2005). Several ?a_f"ef studies (Abra_ham e
nificant fraction of the present—day spirals and ellipgoakre a:. i%%%,.(gangroHokz[gl. 199_11' (i;ggghi etal. |1994’ D'Lme d
formed beyona = 1, and very little size evolution has occurred al. ; LOWIE, HU, & Songara ) have also emphasise
after this epoch (Lilly et al. 1998; Simard et al. 1999; Im et the dominance of peculiar and irregular galaxies at thedatn

1Based on observations obtained with the NASA/BS4bble Space Telescapehich is operated by the Association of Universities fos@arch in Astronomy,
Inc. (AURA) under NASA contract NAS 5-26555

2The Space Telescope Science Institute, 3700 San Martif8Bltimore, MD 21218

3New address: Inter-University Center for Astronomy & Agtngsics, Post Bag - 4, Ganeshkhind, Pune, India 411007
4Department of Physics and Astronomy, The Johns Hopkinsedsity, 3400 N. Charles St., Baltimore, MD 21218
5School of Physics and Astronomy, University of Nottinghasijversity Park, Nottingham, NG7 2RD, UK
8Department of Astronomy, University of Massachusetts, Arst) MA 10003

“National Optical Astronomy Observatory, 950 North ChergeAue, Tucson, AZ85719

8Steward Observatory, University of Arizona, 933 N. CherpeAue, Tucson, AZ 85721
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2 Morphology of Star-forming Galaxies at> 2.5

magnitudes in opticdi STsurveys. ral galaxies show a relatively flat distribution frams 0.2t0 0.7

For almost a decade, star-forming galaxies at higher réidshi  and falls off at highee (Lambas, Maddox, & Loveday 1992).
(z> 2.5) have been identified in deep, multi-wavelength sur-  Most of the morphological studies of low redshift galaxies
veys by using color criteria that are sensitive to the Lyman- are done at rest-frame optical wavelengths, butHIST opti-
break and Lymarnr forest absorption features in their other- cal images of the LBGs &> 2.5 sample the rest-frame UV
wise flat ultraviolet spectral continuum (Steidel et al. 899 wavelengths where the contribution from actively star fiorgn
Giavalisco 2002; Giavalisco et al. 2004). The robustness an regions dominates the light. It is known that morphological
efficiency of the “Lyman-break” technique to identify> 2.5 k—correction or the wavelength dependence of galaxy morphol-
galaxies has been established through extensive spempiosc  ogy can be significant for local galaxies (Kuchinski et alo@0
redshift determinations (Steidel et al. 2003). Althougimian- 2001), and Giavalisco et al. (1996) have examined how this
break galaxies (LBGs) are among the largest samples of high-may influence the morphologies inferred for the high redshif
z galaxies that have been identified, until recently, the high galaxies. Galaxies tend to be classified as later Hubblestiype
resolutionHST images required to study their morphological the UV, because the redder bulge and bar components which are
properties were available only for small samples of LBGs (Gi pre-dominantly made of evolved stellar populations and-low
avalisco, Steidel, & Macchetto 1996; Giavalisco et al. 1996 mass stars, become extremely faint with respect to theedytiv
Lowenthal et al. 1997). The previous morphological analysi star-forming disk component. However, a comparison of the
using 19 LBGs have suggested that they have a range of mor-optical and near-infrarellST images which sample the rest-
phologies, and their surface brightness profiles in mostsas frame UV and optical light respectively for LBGs at> 2.5,
show a core that can be represented byrifteprofile seen for show very similar morphology implying that the morphologi-
spheroids (Giavalisco, Steidel, & Macchetto 1996). Abdt 9  cal k—correction is negligible (Dickinson 2000; Papovich et al.
95% of the stars are formed in these compact cores with sizes2003). Quantitative measurements of the internal colodigra
in the range 2.43.6 Itj kpc. Ferguson et al. (2004) used the ents also show that this effect is more severe at low redshift
HSTACS images from the initial three epochs of GOODS ob- (z < 1) than at high redshifts (Papovich et al. 2005). There-
servations to measure the concentration index, elligtieind fore, the UV morphologies derived for the LBGs are likely to
sizes of 386 LBGs at ~ 4. Although the concentration index be representative of the typical morphological mix amorig th
measures favor a significant fraction of spheroid-like esyst population.
among the LBGs a ~ 4, their ellipticity distributions seemed In the present study, we perform a parametric analysis of the
to suggest that extended disk-like morphology was more domi galaxy surface brightness distribution, in order to meashe
nant. In a recent analysis, Lotz et al. (2005) used GOODS im- profile shape that quantifies the central concentration taad
ages to study morphology of 82 LBGszt 4 with sizesrp > ellipticity which allows to infer the intrinsic shape. Weaithe
0.”3, wherer, is the Petrosian radius. They measured the Gini deep, multi-wavelengtiHSTACS images for a large sample
coefficients, and the second—order moment of the brigh@8$t 2 (=~ 4700) of LBGs available from GOODS, with unprecedented
of the galaxy light (Mg), and find that only 30% have bulge- high spatial resolution~ 700—-800 parsecs at.2 < z < 5.0)
like morphology and more than 50% of the galaxies have mor- which is essential for exploring the morphology of high red-
phologies that are disk-like, minor mergers, or post-mmsige shift galaxies. We also make use of the Hubble Ultra Deep

In this paper, we use the surface-brightness profile shape,Field (HUDF) images to understand the selection effectd, an
and ellipticity measurements to characterize the restéralV use the UV images from GALEX to redshift local galaxies
morphologies among the high redshift, star-forming ga&axi to highz for comparison with the morphology of LBGs. The
in the GOODS images. Our aim is to quantify the frequency UV morphology is dominated by the actively star-forming re-
of spheroid, disk, or merger-like morphology among LBGs at gions which are often clumpy and irregular, and cannot bé wel
z> 2.5 in a statistical manner, and to study the morphological described by a smooth analytical function. However, we use
evolution of actively star-forming galaxies through a camip the Sérsic function (Sérsic 1968) to model the light profée b
son of LBGs atz > 2.5 and starbursts samplezat 1.2. These cause it is sensitive to the central concentration, and edm h
redshifts are particularly interesting because they spoad to to broadly distinguish between a bulge-dominated and disk-
two widely separated epochs marked by lack of the Hubble type dominated galaxy. Also, we obtain a measure of the elliptic-
morphologies ar = 3, to their appearance lox= 1.2. ity for the overall galaxy light distribution from the parainic

The central concentration of the light profiles (Abraham et model. We describe the observations, and sample seleat®n i
al. 1996; Conselice et al. 2003), and axial ratios (Im et al. 2, and the morphological analysis is detailed in § 3. The Emu
1995; Odewahn et al. 1997; Alam & Ryden 2002) are among tions that were performed in order to assess the selectamesbi
the commonly used measurements to characterize the morphoand measurement errors are described in (§ 4). We discuss the
logical types among faint, distant galaxies. The integret observed morphological diversities among LBGs, and its im-
tion of these quantities is based on the observed trends withplications for galaxy formation in 8 5, and § 6. We adopt the
galaxy morphology in the local Universe. Elliptical galesi cosmology defined bylg = 70 km s Mpc™?, Qy = 0.3, and

and bulges of spiral galaxies tend to have ste&g)(light pro- Q, = 0.7 throughout this paper. All magnitudes are in units of
files, while disk-dominated galaxies have exponential @nev  AB magnitudes (Oke & Gunn 1983).

s_hqll_ower light profiles. The apparent axial rattn_jz(i) or _eI-_ 2 THE STAR-FORMING GALAXIES SAMPLE

lipticity (e = 1-b/a), of a galaxy is related to its intrinsic ] )
three-dimensional structure, and elliptical and spirdagas ~ The GOODSHSTtreasury program (Giavalisco et al. 2004a)
are known to have different observed axial ratio distribusi IS @ multi—wavelength, deep imaging survey in the B(F435W),

locally (Sandage, Freeman, & Stokes 1970; Lambas, Maddox,V(F606W),i(F775W), and(F850LP) filters using the ACS in-

& Loveday 1992). The distribution for local ellipticals gesa ~ Strument. The Survey covers an area~of316 sg. arcmin
arounde = 0.2 and declines rapidly beyord> 0.5, while spi- in two fields, one centered on the Chandra Deep Field-South
(GOODS-S) and the other centered on the Hubble Deep Field-
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North (GOODS-N). The basic image reduction procedures andwe apply the same color selection used to identify the LBGs
creation of the drizzled image mosaics is described in Gi- in the GOODS fields to the HUDF data and perform the mor-
avalisco et al. 2006 (in preparation). The final image scale phological analysis in exactly the same manner for the two
of the GOODS ACS images is’@3 pixel?, and spatial res-  datasets. The &-isophote in thez-band corresponds to sur-
olution is ~ 0.”11 (in the zband) corresponding to the full  face brightness of 25.46 magnitudes arcéead 27.60 magni-
width at half maximum of the point spread function (PSF). The tudes arcse@ for the GOODS and HUDF images respectively.
GOODS ACS program does not include the U-band imaging Because the GOODS data provide a large statistical sample of
required for the color selection of LBGs at- 3. For this pur- LBGs, we mainly base our analysis on this dataset and use the
pose, we used deep ground-based multi-wavelength images oHUDF data only to check for any systematic bias in the mea-

the GOODS fields observed with the MOSAIC Il camera at
CTIO 4-m telescope, and the prime focus MOSAIC camera on
the KPNO Mayall 4-m telescope (Giavalisco et al. 2004a).

sured structural parameters.
3. MORPHOLOGICAL ANALYSIS

The source catalogs for all images were created using the We measure the structural parameters of LBGs by modeling

SExtractor (Bertin & Arnouts 1996) software, by using the
F850LP image for detection. Photometry was done in com-
mon apertures for all the four ACS bands using the SExtrac-
tor dual-image mode. The samples of LBGs were extracted
from the catalog by applying a set of color criteria that were

defined based on the spectral energy distributions (SEDs) of

star-forming galaxies at high redshifts, convolved with te-
tector efficiency and transmission in the various filtersiufee

the survey. The color criteria adopted for the selectionBGL
samples used in the present analysis is discussed in Giewali
et al. (2004b) and Lee et al. (2006). The sources that satis-
fied the color criteria were culled by visual inspection te re
ject artifacts, such as, satellite trails, diffractionkss of bright
stars, etc. The final LBG sample consists of 1409 U-dropouts
atz~ 3.1, 2440 B-dropouts at ~ 3.8, and 845 V-dropouts at
z~4.9.

In order to look for evolution between redshifts 1.2 and
z> 2.5, we selected galaxies at9® < z < 1.5 using the spec-
troscopic redshifts available for the GOODS fields, mostiyt
the VIMOS VLT Deep Survey (VVDS; Le Févre et al.2004),
the Team Keck Redshift Survey (TKRS; Wirth et al. 2004), and
Vanzella et al. (2005). We use this as our t@sample that
represents the general galaxy populatiorz atl.2. We also
have information on the best-fitting spectral templatestfese
galaxies, derived as a by—product of the photometric rédshi
determinations based on the Bayesian method (Benitez 2000
using 10—-band optical and near—infrared photometry fagal
ies in the GOODS fields (Mobasher et al. 2004). From the spec-
troscopic sample at.95 < z < 1.5, we have selected a subset
of 292 galaxies whose SEDs are best fit by the starburst galax
templates of Kinney et al. (1996). While choosing this sub-
set, we only considered galaxies whose photometric radshif
agree with the spectroscopic redshifts to within 10%, ineord
to avoid errors in the spectral type fitting. This serves as ou
starburst galaxies sample at legvfor a fair comparison with
the actively star-forming LBGs & > 2.5 which have similar
SEDs (Papovich et al. 2001).

In addition to the GOODS data, we have used the HUDF
images obtained by using the Director’s Discretionary t{i®e
Beckwith & collaborators), in order to address issues re-
lated to selection biases and measurement errors. The HUD
overlaps with the GOODS-S field over a smaller ared, 1.5
arcmir?, and is about 2 magnitudes deeper than the GOODS
data. The HUDF images have been obtained wittHB&#ACS
using the same filters, and processed using the same realuctio
pipelines as the GOODS images. Also, the HUDF images are
on the same world co-ordinate system as the GOODS images
and have the same image scale df03. pixel. Therefore,

LOhttp: //wwwstsciedy/hst/ud f
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the two-dimensional (2-D) surface brightness distributising
a Sérsic function. The Sérsic function can be expressecein th

analytical form,X(r) = Eeexp[—m ((rle)l/n - 1)} . The flexibil-

ity of the Sérsic indexn, allows accomodation of exponential
disks f = 1), r¥/* spheroids1f = 4), and the range of profile
shapes in between. The 2-D surface brightness fitting was don
using theGalfit software (Peng et al. 2002), which convolves
the 2-D analytical models with the point spread functionkRS
and optimizes the fits using a Levenberg-Marquardt algarith
for 2 minimization. The output parameters include the object
centroid, the total magnitude, the effective radiusthe pro-
file shape or indexy, the ellipticity, ¢, and position angleq.
The initial guess parameters for the fits were provided frioen t
SExtractor catalogs and all the parameters were allowearto v
during the fitting procedure. The value ofwas constrained
between 0.0 and 8.0, to avoid arbitrarily large values foGsB
with very compact, central point sources or active galautic
clei. One of the main advantages of the 2-D analysis method is
that it accounts for effects of the PSF in contrast to commonl
used aperture-based measurements for morphologicalsimaly
(Abraham et al. 1996). The PSFs required for convolving the
generated Sérsic models was derived from the observed field
stars using the tasks available under the IR¥s&/photpack-
age. The noise maps required for computing the errors were
enerated from the variance maps produced during the ithgzz|
rocess, and includes only the sky noise. The Poisson noise
from the sources cannot be easily incorporated into the RMS
maps because the drizzling procedure introduces pixplxe-
correlations. The 2—D fitting is weighted by the signal-tise
per pixel, and sky noise dominates for most of the faint, high
z galaxies analysed here. The analysis is summarized in Fig-
ure 1 where we show the observed image, the 2-D model, and
residuals, along with 1-D profiles which help to visualize th
agreement between the observed and model light profiles. The
scale of 0703 per pixel for the drizzled ACS images provides
adequate sampling of the light profiles of LBGs which tydigal
have half-light radii< 0.”5. We reject about 8% of the LBGs
for which the 2D fits give high values of reduceti(y?2 > 1.0;
the mean value of thg? distribution is 0.45). We have visually

#examined the rejected galaxies and find that they are mostly

close pairs, chain galaxies, and low surface brightnedsdis
The fraction of objects that are rejected from our analysis b
cause they have largg, or the fits did not reach convergence
is < 10% among the LBGs, and 15% at 1.2. Therefore,
the results presented here are not significantly affectethdy
relatively small fraction of galaxies that are rejected.

' The profile shapes of LBGs reveals the morphological di-
versities among these higtstar-forming galaxies as shown in
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Figures 2 and 3. In order to perform the analysis consistetl
the same rest-frame U\A(1400-1600A ) wavelengths at all
redshifts, we use the V,andzGOODS images for the LBGs at
z= 3,4, and 5 respectively. For the low redshift sample, we use

Morphology of Star-forming Galaxies at> 2.5

regions where most of the recent star-formation is located.

In spite of these intrinsic differences, a comparison of the
high and low redshift star-forming galaxies is warranted in
order to begin to understand how the configuration of star-

the B images for which the central wavelength corresponds to forming galaxies have evolved with time. Our aim is to quignti

rest-framex~ 1990 A atz~ 1.2, and is the closest wavelength
that is available for comparison with the high redshift seemp

what fraction of the active star-formation is centrally cen-
trated as opposed to star-formation in an extended diskein th

Because the rest-frame morph0|ogies of LBGs are known to two redshift regimes. As discussed above, the small diffege

be very similar at UV and optical wavelengths (Dickinson et
al. 2000; Papovich et al. 2005), the comparison with the zow-
sample at slightly longer wavelengths in the UV is not expéct
to bias our results significantly.

4. SELECTION BIASES AND MEASUREMENT ERRORS
4.1. Selection of star-forming galaxies

Ideally, while comparing the morphologies of star-forming
galaxies at high and low redshifts, one would like to use sam-
ples with similar luminosties, sizes, and colors. This ipan
tant to distinguish the evolution in galaxy propertiesnirthe
trends that result from the correlations between galaxpgro
ties. However, the LBGs and starburstzat 1.2 have differ-
ent range of intrinsic UV luminosities. LBGs have high UV
luminosities M}, < —21.02; Steidel et al. 1999) and the star-
forming galaxies ar = 1.2 overlap with LBGs only at the faint
luminosities; there are only three galaxies in the4awample
that are brighter thaMyy =-21. The LBGs and ~ 1.2 star-
bursts also differ in their intrinsic sizes. In the adoptedrool-
ogy (& 2), the ratio of the physical size to angular scale ghan
only by small factor & 10%) from 7.63 kpc arcsetatz= 3.1
to 8.29 kpc arcseé atz= 1.2. But, the mean sizes of LBGs as
measured in terms of the half-light radius~s2.1 kpc which
is only about 40% that of star-forming disk galaxiezat 1.4
(Ferguson et al. 2004). Unlike for LBGS, the star-formingten
and merging clumps can be fairly easily distinguished withi
the disks with large scalelength at lawf the light from the
star-forming knots and clumps in the low surfad®ightness

arising from different methods of selection for the higtand
low-z samples are not likely to introduce a significant system-
atic bias in the profile shapes, and ellipticity measuresctvhi
are used here for comparing the morphologies at2.5 and
z=12.

4.2. Errors on the structural parameters

The reliability of morphological parameters derived from 2
D fitting of the galaxy light distribution depends criticalbn
the signal-to-noise ratio (S/N) of the images. We have edrri
out extensive Monte-Carlo simulations to estimate the nreas
ment errors and biases in the 2-D fitting, which vary with the
signal-to-noise ratio of the images. The simulations weneed
using artificial opticallythin models of spheroids and disks
with puren= 4 andn = 1 profiles respectively, with uniform dis-
tribution of magnitudes (21-27 magnitudes) and half-ligtatii
(0.”01 to 5”0), and random ellipticities and position angles.
The artificial galaxies were convolved with the ACS PSFs and
inserted into the observed GOODS ACS images, after adding
Poisson noise. The galaxies were then re-detected, and 2-D
analysis was done exactly as with the observed data. From
the grid of uniform magnitudes and sizes used in the simula-
tions, we extracted the results for galaxies whose mageitud
size distribution matched the observed LBGs, thereby adeou
ing for the incompleteness arising from the surface brigbsn
limit of the survey. The LBG samples used in our analysisiftyp
cally, apparent magnitudeyy < 26.6, and half-light radiire <
0.”5) do not suffer from severe incompleteness; we have veri-

disk is more dominant, the model profiles can appear flatter fied that the GOODS data are complete down to lower surface

than exponentialn(< 1) as seen in the clump-cluster galax-

brightnessés. We have compared the input and recovered pro-

ies and chain galaxies reported by Elmegreen, Elmegreen, &file shapes and ellipticities to quantify the selection efeand

Sheets (2004).

As discussed in § 2, we have selected the highBGs at
z> 2.5 and the lowz starburst sample at~ 1.2 by using dif-
ferent criteria to identify the actively star-forming geias at
these redshifts. Therefore, differences are expectedso -
tween the two samples owing to the selection criteria, ared du
to the evolution of intrinsic properties of galaxies betwélee
two epochs. There is evidence for possible evolution in the
dust content and stellar populations between?2 andz ~ 1,
as revealed by the increase in the internal UV-optical color
dispersions at lower redshifts (Papovich et al. 2005). LBGs

measurement biases at the typical S/N for LBGs observed in
the GOODS images. Most of the LBGsat- 3 and 4 have
S/N > 15 for which the simulations show that the parameters
can be well-recovered, while some of the LBGzat 5 have
S/N < 10 and the derived parameters are likely to have large
errors. We note that our simulations do not account for the ef
fect of clumpiness or internal structure seen in real gaut
only provides an estimate of how the S/N affects the measured
structural parameters.

Profile shape measurementst Figure 4, we show the dis-
tribution of recovereah values from the Monte-Carlo simula-

are selected based on their UV colors and are known to havetions for ~ 50,000 galaxies which includes about equal num-

very small internal UV-optical color dispersion. They have
only low or moderate dust extinction, and are dominated by
the young stellar population both at rest-frame UV and @ptic
wavelengths. The low-starbursts which are selected based on
the template fitting to the UV-optical SEDs are likely to have
large color gradients arising from higher dust obscuratioml
larger range in the ages of the stellar populations. Thezefo
the morphologies of the lowstarbursts may show some wave-

bers ofr'/* spheroidsiflack point3, and exponential disks€d
point9 and correspond to two fixed input valuesrof4, and

1). Over the range of magnitudes and sizes observed among
LBGs, the outpun distribution for the simulated galaxies has
mean value,< n >= 3.83, with dispersions, = 1.4 for the
spheroids, and< n >= 1.1 with o, = 0.74 for the disks. Al-
though the outpun distribution is broad and extends towards
low values for the spheroids, it is possible to distinguisé t

length dependence, and the UV morphology may only trace thetwo populations usingy > 2.5 to classify the spheroids and

11The GOODS data release document contains plots showing tmpleteness of the survey in the magnitude—size plane.http :

//archivestsciedy/ pub/hlsp/goody
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n < 2.5 for the disks. This broad classification of galaxy types empirical assessment of the severity of this effect can be ob

does not suffer from strong biases arising from measureerent
rors. Our simulations show that thevalues are well-recovered
for the bright (M < 25.0 magnitudes), and large.(> 0.”2)
galaxies. The mean differenc&n, between the input and out-
put n values for bright galaxiemf < 25.0) is —0.14+0.39 for
spheroids, and-0.004:0.09 for the disk. At fainter magni-
tudes (25< m < 26), An is 0.18+0.83 for the spheroids and
0.02+0.20 for the disks. For large sizes (> 0./2), An =
-0.11+0.48 and 0.01+0.16 for spheroids and disks respec-
tively. For small sizes, the scatter increases considgiailly
at the fainter magnitudes, Zb< m < 26.0.

Ellipticity measurementsThe results from a similar test for
the biases in the measured ellipticities is shown in Figuieds
both spheroidsilack point3 and disks fed pointg, the input
axial ratios are well-recovered for almost all elliptiegtj over

tained by comparing the structural parameters measured fro
the GOODS images to that from the much deeper HUDF im-
ages for the galaxies that overlap in the two fields. The 1-
isophote of the GOODS images correspond to a surface bright-
ness of 25.5 magnitudes arcsem the z-band, while for the
HUDF it reaches a much fainter isophote which corresponds
to 27.6 magnitude arcséc The depth of the HUDF almost
compensates for the surface brightness dimming fee.2

to z= 3, and allows us to assess the impact on the measured
parameters for real galaxies with internal structure sscisai-

ral arms, star-forming knots, and dust. In other words, a-com
parison of the structural parameters measured from GOODS
and from the HUDF for the same galaxies shows how the
measurements would change if the= 3 galaxies were ob-
served to the same outer isophotal limit as #he 1.2 galax-

the range of S/N seen for the LBG sample. We find from the ies in GOODS. In Figure 7, we show the comparison of struc-

simulations that for the low input ellipticities & 0.2), the mea-
sured values tend to scatter to higheAt very high ellipticities

tural parameters derived from GOODS and the HUDF for 760
galaxies common to both fields, as a function of the aver-

of e > 0.8 a small fraction of the measurements tend to be scat-age S/N in the GOODS image. We also show the compari-

tered to lower values. These biases are significant for gedax
with small radii and faint magnitudes, for which the photd¢me
ric errors tend to scatter objects away from the extremedimi
that the axial ratiody/a=0 and 1) can have. As seen from Fig-
ure 5, the ellipticities can be reliably measured for thegeaof
observed magnitudes (24 m < 26) and sizes (typically 01

son for LBGs atz= 3 (blue triangle$, z= 4 (green triangle}
andz =75 (red triangleg in the F606W, F775W, and F850LP
bands respectively, which corresponds to the rest-frarh600

A at these redshifts. We find that the magnitudes and sizes
that are measured from the GOODS and HUDF images agree
to within < AmUDF —GOODS >= 0.09 magnitudes anet

- 0.”5) among LBGs. The mean difference between the input Alogre(UDF - GOODS >= 0.002 with dispersions af Am=

and output values,Ae, is =~ 0.0013t0.02 for the spheroids,
and 0.0014-0.02 for disks withm < 25.0 magnitudes. The
1-o scatter increases to 0.05 for fainter magnitudes. For
large galaxiesrg > 0.”2), Ae = 0.005+0.03 for spheroids and
disks, while for smaller sizede = 0.007-0.05 for spheroids
and 0.0010.03 for disks.

0.31 andoAlogre = 0.11. There is also good agreement in
the profile shapes and ellipticities, An(UDF -GOODS >=
-0.06 with cAn = 0.72, and< A¢(UDF -GOODS >=0.03
with 0 Ae = 0.20. Contrary to the expected behaviour, we find
that at low S/N & 15) then values, and, is higher in the
GOODS images compared to the HUDF images. Visual ex-

We have also compared the ellipticities derived through the amination of the galaxies for whichn(UDF -GOODS < -2

2-D modeling procedure to the ellipticities derived by thexS
tractor software used for object detection. We find that team
surement biases are much smallerdfmom the 2-D modelling
procedure (Figure 6). The ellipticities provided by SEgtoa

show that they mostly appear to have two or more close cam-
panions on the GOODS images. However, in the deeper HUDF
data they have a common envelope at the fainter isophotgs, an
are revealed as a single object. In few other cases, only a few

are directly measured using the second moments of the imagef the central pixels in the GOODS images have sufficient S/N,

pixels within the isophotal limit of a detected object. Taes
measurements are systematically underestimated at sadall r

and the fit is weighted by these pixels resulting in a bestfit
model which has high andr. The overall agreement between

(< 0".5) because they do not account for the effects of PSF con-the two datasets shows that at least for the bright LBGs used

volution. Similarly for galaxies with large radii, the ligHistri-
bution is artificially truncated by the chosen isophotakdédbn
threshold. The measurements at faint magnitudesx 25) are
also significantly underestimated. The ability to accoontfie
PSF effects in the parametric 2-D models, results in a bester
timate of the projected axial ratio for the LBGs whose sizes a

in the present analysis, the S/N is sufficiently high out tewa f
scalelengths (with S/N> 15) to provide a reliable measure of
the structural parameters. Therefore, it appears that e m
surements from the 2-D analysis used here are not severely bi
ased, even though the theS/N > is sufficiently high over a
larger radial extent for the galaxies at leewcompared to that

often comparable to the size of the PSF. Secondly, the 2-b ana at high-z

lytical profiles extends to about five times the half-lighdites,
which is beyond the truncation set by the detection threshol
isophote used by SExtractor, thereby allowing to estimiage t
shape parameters more accurately.

4.3. Effect of surfacebrightness dimming at high redshifts

The ability to derive the morphological parameters is dlear
dependent on the signal-to-noise (S/N) ratio of the imagess.
a result of the (¥ 2)* cosmological surface—brightness dim-
ming, the S/N in the wings of the galaxy light profiles de-
creases rapidly for the higlz galaxies. The light profiles have
high S/N out to larger radii for the lowz galaxies compared

4.4. Restframe UV morphology of local galaxies sample

The Hubble sequence of galaxy morphologies used to clas-
sify nearby galaxies is primarily based on the observed rest
frame optical properties, and cannot be directly adoptetkto
scribe the rest-frame UV morphology. This is because the mor
phologicalk—correction is significant for local galaxies where
the bulge and disk components are known to have stellar pop-
ulations with widely varying ages, metallicities, and dash-
tent (Kuchinski et al. 2000, Giavalisco et al. 1996). The ap-
pearance of late-type galaxies (Sc and later) are similérén
optical and UV images, because star-forming regions damina

to the LBGs, and this may bias the measured parameters. Anat both wavelengths. Early-type spiral galaxies (Sa-Séal t
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to be classified as later types because the bulges and/or baGALEX morphologies. Therefore, galaxies with early-tyge o

components, which are pre-dominantly made of evolved stel-

lar populations, become extremely faint with respect tadikk
component in the UV. Ellipticals on the other hand retairirthe

tical morphologies tend to be classified as later type at rest
frame UV wavelengths. For example, a bulge-dominated spi-
ral, such as M81 with Hubble type SA(s)ab, would be classified

smooth appearance, but are generally more compact in the UVas late-type based on its UV morphology, due to the negégibl

In order to relate the observed UV morphologies of high red-
shift galaxies to that of regular Hubble types seen amonaj loc
galaxies, we carried out simulations using the rest-frarie U

contribution from the bulge component. If LBGs have color
gradients like that seen in local galaxies, our redshiftegll
galaxy sample suggests that we would be biased agamst

images of nearby galaxies observed by the Galaxy Evolution (bulge) profiles. However, this is not likely to be the case fo

Explorer (GALEX; Martin et al. 2004). We used 15 galaxies
covering the range of Hubble types from E to Sd which were

LBGs because there is no clear evidence for significantriater
color dispersion (Papovich et al. 2004). Even the sphefoida

observed as part of the Nearby Galaxies Survey (Bianchi et al component, if it exists, is expected to be young at these very

2004). Our aim is to find whether the high redshift galaxies ex
hibit the same range of morphological types, and to exarhime t
effect of low S/N and low spatial resolution on the rest-feam
UV morphologies. In the simulations, the GALEX images were
redshifted taz= 1.2 andz = 3 by applying the required surface
brightness dimming and reduction in angular sizes as dustri
in Lotz et al. (2005). The images were convolved with the

early epochs. This makes it difficult to directly map the UV
morphologies at higlzto the regular Hubble types seen locally,
although as discussed in 8§ 4.2, the measured profile shalpes wi
allow us to quantify the fraction of young spheroids amoreg th
high-z galaxies.

5. RESULTS

ACS PSFs, and then added to a sky template created from the The profile shapen, and the ellipticity., provide different
GOODS ACS images to account for the typical background and Perspectives about the morphological diversity among axyal

noise characteristics of tH¢STimages.
Most of the redshifted nearby galaxies are difficult to detec

population. The profile shape is sensitive to the presenee of
bulge or degree of central concentration in an individuédxya

on the ACS images, since the local star-forming galaxies are The ellipticity distribution, on the other hand, is usefuk sta-

mostly late-type, sub-Lgalaxies at UV wavelengths (W >
-18 magnitudes). The LBGs at> 2.5 that are observed in
the ACS images are luminous galaxies, typicallyyv -21
magnitudes, with high UV surface-brightness. Therefdrs, i
important to account for the intrinsic luminosity and sizele-
tion with redshift in the simulations. As a close approxiioat

tistical sense to determine whether the population is, @n-av
age, disk-like, oblate, prolate, or triaxial. Our analyisise-
stricted to the brightest LBG<.(> 0.5Ly) ,-3), WhereL}, .3

is defined in terms of the characteristic luminosity of LBGs a
z=3 as in Steidel et al. (1999; )} =-21.02). Therefore, out
of the~ 4700 LBGs detected at redshifts- 2.5, only 1333 of

we boosted the brightness of the simulated images and allowe them withMyy < -20.5 are included in the analysis. This en-

for size evolution based on the published UV luminosity evo-
lution (Arnouts et al. 2005) and size evolution (Fergusoal et
2004) fromz=0 to 3. Recent results from GALEX provide
the luminosity function at rest-framme 1500A at low-z from
z=01o 0.1, with M;},, =-18.04+ 0.11 magnitudes (Wyder et
al. 2005). The value of |\, brightens by 2.0 magnitudes be-
tweenz=0 andz=1, and by 1.0 magnitude from=1toz=3
(Arnouts et al. 2005). The half-light radii of LBGs at> 2.5

sures that the sample does not suffer from incompleteness an
has the sufficient S/N to be able to yield reliable measurésnen
for the LBGs available in the GOODS images.

5.1. Profile shapes of LBGs at rest-frame UV wavelengths

A visual inspection reveals that LBGs exhibit a wide range
of morphologies (Figures 2 and 3), as also seen from the large
range of measured Sérsic indices. The observed distribafio

(Ferguson et al. 2004) is on average about 1/3 of that obderve Sérsic indices for LBGs is shown in Figure 9. Since all the ACS

for local UV luminous galaxies (Heckman et al. 2005). By
incorporating the above luminosity and size evolution hié t
surface brightness of the redshifted nearby galaxies istbdo

bands sample the rest-frame UV light for the LBGg at 2.5,
the derivedn values are not expected to be very different in
the various bands. We checked the derineghlues with that

by ~ 3.0 magnitudes, they become visible on the ACS images fOr longer wavelengths in order to verify the robustnesshef t

(except M82). Many of the LBGs at> 2.5 (Figure 2 & 3) ap-
pear to have local analogues (Figure 8) in terms of morphplog
albeit with much lower surface brightness.

We performed the 2-D analysis on the redshifted GALEX
UV images az=1.2 andz=3 using Sérsic function as was done
for the LBGs. A comparison of the morphologies derived at the
two redshifts are largely consistent (Table 1) betweenie t
redshifts, implying that the measuradcinde are not severely
biased because of the lower S/N and lower spatial resolation
these redshifts. However, the morphologies inferred frioemt
values is significantly different from that expected for Hugb-
ble types of the nearby galaxies used in the simulations.eNon
of the redshifted galaxies have the steep profiles obseved f

fit. We adopt a simple quantitative morphological classifica
tion based on the profile shapes impliedrbyWe identify the
following galaxy typesn > 4 are centrally-concentrated, steep
profile galaxies, 4 > n > 2.5 are spheroid-like,.3 > n > 0.8
are exponential or disk-like, armd< 0.8 which appear to have
clumpy morphology. The fraction of galaxies belonging te th
different morphological types is listed in Table 2. From the
Monte—Carlo simulations it is clear that the recoveredal-
ues (Figure 9) for the spheroids with/* profile (red dashed
line) show a large spread, but generally have 2.5 while
the exponential disks have a narrow distribution aronrdl
(blue dashed ling We adopt then > 2.5 criteria to distinguish
spheroid-like galaxies from disk-like galaxies, which isca

local spheroids, and only two galaxies (NGC 1399 and NGC the classification used for low-galaxies in the SDSS (Shen

1068) with significant UV emission in the bulge have- 1.5.

It is important to note that the local galaxies host a splteroi

component that is dominated by the redder old stellar pepula
tions, and the classical/* spheroids are not seen among their

et al. 2003). Close to about 30% of the galaxies have bulge-
dominated profiles witln > 2.5 that are as steep as the law-
bulges. Almost 40% of the LBGs at~ 3 can be fit by ex-
ponential light profiles (5 > n > 0.8) over the spatial scales
(resolution~ 700 parsecs) probed by the ACS images simi-
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lar to the disk-dominated galaxies. Note that our clasgifioa
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LBGs are a different population than the UV-bright startsirs

into spheroids and disks is based exclusively on the value ofatz= 1.2 at a high significance level (Table 3). The difference
n. Such galaxies can, and indeed many do, show clumpy orarises mainly from the larger fraction of steep—profile sear

asymmetric features characteristic of tidal interactionro-

among the LBGs. Adopting a broad classification of galaxy

nor mergers. Nevertheless, they are not disrupted to the ex-types into spheroid-like profile sources witt»> 2.5, their frac-

tent that the overall profile shape has departed from the alorm
disk and spheroid morphologies observed locally. A signifi-
cant fraction (30%) of the LBGs have surface brightness pro-
files that are shallower than an exponential profile:(0.8). A
visual examination of these galaxies show that they oftee ha
multiple cores, tadpole, or chain morphology. This clase al
includes diffuse, low surface-brightness galaxies whaatkla
prominent central concentration. We group the galaxiek wit

tion increases from 15% atz ~ 1.2 to about>25% atz > 2.5.

In order to verify whether the decrease of spheroid-likeses

at low-z is because of morphologicét-correction, we com-
pared then values derived for the~ 1.2 sample in the F435W
(rest-frame UV) and the F850Ip (rest-frageimages. We find
that the fraction oh > 2.5 galaxies is almost the same in both
cases, implying that we are not missing significant numbgrs o
the lowz bulges with evolved stellar population by using the

n < 0.8 as a separate class to distinguish them from galaxiesrest-frame UV for our analysis. However, for the more shal-

which have a well-defined central peak in their light profiles
Similar types of galaxies with low or flatter than exponen-
tial profiles have also been identified previously in détpr
surveys (Marleau & Simard 1998; Elmegreen, Elmegreen, &

low (n < 2.5) profile sources, such as, exponential disks, and
merger or irregulars, their fraction decreases fren80% at

z~ 1.2 to about< 70% atz > 3. The flattening of the profiles
at the lower redshift may be because of reduced star-foomati

Sheets 2004; EImegreen, EImegreen, & Hirst 2004; EImegreenin the bulge, and the UV emission is mainly from the individua

& Elmegreen 2005).
The fraction of LBGs with spheroid-like profile is higher by
~ 15% atz ~ 5 than atz ~ 3. We examined the images of

these LBGs and found that they have a dominant central core

with a diffuse halo, and have tadpole-like morphology in som
cases. Based on the simulations, it appears that the imcireas
the fraction of bulges at ~ 4 compared t@ ~ 3 is not due

star-forming clumps that are fairly resolved within thesskd
which have scalelength more than twice that of LBGz:at3.

5.2. Distribution of ellipticities

In Figure 10, we present the distribution of ellipticitiesr f
the luminous LBGs and for the lo@samples. For comparison,

to measurement bias’ because these LBGs typ|ca||y have S/N:he distribution ofe for local galaXieS from Lambas, MaddOX,

> 15. The measurement bias can be important forzthe5
LBGs, most of which have S/ 10 and the errors in the mea-
sured parameters become large.zAt 5, the typical observed
magnitudes aregsp > 26 AB magnitudes, and the simulations
show that the incompleteness for the detection of low-serfa
brightness disks is larger than for the spheroids (8 4.2hcdge
the morphologies at ~ 5 is likely to be biased in favor of the
spheroids that have higher surface brightness than disks.

The distribution ofn for the low-z sample az ~ 1.2 galax-
ies is also shown in Figure 9, and the fraction of galaxy types
based omis listed in Table 2. Only 20 galaxiesat- 1.2 have
Myyv < —20.5 which is the magnitude limit we have used for
the LBGs. The small numbers among the t@astarbursts with
overlapping UV luminosities is likely to be due to the lum&o
ity evolution by~ 1 magnitude fronz > 2.5to0z~ 1.2. In or-
der to define the lowz sample along the same lines as we have

& Loveday (1992) is also shown which is the sum of 2135 ellip-
ticals and 13482 spiral galaxies from the APM survey. Clgarl
the population of ~ 1.2 objects have distribution that closely
matches that for local galaxies. But for the LBGz at 2.5, the
e distribution is skewed towards higher ellipticities. Irgst-
ingly, the peak of the ellipticity distribution shifts froex 0.7
atz>4toe~0.5atz~ 2.5. We also show in Figure 10, the
input and output ellipticity distribution from Monte Carfim-
ulations using galaxies with pure= 4 andn = 1 profiles. The
simulations show that for galaxies having (S/N) typical af o
LBG sample, there is no significant measurement bias orselec
tion effects that can cause the skew that is observed forBiae L
ellipticity distribution.

In Figure 11, the ellipticity distributions are shown segtaty
for the steep profile sources & 2.5) which we refer to as
spheroid-like, and the shallow profile sourcas{(2.5) which

done for the LBGs, we use a sample of galaxies and starburstdve refer to as disk-like. For comparison, the ellipticitytri-

atz~ 1.2 which are brighter than 0.5}, defined az~ 1.2, for
which M}, =-20.04 (Wyder et al. 2005; Arnouts et al. 2005).
Therefore, we restrict the analysisat- 1.2 to galaxies and
starbursts wittMyy < —19.3. The overall population is dom-
inated by disk-like or low concentratiom & 2.5) systems at
z=1.2 as is also the case for LBGs at high-lowever, the dis-
tribution of n values for the galaxies at= 1.2 is more skewed
towards lower values implying that most of the galaxies are i
regulars, mergers, or low surface brightness galaxiess& hee
similar to the “Luminous Diffuse Objects” (LDO’s) atd z< 2

bution for local spheroidsréd dotted curvpand disks flue
dotted curvg from Lambas, Maddox, & Loveday (1992) are
also shown separately in each panel. Overall, majority ef th
LBGs have large ellipticities independent of the profileagp
Even the LBGs witim > 2.5 have highe contrary to that seen
for the spheroids in the local Universe. In the local Uniegrs
such a skewed distribution has been observed only for popu-
lations of edge-on disk galaxies with very small intrinbjt,

as in very late Hubble types, * Sd (Odewahn et al. 1997;
Alam & Ryden 2004; Ryden 2004). At intermediate and high

reported by Conselice et al. (2004). We also show separatelyredshifts, a peaked ellipticity distribution with largdietici-
in Figure 9 then distributions for the sub-sample of starburst ties has been reported for chain galaxies (Cowie et al. 1995;

galaxies ar~ 1.2, which as mentioned in § 2 are the likely low-
zanalogues of LBGs. We find that the distribution for startsurs
is very similar to that for the entire~ 1.2 population taken to-
gether. Although the overall UV-bright galaxies populatat
low-z and high-z appear to dominated by disk-like morpholo-
gies, a Kolmogrov—-Smirnov (K-S) test shows that the 2.5

Dalcanton & Shectman 1996; Elmegreen, EImegreen, & Hirst
2004). Elmegreen, ElImegreen, & Hirst (2004) find that chain
galaxies, which usually have large ellipticities, are Ijk® be
clumpy galaxies viewed edge-on. Given that the LBGs are
viewed at random orientations, the scarcity of low ellipyic
face—on galaxies imply that the majority of LBGs have an in-
trinsic shape which is preferably prolate or filamentaryolm
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analysis, LBGs with clumpy, chain-like morphology have low
n values, typicallyn < 0.8. In order to check whether the ob-
served skewed distribution is dominated by the chain getaxi
in our sample, we examined the distribution for the LBGs with
n> 0.8. In Figure 11, we show the distribution effor the
LBGs with nearly exponential profiles &> n > 0.8) sepa-
rately, in order to distinguish them from the chain-like LBG
with n < 0.8 (magenta histograjn It appears that the skewness
towards highe for the LBGs is not dominated by the chain-
like morphologies, and even the spheroids>(2.5) and nearly
exponential disks (3 > n > 0.8) show the prominent skew to-
wardse > 0.5.

The e distribution for the spheroidsn(> 2.5), and disks
(n < 2.5) among the galaxy population at the lower redshift
of z~ 1.2 is consistent with the spheroids and disks in the
APM survey. When the UV-bright starburstszat 1.2 are con-
sidered separately, the distribution for thec 2.5 galaxies is
fairly consistent with that for the local spirals. The stadis
atz~ 1.2 with n > 2.5 have a flattee distribution than for the
local spheroids. In either case, the 1.2 distribution does not
have the skew towards higheras seen in the case of LBGs,
which implies that there is a significant evolution in the @ale
morphology of star-forming galaxies from> 2.5 toz~ 1.2.

A K-S test gives low probability that thee~ 1.2 starbursts and
LBGs are drawn from the same parent population (Table 3).

6. DISCUSSION
6.1. Morphological Diversity among LBGs

Morphology of Star-forming Galaxies at> 2.5

the morphologies inferred from our 2-D analysis and those pr
sented in Ferguson et al. (2004) using the GOODS data.

We have checked for consistency between the morphologi-
cal types based on other measurements and that infered from
the present analysis using the same set of GOODS images. We
have compared thevalues and the concentration indices (Con-
selice et al. in preparation) measured for LBGs used in this
study, and find that there is a correlation between the two pa-
rameters but with considerable scatter. We have also cadpar
then-based morphological types against the independent anal-
ysis based on the Gini coefficients (Lotz et al. 2005) for the
z~ 4 LBGs in the GOODS data. We find that the classifica-
tions are fairly consistent in terms of the morphologicaissl
that is assigned and the fractions derived for the variolexga
types. The merger fractions that we find for the LBGz:at2.5
is consistent with the results from other studies (Consatal.
2003, Lotz et al. 2005). Lotz et al. (2005) found that abo@630
have fairly undisturbed bulge-like morphologies10-25% are
likely to be major mergers, and the remainindg0% are likely
to be exponential disks or minor mergers. This is consistent
with the fraction of morphological types that we find based on
profile shapes. However, we note that our method of analysis
cannot unambiguously quantify the fraction of major mesger
among the LBGs, because the class of galaxies with very shal-
low (n < 0.8) light profiles include a mix of galaxy types, such
as, major mergers, low surface brightness galaxies, athg dis
with clumpy star formation. Even the LBGs whose profiles
are broadly described by thé/* law, or the exponential pro-
file do show signatures of minor mergers and tidal interastio

We have used the deep, high spatial resolution images for awe find that based on the profile shapes alone, the fraction of

subsamples£ 1333) of the brightest LBGs which were selected
from the large sample of 4700 LBGs available for the first time
from GOODS, in order to characterize their morphologies in a
statistical sense, and to look for morphological evolutiorong
star-forming galaxies from=5 toz= 1.2. We find that more
than half of the LBGs have surface brightness profiles that ca
be represented by thé/4-like and exponential profiles com-
monly used for normal galaxies at low redshifts. The overall
LBG population at all redshiftz,> 2.5, is dominated by the ex-
tended disk-like galaxies and irregulars or merger-likitams

(=~ 70%), and only about 30% have spheroid-like profile shapes.
Itis interesting to note that previous studies have suggébit

the LBGs are predominantly spheroids. Giavalisco, Ste#iel
Macchetto (1996) used a similar analysis of the surfacéhbrig
ness profiles and found that the luminous LBGs exhibit a wide
range of morphologies, but is dominated by spheroid-like-mo
phology withr¥/4 light profiles. We note that the earlier study
was based on small sample of about few tens of the bright-
est LBGs. From our analysis, we find a correlation between
the morphology and luminosity of LBGs, such that, the more
luminous LBGs have steeper profiles. Also, their study was
done using images with ‘01 spatial sampling, as opposed to

UV-bright spheroid-like LBGs decreases from 44%at 5 to
about 27% atz ~ 3, and only 16% of the UV-bright starbursts
atz~ 1.2 have profile shapes similar to that of spheroids. Lotz
et al. (2005) also find that there are fewer spheroids amaang th
starbursts at ~ 1.5, compared to the= 4 LBGs, but the frac-
tions of mergers and transition objects do not show sigmifica
evolution in this redshift range. We find a similar resulttttie
fraction ofn < 2.5 galaxies are comparablezat 1.2 andz~ 3.

As discussed in § 5.2, the ellipticity distribution for LBGs
does not resemble the distribution seen among local spieeroi
and disks, and is clearly skewed towards larger elliptsiti
(e > 0.5) atz=3/4, and 5. This result is particularly inter-
esting because it implies an intrinsic shape distributfat ts
unique for the galaxy populations at high redshifts. In par-
ticular, the high ellipticities of the LBGs that have the een
trally concentrated profiles is in stark contrast to the lew
that is typically seen for lowzspheroids, suggesting that the
spheroids az > 2.5 are intrinsically more elongated than the
local spheroids.

The peak of the ellipticities of the LBGs tends to shift to-
ward lowere with decreasing redshift, from 0.7 atz="5 to
0.5 atz= 3. As discussed in 8§ 5, even if possible chain or

the present analysis which is based on a much larger samplemergerlike morphologies are excluded, the LBGs with expo-

and uses images with higher sensitivity that offers highdr S
and better spatial sampling (@3). Morphological analysis

based on the concentration index measured from GOODS im-

nential disk-like profiles have the skewed ellipticity dilstition
which appears to evolve with redshift. Interestinglyzat4,
the e distribution for the exponential disk-like LBGs, closely

ages have also suggested a higher fraction of spheroidstamonmatch that of the merger-like galaxies and have the same peak

thez=4 LBGs (Ferguson et al. 2004). Unlike in the 2-D sur-
face brightness analysis, the concentration index meamne

e value (~ 0.7). Atz= 3, the LBGs with disk-like profiles peak
at lowere (~ 0.5) and the distribution begins to depart from the

does not account for the PSF convolution, and is measured inhighly skewed distribution which peaks at 0.7 for the shal-

terms of the ratio of the flux in fixed apertures which are lim-
ited by the radial extent of the galaxy profile above the detec
tion isophote. This may partly explain the difference betwe

low profile or merger-like galaxies. These may be the initial
signatures of the transformation from a predominantly gym
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or merger morphology a = 4 to more smooth disks at= 3,
which finally evolves to the relatively flat distributionzat- 1.2
that resembles the local Hubble type spirals more closebmF
our simulations (8§ 4), it does not appear that the observed ev
lution of ellipticities is likely to be due to selection effis or
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matter halos which is usually expressed in terms of the spin
parameter. These models suggest that since LBGs have high
gas-densities and star formation rates, they are likelgs$ale

in dense halos with low spin parameters. The gas in these halo
becomes self-gravitating before it can settle into a ckmgailly

measurement biases. Although, there is a tendency for smallsupported disk. In such cases, LBGs would have compact, and

ellipticities (e < 0.1) to be scattered to slightly higher values,

less flattened, spheroid-like morphologies. We find thabthe

that alone does not seem to account for the large skew that isserved LBG morphology shows a broad range of ellipticities

observed at high redshift.

6.2. Implications for Galaxy Formation Scenarios

and profile shapes which imply that LBGs are not preferdgtial
located in low the spin halos.

One of the main results from the present analysis is the dom-
inance of elongated morphology among the LBGs. The light

Ever since their discovery a decade ago, the morphologiesprofile shapes also suggest an extended configuration for the

of LBGs have been a topic of great interest and speculation.

Are they proto-elliptical galaxies? Are they young disksfe A

LBGs which are predominantly exponential disk-like gadesxi
merger-like galaxies, or have clumpy morphology. Interest

they mergers in progress? Some of the observed LBG properingly, even the galaxies with high central concentrationd a
ties, such as comoving number densities, sizes, and LBG clus close tor/# light profiles, have significantly flattened intrin-

tering have led to interpretations that they may reside e th
most massive dark matter haldgl ¢ 10'°M,), and may be
the direct progenitors of present day massive ellipticald a
spheroids (Steidel et al. 1996; Giavalisco, Steidel, & Mac-
chetto 1996; Adelberger et al. 1998; Steidel et al. 1998; Gi-
avalisco et al. 1998; Giavalisco & Dickinson 2001; Porci&ni
Giavalisco 2002; Adelberger et al. 2005; Lee et al. 2005k Th
present analysis shows that the fraction of spheroids artieng
LBGs is about 30%, and their high ellipticities compareci® t
spheroids at love make them a unique population at- 2.5.

A visual inspection of the LBGs which have close #¢*ror
steeper light profiles shows that in most cases there is &tbrig
core which has elongated isophotes and diffuse halo ardund i
and some have double—nuclei, while a significant fractiamwsh

tadpole-like morphology. Thus, it appears that these ate no
relaxed systems and are likely to be protobulges that are un-

sic shapes contrary to that observed locally. The peak &t hig
ellipticity (e > 0.5) for LBGs effectively rules out the possibil-
ity that LBGs are drawn from a population of circular disks or
a population of oblate spheroids. Intrinsic shapes thattare
first order, prolate or triaxial, would be required to acciofon

the observed peak and skew of the ellipticity distributidhe
observed excess of flattened LBGs seen at high redshift sug-
gests various possibilities about the morphology and dycgam
of these star-forming galaxies; they may be rotating disks,
star-forming clumps that are formed along filamentary gas in
flows in dark matter halos, or they may be gas—rich bars that
essentially encompass the entire galaxy.

6.2.1. Rotationally-supported disks at High-z
We find that the dominant disk—like morphology alone can-

dergoing minor mergers. The young bulges seen among thenot explain the excess of high ellipticity LBGs, unless tams
LBGs may have assembled from merging of massive clumpsple is severly biased against face-on disks close to thesgurv

(M ~ 10°M,) that form from gravitational instabilities in gas-

detection limit. Our simulations show that this is not theea

rich disks of young galaxies (Noguchi 1999). The appearancefor the bright LBGs used in the present analysis. Moreoter, t
of the primeval disks in this case is expected to be similar to ellipticity distribution in the presence of such a bias ipested

chain galaxies, with clumpy star formation in elongatedslis
The semi-analytical models of hierarchical galaxy formatyy

to show a much faster fall-off (EImegreen et al. 2005), than
the gradual fall-off at low ellipticities observed for thé8Gs.

Somerville, Primack, & Faber (2001) suggest that LBGs are Without the kinematic information it remains unclear whatf

collisional starbursts triggered by mergers and are erplct
be merger-like systems or bulgeless disks. The fractiondf s
likely mergers or clumpy galaxies (< 0.8) among our LBG

tion of the LBGs with elongated morphology are rotationally
supported disks. The rotation curves derived from spechms
of the optical emission lines for small samples of LBGs sug-

sample, is significantly large, about 30%, and they can end upgest that there may be rotating disks among them (Pettini et

in ellipticals or bulges of spirals at lower redshifts. Wedfthat
more than half of the LBG population at> 2.5 comprise of
disk-like and minor mergers; a similar result was also ot#di
by Lotz et al. (2005) for the=4 LBGs. There is an observed
decrease in the fraction of bulges¥$ 2.5) from 35% atz ~ 4
to 27% atz ~ 2.5, and 16% at ~ 1.2 which is not likely to

al. 2001; Moorwood et al. 2000). Recently, Erb et al. (2003)
have obtained kinematic data for a sample of color-selected
star-forming galaxies a ~ 2 which have extended, disk-like
morphology in the GOODS ACS images. Although, the slits
were aligned along the galaxy elongation in most cases, only
two of the 13 galaxies in thez = 2 sample showed evidence

be due to selection effects (see § 4). This may reflect a trans-for tilted emission lines that could be attributed to ratati

formation among the galaxy types, as the spheroids accaste g
and rebuild disks around them (Steinmetz & Navarro, 2002). |

Thus, elongated morphology may not necessarily imply rotat
ing disks. Interestingly, Erb et al. (2003) report a cottiela

fact, most of the spheroids do show halos around their compac between the velocity dispersions and morphologies, suah th

cores, and tadpole-like morphologies which suggest onggoi
minor mergers and formation of disk-like structure.

the more elongated galaxies have smaller velocity dispessi
If the same relation holds true for LBGs, then this implieatth

Mo, Mao, & White (1999) have discussed the expected mor- while some fraction of the LBGs may be rotating disks, it is

phological diversity among LBGs within the framework ofkdis
formation in hierarchically merging cold dark matter halgall

& Efstathiou 1980), and adopting the star formation law from
Kennicutt (1998). The range of morphologies in their models
is dictated by the angular momentum distribution of the dark

likely that most are not. The available kinematic studies of
high-z star-forming galaxies suggests that an alternate explana-
tion, such as, filaments or bars with active star-formati@y m

be required to account for the excess of elongated morplesiog
observed among the LBGs.
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6.2.2. Star-forming clumps along gas-rich filaments sufficient to explain the observed excess of elongatedmmgste

According to recent hydrodynamical simulations of galaxy In most cases the bar appears to contain all the stars i_n the
formation (Keres et al. 2005; Birnboim & Dekel 2003; Dekel galaxy and, hence, mustbe atleast a few scale lengths inlsize

& Birnboim 2005), the gas within dark matter halos that have remains unclear _Whether the surface brightness di_mmingtmig_
masses lower thaﬁ a critical maddngio ~ 10114M,.) does not cause one to miss a larger scale low surface brightness disk
[0}

get heated close to the virial temperaturesl(® K), and cool within which the bar resides. In fact, in a few cases a very

by radiative process to form galaxy disks as suggested by thefaint two armed spiral extends out from the ends of the bar. At

standard disk formation models (White & Rees 1978; Fall & l'l?r?St in theset_c??_?s,t tht?] b%r is Smfgler than the vlvhlole g{ﬁlax¥
Efstathiou 1980). Instead, in these halos the gas may be ac- 16781(2%”'?” 1a r:'sh(') € ”ars yie a(\jt[nelan sl%a e an | S0
creted into disks through cold flows:(10° K) along filamen- [~ -/~ 4-UKpC, Which IS Small compared to jocal barred galax-

tary structures. The dominant mode of accretion at any iftdsh 1€S: Putis comparable to the mean size of the LBGs with disk-
is determined by the critical halo mass which evolves with re like morphology. One mightfind the existence of large bars su

shift. At high redshifts£ > 3), the cold mode of gas accretion prising given that most bars today are only about a scaldfieng

which occurs along filamentary structures within the vira in size and never contain a majority of the stellar mass. dea i

dius of the dark matter halos is found to be dominant (Keres et f[hat bars are typically about a scale length in radius has feee

al. 2005). Both cold and hot accretion modes become importan Inforced by numerical simulations of forming bars. Moregve
at intermediate redshifts, and the hot mode begins to ddmina M€ Ubiquity of bainstability in N-body simulations has led to

as the mass scale of galaxies increases at low redshitd}. the belie_f that such instab.ilities. induced_by noise fludrat
While existing models make no specific predictions regaydin and environmental tidal triggering explains the prevatent

morphology, one of the observational signatures of thissira _bafrs m_naturtla. However, ftr%ng externfal pertutrbatlorgﬂcalé] i
tion is likely to be a change in the ellipticity distributiotf at In forming galaxies owing to (néir more frequent massivelsa

z> 3, most of the mass assembly occurs through cold mode!iteS and mergers, can form a bar of larger size by tempgraril
accretion along filaments down to individual galaxy scdiess, overcoming the background potential to induce the fornmatio
lowed by star formation in massive clumps within the filansent of a Iatrgde tbatr) (Hc;:le¥—|50cakely:;]apfn t(_at al. 2foog). ;I'?eGbars aae
we would expect the galaxy to be elongated with the major axis expected to be short-lived with Tifeimes ot abou yr, an
directed along the filament. At lower redshifts- 1, the galax- as the bulge component grows the gas-r!ch d'Sk is more stable
ies may evolve towards a broader range in axial ratios with th to bar fortrr}atlon. dTr;_ef;eforeat?ﬁ balrl_frtz?l(:_tlorzj]ste_gpsglt;dﬁjo
lower ellipticities resulting from the hot mode accretiamerg- ~ ¢féase at low redshifts, and the ellipticity distributidiog

ers, and bulge formation. The observed peaked elliptidgy d evolve toward that observed for local galaxies. Recentrvhse

o o tions have shown that the bar fraction is close to 25-30%ggog
tsrtlgf ?grrr]rfi;%r Idggxsi:;z Eeibggit hgeaer:/gzluilcir'lzlr;nthoeufg?gg; of etal. 2004; Elmegreen et al. 2005) and remains almost aunsta

: : o atz< 1. We find that the peaked ellipticity distribution seen at
appear to be in concordance with this picture. z> 2.5 evolves towards the flat distribution seen for local galax-
6.2.3. B t redshifts> 2.5 ies, lgy redsh|ﬁz_~ 1.2, consistent with what is expected if the

ars atredsnitts> fraction of gas-rich bars is highe(50%) at highz.

To further investigate the origin of the skewness in the el-
7. SUMMARY

lipticity distribution we have visually examined galaxiegth
ellipticities between 0.6 and 0.9, the range where theranis a  We have used the GOODS images to analyse the rest-frame
excess compared to the present day distribution. Somédnact UV morphologies of about 1333 of the most luminous LBGs in
(~ 10%) are clearly mergers but a very qualitative examination order to quantify the morphological types among them, and to
of the images shows that roughly 20% of these objects havestudy the evolution of the morphology of actively star-famm
features typical of bar morphology. A further 30% could be galaxies fronz>25toz~ 1.2.

consistent with a bar origin, or clumpy bars similar to those = We find that about 40% of the LBGs have the exponential
found atz~ 1 in the ACS survey of the Tadpole galaxy field light profiles observed for local disk galaxies. Contrarytte
(Elmegreen, Elmegreen, & Hirst 2004). A few example cases results from previous studies, we find that spheroid-like-mo
of likely bars or bar-signatures among LBGs is presented in phology is not dominant, and only 30% of the LBGs have close
Figure 12. Unlike the classical bars seen locally, the liibiri- to r'/4 profiles expected for spheroids. About 30% of the LBGs
bution in some cases do not appear symmetric due to on-goinghave non-exponential, shallower € 0.8) profiles and visual
star formation. Some LBGs show enhancements of star forma-examination shows that this class includes bulgeless @iskg
tion at the bar ends and at the galaxy center, both classic baiies with clumpy star formation, chain galaxies, and clodespa
signatures observed in lowgalaxies. The presence of a clas- or mergers. The fraction of UV bright spheroids is found to
sic bar morphology in the UV comes as a surprise, because thébe higher at high redshifts. The decrease in the fraction of
bars observed in local galaxies usually have red opticalrsol ~ spheroids fronz=4 toz~ 1.2 is likely due to continued gas
Although present-day barred galaxies show suppressefbstar  accretion and rebuilding of the disks which host most of the
mation in the bar, owing to gas shear, one expects a higher gasecent star formation.

fraction at early times, which has the potential to promede s LBGs have ellipticity distributions that do not resemble th
formation throughout the bar. Furthermore, as we mentioneddistributions for local spheroids or disks. Thelistribution is
previously, the much younger stellar populations at these r  skewed towards large ellipticities, and shows a peak-a0.5.
shifts means that there is no morphologikatorrection, i.e. The peak at high ellipticity effectively rules out the pdskiy
galaxy morphologies appear the same in the rest-frameadptic that LBGs are drawn from a population of circular disks or a
and UV bands (Dickinson 2000, Papovich et al. 2003). The population of oblate spheroids. The high ellipticities geist
above bar fraction+{ 50%), combined with the significant but elongated morphologies are dominant, which may be profate o
smaller fraction of mergers, chains, and edge-on galaiges, triaxial. The peak of the distribution shifts froo 0.7 atz~ 4
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toe =0.5 atz~ 3, and evolves to the relatively flat distribution
observed for local galaxies z~ 1.2.

The skewed ellipticity distribution of LBGs, with a peak at

high ellipticity suggests that the LBGs are not dominated®y
tating disks, but are likely to have intrinsic elongated pia-

ogy, such as, filaments or bars. Recent simulations of galaxy

formation in the cold dark matter cosmology suggest thabgal

ies atz> 3 are likely to have formed in filaments of cold gas

accretion within dark halos. This may induce a directiayali

we may be observing bars at very early epochs, and these are
commonly found in the hydrodynamical simulations involyin
gas-rich galaxies at high- The high-z bars have large scale-
length comparable to the size of the galaxy disks, unlike the
bars seen in present-day disk galaxies.

Support for this work was provided by NASA through grant
G009583.01-96A from the Space Telescope Science Institute

among the early galaxy population, such as the one we observavhich is operated by the Association of Universities for Re-
among our LBG sample, whereby the star formation occurs in search in Astronomy, under NASA contract NAS5-26555. We
bursts along the filaments. Another possibility which can ex thank C. Y. Peng for useful discussions, and the refereénéor t
plain the excess of elongated morphologies among LBGstis tha helpful comments.

REFERENCES

Abraham, R. G., van den Bergh, S., Glazebrook, K., Ellis, RS&ntiago, B.
X., Surma, P., Griffiths, R. E. 1996, ApJS, 107, 1

Adelberger, K. L., Steidel, C. C., Giavalisco, M., DickimsdM., Pettini, M., &
Kellogg, M. 1998, ApJ, 505, 18

Adelberger, K. L., Steidel, C. C., Pettini, M., Shapley, A, Eeddy, N. A., Erb,
D. K. 2005, ApJ, 619, 697

Alam, S. M. K., & Ryden, B.S. 2002, ApJ, 570, 610

Arnouts, S., et al. 2005, ApJ, 619, 43

Barden, M., et al. 2005, ApJ, 635, 959

Bertin, E. & Arnouts, S. 1996, A&AS, 117, 393

Benitez, N. 2000, ApJ, 536, 571

Bianchi, L., et al. 2005, ApJ, 619, 71

Birnboim, Y., & Dekel, A. 2003, MNRAS, 345, 349

Brinchmann, J. et al. 1998, ApJ, 499, 112

Conselice, C. J. 2003, ApJS, 147, 1

Conselice, C. J., et al. 2004, ApJ, 600, L139

Conselice, C. J., Blackburne, J. A., Papovich, C. 2005, Ap0, 564

Cowie, L. L., Hu, E. M., Songaila, A. 1995, AJ, 110, 1576

Dalcanton, J. J., & Shectman, S. A. 1996, ApJ, 465, 9

Dekel, A., & Birnboim, Y. 2006, MNRAS, 368, 2

Dickinson, M. E., 2000, Philosophical transactions of they& Society of
London, Series A, 358, 2001

Driver, S., Windhorst, R.A., Ostrander, E.J., Keel, W.Crjffths, R. E.,
Ranatunga, K. U. 1995, ApJ, 449, 23

Erb, D. K., Steidel, C. C., Shapley, A. E., Pettini, M., & Abelger, K. L. 2004,
ApJ, 612, 122

Elmegreen, D. M., EImegreen, B. G., & Sheets, C. M. 2004, A3, 74

Elmegreen, D. M., EImegreen, B. G., & Hirst, A. C., 2004, Ag04, L21

Elmegreen, B. G., EImegreen, D. M. 2005, ApJ, 627, 632

Fall, S. M., & Efstathiou, G. 1980, MNRAS, 193, 189

Ferguson, H.C. et al. 2004, ApJ, 2004, 600, L107

Giavalisco, M., Livio, M., Bohlin, R. C., Macchetto, D. F.tegher, T. P. 1996,
AJ, 112, 369

Giavalisco, M., Steidel, C. C., Macchetto, D. F. 1996, Apd),41.89

Giavalisco, M., 2002, ARAA, 40, 579

Giavalisco, M., et al. 2004a, ApJ, 600, L93

Giavalisco, M., et al. 2004b, ApJ, 600, L103

Giavalisco, M., Steidel, C.C., Adelberger, K., Dickinsax,, Pettini, M.,
Kellogg, M., 1998, ApJ, 503, 543

Giavalisco, M., & Dickinson, M. 2001, ApJ, 550, 177

Glazebrook, K., Richard, E., Colless, M., Broadhurst, Tlington-Smith, J.,
& Tanvir, N. 1995, MNRAS, 273, 157

Griffiths, R. E. et al. 1994, ApJ, 435, 19

Heckman, T. M., et al. 2005, ApJ, 619, 35

Holley-Bockelmann, K., Weinberg, M., & Katz, N. 2005, MNRAS63, 991

Hubble, E. P., 1936The Realm of the Nebulablew Haven: Yale University
Press

Im, M., Ratnatunga, K.U., Griffiths, R.E., Casertano, S.5,9%J, 445, L15

Im, M., et al. 1999, ApJ, 510, 82

Jogee, S. et al. 2004, ApJ, 615, 105

Kennicutt, R. C. 1998, ApJ, 498, 541

Keres, D., Katz, N., Weinberg, D. H., & Dave, R. 2005, MNRA$332

Kinney, A. L., Calzetti, D., Bohlin, R. C., McQuade, K., Stbi-Bergmann, T.,
& Schmitt, H. R. 1996, ApJ, 467, 38

Oke, J. B., & Gunn, J. E. 1983, ApJ, 266, 713

Kuchinski, L. E., et al. 2000, ApJS, 131, 441

Kuchinski, L. E., Madore, B. F., Freedman, W. L. 2001, AJ, 1229

Lambas, D.G., Maddox, S.J., & Loveday, J. 1992, MNRAS, 288, 4

Lee, K., Giavalisco, M., Gnedin, O. Y., Somerville, R., Rasgn, H. C.,
Dickinson, M., Ouchi, M. 2006, ApJ, 642, 63

Le Févre, O., et al. 2005, A& A, 439, 845

Lilly, S. et al. 1998, ApJ, 500, 75

Lowenthal, J. et al. 1997, ApJ, 481, 673

Lotz, J. M., Madau, P., Giavalisco, M., Primack, J., & FexusH. C. 2006,
ApJ, 636, 592

Marleau, F. R., & Simard, L. 1998, ApJ, 507, 585

Martin, C. D., et al. 2005, ApJ, 619, 1

Mo, H. J., Mao, S., White, D. M. 1999, MNRAS, 304, 175

Mobasher, B., et al. 2004, ApJ, 600, 167

Moorwood, A.F.M., van den Werf, P. P. Cuby, J. G., Olivia, B0Q, A& A,
362, 9

Odewahn, S.C., Burstein, D., Windhorst, R.A. 1997, AJ, 249

Papovich, C., Dickinson, M. E., Giavalisco, M., Conseli€eJ., Ferguson, H.
C. 2005, ApJ, 631, 101

Papovich, C., Giavalisco, M., Dickinson, M., Conselice JC.& Ferguson, H.
C. 2003, ApJ, 598, 827

Peng, C.Y., Ho, L. C., Impey, C. D., Rix, H.-W. 2002, AJ, 12662

Pettini, M., Shapley, A. E., Steidel, C. C., Cuby, J., Didan, M., Moorwood,
A. F. M., Adelberger, K. L., Giavalisco, M. 2001, ApJ, 554,198

Porciani, C., & Giavalisco, M. 2002, ApJ, 565, 24

Ravindranath, S. et al. 2004, ApJ, 604, L9

Ryden, B. S. 2004, ApJ, 601, 214

Roberts, M. S., & Haynes, M. P., 1994, ARAA, 32, 115

Sandage, A., Freeman, K.C., & Stokes, N. 1970, ApJ, 160, 831

Schweizer, F. 1982, ApJ, 252, 455

Sérsic, J. L. 1968, Atlas de Galaxias Australes (Cérdoba. @btron., Univ.
Nac. Cérdoba)

Simard, L., et al. 1999, ApJ, 519, 563

Somerville, R. S., Primack, J. R., & Faber, S. M. 2001, MNRB3), 504

Stanford, S. A., Dickinson, M.E., Postman, M., FergusorGC.HLucas, R.A.,
Conselice, C. J., Budavari, T., Somerville, R. 2004, AJ,, 131

Steidel, C. C., Giavalisco, M., Pettini, M., Dickinson, Midelberger, K. L.
1996, ApJ, 462, 17

Steidel, C. C., Adelberger, K. L., Dickinson, M., GiavalisdM., Pettini, M.,
Kellogg, M. 1998, ApJ, 492, 428

Steidel, C. C., Adelberger, K. L., Giavalisco, M., DickimsdM., Pettini, M.
1999, ApJ, 519, 1

Steidel, C. C., Adelberger, K. L., Shapley, A. E., Pettini, Mickinson, M. E.,
Giavalisco, M. 2003, ApJ, 592, 728

Schade, D., etal. 1999, ApJ, 525, 31

Trujillo, 1. & Aguerri, J.A.L. 2004, MNRAS, 355, 82

van den Bergh, S. 2001, AJ, 122, 621

Vanzella, E., et al. 2005, A& A, 434, 53

Wirth, G. D., et al. 2004, AJ, 127, 3121

White, S. D. M., & Rees, M. 1978, MNRAS, 183, 341

Wyder, T. K. et al. 2005, ApJ, 619, 15



12 Morphology of Star-forming Galaxies at> 2.5
FIGURE CAPTIONS

Fig. 1. —A summary of the 2-D surface-brightness modeling ugiafit is shown for the B-dropouts or LBGs at- 3.8. The
original image panel J), the Sérsic modelp@nel 3, and the residual imag@dnel 3 are shown along with the one-dimensional
surface brightness profilepgnel 4. The 1-D profiles were derived by doing ellipse fits on thgio&l image ¢rossey and on the
best-fit model ¢pen circley. A comparison of the two profiles shows that the model repced the smooth galaxy profile very well.
Clumpiness generally tends make the profiles flatter thamegponential profile as seen in the lowest panel. The pesisiduals
appear white on the residual image. Each image’i8 2.2.”0.

Fig. 2. —Montage of LBGs at ~ 3 arranged in the order of decreasing central concentrati@ersic indexn, reveals the
diverse rest-frame UV~ 1600A Ymorphology. The number on the upper left in each piartak ID from the GOODS v1.1 catalog,
and the numbers on the lower right are the total UV magnitadéB magnitudes, the effective radiug) in arcseconds, anad
We distinguish the following morphological types among LB@&/* bulge-like f > 2.5), exponential disks (8 > n > 0.8), and
multiple cores, chains, or mergers< 0.8). Each image is 20 x 2.”0.

Fig. 3. —Same as Figure 2, but for the LBGszat 4.

Fig. 4. —Summary of the results from the Monte-Carlo simulationschtshow the recovered Sérsic index measurements as a
function of the size, and magnitude. The results are showalfout 50,000 simulated galaxies which include almost lequmabers
of r'/4 profile (black pointy and exponential profileréd point3 types with random orientation. The spheroids clearly stager
spread inn at small sizes and faint magnitudes, but exponential peofite fairly well recovered over the full range of sizes and
magnitudes.

Fig. 5. —Summary of the results from the Monte-Carlo simulationsolitéhow the recovered ellipticity measurements as a
function of the size, and magnitude. The results are showalfout 50000 simulated galaxies which include almost equiadbers
of r¥/4 profile (black pointy and exponential profiler¢d point3 types with random orientation. The ellipticities for spbies and
exponential disks are well-recovered over a large rangeagfnitudes and sizes. The scatter becomes significant onty-a25.5
with very little dependence on the profile type, and the irgizes.

Fig. 6. —Summary of the results from the Monte-Carlo simulationsolihshow the comparison of ellipticity measurements
from the 2-D analysis, and from SExtractor as a function efittput ellipticity, size, and magnitude. The inpuistribution in the
simulations is close to uniform in the range 0 to 1. The leftgdahows the results from 2-D Sérsic function fitting usseyfit, and
the right panel shows the measurements giveBBytractor Clearly, the measuredtends to scatter towards large values at small
input ¢, half-light radiusre < 0.2, and at faint magnitudes (m25.0). However, the 2-D fits have a much smaller bias since they
account for the PSF convolution, and also sample the wingseodalaxy profile out to about five times

Fig. 7. —Comparison of the structural parameters for galaxies détfikom GOODS and the deeper UDF data are shown versus
the averages/N in the GOODS images. Measurements for all 760 galabéck point$ that are common to the GOODS and
UDF images for which we have done the morphological anabsshown for the-band. The comparison for LBGs at 3 (blue
triangles, 4 (green triangle} and 5 (ed triangle3d are shown in the F606W, F775W, and F850LP bands which quorets to~
rest-frame 1600A wavelengths. The measured parametens good agreement between the two datasets. The scattembsco
significant only at< S/N > less than 15, but most of our LBG candidates have high8fN >.

Fig. 8. —Simulated images generated by redshifting the rest-fraMeaALEX images of local galaxies from the Nearby
Galaxies Survey (NGS) out o= 3. The fluxes have been boosted to account for the obsen&thagnitude evolution in t. from
z=0to 3 (Wyder et al. 2005; Arnouts et al. 2005). The intrinsies at high redshift is assumed to be about one-third of the
present-day size (Ferguson et al. 2004). Without assurhmdutminosity-size evolution, most of the star-formingagéés would
not even be visible in the redshifted images. The LBGs oleskatz= 3 and 4 figures 2 and Bappear to have morphological
analogues among the local galaxies, although the LBGs ach tmighter and often have faint features that appear lda tails.

Fig. 9. —

The histograms show the observed distribution of Sérsiexim for the luminous LBGsI( > 0.5L5¢,,,-3) atz~ 3,4 and 5, and
for all galaxies and starbursts with spectroscopic retishif 1.2. Also shown are the recoveradlistribution dashed linesfrom
Monte—Carlo simulations using artificial galaxies witlr 4 (red) andn =1 (blug) profiles. Although the recoveraddistribution
shows a larger dispersion for the= 4 models, then > 2.5 criteria does help to distinguish the bulge-like galaXiesn pure
exponential disks.

Fig. 10. —

The histogram shows the observed distribution of ellifiisifor the LBGs with Il > 0.5L34,q,-3) atz> 2.5 in the GOODS data,
and for the galaxies and starburstgzat 1.2. The curves show the inpulgtted and output dashed ellipticity distribution for the
simulated galaxies with pure= 4 (red) andn =1 (blue) profiles. The range of ellipticities are well-recoveredttre typical S/N for
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LBGs in the GOODS data. In all the panels, tilack dottedcurves show the sum of thedistribution for the local ellipticals and
spiral disks in the APM survey (taken from Lambas, Maddox,@&é&day 1992).

Fig. 11. —

The observed distribution for star-forming galaxies as a function of skilt, for the different profile types. LBGs with > 2.5
(left pane) which are spheroid-like based on their brightness profded withn < 2.5 (right pane) which include disk-like iflack)
and merger-likerhagenta are shown separately. Thedistribution for the local ellipticalsréd, dotted curveand spirals i§lue,
dotted curve from the APM survey are shown for comparison. Tehdistribution of LBGs is found to be skewed towards high
implying that they are more elongated than the local gataxieespective of profile type. The spheroid-like and dikk-galaxies at
z~ 1.2 showe distribution very similar to that of their local counterfsar

Fig. 12. —
Examples of LBGs with high ellipticitye(> 0.6) which appear to have bar-like morphology and other baradiges, such as
spiral arms arising from the ends of a bar, or star formattahebar ends.



Morphology of Star-forming Galaxies at> 2.5

TABLE 1: RESTFRAME UV PROPERTIES OF LOCAL GALAXIES REDSHIFTED TO
z=1.2 AND 3

Sérsic index, n Ellipticity, €
Galaxy Hubble Type z=3.0 z=1.2 z2=3.0 z=1.2

(1) (2) ®3) (4) (5) (6)
NGC 1399 Elpec 2.09 2.00 0.19 0.11
NGC 1316 (R)SAB(s)0 0.31 0.65 0.02 0.26
Cen A SOpec 0.04 0.29 0.68 0.52
M81 SA(s)ab 0.28 0.05 0.57 0.43
NGC 1068 (R)SA(rs)b 1.79 1.73 0.24 0.25
Mb51 SAbc 0.25 0.21 0.29 0.27
M83 SAB(s)c 0.38 0.26 0.13 0.02
NGC 253 SAB(s)c 0.06 0.05 0.77 0.78
NGC 628 SA(s)c 0.36 0.18 0.06 0.02
M101 SAB(rs)cd 0.39 0.15 0.36 0.33
NGC 2403 SAB(s)cd 0.77 0.59 0.44 0.42
NGC 247 SAB(s)d 0.09 0.06 0.73 0.72
NGC 925 SAB(s)d 0.43 0.26 0.57 0.54
HCG 92 interacting 0.76 0.35 0.75 0.57

NOTE.— Summary of the surface brightness profile analysis from simulations using GALEX images of local galaxies
redshifted to z = 3.0 and 1.2.(1) Galaxy name ; (2) Hubble Types from NASA’s Extragalactic Database (NED); (3) &
(4) measured Sérsic index at z = 3 and z = 1.2; (5) & (6) measured elliptcities at z = 3 and z = 1.2.

TABLE 2: FRACTION OF MORPHOLOGICAL TYPES AMONG STAR-FORMING
GALAXIES AT 2 > 3 AND 2~ 1.2

Sérsic index, n

z Niotar L >05Ls Niporpp n>4 40>n2>25 25>n2>0.8 n < 0.8
steep /4 type exponential-type  multiple/mergers

1) (2) (3) (4) () (6) (7) (®)

1.2 (all) 1025 425 378 0.08 0.08 0.26 0.58

1.2 (starbursts) 292 175 153 0.08 0.06 0.27 0.58

3.1 1409 735 662 0.15 0.12 0.42 0.31

3.8 2440 513 493 0.22 0.13 0.33 0.31

4.9 845 198 178 0.29 0.15 0.31 0.25

NOTE.— The fraction of morphological types among bright star-forming galaxies at z ~ 1.2 and LBGs for which
structural parameters have been measured using the 2-D analysis. (1) Redshift ; (2) Number of LBGs selected by the
“dropout” technique in the GOODS fields at z > 2.5, and star-forming galaxies at z ~ 1.2 selected by spectroscopic
redshifts; (3) number of LBGs with L > 0.5 L, where L, is defined as in Steidel et al. (1999); since only few (< 20)
z ~ 1.2 galaxies satisfy the luminosities defined for LBGs, we have not applied the same luminosity cut for galaxies at
z ~ 1.2 and instead use the 0.5 L, value at z = 1 from the literature (Wyder et al. 2005, Arnouts et al. 2005); (4) number
of L > 0.5 L, for which morphological parameters were measured with x2 < 1.0; (5)-(9) fraction of galaxies belonging to
the various morphological class based on their n values.
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TABLE 3: STATISTICAL COMPARISON OF STAR-FORMING GALAXIES AT z ~ 1.2
AND LBGs AT 2 > 3

redshift, z
3.1 3.8 4.9
mean n 2.09+2.1 2.54+2.5 3.07+£2.7
K-S test, P(n) 9E-07 3E-07 9E-10
mean € 0.53£0.19 0.56+ 0.19 0.5940.20
K-S test, P(e) 0.03 1E-4 6E-4

NOTE.— The mean n and € for the z = 1.2 galaxy sample is 2.07 + 2.4 and 0.50 £ 0.21, and for starbursts at z = 1.2,
the values are 1.51 + 1.8 and 0.51 £ 0.20. The K-S test for n and e distribution gives the probablity (P(n) and P(e)) that
the null hypotheses that the z ~ 1.2 and z > 3 samples are drawn from the same parent population cannot be rejected.
The low values for P(n) and P(e) suggests that it is unlikely that the star-forming galaxies sample at z ~ 1.2 and z > 3
are drawn from the same distribution.

15



This figure "figl.jpg" is available in "jpg" format from:

http://arXiv.org/ps/astro-ph/0606696\1



http://arXiv.org/ps/astro-ph/0606696v1

This figure "fig2.jpg" is available in "jpg" format from:

http://arXiv.org/ps/astro-ph/0606696\1



http://arXiv.org/ps/astro-ph/0606696v1

This figure "fig3.jpg" is available in "jpg" format from:

http://arXiv.org/ps/astro-ph/0606696\1



http://arXiv.org/ps/astro-ph/0606696v1

This figure "fig4.jpg" is available in "jpg" format from:

http://arXiv.org/ps/astro-ph/0606696\1



http://arXiv.org/ps/astro-ph/0606696v1

This figure "fig5.jpg" is available in "jpg" format from:

http://arXiv.org/ps/astro-ph/0606696\1



http://arXiv.org/ps/astro-ph/0606696v1

This figure "fig6.jpg" is available in "jpg" format from:

http://arXiv.org/ps/astro-ph/0606696\1



http://arXiv.org/ps/astro-ph/0606696v1

This figure "fig7.jpg" is available in "jpg" format from:

http://arXiv.org/ps/astro-ph/0606696\1



http://arXiv.org/ps/astro-ph/0606696v1

This figure "fig8.jpg" is available in "jpg" format from:

http://arXiv.org/ps/astro-ph/0606696\1



http://arXiv.org/ps/astro-ph/0606696v1

This figure "fig9.jpg" is available in "jpg" format from:

http://arXiv.org/ps/astro-ph/0606696\1



http://arXiv.org/ps/astro-ph/0606696v1

This figure "fig10.jpg" is available in "jpg" format from:

http://arXiv.org/ps/astro-ph/0606696\1



http://arXiv.org/ps/astro-ph/0606696v1

This figure "figl1.jpg" is available in "jpg" format from:

http://arXiv.org/ps/astro-ph/0606696\1



http://arXiv.org/ps/astro-ph/0606696v1

This figure "fig12.jpg" is available in "jpg" format from:

http://arXiv.org/ps/astro-ph/0606696\1



http://arXiv.org/ps/astro-ph/0606696v1

	The morphological diversities among star-forming galaxies at high redshifts in the great observatories origins deep survey
	Recommended Citation
	Authors

	Untitled

