725

Hubble Space Telescope
Cycle 15 GO Proposal

Decelerating and Dustfree: Efficient Dark Energy Studies with
Supernovae and Clusters

Principal Investigator: Prof. Saul Perlmutter
Institution: University of California- Berkeley
Electronic Mail: saul @l bl.gov
Scientific Category: COSMOLOGY

Scientific Keywords: COSMOLOGICAL PARAMETERS AND DISTANCE SCALE, CLUSTERS OF
GALAXIES, SUPERNOVAE

Instruments: ACS, NICMOS
Proprietary Period: 12
Orbit Request Prime Parallel
Cycle 15 217 34

Abstract

Our cycle 14 program has proved a new, extremely efficient approach to obtain z>1 dust-free Type la
supernovae, and we propose to capitalize on this new technique. We will collect atotal sample of ~20 z>1 SNe
lain cluster eliptical galaxies, each of which will carry the weight of up to 9 color-corrected z>1 SNe hosted by
spiral galaxies. The measurement will yield dark energy constraints that do not suffer from the major
systematic and statistical uncertainty at these redshifts, that of extinction correction. By targeting massive
galaxy clusters at z>1, we probe a well-understood host galaxy environment, and obtain more than five-times
higher efficiency than a survey of random fields in detection of la supernovae in elliptical galaxies. The data
will make possible a factor of two improvement on supernova constraints on dark energy time evolution
dynamics, and a much larger improvement on systematic uncertainty, taking advantage of the uniquely well-
controlled host environment that clusters provide. These same deep cluster images also yield fundamental
mass calibrations required for ongoing and future studies which aim to measure dark energy viathe evolution of
cluster abundances, as well as an entire program of cluster studies. We will obtain both a cluster dataset and a
SN la dataset that will be alongstanding scientific resource.
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Target Summary:
Target RA Dec Magnitude
WARPS1415+36 141511.1000 +36123.00 V=250
1012.28 14 34285200 +34 26 22.90 V=250
1012.52 143229.1800 +333248.30 V=250
1113.7.7 1429185100 +34 37 25.80 V=250
1214.5.28 14 3238.2800 +34 36 49.00 V=250
1315.5.16 14 38 9.5400 +34 14 19.20 V=250
1315.12 14 34 46.3300 +351945.80 V=250
1416.7.15 143351.1300 +332551.10 V=250
IRAC0223-04 02 23 3.7000 -04 36 18.00 V =250
RCS0220-03 022055.7000  -03 33 19.00 V=250
RCS0221-03 0221419500 -032147.40 V=250
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Target RA Dec Magnitude
RCS0337-28 033750.4000 -284428.70 V =250
RCS0439-29 04 3938.0400 -290455.20 V=250
RCS1511+09 15 11 3.8000 +09 03 15.00 V=250
RCS2156-04 2156421500 -04484.10 V=250
RCS2319+00 231953.3800 +003813.90 V=250
RCS2345-36 234527.3000 -363250.00 V=250
RDCS0848+44 08 4858.6400 +445157.00 V=250
RDCS1252-29 1252542800 -292717.90 V=250
XMM3 21 45 0.0000 +01 15 0.00 V =250
XMMUJ2235 223520.8300 -255739.90 V=250
XMMUJ1229+01 122928.8000 +0151 34.00 V =250
CL1604+43 1604 22.6000 +4304 39.70 V=250
TOO-SN-110RB 1416 30.0000 +32300.00 V =250
TOO-SN-20RB 08 48 0.0000 +44 00 0.00 V=250
TOO-SN-10RB 12 52 0.0000 -29 00 0.00 V =250

Observing Summary:

Target Config Mode and Spectral Elements Flags Orbits
WARPS1415+36 ACS/WFC Imaging F850LP 9 (1x9)
1012.28 ACS/WFC Imaging F850LP 9 (1x9)
1012.52 ACS/WFC Imaging F850LP 9 (1x9)
1113.7.7 ACS/WFC Imaging F850LP 9 (1x9)
1214.5.28 ACS/WFC Imaging F850LP 9 (1x9)
1315.5.16 ACS/WFC Imaging F850LP 10
(1x10)
1315.12 ACS/WFC Imaging F850LP 10
(1x10)
1416.7.15 ACS/WFC Imaging F850LP 10
(1x10)
IRAC0223-04 ACS/WFC Imaging F850LP 6 (1x6)
RCS0220-03 ACS/WFC Imaging F850LP 6 (1x6)
RCS0221-03 ACS/WFC Imaging F850LP 6 (1x6)
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Target Config Mode and Spectral Elements Flags Orbits
RCS0337-28 ACS/WFC Imaging F850LP 8 (1x8)
RCS0439-29 ACS/WFC Imaging F850LP 8 (1x8)
RCS1511+09 ACS/WFC Imaging F850LP 8 (1x8)
RCS2156-04 ACS/WFC Imaging F850LP 6 (1x6)
RCS2319+00 ACS/WFC Imaging F850LP 6 (1x6)
RCS2345-36 ACS/WFC Imaging F850L P 8 (1x8)
RDCS0848+44 ACS/WFC Imaging F850LP 7 (1x7)
RDCS1252-29 ACS/WFC Imaging F850L P 7 (1x7)
XMM3 ACS/WFC Imaging F850LP 8 (1x8)
XMMUJ2235 ACS/WFC Imaging F850LP 8 (1x8)
XMMUJ1229+01 ACS/WFC Imaging F850LP 7 (1x7)
CL1604+43 ACS/WFC Imaging F850LP 9 (1x9)
TOO-SN-110RB NIC2 Imaging F110W TOO 22
(11x2)
TOO-SN-20RB NIC2 Imaging F110W TOO 4 (2x2)
TOO-SN-10RB NIC2 Imaging F110W TOO 8 (1x8)

Total prime orbits: 217



B Scientific Justification

Using Type la Supernovae in Early-type Galaxies to Measure @smology

The signature goal of the most ambitious cosmology projeetag designed or built this
decade (LSST/LST/Panstarrs, Dark Energy Camera, JDEMPBD&stiny, the South Pole Tele-
scope and other SZ experiments) is the detailed, accurasurement of the universe’s expansion
history, from deceleration through acceleration, to lomkdlues of the properties and identity of
dark energy. Of the known measurement techniques (SNeusteclcounts, S-Z, weak lensing,
and baryon oscillations), only Type la supernovae (SNe #&&ghactually been developed to the
point of routine use. Only HST observations can provide tgired signal-to-noise for those
SNe atz > 1, where the transition from deceleration to accelerationlmastudied. Initial studies
of the decelerating universe from both the Higher-Z Teane¢Bet al. 2004) and the Supernova
Cosmology Project (Fadeyev, Alderirgg al. 2004) clearly point to the limiting factor for both
statistical and systematic uncertainties: host-galastiretion correction.

In Cycle 14, we are successfully demonstrating a new, higfiigient approach to the mea-
surements in this difficult decelerating redshift range. dscovering and studying “clean” SNe
in galaxy cluster ellipticals we dramatically reduce sysa¢ic and statistical uncertainties (each of
these SNe is worth up taneSNe in spirals) — and do so with a dramatically more efficies# af
HST time. So far we have obtained lightcurves af 5 1 SNe using 81 orbits, which is more than
twice the rate of previous GOODS surveys (see below). Herprapgose to reap the full benefits
from this approach.

Using the Cycle 14 sample of high-redshift clusters allowsnot only to start the Cycle
15 SN search with extremely deep reference images, but @ladd a second filter, F775W, to
the F850LP data, enabling a major step forward in the clustesnce and other comsological
measurement techniques. In particular, counting clustees extremely sensitive measure of
expansion history, if their masses can be estimated witkoresble precision. With the addition
of deep F775W data, we propose to study cluster masses vialemsing from the same HST
images, and calibrate Sunyaev-Zeldovich/X-Ray distaneasurements to those same clusters.
We have intentionally included clusters that are X-rayestdd, optically-selected, and IR-selected
for this purpose. Finally, this data set will be used to stutgssive galaxy assembly and star
formation rates by measuring the intrinsic scatter of tltesequence.

How problematic is the extinction correction uncertainty a »z > 1? The correction for extinc-
tion from dust in the host galaxies is currently the singlendwant source of both statistical and
systematic error for SNe distances and the derived cosnealoggarameters — dramatically so at
z > 1 even with HST (see Figure 1b). The typical color uncertafatyHST-studied: > 1 SNe is
0.06 - 0.1inB — V, leading to uncertainties in extinction correction (atiecounting for intrinsic
color uncertainty) of as high as0.4 mag! This dispersion grows worseg 0.5, after accounting
for the uncertainty in the dust reddening coefficidit, = Ap/E(B — V'), which Draine (2003)
notes can vary from the fiducial value 4.1 #y.5 and for which empirical studies of multiband
SNe colors indicate an even wider range. (The actual digpeadout the Hubble-line fit for > 1
SNe la fully corrected for extinction matches this 0.5 malyeg Figure 2a shows the resulting
poor constraints on the dark-energy equation-of-staterpater and its time variatiom, vs. w’.



These constraints are insufficient to distinguish betwémost any current dark energy model.

To correct for dust extinction, either one needs exquisgebd multi-band color information,
or one is driven to use a Bayesian prior@rthe mean and probability distribution &f; andb) the
probability distribution of the amount of dust. If even juste of these priors is redshift dependent,
the final result will be systematically biased. The effectadying Rz can be seen in Fig. 2b as the
difference between full and the short-dashed contour.\ige, if the observation quality depends
on redshift (as is often the case) significant biases caritrasushown by the difference between
the full and the long-dashed contour of Fig. 2b (Perimutteal. 1999). If aggressive Bayesian
priors are chosen, the larger systematic errors outwemgbrtaller statistical errors.

How is this problem solved using SNe la in cluster ellipticad? In Sullivan et al. (2003), we
showed that the dispersion (including ground-based measant error) about the Hubble diagram
for elliptical-hosted SNe is 0.16 mag — nearly three timeslén than just the measurement
uncertainty for extinction-corrected SNe laat> 1 — primarily due to the absence of dust.
(Preliminary studies of the new, larger SNe sample from tReIT SNe Legacy Survey indicate
the same thing.) Thus, each elliptical SNe la is statidficabrth up to~9 SNe la in spirals when
making cosmological measurements — and without the aforBomed systematics associated with
extinction correction.

At redshiftsz > 1 only elliptical galaxies in clusters are sufficiently quiest to be dust free,
while elliptical field galaxies may still host a non-neghtg amount of dust. We therefore propose
to complete a sample 6£20 SNe la £10 each in Cycles 14 and 15) at> 1 entirely in cluster
elliptical host galaxies, to achieve the statistical camsts of~150 SNe in later-type hosts. (This
sample’s statistical strength is almost enough to matcHatge, well-measured CFHT Legacy
Survey samples of elliptical hosted SNezaf 0.8, to obtain “dust-free Hubble diagrams.”) This
cluster-ellipticals-only sample will yield the strongentstraints onv vs. w’ shown in Fig. 2c —
without extinction prior systematics. In particular, thisuld provide a test of the small, suggestive
shift from a cosmological constant model seen in Riess eD@d ZFig. 2b shaded contour). Next
in priority are SNe found in elliptical field galaxies, an&thSNe in spiral galaxies, which will be
found and studied without extra costs. The- 0.9 — 1.6 redshift range provides key leverage of
the cosmological model, especially constraints on the dagtgy time variation’'.

How is it known that dust is not an issue inz > 1 cluster ellipticals? Although evidence for dust
is found in~ 50% of nearby ellipticals, the quantity of dust is generallyywsmall and confined to
the central few hundred pc (e.g. Tranal. 2001). Recent Spitzer data (Teetial. 2005) confirms
that most nearby ellipticals have the SED’s expected fot-ties systems. While field ellipticals at
larger redshifts do show signs of increasing star-fornmaiticthat blue clumps have been detected
in nearly 50 % of them at ~ 1 (Pasqualiet al. 2006), blue clumps araot found in cluster
ellipticals atz ~ 1. The clearest evidence that dust has little effect on stacduster elliptical
galaxies comes from the tightness of their color-magnitetitions. The dispersion in the colors
of early-type galaxies is very small in clusters rangingrfrGoma to intermediate redshifts (Bower
et al.1992; Elliset al. 1997; Stanford, Eisenhardt & Dickinson 1998; van Dokkeiral.2001). In
fact, this relation has been shown by Hagfcal. (2004) to be universal for early-type galaxies in
clusters and in lower-density environments using an enasgsample from SDSS.

Results from ACS imaging show the same strikingly small éisjpn in color extends to



redshiftsz > 1 (Figure 3). ACS imaging of RDCS1252-29 at= 1.23 by Blakesleeet al. (2003)
found an intrinsic dispersion 0£024 £+ 0.008 mag for 30 ellipticals in the F775W - F850LP color,
which approximates rest-franié — B. This dispersion is comparable to that found by Boeter
al. in Coma. Since some intrinsic color variation in the age amdiatficity of stellar populations
of the member galaxies is likely, the dispersion due to dusiteése ellipticals must be smaller still,
and we can confidently expect the observed smaller scat@dlijgtical hosted SNe la at ~ 0.5

to continue inz > 1 cluster ellipticals. The precigdST color-magnitude diagrams now enabled
by the proposed Cycle 15 data witheckfor dust in each cluster hosting a SNe, both for Cycle 14
and 15 SNe.

Why is this cluster search much more efficient at finding (and tudying) SNe la atz > 1 than

the previous HST searches in the GOODS fieldsBy searching in rich clusters we find twice as
manyz > 1 SNe in total as the previous blank-field searches (such asvth&N teams’ previous
GOODS searches), arive timesas many SNe in elliptical hosts. The first 1/3 of the Cycle 14
search (75 orbits) already matches this rate (see Fig. 4t§),4wmnew SNe inz > 1 ellipticals,
and 1 new SN in a > 1 cluster-member spiral (plus additional< 1 SNe). Fig. 3a shows the
reason for this dramatically enhanced discovery efficiesoynpared to an average GOODS field
our cluster fields generally contain 6 to 20 times the surtiesity of elliptical galaxies at > 1.
Since we still find (and study) the field SNe not in clusters, tibtal discovery rate is more than
double. (For comparison, the 2002-03 GOODS SNe searchqdRied2004) used 284 orbits to
find and follow 3z > 1 elliptical-hosted plus 4 spiral-hosted SNe.)

In addition to discovering more SNe la per HST orbit, theranether set of major efficiency
gains in thefollow-up of these SNe due to the knowledge of the host’s ellipticalphology, the
cluster redshift, and the higher rate per field. First, tH¥oup observations need significantly
less signal-to-noise and fewer bands, since the extincoorection no longer dominates the re-
quirements. Second, the higher discovery rate allows gheekiling observations for each cluster
with a cadence guaranteed to well sample the lightcurvesviery SNe discovered. This com-
pletely eliminates the need for rapid-turnaround Td@low-up! Finally, thesez > 1 clusters’
old stellar populations ( Glazebroait al2004, McCarthyet al2004) will overwhelmingly host
SNe la, so much spectroscopy can be saved as well.

Determination of Cluster Masses, and Dark Energy

The number of clusters of galaxies as a function of mass ahghife provides a powerful
alternative probe of the cosmology thanks to its sensjtiaithe comoving volumandthe growth
of large scale structure. The rare, massive clusters atreghifts provide most of the discrim-
inating power of the experiment, requiring large surveyshef sky to search for these systems.
A number of large cluster surveys are underway (e.g., Rgdesee Cluster Survey and Blanco
Cluster Survey) or imminent (e.g., South Pole Telescopg&nZeldovich Survey, Dark Energy
Survey) with this dark energy measurement as a key goal llngcauire estimates for the cluster
masses in order to successfully constrain cosmologicahpeters.

The observations proposed here will provide the most atewalibration of the masses of
high redshift clusters for years to come and will serve asnémessary reference to ensure that
the next generation cluster surveys can reliably use clbgyond: ~ 1 to constrainw to better
than5 — 10%. The recent work of Majumdar & Mohr (2003;2004) on “selfibghtion” shows
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that detailed study of only a moderate sample of clustersh(sis that proposed here) can reach
those goals. The combination of weak and strong lensinguneaeents, along with X-ray and SZ
imaging of these clusters would provide much needed infaondor understanding the properties
of the ICM at very high redshifts and therefore the role ostdus in cosmology.

Weak lensing measurements of cluster masséaleak gravitational lensing of background galax-
ies is now a well-established technique for providingjr@ct measurement of the projected clus-
ter mass, without any assumptions about the geometry orndigah state of the cluster. The

z = 1 — 1.5 range is of particular interest as it is the era where muchefctuster assembly is
thought to occur. The sample studied here is 4 times largar pnevious work, and targets clus-
ters at higher redshifts. The additional Cycle 15 data witfease the effective number density of
sources fromv 100 to ~ 165 arcmirm 2, reducing the uncertainty in mass to 23% for the average
cluster in our sampléM = 5 x 10*M,). (These numbers are corroborated by preliminary weak
lensing analysis of our Cycle 14 data.) Since the intringsiatter between mass measurements
using various mass observables-i80% for the best-studied clusters (Yee & Ellingson 2003), ou
proposed Cycle 15 measurement would cross the threshodd ey to obtain robust information
on the scatter ahdividual clusters about the mean relation.

The proposed observations enable us to determine the parbipthe mass-observable rela-
tions to better tham0 — 15% in each of four independent redshift bins. Furthermoreijrti@oved
accuracy in the mass measurements allows us to quantifycttteess (an often ignored, but criti-
cal part of cluster abundance studies) in these relatiorchrbatter. These data will complement
archival data and ground based efforts at lower redshifts, (fhe Canadian Cluster Comparison
Project, the CFHT Legacy Survey) that are undertaken by neesrdd our team. Consequently, we
will be able to study the evolution in the properties of clustfrom the present day outto~ 1.5.
Strong lenses at: > 1. Observations by ACS show image quality that dramaticaltyeases the
number of faint, low surface brightness strongly lense@ arad image families detectable — par-
ticularly with the new use of multicolor data we propose fgicte 15. Our cluster sample already
contains 3 new giant arc systems lensed By 1 clusters, doubling the number known, including
a giant arc behind the highest redshift lensing cluster te.dasingle arc in a high redshift cluster
determines the mass interior to the Einstein radiusl (00 kpc/h), and when combined with our
complementary larger scale weak lensing analysis will mesihe concentration parameter of the
dark matter halo. In addition, comparison with results atdoredshifts enables us to follow the
evolution of strong lensing cluster abundances and cheniatits, and test CDM predictions (Hen-
nawi et al.2006). Our unprecendented deep imaging survey of high ifedisters will allow us
to place the first constraints on the profiles of dark matteyshat> > 1.

X-ray and SZ cluster synergy. We have been successful in getting XMM and Chandra time for
the cluster observations and have agreements with the FPBfad SZ Array, John Carlstrom,
to obtain Sunyaev-Zeldovich measurements. This multivesngth strategy of determining clus-
ter masses through lensing, X-ray, and SZ enables signifachrances in understanding cluster
physics and formation.

Galaxy Cluster Science at > 1
Whether they form via monolithic collapse (Eggen, LyndesitB® Sandage 1962) or hi-
erarchical assembly (White & Frenk 1991), massive ellgitgalaxies account for a substantial
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fraction of the stellar mass in the Universe (Hagigal. 2002), and are found in highly overdense
regions (Dressler 1980; Hogg al. 2003) - i.e., galaxy clusters. The slope, scatter, anddafr
of the cluster elliptical galaxy color magnitude relatianza< 1 are surprisingly well matched
by a simple star formation history consisting of a burst at 3 followed by passive evolution
(Stanfordet al. 1998), and their luminosity functions also are fit by such eisdde Proprigt al.
1999). ACS imaging of more distant clusters will determigvHar this scenario can be pushed,
by enabling measurements of the merger and ellipticalitrast their luminosity functions — and
new in this proposal — precise measurements of the coloniatg relation (CMR).

Postmaret al. (2005) use morphological analyses of ACS GTO imaging 0f87< =z < 1.3
clusters to show that the fraction of ellipticals does naraie up ta: ~ 1.25, and that the fraction
of SOs remains roughly constant at the 20% level seehdin< = < 0.5 clusters. Hence, the
formation of all massive cluster ellipticals, and a sigmifit fraction of the lenticulars as well,
must be occurring at > 1.25. This is supported by limits on the most recent star fornmatiom
the small dispersion and lack of evolution of the CMR'’s out te 1 (see Figure 3).

This proposal takes the next step beyond the existing sraalpk and upper redshift to
probe the regime in which massive cluster galaxies are bieimged. The GTO program has
three clusters at > 1, while our sample has 20. The highest redshift of the clastepushed
from z = 1.27 to z = 1.5. Moreover, the addition of Cycle 15 images will vastly impeo
measurements of the mean and dispersion of the CMR, lintii@gime of the most recent epoch
of star formation. In conjunction with data we have obtaifredh Chandra, XMM, Keck, Subaru,
the VLT, Magellan, and Spitzer, the ACS data to be obtainettisproposal will determine the
epochs of the assembly of ellipticals and the origin of SAd,calibrate the relation between mass
and X-ray luminosity and temperature (and future SZ massraghations) at these redshifts.
Supernovae rates and star formationThe rate of SNe in galaxy clusters will address outstanding
guestions about the ICM, in particular its high metallicétiyd energetics. The iron that would
be produced by a Salpeter IMF by Type Il SNe is insufficientxpl&n the [Fe/H] in the ICM,;
furthermore, type Ia’s at their current rate are also insigffit. However, if SNe la’s exploded at
a higher rate in the past (Bighenti & Mathews 1999), they ddad significant contributors to the
excess entropy seen in the ICM (e.g., Pipaial. 2002) Gal-Yamet al. (2002) estimates rate of
0.41%5:33h2, SNu from HST archival images of < 1 SNe in 9 clusters. This suggests that SNe
la may not be the dominant source of iron in the ICM, but the&0 SNe la inz > 1 clusters
expected from our program will allow a first statistically amengful test of this idea. The ICM
may hide a significant number of stars stripped from galaxiesn unobservable low-surface-
brightness population bound to the cluster halo. This wdidg cluster mass measurements and
other cluster mass observables inferred from the (pagsavelving early-type) stellar component
of cluster galaxies (e.g. Yee & Ellingson 2003, Lin, Mohr &a8ford, 2004) in several large
upcoming surveys (e.g. RCS-2, DES). Our Cycle 15 statistiisfor the first time be able to
directly constrain the fraction of ‘hostless’ SNe and hepieavide a direct estimate (at the 5-10%
level) of the fraction of stars in the ICM at high redshifty fammparison with deep ground-based
observations of local clusters (e.g. Ting & Mohr 2004; Miledsl2005)

Conclusions
The observations proposed capitalize on our new approatigteredshift SNe measure-
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ments and will provide a first significarand unbiaseaneasurement af, vs. w’. They will then
comprise a springboard for a wide array of astrophysicastigations: high redshift SNe, cluster
profiles, gravitational lensing, and multiwavelength stsaf large scale structure and cosmology.
The emphasis on high redshift and attention to systematiessential for bringing to maturity key
next-generation cosmological techniques, while the elugata will serve as a bedrock scientific
legacy for extragalactic astronomy.
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[l Description of the Observations

The supernova observing strategy

The high rate of SNe la produced in clustaradditionto the SNe la in the fore/background
field galaxies makes possible an elegantly simple combieaatk-and-follow-up scheduling strat-
egy, which we are now successfully demonstrating in cycle\Wé observe each cluster for one
orbit every~21-24 days for~8 visits, where the exact cadence depends on the clustdrifteds
and the exact number of visits depends on HST observing reomist. Every SN that appears in
these clusters and fields, modulo small end effects, hadyasainpled lightcurve in two bands
(each orbit contains four ACS/F850LP dithered cosmic-faitsplus one, longer ACS/F775W
exposure)— without the need for expensive Target of OppdastToO) observations (see Fig.
5a). We obtain ground-based spectroscopy for precise ifesisimd confirmation of elliptical
galaxy type (which confirms SN la identification), and/or &&pum of the SN itself (Fig. 5b).
We always discover the SN early enough (Fig. 5a) that we caraus2-week-advance-notice)
low impact ToO for additional NIC2 F110W observations witht5 days of the SN lightcurve
peak for all SNe above > 1. Only for the highest redshift SNe la > 1.4 is a full 11-orbit
lightcurve with NIC2 F110W taken. (NICMOS fields are too shtalbe used in the search.)

We use the F775W-F850LP color to correct field-galaxy SNextinction, and both F850LP-
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Figure 1:(a) Left Panel: The SCP SNe la Hubble diagram broken into host galaxy types 8ullivan et al. (2003). The SNe in elliptical
hosts (filled red circles) show significantly less dispersio = 0.16 mag, including measurement error. (This ground-based unement error

for this z ~ 0.5 sample is quite close to the HST measurement erreratl in this proposal.Xb) Right Panel: The comparison of the Hubble
diagram, before and after extinction correction, for a omi&tof SNe la in all host types shows the dramatic increaseram bars due to the
uncertainty inB — V' color being multiplied byR 5 =~ 4 and by the uncertainty iR 5. The data shown is from the SCP (Knop et al. 2003) and
the Riess et al. 2004 GOODS search samples. For the SNe hifteds> 1 this yields an uncertainty e£0.5 mag, which is consistent with the
measured dispersion of 0.5 mag. The ratio of this dispetsitine elliptical-hosted dispersion of panel (a) makes tligtieal-hosted SNe each

worth 6 to 9 of the extinction-corrected others.
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Figure 3Z(a) Left Panel: The dust-free nature of cluster ellipticals (circles) afdy8laxies (squares) in RDCS 1252-292% at 1.24 is
supported by the small scatter of the color-magnitudeicglfCMR) when ACS quality photometry is used (from Blakes¢ al. 2003). The
CMR in this same cluster using data from the VLT FORS and ISA#&nhsformed to the ACS i,z passbands) exhibits nearly 8dithe scatter
demonstrating the need for HST imaging. With this large gitbhased scatter, the outliers from the space-based CMRdbed by open
symbols) cannot be distinguishe(h) Right Panel: The scatter about the early-type red sequence in clustarsifi02 < z < 1.3. The three
clusters at > 1 are RDCS0910+5422, RDCS1252-2927, and RDCS0848+4452¢thirtle GTO cluster survey and this SNe survey.
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Figure 5:(a) Left Panel: The unshaded region to the left displays the preliminatyttigrves of the 8 SNe discovered in the first third of Cycle
14, while the shaded region shows simulated data for theingmgatwo-thirds. With our chosen cadence, which is alsgped for cycle 15, we
obtain typical fit peak magnitude total uncertainties offld®0.15 mag, including the lightcurve time stretch coiigetuncertainty(b): Right

Panel: Ground-based spectra (VLT, Keck, Subaru) in the redshiigez0.9 — 1.4 (solid curves) de-redshifted to the SN restrafost galaxy

light has been removed and a low-pass filter applied to reranyeainrelated features, i.e. with widths narrower thandfiatSN. The spectrum
second from the top is that of the first cluster SN discovemnealir cycle 14 program. The other spectra were obtained irique SCP SN
campaigns and are shown to demonstrate ground-basedasgmeply out to z=1.4. For each spectrum, a matching temppaietrsm from a
well-studied nearby SN is shown (dashed curves).

F110W and F775W-F850LP colors to study intrinsic colorsd-igsmpossible relation to luminosity
— for SNe in cluster and field elliptical hosts (which will gt/ help the calibration of the GOODS
SNe). Forz <1.25, these are B-V and U-B restframe colors, and#or 1.25 these are U-B and
a UV color (less useful, but free). The CFHT SN Legacy Sunaywhich 3 members are co-
I's on this proposal) has used well observed SNe at 0.3 to show that restframe U-B color
is an excellent calibrator of SN la corrections for dust dreotintrinisc-color dependencies, to
a precision below the intrinsic SN la dispersion. The fluxesgnitudes, cadence and error bars
shown in Fig. 5a demonstrate the signal to noise obtaindu auit cadence and exposure times.
For the bulk of the target clusters up to z=1.3 these lighesiwill yield a distance modulus
uncertainty below the-0.15 mag intrinsic SNe la uncertainty (in fa6f% of the SNe will have
uncertainties below 0.10 mag).

In summary we require 185 pre-scheduled search orbits, #saw@2 ToO orbits for the
observation of 12 SNe using NIC2 F110W (8 single-orbit To@s3Ne withl <z <1.25; two
2-orbit observations for SNe with25 <z <1.4 and two 11-orbit sequence ToO scheduled over
approximately 6 weeks needed to obtain the restframe Bcligiae for the SNe at > 1.4).

Utilizing deep references images:Deep ACS reference images are available from cycle 14 to
determine the fraction of flux from the host galaxy in the oled lightcurves. The gainin SNR is
>25%, making it possible to find SNe earlier and determineititedurve parameters with higher
precision. This gain in SNR will also make possible a longéfFW exposure time of 515 seconds
per orbit, while the four F850LP exposures needed for s@agare reduced to 340 seconds each
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(the optimal ratio for a color measurement of both SNe anstehgalaxies).

For ~2 of the targeted SNe observed with NICMOS we expect the She &p close to the
core of a bright host that we will need an additional final imadter the SNe has faded, with a
3-orbit depth so as not to degrade the signal-to-noise stffgiraction. Offsetting this requirement
for 6 additional orbits is the probability of canceling thedi two cadence observations for clusters
that have not produced a SNe in time to be followed for sufficlightcurve points. This happens
often enough (and 3 weeks in advance) that we can reschédsle tanceled final observations to
provide the post-SNe visit for the cases that require thetimout major scheduling complications.
Spectroscopic identification and redshift determination: Our team has large associated ground-
based programs at Subaru (10 half-nights per semester)(Mfiours queue time), Keck (2 nights
per semester), and Magellan (10.5 nights per semestevjdprg host galaxy and/or SNe spectra
for every one of the-20 SNe. (Fig. 5a shows that some of our SNe are always obseryvdine
host spectra confirm redshift and elliptical identity foegwhost — thus confirming Type la status
for those without a “live” spectrum. Note that this host ggldata is sufficient to give-90% con-
fidence that we have identified a Type la; this is comparabilled¢@uccess rate with spectroscopic
ID’s at these redshifts (from ground or HST). Fig. 5b shoved tiround-based spectra for SNe la
at redshifts as high as ~ 1.4 are able to identify the SNe comparably to ACS/grism. (Fiy. 5
includes one SN spectrum from a cycle 14 SN. Three addit®Naspectra are scheduled for ob-
servation in the coming week. Not shown are host galaxy spéat all the cycle 14 SNe.) At still
higher redshifts the ACS/grism can occasionally obtainablesspectrum, but at a cost of over 12
orbits. This is unnecessary for SNe in a well-confirmed elustliptical host, and for a possibly
dusty spiral we would rather use the same number of orbitsitbdinew —much more useful —
elliptical-hosted SN!

Observing requirements for the cluster science

The observational requirements for the cluster sciencdraren by the goals associated with
characterizing the formation and evolution of the clustdagies. These requirements includ¢
obtaining reliable morphological classifications (penfed both visually and via machine algo-
rithms) to 2 magnitudes below* atz ~ 1.2 (~ 24 AB mag in 850LP) using the standard system
of elliptical, lenticular, and spiral/irregular over arearreaching out to,y, (2) measurement of
the slope and intercept of, and intrinsic scatter aboute#ly-type red sequence to a precision of
< 20% and(3) deriving galaxy effective radii with sufficient accuracydnable estimates @il / L
ratios for early-type galaxies when coupled with velocigpersions from on-going ground-based
programs. Goal (1) requires an integrated S/I85 over the central 10 kpc of the galaxy; Goal
(2) requires colors with uncertainties0.10 mag at the above classification limit (24 AB mag) —
this requirement is driven by the small scattei0(025 mag) already observed at these redshifts
and Goal (3) is well satisfied by the constraint imposed byfiteetwo. From data already in hand
we determine that the S/N of photometry for galaxies with ABgw 24 will meet or beat all
these requirements with a total exposure~o8, 800 seconds and- 10,000 seconds in F775W
and F850LP, respectively. The list of targeted clustersaised on those observed in Cycle 14.
With high redshift cluster searches currently ongoing (RZEMM, IRAC) we might substitute
a new-found, even richer cluster before Phase 2.
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Observing requirements for the weak lensing studies

To compute the accuracy with which we can determine the reasfseusters we used data
from the UDF to determine the “effective” number density ofisces used in the lensing analysis.
These estimates include a proper weighting for the smadlerces which have sizes comparable
to the PSF. We find excellent agreement when these numbecsmagared to the results obtained
with clusters already observed. The proposed exposurest{ifio F850LP and 25% F775W)
give similar source densities in both filters and, combinmmgasurements in both filters, yields
the estimated accuracy in mass determination given abotleiscientific Justification. These
calculations also agree well with published results (Jet. &005,2006; Lombardi et al. 2005).

Many other HST weak lensing cluster studies have used a mtsaneasure the lensing
signal out to large radii, in an effort to break the mass-stiegeneracy. Our detailed calculations
show that the gain from mosaicing is minimal for clustersdelz = 1 (where the FOV of ACS
is well matched to the angular extent of the cluster), antlithginstead deeper observations that
provide more accurate masses.

Ground-based observations

Extensive ground-based observations of the target chistare been carried out and will con-
tinue to be performed at Keck, Magellan, and the VLT. Deeptilmahd imaging exists for all target
clusters, including in most cases optical and NIR bands. Amdant amount of multiwavelength
data has already been published for the three X-ray clué®esnford et al. 1997, Rosati et al.
1999, Stanford et al. 2001, Stanford et al. 2002, Rosati. @084, Lidman et al. 2004, Holden et
al. 2004). In particular, we have spectroscopic redshuitsife brightest- 20 member galaxies on
average for each of these RDCS clusters so the redshifte dikiélly host galaxies for SNe to be
found in this HST program are already known. For the IRACteltss we have begun a program of
slitmask spectroscopy at Keck (Stanford et al 2005, Elstah2006, Brodwin et al 2006) to obtain
redshifts for the brightest galaxies which should providectroscopic: for galaxies containing
~50% of the total cluster luminosity within the nex® years.

Special Requirements

As described in the Observing Strategy, we only requieweek-advance-notice ToO'’s (for 12
targets). In association with these NICMOS ToOs we requésirBits of Coordinated Parallel
ACS observations. Because clusters accrete much of thais atdate times, many galaxies re-
siding in clusters at = 0 lie outside the central 900 kpc (ACS FOV)at> 1. ACS+NICMOS
parallels afford an extended view of cluster formation. fTMEMOS-ACS offset corresponds to
2.2 Mpc atz = 1.4 — comparable to the virial radius at= 0.

Coordinated Observations

B Justify Duplications

Every proposed observation will search for, or follow-upwiSNe. Previous ACS observations of
these targets will provide deeper reference images, irapohielp for the SN search.
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