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Abstract

Our cycle 14 program has demonstrated 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 a total sample of ~20 z>1
SNelain cluster elliptical galaxies, each of which will carry the weight of up to 10 color-corrected z>1 SNe
hosted by spiral galaxies. We will further boost our efficiency by including new, more massive, z>1 clusters
and by further reducing the measurement error on each SN. 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 unique and well-understood host galaxy
environment, and obtain 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 and a much larger improvement on systematic uncertainty. Via
weak lensing, these same deep cluster images also yield fundamental mass calibrations required for ongoing and
future studies which aim to measure dark energy using the evolution of cluster abundances, as well asarich
program of cluster studies. We will obtain both a cluster dataset and a SN |a dataset that will be alongstanding
scientific resource.
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Target Summary: [Names and coords excised here, but not in the submitted proposal!]

Target RA Dec Magnitude

1SCS14 14 +32 V =250
1012.28 14 +34 V=250

1012.52 14 +33 V=250

1113.7.7 14 +34 V=250

1SCS14 14 +32 V=250
13 14 +34 V =250
1SCS14 14 +33 V=250
1SCS14 14 +33 V =250
IRACO2 02 -04 V=250

RCS02 02 -03 V=250

RCS02 02 -03 V =25.0



Prof. Saul Perlmutter

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

Target RA Dec Magnitude

RCS03 03 -28 V =250
RCS04 04 -29 V=250
RCS15 15 +09 V =250
RCS21 21 -04 V=250
RCS23 23 +00 V =250
RCS23 23 -36 V =250
RDCS08 08 +44 V=250
RDCS12 12 -29 V =250
XMM22 21 -17 V=250
XMMUJ22 22 -25 V =250
XMMUJ12 12 +01 V=250
CL16 16 +43 V =250
RDCS09 09 +54 V =250
RCS1 02 -03 V=250

RCS2 03 -28 V =250

RCS3 04 -29 V=250
TOO-SN-110RB 14 +32 V =250
TOO-SN-20RB 08 +44 V=250
TOO-SN-10RB 12 -29 V=250

Observing Summary:

Target Config Mode and Spectral Elements Flags Orbits
1SCS14 ACS/WFC Imaging F850LP
ACS/WFC Imaging F775W
10 ACS/WFC Imaging F850LP
ACS/WFC Imaging F775W
10 ACS/WFC Imaging F850LP
ACS/WFC Imaging F775W
11 ACS/WFC Imaging F850LP
ACS/WFC Imaging F775W
ISCS14 ACS/WFC Imaging F850LP

ACS/WFC Imaging F775W

8 (1x¢

8 (1x¢

8 (1x¢

8 (1x¢

9 (1x¢



Prof. Saul Perlmutter

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

Target Config Mode and Spectral Elements Orbits

13 ACS/WFC Imaging F850LP 9 (1x9)
ACS/WFC Imaging F775W

ISCS14 ACS/WFC Imaging F850LP 9 (1x9)

ISCS14 ACS/WFC Imaging F850LP 9 (1x9)
ACS/WFC Imaging F775W

IRACO2 ACS/WFC Imaging F850LP 8 (1x8)
ACS/WFC Imaging F775W

RCS02 ACS/WFC Imaging F850LP 8 (1x8)
ACS/WFC Imaging F775W

RCS02 ACS/WFC Imaging F850LP 8 (1x8)
ACS/WFC Imaging F775W

RCS03 ACS/WFC Imaging F850LP 8 (1x8)
ACS/WFC Imaging F775W

RCS04 ACS/WFC Imaging F850LP 7 (Ix7)
ACS/WFC Imaging F775W

RCS15 ACS/WFC Imaging F850LP 7 (Ix7)
ACS/WFC Imaging F775W

RCS21 ACS/WFC Imaging F850LP 7 (Ix7)
ACS/WFC Imaging F775W

RCS23 ACS/WFC Imaging F850L P 7 (1x7)
ACS/WFC Imaging F775W

RCS23 ACS/WFC Imaging F850LP 7 (IX7)
ACS/WFC Imaging F775W

RDCS08 ACS/WFC Imaging F850LP 7 (IX7)
ACS/WFC Imaging F775W

RDCS12 ACS/WFC Imaging F850LP 7 (IX7)
ACS/WFC Imaging F775W

XMM22 ACS/WFC Imaging F850LP 7 (Ix7)
ACS/WFC Imaging F775W

XMMUJ22 ACS/WFC Imaging F850LP 7 (Ix7)
ACS/WFC Imaging F775W

XMMUJ12 ACS/WFC Imaging F850L P 7 (1x7)
ACS/WFC Imaging F775W

CL16 ACS/WFC Imaging F850LP 8 (1x8)
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Target Config Mode and Spectral Elements Flags Orbits
ACS/WFC Imaging F775W
RDCS09 ACS/WFC Imaging F850LP 7 (1x7)
ACS/WFC Imaging F775W
RCS1 ACS/WFC Imaging F850LP 7 (1x7)
ACS/WFC Imaging F775W
RCS2 ACS/WFC Imaging F850LP 7 (1x7)
ACS/WFC Imaging F775W
RCS3 ACS/WFC Imaging F850L P 7 (1x7)
ACS/WFC Imaging F775W
TOO-SN-110RB NIC2 Imaging F110W TOO 14
(7x2)
TOO-SN-20RB NIC2 Imaging F110W TOO 4 (2x2)
TOO-SN-10RB NIC2 Imaging F110W TOO 10
(1x10)
TOO-SN-110RB ACS/WFC Imaging F850LP CPAR, TOO 14
(7x2)
TOO-SN-20RB ACS/WFC Imaging F850LP CPAR, TOO 4 (2x2)
TOO-SN-10RB ACS/WFC Imaging F850LP CPAR, TOO 10
(1x10)

Tota prime orbits. 234

Total coordinated parallel orbits: 28



B Scientific Justification

Using Type la Supernovae in Cluster Ellipticals to Measure @smology

Striking results from the HST Cycle 14 program we just cortgzlén December open up a
new approach to one of the key cosmology goals of this dedheedetailed, accurate measure-
ment of the universe’s expansion history, from decelenativough acceleration, to study the dark
energy. There is currently only one tool in use for this measient, the type la supernova (SN la)
luminosity distance, and only HST SN observations can pi@the required signal-to-noise ratio
atz > 1 where the critical transition from acceleration to decatien becomes evident. However,
at these redshifts even the HST's statistical strengthdf/ampromised by large uncertainties in
the host-galaxy-dust extinction correction. More impothg the known scatter and any evolution
of the dust’s extinction lawRg) introduces large systematic errors. Extinction is thesdbmi-
nant uncertainty at these redshifts. Our new HST result&/shat we can solve these problems
by finding SNe la inz > 1 cluster ellipticals — a very efficient use of HST. We can thelest and
test for a population that is specifically dust-free, ancitgea newz > 1 Hubble diagram with
dramatically stronger statistical and systematic sigaifce.
What did our just-completed program demonstrate? (1) We had proposed that by searching in
rich galaxy clusters we could double the numbet of 1 SNe discovered in each ACS field, and
obtain an even greater enhancement of the number of SNepticall hosts. Figure 1a shows that
the method is a success on both counts: the ten new ellipticé¢d SNe are primarily the result of
searching in clusters. (2) We had proposed that clustegtiebils would provide a testably dust-free
environment, so their SNe would exhibit a much tighter magte dispersion without extinction
correction than the SNe in later-type galaxy hosts with dhout extinction correction. Figure 1b
shows that this expectation has been more than fulfilleddiggersion oimeasuredcatter about
the Hubble line is even narrower than we had hopeddfet, 0.09 mag — so narrow, in fact, that it
is now dominated by the photon noise, and it is possible tiestd SNe are even a better standard
candle. Each of these SNe is thus worth more than 10 SNe ireHiptical environments at > 1,
based on their measured dispersion (see below).
This proposal: Recent work with 23 SNe la in this redshift range but withduster searching
has been presented as evidence for dark energy effects above(Riess et al. 2007), but the
error bars have been large enough that the data could equalllype taken as inconclusive and
it is matched by the error bar from even the first few clusti@ptecal SNe we found in Cycle
14 (see Figures 1b and 2). We here propose to collect a mucé sigmificant sample of24
elliptical-hosted SNe la~18 in clusters), each with a higher signal-to-noise ratimtich their
small intrinsic dispersion, to provide new stronger andiasdd constraints on the dark energy
at thez > 1 epochs. This sample will have the same number of SNe la asessRit al. 2007,
but with statistical strength equivalent @200 later-type-host SNe. This new> 1 dust-free
Hubble diagram with 18 cluster-elliptical-host SNe la webthus provide a first constraint at the
~0.02 mag level that can distinguish between theories of dagtgy with time-varyingov that
are indistinguishable with the best lower redshift dataeex@d from the SNLS and ESSENCE
projects (see Figure 2a). More important is that if this nelust-free”z > 1 Hubble diagram
shows surprising dark energy behavior it will not be dis@ids as an artifact of dust-correction



systematics. Figure 2a also shows that, because of thesenstges, this is a goal that cannot be
reached by adding to the existingnelliptical Hubble diagram, even if an additionab00 orbits
were spent to double the sample size. The proposed clubggical-only sample will also be large
enough to be used together with the large, well-measuredlQtgacy Survey and ESSENCE
final samples of elliptical hosted SNe:at 0.8, together yielding the strong constraintswoivs.

w’ shown in Fig. 2c — without extinction systematics.

Using the images we have collected so far for the most mas$iwar high-redshift clusters
allows us not only to start the new proposed search with ewhe deep reference images for half
of our sample, but also to double the exposure depth for tlaseers with two filters, F775W and
F850LP, enabling a major step forward in the cluster sciamckeother cosmological measurement
techniques. In particular, counting clusters is an extigreensitive measure of expansion history
(and dark energy), if their masses can be estimated witlonedée precision. By replacing our
least rich half of the clusters with newly discovered richsters, and with the addition of deep
F775W data, we propose to study cluster masses via weaktginem the same HST images, and
calibrate Sunyaev-Zeldovich/X-Ray measurements to thase clusters.

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 uncertafotyHST-studied: > 1 SNe is
0.05-0.1inB — V, leading to uncertainties in extinction correction of aghh@s~0.4 mag! This
dispersion grows worse — and an additional systematic taiogy is introduced — after accounting
for dispersion and drifts in intrinsic color and the dustdeding coefficientRy = Ag/E(B — V),
which Draine (2003) notes can vary from the fiducial valuell1-0.5 and for which empirical
studies of multiband SNe colors indicate an even wider rarfjbe actual dispersion about the
Hubble-line fit forz > 1 SNe la corrected for extinction matches the 0.4 mag valus before
accounting for these additional systematics.) Figure 2lwshhe resulting poor constraints on the
dark-energy equation-of-state parameter and its timetian, w, vs. w’. These constraints are
insufficient to distinguish between almost any current gar&rgy model.

To correct for dust extinction, either one needs exquisgebd multi-band color information,
or one is driven to use a Bayesian prior @nthe mean and probability distribution &fz andb)
the probability distribution of the amount of dust. (Thighe approach taken by Riess et al. 2007
to reduce the dispersion to 0.36 mag, or 0.26 mag after negettie largest deviant.) If even just
one of these priors is redshift dependent, the final resillibeisystematically biased. The effect of
varying Rz can be seen in Fig. 2b as the difference between the threecopé&vurs. If aggressive
Bayesian priors are chosen, the larger systematic errtwgeayh the smaller statistical errors.
How is this problem solved using SNe la in cluster ellipticad? In Sullivan et al. (2003), we
found that the dispersion (including ground-based measeme error) about the Hubble diagram
outtoz ~ 0.5 for elliptical-hosted SNe is 0.16 mag. Even lower measurspltsion for elliptical-
hosted SNe has since been confirmed with better photomeitty,ab the low redshifts; < 0.1,
where Jha et al. (2007) finds= 0.11 mag and over the high-redshift range) < » < 0.8, where
a preliminary study of 40 SNe from the CFHT SN Legacy Survayli&n 2006) findss = 0.14
mag (even including significant measurement noise). Attgtther redshifts, our just-completed



HST program SNe show = 0.09 mag in a preliminary analysis. This is more than four times
smaller than just the measurement uncertainty for extinetiorrected SNe la at > 1 and three
times smaller than achieved by even the most agressive Baypsgor on dust — primarily due
to the absence of dust to correct for. Thus, each elliptibs & is statistically worth more than
10 SNe la in spirals when making cosmological measuremeatsl-without the aforementioned
systematics associated with extinction correction.

At z > 1, why is it then important to study elliptical-hosted SNe speifically in clusters?
Although evidence for dust is found i1 50% of nearby ellipticals, the quantity of dust is generally
very small and confined to the central few hundred pc (e.gn €tal. 2001). Recent Spitzer data
(Temi et al. 2005) confirms that most nearby ellipticals hthee SED’s expected for dust-free
systems. Field ellipticals at larger redshifts do show siginincreasing star-formation in that blue
clumps have been detected in nearly 50 % of them-atl (Pasquali et al. 2006), but blue clumps
arenot found in cluster ellipticals at ~ 1. Thus it is ideal to use cluster-elliptical-hosted SNe
at these very high redshifts to avoid the possibility of amgtd That said, the vast majority of
individual z > 1 field-elliptical-hosted SNe may prove to be similarly ueated by dust. We see
evidence for this in that our three> 1 field-elliptical-hosted SNe show a similarly low dispersio
to the cluster-elliptical hosted SNe. This small samplenisogiraging, but inconclusive: Riess et
al. (2007) reported a higher dispersion= 0.25 mag, for the four > 1 field-elliptical-hosted SNe
observed within 20 days of peak in HST blank field surveys. e\mv, these should be treated with
caution since two of these are noted to have worst-case atestygsubtraction (on core), and a
third has a poorly constrained lightcurve shape. Thus,exffeld-elliptical-hosted SNmayindeed
prove to be similarly useful (an idea we will be able to tedtwmiihe proposed increased statistics),
cluster ellipticals are the most reliable, best understadronment.

A key advantage to using SNe in cluster elliptical hosts ad they can be tested individually
for dust. This is because the clearest evidence that dustthaesffect on stars in cluster 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; Ellis et al. 1997; Stanford, Eisenhardt & Digadn 1998; van Dokkum et al. 2001). In
fact, this relation has been shown by Hogg et al. (2004) torineeusal for early-type galaxies in
clusters and in lower-density environments using an enassample from SDSS. Results from
ACS imaging show the same strikingly small dispersion irocektends to redshifts > 1 (Figure
3a). ACS imaging of RDCS1252-29 at= 1.24 by Blakeslee et al. (2003) found an intrinsic
dispersion 0f).024 + 0.008 mag for 30 ellipticals in the F775W - F850LP color, which appr
imates rest-framé& — B. This dispersion is comparable to that found by Bower etraComa.
Since some intrinsic color variation in the age and meigllaf stellar populations of the member
galaxies is likely, the dispersion due to dust in these @tigs must be smaller still.

Thus the HST color-magnitude diagram for each cluster hgsdi SN provides an individ-
ual check for dust. NB: As long as we find a good tight red segei@m the color-mag diagram,
it makes no difference if these clusters satisfy other gatée.g. X-ray) for a relaxed “official
cluster”. Our current data are already providing good aairsts, but the proposed deeper color
observations of many of the same clusters will allow us toroup these constraints close to the
published red-sequence uncertainties. We can also ustagmmpic tests for dust and star for-



mation, since we have been obtaining multi-object spectqmg for every cluster in our program,
and every SN host in particular. This has allowed us to ifiemivo elliptical hosts with [Oll]
emission (indicated by “C*” in Figure 1a). (Recent studigsvtan et al. (2006) indicate that most
red ellipticals with [Oll] match a quiescent elliptical Wwitut star formation or significant dust but
apparently host LINERSs, so these two SNe are likely to be dgitbout of “quarantine” if their
hosts pass further tests. In our unbiased “blind analygipt@ach they cannot be looked at on the
Hubble diagram and dispersion analysis until we detideif they do pass.)

Why is this cluster search much more efficient at finding and sidying SNe la atz > 1 than
the previous HST searches in the GOODS fieldsNot only does our program obtair) x the
statistical weight per SN, but also per orbit: As reporteéigure 1, by searching in rich clusters
we found and studied 10 elliptical-hosted SNe (7 in clujtats > 1 (and 6 other SNe) using 219
orbits. For comparison, the GOODS searches in blank fielslsd@and studied 6 elliptical hosted
SNe atz > 0.9 (3 of these and 20 other SNe werezat- 1) using 674 orbits (Riess et al. 2007).
One of our elliptical-hosted SN’s lightcurve was not welkebved (failed guide star), and two of
the GOODS elliptical-hosted SNe were not well observed @ioservation more than 20 days past
peak). For this proposal, we will further increase our rdtelliptical-cluster-host SNe per orbit
by over 60% by substituting newly-found rich clusters fag thast-rich half of our cluster sample;
none of our SNe were found in the latter (indicated by the gegyon of Figure 3b). We will also
increase the number of clusters searched (see below).

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 ratio and fewer bands, since the @idim correction no longer dominates
the requirements. Second, the higher discovery rate alwerscheduling observations for each
cluster with a cadence guaranteed to sample well the ligihgsufor every SNe discovered. This
completelyeliminates the need for rapid-turnaround Té@low-up! Finally, these: > 1 clusters’
old stellar populations (Glazebrook et al. 2004, McCarthgle2004) will overwhelmingly host
SNe la, so much spectroscopy can be saved as well.

Determination of Cluster Masses with Weak Lensing

The number of clusters of galaxies as a function of mass ahghif¢ provides a powerful
alternative probe of the cosmology due to its sensitivitjhe® comoving volumeand the growth
of large scale structure. A number of large cluster survegsnaw underway (e.g., SDSS, Red-
Sequence Cluster Survey and Blanco Cosmology Survey) oiriemt(e.g., South Pole Telescope
Sunyaev-Zeldovich Survey, Dark Energy Survey) with thikaaergy measurement as a key goal,
but all require estimates for the cluster masses in ordeut¢oessfully constrain cosmological
parameters. In particular these surveys will need caltmmatof mass-richness relations:zat- 1
and will not be able to rely solely on low redshift calibrat®o Weak gravitational lensing of
background galaxies is now a well-established techniqu@roviding adirect measurement of
the projected cluster mass, without any assumptions abeuntkeup or dynamical state of the
cluster. The weak-lensing observations proposed herg@ullide the most accurate calibration of
the masses of high redshift clusters for years to come andevile as the necessary reference to
ensure that the next generation cluster surveys can relisiel clusters beyond~ 1 to constrain
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w to better thah — 10%. The recent work of Majumdar & Mohr (2003, 2004) on “selfibahtion”
shows that detailed study of only a moderate sample of chugseich as that proposed here) can
reach those goals.

The redshift evolution of the mass function of clusters ptes different cosmological infor-
mation from the mass function at low redshift. In particutébreaks the degeneracy between
and(?,, (Bahcall & Bode 2003). Our results will tie down the high redsz = 1 — 1.5 range,
while the SDSS MaxBCG group has measured the mass richrlaismeo similar accuracy at
z =~ 0.1 — 0.3 (Johnston et al. 2007), so that together cluster massesecaalibrated and com-
pared all the way from z=0 to z=1.5. The improved accurachi@gmhass measurements also allows
us to better quantify the scatter (an often ignored, buicatipart of cluster abundance studies) in
these relations much better (Gladders et al. 2007).

We have completed a preliminary weak lensing analysis ofyae 14 data. A plot of the
mass-richness relation is shown in Figure 3b. These dataarastrain the zero point of the mass
richness relation to about t26% level. In place of our less-rich clusters (ranked in the lohagf
of our current sample, indicated in gray in Figure 3b), wd aulbstitute newly discovered richer
clusters from our ongoing discovery surveys (e.g. RCS- 2)is Will allow for higher signal-
to-noise ratio mass measurements and add more dynamic sanm& mass-richness plot which
will help to better constrain the slope of this relation. duslitional Cycle 16 color data for the
clusters that we continue to follow will also increase tHe@fve number density of useful sources
from ~ 100 to ~ 150 arcmirr2. This improvement in depth combined with the higher average
mass will reduce the uncertainty in individual masses to 23%he average cluster in our sample
(M = 3 x 10" M, including the new clusters) and will reduce the error in teeozpoint of the
mass richness relation to tHe% level. The current uncertainty in mass estimates, due to the
disparity among other estimators (X-ray, dynamical egjatileasB0% and so this improvement
will allow for new and interesting constraints.

Strong lenses at > 1. The image quality provided by the ACS dramatically increabe number

of faint, low surface brightness strongly lensed arcs aragenfamilies detectable — particularly
with the use of multicolor data we propose for in Cycle 16. Qycle 14 cluster sample included
8 clusters with giant arcs, nearly all of which lie behind theler half of our clusters. Based on
our statistics from Cycle 14, we expect the proposed obsensto increase this number to 12
lensing clusters. Previously, only a singlé> 1 lensing cluster had been imaged by the HST. Each
arc in a high redshift cluster measures the mass interidstpdsition (typical Einstein radii are
~ 100 kpc/h). When combined with our complementary larger scalel(Mpc/h) weak lensing
analysis, strong lensing information improves our clustass estimates and provides leverage on
the mass profiles of the clusters (i.e. concentration paesjetesting for > 1 dark matter halos
for the first time.

Galaxy Cluster Science at > 1

Whether they form via monolithic collapse (Eggen, Lyndesit® Sandage 1962) or hi-
erarchical assembly (White & Frenk 1991), massive ellgitgalaxies account for a substantial
fraction of the stellar mass in the Universe (Hogg et al. 2088d are found in highly overdense
regions (Dressler 1980; Hogg et al. 2003) - i.e., galaxytehgs The slope, scatter, and intercept
of the cluster elliptical galaxy color magnitude relatianza< 1 are surprisingly well matched
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by a simple star formation history consisting of a burst at 3 followed by passive evolution
(Stanford et al. 1998), and their luminosity functions ase fit by such models (de Propris et al.
1999). ACS imaging of more distant clusters will determigvtar this scenario can be pushed,
by enabling measurements of the merger and ellipticalitiast their luminosity functions — and
new in this proposal — precise measurements of the colonriuatg relation (CMR).

Postman et al. (2005) use morphological analyses of ACS @W@ing of 7 clusters (082<1.3)
to show that the fraction of ellipticals at a given densitggloot change up to~1.25, and that the
fraction of SOs remains roughly constant at the 20% leved §@8.4 < z < 0.5 clusters. Hence,
the formation of all massive cluster ellipticals, and a #gigant fraction of the lenticulars as well,
must be occurring at > 1.25. This is supported by limits on the most recent star fornmefiiom
the small dispersion and lack of evolution of the CMR'’s out t9 1 (see Figure 3a).

This proposal takes the next step beyond the existing sraalpke and upper redshift to
probe the regime in which massive cluster galaxies are bemged. The GTO program has three
clusters at > 1, while our sample will have 35 after Cycle 16. The highessheid of the clusters
is pushed from = 1.27to z = 1.5. Moreover, the addition of Cycle 16 images will vastly imypeo
measurements of the mean and dispersion of the CMR, linitiegime 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 massrohetations) at these redshifts.
Supernovae ratesThe rate of SNe in > 1 galaxy clusters will address several outstanding ques-
tions about the intracluster medium (ICM), as well as prongdmportant constraints on SN la
progenitor scenarios: (1) The first high-significance téshe proposal that the cluster la rate was
much higher in the past, accounting for the unexplained mgiallicity in the ICM (Brighenti
& Mathews 1999, Pipino et al. 2002, Matteucci et al. 2006)) &nstraints on the fraction of
“hostless” SNe in the clusters (at the5 — 7 % level) will provide the first direct estimate of the
fraction of stars in unobservable low-surface-brightrgsulations in the ICM. (3) Comparison
with similar galaxy cluster SN rate measurements at low atetinediate redshift (Sharon et al.
2006a, 2006b) 2006b=intemediate z by NS) will provide intgotr constraints on Type la progen-
itor models (Mannucci et al. 2006, Sullivan et al. 2006). @rogram will bring the sample size
of cluster ellipticals to a level needed to address thesetounes.

Conclusions

The observations proposed capitalize on our new approatigteredshift SNe measure-
ments and will provide a first robust measurement, unbiagektinction correction, ofvy vs. w’
and ofw(z > 1). They will then comprise a springboard for a wide array of@stysical inves-
tigations: high redshift SNe, cluster profiles, gravitatiblensing, and multiwavelength studies of
large scale structure and cosmology. The emphasis on hiighifeand attention to systematics is
essential for bringing to maturity key next-generationmsokgical techniques, while the cluster
data will serve as a bedrock scientific legacy for extragedastronomy.
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Figure 1:(a) Left Panel: The redshift distribution of the SNe discovered in our Cyleprogram. The upper panel shows the distribution of
elliptical galaxies that had SNe la, with the cluster memledicated by “C”. The asterisk indicates Oll emission ia ffalaxy spectrum; there is

evidence (see text) that these may be quiescent red galaixgrments, so after further tests these SNe may yet bededlon the cluster-

ellipticals SN Hubble diagram. The lower panel shows th&ibistion for non-elliptical hosts. Not shown are an adifial ten SNe with good

lightcurves, but so far without redshifts because the haktgy was very unlikely to pass our redshift-range and tikts-only cuts(b) Right

Panel: The Hubble diagram, plotted as a residual from asiigt= 0.75 universe, for (upper panel) the whole Riess et al. 2007 1 sample, and

for (lower panel) Elliptical-host-only SNe la from SCP (Bun et al. 2003) and from preliminary analysis of our Cyt#eSNe (not shown: “C*”

from Fig. 1 and the SN lost to guide-star failure). The meedulispersiong = 0.41 mag, for the mixture of SNe la in all host types (upper

panel) reanalyzed with an extinction correction, showdltiaenatic increase in error bars due to the large uncertainB/— V' color atz > 1

being multiplied byR g = 4; this is compounded by the uncertainty i and intrinsic color, and any drift with redshift. The ratibtbis z > 1

dispersion to the elliptical-hosted > 1 dispersion of bottom-right panel makes the ellipticaltedsSNe each worth more than 10 of the

extinction-corrected others.
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Figure 2:(a) Left Panel: Hubble diagram residuals froth cosmology for several example dark energy models compaitbdive projected

redshift-binned error bars expected from this project amdent large projects finding SNe la in elliptical hosts. Hineund-based projects should
obtain the binned error bars shown at redshifts 1. Thez = [1 — 1.5] bin needs HST observations: The 23 SNe la from GOODS searches
(Riess et al. 2007) yield a binned statistical uncertainty0(06 mag) somewhat larger than estimated for the 5 clustertieliiphost SNe from our
just-completed Cycle 14 search. However, the extra duseciion systematic error is significant for non-elliptibmst SNe. The projected error
bar after adding the proposed Cycle 16 cluster-elliptizzdt SNe is 0.022 mag, based on 18 total SNe and extra orliitgptove the SN’s photon
noise.(b) Right Panel: Schematic explanation of the difference betweenubhe- w’ confidence regions expected from conventional SN la
Hubble diagrams and from cluster-elliptical-host SNe la.



RDCS 1252-2927 (z = 1.24)

r T 1 7 ] 10 :
B e Sy [ i
15 _e__ . X ] i ]
g f ¢ "= e ] 8 i
$ 08 i -2 L i
‘ﬁ [ = Og (%, = r T 7
- 0.6 - from space: ] = 5 L N
b HST/ACS o ) i T ]
[ ] — L I i
0.4 B — L L |
L ] —
T L e L e O 4 T -
r T T e T ] g B o] ) ]
1.2 r » b 2 L L ‘ ‘ i
=3 L L] 4 |- .
g [ e . ] — b
T o1peeeeeeae  eam @ - \Sé 2= g B[ i N
£ [ [ | r | ) 7
2 r ° o o 0. : 1 Nas L >—‘¢r i 1 i
2 o8 e o [ L4 J = s 1
3 [ ¢ i ‘ -
3 L ° o ] 0 } | L -
< L from ground: E 50 1 r ]
= 0.6 vrIT ° o ] r - 1
[ ° ] o s L ol Cl ‘
0.4 L 2\1 , 2\2 , L 2\3 , , 2\4 , 0 20 10 60 80
Zgso Dgal

Figure 3:(a) Left Panel: The dust-free nature of cluster ellipticals (circles) in®®1252-2927 at = 1.24 is supported by the small scatter
of the color-magnitude relation (CMR) when ACS quality piraetry is used (from Blakeslee et al. 2003). The CMR in thimesaluster using
data from the VLT FORS and ISAAC (transformed to the ACS i,gstands) exhibits nearly 8 times the scatter, demongjratanneed for HST
imaging. With this large ground-based scatter, the ostliesm the space-based CMR (indicated by open symbols) téendistinguished(b)
Right Panel: Weak lensing mass versus the estimated number of early lygiecmembers based on a preliminary analysis of our Cytldata.
The lensing masses were determined from a fit to the tangehtar. Then,, parameter is an estimate of number of early type clustexigala
in the ACS FOV. Objects with a coloris - zg50) within 0.1 mag of the cluster red-sequence are countedidftatifying early type galaxies
using a simple concentration parameter. Future analydlisnalude a cluster richness parameter accounting foruh@nsity-redshift relation.
The black points indicate clusters from the IRAC survey,peihts from RCS and blue points from RDCS. The clusters thatdd SNe were all

in the unshaded (higher richness) region. Note that, beaafuthe high redshifts of the clusters, outliers at the lakimess end are expected.
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Figure 4:(a) Left Panel: (a) Left Panel: Preliminary lightcurves of a subset of the SNe discovere@yicle 14, demonstrating the repeat
cadence on each cluster that results in following every SiRerfield with typical fit peak magnitude total uncertainti<9.07 to 0.15 mag(b):
Right Panel: Ground-based spectra (VLT, Keck, Subaru) for SNe la diseal/@ our cycle 14 program (solid curves) de-redshiftechéoSN
restframe. Host galaxy light has been removed and a low{pessapplied to remove features with widths narrower thzat of a SN. One
spectrum obtained in previous SCP SN campaigns is also sttodemonstrate ground-based spectroscopy out to z=1.4debrspectrum, a

matching template spectrum from a well-studied nearby S@svn (dashed curves).



[l Description of the Observations

The supernova observing strategy

We implement three improvements over our observing styate@ycle 14: (1) we increase
the number of clusters from 22 to 223(% increase in number of cluster SNe) and replace the
poorer clusters in the original sample with much richer ®ts (~ 60% increase in number of
cluster SNe), (2) upon discovery of a valuable ellipticadteal SN, we will schedule an additional
1-2 (depending on the redshift of the SN) ACS visits to sumget the observing cadence 0%
increase in SNR), and (3) we will produce deeper referermeSNle discovered in both programs
(~ 25% increase in SNR for SNe with deep references).

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 successfully demonstrated in Cycle 14. Wergbseach cluster for one orbit every
~21-24 days for8 visits, where the exact cadence depends on the clustdrifteaisd the exact
number of visits depends on HST observing constraints. JES®& that appears in these clus-
ters and fields, modulo small end effects, has a fully samigitcurve in two bands (each orbit
contains four ACS/F850LP dithered cosmic-ray splits plns,donger ACS/F775W exposure)—
without the need for expensive Target of Opportunity (ToBG8earvations (see Fig. 4a). We obtain
ground-based spectroscopy for precise redshifts and nwatfon of elliptical galaxy type (which
confirms SN la identification), and/or a spectrum of the SHlfitg=ig. 4b). We always discover
the SN early enough (Fig. 4a) that we can use-2-(veek-advance-notice) low impact ToO for
additional NIC2 F110W observations withirb days of the SN lightcurve peak for all SNe above
z > 1. Only for the highest redshift SNe ka> 1.4 is a full 7-orbit lightcurve with NIC2 F110W
taken. (NICMOS fields are too small to be used in the search.)

We use the F775W-F850LP color to correct field-galaxy SNextinction, and both F850LP-
F110W and F775W-F850LP colors to study intrinsic colorsd-igsmpossible relation to luminosity
— for SNe in cluster and field elliptical hosts (which will gty help the calibration of the GOODS
SNe). Forz < 1.25, these are B-V and U-B restframe colors, and fop 1.25 these are U-
B and a UV color (less useful, but free). The fluxes/magnsudadence and error bars shown
in Fig. 4a demonstrate the SNR obtained with the cadence xmukare times from Cycle 14.
The improvements in the Cycle 16 observing strategy willite twice as many SNe hosted
by cluster ellipticals, and with a distance modulus unaeetyabelow ~0.07 mag. This improved
measurement will significantly improve cosmological coastts in this important redshift range
and will allow for a detailed study of the new-found smalkinsic dispersion of this class of SNe.

In summary, we require 188 pre-scheduled ACS orbits alorth ™8 ACS orbits used to
improve lightcurve coverage, as well as 28 ToO orbits fordhservation of 14 SNe using NIC2
F110W (10 single-orbit ToOs for SNe with< z <1.25; two 2-orbit observations for SNe with
1.25 < z < 1.35; and two 7-orbit sequence ToO scheduled over approximétehgeks needed
to obtain the restframe B lightcurve for the SNeap 1.35). ACS is the best instrument for this
program (even better than WFC3).

Utilizing deep references images:
For~2 of the SNe observed with NICMOS we expect the SN to be clodestoore of a bright



host, requiring an additional final image after the SNe hdsdawith a 3-orbit depth so as not to
degrade the signal-to-noise ratio after subtraction. é€dfsg this requirement for 6 additional
orbits is the probability of canceling the final two cadenbservations for clusters that have not
produced a SNe in time to be followed for sufficient lightaipoints. This happens often enough
(and 3 weeks in advance) that we can reschedule these caificgleobservations to provide the
post-SNe visit for the cases that require them without msgbeduling complications.
Spectroscopic identification and redshift determination: Our team has been running large
ground-based programs at Subartll(Q half-nights per semester), VLE({L6 hours queue time),
Keck (=2 nights per semester), and Magella#l0.5 nights per semester), providing host galaxy
and/or SNe spectra for every one of the SNe discovered inrtgggam. (Fig. 4a shows that some
of our SNe are always observable.) The host spectra confishifé and elliptical identity for
every host — thus confirming Type la status for those withotliva” spectrum. Note that this
host galaxy data is sufficient to give90% confidence that we have identified a Type la; this is
comparable to the success rate with spectroscopic ID’seaethedshifts (from ground or HST).
Fig. 4b shows that ground-based spectra for SNe la at réslglsfhigh as ~ 1.4 are able to
identify the SNe comparably to ACS/grism. (Fig. 4b showssaVSN spectra from Cycle 14 SN.
Not shown are host galaxy spectraédirthe Cycle 14 SNe.) At still higher redshifts the ACS/grism
can occasionally obtain a usable spectrum, but at a costesfi®/orbits. This is unnecessary for
SNe in a well-confirmed cluster elliptical host, and for agibly dusty spiral we would rather use
the same number of orbits to find a new —much more useful -tiedighosted 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 inclyd¢
obtaining reliable morphological classifications (pemnfied 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 accuracyeoable estimates af// L
ratios for early-type galaxies when coupled with velocigpersions from on-going ground-based
programs. Goal (1) requires an integrated S/R5 over the central 10 kpc of the galaxy; Goal (2)
requires colors with uncertainties0.01 mag at the above classification limit (24 AB mag) — this
requirement is driven by the small scatterQ{025 mag) already observed at these redshifts and
Goal (3) is well satisfied by the constraint imposed by thé fiwe. From data already in hand we
determine that the S/N of photometry for galaxies with AB nsag4 will meet or beat all these
requirements. The list of targeted clusters is based onithest clusters observed in Cycle 14.
With high redshift cluster searches currently ongoing (RZEMM, IRAC) we have substituted
recently discovered rich clusters, replacing the poordérdfahe original sample. We may also
find additional rich substitutes before Phase II.

Observing requirements for the weak lensing studies
To compute the accuracy with which we can determine the rmaxfsgusters we used data
from the UDF to determine the “effective” number density ofisces used in the lensing analysis.
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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 exposure fjme similar source densities in both
filters and, combining measurements in both filters, yidiéssistimated accuracy in mass determi-
nation given above in the Scientific Justification. Theseudations also agree well with published
results (Jee et al. 2005, 2006; Lombardi et al. 2005). Owiléet calculations show that the gain
from mosaicing is minimal for clusters beyond= 1 and that it is instead deeper observations that
provide more accurate masses.

Special Requirements

The 27 galaxy clusters in this proposal are each visible fdeast three months during Cycle
16. The search for SNe is most efficient when this full visipilvindow is utilized with new
observations every 20-26 days. The timing of the clustebNity windows requires a few months
of overlap with the following cycle in order to complete thid Search for 4 clusters in the sample.
The first cluster is visible July 2, the very beginning of tHiserving cycle, and the last cluster
disappears on Sept 23, 2008. We swap in an equivalent cltiateluster does not schedule well.
The total request is 206 ACS orbits and 28 NICMOS orbits oyegréod of 448 days.

In association with the-2-week-advance-notice NICMOS ToQO’s, we request 28 orlfits o
Coordinated Parallel ACS observations to be used in cotipmevith the data from the wider
field surveys from which the clusters were discovered.

Coordinated Observations

B Justify Duplications

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

References

® Bahcall, N. & Bode, P., 2003, ApJ, 588, Icl Barbary, K. et al. 2006, AAS, 209, 90.@1 Blakeslee, J. et al. 2003, ApJL, 596, 143Bower,
R. et al. 1992, MNRAS, 254, 589 Brighenti, F. & Mathews, W. 1999, ApJ, 515, 542Dawson, K., et al. in prep® De Propris, R. et al.1999,
AJ, 118, 719 Draine, B. 2003, ARA&A 41, 241> Dressler, A. 1980, ApJ, 236, 352 Eggen, O. et al. 1962, ApJ, 136, 748Ellis, R. et al.
1997, ApJ, 483, 582 Gladders, M. et al. 2007, ApJ, 655, 128Glazebrook, K. et al. 2004, Nature, 430, 181Hogg, D. et al.2002, AJ, 124,
646 ® Hogg, D. et al.2003, ApJ, 585,® Hogg, D. et al. 2004, ApJ, 601, 29 Jha, S. et al. 2007, ApJ, acceptedlee, M. et al. 2005, ApJ, 618,
46 ® Jee, M. et al. 2006, ApJ, 642, 720Johnston, D. et al. 2007, in pressKnop, R. et al. 2003, ApJ, 598, 1@2 Lombardi, M. et al.2005, ApJ,
623, 42L Majumdar, S. & Mohr, J. 2003, ApJ, 586, 6@3Majumdar, S. & Mohr, J. 2004, ApJ, 613, 41 Mannucci, F., et al. 2006, MNRAS,
370, 773G Matteucci, F., et al. 2006, MNRAS, 372, 265McCarthy, P. et al. 2004, ApJ, 614, I® Pasquali, A et al. 2006, ApJ, 636, 1&5
Perlmutter, S. et al. 1999, ApJ, 517, 565Pipino, A. et al. 2002, NewA, 7, 22@ Postman, M. et al. 2005, ApJ, 623, 721Riess, A. et al. 2004,
ApJ, 607, 6650 Riess, A. et al. 2007, ApJ in press Sharon, K. et al. 2006a, astroph/0610228haron, K. et al. 2006b, astroph/0611920
Stanford, S. et al. 1998, ApJ, 492, 461Sullivan, M. et al. 2003, MNRAS, 340, 1057 Sullivan, M. et al. 2006, ApJ, 648, 868 Temi, P. et al.
2005, ApJ, 635, L2%) Tran, H. D. et al. 2001, AJ, 121, 2928 van Dokkum, P. et al. 2001, ApJ, 552, 181White, S. & Frenk, C. 1991, ApJ,
379, 52¢ Yan, R., 2006 ApJ, 648, 281

11



