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ABSTRACT

We present a rest-frame ultraviolet analysis of ∼120 z ∼ 3.1 Lyman Alpha Emitters (LAEs) in the Extended
Chandra Deep Field South. Using Hubble Space Telescope (HST) images taken as part of the Galaxy Evolution
From Morphology and SEDS (GEMS) survey, Great Observatories Origins Deep Survey (GOODS), and Hubble
Ultradeep Field surveys, we analyze the sizes of LAEs, as well as the spatial distribution of their components,
which are defined as distinct clumps of UV-continuum emission. We set an upper limit of ∼1 kpc (∼0.′′1) on the rms
offset between the centroids of the continuum and Lyα emission. The SFRs of LAE components inferred from the
rest-frame ultraviolet continuum range from ∼0.1 M� yr−1 to ∼5 M� yr−1. A subsample of LAEs with coverage
in multiple surveys (at different imaging depths) suggests that one needs a signal-to-noise ratio, S/N � 30, in order
to make a robust estimate of the half-light radius of an LAE system. The majority of LAEs have observed half-light
radii �2 kpc, and LAE components typically have observed half-light radii �1.5 kpc (�0.′′20). Although only
∼50% of the detected LAE components are resolved at GOODS depth, the brightest (V � 26.3) are all resolved in
both GOODS and GEMS. Since we find little evidence for a correlation between the rest-UV sizes and magnitudes
of LAEs, the majority should be resolved in a deeper survey at the ∼0.′′05 angular resolution of the HST. Most of
the multi-component LAEs identified in shallow frames become connected in deeper images, suggesting that the
majority of the rest-UV “clumps” are individual star-forming regions within a single system.
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1. INTRODUCTION

In the local universe, the majority of galaxies fall on a se-
quence that runs from red, quiescent galaxies with a compact
spheroidal component to star-forming, gas-rich disks with ap-
proximately exponential profiles. Out to intermediate redshifts
(z ∼ 1.5), there is a clear continuum in morphological proper-
ties that is consistent with the Hubble Sequence that we observe
locally (Conselice et al. 2004). However, at higher redshifts,
typical galaxies appear clumpy and irregular (e.g., Steidel et al.
1996; Papovich et al. 2005; Conselice et al. 2005; Venemans
et al. 2005; Pirzkal et al. 2007) and evade clean placement into
existing classification schemes.

The most studied class of galaxy includes objects found by
the Lyman-break technique, wherein high-redshift galaxies are
identified by a flux discontinuity in the continuum caused by
absorption of intervening neutral hydrogen (Steidel et al. 1996).
Morphological analyses of z > 2.5 Lyman-break galaxies
(LBGs) have revealed that most of these systems are disturbed
and disk-like (i.e., with exponential light profiles), with only
∼30% having light profiles consistent with galactic spheroids
(e.g., Ferguson et al. 2004; Lotz et al. 2006; Ravindranath et al.
2006). In addition, using SExtractor, these studies find a mean

∗ Based on observations made with the NASA/ESA Hubble Space Telescope,
and obtained from the Hubble Legacy Archive, which is a collaboration
between the Space Telescope Science Institute (STScI/NASA), the Space
Telescope European Coordinating Facility (ST-ECF/ESA) and the Canadian
Astronomy Data Centre (CADC/NRC/CSA).
5 Also at Yale Center for Astronomy and Astrophysics, Yale University, P.O.
Box 208121, New Haven, CT 06520, USA.

half-light radius of ∼2.27 kpc at z = 3.1 and a size evolution
that scales approximately as H−1(z).

Like LBGs, Lyman Alpha Emitters (LAEs) at z ∼ 2–4 are
widely believed to be actively star forming (e.g., Cowie & Hu
1998). However, they are found to have lower stellar and dark
matter masses, higher mass-specific star-formation rates (SFRs),
and lower dust content on average (Venemans et al. 2005;
Gawiser et al. 2007). The effort to measure the morphologies of
these objects is still in its earliest stages, with the majority of
the existing results being reported in the broadband rest-frame
ultraviolet. The qualitative rest-UV morphological properties of
LAEs are generally agreed upon, but LAEs remain difficult to
place in existing classification schemes. At 3 � z � 6, most are
small (with half-light radii �1 kpc), compact (C > 2.5), and
barely resolved at Hubble Space Telescope (HST) resolution
(Venemans et al. 2005; Pirzkal et al. 2007; Overzier et al.
2008; Taniguchi et al. 2009). However, many (∼20%–45%)
are clumpy or irregular, with components extending to several
kiloparsecs.

The Multiwavelength Survey by Yale-Chile (MUSYC;
Gawiser et al. 2006) is a collaborative effort to obtain multi-
wavelength imaging and spectroscopy of 1.2 deg2 of sky in four
different fields, including the Extended Chandra Deep Field-
South (ECDF-S). As part of this survey, Gronwall et al. (2007)
used broadband and 4990 Å narrow-band imaging of the ECDF-
S to identify a large, unbiased sample of LAEs at z = 3.1. The
authors found that their LAE sample had an exponential equiv-
alent width distribution, with a scale length of w0 = 76+11

−8 , and
followed a Schechter function (Schechter 1976) in emission-
line luminosity, with α = −1.49+0.45

−0.34 and log L∗ = 42.64+0.26
−0.15.
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Table 1
HST Imaging Survey Properties

Survey Sky Coverage V-Band Deptha NLAE
b Reference

(arcmin2) (AB magnitude)

GEMS 800 28.3c 97 1
GOODS 160 28.8 29 2
HUDF 11 30.5 4 3

Notes.
a 5σ depth for point-source detection.
b Number of LAEs covered in the survey region.
c The sGOODS data are shallower, 27.9 AB magnitudes.
References. (1) Rix et al. 2004; (2) Giavalisco et al. 2004; (3) Beckwith et al.
2006.

In addition, they found that the SFRs estimated from the UV
continuum were ∼3 times larger than those estimated from the
Lyα line, with UV SFRs ranging from ∼1 to 10 M� yr−1. Sub-
sequent analysis of this sample by Gawiser et al. (2007) showed
LAEs to be weakly clustered, with a bias factor (b ∼ 1.7) con-
sistent with that expected from the progenitors of present-day
L∗ galaxies. Moreover, although ∼70% of these LAEs are too
faint to be detected on deep images taken by the Spitzer Infrared
Array Camera, spectral energy distribution fits to the broadband
optical and infrared colors of a mean “stacked” LAE suggests
that they typically have very small stellar masses, ∼109 M�.

This paper complements the Gronwall et al. (2007) and
Gawiser et al. (2007) studies of the MUSYC z = 3.1 LAE
sample by measuring the rest-UV size and component dis-
tributions using high-resolution V-band images, taken by the
Advanced Camera for Surveys (ACS) and obtained as part
of the Galaxy Evolution from Morphology and SEDs survey
(GEMS; Rix et al. 2004), Great Observatories Origins Deep
Survey (GOODS; Giavalisco et al. 2004), and Hubble Ultra-
deep Field survey (HUDF; Beckwith et al. 2006). In addition
to presenting the largest LAE morphological study to date, this
paper describes a new pipeline for the study of high-redshift
galaxies at low signal to noise. In past work, clumpy LAEs
have been given only crude, qualitative descriptions, but even
at low_redshift, ordinary late-type galaxies can look clumpy in
the UV. Thus, there is ambiguity in the treatment of individ-
ual components (Bond 2009, and references therein). Here, we
fit each photometric component separately and give quantita-
tive size measures for both the individual components and the
LAE system as a whole. Furthermore, since some of our LAEs
are covered in multiple surveys, we present an analysis of the
depth dependence of the sizes and component distributions. As
discussed in Bond (2009), this is a crucial step if we wish to
compare morphological measurements between different high-
resolution imaging observations of LAEs. We will present an
analysis of the higher-order morphological properties of LAE
components in a subsequent paper (C. Gronwall et al. 2009, in
preparation). In Sections 2 and 3, we describe the data and detail
the pipeline used in our analysis. In Section 4, we present the
photometric properties, including half-light radii, of each LAE
system and its components. We also explore how these proper-
ties vary with image depth. Finally, in Section 5, we discuss the
implications of our findings and suggest a direction for future
morphology studies of LAEs and other high-redshift galaxies.
Throughout this paper, we will assume a concordance cosmol-
ogy with H0 = 71 km s−1 Mpc−1, Ωm = 0.27, and ΩΛ = 0.73
(Spergel et al. 2007). With these values, 1′′ = 7.75 physical kpc
at z = 3.1.

2. DATA

Our study uses the statistically complete sample of z = 3.1
LAEs identified by Gronwall et al. (2007) in the ECDF-S;
these objects are defined to have monochromatic fluxes, F4990 >
1.5 × 10−17 erg cm−2 s−1, and observed-frame Lyα equivalent
widths, EW> 80 Å. As published, the Gronwall et al. (2007)
sample contains 162 objects. From this list, we exclude the two
X-ray sources removed by the authors, one duplicate object
(LAE 110, identical to LAE 124), and five recently-identified
spurious detections (LAEs 33, 48, 57, 104, and 139, Guillermo
Blanc 2008, private communication) caused by CCD cross talk
in the narrow-band image. Excluding LAEs within 40 pixels of
the edge of an image, a total of 116 of the remaining 154 objects
fall in fields observed by the HST; these are listed in Table 1.
Below, we summarize the data.

2.1. GEMS

The GEMS survey consists of a series of 63 ACS pointings in
the V606 and z814-bands, which cover the full ∼800 arcmin2 of
the ECDF-S. The depth of this survey is fairly uniform across the
field, with V606-band point sources detected with 5σ confidence
to mAB = 28.3 in the main GEMS survey, and to mAB = 27.9
in the region covered by the first epoch of the GOODS survey
(hereafter, sGOODS). The sGOODS data were reduced with the
GEMS pipeline, but include data incorporated into the deeper
GOODS v2.0 images and will therefore only be used to test
the depth dependence of our morphological diagnostics (see
Section 3.4). All images have been multidrizzled (Koekemoer
et al. 2002) to a pixel scale of 0.′′03 pixel−1 and in the GEMS-
only tiles, 97/154 LAEs are covered by the survey.

2.2. GOODS

In the Chandra Deep Field-South, the southern half of the
GOODS survey covers ∼160 arcmin2 of sky and includes
HST/ACS observations in the B435, V606, I775, and z850 filters.
The effective exposure time of this survey is variable across
the GOODS area, but for point sources, a typical V606-band,
5σ detection limit is mAB = 28.8. All images have been
multidrizzled to a pixel scale of 0.′′03 pixel−1 and of 154 LAEs
in our original sample, 29 have V606-band coverage in v2.0 of
the GOODS/ACS catalog.

2.3. HUDF

The images of the HUDF are deeper than those in either
GEMS or GOODS, reaching V-band 5σ point source depth of
mAB = 30.5, but cover only 11 arcmin2 of sky. As in GOODS,
the HUDF survey includes HST/ACS observations in the B435,
V606, I775, and z850 filters, which have been multidrizzled to a
plate scale of 0.′′03 pixel−1. Only three of our 154 objects fall in
this region.

3. METHODOLOGY

High-redshift galaxies frequently exhibit “clumpy” mor-
phologies; in such systems, high-order morphological fits can
be difficult to interpret. To avoid this problem, each LAE system
was first examined with SExtractor (Bertin & Arnouts 1996),
to identify individual rest-UV components. The pipeline devel-
oped for this work operated in five stages:

1. Cutout extraction from survey images (Section 3.1).
2. Source detection, using SExtractor (Section 3.1).
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3. Centroid estimation and aperture photometry using PHOT
(Section 3.2).

4. Light profile fitting, using GALFIT (Section 3.3).
5. Identification of point sources (Section 3.3).

3.1. Cutouts and SExtractor Runs

We began by extracting an 80 × 80 pixel (2.′′4 × 2.′′4) cutout
from the HST/ACS survey image at the position of each LAE in
our sample. This region, which has a linear scale of ∼19 kpc at
the redshift of the emitter, is large enough to include the expected
uncertainties in the V-band centroids (see Section 3.2). Since
the profile fits described in Section 3.3 were performed over the
entire cutout, our final sample included only those LAEs with
full survey coverage in the cutout region.

After extracting the cutouts, we identified all sources con-
tained within them using the SExtractor (Bertin & Arnouts
1996) object detection algorithm. Since LAEs can appear as
either point sources or extended objects at HST resolution, we
set our parameters to find all sources with at least 9 pixels above
a 1.65σ detection threshold. Although this condition does not
allow us to find very weak compact sources, even when they
are apparent to the eye, this limitation is not serious, since
these objects contain no useful morphological information. Fi-
nally, to identify those objects with multiple components, we
set the SExtractor parameter, DEBLEND_MINCONT= 0.06; this
value was chosen to split the LAE components which appeared
by eye to be separate objects.

Figure 1 plots the distribution of SExtractor V606-band detec-
tions in the 97 GEMS cutouts as a function of angular distance
from the ground-based Lyα centroid. The detections are highly
clustered: 34 components fall within 0.′′25 of the ground-based
position, which is the approximate positional uncertainty asso-
ciated with the ground-based astrometry (Gawiser et al. 2006).
Moreover, the density of detected components does not fall to
that of the field until ∼0.′′6, which we define as our selection
radius, Rsel. Based on the density of field sources displayed in
Figure 1, we estimate that 11 of the 87 components detected by
SExtractor within our selection radius are chance coincidences.

After discarding those cutouts with no detections within the
selection radius, we used SExtractor to fit and subtract a uniform
sky from each of the remaining images. This is a critical step; as
a result of resonant scattering, the diffuse emission from Lyα can
extend many half-light radii beyond the main body of a galaxy
(Ostlin et al. 2009). By using a field cutout size of 2.′′4, we
minimize the risk that our estimate of the sky will be affected by
diffuse emission that may occur within our 0.′′6 selection radius.
Similarly, by adopting a uniform sky background, we avoid the
risk of confusing Lyα emission with background fluctuations.

3.2. Centroid Estimation and Aperture Photometry

The above procedure is useful for isolating individual com-
ponents within the LAE cutouts, but we also wish to measure
the photometric properties of the composite system; that is, of
all light within the selection radius of an LAE. To estimate the
rest-UV centroid of the LAE system, we again run SExtractor on
each of the cutouts, now requiring a detection to have only five
pixels above the 1.65σ threshold. We then measure the centroid
to be the flux-weighted mean position of the detections within
the selection radius. The smaller five-pixel detection threshold
will find more dim components that, although too dim for a
reliable half-light radius determination, could allow for a more
accurate determination of the LAE centroid.

Figure 1. Distribution of SExtractor detections in the V606-band GEMS cutouts
as a function of distance from the ground-based Lyα centroid. Within the
0.′′6 (20-pixel) selection radius, drawn in black, are objects classified as LAE
components.

We then use the IRAF routine PHOT, summing the counts
within a series of apertures, each centered on the measured light
centroid and ranging from 0.′′015 to 0.′′6 in radius. Assuming that
all of the flux from the LAE system is contained within a 0.′′6
aperture, the half-light radius, rPHOT

e , is found by interpolating
the curve of growth at one-half of this total flux. We use a 0.′′6
maximum aperture because it corresponds to the selection radius
(larger maximum apertures yield half-light radii that differ by
no more than 10%).

3.3. Morphology Fits and Point Source Identification

We measured the morphological properties of our LAE
sample using GALFIT (Peng et al. 2002), a software package that
convolves a model light profile with the point-spread function
(PSF) and minimizes χ2 over a chosen set of model parameters.
GALFIT is fast and capable of simultaneously fitting multiple
sources in a given image, making it an efficient option for
analyzing large samples of multi-component objects.

For the GEMS and GOODS data, we defined the PSFs using
a sample of bright stars located throughout the ECDF-S. Only
those stars with centroids lying near the center of a pixel and with
peak fluxes well below saturation were used in this definition. In
the case of the extremely small field of the HUDF, only a single
star was used for the PSF. However, since all three LAEs located
in the HUDF are well resolved, this limitation is not important
for our study. We then simultaneously fit Sérsic profiles (Sersic
1968) to all detections within each cutout using elliptical model
isophotes. Unless otherwise specified, we fit to the entire cutout,
but only report the properties of a component if its center falls
within the LAE selection circle. No bad pixel masks were used,
and each fit was inspected by eye.

The majority of LAEs have half-light radii <1 kpc in V606
(Venemans et al. 2005; Pirzkal et al. 2007; Overzier et al. 2008),
so many of the objects in our sample may be unresolved at the
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Figure 2. Relative improvement of a Sérsic fit vs. a PSF fit (represented by
F-values) for 115 known point sources (stars), plotted as a function of the V-
band magnitude output by GALFIT. Here, ∼85% of true point sources have
F < 0.01 ≡ Fcrit (indicated by the dashed line).

0.′′06 (∼0.5 kpc at z = 3.1) resolution typical of the HST. To
determine whether an object is resolved, we compare the χ2

value of its Sérsic fit to that of a fit to the PSF alone; in other
words, we require

F ≡
(
χ2

psf − χ2
sersic

)

χ2
sersic

> Fcrit. (1)

When data are uncorrelated and have only Gaussian random
errors, Fcrit is determined from the F-distribution. Unfortunately,
for point sources, the χ2 surfaces of the Sérsic profile are not
well behaved, and GALFIT (which employs the Levenberg–
Marquardt algorithm, see Press et al. 1992) does not always
converge to the absolute minimum in χ2. Consequently, to
perform this test, we computed Fcrit empirically using known
stars.

A sample of high-confidence point sources was obtained
from Altmann et al. (2006), who used broadband spectral
energy distribution fits to distinguish stars from galaxies in the
ECDF-S. From this sample, we selected 912 stars that fall within
the GEMS region and had temperatures, T < 4500 K, a regime
in which photometric confusion with galaxies is minimal. After
running SExtractor on the GEMS cutout of each star, we further
restricted our sample to 115 objects that were isolated (i.e.,
the only object in the cutout), well-centered (within 0.′′45 of
the cutout center), unambiguously stellar (SExtractor stellarity
> 0.9), and faint (V SE

606 > 24.6). This ensured that we had a
clean sample of stars with photometric uncertainties dominated
by sky noise. Finally, we fit our stellar sample to both the PSF
and a Sérsic profile and plot the resulting F values against the V-
band magnitude (Figure 2). From this plot, we infer that 85% of
true point sources will have F < 0.01 ≡ Fcrit (indicated by the
dashed line); we use this threshold to identify LAE components
that are consistent with point sources.

3.4. Objects with Coverage in Multiple Surveys

Many of the standard measures of a galaxy’s morphology
exhibit a systematic offset from their intrinsic values if mea-
sured on low signal-to-noise ratio (S/N) images. For example,
Ravindranath et al. (2006) have fitted Sérsic profiles to a series
of models images with a range of S/N. At low signal levels,
they see a systematic offset between the input and output Sérsic
index, n, where it is overestimated for model disks and under-
estimated for model spheroids.

Since there are regions of overlap in the sky coverage of
the HUDF, GOODS, and GEMS surveys, we can estimate this
dependence using a subsample of LAEs in the field. Specifically,
since the HUDF is a subregion of the GOODS survey, all three
of the LAEs in that field also have GOODS and sGOODS data.
Similarly, 22/29 LAEs in GOODS are also present in sGOODS,
and there is a small region of overlap between GOODS and
GEMS which contains nine LAEs. We note that there is a
systematic offset between the world coordinate systems (WCS)
of the GOODS and sGOODS images in the northern part of the
Chandra Deep Field-South. A comparison of the positions of
bright sources in each survey shows that the coordinates from
GOODS must be shifted by −7 pixels in x and −7.2 pixels in y
to match the sGOODS WCS. Astrometric consistency between
surveys is critical for us to accurately match individual LAE
components.

4. RESULTS

4.1. Fixed Aperture Half-light Radii

Table 2 contains the PHOT-derived 0.′′6-aperture magnitudes
(VPHOT) and half-light radii (rPHOT

e ) for all LAEs in the HST
surveys. In GEMS, six of the 97 objects have no counterpart
in the 0.′′6 selection radius, while another six have no detected
components, but do have 0.′′6 aperture fluxes at > 2σ level
(V PHOT < 28.45). In GOODS, only one object (LAE 84) has
an aperture flux < 2σ , but another five have no SExtractor
detections. All three of the HUDF LAEs have SExtractor de-
tections within 0.′′6. Among the LAEs for which we could de-
termine a centroid, there is no evidence for an offset between
the Lyα emission and that of the continuum. The best-fit two-
dimensional Gaussian to the distribution of these offsets has
σ = 0.′′21, which is consistent with the expected ∼0.′′2–0.′′3
astrometric uncertainties of the ground-based observations
(Gawiser et al. 2006).

Figure 3 displays a histogram of the observed half-light radii
for the LAEs in the GEMS (solid), GOODS (dotted), and HUDF
(one for each arrow) surveys. There is a clear excess of sources
near the ∼0.6 kpc resolution limit of GEMS and GOODS,
suggesting that a typical LAE is either unresolved or only barely
resolved at HST resolution. The mean half-light radii of the
detected LAEs are r̄PHOT

e = 0.98 kpc, 0.91 kpc, and 1.53 kpc
in GEMS, GOODS, and HUDF, respectively. For comparison,
Overzier et al. (2008) give r̄PHOT

e = 0.9 kpc as the mean rest-
frame UV half-light radii of 12 LAEs at z = 4.1.

Figure 4 plots the dependence of rPHOT
e with VPHOT. The

GEMS data show little correlation between the two parameters,
but the deeper GOODS data display weak evidence for an
increase in size with increasing flux. There is also little evidence
for a correlation between the continuum half-light radius,
rPHOT
e , and Lyα equivalent width (EW(Lyα), see Figure 5). The

EW(Lyα) values are estimated in Gronwall et al. (2007) using
the broadband and narrow-band photometry. We plot only LAEs
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Table 2
LAE Photometric Properties in GEMS

Numbera Survey αb δb V PHOT dc
c rPHOT

e
d

(AB magnitude) (′′) (′′)
25 HUDF 3:32:40.785 −27:46:06.037 25.04 ± 0.01 0.19 0.19
56 HUDF 3:32:34.328 −27:47:59.545 26.30 ± 0.02 0.43 0.18

125 HUDF 3:32:39.013 −27:46:22.311 26.47 ± 0.02 0.53 0.22
4 GOODS 3:32:18.813 −27:42:48.103 24.89 ± 0.03 0.36 0.19
6 GOODS 3:32:52.690 −27:48:09.284 25.38 ± 0.03 0.19 0.09

Notes.
a Index from Table 2 of Gronwall et al. (2007).
b Position of ACS centroid (set to ground-based position when there are no SExtractor detections).
c Distance between ACS and ground-based centroids.
d Half-light radius computed by PHOT (not reported for LAEs without SExtractor detections).
(This table is available in its entirety in a machine-readable form in the online journal. A portion
is shown here for guidance regarding its form and content.)

Figure 3. Distributions of fixed-aperture, observed half-light radii for objects in
GEMS (solid curve), GOODS (dotted), and HUDF (one for each arrow). The
dashed line is the approximate resolution limit of the V-band HST images.

with S/N > 30 in Figure 5 (not that little correlation is seen even
when the entire sample is plotted).

Our curve-of-growth measurement of rPHOT
e is model inde-

pendent; thus, if the rest-UV LAE centroids are well determined,
rPHOT
e should be insensitive to the depth of the survey. However,

if the rest-UV continuum is diffuse or clumpy, the SExtractor de-
tections, and therefore the derived centroids and rPHOT

e may vary
with depth. In fact, there is clear evidence for this in Figure 6,
which plots the fractional difference in rPHOT

e between surveys
as a function of V-band magnitude. At magnitudes brighter than
V PHOT ∼ 26.3 (S/N � 30 in GEMS), the half-light radius is
robust to < 10% in all surveys. However, only the HUDF-
GOODS comparison fares well between 26 < V PHOT < 27,
and at fainter magnitudes, there is evidence that the shallower
surveys are systematically overestimating the half-light radius.
Over the entire magnitude range, the variance of ΔrPHOT

e /rPHOT
e

between GOODS and sGOODS is ∼20%. GEMS is deeper than
sGOODS, so if we assume that the GOODS morphological pa-

Figure 4. Fixed-aperture, rest-UV half-light radius plotted vs. rest-UV contin-
uum magnitude in the full sample of LAEs with SExtractor detections, including
objects in GEMS (black triangles), GOODS (blue open squares), and HUDF
(red asterisks). The dotted line indicates the approximate resolution limit of the
V-band HST images.

(A color version of this figure is available in the online journal.)

rameters are accurate, then this would be a conservative estimate
of the average error in rPHOT

e in the GEMS data.

4.2. SExtractor Results

Of the 97 LAEs covered by the GEMS survey, 76 have at least
one component detected within the 0.′′6 selection circle, 16 have
at least two components, and 4 have at least three components.
For comparison, Taniguchi et al. (2009) find only 2/47 multi-
component LAEs at z = 5.7. While it is tempting to interpret
this as evolution in the number of components, the HST images
used by Taniguchi et al. (2009) are effectively 2.5 mag shallower
than even GEMS, and inspection of our images implies that very
few LAEs would be seen to have multiple components at that
depth.

The cutouts for all LAEs in GEMS are plotted in Figure 7,
with the components marked by red arrows and the selection



644 BOND ET AL. Vol. 705

Figure 5. Fixed-aperture, rest-UV half-light radius plotted as a function of
Lyα equivalent width, where EW(Lyα) measurements are taken from Gronwall
et al. (2007). LAEs with S/N > 30 in the V-band images are plotted, including
objects in GEMS (black triangles), GOODS (blue open squares), and HUDF
(red asterisks). The dotted line indicates the approximate resolution limit and
the dashed line indicates the approximate EW(Lyα) at which Lyα emission is
50% of the light detected in the V-band filter.

(A color version of this figure is available in the online journal.)

Figure 6. Fractional difference in estimates of the fixed-aperture half-light radii
for the same objects between different surveys, plotted as a function of the
V-band magnitude. For all points, ΔrPHOT

e indicates the difference between the
radius of the deeper minus that of the shallower survey, where green crosses
are GOODS vs. shallow GOODS, black open squares are GOODS vs. GEMS,
blue triangles are HUDF vs. shallow GOODS, and red asterisks are HUDF vs.
GOODS. Fixed-aperture measurements of the half-light radius appear consistent
at V PHOT � 26.3, or S/N � 30 in GEMS.

(A color version of this figure is available in the online journal.)

circle shown in black. Of the objects with multiple components,
eight appear to have a clumpy morphology and may correspond

Figure 7. LAE cutouts extracted from the GEMS survey images. We mark
components with red arrows and draw the selection circle in black. Numbers
underneath the panels are the corresponding LAE indices from Gronwall et al.
(2007).

to merging galaxies or individual star-forming clumps in a single
galaxy. The remaining eight cutouts have one cleanly defined
detection, and “fuzz” that appears just above the noise or as an
extension to the primary source. We note that, based on the field
density of objects, we expect ∼11 of the components detected
by SExtractor to be unrelated to observed Lyα emission (see
Section 3.1). Hence, several of the apparently clumpy or fuzzy
objects shown here may be interlopers.

In Figure 8, we plot the 29 LAEs covered by the GOODS
survey. Of these, 23 have at least one component, four have
two components, and one (LAE 4) has five components. The
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Figure 7. (Continued)

ground-based narrow-band magnitude of LAE 4 is the second
brightest of the LAEs in our full sample of 155 objects, so its
complex and extended morphology may suggest a protocluster
or a massive galaxy in the act of formation. The rightmost of
the two components in LAE 11 may be an interloper (we expect
∼3 contaminants in the GOODS components sample) due to its
large extent and position on the edge of the selection circle. Of
the remaining three multi-component objects, LAE 25 and LAE
44 appear to be clumpy and LAE 55 is noisy and may be a single
extended object. Several of the single-component LAEs, such as
LAE 56, 59, and 125, have asymmetric diffuse emission about
the emission centroid; while this is consistent with possible
merger activity, it could also be caused by an asymmetric
distribution of diffuse star formation or dust. Finally, in Figure 9,
we plot cutouts for the three LAEs with HUDF coverage. All are
detected as a single component within the selection circle and
all show evidence for asymmetric, extended emission in both

GOODS and HUDF. It is worth noting that these three objects
are not necessarily representative of the overall LAE population;
that is, none of the point-like or faint LAEs seen in GOODS are
covered by the HUDF.

The position, brightness, ellipticity, positional angle, and
observed half-light radius (rSE

e ) of each LAE component (as
computed by SExtractor) are given in Table 3. In addition,
the rSE

e distributions are given in Figure 10. The mean rSE
e

of the entire sample of LAE components is 0.74 kpc in
GEMS (0.79 kpc in GOODS), while for sources with only
one SExtractor detection (i.e., non-clumpy sources) the mean
is 0.73 kpc in GEMS (0.67 kpc in GOODS). This is somewhat
smaller than the median size of rh ∼ 1 kpc found for non-
clumpy z = 3.1 LAEs by Venemans et al. (2005), but their
decision to include only sources with 15 connected pixels above
a 1σ threshold would have made them insensitive to some of
the smaller and fainter objects found in our sample. Considering
this difference in selection criteria, as well as the small number
of objects involved (they computed the median half-light radius
using only 13 objects), the two results are probably consistent.
In HUDF, all three of the LAEs have a single SExtractor
detection within 0.′′6, with r̄SE

e = 1.47 kpc. Although these
deeper observations may pick up diffuse emission that increases
the mean half-light radius, the sample is too small to draw strong
conclusions.

The ability of SExtractor to detect LAE components will
clearly depend on survey depth, with the faintest objects likely
to go undetected in the shallowest exposures. As expected,
the fraction of LAEs with no counterpart in the HST images
decreases with depth, with 27% (6/22) in sGOODS, 22%
(21/97) in GEMS, 20% (6/29) in GOODS, and 0% (0/3) in
HUDF. Moreover, of the six LAEs not detected in sGOODS,
three are present in the full GOODS survey, but all are faint
and indistinguishable from point sources (see below). Finally,
we note that in the shallow surveys diffuse emission can
go undetected below the sky noise, and a source with a
single component in deeper images can be split into multiple
components in shallower ones. This occurs in two of the LAEs
(LAE 11 and LAE 125) in the sGOODS survey, but in both cases
the vast majority of the total flux is contained in one component.

For our chosen set of parameters, SExtractor performs AUTO
photometry within an elliptical aperture with radius 2.5RKron
(Kron 1980), in which RKron is the first-order moment of the
light distribution. The parameter, RKron, is in turn dependent on
the radius at which the source flux drops below the noise. Since
this latter quantity is depth dependent, we expect SExtractor to
underestimate the half-light radii of faint sources, particularly
those with diffuse emission. In Figure 11, we plot the fractional
difference between the PHOT half-light radii (computed using
our curve-of-growth analysis; see Section 3.2) and the SExtrac-
tor half-light radii for LAEs with only one detected component.
For LAEs in GEMS with S/N � 30 (V SE � 26.3), the two
radii agree to ∼10%, but then they diverge rapidly at fainter
magnitudes. The same is true for LAEs in the GOODS survey,
where S/N � 30 corresponds to V SE � 26.8. We do not have
enough objects in HUDF to determine the flux at which the
two radii diverge, but the half-light radius measurements appear
consistent in the three V SE > 26.6 LAEs present in the survey.

4.3. Point Source Samples

Figure 12 plots the distribution of F (see Equation (1))
as a function of the best-fit V-band magnitude calculated by
GALFIT (VGF). LAE components imaged in the GEMS and
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Figure 8. Same as Figure 7, but for LAEs detected in the GOODS survey.

Table 3
LAE Component Photometric Properties

Numbera Componentb Survey α δ V SE dc
c b/ad θ e rSE

e
f SFR(UV)

(′′) (AB magnitudes) (◦) (′′) (M� yr−1)

25 1 HUDF 3:32:40.785 −27:46:06.037 25.04 ± 0.00 0.14 0.44 −80.30 0.19 4.27
56 1 HUDF 3:32:34.328 −27:47:59.545 26.37 ± 0.01 0.35 0.41 −4.20 0.17 1.26

125 1 HUDF 3:32:39.013 −27:46:22.311 26.56 ± 0.02 0.44 0.55 −1.20 0.21 1.06
4 1 GOODS 3:32:18.814 −27:42:48.194 25.27 ± 0.02 0.02 0.72 48.70 0.11 3.45

2 GOODS 3:32:18.786 −27:42:48.226 27.48 ± 0.11 0.38 0.76 84.50 0.09 0.45

Notes.
a Index from Table 2 of Gronwall et al. (2007).
b Component number.
c Distance from the ground-based Lyα position.
d Isophotal axis ratio computed by SExtractor.
e Isophotal position angle computed by SExtractor.
f Half-light radius computed by SExtractor.
(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and
content.)

Figure 9. Same as Figure 7, but for LAEs detected in the HUDF survey.

GOODS surveys (shown as black triangles and blue open
squares, respectively) are consistently resolved at V GF � 26.5
and consistently unresolved at V GF � 27. That the dimmest
components are consistent with a point source is simply a
reflection of the fact that objects barely detected above the sky
noise can be fitted just as well with a three-parameter PSF as with
the seven-parameter Sérsic profile. There are three anomalous
components in the GOODS sample at V GF ∼ 27.5, all of which
are members of the morphologically complex system, LAE 5,
and appear inconsistent with point sources despite their faint
magnitudes.

It is important to note that not all of the “point source” LAEs
are isolated. In the GEMS sample, only 20 of the 45 unresolved
sources had no other object within the selection circle. Of the
remaining 25 components, 12 appear to be part of a multi-
component source, and 13 appear to the eye to be extensions
of a larger, amorphous object that was split by SExtractor.
As discussed in Section 3.1, we expect ∼11 contaminants in
our sample, so some of these components must be chance



No. 1, 2009 SIZES OF LYMAN ALPHA EMITTERS AT z = 3.1 647

Figure 10. Distributions of observed half-light radii, as measured by SExtractor,
for LAE components in GEMS (solid curve), GOODS (dotted), and HUDF (one
object for each arrow). The dashed line is the approximate resolution limit of
the V-band HST images.

superpositions and not associated with the Lyα emission. In
GOODS, a larger fraction (70%) of the 23 unresolved sources
are isolated, perhaps due to the decreased tendency for LAEs to
be split into multiple components (see Section 4.2).

Since the brightest LAE components are all resolved, it
is possible that a deeper survey would resolve many of the
apparent point sources. Indeed, the fraction of unresolved LAE
components drops from 63% (12/17) in sGOODS to 47%
(45/95) in GEMS and 48% (15/31) in the full GOODS survey.
Moreover, only 4 of the 12 point sources in sGOODS remain
unresolved at GOODS depth. In the HUDF, only one of the three
sources is consistent with a point source, and it appears as an
extension to a brighter, resolved component.

5. DISCUSSION

5.1. Optimal Techniques for LAE Morphological Analysis

When analyzing the morphologies of LAEs, there is a
great deal of ambiguity as to how one should treat objects
with multiple clumps. Some components may be the result of
merging/interacting galaxies; others may simply be individual
star formation regions within a single system. In this paper,
we have considered both possibilities, presenting magnitudes
and half-light radii both for the LAE system as a whole (using
fixed apertures about the light centroid) and for individual LAE
components. We find that the majority of multi-component
LAEs identified in shallow frames become connected on deeper
images. This suggests that the majority of rest-UV “clumps” are
actually individual star-forming regions within a single system.

The presence of this diffuse emission connecting individual
clumps suggests that, in the absence of interlopers, LAE radii
and total magnitudes should be determined using fixed aperture
measurements. SExtractor-like adaptive techniques that rely on
isophotal radii will tend to underestimate an LAE’s true half-
light radius since they only consider the extended emission

Figure 11. Fractional difference between the fixed-aperture half-light radii
(computed within 0.′′6 apertures) and the SExtractor half-light radii for LAEs
with only one detected component, plotted as a function of the rest-UV
continuum magnitude computed by SExtractor. Objects in GEMS are plotted as
black triangles, objects in GOODS as blue open squares, and objects in HUDF as
red asterisks. The two measures of observed half-light radius appear consistent
with one another at V PHOT � 26.3, or S/N � 30 in GEMS and GOODS. The
dotted line marks rPHOT

e − rSE
e = 0.

(A color version of this figure is available in the online journal.)

Figure 12. Distribution of F (see Equation 1) values as a function of the
SExtractor V-band magnitude for LAE components in GEMS (black triangles),
GOODS (blue open squares), shallow GOODS (green crosses), and HUDF
(red asterisks). We mark with a dotted line F = Fcrit = 0.01—all of the
LAE components appear to be above this line (and therefore, resolved) at
V PHOT � 26.3, or S/N � 30 in GEMS.

(A color version of this figure is available in the online journal.)

surrounding the brightest clumps (see Figure 6). The distinction
between definitions of half-light radius is particularly important
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when comparing the half-light radii of LAEs to those of the
more extended Lyman Alpha Blobs (hereafter, LABs, Fynbo
et al. 1999; Steidel et al. 2000), which exhibit a wide range
of Lyα morphologies and may be the precursors to present-
day rich-cluster galaxies (Yang et al. 2009). Similarly, higher-
order non-parametric morphological diagnostics, such as CAS
(concentration, asymmetry, and clumpiness, Conselice 2003)
or the Gini coefficient, should also be performed within a
fixed aperture, and not be tied to isophotal radii. Conversely,
parametric profile fits that do not account for a clumpy light
distribution are best performed on individual components,
as these are more closely approximated by a smooth light
distribution.

An additional concern involves the reliability of morpholog-
ical analyses in different signal-to-noise regimes. Figures 4, 6,
and 12 suggest that one needs an S/N of at least ∼30 in the
compact core of the LAE in order to resolve the rest-UV contin-
uum and to make a reasonable estimate of its half-light radius.
For the fixed-aperture measurements, the primary limitation is
finding the LAE system centroid; for isophotal measurements,
it is image classification, and whether the separate components
on shallow frames are actually brighter knots of a larger object.

5.2. LAE Sizes and Morphologies

The results presented in Section 4 suggest that LAEs at z ∼ 3
are generally �2 kpc in size in the rest-frame UV, while the
individual components of an LAE system are typically �1.5 kpc.
Both of these results are consistent with previous work. Gawiser
et al. (2007) have shown that the majority of LAEs are likely to
be in the early phases of a starburst, perhaps even experiencing
their first large-scale burst of star formation. Consequently, we
do not expect their sizes or morphologies to vary greatly with
wavelength. Even the more massive, and presumably older,
LBGs have been shown to have a negligible morphological
k-correction between the observed-frame optical and near-
infrared (Dickinson 2000). However, we should not use the rest-
UV morphology to infer the extent and distribution of the Lyα
emission. At z = 3.1, the V-band probes the rest-UV continuum
light from star-forming regions associated with the host galaxy
of the LAE. At low redshift, most of the Lyα emission originates
in a diffuse halo surrounding the galaxy (Ostlin et al. 2009).
Presumably, this is a consequence of resonant scattering in
the Lyα line; if the same process occurs at high redshift, then
an LAE’s Lyα-emission-line morphology will be “smeared”
relative to the distribution of its star-forming regions.

If there were extended Lyα halos in a large fraction of
LAEs, we might expect to see a correlation between the
V-band half-light radius and the equivalent width of the Lyα
line due to the increased contribution of the extended Lyα
emission to the V-band flux. However, this effect would only
begin to appear at EW(Lyα) � 300 Å (marked by a dashed line
in Figure 5), above which �50% of the V-band light comes from
the emission line. There are only five objects in our sample that
meet this criterion and, given the range of half-light radii seen
at smaller EW(Lyα), it is impossible to say anything about the
existence or extent of Lyα halos from this sample alone.

A more direct method of searching for Lyα halos would
be to observe LAEs at high resolution in a narrow-band filter.
There are currently no published studies of LAE morphologies
in Lyα emission, but one is in progress for a subset of the
current MUSYC sample (C. Gronwall 2009, in preparation).
Preliminary results from an ACS narrow-band survey of LAEs
(B. P. Venemans 2008, private communication) suggest that

high-z LAEs do indeed have Lyα halos, as the Lyα emission
detected in high-resolution images often cannot account for all
the flux seen from the ground. Moreover, even in ground-based
images, there is evidence that z ∼ 2 LAEs are more extended
in the emission line than in the continuum (Nilsson et al. 2009).

5.3. Star Formation in LAEs

As shown in Gawiser et al. (2007), very few of the LAEs
in our sample are detected at X-Ray wavelengths and there is
no evidence for high-ionization emission lines in the rest-UV
spectra of the remaining objects for which we have spectral
information. This suggests that active galactic nuclei (AGNs)
are unlikely to be the power source for the Lyα emission.
Although a low-luminosity or obscured AGN may be present in
some of these sources (Finkelstein et al. 2009), the fact that the
rest-UV light distribution is consistently resolved at S/N� 30
(see Figure 12) suggests that any ionizing flux is likely coming
from massive stars rather than a nuclear source. In addition, the
correlation between UV- and Lyα-based estimates of the SFR
seen in Gronwall et al. (2007) suggests that shock ionization is
also not a substantial source of power for the line emission.

In the last column of Table 3, we give the SFRs for individual
LAE components, estimated using their rest-frame UV flux
(given by V SE) and the standard conversion (Kennicutt 1998, see
their Equation (1)), assuming a Salpeter IMF and a negligible
dust correction. The SFRs for LAE components range from
∼0.1 M� yr−1 to ∼5 M� yr−1. The sum of SFRs in individual
components is within 10%–20% of the SFR for the composite
system (as inferred from V PHOT) when S/N � 30 for the system.
This is consistent with the difference between the half-light radii
determined with PHOT and SExtractor for single-component
systems (see Figure 11). In addition, we find that 8/15 of the
two-component objects have SFR ratios less than 3:1. Although
this could be interpreted as evidence for major merger events
between individual components, the high rate of contamination
expected in two-component objects and the depth dependence of
the component segregation make it difficult to determine which,
if any, of these LAEs are ongoing major mergers.

Considering that LAEs are thought to have stellar masses
of M ∼ 109 M� (Gawiser et al. 2007), there is no local
analog for this level of star formation activity in objects
of comparable mass. However, the SFRs and sizes of LAE
components (�1 kpc) are comparable to those of the nuclei
of M82-like starburst galaxies in the local universe (Mayya
et al. 2004). At z ∼ 3, galaxies identified using other selection
techniques, such as LBGs and submillimeter galaxies, have
typical SFRs that are at least an order of magnitude larger
than those in LAEs and their components (Shapley et al. 2001;
Genzel et al. 2003). However, LBGs have also been shown to
exhibit clumpy star formation (Papovich et al. 2005) and may
be undergoing a dynamical process similar to that leading to
the active star formation and line emission seen in LAEs. An
application of the pipeline developed here to LBGs would help
to elucidate this comparison.
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