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ABSTRACT

The galaxy cluster IDCS J1426.5+350&at 1.75 is the most massive galaxy cluster yet discovered-at.4

and the first cluster at this epoch for which the SunyaevEXmlich effect has been observed. In this paper we
report on the discovery withilSTimaging of a giant arc associated with this cluster. The atume of the arc
suggests that the lensing mass is nearly coincident witbtightest cluster galaxy, and the color is consistent
with the arc being a star-forming galaxy. We compare the traims on Moo based upon strong lensing with
Sunyaev-Zel'Dovich results, finding that the two are caesisif the redshift of the arc iz > 3. Finally, we
explore the cosmological implications of this system, édeisng the likelihood of the existence of a strongly
lensing galaxy cluster at this epoch in&DM universe. While the existence of the cluster itself cateptially

be accomodated if one considers the entire volume covertbisaiedshift by all current high-redshift cluster
surveys, the existence of this strongly lensed galaxy lyreatcerbates the long-standing giant arc problem.
For standard\CDM structure formation and observed background field gataunts this lens systeshould

not exist Specifically, there should b giant arcs in the entire sky as bright in F814W as the obseaxetbr
clusters az > 1.75, and only~ 1 as bright in F160W as the observed arc. If we relax the rédsinistraint to
consider all clusters @& > 1.5, the expected number of giant arcs rises tb0 in F160W, but the number of
giant arcs of this brightness in F814W remains zero. Theasstatistic results are independent of the mass of
IDCS J1426.5+3508. We consider possible explanationfifediscrepancy.

Subject headinggjalaxies: clusters: IDCS J1426.5+3508—- gravitationadilegt strong — cosmology: obser-
vations, cosmological parameters

1. INTRODUCTION
Galaxy clusters have historically played a central role in

cosmology, with the most massive and distant systems pro-

viding the most profound insights. For example, observa-

tions of the Coma cluster provided the first evidence for dark

matter (Zwickyl 1933), while the existence of exceptionally

massive clusters at early times was an important argumen

for Qo < 1 (e.g.,.Carlberg et al. 1996; Donahue ef al. 1998,
and references therein).
been given to the question of whether the most distant, kighe
mass clusters are consistent with a standard GauA€&M

cosmology, or whether one must invoke non-Gaussianity o

the initial density fluctuations from inflation that seedustr

ture formation. While these analyses have yielded divargen
2011; Cayon et al.
2011;|Willamson et al. 2011), it is clear that the most mas-

results (Hovle et all_2011; Enqvist ei al.

sive, distant clusters remain valuable cosmological sobe

The galaxy cluster that is the focus of this paper was de-

tected as part of the IRAC Distant Cluster Survey (IDCS),
an ongoing 8.82 dégsurvey within theSpitzerDeep, Wide-
Field Survey (SDWFS) region that employs full photometric
redshift probability distributions for a 4un-selected galaxy
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‘In recent years much attention ha

catalog to identify galaxy clusters at0z < 2. This program
extends the IRAC Shallow Cluster Survey (ISCS; Eisenhardt
et al. 2008), which has yielded the largest sample of spec-
troscopically confirmed clusters at4 z < 1.5 by pushing
both to lower mass and higher redshift. The cluster IDCS
J1426.5+3508 was identified as a strong candidate for a high

§nass,z > 1.5 cluster in this program and targeted for detailed
(o]

llow-up. Spectroscopic observations with tHET WFC3

grism and LRIS on Keck, described in detail in Stanford &t al.
12012), confirm that this cluster liesat 1.75.

While the existence of a cluster at this redshift is not sur-

gprising, multiple lines of evidence now suggest that thia is

truly massive cluster. Stanford el al. (2012) repo@tteandra
X-ray mass estimate of Mo~ 5.5 x 104 M,,, while Sunyaev-
Zel'Dovich imaging from_Brodwin et al! (2012) implies that
the mass contained within a region overdense by a factor of
500 relative to critical density is Me= 2.6 + 0.7 x 10
Mo, (Mogo~ 4.2 x 10'* M, for a typical halo concentra-
tion). For comparison, this Sunyaev-Zel'Dovich mass is
only ~ 40% lower than that of XMMU J2235.3-2557 at
z = 1.39 (Mullis et al12005} Rosati etdl. 2009), which is the
only published cluster a > 1.2 more massive than IDCS
J1426.5+3508. Meanwhile, the one spectroscopically con-
firmed galaxy cluster at higher redshit£ 2.07,/Gaobat et al.
2011) has an estimated total mass &5 8 x 10 M, — a
factor of five to ten lower than IDCS J1426.5+3508.

In this paper we focus upon the discovery of a giant arc as-
sociated with this cluster and the implications of its estiste
in the context ofACDM structure formation. The layout of
this paper is as follows. 162 andB we present the discovery
and attempted spectroscopy of the giant arcnve derive
strong lensing constraints on the cluster mass, and discuss
the redshift regime over which these constraints are consis
tent with the SZ mass. We then extend our discussi@hlim
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consider the probability for the discovery of a giant aroass (r—models) can successfully reproduce the observed color at
ated with this cluster. Finally, ifd we summarize our results  higher redshifts. These models place a lower bound on the
and consider potential theoretical modifications that meay r redshift as a function of and the assumed formation red-
solve the arc statistic discrepancy. Throughout this pager  shift. Forr = 1 Gyr, lo- consistency with the observed color
use cosmological parameters consistent with the seven yearequiresz > 1.75 (2.5) forzom > 2 (3). Smaller values of
WMAP resultsl(Komatsu et El. 2010, = 0.728,Hy = 704 increase the minimum redshift.

km s?, og = 0.809;).

2. DETECTION OF A GIANT ARC

We obtainedHST imaging with the Advanced Camera for
Surveys (ACS| Ford et Al. 2003) and Wide-Field Camera 3
(WFC3; [Kimble et al.l 2008) as part of Cycle 17 program
11663 (PI: Brodwin) between 08 July 2010 and 07 November
2010. The total exposure times in F814W and F160W were
4.5 ks and 2.6 ks, respectively. Further details are pravide
in IStanford et &l.1(2012). Subsequent grism observations in
Cycle 18, coupled with Keck spectroscopy, confirm that the

2.2. Arc Geometry

The location of the arc is such that no nearby individual
galaxies appear to be contributing significantly to the dens
ing, and the curvature is consistent with the centroid be-
ing nearly coincident with the brightest cluster galaxy. If
we make the assumption that the lensing is indeed centered
upon the brightest cluster galaxy, then the radius of thésarc
0 = 146 = 0’2. There is however no guarantee that the BCG
lies directly at the bottom of the potential in the absenca of
- , 5 ‘ detailed lensing model, so for the analysis below we assume
galaxy cluster is real and at= 1.75 (Stanford et.al. 2012). an uncertainty of 30 kpc in the centroid, which corresponds
_Within the HSTACS and WFC3 imaging we iden- i, 5 24 yncertainty in the radius of the arc. For local clus-
tify a highly elongated object which we interpret as a yorq from the LoCuSS program roughly 68% of clusters have

strong arc lensed by the cluster. We present a composit _ ;
F814W+F160W image of the cluster field in Fifl 1, high- e?gzﬁfjse?seé\gif?|t_h2%gs§:)9 and xray peakless than this value

lighting this object. The length is’8 but the width is un-

resolved in theHST photometry, and hence it easily satisfies 3. GEMINI AND HST SPECTROSCOPY

the standard length-to-width criteria for a giant dyeW> 10; i . . .
Wu & Hammer 1993). The curvature of the object is consis- _ e attempted to obtain a redshift for the giant arc using
tent with lensing by the cluster potential, and the colorigan ~ G€mini North. We targeted lyemission during 6.5 hr of Di-

used to further constrain the nature of the object. rector’s Discretionary Time, us_ing GMOS for long slit spec-
troscopy. The data were acquired between 26 June 2011 and
2.1. Arc Photometry 06 July 2011 (UT) using the B600 grism, which is blazed at

aperture constructed to enclose the full extent of the ane. T @nd two pixel binning in both the spatial and spectral direc-
enclosed area within the aperture is 9.0 argsand the ex-  tions using a10 slit. The resultant spatial and spectral reso-
tent along the major axis is’8 (Fig. [1). As part of this  lutions are 0146 pix* and 0.9 A pix*, respectively, and the
procedure we first use Source Extractor to generate a backslit was positioned to lie along the long axis of the arc at a
ground map. The flux and background are measured bothposition angle of 270.85 degrees. We obtainedk1B780 s
within the source aperture and for an ensemble of blank-skyexposures, dithered in both the spatial and the spectrardim
apertures surrounding the arc, from which we can calculatesions, for a total on-source exposure time of 6.43 hr. The
the aperture-to-aperture photometric variance. We measur seeing during these observations ranged frg@i7Qto 1'08,
F814W= 24.29 + 0.31 mag and F160W 2375+ 021 mag  With a median seeing of U7 based on an early M-type star
(AB). Given the large uncertainties in the total magnitutle, ~ which was serendipitously observed in the majority of the ob
integrated color of the arc, F814V¥F160W= 0.55+0.37 mag, servations. Conditions during the observations were mostl
is only modestly constrained. To obtain an improved esti- photometric, but included some data taken during 70th per-
mate of the color, we recompute the color within a smaller, centile (patchy cloud) conditions.
0’8 x 0’4 rectangular aperture that includes the region with  The redshift constraints arising from the cluster redshift
the highest signal-to-noise ratio (Fifl 1). Within this epe (i.e., z > 1.75) and the fact that the arc is detected in the
ture we obtain a more precise, statistically consisterdrcol  F814W imaging (i.e.z < 6) provide a first bound on the
F814W-F160W= 0.25+ 0.13 mag. As expected for an arc, redshift. Within this range we focused upans 4 and de-
we see no evidence for color changes along its length thatsigned the observations to be sensitive to strong éxnis-
might be indicative of a chance superposition of sources.  sion (comparable to a Lyman Alpha Emitter), if present for
What does this color imply about the source galaxy? The2 < z < 4. We reduced the data using standard long slit
fact that the source is not a drop-out in F814W constrains theprocedures within IRAF. Unfortunately, we detect neithey a
redshift to bez < 6. The observed color is similar to that of continuum nor any emission lines at 359041 < 6660 A
Zz ~ 4 B-band dropouts (Gonzalez eflal. 2011). For a some- (2.0 < z < 4.5 for Lya).
what more complete picture of plausible redshifts, we con- We also attempted to obtain a redshift for the arc us-
sider the predicted colors from a suitelof Bruzual & Chhrlot ing HST/TWFC3 grism data from program 12203 (PI Stan-
(2003) stellar population models. Far.a Chabiier (2003)amas ford). The data and reduction procedure are both described
function and solar metallicity, the observed color is incon in |Stanford et €l.1(2012). Neither continuum nor emission
sistent with passively evolving stellar populations atratl- lines for the arc were detected with either the G102 or G141
shifts. To be precise, single burst models in which star for- grisms, which together cover the wavelength randggd
mation has ceased more thad00 Myrs earlier uniformly < z < 1.65um. Using simulations run with the aXeSIM soft-
predict F814-F160W colors that are significantly redder than ware, we calculate that the corresponding emission line de-
observed regardless of the formation redshift. Conversely tection threshold correspondsto< 4 x 1071% erg st cm2
models with an exponentially declining star-formationerat at 0.9%m andf < 3 x 101 erg s cm™ at 1.35m
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FIG. 1.— Left—Combined F814W+F160W image of the cluster center and giantEhe field of view is 30; North is up and East is to the lefRight—
Zoomed-in version of the same image centered on the arc. dlixggn is the aperture used to extract the arc photometrije e smaller rectangle is the region
within which the color was determined. The field of view i¢’52cross. The images have been smoothed with 5 pixel and I33axessian kernels, respectively,
to enhance the contrast.

(5 0).2 Given the non-detection of laywith either GMOS 4.2. Mygg
or HST/WFC3 spectroscopyiST narrow- or medium-band The next step is to estimate the total mass withig for
imaging may be the most promising avenue for refining the yhe cluster. This problem is underconstrained, necessitat

redshift estimate for this arc. several simplifying assumptions. We initially assume that
density profile of the cluster is well represented by a spher-
4. CLUSTER MASS FROM STRONG LENSING ical NFW model {Navarro ef Al_1995, 1997). For a given
4.1. Enclosed Mass within the Arc virial mass, we compute the concentration of the dark mat-
Under the assumption of circular symmetry for the cluster (€ halo according to the prescription lof Gao ét &l._(2008),
lens, we calculate the total mass enclosed by the giant arc a/Nich is in turn a modified version of the original NFW pre-
a function of the source redshift. In this case the arc ragjus >crPtion. Thé Gao et Al (2008) formula has been extengivel
(~ 125 kpc atz, = 1.75) identifies the radius of the tangential tested against numerical simulations, including the hagh r

critical curve, which can be easily related to the enclosasgsn shift regime relevant to the current analysis, ag%ct

; to provide improvement over the prescription t al.
through the relation, ) anmmlml)_

To account for asymmetries in the cluster mass distribu-
tion, we next assign a non-vanishing ellipticity to the lens
ing potential, according to the procedure summarized in

1.L(2003). Finally, we assume that the arc is

Ma = ﬂ'Zc 95, (1)

whereX. is the lensing surface critical density, which reads

2 D produced by a source lying near one of the caustic cusps sit-
= ——— %) uated along the major axis of the lens, so that the arc radius
47G D Dis corresponds to the maximum elongation of the critical curve

Thus, we vary Moo until we find a match between this maxi-
dnum elongation ané..
In Figurel2 we show the resulting 44 as a function of the

We emphasize that this enclosed mass is independent of thd0Urce redshift. We assume an ellipticig, ~ 0.32, con-
specific density profile assumed for the lens. In Figlire 2 we Sistent with the mean of the ellipticity distribution presed
show the resuiting enclosed mass as a function of the sourcd? Figure 7 of_ Fedeli & Berciana Alba (2009), and use the
redshift. The closer the source is to the deflector, thetange ~ Standard deviation of this distributiane ~ 0.074 to define
enclosed mass needs to be due to the geometric suppressidhe urt:certal_nty sho;/vn k]?y the shaded rﬁglon.l Froml'thl's afnal—
of the lensing efficiency. The uncertainty in the enclosedsna  YSiS the derived a’f} ue for bdo approaches a lower limit o
shown in the Figure corresponds to the uncertainty in the arcMz200= 2.87g4 X 10 M aszs — 6, where the quoted uncer-

radius, for which we adopt the nominal value of 30 kpc (see tinty reflects the uncertainty in the ellipticity. For reface,
§3). The value for the enclosed mass reaches a lower limit of V& also show the results obtained with the same fiduciat-ellip

Ma = 11+ 0.5x 10% M, for z = 6. The enclosed mass in  UCILY €m, but assuming the original NFW prescription for the
this central 125 kpc region, which contains minimal assump- concentration. Since at high redshift the NFW concentnatio

tions, already exceeds the total mass inferred by the oelg-sp 1S @lways higher th?n other prescriptions, the requiredoM
troscopically confirmed cluster at higher reds of the cluster is 35% smaller. Conversely, use of either the

In this equationD,, Ds, andD.s are the angular diameter
distances to the lens, to the source, and from the lens to th
source, respectivefy.

2011). . (2001) of Eke et h[-(2001) prescriptions vebul
lead to a larger value of bdo.
STt P /7 axe. StSCi . edu/ axesi i It should be noted that strong cluster lenses are usually a bi
9 We refer the reader fo Mevlan el 4[_(2D06) for a detailedesevif grav- ased subsample of the whole cluster population, in the sense

itational lensing.


http://axe.stsci.edu/axesim/

5. COSMOLOGICAL IMPLICATIONS

7L T T T LI T T T
‘ 1 The redshift of this cluster makes it a unique and interest-
155 B ing test for cosmological structure formation. To be specifi
A 4 the most distant clusters known to host giant arcs prior to
\ . this study lie az ~ 1 (e.g.Gladders et'al. 2003; Huang €t al.
\\ 1 2009). IDCS J1426.5+3508 significantly extends the retishif
~ 15 \ N baseline over which arcs are known to exist. In this sectien w
= \\ %Oo ‘ 4 consider the probability for this massive, strong lensilug-c
= N an) - ter to exist and be detected in our survey. Specifically,gave
=0 % e N standardA\ CDM cosmology with the seven year WMAP cos-
S 145 > \\\\ . mological parameters, what is the probability of detecting
’ 1\7\ giant arc of this brightness behind a cluster at1.75?
200 (NF Z) . o
w In order to estimate how rare the observed gravitational arc
| is, we evaluate the number of arcs in the whole sky that are
_ Y
14 [ Eng; _ expected to be produced by galaxy clusters at redshiftdarge
closed VMool // thanz, = 1.75. We first estimate, for a fixed source redshift
e i zs, the contribution to the optical depth by structures in the
2 3 ;1 5 6 desired redshift range,
S
FIG. 2.— Mass of IDCS J1426.5+3508 as a function of redshift ef th 1 Zs +00 dVv(2)
lensed source. The lower curve corresponds to the masssedotdthin the 14(2s) = dz dM n(M, 2) '_‘ oq(M, 2).
arc, with the shaded region denoting the uncertainty agtativith the offset q 47Dg 2 0 ’ dz e
of the BCG relative to the cluster potential. The upper cusvihe inferred (3)

M2oo assuming th&_Gao eflal. (2008) prescription for the conatoir and . : . .
an ellipticity ey, ~ 0.32 for the cluster dark matter halo. In this case the In the previous equatlon(M’ Z) is the mass function of cos-

uncertainty denoted by the shaded region is dominated biptifiesic scatter mic structuresdV(z)/dzrepresents the comoving volume of
in the distribution of halo ellipticities. We also overplas a dashed line the  space per unit redshift, arad](M, 2) stands for the cross sec-
inferred mass if one instead uses the original NFW preserigor the halo tion of individual clusters for images having the morpthog
concentration (which can be considered a lower bound). Bhizdntal line | t I hat foll thati | th
and associated uncertainties correspond to thg Merived from Sunyaev- cal propertyg. In what tollows we assume thgus a lengtn-
Zel'dovich observations. In this case the uncertaintiesndpinclude the to-width ratio> 10, as customary in arc statistics studies, and
potential systematic bias associated with extrapolatiAgs&ling relations employ the Tinker et &ll (2008) mass function.
o higher redshift. The total number of arcs with the propexythat are ob-
served in the sky with a magnitude brighter thrathen sim-
ply reads

+00

that they tend to be intrinsically more concentrated, and to
be prolated with the major axis aligned along the line of sigh Ng(m) = 4r ns(m)f P(zs, M)7q(2s)dzs, (4)
(Hennawi et al. 2007; Meneghetti eilal. 2010). This bias is ex 4
pected to be even more severe in redshift and/or mass rangegherep(zs, m) is the source redshift distribution, white(m)
where strong lensing is particularly rare, such as the case U represents the observed number density of sources with mag-
der consideration. It has also recently been observed thahjtude lower tharm, i.e., the cumulative number counts. We
there may be a stronger than expected correlation betweemdopt the redshift distribution and number counts for sesirc
concentration and cluster mass, with lower mass systems havin the Hubble UDF provided by Coe efl dl._(2006) for F775W
ing higher than expected concentrations (Oguri et al. 12011) and F160W, and correct the number counts for the lens-
Therefore, a concentration higher than that provided by thejng magnification bias using the same procedure detailed in
Gao et al. |(2008) prescription, which is a mean over the en-fFedeli et al.[(2008) arld Fedeli & Berciano Altha (2009).
tire cluster population, might actually be more realistithis For the practical computation of the optical depth, we use
circumstance. As an example, for a sample of lensing clus-the strategy detailed ih_Fedeliei al._(2008) and references
ters atz ~ 0.510guri et al. (2009) found concentrations a fac- therein. Briefly, merger trees are constructed based on the
tor of ~ 2 higher than would be predicted by the Gao et al. extended Press & Schechter (1974) theory, which represent a
(2008) distribution. Simulations by Meneghettiet al. (D1 model of the cluster population. A lensing potential eitipt
also indicate that projection effects may yield observetco ity is assigned to each cluster, extracted from the digiobu
centrations that are enhanced by up to a factor of two. In theshown in Fedeli & Berciano Alba (2009), and cluster dynam-
current case, if we assume that the concentration is a fattor jcal activity occurring at the knots of the merger trees i$-su
two above the Gao et’al. (2008) prescription, then the deérive aply modeled. Finally, the cluster cross sections for gaacs
M200 Would decrease by roughly a factor of 2.2. are computed using the fast and semi-analytic prescrijption

In Figure[2 and TablEl 1 we also present the masses and asgedeli et al.[(2006), and the optical depth integrals areapp
sociated uncertainties derived from the Sunyaev-Zel'Dlovi  imated by using a Monte-Carlo scheme.
analysisl(Brodwin et al. 20112). The two approaches appearto Figure[3 shows the resulting number of arcs expected
yield consistent estimates for A if the source redshift lies  across the full sky as a function of magnitude in F775W
atz > 3.5, or more conservatively > 3 if one includes the  and F160W. For our observed arc we assume a color correc-
potential for reducing the lensing mass by up to a factor of tion F775W-F814Wx 0.0 (AB), consistent with the expected
~2if the halo concentration is larger than for a typical adust  color of a star-forming galaxy at this epoch. For the obsgrve
Coupled with the color of the arc, these factors togethararg magnitudes we expect to fintb arcs over the entire sky as
that the most plausible redshift is3z < 6. bright in F814W as the one we observe and only.3 as
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clusters, which is a strong function of cluster mass. An ob-
1 vious explanation would be if IDCS J1426.5+3508 exceeds
the mass of clusters expected to exist ih@DM universe

at this redshift. If lensing requires reaching a criticalssia
threshold that is exceeded in reality but not in our modeinth
the observed number of arcs would clearly exceed expecta-
tions. In that case, a plausible solution would be to invoke
non-Gaussianity to enhance the number of extremely massive
clusters. It is however argued lin_Brodwin et al. (2012) that
IDCS J1426.5+3508is consistent witiCDM, indicating that
invoking non-Gaussianity is not necessarily the appré@ria
solution.

A more subtle solution would be if the lensing cross-
sections of individual clusters systematically exceedddle
culated theoretical cross-sections. There is evidence tha

this lensing efficiency is indeed systematically underesti
0001 B b b L L3 mated. Several papers have argued that including the im-
235 24 245 25 255 26 pact of baryonic contraction can raise the lensing cross-
m section by between 25% and a factor of two (Li €l al. 2006;

, . _ . Wambsganss etlel. 2008). _Meneghetti etlal. (2011) also find
of o £ o FAG o e 7% SShaein,  that simulated clusters produseS0% fevier arcs than X-ray
correspond to the results from our simulations, while thevesi are spline clusters az ~ 0.5 - 0.7. While these corrections work in
interpolations between the data points. The arrows reptése all-sky lower the proper direction, it appears that even if one imposes rea
limits derived from the observed arc in IDCS J1426.5+3508 the width sonable physical tweaks to account for the impact of bagyoni
atthe botto_m _of the arrows correspogdmg to the photometraertainty. We infall on the density profile, the change remains insuffitien
gﬁ.tgk;hat finding one arc per 8.82 degould correspond to- 4700 arcs to account for the arc in IDCS J1426.5+3508. The discrep-

ancy is simply too large. Specifically, doubling the preelitt
number of arcs would imply 1 arcall-skywith the observed
F160W magnitude, and would still imply none with the ob-
bright in F160W. Indeed, none are expected within 0.5 mag- served F775W magnitude.
nitudes of the brightness of the arc in F814W. Given that the The final factor that can drive the prediction of zero arcs is
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area of our survey is only 8.82 de(® x 10~ of the full sky), underestimation of the surface density of galaxies sufftgre
the detection of an arc is highly implausible. For reference bright to yield a source similar to the observed arc aftermag
we test the sensitivity of this result to the redshift of thed- nification by the cluster potential. One concern here is that

ing cluster. Even if one were to consider the entire cluster we have used results from the UDF to inform our redshift
population az > 1.5 rather than setting the observed cluster distribution for background sources, yet this region idisuf
redshift as the minimum permitted redshift, then the exgabct ciently small that cosmic variance is a concern. As an alter-
number of arcs detected remains zero in F814W antl5 nate test, we also try an analytic prescription for the back-
all-sky in F160W. The latter still leaves only a probabilitfy ground number counts based uponthe 3 luminosity func-
2 x 1072 that we would have detected such an arc in this sur-tion of |Reddy et &l./(2008) to model the background distri-
vey. Note that the specific mass of IDCS J1426.5+3508 doesbution. We find however that this approach does not quali-
not enter into our calculations — we posed the question of howtatively alter the results of our analysis. It thereforersse
many arcs should be produced#ly clusters. unlikely that error in the source distribution is the origih
At lower redshifts the excess of giant arcs behind clus- the discrepancy.
ters relative to predictions has been realized for well over We therefore identify no obvious physical solution to ex-
a decade (e.gl._Bartelmann et Al. _1998) and is known asplain the existence of this arc, though exceptionally high-c
the arc statistics problem. While significant effort has centrations seems like the most promising avenue to explore
been devoted to reconcile the observations with improvedFinally, a last possible solution would be if the observed
models that incorporate more detailed physics and im-source is not a background arc. Given the combination of
proved constraints on the source redshift distributiog.(e. color, curvaturel/w, and lack of color variation, this possi-
Bartelmann et al. 2008; Wambsganss ét al. 2004; Dalal et al bility also seems unlikely.
2004; [ Li et al.| 2006] Fedelietial. 200B; Wambsgansslet al.
2008; D’Aloisio & Natarajarl 2011), the issue is not wholly 6. CONCLUSIONS
resolved (e.g.._Meneghetti etial. 2011). The current ctuste  We have presented evidence for the existence of a giant
greatly exacerbates the situation — this arc singblguld not arc behind the massive galaxy cluster IDCS J1426.5+3508 at
exist z = 1.75. This unique system constitutes the highest redshift
It is interesting to break down the above calculation of the cluster known to host a giant arc. From the strong lensing we
number of arcs (Equatidd 4) to ascertain the dominant factorderive an enclosed lensing mass within the central 125 kpc of
that drives the expected number of arcs to zero. The two fun-M, > 1.1+0.5x10* M, which is comparable to (or exceeds)
damental physical quantities that determine the total rermb the total masses of most other known clusterszat 1.5,
of arcs are the total lensing optical depth of all clusters an confirming that IDCS J1426.5+3508 is an exceptionally mas-
the number density of background sources to be lensed. sive cluster at this epoch. Having derived the enclosed mass
The lensing optical depth depends upon the products of thewe next provide a comparison with the Sunyaev-Zel'Dovich-
cluster mass function and the lensing efficiency of indigidu  derived value of My from [Brodwin et al. |(2012). We find
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that the two are consistent if the arc liezat 3. the giant arc. We appreciate the support provided by Nancy
Finally, we investigate the cosmological implicationshast Levenson and the rest of the Gemini staff for this project.
system. The greatest challenge posed by this cluster is exGemini Observatory is operated by the Association of Uni-
plaining the existence of the giant arc at all.gBhwe demon-  versities for Research in Astronomy, Inc., under a coopera-
strate that under realistic assumptions for the lensingssro tive agreement with the NSF on behalf of the Gemini part-
section, cluster mass function, and background galaxy dis-nership: the National Science Foundation (United States),
tribution, the total number of giant arcs behind clusters at the Science and Technology Facilities Council (United King
z> 1.75 that are at least as bright as the observed arc is zeralom), the National Research Council (Canada), CONICYT
in F814W and< 1 in F160W. Very simply, the arc we have (Chile), the Australian Research Council (Australia), Min
discovered behind IDCS J1426.5+3508 is not predicted to ex-istério da Ciéncia, Tecnologia e Inovacao (Brazil) dvhid-
ist. If one considers an ensemble of lensing clusters exignd isterio de Ciencia, Tecnologia e Innovacion Productie (
to somewhat lower redshift,> 1.5, the tension with theoret- gentina) This work is also based in part on data obtained at
ical expectations decreases slightly for F160W, but in K814 the W. M. Keck Observatory, which is operated as a scien-
the number of predicted arcs remains zero. We briefly discusgtific partnership among the California Institute of Tectow,
possible explanations for this discrepancy, but find noolisi  the University of California and the National Aeronauticsla
solution. A tendency of higher concentrations in observed Space Administration. Support for this research was pexvid
clusters than simulated systems has the greatest potemtial by NASA through HST GO programs 11663 and 12203.
decrease the disparity, but is unlikely to be sufficient tiore AHG thanks Marusa Bradac for a useful discussion of the
cile theoretical models for arc statistics with the existenf arc, and also acknowledges support from the National Seienc
a lensing cluster at= 1.75. Foundation through grant AST-0708490. The work by SAS at
Looking towards the future, a statistical sample of the most LLNL was performed under the auspices of the U. S. Depart-
massive clusters in the Universeat 1 — 2 will provide ment of Energy under Contract No. W-7405-ENG-48, and
the means with which to ascertain the true frequency of arcssupport for MB was provided by the W. M. Keck Foundation.
behind high-redshift clusters. Much as the frequency ofgjr  The work of PRME and DS was carried out at Jet Propulsion
lensing clusters at = 0.5 — 1 was a surprise a decade ago, Laboratory, California Institute of Technology, under ax€¢o
it appears that this higher redshift regime is poised todyiel tract with NASA. The research activities of AD are supported
further unexpected discoveries. by NOAO, which is operated by the Association of Universi-
ties for Research in Astronomy (AURA) under a cooperative

The authors are grateful to Gemini Observatory for allo- agreement with the National Science Foundation.

cating Director’s Discretationary time to obtain a redsfof
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