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ABSTRACT

We present results from a search for gravitationally lergaexies present in thidubble Space Telescope
(HST)Wide Field Camera-3 (WFC3) images of the Cosmic AssemblgrNiR Deep Extragalactic Legacy
Survey (CANDELS). We present one bona fide lens system in URSh@o compact lens candidates in the
GOODS-S field. The lensing system in UDS involves two backgdbgalaxies, one &= 1.847 lensed to an
arc and a counterimage, and the second at a photometridftexfsh= 2.32'532 lensed to a double image. We
reconstruct the lensed sources in the source plane and faatmof the two cases the sources can be separated
to a pair of galaxies. The sources responsible for the arcarpact with effective radii of 0.3 to 0.4 kpc in
WFC3 Jio5-band and a total stellar mass and a star-formation ratelg$2x 10’ M, and 2398 Mg, yr?,
respectively. The abnormally high;go-band flux of this source is likely due to [[@] emission lines with
a rest-frame equivalent width about 700A for [Q 5007 A. The sources responsible for the double image
have corresponding values of about 0.4 to 0.5 kp&il$ x 10° M, and 873} M, yr™t. Once completed
CANDELS is expected to contain about 15 lensing systems alh@iow statistical studies on both lensing
mass profiles and~ 2 lensed galaxies.

Subject headingsGravitational lensing: strong

1. INTRODUCTION F160W (WFC3), and F814W (ACS) imaging over an area
Gravitational lensing is an invaluable tool in astrophgsic ~ Of 249 arcmif in GOODS-S and UDS fields. These initial

It has been exploited in the past to study properties of bothimaging data are adequate for a first study of lensed galaxies
the background lensed galaxies as well as the foregroundn comparison to the work we present here More et al. (2011)
lenses (see reviews by Bartelmsnn 2010; Treulét al.|2010)/dentified 10 candidate lensed galaxies using ACS imaging
The variety of studies enabled by lensing has motivatedover 0.22 degof the ECDFS. Based on their success rate at
searches for lensing events in various multi-wavelength as identifying candidate lensing events, we expect about 3 to 4
tronomical datasets, from optical (e.g., SLACS: Boltonlgta lensed galaxies in current CANDELS data and about 15 when
2006), sub-mm (e.gHerschel [Negrello et all 2010) to ra- completed with imaging over 0.35 degDue to the ground-
dio (CLASS:[Browne et al. 2003). Given that most galaxy- based and ACS data in CANDELS fields, we do expect some
scale lenses involvel 1”7 image separations, most success- fraction of the lensed galaxies to be identified already.
ful searches for gravitational lenses have involved the use The paper is organized as follows: In Section 2 we present
of high resolution imaging. In this respeddST surveys  a brief summary of the candidate lens selection. Section 3 de
have been successful in uncovering lensed galaxies even iscribes surface brightness models, while in Section 4 we out
relatively small areas on the sky (Ratnatunga bl al. 11995;line the lens models and discuss results on the three lens sys
Barkana et all_1999; Fassnacht et’al. 2004; Moustaka$ et altems. For lensing models we assume the best-fit concordance
2007; More et al. 2011). cosmology consistent with WMAP-7 year data (Larson ét al.
The CANDELS is now obtaining WFC3 and ACS imag- 12011).
ing data of several well-known extragalactic fields at
unprecedented depth and resolutidn (Groginketal. [2011; 2. LENS CANDIDATE SELECTION
Koekemoer et all 2011). The early data include F125W, For the lens candidate search we make use of the CAN-
DELS v0.5 drizzled mosaics at the pixel scale of 0.03 and
0.06'/pixel for WFC3 and ACS bands, respectively, and in-
voIvin]%]two epochs of UDS and five epochs of GOODS-S
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TABLE 1
PROPERTIES OFGOODS-S @QNDIDATE LENSEDSYSTEMS
Source RAD Ded® u( Reinstein o‘l(:r)]s RO Sérsi ¢ indexn eM
GOODS-S01  53.019967 -27.770702 0.5340.06" 0.1940.01”©  0.31£0.01© 0.748+0.005%
Zens= 1.220)
(Dark matter) 250+ 209 0'71toii§(d)
(lensed source) 3 0.08+0.01® 1.2:39@ 0.357555@
GOODS-S02 53.026820 -27.791320 0.454+0.07" 0.324+0.003’© 45+0.039 0.77+0.039
Zens= 1.020)
(Dark matter) 216+ 9@ 0.50* %éé(d)
(lensed source) 18P 0.42:0.07(®) 1.84+0.3© 0.8975.25®

NOTE. — (a): Lensing galaxy centroids fror@ALFIT using F814W(b): In units of km/sec.(c): For thelgis-band lens light profile from
GALFIT using F814W(d): for the lens dark matter profile from lens modelin@): for the lensedgis-band background source light profile
from lens reconstruction aneRLFIT modeling. (f): Lensing magnification(g): Effective radius fronGALFIT modeling. (h): Axis ratio from
GALFIT modeling.(i): Spectroscopic redshift from Vanzella et al. (2005).

system from More et al_(2011) is not in our candidate list as
CANDELS tiles do not overlap with it. GOODS-S01 was
previously identified as a partial-ring galaxy in GEMS and

GOODS Elmegreen & Elmegreen (2006).

UDS-01 was previously identified as a lensing galaxy by
. Geach et al.| (2007) as part of a radio source followup. The
lensed source was later identified in the CFHT Legacy Sur-
vey and was included in a snapshd8TACS lensing pro-

- - gram for strong lenses in the CFHTLS (Tu efial. 2009). The
G COSPE CANDELS WFC3 imaging complements existing ACS data
in Vgos- (F606W) andlgi4-band. Furthermore this field has
both CFHTLS MegaCam imaging in the optical and UKIDSS
WFCAM Ultra-Deep Survey (UDS) imaging in the near IR.
CFHTLS images reachd5depths of 25.9, 26.5, 25.8, 26.0
N and 24.6 magnitudes (AB), respectively, ung, r, i, and
i L= z respectively with typical seeing in the UDS-01 region of
about 0.8 arcsec (FWHM). We also make uselJpH and
K-band images from UKIDSS UDS data release 8 (Almaini
et al. in prep.), which reach 23, 240 and 246 magnitudes
(AB, 50 with 2 aperture) respectively. The seeing FWHM in
the region of UDS-01 range fromT5” for the K-band data
to 0.83" for H-band.

UDS-01 involves a foreground lens galaxy which is a mem-
ber of a group/cluster potentialzt 0.648 and with a velocity
dispersion of 770 km/sec Geach et al. (2007). The system in-
volves two background lensed sources with one at a measured
spectroscopic redshift of 1.847 and another with a prelyous
estimated photometric redshift of 2982 in Tu et al. (2009)
using CFHTLS and ACSs06- andlgi4-band data. We revise
this estimate to be.327332 here with 12-band photometry in-
FIG. 1.— Lens candidates in GOODS-South (GOODS-S01 and GOODS- voIving CFHT (u’ gr, I Z), UKIDSS (‘]’ H, K)' ACS (\/606'

Observed Observed

Residual Residual

S02). The two columns are for the two candidates and fromddpottom

we showHSTACS Ig14-band and WFCB- andJ-band (RGB) pseudo-color lg14), and WFC3 125, Hie0)-

images of the original and lens-subtracted residual imaaed the best-fit 3. SURFACE BRIGHTNESS MODELS

lens model. The source position and shape is indicated bwltiite ellipse

near the center of the right panels. The red and blue cunas ste critical The two-dimensional surface brightness profile of each of

curve and the caustic. Each tick mark 5.1 the three foreground lensing galaxies were modeled using th

both extended structure and color differences at the atgski GALFIT 3.0 routine *10) in order to perform

of galaxies that could be evidence for lensing. This processthe foreground lens-background source separation shown on

allowed us to make an initial selection of 20 candidate gravi Figs. 1 and 2. A 1212" region was cut out from each of the

tationally lensed galaxies. Through an internal poll witthe ~ UDS and GOODS-S mosaics and was used as the inputimage

CANDELS team we ranked the list of 20 and selected three for galaxy profile modeling. _ _

high priority targets for further studies reported in thippr. For GALFIT modeling the foreground lensing galaxies
The three lensing candidates are GOODS-S01 andwere assumed to havesgrsicprofile of the form

GOODS-S02 (Table 1) and UDS-01 (Table 2). GOODS-S02 _ 5 yn_

was identified by More et al[ (2011) as a candidate lensing S(R) = Leexpbn((R/Re)" - 1)], 1)

system and is included as their second highest priority-lens whereR. is the scale radius andl is the index. Since the

ing system from ACS images; The highest priority lensing only object of interest focALFIT modeling was the lensing
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Arc Source Double Source F160W—F125W

Arc Model Double Model F60B6W—Model

FIG. 2.— Double source plane system UDS-0(): HSTACS lg14- and WFC3J;25 and Higg-band (RGB) pseudo-color imageb) and (c): the lens
reconstructed pseudo-color images of the sources regperiar the arc and double lensed images, respectively. Tleedurve is the caustic at the respective
source plane. We label the two components that are lensaddoge each of the arc and the double with 'a’ and 'b’; theoparties are listed in Table 2. The
corresponding lens models fups-band observations are shown in pan@lsand(g), where the red curve is now the critical line in the image elamhese
best-fit models can be compared directly to lens-substtde®6W image in pandk). The difference between observed images and lensing misdg®wn
in panel(h). (d): The difference betweed s scaled toH;0 using the SED and the observeldgo. We believe this excess originates from strongj(4959
an 5007 emission that falls in F160W filter for a source atl.847. In panele) we show the irregular apertures used for photometry of tbead north-west
images of the double source to construct SEDs shown in Figa8h tick mark is 1; note that the reconstructed source image)rand(c) are zoomed-in
relative to other panels. Through lensing magnification haee achieved a spatial resolution of order 0.0t 100 pc in the source plane.
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FIG. 3.— Spectral energy distribution (SED) of the @ieft) and north-west images of the doulffaiddle) The luminosity scale is magnification corrected.
The photomtery points are froMST (circles) and CFHT and UKIDSS (squares). The curves shoveéisefit SED using Bruzual & Charldt (2003) templates.
Right: The size-stellar mass relation o61< z < 2.5 galaxies. The two boxes mark the allowed 68% confidenceerahthe sources that produce the arc and
the double source. The open triangles show the measureatelfis< z < 2.5 by[Nagy et al.[(2011) using WFC3 F160W. The filled triangla gevious result
on a lensing galaxy at= 0.58 (Marshall et gl. 2007). The solid line is the O relation from SDSS (Shen et al. 2D03). We use WFC3 F125W foerthe size
measurement as F160W flux hasijQemission lines.

galaxy for each image, all other sources including the lénse  We use the publicly availableLenstool software
sources were masked for this purpose. (Jullo et al. 1 2007) in combination with the IDL routine
To improve the accuracy and decrease the level of degenAMOEBA_SA to optimize the lens model and the shape of the
eracy of the morphological parameters such as the intafjrate lensed galaxy.
magnitudeSérsicindex, and effective radius, PSFs for WFC3  For the candidate lenses GOODS-S01 and GOODS-S02,
data generated internally by CANDELS (Koekemoer ét al. we assume that each of the foreground lens galaxies is em-
2011) were used as an input for convolution in the model- bedded in a dark matter halo that can be described as an ellip-
ing. HSTWFC3 noise rms maps were also utilized instead of tical singular isothermal sphere (SIS). The halos are figed t
GALFIT’s internal sigma image generating algorithm to im- the centroids of the galaxies as determined fGrnFIT. For
prove the uncertainties reported in the output parameféies.  the lensed galaxies, we assume exponential disk profilés wit
residual after accounting for the central lensing galaxofife 3(r) = Xpexpr/rs). There are a total of nine free parame-
is taken to be the lensed flux of the background source. Thesders — the position, the intrinsic magnitude, the scale tleng
residual images are used directly in lens modeling. the ellipticity, and the position angle (PA) of the sourggy
ms, I's, s = 1—b/a, andgs), and the ellipticity, the PA, and the
velocity dispersion of the dark matter halg (¢4, andos)s).
4. LENS MODELS AND RESULTS UDS-01 is a more complicated case. The central lensing
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TABLE 2
PROPERTIES OF THEUDS-01 LENSINGSYSTEM
Quantity Value Ref
Lens Galaxy
RA 34.404790 ACS lgy14-band
Dec -5.224868 ACS Ig14-band
Redshift 0.6459-0.0003 Tu et al. 2009
OSIE 2801+03kms?  lens model
Reinstein 1.18340.008" lens model
€d 0.879+0.004 lens model
PA4 735+ 10° lens model
Re 1.170+0.004" GALFIT
8.1440.03 kpc
€s 0.918+0.002 GALFIT
n (Sérsic) 8.6) GALFIT
Lens Cluster
RA 34.389728 Geach et al. 2007
Dec -5.220814 Geach et al. 2007
Redshift 0648+ 0.001 Geach et al. 2007
osis 774+£170kms!  Geach et al. 2007
Tangential Arc
Redshift 18470+ 0.0003 Tu et al. 2009
ACS/F606W 228+ 0.03 Photometry
ACS/F814W 2212+ 0.03
WFC3/F125W 2189+ 0.02
WFC3/F160W 2111+0.02
RA( 34.402409 lens model
Ded) -5.224189 lens model
w(a) 508 lens model
n(a) 105j:625 GALFIT/lens reconstuction
Re(a) 00084-0.003" GALFIT/lens reconstuction
0.0640.02 kpc (in F125W)
€(a) 0.79'218 GALFIT/lens reconstuction
u(b) 4075 lens model
n(b) 12640.13 GALFIT/lens reconstuction
Re(b) 0.03640.004’ GALFIT/lens reconstuction
0.31+0.02 kpc (in F125W)
e(b) 0.93'2% GALFIT/lens reconstuction
M. 21724 x 1007 Mo SED/lens magnification
SFR 2308 Moyr 1) SED/lens magnification
E(B-V) 0.25'22 SED/lens magnification
Double System
Redshift 232010 photo-z
ACS/F606W 2406+ 0.04 Photometry
ACS/F814W 2372+ 0.04
WFC3/F125W 23144+ 0.03
WFC3/F160W 2269+ 0.02
RAM 34.4022458 lens model
Ded) -5.2239258 lens model
(@) 29+0.2 lens model
n(a) 135+0.25 GALFIT/lens reconstuction
Re(a) 005+ 0.01" GALFIT/lens reconstuction
0.54+0.1 kpc (in F125W)
(@) 0.731223 GALFIT/lens reconstuction
(o) 34+01 lens model
n(b) 1504+0.25 GALFIT/lens reconstuction
Re(b) 0.02+40.01” GALFIT/lens reconstuction
0.2+ 0.08 kpc (in F125W)
e(b) 0.79'212 GALFIT/lens reconstuction
M, 14739 % 10 Mo (") SED/lens magnification
SFR 87’:%%1 Meyr 1) SED/lens magnification
E(B-V) 0.29'2%8 SED/lens magnification

NoTE. — (I): GALFIT models converge whemn> 4. (Il): Position of
the best-fit brightest source component from lens modekiggu-125W
(WFC3J;25-band) image(lll): Corrected for lensing magnification.

two pairs of background galaxies that are strongly lensed by
the joint gravitational potential of the central galaxy ghd
group: one at = 1.847 corresponding to the tangential arc,
the other at a photometric redshift of- 2.32 corresponding

to the double system further out (see [Fig. 2). Because the tan
gential system provides better constraints to the darkenatt
distribution, we use the tangential system to find the parame
ters of the SIS halo associated with the central lensingcgala
then we use this solution to constrain the positions andeshap
of the double system. Again we assume exponential profiles
for the background galaxies.

Our fitting procedure is as follows. For an initial set of
parameters describing the source and the deflector, we use
Lenstool to generate a deflected image of the source.
We then convolve it with the WFC3 PSFs at each band
and subtract it from the observed lens-subtracted image
to compute they? value. This process is iterated with
AMOEBA_SA to find the parameters that minimize tlé
value. AMOEBA_SA is based on the IDL multidimensional
minimization routine AMOEBA with simulated annealing
added (E. Rosolowsky, private communication). We adopt an
initial “temperature” of 100 and decrease it by 40% in each
subsequent calls of AMOEBA_SA.

4.1. GOODS-S01 and GOODS-S02

Fig. 1 shows the best-fit lensing models for the Einstein ring
candidate GOODS-S01 and the cusp lens GOODS-S02 and
Table 1 summarizes lens model properties. For lens modeling
we assume that the background galaxies in both systems are
atz=2. We attempted to extract the photometric redshift of
the background galaxies by SED fitting to CANDELS and
archival residual fluxes. Both systems, however, are compac
with each having an Einstein radiusf0.5’ and an accurate
separation of the lens profile from the background source flux
was challenging. The reduced-value for the best-fit lens
modelis 1.1 and 1.5 for GOODS-S01 and -S02, respectively.

The dark matter profile of GOODS-S02 lens has an elliptic-
ity of 0.507337, while the the Einstein radius is45+0.07".
These are consistent with values of 0.48 and' @gorted in
More et al. |(2011), respectively. The lens galaxies haweceff
tive radii of 0.64+ 0.08 kpc (GOODS-S01) and. 88+ 0.04
kpc (GOODS-S02). Using the best-fit velocity dispersion and
axis ratios, we estimate enclosed masses within critical (E
stein) radii of (484 1.8) x 10'* M, and (38+1.7) x 10%!

Mg for GOODS-S01 and S02, respectively. The correspond-
ing lg14-band luminosities for apertures matched to the crit-
ical radii of the two galaxies are (f+0.3) x 10'° L, and
(1.14£0.3) x 10" L. We find total mass-to-light ratios of
6.7+ 1.1 and 35+ 1.6 out to critical radii of GOODS-S01
and S02, respectively. Note that there is an additionaégyst
atic error of+1.5 to 2.0 in theM /L ratio associated with the
unknown background source redshifts for the two lens sys-
tems.

4.2. UDS-01

Fig. 2 shows the best-fit lens model and the lensed galaxy
image reconstruction directly in the source plane. Table 2

galaxy atz = 0.6459 belongs to an X-ray detected galaxy summarizes lens modeling, profile fitting, and SED model-
group atz= 0.648. Hence, besides the elliptical SIS halo cen- ing results. To measure source properties we make use of
tered on the lensing galaxy, we also include a circular SI& ha WFC3/F125W image. The arc and counterimage, taking the

at the center of the galaxy group’58IW of UDS-01 with its

form of a cusp lens, involve an extend source with at least two

velocity dispersion fixed to that of the member galaxies (774 peaks of emission. The source responsible for double image
km st atz= 0.648[Geach et al. 2007). In addition, there are is also made up of two separate galaxies in the source plane.
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In Table 2 we separate the properties of each of these galaxfCANDELS with strong [Q11] emission lines falling in the
pairs with labels 4) and @), while the two components are WFC3 J;ps-band ((van der Wel et al. 2011). Our source is at

identified in Fig. 2(b) and (c) panels.

a slightly higher redshift with [@1]in the WFC3H3e0-band.

In Fig. 3 we show the SEDs of the sources responsible for The.van der Wel et al. (2011) sources have rest-frame equiva-
the lensed arc and the north-west double source, with thelent widths as high as 1000A and [0] fluxes a factor of 3 to
luminosity scale corrected for the magnification In making 4 higher than that of the arc after correcting for magnifiati

these SED plots, instead of usiegLF I T to remove the lens

The stellar mass and the SFR we find the arc source with SED

galaxy, we take advantage of the asymmetry of the lensed sysfits are consistent with the suggestion that the two sourees a
tem and create residual images by subtracting a mirrored im-dwarf galaxies with a star-burst phase with/SFRof around

age from the original image. This removes the need for accu-9

rate galaxy profiles for the lens. Irregular-sized apegare
made to enclose most of the flux from the arc and the NW-
double in the CFHT and UKIDSS images as highlighted in
Fig. 2(e). The WFC3/F160W photometry of the arc is abnor-
mally high. This is probably due to the redshiftedi[} 4959
and 5007 lines, as both fall within the WFC F160W band for
a source ax=1.847. This hypothesis is supported by the fact
that the bandpass in WFC3 begins at A, while UKIRT
WFCAM H-band filter used in UKIDSS has effectively a zero
throughput at\ < 1.45 ym and misses the [@]emission
lines.

Stellar population synthesis models are built for expo-
nentially declining star formation histories with SFR()
exp(t/7) with variousr and ages (Bruzual & Charlot 2003),
with the restriction that template ages are less than the@hge
the universe at the corresponding redshift. For each tampla
we fit for stellar mass and intrinsic extinction to match the
observed SEDs, assuming the extinction law of Calzettilet al
(1994) and parameterized HB(B-V). The templates that
gives the minimumy? values are chosen as the best fit. Since
the SED templates do not include emission lines, we did not
include the F160W data point fae= 1.847 source in the mod-
eling. The quoted best-fit stellar masses and SFRs are cor
rected for magnification using amplification factors cadted
for the photometry apertures using the best-fit lensing hode
(Table 2).

We measure the difference of SED predicted flux scaled
from F125W filter to F160W and the observed F160W flux
as a measurement of the [ intensity. Fig. 2(d) shows
that this difference is not localized to a specific region on
the arc suggesting that the [@©] emission is spatially dis-
tributed broadly across the two components responsible for
the arc. Assuming [@1]4959 to 5007 ratio is 0.33, we es-
timate F5(5007)~ 8.9 x 10 %%rgs s cm? A1 and a rest-
frame equivalent width for the [@]emission of~ 700A.
The suggestion that the arc has highiiQemission is con-
sistent with the discovery of star-bursting dwarf galaxies

to 10 Myr.

Based onGALFIT modeling of the reconstructed source
profile, the sources responsible for the arc are compact with
effective radii around 0.05 to 0.5 kpc, while the two sources
responsible for the double images have effective radiidf®.

0.6 kpc. In Fig. 3 right panel we summarizes these sources in
the stellar mass-size and compare to other samples of galax-
ies. As summarized there the arc sources are not only dwarf
galaxies, or smaller than typical “dwarf” galaxies with afe
times 13 M, stellar mass, the galaxies are bursting with stars
and have high [@1]emission. The lensing system is radio
bright (Geach et al. 2007) and thus a high resolution map of
the radio emission will be useful to have to narrow down the
source of [QIl1] emission, especially if either or both of the
two compact, star-bursting galaxies magnified to the art hos
an AGN.

To summarize this etter, we have presented results from a
search for lensed galaxies in early CANDELS imaging data
involving two candidates in GOODS-South and a bona fide
lensing system in the UDS field. We reconstruct the lensed
sources in the UDS system and throug.F 1T and SED
model fits to the total aperture fluxes establish their privger
including effective radius, stellar mass, star-formatiate,
among others. The pair of galaxies lensed to the arc and a
counterimage show bright [@]line emission in the WFC
Hiso-band. The sources are compact and are undergoing a
star-bursting phase. They are some of the smallest galaxies
with lowest stellar masses at> 1.5 and falls below in size
and stellar mass when compared to even dwarf galaxies at
these redshifts.

Financial support for this work was provided by NASA
through grant HST-GO-12060 from the Space Telescope Sci-
ence Institute, which is operated by Associated Universi-
ties for Research in Astronomy, Inc., under NASA con-
tract NAS 5-26555. Partly based on observations obtained
with CFHT/MegaCam. The UKIDSS project is defined in
Lawrence et al!l (2007).
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