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Why	  are	  distant	  clusters	  searched?	

•  For	  cosmological	  use	  

•  For	  understanding	  galaxy	  evolubon	
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DISCOVERY	  OF	  A	  MASSIVE,	  IR-‐SELECTED	  GALAXY	  
CLUSTER	  AT	  Z	  =	  1.75	

•  Spectroscopic	  confirmabon	  of	  cluster	  members	  
	  	  	  	  	  	  using	  KECK/LRIS	  and	  WFC3/slitless	  
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Fig. 2.— WFC3 spectra of the five cluster members that exhibit emission lines are plotted above. The solid black histograms are the
spectra from the G102 and G141 grisms. The dot-dashed cyan line is the estimate of contamination from overlapping spectra which is
subtracted off in the final stage of reduction. The solid red line is the 1-σ flux error. The vertical green lines which are labeled are the
detected or expected emission from the [OII]λ3727, Hβ, and [OIII]λ5007 lines at the nominal cluster redshift. The bright, power-law
spectrum second from the top is a QSO, previously identified in AGES optical spectroscopy (Kochanek et al., in preparation); in this panel
a QSO template (SDSS; Vanden Berk et al. 2001) is shown by the magenta line.

TABLE 1
Spectroscopic Cluster Members

ID R.A. (J2000) Decl. (J2000) z ∆z Instrument F160W F814W-F160W

J142632.9+350823a 14:26:32.95 35:08:23.6 1.75 0.01 WFC3/LRISb 19.25 4.47
J142632.5+350822 14:26:32.55 35:08:22.5 1.75 0.01 WFC3/LRISc 20.41 4.16
J142632.4+350830d 14:26:32.40 35:08:30.8 1.746e 0.01 WFC3 18.59 1.08
J142632.8+350844 14:26:32.85 35:08:44.4 1.74 0.01 WFC3 22.81 1.20
J142634.4+350825 14:26:34.43 35:08:25.1 1.75 0.01 WFC3 22.63 1.14
J142634.4+350822 14:26:34.47 35:08:22.4 1.75 0.01 WFC3 22.27 0.90
J142628.1+350829 14:26:28.15 35:08:29.7 1.75 0.01 WFC3 23.00 1.43

a Brightest Cluster Galaxy
b LRIS spectrum shows a break at 2640 Å and a very red continuum consistent with z = 1.75
c LRIS spectrum shows a red continuum and a MgIIλ2800 absorption feature consistent with z = 1.75
d QSO
e AGES redshift; WFC3 grism redshift is 1.77
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Fig. 3.— WFC3 spectra of the two cluster members with early-type spectra in the top two panels; the bottom panel shows a simulated
spectrum, described in the text, for reference. The solid black histograms are the spectra from the G102 and G141 grisms. The dot-dashed
blue line is the estimation of contamination from overlapping spectra which is subtracted off in the final stage of reduction. The solid red
line is the 1-σ flux error. The vertical green lines are the expected locations of the [OII]λ3727, Hβ, and [OIII]λ5007 lines. The vertical
red lines are the expected locations for the following absorption features: Ca H+K, the G-band, Hγ, and MgIIλ2800. The magenta lines
represent the SDSS LRG template fitted to the observed spectra. The inset spectrum in the top panel shows the LRIS spectrum (black
solid line) in the vicinity of the D4000 break, along with the template fit (magenta solid line), solidifying the reality of this feature seen in
the grism spectrum.



IDCS J1426+3508 at z = 1.75 3

Fig. 1.— (left) Color image covering 3 × 3 arcmin using imaging from the NDWFS BW and I, and IRAC 4.5 µm data centered on IDCS
J1426+3508. The Q marks the quasar in the cluster. (right) Pseudo-color HST image made from the ACS/F814W and WFC3/F160W
images with the green contours illustrating the X-ray emission. The dashed red circle is centered on the quasar in the cluster, and the blue
dashed circle is centered on a non-member radio-loud AGN. The radii of these two dashed circles is 5 arcsec, the same size as was used to
mask these point sources in the X-ray analysis. In both panels the yellow boxes are spec-z confirmed members, and a 30′′ (260 kpc) scale
bar is given.

description will be presented in Zeimann et al. (in prepa-
ration).

4. REDSHIFT MEASUREMENTS

The reduced optical spectra were visually inspected to
determine redshifts. Despite the long integrations on
a 10 m telescope using a spectrograph with new red-
sensitive CCDs, sufficiently good LRIS spectra were ob-
tained on only two phot-z selected objects which were
found to have features such as D4000, B2640 and the
MgIIλ2800 absorption line that are characteristic of older
stellar populations. These features indicate z = 1.75 for
both objects, which were confirmed by the WFC3 IR
grism spectroscopy.
The NIR grism spectra were first visually in-

spected. Emission lines were identified as be-
ing blended Hα+[NII], [OIII]λ5007+[OIII]λ4959,
Hβ, or [OII]λ3727. The spectra were also cross-
correlated with spectral templates (taken from
www.sdss.org/dr7/algorithms/spectemplates/index.html)
to automatically determine redshifts where feasible
(Zeimann et al., in prep). Contamination from overlap-
ping spectra was estimated using a Gaussian emission
model, scaled by the measured broadband magnitudes
from the direct images (F105W or F140W; see the
WFC3 Grism Cookbook for more details). This process
is handled in the standard reduction package of aXe.
For the ETG spectra, we experimented with a range
of SDSS galaxy templates and found that the LRG
template was the best match to our grism data.
The spectra of cluster members are shown in Figure 2

and Figure 3. The latter shows in the bottom panel
a simulated early-type galaxy spectrum, as observed by
WFC3 with our observational parameters. aXeSim was

used with an SDSS LRG template spectrum3, redshifted
to z = 1.75, to create a mock grism image. A 1-D extrac-
tion was performed with the same reduction procedure
as was used with the actual WFC3 grism observations.
The redshifts determined from both the LRIS and WFC3
spectroscopy on the identified cluster members are sum-
marized in Table 1, along with magnitudes and colors
obtained from the HST images. The overall redshifts ob-
tained in the vicinity of the cluster candidate with the
LRIS and WFC3 grism data are presented in Figure 4.

5. X-RAY OBSERVATIONS

The Boötes field has been surveyed previously
with ACIS-I onboard the Chandra X-Ray Observa-
tory (Murray et al. 2005; Kenter et al. 2005; Brand et al.
2006). At the position of IDCS J1426+3508, exposures
totalling 9.5 ks are available from the Chandra archive.
These data are split between an observation of 4.8 ks on
UT 2006 July 30 (ObsID 3621) and an observation of 4.7
ks on UT 2006 August 21 (ObsID 7381). We processed
the data following standard procedures using the Chan-
dra Interactive Analysis of Observations (CIAO; V4.2)
software. We initially identified good-time intervals for
the exposures, yielding a total effective exposure time of
8.3 ks for IDCS J1426+3508.
The cluster is clearly detected as an extended source

in both individual exposures, as well as in the stacked
exposure. The cluster is approximately 6.5 arcmin off-
axis in both exposures, for which the Chandra point-
source 50% encircled energy radius is 2 arcsec at 1.5
keV. This complicates the X-ray analysis, as an opti-
cally bright quasar confirmed to be in the cluster (see

3 http://www.sdss.org/dr7/algorithms/spectemplates/index.html
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Fig. 4.— Redshift histogram resulting from the LRIS and WFC3
spectroscopic observations. The green bars show all spectroscopic
redshifts of all qualities. The blue histogram shows only the robust
redshifts (i.e., quality A or B), and the red histogram shows the
subset of these which lie within 30” of the brightest cluster galaxy.
The inset shows a detail of the redshift histogram near the cluster
redshift; its width is consistent with the uncertainties of the grism
redshifts.

Section 5) is only 9 arcsec from the brightest cluster
galaxy (BCG). In addition, we identify an X-ray point
source associated with a radio source that is 12 arcsec
to the SW, at 14:26:32.2, +35:08:14.9. This source, con-
firmed as an emission line galaxy at z = 1.535 in our
WFC3 grism data, has an integrated 21 cm flux density
of 95.3 mJy from the FIRST survey (Becker et al. 1995).
Given the signal to noise ratio and the large off-axis an-
gle of the available X-ray observations, it is challenging
to disentangle the extended cluster emission from the
point source contributions. However, as seen in the right
panel of Figure 1, IDCS J1426+3508 is clearly associ-
ated with diffuse X-ray emission that extends beyond
the point-source contributions from the two AGN. We
see no evidence in the WFC3 grism spectroscopy, which
covers the central 2 arcmin of the cluster, for other AGN
which could contribute to the X-ray emission. We have
also used the SDWFS IRAC photometry to construct a
two-color diagram to search for obscured AGN (following
Stern et al. 2005) which might contribute to the mea-
sured X-ray flux. In addition to the QSO and the radio
source already described, there is one more object within
the X-ray measurement aperture which has IRAC colors
typical of obscured AGN.
To extract the X-ray counts due to the cluster, we

masked the three AGN (the QSO, the radio source,
and the IRAC AGN) using a conservative 5 arcsec ra-
dius aperture, corresponding to the 90% encircled en-
ergy radius at the observed off-axis-angle of the clus-
ter. We expect that the unmasked flux from the two
AGN to contribute only one photon to the measured

flux. We then extracted cluster source counts in the
0.5 - 7 keV range within a 1 arcmin radius aperture
centered on the cluster BCG. This aperture approxi-
mately corresponds to a radius of 500 kpc at the clus-
ter redshift. Response matrices and effective areas were
then determined for each detected source. Within the
measurement aperture, there are 54 ± 10 background-
corrected counts in the 0.5− 7 keV range, after masking
out the two central AGN. We used XSPEC (V12.6.0) to
fit the background-subtracted X-ray spectrum with the
MEKAL hot, diffuse gas model (Mewe et al. 1985) us-
ing the Wisconsin photo-electric absorption cross-section
(Morrison & McCammon 1983). The temperature was
fixed at 5 keV and the abundance at 0.3 M!, with a
Galactic absorption of 1.3 ×1020 cm−2 at the target po-
sition. We determined a Galactic absorption-corrected
flux of (3.1± 0.7)× 10−14 ergs cm−2 s−1 in the 0.5− 2.0
keV range, which translates to an X-ray luminosity of
(5.5 ± 1.2) × 1044 ergs s−1 at z = 1.75. The X-ray flux
changes by only 7% if the X-ray temperature is varied
from 4 to 6 keV.
Using the M500−LX relation of Vikhlinin et al. (2009),

we estimate from the luminosity that M500,LX
= (3.5 ±

1.0) × 1014 M!. We caution that the use of this scal-
ing relation requires a significant extrapolation in red-
shift. This and other systematic uncertainties (such
as removal of X-ray point sources) are expected to
dominate over statistical errors. To estimate a total
cluster mass, we next assume an NFW density pro-
file (Navarro et al. 1997) and the mass-concentration re-
lation of (Duffy et al. 2008). The resulting M200 =
(5.6 ± 1.6) × 1014 M!, where the uncertainty is deter-
mined only from the statistical measurement error.

6. GALAXY POPULATIONS

Figure 5 presents the photometric and morphological
information for all the objects in the 7.7 arcmin2 area
centered on the cluster where the ACS and WFC3 imag-
ing overlap. While it is possible to see a red sequence of
early-type galaxies in Figure 5, the spread and location is
different from that of the red sequence in massive clusters
at 1 < z < 1.5. To isolate a sample of probable cluster
members in the color-magnitude diagram we carry out
the following multi-step procedure. First, we determined
the relative offset ∆ between the object colors and the
expected color-magnitude relation at this redshift (based
on a model for Coma with zf = 3; see Eisenhardt et al.
(2007) for details). The range −0.5 < ∆ < 1.0 (corre-
sponding to colors 2.3 < F814W − F160W < 3.8) is the
color cut used to select member galaxies on the red se-
quence. We initially define the cluster red sequence as
galaxies brighter than H∗(z)+1.5 that are chosen by the
above color cut in ∆, where H∗(z) is passively evolved
from the luminosity of Coma early-type galaxies. Most
of the objects in this color-selected red sequence do not
have spectroscopic or photometric redshift information,
and so the initial red sequence sample may suffer from in-
terloper contamination. For the purpose of studying the
cluster red sequence, we choose to restrict consideration
to morphologically selected early-type galaxies, keeping
objects with n > 2.5. We discard objects with colors
more than two absolute deviations from the central red
sequence color, where the deviation is the median of the
absolute value of the ∆ of the potential red sequence ob-
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Fig. 5.— Color-magnitude diagram of IDCS J1426+3508, made from ACS and WFC3 imaging. The red and blue colored points denote
morphological classifications, based on the Sersiç index. The spectroscopically confirmed members are marked by the larger stars; only
two of the members are red enough to appear in this plot. The black dotted line represents the expected color of a passively evolving red
sequence of galaxies formed at zf = 3, with the slope based on observed Coma colors (Eisenhardt et al. 2007). The diagonal black dashed
line is the fit to the red sequence galaxies. The diagonal dashed blue line represents the 5 σ limit on the colors.
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Fig. 6.— The left panel of the plot is similar to the color-magnitude diagram shown in Figure 5. The F814W − F160W colors have been
zero pointed to the color predicted by a passively evolving red sequence of galaxies formed at zf = 3, with the slope based on observed
Coma colors (Eisenhardt et al. 2007). The red filled points are the objects selected by the magnitude and color cuts described in the text
which have a Sersiç index n > 2.5. The grey-filled circles were removed from the red sequence selection. The solid red horizontal lines
show the one σint intrinsic scatter of the red sequence galaxies, and the black dashed line is the fit to the colors of these galaxies. The two
spectroscopically confirmed members that lie within the limited color range of this CMD are marked by the larger stars. The right side of
the plot is a histogram stacked in the colors.
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※From	  X-‐ray	  counts,	  
total	  mass	  of	  the	  cluster	  
:	  M200	  =	  (5.6±1.6)×1014	  Msun	

Coma	  model	  
	  with	  zf	  =	  3	

Def	  of	  red	  sequence	  galaxies	  
:	  -‐0.5<Δ<1.0	  ∧	  sersic	  n	  >	  2.5	  



•  Detecbon	  of	  SZ	  decrement	  	  
	  	  	  	  	  	  using	  Sunyaev-‐Zel’dovich	  Array	  (SZA)/31GHz	  (8GHz	  passband)	  
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IR-‐SELECTED	  CLUSTER	  AT	  Z	  =	  1.75	  	

IDCS J1426.5+3508: SZ Measurement of a Massive IR-selected Cluster at z = 1.75 3

Figure 1. Upper left: 12.8′ × 12.8′ SZA mm-wave map showing the SZ decrement of IDCS J1426.5+3508. The flux scale in mJy/beam is
shown to the right of the map, and the FWHM of the CLEAN beam is shown in the lower left corner. Upper right: A 5′ × 5′ BWR[4.5]
pseudo-color image of IDCS J1426.5+3508, with the SZ contours overplotted. The optical and infrared data are from the NOAO Deep,
Wide–Field Survey (NDWFS; Jannuzi and Dey 1999) and SDWFS, respectively. Lower panel: HST F814W+F160W pseudo-color zoom–in
of IDCS J1426.5+3508. The SZ contours (green) from the present work and X-ray contours (yellow) from S12, corresponding to 0.131,
0.077 and 0.044 counts per 2′′ × 2′′ pixel in 8.3 ks in the 0.5-2 KeV band, are overplotted. Two sources are indicated by hash marks. The
northern source is an X-ray luminous QSO that is also a cluster member; the southern source is a radio-bright AGN, the emission from
which was removed from the SZA map. Both are discussed further in the text. In all panels North is up, East is left, and a scale bar is
given.



•  by	  far	  the	  most	  distant	  cluster	  with	  an	  SZ	  detecbon	  (5.3σ)	  

•  test	  whether	  a	  cluster	  is	  rare	  enough	  
	  	  	  	  	  	  to	  falsify	  ΛCDM	  model	  

	  	  :	  “the	  exclusion	  curve	  formalism”	  
	  	  	  	  	  	  	  	  	  	  	  	  ↓	  
IDCS	  J1426.5+3508	  falsify	  ΛCDM	  	  
	  at	  the	  95%	  level	  ??	  
	  	  	  	  	  	  	  	  	  or	  
Simply	  somewhat	  lucky	  (maybe)	  

SUNYAEV–ZEL’DOVICH	  MEASUREMENT	  OF	  A	  MASSIVE	  
IR-‐SELECTED	  CLUSTER	  AT	  Z	  =	  1.75	  	

M200,c	  =	  (4.1±1.1)×1014	  Msun	  ・・・	  consistent	  with	  the	  mass	  esbmated	  from	  X-‐ray	  counts	IDCS J1426.5+3508: SZ Measurement of a Massive IR-selected Cluster at z = 1.75 5

the significance of the SZ detection is almost identical
(5.2 σ).

4. PROBABILITY OF EXISTENCE IN A ΛCDM UNIVERSE

While not as massive as the z ∼ 1 SPT clusters,
IDCS J1426.5+3508, by virtue of its exceptional redshift
and substantial mass, is arguably one of the more ex-
treme systems discovered to date. It is therefore inter-
esting to calculate the probability of discovering it in the
IDCS in a standard ΛCDM Universe.
We use the exclusion curve formalism presented in

Mortonson et al. (2011, hereafter M11), which tests
whether a single cluster is rare enough to falsify ΛCDM
and quintessence at a given significance level, account-
ing for both sample and parameter variance. The M11
formalism uses cluster masses measured within a sphere
defined by an overdensity 200 times the mean, rather
than critical, density of the Universe. In this convention,
adopting the Duffy et al. (2008) mass–concentration re-
lation, IDCS J1426.5+3508 has a mass of M200,m =
(4.3± 1.1)× 1014 M!.
The M11 formalism requires that observed cluster

masses be corrected for Eddington bias caused by the
steep slope of the cluster mass function at this mass
scale and redshift. We follow the prescription given in
Appendix A of M11:

lnM = lnMobs +
1

2
γσ2

lnM , (3)

whereM is the expected value for the true mass given the
observed mass, γ is the local slope of the mass function,
and σ is the uncertainty associated with the observations.
Here we use the fitting function for γ provided in M11,
which yields γ = −5.8. We thus derive that the expected
value for this bias-corrected mass is M200,m = (3.6 ±
0.9)× 1014 M!.
In Figure 2 we plot the appropriately bias-corrected

mass for IDCS J1426.5+3508 along with 95% con-
fidence exclusion curves using the M11 prescription.
For comparison we include rare, massive clusters from
the SPT survey (Williamson et al. 2011; Brodwin et al.
2010) and other massive z > 1 clusters from the ISCS
for which weak lensing or X-ray masses are available
(Brodwin et al. 2011; Jee et al. 2011). All masses are
deboosted in accordance with the M11 prescription.
The lowest curve in the figure corresponds to the 95%

exclusion curve for clusters within the 8.82 deg2 IDCS
area. The central value of the deboosted SZ mass is
above the curve, formally falsifying ΛCDM at the 95%
level. We note, however, that the statistical error bar
overlaps the exclusion curve. Furthermore, uncertainties
in the scaling relation could easily lower the mass below
the exclusion curve.
Rather than asking whether such a cluster should have

been detected in the IDCS, perhaps a fairer question
is to ask whether such a cluster should have been de-
tected in the full area of sky covered by all cluster
surveys capable of detecting such a cluster. Numer-
ous X-ray surveys of varying areas and depths could
have detected IDCS J1426.5+3508, but for simplicity
we consider the SPT survey, which has the sensitiv-
ity to detect clusters like IDCS J1426.5+3508, even at
z = 1.75 (Vanderlinde et al. 2010). The first 178 deg2

0.0 0.5 1.0 1.5 2.0
Redshift

1014

1015

1016

M
20

0,
m
 [M

O •
]

J1426.5

IDCS

SPT (178 deg 2)

SPT Preview (2500 deg 2)

Full Sky

Figure 2. M11-style plot showing the mass and redshift of
IDCS J1426.5+3508 (large red circle), along with other z > 1
ISCS clusters (Brodwin et al. 2011; Jee et al. 2011, small red cir-
cles) and SPT clusters (Williamson et al. 2011, small blue circles;
Brodwin et al. 2010, small cyan circle). The solid red curve is
the 95% exclusion curve for the IDCS area. The cyan, blue and
black curves are the exclusion curves for the currently published
full depth SPT survey (178 deg2, Vanderlinde et al. 2010), the
2500 deg2 SPT preview survey of Williamson et al. (2011) and
the full sky, respectively. The square symbol represents clus-
ter SPT-CL J0102-4915, first reported as ACT-CL J0102-4915
(Menanteau et al. 2010). We plot this cluster at the spectroscopic
redshift of z = 0.870 reported in Menanteau et al. (2012). All
clusters are color-coded to the appropriate exclusion curve.

of the SPT survey does not contain a single cluster
comparable to IDCS J1426.5+3508 in mass and redshift
(Vanderlinde et al. 2010), which suggests that the true
abundance of such clusters is far lower than our dis-
covery would indicate. Neither the Atacama Cosmol-
ogy Telescope (ACT) project nor the Planck project sur-
veys are sensitive enough to detect IDCS J1426.5+3508
(Marriage et al. 2011; Planck Collaboration et al. 2011).
If we consider IDCS J1426.5+3508 to have been drawn
from an area of at least ∼ 178 deg2 (shown as the cyan
curve in Fig. 2) rather than the IDCS volume, then the
cluster is no longer in contradiction with ΛCDM; we were
simply somewhat lucky to detect it in the comparatively
tiny (8.82 deg2) IDCS area.

5. EVOLUTION TO THE PRESENT DAY

Although the mere existence of IDCS J1426.5+3508
may not have significant cosmological implications, it
is nevertheless among the rarest, most extreme clusters
ever discovered. As such, it is interesting to understand
its nature in the context of the growth of the largest
structures.
Using the Tinker et al. (2008) mass function, we

first identify the space density of clusters at z =
1.75 that have masses greater to or equal to that of
IDCS J1426.5+3508. At each redshift we then asso-
ciate the clusters with that space density with its de-
scendents. In Figure 3 we plot the mass evolution of
IDCS J1426.5+3508 (large red circle) from z = 1.75 to
the present day (thick black line). For comparison we
also plot a representative selection of the most extreme
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Figure 3. Predicted mass growth of IDCS J1426.5+3508 vs. redshift based on abundance matching. IDCS J1426.5+3508 is the large
red circle and the predicted growth in its mass is shown as a thick black line. The 1 σ errors, stemming from the mass measurement
errors, are shown as the shaded region. An assortment of the rarest, most massive clusters found at all redshift is shown for comparison
and discussed in the text. SPT-CL J0102-4915 was first reported as ACT-CL J0102-4915 by Menanteau et al. (2010) and Marriage et al.
(2011). The independent mass measurements from both surveys are plotted as the square symbols for this cluster at the spectroscopic
redshift (z = 0.8701) reported in Menanteau et al. (2012). IDCS J1426.5+3508 is consistent with being a member of the most extreme
population of virialized structures in the Universe.

termediate (z < 1) redshifts. Indeed, Galametz et al.
(2009) find evidence for a strong increase in the inci-
dence of AGN in clusters with redshift from 0.2 < z <
1.4, particularly for X-ray and IR-selected AGN. The
evidence for rapid number density evolution in radio-
selected AGN is not as conclusive. In some surveys (e.g.,
Galametz et al. 2009) it increases as quickly in clusters as
in the field, whereas others (e.g., Gralla et al. 2011) find
it is roughly constant. One major advantage of CARMA
for targeted SZ observations of clusters is the ability to

simultaneously identify and remove contamination from
such (generally variable) sources, as in this work, and
thus recover accurate cluster masses.

6.2. Next–Generation SZ surveys

Several next–generation SZ experiments designed
for CMB polarization measurements, such as SPTpol
(Bleem et al. 2012) and ACTpol (Niemack et al. 2010),
are currently being deployed. These experiments will
possess typical SZ mass sensitivities a factor of sev-
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Fig. 1.— (left) Color image covering 3 × 3 arcmin using imaging from the NDWFS BW and I, and IRAC 4.5 µm data centered on IDCS
J1426+3508. The Q marks the quasar in the cluster. (right) Pseudo-color HST image made from the ACS/F814W and WFC3/F160W
images with the green contours illustrating the X-ray emission. The dashed red circle is centered on the quasar in the cluster, and the blue
dashed circle is centered on a non-member radio-loud AGN. The radii of these two dashed circles is 5 arcsec, the same size as was used to
mask these point sources in the X-ray analysis. In both panels the yellow boxes are spec-z confirmed members, and a 30′′ (260 kpc) scale
bar is given.

description will be presented in Zeimann et al. (in prepa-
ration).

4. REDSHIFT MEASUREMENTS

The reduced optical spectra were visually inspected to
determine redshifts. Despite the long integrations on
a 10 m telescope using a spectrograph with new red-
sensitive CCDs, sufficiently good LRIS spectra were ob-
tained on only two phot-z selected objects which were
found to have features such as D4000, B2640 and the
MgIIλ2800 absorption line that are characteristic of older
stellar populations. These features indicate z = 1.75 for
both objects, which were confirmed by the WFC3 IR
grism spectroscopy.
The NIR grism spectra were first visually in-

spected. Emission lines were identified as be-
ing blended Hα+[NII], [OIII]λ5007+[OIII]λ4959,
Hβ, or [OII]λ3727. The spectra were also cross-
correlated with spectral templates (taken from
www.sdss.org/dr7/algorithms/spectemplates/index.html)
to automatically determine redshifts where feasible
(Zeimann et al., in prep). Contamination from overlap-
ping spectra was estimated using a Gaussian emission
model, scaled by the measured broadband magnitudes
from the direct images (F105W or F140W; see the
WFC3 Grism Cookbook for more details). This process
is handled in the standard reduction package of aXe.
For the ETG spectra, we experimented with a range
of SDSS galaxy templates and found that the LRG
template was the best match to our grism data.
The spectra of cluster members are shown in Figure 2

and Figure 3. The latter shows in the bottom panel
a simulated early-type galaxy spectrum, as observed by
WFC3 with our observational parameters. aXeSim was

used with an SDSS LRG template spectrum3, redshifted
to z = 1.75, to create a mock grism image. A 1-D extrac-
tion was performed with the same reduction procedure
as was used with the actual WFC3 grism observations.
The redshifts determined from both the LRIS and WFC3
spectroscopy on the identified cluster members are sum-
marized in Table 1, along with magnitudes and colors
obtained from the HST images. The overall redshifts ob-
tained in the vicinity of the cluster candidate with the
LRIS and WFC3 grism data are presented in Figure 4.

5. X-RAY OBSERVATIONS

The Boötes field has been surveyed previously
with ACIS-I onboard the Chandra X-Ray Observa-
tory (Murray et al. 2005; Kenter et al. 2005; Brand et al.
2006). At the position of IDCS J1426+3508, exposures
totalling 9.5 ks are available from the Chandra archive.
These data are split between an observation of 4.8 ks on
UT 2006 July 30 (ObsID 3621) and an observation of 4.7
ks on UT 2006 August 21 (ObsID 7381). We processed
the data following standard procedures using the Chan-
dra Interactive Analysis of Observations (CIAO; V4.2)
software. We initially identified good-time intervals for
the exposures, yielding a total effective exposure time of
8.3 ks for IDCS J1426+3508.
The cluster is clearly detected as an extended source

in both individual exposures, as well as in the stacked
exposure. The cluster is approximately 6.5 arcmin off-
axis in both exposures, for which the Chandra point-
source 50% encircled energy radius is 2 arcsec at 1.5
keV. This complicates the X-ray analysis, as an opti-
cally bright quasar confirmed to be in the cluster (see

3 http://www.sdss.org/dr7/algorithms/spectemplates/index.html
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FIG. 1.— Left– Combined F814W+F160W image of the cluster center and giant arc. The field of view is 30′′; North is up and East is to the left. Right–
Zoomed-in version of the same image centered on the arc. The polygon is the aperture used to extract the arc photometry, while the smaller rectangle is the region
within which the color was determined. The field of view is 12.′′5 across. The images have been smoothed with 5 pixel and 3 pixel Gaussian kernels, respectively,
to enhance the contrast.

at 0.95µm and f < 3 × 10−16 erg s−1 cm−2 at 1.35µm
(5 σ).8 Given the non-detection of Lyα with either GMOS
or HST/WFC3 spectroscopy, HST narrow- or medium-band
imaging may be the most promising avenue for refining the
redshift estimate for this arc.

4. CLUSTER MASS FROM STRONG LENSING
4.1. Enclosed Mass within the Arc

Under the assumption of circular symmetry for the cluster
lens, we calculate the total mass enclosed by the giant arc as
a function of the source redshift. In this case the arc radius θa
(∼ 125 kpc at zL = 1.75) identifies the radius of the tangential
critical curve, which can be easily related to the enclosed mass
through the relation,

Ma = πΣc θ
2
a , (1)

where Σc is the lensing surface critical density, which reads

Σc =
c2

4πG
DS

DLDLS
. (2)

In this equation DL, DS, and DLS are the angular diameter
distances to the lens, to the source, and from the lens to the
source, respectively.9
We emphasize that this enclosed mass is independent of the

specific density profile assumed for the lens. One important
caveat in this estimate, however, is that the assumption of cir-
cular symmetry is known to yield an overestimate of the en-
closed mass for more realistic systems with intrinsic elliptic-
ity. To approximately account for this effect, we assume that
the circular model results in a factor of ∼ 1.6 overestimate of
the mass, consistent with Bartelmann (1995), and quote val-
ues below that include this correction.
In Figure 2 we show the resulting enclosed mass as a func-

tion of the source redshift. The closer the source is to the
deflector, the larger the enclosed mass needs to be due to the
geometric suppression of the lensing efficiency. The uncer-
tainty in the enclosed mass shown in the Figure corresponds

8 http://axe.stsci.edu/axesim/
9 We refer the reader to Meylan et al. (2006) for a detailed review of grav-

itational lensing.

to the uncertainty in the arc radius, for which we adopt the
nominal value of 30 kpc (see §2). The value for the enclosed
mass reaches a lower limit of Ma = 6.9 ± 0.3 × 1013 M% for
zs = 6. The enclosed mass in this central 125 kpc region,
which contains minimal assumptions, already is comparable
to the total mass inferred for the only spectroscopically con-
firmed cluster at higher redshift (Gobat et al. 2011).

4.2. M200

The next step is to estimate the total mass within r200 for
the cluster. This problem is underconstrained, necessitating
several simplifying assumptions. We initially assume that the
density profile of the cluster is well represented by a spher-
ical NFW model (Navarro et al. 1996, 1997). For a given
virial mass, we compute the concentration of the dark mat-
ter halo according to the prescription of Gao et al. (2008),
which is in turn a modified version of the original NFW pre-
scription. The Gao et al. (2008) formula has been extensively
tested against numerical simulations, including the high red-
shift regime relevant to the current analysis, and is expected
to provide improvement over the prescriptions of Eke et al.
(2001) and Bullock et al. (2001).
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
Meneghetti et al. (2003). Finally, we assume that the arc is
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
corresponds to the maximum elongation of the critical curve.
Thus, we vary M200 until we find a match between this maxi-
mum elongation and θa.
In Figure 2 we show the resulting M200 as a function of the

source redshift. We assume an ellipticity, em & 0.32, consis-
tent with the mean of the ellipticity distribution presented in
Figure 7 of Fedeli & Berciano Alba (2009), and use the stan-
dard deviation of this distribution σe & 0.074 to define the
uncertainty shown by the shaded region. A caveat to this as-
sumption is that this ellipticity distribution is derived at low
redshift. Lee et al. (2005) however demonstrated that evolu-
tion of the ellipticity distribution is expected to be negligible
for z < 1.5, and sufficiently small at z < 2 as to not impact our
calculations. From this analysis the derived value for M200 ap-
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FIG. 1.— Left– Combined F814W+F160W image of the cluster center and giant arc. The field of view is 30′′; North is up and East is to the left. Right–
Zoomed-in version of the same image centered on the arc. The polygon is the aperture used to extract the arc photometry, while the smaller rectangle is the region
within which the color was determined. The field of view is 12.′′5 across. The images have been smoothed with 5 pixel and 3 pixel Gaussian kernels, respectively,
to enhance the contrast.

at 0.95µm and f < 3 × 10−16 erg s−1 cm−2 at 1.35µm
(5 σ).8 Given the non-detection of Lyα with either GMOS
or HST/WFC3 spectroscopy, HST narrow- or medium-band
imaging may be the most promising avenue for refining the
redshift estimate for this arc.

4. CLUSTER MASS FROM STRONG LENSING
4.1. Enclosed Mass within the Arc

Under the assumption of circular symmetry for the cluster
lens, we calculate the total mass enclosed by the giant arc as
a function of the source redshift. In this case the arc radius θa
(∼ 125 kpc at zL = 1.75) identifies the radius of the tangential
critical curve, which can be easily related to the enclosed mass
through the relation,

Ma = πΣc θ
2
a , (1)

where Σc is the lensing surface critical density, which reads

Σc =
c2

4πG
DS

DLDLS
. (2)

In this equation DL, DS, and DLS are the angular diameter
distances to the lens, to the source, and from the lens to the
source, respectively.9
We emphasize that this enclosed mass is independent of the

specific density profile assumed for the lens. One important
caveat in this estimate, however, is that the assumption of cir-
cular symmetry is known to yield an overestimate of the en-
closed mass for more realistic systems with intrinsic elliptic-
ity. To approximately account for this effect, we assume that
the circular model results in a factor of ∼ 1.6 overestimate of
the mass, consistent with Bartelmann (1995), and quote val-
ues below that include this correction.
In Figure 2 we show the resulting enclosed mass as a func-

tion of the source redshift. The closer the source is to the
deflector, the larger the enclosed mass needs to be due to the
geometric suppression of the lensing efficiency. The uncer-
tainty in the enclosed mass shown in the Figure corresponds

8 http://axe.stsci.edu/axesim/
9 We refer the reader to Meylan et al. (2006) for a detailed review of grav-
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to the uncertainty in the arc radius, for which we adopt the
nominal value of 30 kpc (see §2). The value for the enclosed
mass reaches a lower limit of Ma = 6.9 ± 0.3 × 1013 M% for
zs = 6. The enclosed mass in this central 125 kpc region,
which contains minimal assumptions, already is comparable
to the total mass inferred for the only spectroscopically con-
firmed cluster at higher redshift (Gobat et al. 2011).

4.2. M200

The next step is to estimate the total mass within r200 for
the cluster. This problem is underconstrained, necessitating
several simplifying assumptions. We initially assume that the
density profile of the cluster is well represented by a spher-
ical NFW model (Navarro et al. 1996, 1997). For a given
virial mass, we compute the concentration of the dark mat-
ter halo according to the prescription of Gao et al. (2008),
which is in turn a modified version of the original NFW pre-
scription. The Gao et al. (2008) formula has been extensively
tested against numerical simulations, including the high red-
shift regime relevant to the current analysis, and is expected
to provide improvement over the prescriptions of Eke et al.
(2001) and Bullock et al. (2001).
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
Meneghetti et al. (2003). Finally, we assume that the arc is
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
corresponds to the maximum elongation of the critical curve.
Thus, we vary M200 until we find a match between this maxi-
mum elongation and θa.
In Figure 2 we show the resulting M200 as a function of the

source redshift. We assume an ellipticity, em & 0.32, consis-
tent with the mean of the ellipticity distribution presented in
Figure 7 of Fedeli & Berciano Alba (2009), and use the stan-
dard deviation of this distribution σe & 0.074 to define the
uncertainty shown by the shaded region. A caveat to this as-
sumption is that this ellipticity distribution is derived at low
redshift. Lee et al. (2005) however demonstrated that evolu-
tion of the ellipticity distribution is expected to be negligible
for z < 1.5, and sufficiently small at z < 2 as to not impact our
calculations. From this analysis the derived value for M200 ap-
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FIG. 1.— Left– Combined F814W+F160W image of the cluster center and giant arc. The field of view is 30′′; North is up and East is to the left. Right–
Zoomed-in version of the same image centered on the arc. The polygon is the aperture used to extract the arc photometry, while the smaller rectangle is the region
within which the color was determined. The field of view is 12.′′5 across. The images have been smoothed with 5 pixel and 3 pixel Gaussian kernels, respectively,
to enhance the contrast.

at 0.95µm and f < 3 × 10−16 erg s−1 cm−2 at 1.35µm
(5 σ).8 Given the non-detection of Lyα with either GMOS
or HST/WFC3 spectroscopy, HST narrow- or medium-band
imaging may be the most promising avenue for refining the
redshift estimate for this arc.

4. CLUSTER MASS FROM STRONG LENSING
4.1. Enclosed Mass within the Arc

Under the assumption of circular symmetry for the cluster
lens, we calculate the total mass enclosed by the giant arc as
a function of the source redshift. In this case the arc radius θa
(∼ 125 kpc at zL = 1.75) identifies the radius of the tangential
critical curve, which can be easily related to the enclosed mass
through the relation,

Ma = πΣc θ
2
a , (1)

where Σc is the lensing surface critical density, which reads

Σc =
c2

4πG
DS

DLDLS
. (2)

In this equation DL, DS, and DLS are the angular diameter
distances to the lens, to the source, and from the lens to the
source, respectively.9
We emphasize that this enclosed mass is independent of the

specific density profile assumed for the lens. One important
caveat in this estimate, however, is that the assumption of cir-
cular symmetry is known to yield an overestimate of the en-
closed mass for more realistic systems with intrinsic elliptic-
ity. To approximately account for this effect, we assume that
the circular model results in a factor of ∼ 1.6 overestimate of
the mass, consistent with Bartelmann (1995), and quote val-
ues below that include this correction.
In Figure 2 we show the resulting enclosed mass as a func-

tion of the source redshift. The closer the source is to the
deflector, the larger the enclosed mass needs to be due to the
geometric suppression of the lensing efficiency. The uncer-
tainty in the enclosed mass shown in the Figure corresponds

8 http://axe.stsci.edu/axesim/
9 We refer the reader to Meylan et al. (2006) for a detailed review of grav-

itational lensing.

to the uncertainty in the arc radius, for which we adopt the
nominal value of 30 kpc (see §2). The value for the enclosed
mass reaches a lower limit of Ma = 6.9 ± 0.3 × 1013 M% for
zs = 6. The enclosed mass in this central 125 kpc region,
which contains minimal assumptions, already is comparable
to the total mass inferred for the only spectroscopically con-
firmed cluster at higher redshift (Gobat et al. 2011).

4.2. M200

The next step is to estimate the total mass within r200 for
the cluster. This problem is underconstrained, necessitating
several simplifying assumptions. We initially assume that the
density profile of the cluster is well represented by a spher-
ical NFW model (Navarro et al. 1996, 1997). For a given
virial mass, we compute the concentration of the dark mat-
ter halo according to the prescription of Gao et al. (2008),
which is in turn a modified version of the original NFW pre-
scription. The Gao et al. (2008) formula has been extensively
tested against numerical simulations, including the high red-
shift regime relevant to the current analysis, and is expected
to provide improvement over the prescriptions of Eke et al.
(2001) and Bullock et al. (2001).
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
Meneghetti et al. (2003). Finally, we assume that the arc is
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
corresponds to the maximum elongation of the critical curve.
Thus, we vary M200 until we find a match between this maxi-
mum elongation and θa.
In Figure 2 we show the resulting M200 as a function of the

source redshift. We assume an ellipticity, em & 0.32, consis-
tent with the mean of the ellipticity distribution presented in
Figure 7 of Fedeli & Berciano Alba (2009), and use the stan-
dard deviation of this distribution σe & 0.074 to define the
uncertainty shown by the shaded region. A caveat to this as-
sumption is that this ellipticity distribution is derived at low
redshift. Lee et al. (2005) however demonstrated that evolu-
tion of the ellipticity distribution is expected to be negligible
for z < 1.5, and sufficiently small at z < 2 as to not impact our
calculations. From this analysis the derived value for M200 ap-
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FIG. 1.— Left– Combined F814W+F160W image of the cluster center and giant arc. The field of view is 30′′; North is up and East is to the left. Right–
Zoomed-in version of the same image centered on the arc. The polygon is the aperture used to extract the arc photometry, while the smaller rectangle is the region
within which the color was determined. The field of view is 12.′′5 across. The images have been smoothed with 5 pixel and 3 pixel Gaussian kernels, respectively,
to enhance the contrast.

at 0.95µm and f < 3 × 10−16 erg s−1 cm−2 at 1.35µm
(5 σ).8 Given the non-detection of Lyα with either GMOS
or HST/WFC3 spectroscopy, HST narrow- or medium-band
imaging may be the most promising avenue for refining the
redshift estimate for this arc.

4. CLUSTER MASS FROM STRONG LENSING
4.1. Enclosed Mass within the Arc

Under the assumption of circular symmetry for the cluster
lens, we calculate the total mass enclosed by the giant arc as
a function of the source redshift. In this case the arc radius θa
(∼ 125 kpc at zL = 1.75) identifies the radius of the tangential
critical curve, which can be easily related to the enclosed mass
through the relation,

Ma = πΣc θ
2
a , (1)

where Σc is the lensing surface critical density, which reads

Σc =
c2

4πG
DS

DLDLS
. (2)

In this equation DL, DS, and DLS are the angular diameter
distances to the lens, to the source, and from the lens to the
source, respectively.9
We emphasize that this enclosed mass is independent of the

specific density profile assumed for the lens. One important
caveat in this estimate, however, is that the assumption of cir-
cular symmetry is known to yield an overestimate of the en-
closed mass for more realistic systems with intrinsic elliptic-
ity. To approximately account for this effect, we assume that
the circular model results in a factor of ∼ 1.6 overestimate of
the mass, consistent with Bartelmann (1995), and quote val-
ues below that include this correction.
In Figure 2 we show the resulting enclosed mass as a func-

tion of the source redshift. The closer the source is to the
deflector, the larger the enclosed mass needs to be due to the
geometric suppression of the lensing efficiency. The uncer-
tainty in the enclosed mass shown in the Figure corresponds

8 http://axe.stsci.edu/axesim/
9 We refer the reader to Meylan et al. (2006) for a detailed review of grav-
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to the uncertainty in the arc radius, for which we adopt the
nominal value of 30 kpc (see §2). The value for the enclosed
mass reaches a lower limit of Ma = 6.9 ± 0.3 × 1013 M% for
zs = 6. The enclosed mass in this central 125 kpc region,
which contains minimal assumptions, already is comparable
to the total mass inferred for the only spectroscopically con-
firmed cluster at higher redshift (Gobat et al. 2011).

4.2. M200

The next step is to estimate the total mass within r200 for
the cluster. This problem is underconstrained, necessitating
several simplifying assumptions. We initially assume that the
density profile of the cluster is well represented by a spher-
ical NFW model (Navarro et al. 1996, 1997). For a given
virial mass, we compute the concentration of the dark mat-
ter halo according to the prescription of Gao et al. (2008),
which is in turn a modified version of the original NFW pre-
scription. The Gao et al. (2008) formula has been extensively
tested against numerical simulations, including the high red-
shift regime relevant to the current analysis, and is expected
to provide improvement over the prescriptions of Eke et al.
(2001) and Bullock et al. (2001).
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
Meneghetti et al. (2003). Finally, we assume that the arc is
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
corresponds to the maximum elongation of the critical curve.
Thus, we vary M200 until we find a match between this maxi-
mum elongation and θa.
In Figure 2 we show the resulting M200 as a function of the

source redshift. We assume an ellipticity, em & 0.32, consis-
tent with the mean of the ellipticity distribution presented in
Figure 7 of Fedeli & Berciano Alba (2009), and use the stan-
dard deviation of this distribution σe & 0.074 to define the
uncertainty shown by the shaded region. A caveat to this as-
sumption is that this ellipticity distribution is derived at low
redshift. Lee et al. (2005) however demonstrated that evolu-
tion of the ellipticity distribution is expected to be negligible
for z < 1.5, and sufficiently small at z < 2 as to not impact our
calculations. From this analysis the derived value for M200 ap-
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proaches a lower limit of M200= 2.8+1.0−0.4 × 10
14 M# as zs → 6,

where the quoted uncertainty reflects the uncertainty in the
ellipticity. For reference, we also show the results obtained
with the same fiducial ellipticity em, but assuming the original
NFW prescription for the concentration (dashed curve). Since
at high redshift the NFW concentration is always higher than
other prescriptions, the required M200 of the cluster is 35%
smaller. Conversely, use of either the Bullock et al. (2001) or
Eke et al. (2001) prescriptions would lead to a larger value of
M200.
It should be noted that strong cluster lenses are usually a bi-

ased subsample of the whole cluster population, in the sense
that they tend to be intrinsically more concentrated, and to
be prolated with the major axis aligned along the line of sight
(Hennawi et al. 2007; Meneghetti et al. 2010). This bias is ex-
pected to be even more severe in redshift and/or mass ranges
where strong lensing is particularly rare, such as the case un-
der consideration. It has also recently been observed that there
may be a stronger than expected correlation between con-
centration and cluster mass, with lower mass systems having
higher than expected concentrations (e.g., Schmidt & Allen
2007; Ettori et al. 2010; Oguri et al. 2012). Therefore, a con-
centration higher than that provided by the Gao et al. (2008)
prescription, which is a mean over the entire cluster popu-
lation, might actually be more realistic in this circumstance.
As an example, for a sample of lensing clusters at z ∼ 0.5
Oguri et al. (2009) found concentrations a factor of ∼ 2 higher
than would be predicted by the Gao et al. (2008) distribution.
Simulations byMeneghetti et al. (2010) also indicate that pro-
jection effects may yield observed concentrations that are en-
hanced by up to a factor of two. In the current case, if we
assume that the concentration is a factor of two above the
Gao et al. (2008) prescription, then the derived M200 would
decrease by roughly a factor of 2.2.
In Figure 2 and Table 1 we also present the masses and as-

sociated uncertainties derived from the Sunyaev-Zel’Dovich
analysis (Brodwin et al. 2012). The two approaches appear to
yield consistent estimates for M200 if the source redshift lies
at z ! 3.5, or more conservatively z ! 3 if one includes the
potential for reducing the lensing mass by up to a factor of
∼2 if the halo concentration is larger than for a typical cluster.
Coupled with the color of the arc, these factors together argue
that the most plausible redshift is 3 " z " 6.

5. COSMOLOGICAL IMPLICATIONS
The redshift of this cluster makes it a unique and interest-

ing test for cosmological structure formation. To be specific,
the most distant clusters known to host giant arcs prior to
this study lie at z ∼ 1 (e.g., Gladders et al. 2003; Huang et al.
2009). IDCS J1426.5+3508 significantly extends the redshift
baseline over which arcs are known to exist. In this section we
consider the probability for this massive, strong lensing clus-
ter to exist and be detected in our survey. Specifically, given a
standard ΛCDM cosmology with the seven year WMAP cos-
mological parameters, what is the probability of detecting a
giant arc of this brightness behind a cluster at z > 1.75?
In order to estimate how rare the observed gravitational arc

is, we evaluate the number of arcs in the whole sky that are
expected to be produced by galaxy clusters at redshift larger
than zL = 1.75. We first estimate, for a fixed source redshift
zS, the contribution to the optical depth by structures in the
desired redshift range,

FIG. 2.— Mass of IDCS J1426.5+3508 as a function of redshift of the
lensed source. The lower curve corresponds to the mass enclosed within the
arc, with the shaded region denoting the uncertainty associated with the offset
of the BCG relative to the cluster potential. The upper curve is the inferred
M200 assuming the Gao et al. (2008) prescription for the concentration and
an ellipticity em & 0.32 for the cluster dark matter halo. In this case the
uncertainty denoted by the shaded region is dominated by the intrinsic scatter
in the distribution of halo ellipticities. We also overplot as a dashed line the
inferred mass if one instead uses the original NFW prescription for the halo
concentration (which can be considered a lower bound). The horizontal line
and associated uncertainties correspond to the M200 derived from Sunyaev-
Zel’dovich observations. In this case the uncertainties do not include the
potential systematic bias associated with extrapolating SZ scaling relations
to higher redshift.
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In the previous equation n(M, z) is the mass function of cos-
mic structures, dV(z)/dz represents the comoving volume of
space per unit redshift, and σq(M, z) stands for the cross sec-
tion of individual clusters for images having the morphologi-
cal property q. In what follows we assume that q is a length-
to-width ratio ≥ 10, as customary in arc statistics studies, and
employ the Tinker et al. (2008) mass function.
The total number of arcs with the property q that are ob-

served in the sky with a magnitude brighter than m then sim-
ply reads

Nq(m) = 4π nS(m)
∫

+∞

zL
p(zS,m)τq(zS)dzS, (4)

where p(zS,m) is the source redshift distribution, while nS(m)
represents the observed number density of sources with mag-
nitude lower than m, i.e., the cumulative number counts. We
adopt the redshift distribution and number counts for sources
in the Hubble UDF provided by Coe et al. (2006) for F775W
and F160W, and correct the number counts for the lens-
ing magnification bias using the same procedure detailed in
Fedeli et al. (2008) and Fedeli & Berciano Alba (2009).
For the practical computation of the optical depth, we use

the strategy detailed in Fedeli et al. (2008) and references
therein. Briefly, merger trees are constructed based on the
extended Press & Schechter (1974) theory, which represent a
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FIG. 3.— Predicted number of giant arcs over the entire sky as a function
of magnitude in F775W and F160W for clusters at z > 1.75. The points
correspond to the results from our simulations, while the curves are spline
interpolations between the data points. The arrows represent the all-sky lower
limits derived from the observed arc in IDCS J1426.5+3508, with the width
at the bottom of the arrows corresponding to the photometric uncertainty. We
note that finding one arc per 8.82 deg2 would correspond to ∼ 4700 arcs
all-sky.

model of the cluster population. A lensing potential elliptic-
ity is assigned to each cluster, extracted from the distribution
shown in Fedeli & Berciano Alba (2009), and cluster dynam-
ical activity occurring at the knots of the merger trees is suit-
ably modeled. Individual clusters are modeled as NFW pro-
files with the assigned potential ellipticity, and the concentra-
tion is linked to the mass through the Gao et al. (2008) pre-
scription for the concentration, consistent with §4.2. We in-
clude a lognormal scatter in the concentration with σc = 0.2,
as in Fedeli et al. (2007). Finally, the cluster cross sections
for giant arcs are computed using the fast and semi-analytic
prescription of Fedeli et al. (2006), and the optical depth inte-
grals are approximated by using a Monte-Carlo scheme.
Figure 3 shows the resulting number of arcs expected

across the full sky as a function of magnitude in F775W
and F160W. For our observed arc we assume a color correc-
tion F775W−F814W≈ 0.0 (AB), consistent with the expected
color of a star-forming galaxy at this epoch. For the observed
magnitudes we expect to find no arcs over the entire sky as
bright in F814W as the one we observe and only ∼ 0.3 as
bright in F160W. Indeed, none are expected within 0.5 mag-
nitudes of the brightness of the arc in F814W. Given that the
area of our survey is only 8.82 deg2 (2× 10−4 of the full sky),
the detection of an arc is highly implausible. For reference,
we test the sensitivity of this result to the redshift of the lens-
ing cluster. Even if one were to consider the entire cluster
population at z > 1.5 rather than setting the observed cluster
redshift as the minimum permitted redshift, then the expected
number of arcs detected remains zero in F814W and ∼ 15
all-sky in F160W. The latter still leaves only a probability of
2 × 10−3 that we would have detected such an arc in this sur-
vey. Note that the specific mass of IDCS J1426.5+3508 does
not enter into our calculations – we posed the question of how
many arcs should be produced by all clusters.
At lower redshifts the excess of giant arcs behind clus-

ters relative to predictions has been realized for well over
a decade (e.g., Bartelmann et al. 1998) and is known as
the arc statistics problem. While significant effort has
been devoted to reconcile the observations with improved
models that incorporate more detailed physics and im-
proved constraints on the source redshift distribution (e.g.,
Bartelmann et al. 2003; Wambsganss et al. 2004; Dalal et al.
2004; Li et al. 2006; Fedeli et al. 2008; Wambsganss et al.
2008; D’Aloisio & Natarajan 2011), the issue is not wholly
resolved (e.g., Meneghetti et al. 2011). The current cluster
greatly exacerbates the situation – this arc simply should not
exist.
It is interesting to break down the above calculation of the

number of arcs (Equation 4) to ascertain the dominant factor
that drives the expected number of arcs to zero. The two fun-
damental physical quantities that determine the total number
of arcs are the total lensing optical depth of all clusters and
the number density of background sources to be lensed.
The lensing optical depth depends upon the products of the

cluster mass function and the lensing efficiency of individual
clusters, which is a strong function of cluster mass. An ob-
vious explanation would be if IDCS J1426.5+3508 exceeds
the mass of clusters expected to exist in a ΛCDM universe
at this redshift. If lensing requires reaching a critical mass
threshold that is exceeded in reality but not in our model, then
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 in Brodwin et al. (2012) that
IDCS J1426.5+3508 is consistent withΛCDM, indicating that
invoking non-Gaussianity is not necessarily the appropriate
solution.
A more subtle solution would be if the lensing cross-

sections of individual clusters systematically exceed the cal-
culated theoretical cross-sections. There is evidence that
this lensing efficiency is indeed systematically underesti-
mated. Several papers have argued that including the im-
pact of baryonic contraction can raise the lensing cross-
section by between 25% and a factor of two (Li et al. 2006;
Wambsganss et al. 2008). Meneghetti et al. (2011) also find
that simulated clusters produce ∼ 50% fewer arcs than X-ray
clusters at z ≈ 0.5 − 0.7. While these corrections work in
the proper direction, it appears that even if one imposes rea-
sonable physical tweaks to account for the impact of baryonic
infall on the density profile, the change remains insufficient
to account for the arc in IDCS J1426.5+3508. Moreover, as
demonstrated by Mead et al. (2010), inclusion of AGN feed-
back acts to counteract the impact of baryonic infall, resulting
in a smaller enhancement to the cross-section. Even ignoring
the mitigating effect of feedback, the discrepancy is simply
too large. Specifically, doubling the predicted number of arcs
would imply ∼ 1 arc all-sky with the observed F160W mag-
nitude, and would still imply none with the observed F775W
magnitude.
Another means of boosting the effective cross-section for

an individual system is via the presence of additional struc-
tures along the line of sight. Puchwein & Hilbert (2009) used
the Millenium simulations to quantify the impact of such sec-
ondary structures. These authors found that the typical impact
is to enhance the cross section by 10 − 25%, with enhance-
ments of 50% not uncommon for individual systems. Again,
this factor alone is insufficient to explain the discrepancy.
The final factor that can drive the prediction of zero arcs is

underestimation of the surface density of galaxies sufficiently
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proaches a lower limit of M200= 2.8+1.0−0.4 × 10
14 M# as zs → 6,

where the quoted uncertainty reflects the uncertainty in the
ellipticity. For reference, we also show the results obtained
with the same fiducial ellipticity em, but assuming the original
NFW prescription for the concentration (dashed curve). Since
at high redshift the NFW concentration is always higher than
other prescriptions, the required M200 of the cluster is 35%
smaller. Conversely, use of either the Bullock et al. (2001) or
Eke et al. (2001) prescriptions would lead to a larger value of
M200.
It should be noted that strong cluster lenses are usually a bi-

ased subsample of the whole cluster population, in the sense
that they tend to be intrinsically more concentrated, and to
be prolated with the major axis aligned along the line of sight
(Hennawi et al. 2007; Meneghetti et al. 2010). This bias is ex-
pected to be even more severe in redshift and/or mass ranges
where strong lensing is particularly rare, such as the case un-
der consideration. It has also recently been observed that there
may be a stronger than expected correlation between con-
centration and cluster mass, with lower mass systems having
higher than expected concentrations (e.g., Schmidt & Allen
2007; Ettori et al. 2010; Oguri et al. 2012). Therefore, a con-
centration higher than that provided by the Gao et al. (2008)
prescription, which is a mean over the entire cluster popu-
lation, might actually be more realistic in this circumstance.
As an example, for a sample of lensing clusters at z ∼ 0.5
Oguri et al. (2009) found concentrations a factor of ∼ 2 higher
than would be predicted by the Gao et al. (2008) distribution.
Simulations byMeneghetti et al. (2010) also indicate that pro-
jection effects may yield observed concentrations that are en-
hanced by up to a factor of two. In the current case, if we
assume that the concentration is a factor of two above the
Gao et al. (2008) prescription, then the derived M200 would
decrease by roughly a factor of 2.2.
In Figure 2 and Table 1 we also present the masses and as-

sociated uncertainties derived from the Sunyaev-Zel’Dovich
analysis (Brodwin et al. 2012). The two approaches appear to
yield consistent estimates for M200 if the source redshift lies
at z ! 3.5, or more conservatively z ! 3 if one includes the
potential for reducing the lensing mass by up to a factor of
∼2 if the halo concentration is larger than for a typical cluster.
Coupled with the color of the arc, these factors together argue
that the most plausible redshift is 3 " z " 6.

5. COSMOLOGICAL IMPLICATIONS
The redshift of this cluster makes it a unique and interest-

ing test for cosmological structure formation. To be specific,
the most distant clusters known to host giant arcs prior to
this study lie at z ∼ 1 (e.g., Gladders et al. 2003; Huang et al.
2009). IDCS J1426.5+3508 significantly extends the redshift
baseline over which arcs are known to exist. In this section we
consider the probability for this massive, strong lensing clus-
ter to exist and be detected in our survey. Specifically, given a
standard ΛCDM cosmology with the seven year WMAP cos-
mological parameters, what is the probability of detecting a
giant arc of this brightness behind a cluster at z > 1.75?
In order to estimate how rare the observed gravitational arc

is, we evaluate the number of arcs in the whole sky that are
expected to be produced by galaxy clusters at redshift larger
than zL = 1.75. We first estimate, for a fixed source redshift
zS, the contribution to the optical depth by structures in the
desired redshift range,

FIG. 2.— Mass of IDCS J1426.5+3508 as a function of redshift of the
lensed source. The lower curve corresponds to the mass enclosed within the
arc, with the shaded region denoting the uncertainty associated with the offset
of the BCG relative to the cluster potential. The upper curve is the inferred
M200 assuming the Gao et al. (2008) prescription for the concentration and
an ellipticity em & 0.32 for the cluster dark matter halo. In this case the
uncertainty denoted by the shaded region is dominated by the intrinsic scatter
in the distribution of halo ellipticities. We also overplot as a dashed line the
inferred mass if one instead uses the original NFW prescription for the halo
concentration (which can be considered a lower bound). The horizontal line
and associated uncertainties correspond to the M200 derived from Sunyaev-
Zel’dovich observations. In this case the uncertainties do not include the
potential systematic bias associated with extrapolating SZ scaling relations
to higher redshift.
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In the previous equation n(M, z) is the mass function of cos-
mic structures, dV(z)/dz represents the comoving volume of
space per unit redshift, and σq(M, z) stands for the cross sec-
tion of individual clusters for images having the morphologi-
cal property q. In what follows we assume that q is a length-
to-width ratio ≥ 10, as customary in arc statistics studies, and
employ the Tinker et al. (2008) mass function.
The total number of arcs with the property q that are ob-

served in the sky with a magnitude brighter than m then sim-
ply reads

Nq(m) = 4π nS(m)
∫

+∞

zL
p(zS,m)τq(zS)dzS, (4)

where p(zS,m) is the source redshift distribution, while nS(m)
represents the observed number density of sources with mag-
nitude lower than m, i.e., the cumulative number counts. We
adopt the redshift distribution and number counts for sources
in the Hubble UDF provided by Coe et al. (2006) for F775W
and F160W, and correct the number counts for the lens-
ing magnification bias using the same procedure detailed in
Fedeli et al. (2008) and Fedeli & Berciano Alba (2009).
For the practical computation of the optical depth, we use

the strategy detailed in Fedeli et al. (2008) and references
therein. Briefly, merger trees are constructed based on the
extended Press & Schechter (1974) theory, which represent a
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proaches a lower limit of M200= 2.8+1.0−0.4 × 10
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where the quoted uncertainty reflects the uncertainty in the
ellipticity. For reference, we also show the results obtained
with the same fiducial ellipticity em, but assuming the original
NFW prescription for the concentration (dashed curve). Since
at high redshift the NFW concentration is always higher than
other prescriptions, the required M200 of the cluster is 35%
smaller. Conversely, use of either the Bullock et al. (2001) or
Eke et al. (2001) prescriptions would lead to a larger value of
M200.
It should be noted that strong cluster lenses are usually a bi-

ased subsample of the whole cluster population, in the sense
that they tend to be intrinsically more concentrated, and to
be prolated with the major axis aligned along the line of sight
(Hennawi et al. 2007; Meneghetti et al. 2010). This bias is ex-
pected to be even more severe in redshift and/or mass ranges
where strong lensing is particularly rare, such as the case un-
der consideration. It has also recently been observed that there
may be a stronger than expected correlation between con-
centration and cluster mass, with lower mass systems having
higher than expected concentrations (e.g., Schmidt & Allen
2007; Ettori et al. 2010; Oguri et al. 2012). Therefore, a con-
centration higher than that provided by the Gao et al. (2008)
prescription, which is a mean over the entire cluster popu-
lation, might actually be more realistic in this circumstance.
As an example, for a sample of lensing clusters at z ∼ 0.5
Oguri et al. (2009) found concentrations a factor of ∼ 2 higher
than would be predicted by the Gao et al. (2008) distribution.
Simulations byMeneghetti et al. (2010) also indicate that pro-
jection effects may yield observed concentrations that are en-
hanced by up to a factor of two. In the current case, if we
assume that the concentration is a factor of two above the
Gao et al. (2008) prescription, then the derived M200 would
decrease by roughly a factor of 2.2.
In Figure 2 and Table 1 we also present the masses and as-

sociated uncertainties derived from the Sunyaev-Zel’Dovich
analysis (Brodwin et al. 2012). The two approaches appear to
yield consistent estimates for M200 if the source redshift lies
at z ! 3.5, or more conservatively z ! 3 if one includes the
potential for reducing the lensing mass by up to a factor of
∼2 if the halo concentration is larger than for a typical cluster.
Coupled with the color of the arc, these factors together argue
that the most plausible redshift is 3 " z " 6.

5. COSMOLOGICAL IMPLICATIONS
The redshift of this cluster makes it a unique and interest-

ing test for cosmological structure formation. To be specific,
the most distant clusters known to host giant arcs prior to
this study lie at z ∼ 1 (e.g., Gladders et al. 2003; Huang et al.
2009). IDCS J1426.5+3508 significantly extends the redshift
baseline over which arcs are known to exist. In this section we
consider the probability for this massive, strong lensing clus-
ter to exist and be detected in our survey. Specifically, given a
standard ΛCDM cosmology with the seven year WMAP cos-
mological parameters, what is the probability of detecting a
giant arc of this brightness behind a cluster at z > 1.75?
In order to estimate how rare the observed gravitational arc

is, we evaluate the number of arcs in the whole sky that are
expected to be produced by galaxy clusters at redshift larger
than zL = 1.75. We first estimate, for a fixed source redshift
zS, the contribution to the optical depth by structures in the
desired redshift range,

FIG. 2.— Mass of IDCS J1426.5+3508 as a function of redshift of the
lensed source. The lower curve corresponds to the mass enclosed within the
arc, with the shaded region denoting the uncertainty associated with the offset
of the BCG relative to the cluster potential. The upper curve is the inferred
M200 assuming the Gao et al. (2008) prescription for the concentration and
an ellipticity em & 0.32 for the cluster dark matter halo. In this case the
uncertainty denoted by the shaded region is dominated by the intrinsic scatter
in the distribution of halo ellipticities. We also overplot as a dashed line the
inferred mass if one instead uses the original NFW prescription for the halo
concentration (which can be considered a lower bound). The horizontal line
and associated uncertainties correspond to the M200 derived from Sunyaev-
Zel’dovich observations. In this case the uncertainties do not include the
potential systematic bias associated with extrapolating SZ scaling relations
to higher redshift.

τq(zS) =
1

4πDS

∫ zS

zL
dz
∫

+∞

0
dM n(M, z)

∣

∣

∣

∣

∣

dV(z)
dz

∣

∣

∣

∣

∣

σq(M, z).

(3)
In the previous equation n(M, z) is the mass function of cos-
mic structures, dV(z)/dz represents the comoving volume of
space per unit redshift, and σq(M, z) stands for the cross sec-
tion of individual clusters for images having the morphologi-
cal property q. In what follows we assume that q is a length-
to-width ratio ≥ 10, as customary in arc statistics studies, and
employ the Tinker et al. (2008) mass function.
The total number of arcs with the property q that are ob-

served in the sky with a magnitude brighter than m then sim-
ply reads
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where p(zS,m) is the source redshift distribution, while nS(m)
represents the observed number density of sources with mag-
nitude lower than m, i.e., the cumulative number counts. We
adopt the redshift distribution and number counts for sources
in the Hubble UDF provided by Coe et al. (2006) for F775W
and F160W, and correct the number counts for the lens-
ing magnification bias using the same procedure detailed in
Fedeli et al. (2008) and Fedeli & Berciano Alba (2009).
For the practical computation of the optical depth, we use

the strategy detailed in Fedeli et al. (2008) and references
therein. Briefly, merger trees are constructed based on the
extended Press & Schechter (1974) theory, which represent a


