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DISCOVERY OF MULTIPLY IMAGED GALAXIES BEHIND THE CLUSTER AND
LENSED QUASAR SDSS J10044112
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ABSTRACT

We have identified three multiply imaged galaxiesHobble Space Telescope images of the redshift =
0.68 cluster responsible for the large-separation quadruply lensed quasar, SDSS-410R4 Spectroscopic
redshifts have been secured for two of these systems using the Keck | 10 m telescope. The most distant lensed
galaxy, atz = 3.332, forms at least four images, and an Einstein ring encompassing 3.1 times more area than
the Einstein ring of the lensed QSO imageg at 1.74 |, due to the greater source distance. For a second multiply
imaged galaxy, we identify Ly emission at a redshift af = 2.74 . The cluster mass profile can be constrained
from near the center of the brightest cluster galaxy, where we observe both a radial arc and the fifth image of
the lensed quasar, to the Einstein radius of the highest redshift gatdg@ kpc. Our preliminary modeling
indicates that the mass approximates an elliptical body, with an average projected logarithmic gradieft®mf
The system is potentially useful for a direct measurement of world models in a previously untested redshift range.

Subject headings: cosmology: observations — galaxies: clusters: individual (SDSS J10042) —
gravitational lensing — large-scale structure of universe

Online material: color figures

1. INTRODUCTION amount of substructure (e.g., Gavazzi et al. 2003; Kneib et al.
) 2003; Smith et al. 2005; Sand et al. 2004; Broadhurst et al.
The recent discovery of a quadruply lensed quasar, SDSSyg055, 2005b). A prediction df-body simulations using the
J1004+4112, with unusually large image separations (Inada et standardy CDM cosmology (e.g., Navarro et al. 1997, hereafter
al. 2003; Oguri et al. 2004), has generated much interest. TheyFw: Moore et al. 1999) is that the logarithmic gradient of
quasar, az = 1.74 , is lensed by a galaxy clusterzat  he density profile of the cluster should be shallower than that
0.68into four bright images on an Einstein ring of approxi-  4f 4 jsothermal profile. In the case of A1689, where 30 back-
mately 13 in diameter. A faint fifth image is seen projected gr5nd galaxies are found to be lensed into over 100 images
through the inner isophotes of the central _bnghtest cluster g_al'(Broadhurst et al. 2005b), the profile does continuously flatten
axy (BCG; Inada et al. 2005). The QSO is known to vary in qyard the center like an NFW profile but with a surprisingly
brightness. If we assume a nominal val_ue f(_)r the Hubble pa- high concentratiorg,, = 14 + 1.5 (Broadhurst et al. 2005a),
rameterH, , it will be possible, for the first time, to model a ¢ompared with the much more diffuse halos predicted for mas-
cluster potential using complementary information on the value gjye clustersc. ~ 4 (e.g., Bullock et al. 2001). A1689 has the

of the potential itself (from the measured time delays), rather largest known Einstein riiﬂgﬂE — 48 (fa=3 ), and thus

than only constraints on the first derivative of the potential (i.e., projection effects may be important (Oguri et al. 2005). A
multiple-image positions) and the second derivative of the po- survey of more typical clusters is needed before drawing any

tential (i.e., weak lensing). Finally, the partial Einstein ring,
seen to pass through the lensed quasar images, is the mo
highly magnified quasar host galaxy known, permitting a
unique probe of quasar hostsat= 1.7  (C. S. Kochanek et
al. 2005, in preparation).

Strong lensing is now being used to constrain in detail the
inner mass profile of galaxy clusters and for estimating the
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Sqeneral conclusions.

The Advanced Camera for Surveys (ACS) on tthebble
Space Telescope (HST) has an unparalleled advantage for lens-
ing work, providing depth, spatial resolution, and color infor-
mation. Well-resolved internal structure can be helpful in iden-
tifying counterimages of multiply imaged galaxies, particularly
since distant star-forming galaxies often have complex and
unique morphologies. A good lens model is required in order
to take proper advantage of the resolved internal structure, as
the parity and differential magnification of internal galaxy fea-
tures varies between images of the same source, leading to
confusion. Without guidance from a lens model, it is hard to
recognize counterimages because they often fall in unexpected
places due to deflections by substructure and cluster galaxies.
The angular positiong, , of an image is given by the lens
equationd, = B, + (d /d)a(6,) , wherex(d,) is the deflection
field of the lensg8, is the location of the source in the source
plane, andl/d, is the ratio of angular diameter distances from
the lens to the source and from the observer to the source,
respectively. Thus, predictions must be made for a wide range
of background source distances unless the source redshift is
known.
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Fic. 1.—Color image of SDSS J10844112 produced from the AC®- andl-band observations, with the images of the lensed galaxies and the QSO indicated.
The inset shows the central regionlinwhere a faint fifth image of the lensed QSO is visible close to the center of the BCG. The fifth image is detected in both
V andl and has & — | color consistent with those of the other quasar images. Overlaid are the critical curves (radial and tangential), based on our model for
the mass distribution, for the lensed QS&hite) and the corresponding critical curves for galaxyghay). Notice that the area enclosed by the galaxy A tangential
critical curve (essentially, the Einstein ring) is much larger3(1) than that of the QSO, due to the greater distance of galaxy-A3.332 z %s1.74 ). The
Vega-based magnitudes of the galaxy images are: Al, 23.4; A2, 22.3; A3, 22.4; A4, 23.8; A5, 26.6; B1, 24.7; B2, 25.0; C1, 24.1; CZR8.dectronic
edition of the Journal for a color version of this figure.]

It should be appreciated that all the images of backgroundtotal exposure time of 2025 s, obtained as part of the CfA-
galaxies lying within approximately twice the Einstein radii Arizona Space Telescope Lens Survey program (GO-9744;
pertaining to their redshifts will have one or more lensed coun- Falco et al. 2001). Individual exposures in each band were
terimages. Hence, the usual identification of, at most, a few processed and combined with the standard Space Telescope
sets of multiple images per cluster, even in det§ images,  Science Institute pipeline. In addition to the final images in
means the “eyeball” approach to finding counterimages can beeach band, we have produced a “true-color” image by assigning
far from exhaustive. We have had more success by using ana blue color to the/ count rate, red to thé count rate, and
iterative method, which we describe in § 2. green to a linear interpolation of théand| count rates (see

Here we report the identification of three new examples of Fig. 1). Our goal is to identify multiple-image systems across
multiply imaged galaxies behind the cluster SDSSJB00H12 55 wide a range of redshifts as possible. In these data, we have
and the measurement of spectroscopic redshifts for two of thesejgentified three sets of multiply imaged galaxies, in addition
We use the multiply imaged galaxies and the five images of g the known images of the lensed QSO.
the QSO for a preliminary estimate of the cluster mass distri-  1hg jgentification of multiply imaged galaxies is achieved
bution. In a future paper (E. O. Ofek et al. 2005, in preparation), i, an jterative manner. We first construct a simplified mass
we .WI|| study more exhaustwely_thg joint constraints that can odel, as described in § 4, initially based only on the images
be imposed on both the mass distribution and the backgro.undg; the ’QSO_ We delens the,pixels belonging to any given faint
cosmology. Throughoutéhls Lg}ter, we assume Cosrnologlcalobject, using the lens model, onto a sequence of source planes
parameter$l, = 70 km's Mpc %, @, = 0.3, and@, = 0.7.  t'jitrerant distances, relens these pixels back to the image
plane, and compare the model-predicted locations and mor-
phology of the new counterimages with the data. As new im-

We have examined the single-orbit ACS Wide Field Camera ages are identified, they are incorporated into a refined lens
images of SDSS J1064112 taken inl (F814W) on 2004 model, enhancing the prospects of finding further sets of mul-
April 28, and inV (F555W) on 2005 January 27, each with a tiply imaged galaxies.

2. IDENTIFICATION OF MULTIPLE IMAGES
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| prediction prediction

Fic. 2.—V + |-based color renditions of the observed lensed soutopsdw) compared with the corresponding model-generated images in the bottom row.
The leftmost image of each source is the template used to predict the structure of the other counterSeeatheselpctronic edition of the Journal for a color
version of this figure.]

The first set of lensed galaxy images to be identified in this  Galaxy A—The one-dimensional spectra extracted for A2,
way are labeled galaxy A (A1-A5 in Figs. 1 and 2). They are A3, and A4 (Fig. 3) clearly show that these are images of the
observed as three arclike images (A2, A3, A4) that lie well same galaxy, although with some contamination of foreground
outside the Einstein ring traced by the QSO images. As seengalaxy light to A2 and A4. Several interstellar absorption lines
in Figure 1, the distance scale increases by a large factor bewere identified, from which we derive a redshift af=
tween the redshift of the quasar and of galaxy A. A counter- 3.332for galaxy A.
image of this galaxy is predicted by the model and readily =~ Galaxy B.—In galaxy image B1 (Fig. 1), we identified a
identified as A1, with an accurate reproduction of the internal single emission line &, = 4547 A , with an equivalent width
morphology. A radial feature observed close to the central BCG of 80 A and intrinsic FWHM of 310 km<. We interpret this
(best seen in Fig. 2) could be a fifth counterimage of galaxy fine as Ly redshifted te = 2.74 , excluding the lower redshift
A. However, depending on the exact slope of the inner region gjternative ([On] at z = 0.22; i.e., in front of the cluster) on
of the mass profile, it could also be associated with other gal-tne pasis of the presence of multiple images of this galaxy and
axies in the field. Deeper multicolor observations are required e apsence of pland [Om] in the red-arm spectrum. Since
to confirm this possible association. This radial arc together e jnstrumental resolution and the intrinsic width of the line
with the fifth demagnified image of the quasar will be helpful 516 comparable, the kyprofile appears relatively symmetric.
in constraining the inner mass distribution. Galaxy C.—We detected a weak continuum in C1 but no

Two other sets of multiply imaged galaxies, galaxies B and qpyious spectral features. The redshift of galaxy C therefore
C, were identified using the best-fit model based on galaxy A remains unconstrained spectroscopically.

and the QSO. Each is identified as a close pair of images (see |, summary, we have measured the redshifts of two of the

Figs. 1 and 2). Galaxy C has a different angular deflection Scalemultiply imaged galaxies behind this cluster, the spectroscopic

and therefore must lie at a higher redshift than galaxy B (seeeqshifts comparing favorably with the redshifts inferred from
Table 1 for predictions). The model also predicts that galaxies

B and C should both have faint, demagnified images that are
buried in the high surface brightness BCG and hence are un-
detectable in the available data.

3. SPECTROSCOPY

counts

Multislit spectroscopy was carried out with the Low Resolution
Imaging Spectrometer on the Keck | 10 m telescope, on the nights ‘
of 2005 March 4 and 6, totaling 2.2 hr of exposure time in dark T Crsasen s s
conditions with 1 seeing. The D560 dichroic was used with the 15} Galaxy B1, z-2.74 ‘ ‘

400/3400 grism and 600/7500 grating at 6850 , thus providing
continuous wavelength coverage 3500 A=< \,,s= 7900 A
The FWHM spectral resolution and pixel scales were A.8
4.5A and 0214 pixel*, 0/135 pixel* on the blue and red cameras, , o 11 o
respectively. of I L’“‘Lf S M R

Spectra were taken of the A2, A3, and A4 images of ga|axy 4300 4350 4400 4450 4500 Wa\?glseongth 4600 4650 4700 4750 4800

A, image B1 of galaxy B, and image C1 of galaxy C.

10[

= Lya1215 |

counts

Fic. 3.—Top: Keck spectra (red arm) of images A2, A3, and A4 of galaxy

TABLE 1 A, with identified spectral features for the derived redshifzef 3.332 . The
SUMMARY OF MULTIPLY IMAGED SOURCE PROPERTIES A3 and A4 spectra have been vertically shifted for clarity. Sky subtraction
residuals at 5892, 6300, and 6864 have been excised from the spectra—a
Number of  Relative sky spectrum, showing the main atmospheric emission lines, is shown for
Source Images  Deflection Predicted Observedz comparison. Slight differences in the spectra of the three galaxies are due to
QSO ... 5 10 174 qontamination of the spectra of A2 and A4 by the light of c_)ther galaxies,
Galaxy A...... 5 132 357 3.332 likely in the lensing cIustequtto_m: T_he blue-arm spectrum of_lmage B1 of
Galaxy B...... > 1.255 265 274 galaxy B shows a strong emission line at 4547 whlgh we interpret as Ly
Galaxy C...... 5 1215 294 atz = 2.74. Spectra are binned to the spectral resolutiSee fhe electronic

edition of the Journal for a color version of this figure.]
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a lens model based only on the image positions and the quasathan isothermal, mass distribution and the standard cosmolog-
redshift. ical parameters.
In a future paper (E. O. Ofek et al. 2005, in preparation),
4. GRAVITATIONAL LENS MODEL we will investigate what regions of model parameter space can
. P : _ be excluded by the data, in terms of both the cluster mass
The geometrical distribution of the lensed images indicates .. op oo 0 i o underlying cosmology, the latter dictating

that the projected mass distribution is elliptical in shape and . ; : .
lacks significant substructure. We have modeled the mass di:s—the ratios of angular diameter distances. The quality of the

tribution with a softened power-law ellipsoid with surface den- tsérgpegé:(egg"ngﬂg?g;gg'ggﬁgggatﬁf fgrr;mseglrjiizirosnhgﬂlﬁeh;llfs_
sity X oc 7 (Barkana 1998), plus contributions from red clus- g b

ter members modeled as softened isothermal spheres anﬁer mass distribution and the cosmological world model. The
i

normalized according to their luminosity, and additional shear cegr?airr?t(ijesshggl?;zlz C:gftgslggé Smt?gcﬁjfgar:ggp Ec?\(ari?lzco?‘sljin;]t
from a subgroup 15to the northwest of the BCG, modeled as ylarg 9 g

) S : .~ (Dalal et al. 2005). We will also investigate the possibility that
gi;%flt:nrﬁg d%?wv?/{t:]a\ivselfrgzoéigﬁe?eros.sa(ce.n\{\e/? g?%tggé t(r;c')sé)r_the mass associated with some of the Iensgd galaxies (e.q., the
dinates; slopé ellipticity, position angle, core radius, normal- quasar host galaxy) contrlbutgs to the Iens!ng signal observed
izations of the cluster, galaxies, and subgroup; and coordinateécnognrﬁéfogiachl')e;rég;'é?? t?) g'g%%g:&wztgg CT%%?“{:Q:;LS
of the quasar and of galaxies A and B in the source plane),.. ", . X ; '
and thg measured redgshifts of galaxies A, B, and the %uase)lr't will apply to a redshift range intermediate to those based on

are sufficient to fit the two-dimensional positions of 10 lensed w:s:%:&e?éir?; Tgﬁr?hgrﬁgf’:rg%?‘;gn%gg dc%sggug'gg;ﬂ
images (Q1-Q5, A1-A3, B1, B2; i.e., 20 constraints) to an 9 . ' 9

s accuracy o0'1 in the source plane. Allel o 0, and {3 therefore complementary o the two other
The mass enclosed within a circular aperture including the A P y

. : : methods.
images of galaxy A and corresponding to a radidsd 0 kpc . . .
atthe cluster redshift® x 10**M_ . We find a mean projected Deeper, multiwavelength imaging of SDSS J16@412 has

slope of y = 0.5, considerably shallower than isothermal ?:ea’?rr]]e?gggoa/i/(ljﬂItliJ-S(IDT)?etchssgeét(r:o%et?eerHaSrLgfﬂign;gzrceed

(y = 1) but comparable to the projected surface density de- - e i
rived from CDM-based simulations of massive halos (e.g., :i'ellwicrgge.ezhe;g )c(iiztsa Wg:rl]llgelsy;tegsg:ﬁc?dggnrael dss?;tgf;]suvlvell
NFW). This result is consistent with an earlier claim of Py ged g P P 9 '

0.3< 7 < 0.5 made by Williams & Saha (2004) using a non- as provide reasonably accurate photometric redshifts, beyond

parametric model based only on the quasar image positions.the reach of spectroscopy. Weak-lensing measurements will

The ellipticity is relatively largee = 0.55 (suggesting the mass also be feasible. Together with the strong-lensing information,

o . .we will then attempt to tighten considerably the lens model
g'ggébg:'gﬁ 210%/3;)’ earr?c? ;ﬁ ec %rr;zlécg;e'zsd a”;?gjgéfegu&)esr;ttiéﬂog%l gnd to estimate cosmological parameters based on this uniquely
of =332 (Fig. 1). The orientation of the cluster mass distri- useful lens.
bution is approximately aligned with the isophotes of the BCG
and the position of the subgroup. In Figure 2, we illustrate how
our model reproduces the morphologies of the lensed image
of galaxies A, B, and C.
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5. CONCLUSIONS AND FUTURE WORK
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