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HST Cluster Supernova Survey
1.Keck AO Photometry of z=1.3 SNIa (Melbourne et al. 2007)
2. IRAC Shallow Survey (Eisenhardt et al. 2008)
3. Color Magnitude at z=1 Cluster (Santos et al. 2009)
4. XMMXCS J2215.9-1738 at z-1.457 (Hilton et al. 2007)
5. Unusual Transient, SCP05-F006 (Barbary et al. 2009)
6. Multiply Imaged Lensed System (Huang et al. 2009)
7. X-ray from IRAC z=1.4 Cluster (Brodwin et al. 2011)
8. Weak Lensing Studies + Scaling Relation (Jee et al. 2011)

XMMU J2235-2557 z=1.4
9.     Weak Lensing Study (Jee et al. 2009)
10.   Multi-Wavelength Study (Rosati et al. 2009)
11.   Galaxies Properties (Strazzullo et al. 2011)
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Unusual Transient SCP06-F6
Barbary et al. 2009
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Fig. 1.— Deep stack of the first three epochs in z850 total-
ing 4400 s where the transient is undetected (top left and zoomed
in, bottom left), and the highest-flux epoch eight z850 exposure of
1400 s (top right and zoomed in, bottom right). All images have
the same greyscale. The hash marks indicate the transient position
and have the same physical scale in all images.

was searched for SNe using a modified version of the im-
age subtraction code developed by the Supernova Cos-
mology Project (Perlmutter et al. 1999) employing ear-
lier epochs as a reference. The transient was discovered
in the fourth epoch and is located at α = 14h32m27s.395,
δ = +33◦32′24′′.83 (J2000.0), corresponding to galactic
coordinates l = 55.528943◦, b = 67.345346◦ and eclip-
tic coordinates λ = 13h24m9s.067, β = 45◦21′46′′.06.
This position has a statistical uncertainty of 0′′.01 rela-
tive to the HST Guide Star Catalogue 2.3.2, which has
an overall systematic uncertainty of 0′′.3. The angular
separation from the cluster center is 35′′, corresponding
to a projected physical separation at the cluster redshift
of 290 kpc. There is no prior detection of a source at
the transient’s location in the NRAO VLA Sky Survey
(Condon et al. 1998) at 1.4 GHz to the survey 5σ detec-
tion limit of 2.5 mJy beam−1. There is no X-ray detec-
tion at this location in a 5 ks exposure in the Chandra
Telescope XBootes survey (Kenter et al. 2005) to the de-
tection limit of 7.8 × 10−15 erg cm−2 s−1 in the full 0.5-
7 keV band.

The transient is consistent with a point source in each
of the six ACS detection epochs to the extent we can
determine. We performed aperture photometry on driz-
zled ACS images (Fruchter & Hook 2002) using 3.0 pixel
(0.′′15) radius apertures for i775 and 5.0 pixel (0.′′25) ra-
dius apertures for z850. Aperture corrections were taken
from Table 3 of Sirianni et al. (2005). The systematic
error due to the known color dependence of z850 aper-
ture correction (see Sirianni et al. 2005) is estimated to

Fig. 2.— Flux lightcurve for z850 (top panel) and i775 (mid-
dle panel) scaled to maximum flux. The last three epochs (start-
ing at +42 days) are Subaru FOCAS observations. bottom panel :
i775−z850 color for epochs with significant detection in both bands.
Though the color only varies ∼0.2 magnitudes between the five
best measured epochs, there is evidence for evolution. The spec-
tral epochs are marked along the abscissa with an “S.”

be less than 0.015 mag.
After the transient had left the visibility window of

HST it remained visible from Mauna Kea for several
months. Three additional photometry points were ob-
tained with the Faint Object Camera and Spectrograph
(FOCAS; Kashikawa et al. 2002) on the Subaru telescope
on 2006 June 28, 2006 August 23, and the next year
on 2007 May 18. The June observations suffered from
poor weather conditions (seeing ≥ 2′′). All observations
were cosmic ray rejected using 120 s exposures. We per-
formed aperture photometry using a 1.′′04 radius aper-
ture and estimated photometric errors as described by
Morokuma et al. (2008). In order to express magnitudes
in the ACS filter system, we determined Subaru image
zeropoints by cross-correlating the photometry of nine
surrounding stars in the ACS and Subaru images. The
Subaru FOCAS i′ and z′ filters are similar enough to
ACS i775 and z850 that there is no significant trend with
stellar color.

A deep stack of the first three epochs in z850 total-
ing 4400 s (Fig. 1) and first two epochs in i775 totaling
550 s provide limits on the magnitude of a possible pro-
genitor star (if galactic) or host galaxy (if extragalactic).
No progenitor star is detected in a 3.0 pixel radius aper-
ture centered at the position of the transient (known to
< 0.2 pixels) to a 3σ upper limit of i775 > 26.4 and
z850 > 26.1 (Vega magnitudes are used throughout this
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(FOCAS; Kashikawa et al. 2002) on the Subaru telescope
on 2006 June 28, 2006 August 23, and the next year
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TABLE 1
Photometric observations

i775 z850

Exp. Exp.
Epoch Date MJD Telescope (s) Scaled Flux Magnitude (s) Scaled Flux Magnitude

1 2005-11-28 53716.1 HST 175 0.0018 ± 0.0049 > 26.515 1400 −0.0019 ± 0.0053 > 27.222
2 2006-01-03 53738.7 HST 375 0.0002 ± 0.0025 > 27.509 1500 0.0053 ± 0.0049 26.733 ± 0.857
3 2006-01-29 53764.6 HST . . . . . . . . . 1500 0.0087 ± 0.0050 26.185 ± 0.524
4 2006-02-21 53787.2 HST 515 0.1183 ± 0.0032 23.395 ± 0.025 1360 0.1367 ± 0.0059 23.201 ± 0.040
5 2006-03-19 53813.7 HST 440 0.4229 ± 0.0055 22.012 ± 0.012 1360 0.3805 ± 0.0067 22.089 ± 0.016
6 2006-04-04 53829.6 HST 515 0.6216 ± 0.0065 21.593 ± 0.010 1360 0.6055 ± 0.0074 21.585 ± 0.011
7 2006-04-22 53847.0 HST 515 0.8343 ± 0.0068 21.274 ± 0.008 1360 0.8276 ± 0.0080 21.246 ± 0.009
8 2006-05-21 53876.8 HST 295 1.0000 ± 0.0099 21.077 ± 0.009 1400 1.0000 ± 0.0082 21.040 ± 0.008
9 2006-06-03 53889.3 HST 800 0.8534 ± 0.0056 21.249 ± 0.006 1200 0.9176 ± 0.0081 21.134 ± 0.008
10 2006-06-28 53914.4 Subaru 960 0.6290 ± 0.1441 21.581 ± 0.211 480 0.7384 ± 0.1520 21.370 ± 0.189
11 2006-08-23 53970.3 Subaru 600 0.0586 ± 0.0234 24.158 ± 0.368 600 0.0654 ± 0.0875 > 23.080
12 2007-05-18 54238.5 Subaru 2280 −0.0324 ± 0.0201 . . . . . . . . . . . .

Note. — Flux measurements scaled relative to highest flux epoch; effective zeropoints are 21.077 for i775 and 21.040 for z850.

paper). There is no sign of a host galaxy in the 1 arcsec2

surrounding the transient to a surface brightness 3σ limit
of 25.0 mag arcsec−2 and 25.1 mag arcsec−2 in z850 and
i775, respectively. However, there is a 6σ detection in
a 3.0 pixel radius aperture of a ∼25.8 mag object 1.′′5
southwest of the transient position in z850 (Fig. 1, lower
left). If the transient is extragalactic, this might repre-
sent a faint host galaxy.

The transient increased in brightness in each of epochs
four through eight before finally declining in the ninth
epoch, resulting in a rise time of approximately 100 days
(Fig. 2). A fit to the brightest five ACS z850 pho-
tometry points gives a date of max of 2006 May 17.3
(MJD 53872.3). The declining part of the lightcurve,
although sparsely measured, is consistent with symme-
try about the maximum. The final photometry point
approximately one year after maximum light shows no
detection. The i775 − z850 color is approximately con-
stant over the 50 days preceding maximum light, but
does show significant signs of evolution at early times
and after maximum light.

3. SPECTROSCOPY

Spectroscopy was acquired on three dates (Fig. 3):
2006 April 22 (−25 days) using Subaru FOCAS, 2006
May 18 (+1 day) using VLT FORS2 (Appenzeller et al.
1998), and 2006 May 28 (+11 days) with Keck LRIS
(Oke et al. 1995).15 The Subaru spectrum covers wave-
lengths longward of 5900 Å, while the VLT and Keck
spectra cover bluer wavelengths. The VLT spectrum (ob-
served at airmass > 2) is corrected for differential slit loss
by applying a linear correction with a slope of 0.25 per
1000 Å, derived from a comparison to the Keck spec-
trum, which covers the entire wavelength range of the
VLT spectrum. The Keck observation was made at the
parallactic angle, while Subaru FOCAS is equipped with
an atmospheric dispersion corrector, making the Keck
and Subaru observations more reliable measures of rela-
tive flux.

The spectra show a red continuum and several broad
absorption features: a possible absorption feature at
4320 Å (FWHM ∼ 180 Å), three strong features at 4870
(FWHM ∼ 200), 5360 (FWHM ∼ 230), and 5890 Å
(FWHM ∼ 280 Å), and a weaker absorption feature at

15 Spectroscopic data is available electronically from
http://supernova.lbl.gov/2006Transient/

Fig. 3.— Spectra averaged in 10 Å bins. Vertical dotted lines
indicate the approximate absorption band centroids. Spectra are
normalized to match in the red continuum. Inset figures show re-
gions where spectra differ. Top Inset : Overplot of all three spectra
(no offset) in the range 5900 - 6700 Å, demonstrating apparent evo-
lution of the flux at ∼6150 Å relative to the red continuum. Bottom
Inset : Overplot of VLT and Keck spectra (no offset) demonstrat-
ing apparent evolution at 4670 Å and of the absorption feature at
5890 Å.

6330 Å (FWHM ∼ 270 Å). Errors are estimated to be
15 Å.

A comparison of the three spectra shows evidence for
spectral evolution. The flux at ∼6150 Å consistently de-
creases relative to the red continuum over time (Fig. 3,
upper inset). Over the 10 day period from the VLT to
the Keck spectrum, the absorption feature at 5890 Å ap-
pears to move toward shorter wavelengths, while a small
absorption feature at 4670 Å in the VLT spectrum seems
to disappear in the Keck spectrum (Fig. 3, lower inset).

We compared the spectra to all supernova types using
the χ2 fitting program described in Howell et al. (2005)
as well as the program SNID (Blondin & Tonry 2007).

Text

Image Light Curve Spectra

Spectra from 
Subaru FOCAS

Imaging from 
Subaru FOCAS

z=1.2 Superlumious Superova by Quimby
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Voit 2005), provided that the mass-observable relations
are well calibrated. Full exploitation of the more distant
clusters requires deep space-based observations. As a re-
sult, mass-observable relations have been studied in far
fewer clusters at z > 1 relative to low redshift clusters. In
a 219 orbit program (Program number 10496, PI: Perl-
mutter) to search for supernovae (SNe) with the Hubble
Space Telescope (HST), we observed 25 of the highest
redshift galaxy clusters known at the time (Dawson et al.
2009). These images support a rich program of clus-
ter studies including the calibration of mass proxies at
z > 1. One particular cluster from this program, se-
lected from the Wide Angle ROSAT Pointed Survey,
WARPS J1415.1+3612 at z = 1.026 (Perlman et al.
2002), has already been studied in X-ray (Maughan et al.
2006; Allen et al. 2008) and SZ (Muchovej et al. 2007)
observations. We now have deep images from the Ad-
vance Camera for Surveys (ACS) and spectroscopy from
the Faint Object Camera and Spectrograph (FOCAS:
Kashikawa et al. 2002) on Subaru that eveal a pro-
nounced strong lensing arc of a source Lyα emitting
galaxy at z = 3.90. The new data from this program
combined with previous and ongoing measurements en-
able a multi-probe analysis of the cluster mass-observable
relation for this high redshift cluster.

Here we present an analysis of the strong lensing and
dynamical mass of WARPS J1415.1+3612. The letter is
organized as follows: we describe the observations and
data in §2, mass estimates are derived and compared in
§3, and the summary is found in §4. Throughout this
letter we use AB magnitudes and assume a cosmology
with ΩM = 0.3, ΩΛ = 0.7, and h = 0.7.

2. OBSERVATIONS

2.1. ACS Images

WARPS J1415.1+3612 was observed 7 times with ACS
from November 2005 through April 2006 for a total inte-
gration of 2425 seconds in the F775W filter and 9920
seconds in the F850LP filter, hereafter i775 and z850.
Individual exposures were coadded using MultiDrizzle
(Fruchter & Hook 2002) at a resolution of 0.05′′/pixel.
We use 25.678 and 24.867 as zeropoints for i775 and z850
respectively (Sirianni et al. 2005).

The deep ACS images revealed a complex strong lens-
ing system near the cluster core. The composite color
image from the i775 and z850 data is shown in Figure 1.
The arc system consists of at least five images. The
main arc (A) is 6.75′′ (54.4 kpc at the cluster redshift)
from the center of the cluster, which we take to be the
position of the brightest cluster galaxy (BCG). To the
SW of the main arc, there is a triplet of arcs (B, C and
D) around a spectroscopically confirmed cluster member
(#13). About 5′′ south of the triplet, there is a fifth
arc (E). The total i775 isophotal magnitudes for the arcs
A - E are 23.44, 25.75, 25.46, 25.13 and 25.62, respec-
tively. We use the i775 magnitudes because they suffer
less contamination than the z850 magnitudes from the
much redder elliptical cluster members. The magnitudes
for the arcs B, C and D are obtained after the lensing
galaxy has been subtracted using the b-spline model of
Bolton et al. (2006). These five images lie very close to
an imaginary arc centered on the BCG that subtends
slightly more than 90◦. The radius of the Einstein ring

for the cluster potential is taken to be the average of the
two circles mentioned in Figure 1, 7.13± 0.38′′. The un-
certainty in the radius is determined from the difference
between the two circles and the average.

The B band luminosity for this cluster is estimated by
summing up light from all the galaxies within approxi-
mately 1 Mpc of the BCG and then subtracting a back-
ground we estimate from the GOODS (Giavalisco et al.
2004) images. We apply a K-correction to transform
z850 to restframe B magnitude. The total luminosity is
determined to be LB = 2.92 ± 0.88 × 1012LB#.
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Fig. 1.— Top: Central Region of WARPS J1415.1+3612. Strong
lensing arcs are labeled “A”-“E” and cluster galaxies of interest are
labeled “#13” and “#15”. The radius of the Einstein ring is taken
to be the average of the radii of two imaginary circles (not shown),
both centered on the BCG. The first circle with radius 6.75′′ passes
through the center of arc A and the second, with radius 7.51′′,
passes through cluster member #13 (the lensing galaxy). F and G
are discussed in the text. Bottom: The panel on the left shows
smoothed spectra of arc A; the triplet B, C and D; and arc E. Zero
flux is shown as the horizontal dotted lines. The diamonds with
error bars are the average values of flux in 500 Å bins. The differ-
ences between the averages of the flux for wavelengths longer and
shorter than the peak for arcs A and E (dashed lines) indicates the
detection of discontinuity around the emission feature. The panel
on the right shows the same spectra smoothed to the spectrograph
resolution (FWHM=600 km s−1) and resampled by 200 km s−1

pixel in the log linear scale.

A z=3.9 Galaxy Lensed Twice
Xiaosheng Huang et al. 2011

WARPS J1415.1+3612 : z=1.026

Cluster Mass Profile : NFW

Spectroscopic Follow-up

Spectra from 
Subaru FOCAS
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Λ Today
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Combination of SNe with:
BAO (Percival et. al., 2010)
CMB (WMAP data, 2011)
For a flat Universe: 

LCDM:
Ωm = 0.271 ± 0.012(stat) ± 0.014(sys)
with curvature: 
oLCDM:
Ωk = 0.002± 0.005(stat) ± 0.005(sys)
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Accelerating Universe



w=P/ρ : equation of state 
Q. Is w -1?

11

wCDM:
w = −1.008 ± 0.052(stat) 
       −1.013 ± 0.070(sys)
SNe + BAO + CMB
... and allowing for curvature: owCDM
w = −1.006 ± 0.058(stat) 
       −1.003 ± 0.093(sys)
with systematics

•w=-1  : cosmological constant
•w=0   : matter
•w=1/3: radiation

E ∝ a
−3(1+w)



Systematic Error Limits 
the Precision Cosmology Today

Stat Err ∼ 5%, Systematic Err ∼ 5%

Text

Suzuki et al 2012 (Supernova Cosmology Project)



dm=0.10 for i
dm=0.15 for z



Cosmology in 10 years

SSP 6hr 
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Deep
Space
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None of standard stars from SNF 
will be used for HSC and others

• They are too bright (HSC/LSST saturates at 17-18th mag)

• No accurate IR coverage



Top 10 Subaru Papers

SNIa : Dark Energy
COSMOS

COSMOS

COSMOS

COSMOS

SDF

HDS : Metal Poor Star

SuprieCam



Top 10 Astro Papers in 2012 (ApJ, AA, Nature etc)

Text

Fermi

Fermi

Fermi

SDSS

SDSS

SDSS

Kepler
Stellar Model

Simulation

HST, Subaru, Keck, VLT



46%

10%
4%

26%

0%0%4%
10%

Ouchi et al 2004

ApJ AA AJ MNRAS PASP
PhRv PhLB JHEP JCAP ASPC
CQGra GReGr MPL PASJ

12%

3%
1%

11%

15%

4%1%12%
0%1%0%1%

39%

Suzuki et al 2012 (SCP)

ApJ AA AJ MNRAS PASP
PhRv PhLB JHEP JCAP ASPC
CQGra GReGr MPL PASJ Others

Only 37% from 
Astro Community

Mostly Astro Community



Precision Cosmology Requirements

• Precise Estimate of Errors

• Covariance Matrix

• Cross Calibrations & Cross Checks

• Reproducibility



The Origins of Systematic Errors Today

• I  : Zero Point is not accurate enough

• II : Standard Star Calibration (HST 
CALSPEC)is not accurate enough



BD17 : SDSS mag Definition
SDSS vs HST



Allende Prieto, Carlos et al.  2009



CALSPEC 2010: Model vs. STIS obs.



CALSPEC  Model 2010 / STIS 2010

Looks ok, 
but I don’t forget what 

you’ve done to me



CALSPEC 2003-10: Model vs. STIS obs.



CALSPEC : STIS 2003 / STIS 2010

STIS Cabliration moves

I don’t trust STIS data in 
1% Level



CALSPEC  Model 2003 / STIS 2010



CALSPEC  Model 2003 / Model 2010

Model Spectrum moves

I don’t trust WD Models 
in 1% Level



Model Uncertanities

Nicolas Regnault



Nicolas Regnault



Trust No One

• I don’t Trust CALSPEC!

• I don’t Trust HST/STIS!

• I don’t Trust White Dwarf Models!
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Discovery of Perfect Black Body Spectra:
found as a Quasar Target

Only 20 stars out of a million stars

• DR8 : 605,772 stars => 5 stars

• DR9 : 110,929  stars=> 9 stars 

• DR10:  81,892  stars=> 10 stars 

SDSS SDSS 

GALEX

SDSS SDSS 

SDSS 
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Looking at the Future with JWST
today 0.3%, but we can do 0.1%
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Magnitude Errors are Correlated

g mag

u mag



Near Future plan:
• Dec 2013 : 8m-Subaru Time (approved)

• We will observe these stars with Subaru (MOIRCS) 
in K-band (2.2 micron)

• UH88 (approved) will have S/N=100 data

• Aim to Publish Discovery Paper in 2014

• If no IR excess is detected, we will write a 
discovery paper and send it to HST (cycle 22 
proposal)

• We aim to re-calibrate SDSS photometry at 20th 
mag with 4 decimal numbers with 0.1% accuracy

• GAIA (2013-2020) will measure the distances to 
these stars



What I will do:
with M. Fukugita, Tim Beers and SDSS collaboration

• Step I : Replace BD17 by perfect black 
body spectra

• Step II : Re-establish SDSS mag in AB

• Step III : Re-measure zpt offset in 
covariance matrix form using 5-band SDSS 
photometry, 2-band GALEX photometry, 
and SDSS-I/II/III spectra for 320,751 F-stars 

• Publish model spectra and synthetic mag of 
320,751 F-stars (=20 stars / square degree)



New Observations 
Collaborators

• UH88 Fall 2013 (Postponed) : 1 night

• Subaru MOIRCS (H-, K-band) in Dec 2013

• HST/WFC3 Cycle 22 Proposal

• Establish F-Star Spectra Network

• M. Fukugita (IPMU), R. Bohlin, S. Deustua 
(STScI), T. Beers (NOAO), N. Regnault 
(LPNHE), A. Conley (Colorado), SDSS 
Friends, Your Name here

Don’s use BD17



Let’s think outside the Box
“In 2020, which standard stars do we use?”

• JWST is coming in 5 years

• Imagine HyperSuprimeCam + JWST SNIa 
Survey at z =2.0 & Discovering PopIII

• GAIA (successful launch) will give us an 
excellent new stellar photometry and 
distances



Backup Slides



HST Cluster Supernova Survey

I.    Survey Overview (Dawson et al. 2009)
II.   SNIa Cluster Rates (Barbary et al. 2012)
III.  SNIa Host Galaxy Studies (Meyers et al. 2012)
IV.  NICMOS Non-Linearity (Ripoche et al. 2012)
V.    SNIa Photometry & Cosmology (Suzuki et al. 2012) 
VI.  SNIa Field Rates (Barbary et al. 2012)

Spectroscopic Follow-up (Morokuma et al. 2010)
NICMOS Calibration (Hsiao et al. 2011)





Magnitude

Color

FaintBright

Red

Blue

Joshua Meyers et al. 2012

OII Line Detection 
by Subaru, VLT, Keck



SNIa Host Galaxy Studies
 Joshua Meyers et al. 2012

Light Curve 
Width 

Distribution
depends on 

the host type

Subaru FOCAS
Morokuma et al

2010



AB Magnitude Definition
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AB Mag != SDSS Mag
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