B Scientific Justification

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

The signature goal of the most ambitious cosmology projeeitsg designed and/or built this
decade (LSST/LST/Panstarrs, Dark Energy Camera, JDEMP#N@éstiny, and the South Pole
Telescope and other SZ experiments) is the detailed, a@ecor@asurement of the universe’s ex-
pansion history, from deceleration through acceleratioripok for clues of the properties and
identity of dark energy. Of the small handful of known measoent techniques (SN la, cluster
counts, S-Z, weak lensing, and baryon oscillations), oglyella supernovae (SNe la) have actu-
ally been developed to the point of routine use. Only HST nlag®ns can provide the required
signal-to-noise for those supernovae at 1, where the transition from deceleration to acceleration
can be studied. Initial studies of the decelerating una&/émsm both the Higher-Z Team and the
Supernova Cosmology Project (Rietsal. 2004; Fadeyev, Alderingt al. 2004 —REF??7?) clearly
point to the limiting factor for both statistical and systim uncertainties: extinction correction
of the host galaxy.

We propose a new approach to the measurements in this diffiecélerating redshift range.
By studying “clean” supernovae discovered specifically atagy-cluster ellipticals, we can re-
move this primary statistical and systematic uncertaintyard do so with a dramatically more
efficient use of HST time (see Obs. Strategy section).

The resulting data set also provides a deep z-band surveydfrich clusters, allowing us to
take important steps in understanding other cosmologiealsmrement techniques. In particular,
cluster counting is an extremely sensitive measure of esiparhistory if their masses can be
estimated with reasonable precision. We propose to meakigter masses via weak lensing from
the same HST images, as well as calibrate Sunyaev-Zeldalistance measurements to those
same clusters.

Finally, this data set will be used to study galaxy clusteeasbly and star formation rates.
We have intentionally included clusters that are X-rayestdd, optically-selected, and IR-selected
for this purpose.

How problematic is the extinction correction uncertainty a = > 1? The correction for the
extinction of SNe from dust in the host galaxies is curretitly single dominant source of both
statistical and systematic error for SNe distances andeheedi cosmological parameters. This is
already true at ~ 0.5, even with HST photometry, as shown in Knepal. (2003), and dramati-
cally worse at: > 1 as shown in Figure 1. The typical color uncertainties for F8idiedz > 1
SNe is 0.08 — 0.1 iB — V, leading to uncertainties in extinction correction, aéiecounting for
intrinsic color uncertainty, o~0.4 mag! This dispersion grows worseg 0.5, after accounting
for the uncertainty in the dust reddening coefficieft, = Az /E(B — V'), which Draine (2003)
notes can vary from the fiducial value 3.1 B.5. (Note that the actual dispersion about the
Hubble-line fit forz > 1 SNe la corrected for extinction matches this 0.5 mag valkegyre 2a
shows the resulting poor constraints on the dark-energatemuof-state parameter and its time
variation,w vs. w’. These constraints do not distinguish between almost amgriudark energy
model.

These large dispersions in extinction correction have kit with, e.g. in Riesst al.



(2004), by applying a strong Bayesian prior to the distitntassuming knowledge of the dust
and SN distributionin the > 1 host galaxies; the shaded contour of Fig. 2b results. Homstreh
Bayesian priors are necessarily one-sided (no negativkergag) and hence are known to intro-
duce systematic biases when the error bars are larger atéduighift than low-redshift (Perlmutter
et al. 1999). This bias can be seen in Fig. 2b as the difference ettt middle contour,and the
dashed contour. This approach to the extinction analysis@ssubject to other obvious sources of
systematic biases, for example if the mean valu&pfdrifts from low to high redshift, as shown
by the dotted contours of Fig. 2b.

How is this problem solved using SNe la in ellipticalsZExtinction systematics impose particular
difficulty at high redshift because of the increased diffigof precision color measurements of the
SNe (especially when one must observe in the IR!). UntH 1 SN surveys achieve comprehensive
extinction measurements, the only robust route to use gktheyh redshift SNe for cosmology is
observation of elliptical galaxies where the dust cormects minimized. To check the bias of the
cosmology derivation due to the possibility of a cohererstematic, it would be quite useful to
build up an “all elliptical” Hubble diagram for SN at all reluifts.

In Sullivanet al.(2003), we showed that the dispersion about the Hubbleamagdpr elliptical-
hosted SNe ivalf that of later-type galaxy hosts, primarily due to the absesfaust. Thus, SNe
la in ellipticals are statistically each wortbur timesthat of SNe in spirals when making cos-
mological measurements — and without the aforementiong@s)atics associated with extinction
correction. This extra weight is even more dramatic: at 1 where color measurements are
weaker. Without an extinction prior, the> 1 data in Riess et al. (2004) would give a dispersion
of [??7?], compared with [??7?] for elliptical hosts, implgian elliptical advantage of [??7?] to 1.

Motivate our choice of redshift range !11???

How is it known that the targeted > > 1 cluster ellipticals are dust-free? Nearby elliptical
galaxies are well known to be almost entirely free of dusthwery few exceptions (like the disk
in the center of Cen A). The clearest line of evidence for #ek lof dust in elliptical galaxies
comes from the tightness of the color-magnitude relatione d@ispersion in the colors of early-
type galaxies has long been known to be very small in clugigosver et al. 1992; Elliset al.
1997; Stanforcet al— WHAT IS THIS REFERENCE???). In fact, this relation has ndlyebeen
shown by Hogeet al.(2004) to be universal for early-type galaxies in clusteisia lower-density
environments.

Recent results from ACS imaging show the same strikinglyllstnspersion in color at red-
shiftsz ~ 1. ACS imaging of RDCS1252-29 at = 1.24 by Blakesleeet al. (2003) found an
intrinsic dispersion of).024 + 0.008 mag for 30 ellipticals in the F775W - F850LP color, which
approximates rest-framié — B. This dispersion is comparable to that found by Boweal. in
Coma. Given the high likelihood of at least some age (andrgehriation in the stellar popula-
tions of the member galaxies, the maximum amount of dustcinat be in these ellipticals must
be still smaller than this dispersion — unless a conspira@sall these ellipticals the same amount
of dust along the line of sight.

In addition, the HST images themselves will provide anofaity check. Elliptical galaxies
are well-fit by 2-dimensional de Vaucouleur profiles. Suttireg such model fits from ellipticals
reveal when dust lanes are present (as in the rare exani@eSdn A).



Why is this cluster search much more efficient at finding (and sidying) SNe la atz > 1
than the previous HST searches in the GOODS fieldsThis search centered on rich clusters is
expected to yield twice as many> 1 supernovae in total as the previous blank-field searchekh (su
as the two SN teams’ previous GOODS searches)fisadimesas many supernovae in elliptical
hosts. The number of Type la supernovae scales with luntin@sth a rate of approximately one
per year peil0*?L, in rest-frame B-band luminosity. [CORRECT NUMBERS???] O©luster
fields double the (rest-frame) luminosity in an ACS pointimgdpich implies the doubling of the
expected number of supernovae. More importantly, thiseased luminosity is primarily from
early-type galaxies. Since only 1 in 4 Type la supernovaewlecovered in early-type galaxies
in the GOODS searches, our overall rate of SNe in all hoststyyk more than double.

These rates are consistent with the rate seen in previousheseof clusters below = 1, in-
cluding one we (SCP) performed with ground-based telesc(®erimutteet al. 1995; Pain 1997
[which ref???]), and the search of archival HST data by Gah¥t al. (2002, who rediscovered
one of our cluster SNe).

In addition to discovering more SNe la per HST orbit, theransther set of major efficiency
gains in thefollow-up of these SNe due to the knowledge that the host is elliptiealknowledge
of the redshift of the cluster, and the higher rate per fielidstFthe follow-up observations need
significantly less signal-to-noise and fewer bands, siheeektinction correction no longer dom-
inates the requirements, and the bands can be pre-chosatdb each cluster’'s known redshift.
Second, the higher discovery rate allows pre-schedulisgmations for each cluster with a ca-
dence guaranteed to well sample the lightcurves for evepgrsiova discovered. For all but the
highest redshift clusters, this eliminates the need foreagwe TOO follow-up in obtaining the
fundamental lightcurve data!

Developing other Dark Energy Techniques using these Clust®ata

The number of clusters of galaxies as a function of mass aghiie provides a powerful
alternative probe of the cosmology thanks to its sensjttaithe comoving volumandthe growth
of large scale structure. The rare, massive clusters atreighifts provide most of the discrim-
inating power of the experiment, requiring large surveyshef sky to search for these systems.
The regimez = 0.9 — —1.7 is a key epoch when cluster potentials first begin decayingyatter
domination wanes and the effects of accelerating dark gmaeke their first appearance. A num-
ber of large cluster surveys are underway (e.g., Red-segquéluster Survey) or being built in the
near future (e.g., South Pole Telescope Sunyaev-Zel'd@icvey, Dark Energy Survey) with this
dark energy measurement as a key goal. However, these suwieich detect clusters through a
variety of techniques, all require estimates for the clustasses in order to succesfully constrain
cosmological parameters.

None of the observables (richness, luminosity, tempegattc.) measure mass directly, al-
though masses can be inferred under certain assumpti@nsi{gdrostatic equibrium, spherical
geometry). Nevertheless, many cluster properties caeralth mass. Unfortunately it is not (yet)
possible to predict these relations to the required levatceofiracy, because of the complex nature
of cluster formation. This is more of an issue at higher rdtdshwhere clusters are dynamically
young. Instead the mass-observable relations need to ilwatatd empirically. Moreover, it is
important to measure theolutionin these relations.
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Weak gravitational lensing of background galaxies proviadirect measurement of the pro-
jected cluster mass, without any assumptions about the gfepior dynamical state of the cluster.
The proposed observations enable us to determine massasstars in a redshift range which
is virtually unexplored. In conjunction with the X-ray, Sadoptical properties, the proposed
observations enable us to extend the mass calibration® dugh redshifts. In addition, such a
comparison will provide invaluable insights on clustermf@tion, at an era when clusters were
young.

Weak lensing estimates of cluster mass@$he next generation cluster surveys will yield samples
of order10* clusters out to high redshifts. It will be impossible to dbtaeak lensing masses for
all of them. Fortunately, recent work by Majumdar & Mohr (3)@004) on "self-calibration” has
shown that follow-up studies of only a moderate sample oftelts are sufficient to allow these
surveys to constraim better tharb — 10%. The main requirement of such a sample is that the
observations can constrain the evolution in cluster pitogser

Outtoz = 0.7, large ground based projects (e.g., Canadian Clusterr@abh Project, CFHT
Legacy Survey, Subaru observations) will provide a dedasteidy of the mass-observable relation
and its scatter using 10° clusters. Members of our team are leading some of thesasffat
higher redshifts, space-based observations are needkesh ty the need to measure the shapes of
resolvedbackgroundjalaxies. The proposed observations target a redshiferathgch is virtually
unexplored. Without the proposed observations, our kndgéeof the cluster properties at> 1
will be too limited to use these systems for cosmology. Cqueatly, observations in this regime
are desparately needed if cluster abundance studies aredeesl.

As shown in Figure ???, the proposed observations enabtedetérmine masses for these
high redshift clusters with a relative uncertainty~0f25% or better (depending on mass and red-
shift). The figure also shows that the zero-point of the nadsservable relation can be determined
with sufficient accuracy out te ~ 1.3!

The proposed sample is larger by a factor of 4 from previoukwand targets clusters at
higher redshifts. In addition, the clusters have been taddzased on either their X-ray emission
or the overdensity of red galaxies. The accuracy in the mesm@ination of individual clusters
is sufficient to address the important question whetheeuifit detection methods select different
populations of galaxy clusters. We will complement the sienppoposed here with data already
in the HST archive to extend the range in mass and redshifcombination with our ground
based efforts we will be able to study the evolution in theperties of galaxy clusters from the
present day out te ~ 1.4, thus paving the way for cluster abundance studies in anfgnaoision
cosmology.

Cluster masses from X-raysX-ray observations of the intra-cluster medium also prexadobust
method of estimating the virialized mass from clusters,clvtuan be tied to cosmological models
either via the X-ray luminosity function (e.g., Gioia 199ikhlinin et al. 1998, Rosatket al.
2001, Nichols et al., 1999 and others) or the X-ray gas teatpesr (Henry & Arnaud 1991, Eke
et al. 1998, Donahue & Voit 1999, Henry 2000). However, these nuthare observationally
very expensive, with current surveys to locate clustersat1 limited to small areas or only the
most luminous clusters (e.g., Pieetal. 2004, Ebelinget al. 2001). Follow-up observations to
determine cluster temperatures, providing a more robussrastimate than luminosity alone, are



more costly still.

We thus rely on X-ray observations of a subsample of clusgtersnportant calibrators for
this method. Currently, ?? of our proposed X-ray selectedtets and ??? of our optically
selected clusters have available X-ray measurements vikl1 XChandra that are sufficient to
determine cluster temperatures and masséS%oaccuracy. We will vigorously pursue additional
observations to create a calibration sample of at least [e@Bers spanning our complete redshift
and mass range.

Sunyaev-Zeldovich estimates of cluster masses ardl, Using Sunyaev-Zel'dovich (SZ) obser-
vations along with X-ray observations of a single galaxyst#, one can decouple the dependence
of the signals on electron density and determine the andidaneter distancel{,) to the cluster.

To date, the method has been used to determine distancesdiffér@nt clusters. A fit to the
sample of SZE and X-ray determined distances yields a Hudaistant{, = 60 + 3 (statistical)
+18 (systematic) km/s/Mpc, (fdr,, = 0.3, 2, = 0.7) (Reeseet al,, 2002).

The SZ Array (SZA) is one instrument in the next generatiodexficated telescopes for ob-
serving galaxy clusters and determining SZ cosmologichdce measurements. However, this
method has never been calibrated against other distancguneeaents. The SN la measurements
described in this proposal will provide a sample of distacakbrated high redshift galaxy clusters
which will be be targeted in future SZA observations. Conmgathe SZ/X-ray distance measure-
ments to the SNe distance measurements, we can determiextéme of systematic uncertainties
in the two methods.

Galaxy Cluster Science at > 1

(Note that our present ignorance of some cluster propedties not impact upon the main
science driver with SNe.)

The ACS GTO team (including co-I's on this proposal) has mgidgificant progress in un-
derstanding moderategalaxy clusters, which are efficient sites for the study ddxpaevolution.
Postmaret al. (2005) present results based on morphological analyse€8fifkaging of 7 clus-
ters at0.8 < z < 1.3. They confirm previous work by Smitéat al. (2004 — REF???) that a
morphology—density relation exists at~ 1, but that the slope of this relation flattens from the
present epoch out to high redshift. Moreover, Postretaal. find that the fraction of ellipticals
does not change up to~ 1.25, and that the fraction of SOs remains roughly constant a2@9é
level seen in.4 < z < 0.5 clusters. Hence, the formation of all massive cluster wtigts, and a
significant fraction of the lenticulars as well, must be aaugiatz > 1.25.

This proposal will take the next step beyond the limits of 8O program in terms of small
sample size and redshift to probe the regime in which massisgter galaxies are being formed.
The GTO program has three clusters:as 1, to which our sample adds 20. The highest redshift
of the clusters is pushed from= 1.26 to z = 1.5.

In conjunction with data we have obtained on our sample etasirom Chandra, XMM,
Keck, the VLT, Magellan, and Spitzer, the ACS data to be oletdiin this proposal will provide
the ability to: 1) determine the epochs of the assembly of ellipticals and thggnoof SOs; 2)
measure the mass function of distant clusters and calikiateelation between mass and X-ray
luminosity and temperature at unprecedented redshifts3anompare the properties of clusters
selected in the optical, NIR, and X-ray at redshifts 1 where clusters are first forming.
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Supernovae rates and star formationThe rate of supernovae in galaxy clusters will address
oustanding questions about the intracluster medium (I@gdgcifically, the high metal abundances
and the high energetics of the ICM are as-yet unexplained.riiétals seen in luminous elliptical
galaxies is explained by Type la supernovae rates and msséton evolving stars (which were
originally enriched by Type Il supernovae).

However, the mystery arises when one looks at the iron amaesain the ICM. The iron
produced from Type Il SNe of a Salpeter IMF do not produce ghdton, nor do Type | SNe.
It has been suggested by Brighenti & Mathews 1999 that a higite for Type la supernovae
can explain the ICM metal abundances as well as the “entropy’fseen in the X-ray gas (e.g.,
Lloyd-Davies, Ponman & Cannon 2000).

The only observational measures of SN rates in 1 clusters is from the work of Gal-Yam
et al. (2002). Searching the HST archive for repeated WFPC2 pagjatof galaxy clusters, they
identified 2 or 3 supernovae in 18 pointings (with overlapg .@fto 4.7 square arcminutes). The
derived SNe rate df.417}23h2, SNu in clusters at ~ 1 argues against SNe la being the dominant
source of iron in the ICM. However, these statistics from aerieor 3 detections could clearly
use improvement, and must be extended and improved forl. Our proposal would allow an
improvement at the level of ...[QUANTIFY?].

Strong lenses atz > 1, and the possibility of finding strongly lensed supernovaéviassive
clusters are rich test grounds for understanding of stradrmation and cosmological geometry
through gravitational lensing of background galaxies. phabability of formation of giant arcs
has been found to be greatly enhanced, beyond expecteddartusters (see, e.g., Gladdetsal.
2003; Ho & White 2004), showing the need for increased urtideding of their mass distribution.
As one eye-opening example, Broadhuatsal. (2004) find over 130 images of 35 multiply lensed
galaxies behind Abell 1689 using ACS imaging. This includeBal arcs and near-central images.
Our target list includes one already known high redshifsieg cluster, RCS2319+0038 at z=0.91
(Gladderset al. 2003), exhibiting three dramatic giant arcs. With deepbaad imaging, and the
advantage of ACS for observing long, thin, low surface binglss giant arcs, this cluster will likely
become a the poster child for high-redshift cluster lensing

Higher redshift cluster lensing will be even more useful amstraining cluster mass profiles
and using arcs for geometric measures of cosmologicalmtista Availability of X-ray and other
wavelength imaging of these clusters would provide mucliedenformation for understanding
the role of clusters in cosmology. Finally, cluster lensesas natural gravitational telescopes
which facilitate the detection and study of faint, high feiftsyalaxies (e.g., Metcalfet al. 2003;
Pello et al. 2004). In particular, if our z-band images are combined wliglep i-band data, the
i-z color can be used to search gravitationally lensed hegishift galaxies out te ~ 7. Such
lensing leads to the possibility of finding strongly lensagexrnovae and extremely distant super-
novae, otherwise to faint to be detected (Gunnarsson & Gdiia8). By combining the observed
(lensed) supernova brightness with the weak and strongnigreduster information, important
bounds may be set on both cosmological parameters and trsepmade of the lensing cluster.

Conclusions
The observations proposed here initiate a new approach ta&dsurements and will provide
the first sign of measurements and will provide first significainbiased measurementswots.
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w’. They will then comprise a springboard for a wide array of@stysical investigations: high
redshift supernovae, cluster profiles, gravitationalilegsand multiwavelength studies of large
scale structure and cosmology. The emphasis on high rédsitifattention to systematics are the
opening steps in bringing to maturity cosmological methaidbe next generation, and the cluster
data will serve as a bedrock scientific legacy for extragedastronomy.
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[l Description of the Observations

The supernova observing strategy
The high rate of SNe la produced by the clustesdditionto the SNe la in the fore/background
field galaxies makes possible an elegantly simple combieaatk-and-follow-up scheduling strat-



egy. Generally, we observe each cluster with the ACS F850teP évery~24 days for~8 visits,
with the exact cadence depending on the cluster redshiftreméxact number of visits depend-
ing on HST observing constraints for the cluster. This mehatevery supernova that appears
in these clusters during the entire period, modulo smalleffetts, will have a lightcurve mea-
sured — without the need for expensive Target of OpportuflipO) observations. We obtain
ground-based spectroscopy of the supernovae’s host galakier the fact, for precise redshifts
and confirmation of elliptical galaxy type, which also comfgthe SN la identification. For only
the three highest redshift SNe, we supplement this baditcligve with an additional42-week-
advance-notice) ToO follow-up observation sequence witB2NF110W, to provide restframB
band lightcurve data — since the NICMOS fields are too smallegaised in the pre-scheduled
search. (The very lowest redshift clusters are observeddsopthe pre-scheduled cadence in
ACS 814W to match the restframe B band.)

Figure YYY shows this strategy. Note that this is a dramdiicaore efficient approach
than the previous ACS/GOQODS searches, performed by botheaur and the Riess et al team,
for several reasons. First, there is a large net savingseimtimber of search-plus-follow orbits
necessary to study10 SNe la; the previous method require@5% more orbits. Second, the
number of required ToO'’s is reduced from 10 to 3, in itselfieglent to many orbits of observing
time, and that these are ToO’s with more than two weeks advantice and hence much less
disruptive to schedule. Third, the resulting data has muedller statistical uncertainties, since
the large contribution from extinction correction is reradymaking each of these SNe worth0
SNe not found in ellipticals. Fourth, not only will thel0 cluster SNe be supplemented4$0
SNe from the field that would have been studied in the GOOD&Bes, but there is still an
additional population of useful SNe that have their light®s obtained, which previously could
not be followed given the limited number of ToO's. (Includitine cluster and the field, each cluster
target field will thus be expected to yield on average one SN the z¢ 1 range and more at zj1 —
all with z-band lightcurves.)

This observing strategy is also considerably simpler tedale than the previous GOODS
searches. The observing simulations show that there ibiligéxin the exact choice of repetition
dates; the cluster observations can be at any orient (uthiékeontiguous GOODS tiles); there are
clusters on the target list observable at different timethefyear, and they do not all need to be
observed in the same cadence like the GOODS tiles, so thevaigéoad is spread.

The observing requirements for this program are based oexparience with ACS and NIC-
MOS measurements of supernovae in precisely this redsimffer (with even a few in ellipticals),
so we have direct tests of our exposure time, filter, and cadesquirements. For the bulk of
the target clusters, between= 1.1 and 1.4, we require a single ACS orbit with the 850LP filter
every 24 observer days (i.e+10.5 SN-restframe days) over the lightcurve. After propiageer-
rors for the fit of the lightcurve timescale (used to calibriite peak magnitude), this yields a SN
Hubble-diagram point with uncertainty below th€.15 mag intrinsic SN la uncertainty (in fact,
90 % of the SNe will have distance modulus uncertaintiesvb@d 0 mag). At redshift smaller
than 1.1 one can afford to increase the cadence to 28 obskrysiand still meet the criterion that
95 % of the SNe observed will have an uncertainty in the decamodulus of less than 0.15 mag.
Correspondingly, for redshifts > 1.4 we use choose a shorter cadence of 20 days to compensate



for the increase of the photometric errors. The fluxes/ntages, cadences and error bars shown
in Figure YYY demonstrate the range that are expected fergtogram.

[CHECK ALL THE NUMBERS IN THIS PARAGRAPH - they are currentlystimates.]
For an elliptical host galaxy, with its symmetric smooth piaslogy, the images before and/or
after the SN lightcurve generally provide a fit of the hostaggllight that gets subtracted from
each image of the SN-plus-galaxy. However, f@ of the targeted-10 SNe la we expect the
SN to be so close to the core of a bright host that we will nee@dditional final image the
following year, with a 3-orbit depth so as not to degrade thead-to-noise after subtraction. More
than offsetting this requirement for 6 additional orbitghe probability of cancelling the final
cadence observations for clusters that have not productbdiat8ne to be followed for sufficient
lightcurve points. This will happen, on average, for 15 af #b clusters, saving 15 orbits from
the total required. (The cancellations would be more thaeetlweeks in advance, so will not
introduce scheduling complications.) The total numberrbfte thus required for this program is:
12 clusters x 7 planned 1-orbit ACS visits + 13 clusters x &pé&d 1-orbit ACS visits + 3 SNe x5
NICMOS orbits (primarily TOO) + 2 SNe x galaxy-only 2-orbitG’ visit the following year -15
final cancelled orbits = 194 orbits.

[To fillin: How do we use the info from the higher-redshift sters -IRAC and x-ray selected
— to select which supernovae to follow-up with NICMOS?]

[Issues to decide: Do we want full lightcurve follow-up oflz3 SNe, or just at max? Do
we want an additional point in a NICMOS color at max for a numiiez 1.1 SNe to check the
intrinsic color (which would help the measurements of dgu@sted SNe)? What about a point in
the CMAGIC period of the lightcurve?]

The fundamental dataset of F850LP-band lightcurves faryeSB shown (and more!) in Fig-
ure YYY will be obtained without need of any ToO’s. Howeven;, §pecific cluster redshift ranges
the science will be greatly enhanced by strategic use ofiaddi low-impact ToO orbits. Primar-
ily these consist of a simple single-orbit or two-orbit obsgion in an additional NICMOS F100W
filter that can be scheduled over woo weeks in advafoe 6 of the SNe{ ~ 1 — 1.25 clusters)
these observations provide a color measurement at maximgbbtd calibrate the intrinsic SN la
colors at high-redshift. For two of the SNe & 1.25 — 1.4 clusters) two maximume-light orbits
will provide the restframe B-band point to tie these SNe togame restframe-B Hubble diagram
as the others. (Restframe U in 850LP will provide the lightewdate and timescale “stretch” mea-
surement, as for previous very-high-redshift SNe.) Noé these ToO’s are much less expensive
in orbits and disruption to the HST calendar than the fastaround~20-orbit-timeseries ToO’s
needed for every one of the GOODS supernova discoveriesebtmtt SN research teams. For
only one [[[**two???***]]] of our ToO’s, for a SN at > 1.5 will this time series of 15 orbits
be needed, to provide the restframe B lightcurve, when tf®EB lightcurve is too far into the
restframe UV of the SN to provide significant signal-to-mois

[[[INOTE: This would be 6 x 1 orbit + 2 x 2 orbits + 1? x 15 orbits 5 ftal ToO orbits.]]]
Observing requirements for the cluster science.

The primary requirement for achieving our objectives orabaution and formation of galax-
ies in clusters is to obtain reliable visual classificatiohgalaxies down to 2 magnitudes below
L* atz ~ 1.2 using the standard system of elliptical, lenticular, andadfrregular over an area



reaching out to,. The secondary requirement is to measure galaxy sizesrticyar r., with
sufficient accuracy to enable estimates\éf L ratios for early-type galaxies when coupled with
velocity dispersions being obtained with ground-basediti@s. These requirements can be met
with [CHECK THIS NUMBER — WHAT IF WE OBSERVE ONLY 7 ORBITS SOMHEHMES?] 8
orbit exposures in the F850LP band of the centr200 arcsec area of our target clusters, as shown
by Postman et al. (2005) and by Holden et al. (2005).

Observing requirements for the weak lensing studies.

Most current weak lensing studies of galaxy clusters witil tiSe a mosaic of observations
in order to extend the measurement of the lensing signalmlarger radii, thus improving the
accuracy of the mass measurement. Typically the motivédiothis is the need to break the mass-
sheet degeneracy; in practice this is not feasible, andadsive intend to fit parameterized mass
models (e.g., the NFW profile predicted by cold dark mattausations) to the data. This approach
still benefits from covering a large area, but our detailddutations show that the gain is minimal
for clusters beyond = 1 (where the FOV of ACS is well matched to the cluster). We firat the
obtain more accurate masses by obtaining deeper obsewwatgtead, thus increasing the number
density background galaxies and the accuracy in the shapsurements — taking advantage of
the unique capabilities of HST.

Hence the observing strategy for the SNe search is well redttdhthe requirements of the
weak lensing mass determination. For clusters belew 1 and clusters that show evidence of a
complicated mass distribution we might consider mosaidegkryations (with a large overlap in
the centre), but most of the clusters will be observed toalie-f 8 orbit depth.

Figure XXX shows the expected relative uncertainty in thessnaf a massive cluster with a
velocity dispersion ob = 1000 km/s. *** want to include something on the relative accuracy
we get for the zeropoint of the mass-observable relationclwis the ultimate goal of this***,
These results are based on a photometric redshift cataltgedfDF, under the assumption that
the cluster mass profile is well described by a singular eotial sphere model. As we proposing
observations of high redshift clusters, which are knowndeeha complex mass distribution in
their cores (e.g., Hoekstra et al. 2000; Jee et al 2005), seeadsume that we can only use the
shape measurementsrat>- 60”. We compared the outcome of this model calculation to actual
published results (Jee et al. 2005; Lombardi et al. 2005)iadd/ery good agreement. *** some
of this can be moved to a figure caption if we include a figure***

Although the ACS observations provide a tremendous impn&ré over ground based obser-
vations (absolutely crucial for studies of high redshiftsters), they are not free from systematics.
Large programs such as COSMOS and GEMS (Heymans et al 2004)thle PSF undergoing
cyclic variation with a period of 15-20 days. These variai@re caused by thermal fluctuations
in the telescope and result in temporal variations in the R&ih need to be corrected for. How-
ever, our team includes members with extensive expertitesrarea. Using the Program TinyTim
(Krist & Hook 2004) we can create models of the PSF for thereméinge of allowed focus values.
Then, thex 20 stars in each exposure suitable for PSF measurement caedéousetermine the
focus value for that exposure. The appropriate TinyTim nhode then be used for PSF correction.

**** might rephrase or cut the following *** We should also m@that because of the nature of
this program, the clusters will be observed with differertangles, thus partly averaging out some
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of the PSF effects. In addition, studies of galaxy clusteedess sensitive to residual systematics
compared to cosmic shear measurements.

Strategy for Two-Gyro Observations
Special Requirements

Coordinated Observations

Justify Duplications

Previous Related HST Programs

To be updated

By combining observations from a series of GO programs overmaber of HST cycles we
have obtained a cumulative sample of high redshift SNe whashyielded new determinations of
cosmological paramete(§),;, 25, w). Equally important, these HST observations have been the
basis for studies of possible systematics of the SN teclenguch as host-galaxy extinction or evo-
lution. Two such multi-cycle HST studies were publishedhe past year and both provided con-
firmation and improved precision on the earlier ground-bas=lerating universe results. Knop
et al, 2003 (based on G0-7336, GO-7590, GO-8346) presented dysmnaf an independent
set of 11 high redshift SNe. The high-quality lightcurveaitable from photometry on WFPC2
make it possible for this sample alone to provide measur&smaithe cosmological parameters
comparable in statistical weight to the previous resultsaddition to high-precision lightcurve
measurements, this data offered greatly improved colosoreaents of the high-redshift super-
novae, and hence improved host-galaxy extinction estesndteese extinction measurements show
no anomalous negativié( B — V') at high redshift. The precision of the measurements is dwath t
it was possible to perform (for the first) time a host-galaxgirection correction directly for indi-
vidual supernovae without any assumptions or priors on #nergFE (B — V') distribution.

Sullivanet al. 2003 (based on GO-8313, GO-9131) presented the Hubbleadnagf distant
type la supernovae (SNe la) segregated according to theofyipest galaxy. This allowed us to
confirm our previous evidence for a cosmological constargxplicitly comparing SNe residing
in galaxies likely to contain negligible dust with the largample. These data provide a key test
of evolutionary systematics.

Other such multi-cycle analyses, described below, areaggss. In particular, this year we
are completing final observations of host galaxies afteiSiNe faded for SNe discovered in GO-
9075 and GO-8585.

GO-9727 This cycle 12 program will begin observations in April 200ding ACS to do a new
search for very high redshiftt.2 > z > 1.6) SNe la in the GOODS-N field. In coordination
with Riess (GO-9728), images from 15 ACS pointings will blesta approximately every 45 days
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and searched for candidates. Followup photometry will it@inobd with ACS and NICMOS for
approximately three very high redshift SNe.

GO0-9075 In this program, we pushed our SNe la studies to the higleeshifts that are feasible
for a ground-based discovery and spectroscopic identdicaampaign. HST follow-up observa-
tions for this program started after servicing mission 3B/iawrch 2002 and have been completed
for the most part — final reference images are still to be takmordinated with three large search
campaigns using the Subaru 8.2 m and also with simultanenalles searches using the CTIO
4 m and CFHT 3.6 m, we obtained ACS/WFC and NICMOS/NIC2 phetioynfor multi-epoch
lightcurves of eight Type la SNe at high redshift9 < > < 1.3). For two of the highest redshift
SNe, ACS grism spectra were taken. Analysis of this ACS dataprogress. With the refurbished
NICMOS, we obtained final reference images of the host of 982§, which we had previously
studied in G0-8088, and these images will allow us to coregledt analysis.

GO-8585 In GO 8585 we observed six Type la supernovae with HST usifd®@/ The
supernovae were discovered in ground based searches att@ed4dn, CFHT and Subaru tele-
scopes. We obtained both U- and B-band restframe photortetiiyg either F814W or F850LP
depending on the redshift) for each supernova for a peridimbnths. Analysis of this data is
presented in the PhD thesis of J. Raux (Univ. of Paris, 2Q@¥8sented at the January 2004 AAS
meeting. A publication is in progress.

GO0-8313 The objective of this project, which has now been completid the publication
(Sul03) mentioned above, was to obtain snapshot unfiltefid8 8nages of distant galaxies of
known redshift which have hosted supernovae (SNe) of Tygeuad by the SCP, 20 of which
are used in the Hubble diagram of 42 type la SNe (Perimattat. 1999). The internal extinction
implied is small, even for late-type systemsy < 0.3), and the cosmological parameters derived
from those SNe la hosted by (presumed) dust-free earlyggiaxies are consistent with our pre-
vious determination of a non-zero. The brightness scatter about the Hubble line for SNe la in
these early-type hosts is also significantly smaller tharilfe SNe la in late-type galaxies. This
result was based on HST STIS “snapshot” images and Keckrsgeopy of SNe spanning the
ranged.3 < z < 0.8.

GO0-8346 We had the unique opportunity of following up SN2000fr, alnihad been dis-
coveredl4 days priorto maximum light in its restframe. Because this supernova=at54 was
discovered so early we were able to obtain excellent lightesifrom HST in F555W, F675W
and F814W spanning the period from one week prior to maximght to 6 weeks after Several
spectra of the supernova were taken at VLT and Keck alongMlithphotometry at VLT.

DD-8088 WFPC2 and NICMOS (cycle 7) observations were obtained f9138eq at
z = 1.20 (Aldering, et al,, 1998,IAUC,7046). The preliminary photometry is congteith the
previous results fof2,,, 2. With the final NICMOS image of the galaxy without the supefmo
obtained, this analysis can now be completed.

GO-7850and balance o60-7336andDD-759Q0 WFPC2 and NICMOS observations were
obtained for 11 Type la supernovae in the redshift range-8(B86. These observations, including
final references where necessary, are now complete, anésbks were published in Knop, R.,
et al. 2003 as mentioned above. The color information provided ByNNOS (Burns, S.et al,
2001,AAS,199.1610B), was only possible with HST.
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GO-7336andDD-759Q Perlmutteret al., 1998, Nature, 391, 51 reported the results of our
HST and ground-based imaging and Keck spectroscopic cditsmmg of SN1997ap. The HST
portion is based on a total of 4 orbits. Also from this prograt®T observations of twa =
0.83 SNe la are included in the analysis in Per99 which reportshenrésults from our HST
and ground-based imaging and Keck spectroscopic obsangatif 42 type la supernovae with
0.18 < z < 0.86. The paper rules out a fl&t,;, = 1 universe and presents very strong evidence

for a positive cosmological constant.
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