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宇宙論の重要問題
• 加速膨張の起源
   暗黒エネルギー or 修正重力？

• 暗黒物質の性質
   無衝突冷たい暗黒物質仮説はどこまで正しいか？

• インフレーション
   本当にあった？ Bモードゆらぎ？ 非ガウス性？

• ニュートリノの性質
   質量？ 階層？ 世代数？



観測的宇宙論：二つの方向性

距離、膨張率
D(z), H(z)

密度ゆらぎとその進化
δ(z), P(k), ...
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密度ゆらぎの観測が
今後ますます重要！
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WFIRST (2025?)�HSCサーベイ(+PFS)は世界中で計画されて
いるDEサーベイに先駆けて実現。ダークエ
ネルギー研究で世界をリードするチャンス 

slide by M. Takada



2010年代: HSC vs DES

　Hyper Suprime-Cam (HSC)　 
(日本+, Subaru 8.2m)

　FOV: 1.7 deg2, optical (grizy)　
　survey: 1400 deg2, ~26 mag　

2014/3−, 5-6 years

　Dark Energy Survey (DES)　 
 (米国+,  Blanco 4m)

　FOV: 3 deg2, optical (ugrizy)　
　survey: 5000 deg2, ~25 mag 　

2013/9−, 5 years



Hyper Suprime-Cam survey
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Figure 11: The location of the HSC-Wide, Deep (D) and Ultradeep (UD) fields on the sky in equatorial coordinates.
A variety of external data sets and the Galactic dust extinction are also shown. The shaded region is the region
accessible from the CMB polarization experiment, ACTPol, in Chile.

measure the luminosity function and the two-point correlation functions to the desired precision at each
redshift (see Section 5 for details).
• To observe in the broad-band filters in the Ultradeep fields with a cadence optimized to identify SNeIa
at high redshift up to z ! 1.4 as well as other intriguing transients such as superluminous supernovae and
gamma-ray burst afterglows.
• To go deep enough in the broad-band filters (grizy) for Deep to obtain good photo-z estimates of every
galaxy down to i ! 25 (σdz/(1+z) ! 0.04 and less than 10% photo-z outlier rate) when combined with the
deep NIR data available for two of the four target fields (Section 7.2).

As we emphasized in Section 5, the deep wide-field narrow-band imaging, in combination with deep broad-
band imaging, is unique; no other 8m-class telescope is capable of doing this survey at all.

The proposed cadence of observations can be done within the SSP observation framework by mixing
observations from the Wide, Deep and Ultradeep layers in the schedule (see Section 7.3 for details). The
observations in each broad-band filter for the Ultradeep layer are split over 20 epochs. In the i- and
z-bands, each epoch is 60 or 80 min long, needed to carry out > 5σ photometry of z = 1.4 SNeIa one
week before, and two weeks after, the peak of the lightcurve. The exposure of each broad-band filter for
the Deep layer is split over 10 epochs. The single-epoch exposure time for the r-, g-, and i-bands allows
us to do > 5σ photometry of z = 1 − 1.2 SNeIa one week before, and two weeks after, the peak of the
lightcurve. The cadence covers timescales ranging from a day to a few months, and the single-epoch depths
match requirements to identify transients at high redshift beyond the reach of 4m-class telescopes (see the
right-lower panel of Figure 12).

7.2 Survey fields

Table 9 and Figure 11 summarize the target fields for the HSC-Wide, Deep and Ultradeep layers. We
impose the following requirements for the survey field selection:
• The HSC footprints should overlap the SDSS/BOSS footprint, because we use the SDSS for baseline
photometric and astrometric calibration of the HSC data (Section 8.1). The BOSS data will provide a
huge spectroscopic sample of galaxies up to z ∼ 0.7, which will be used to calibrate photometric redshifts
and the cluster-finding algorithm, and will be used for cosmological analyses.
• The fields should be well distributed over a wide range of RA, such that fields are reachable at all times
of the year.
• The fields should overlap other multi-wavelength data sets to maximize scientific potential when com-
bined with the HSC data. The major data sets which offer unique synergy with HSC data are the arcminute-
resolution, high-sensitivity CMB survey by ACT in Chile, and its polarization extension ACTPol, for which
Princeton is playing a major role; X-ray surveys from XMM and eROSITA; near-/mid-infrared imaging
surveys (e.g., VIKING/VIDEO and UKIDSS); and deep spectroscopic surveys (e.g., VIPERS, GAMA,
COSMOS, HectoMAP).

from HSC SSP proposal

• 5(6?)年間で300夜のすばる望遠鏡時間を投入

• 3つのレイヤー: wide, deep, ultradeep

• 2014年3月よりサーベイ開始！



HSCサーベイは
世界最先端かつ
ユニーク

from HSC SSP proposal



2020年代の宇宙論(ができる)サーベイ

LSST (米, 8.4m)
　FOV: 9.6deg2　
　optical(5)　
　no spec　

Euclid (欧, 1.2m)
　FOV: 0.54deg2　
　optical(1)+NIR(3)　
　slitless NIR spec　

WFIRST (米, 2.4m)
　FOV: 0.28deg2　
　NIR(4)　

　IFU NIR spec　



具体的な手法

Euclid WFIRST LSST

弱い重力レンズ ✓ ✓ ✓
銀河相関関数
(BAO, RSD, ...) ✓ ✓

銀河団 ✓ ✓ ✓

Ia型超新星爆発 ✓ ✓
強い重力レンズ
(time delay) ✓
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Euclid mission (ESA)

  

   

 

ESA/SRE(2011)12
July 2011

Definition Study Report

Euclid
Mapping the geometry

of the dark Universe

European Space Agency

• サーベイ専用宇宙
   望遠鏡

• 可視1バンド (WL)＋
   近赤外3バンド撮像

• 近赤外スリットレス
   分光

• already funded
see Euclid “Red Book”



サーベイ領域
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Euclid weak lensing survey

可視超広帯域撮像
 ⇒ 銀河の形状測定

近赤外撮像 (YJH)
+地上可視撮像 (griz)
 ⇒ photo-z

そもそもphoto-zに地上可視撮像が必要不可欠

南天：DES/LSST
北天：HSC?? 
           (議論中)



Euclid spectroscopic sample3. Scientific Requirements 
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Figure 3.2: comparison of number of galaxies in redshift bins of width �z=0.1, for the Euclid spectroscopic survey 
compared with various ongoing and proposed ground-based surveys, including the Baryon Oscillation Spectroscopic 
Survey (BOSS; Eisenstein et al., 2011), the proposed BigBOSS project (Schlegel et al., 2009) and the proposed Hobby-
Eberly Telescope Dark Energy Experiment (HETDEX; http://hetdex.org).  

The H� line will be the main spectral feature for the determination of the redshift. Given the high number of 

detectable spectra in the field of view, and the size of the spectra covering the full wavelength range, a large 

number of spectra are contaminated (or confused) by spectra from other galaxies. Based on the top-level 

science requirement on the number density, the average effective H� line flux limit from a 1-arcsec diameter 

source shall be lower than or equal to 3×10
-16

 erg cm
-2

 s
-1

 at 1600nm. The flux limit is defined as the line flux 

for which the signal-to-noise is > 3.5. A slitless spectroscopic survey has a success rate in measuring red-

shifts that is a function of the emission line flux. As such, the Euclid survey cannot be characterised by a 

single flux limit, as in conventional slit spectroscopy. Given the steep log N O log S number counts of H� 

emitters in this flux range, the number of galaxies with a measured redshift below the nominal flux limit is 

significant. At this stage these galaxies are not included in our derivation of the FoM; their inclusion would 

enhance the FoM due to the sample covering a broader redshift range. 

To fulfil the top-level scientific requirements, the redshift completeness Nmeas / Ntot should be in excess of 

45%. Here Nmeas is the number of galaxies with measured redshifts, and Ntot is the total number that can be 

detected at this flux limit, based on the current knowledge of the spatial density and luminosity function of 

H� emitting galaxies (Geach et al., 2009). Given the confusion due to overlapping spectra, which is intrinsic 

in the slitless technique, to achieve such a high fraction one has to obtain multiple observations of the same 

field of view at different orientations. Additionally, confusion can be further diminished by splitting the total 

spectral range over different exposures of the same field through the use of filters, which make the spectra 

shorter and reduce the sky background while keeping a nearly constant signal-to-noise ratio on the emission 

lines. Euclid will adopt a combination of these two techniques, which has been shown to provide optimal 

results through end-to-end simulations. The same simulations show that any residual density-dependent in-

completeness is not expected to be a significant effect (see Section 6). 

It is necessary to obtain a NIR image of the same field as covered by the slitless spectrograph, sufficiently 

deep as to always allow association between an emission line detected in the dispersed image with a counter-

part in the field image. The NIR image will provide positions of the objects, allowing the zero-point in the 

wavelength scale to be measured for each object, and remove ambiguities with zero order spectra contamina-

tion. Equally important is the fact that the NIR image will give the object sizes and orientations enabling the 

correct definition of the best extraction aperture of the spectra, as well as the flagging of contaminated 

spectra. Within the Euclid concept, the NIR photometry channel can be used to obtain the field image: an 

image exposure in the H-band to a depth of HAB < 24 mag, would be sufficient to meet the needs of the 

slitless spectroscopy. It would also be possible to produce a composite image using all three NIR imaging 

bands. 

• 近赤外分光から
   主に z = 0.7−2 の
   Hα輝線銀河

• >5000万個の銀河
   サンプル

• 銀河の相関関数
   (BAO, RSD, ...) を
   用いた宇宙論



期待される制限 (Euclid)

2. Scientific Objectives 
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CMB constraints. Current � constraints are taken from Rapetti et al. (2009) who make a measurement under 
the assumption of flatness; we do not make this assumption, so the improvement derived for this parameter 
should be considered a conservative estimate. 
Table 2.2: A summary of the forecasted cosmology constraints from Euclid. The figure of merit (FoM) is listed in the 
last column. Note that a larger FoM is better. Euclid Primary: Combined constraints from Euclid weak lensing 
tomography and galaxy clustering. Euclid All: Constraints from primary probes combined with galaxy clusters and 
ISW. Current constraints from Rapetti et al. (2009), Komatsu et al. (2010) and Suzuki et al. (2011). Improvement 
Factor: improvement over the current constraints compared to the Euclid+Planck case. For modified gravity a simple 
parameterisation of the growth factor f(z)=�m

� is used. The neutrino mass m�/eV is the total mass summed over all 
species, assuming a degenerate hierarchy. All constraints are 1� predicted errors marginalised over all other 
parameters (�m: 0.25, ��: 0.75, �b: 0.0445, �8: 0.8, ns: 1.0, h: 0.7). Here we use expected 2-point (TT, ET, EE, BB) 
correlations from Planck, and do not include CMB lensing. 

 Modified 
Gravity Dark Matter Initial 

Conditions Dark Energy 

Parameter � m�/eV fNL wp wa FoM 

Euclid Primary  0.010 0.027 5.5 0.015 0.150 430 

Euclid All 0.009 0.020 2.0 0.013 0.048 1540 

Euclid+Planck 0.007 0.019 2.0 0.007 0.035 4020 

Current 0.200 0.580 100 0.100 1.500 ~10 

Improvement Factor 30 30 50 >10 >50 >300 

 
The FoM provides a convenient way to assess the statistical power of a combination of measurements, but 
does not take into account the detrimental effects of systematic errors. Hence a means to assess the influence 
of such biases is critical: the FOM only makes sense if systematic errors are negligible. In this particular 
respect, the Euclid mission can be compared to HST Key Project on the Hubble constant H0, which primarily 
focused on reducing the systematics on absolute calibration of a few highly resolved Cepheids (Freedman et 
al., 2001). The primary strength of Euclid is its control of biases produced by systematics and on the use of 
several methods jointly, applied to the same survey. The primary probes are individually sufficiently precise 
to test for consistency between results. This ability is critical given the profound implications of an observed 
deviation from the concordance model and is lost if the statistical uncertainty of any individual probe is large 
compared to the objective. Although a FoM~400 may appear achievable if current constraints are combined 
with future data from the Dark Energy Survey (DES 1 ), the Baryon Oscillation Spectroscopic Survey 
(BOSS2), and Planck, the relatively large uncertainties of the individual ground-based probes prevents their 
internal consistency to be determined. The debate about the value of the H0 provides a well-known example: 
both sides claimed small statistical uncertainties (i.e. large FoM), yet the actual values were different. 

Our forecast results are an improvement over the numbers presented in the Yellow Book (Assessment Phase 
Study Report) because we now include the full galaxy power spectrum. Previously only the localised BAO 
peak position was used, which contains less information. We also include realistic secondary dark energy 
probes for the ]Euclid All^ scenario in Table 2.2. By themselves the secondary probes constrain the dark 
energy properties to �wp=0.05 and FoM=55; however in combination with the weak lensing and clustering 
results, the sum is much more than the individual parts leading to a substantially improvement FoM>1500. 
The results presented here are consistent with the findings of the ESA-ESO working group on fundamental 
cosmology (Peacock et al., 2006), the NASA Dark Energy Task Force (Albrecht et al., 2006) as well as 
numerous papers available on the predicted constraints obtainable for the Euclid cosmological probes. 

                                                      
1 http://www.darkenergysurvey.org/reports/proposal-standalone.pdf 
2 http://www.sdss3.org/collaboration/description.pdf and Eisenstein et al. (2011) 

from Euclid “Red Book”



WFIRST-AFTA (NASA)

• 多目的宇宙望遠鏡
   (宇宙論/系外惑星/
    超新星/公募観測)

• 近赤外6バンド撮像

• grism/IFU分光

• 計画段階、日本の
   参加可能性も議論中

 

 

Wide-Field InfraRed Survey Telescope-
Astrophysics Focused Telescope Assets  

WFIRST-AFTA 
Final Report 

by the 
Science Definition Team (SDT) and WFIRST Project  

May 24, 2013  
see arXiv:1305.5422



WFIRST-AFTAの経緯
• 2010年の米国 decadal survey でいくつかの提案を
   組み合わせた``WFIRST”が top priority を獲得

• その後の検討で1.3-m宇宙望遠鏡のデザイン提案

• 2012年に NRO (アメリカ国家偵察局) が不要に
  なった2.4-mスパイ衛星２台を NASA へ譲渡

• 検討の結果この2.4-m望遠鏡が WFIRST に非常に
   適していることがわかった
→ WFIRST-AFRA (astrophysics focused telescope assets)　
   として再出発
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equation, or from still more radical modifications such 
as extra spatial dimensions. Observationally, the route 
to addressing these questions is to measure the histo-
ries of cosmic expansion and growth of structure with 
the greatest achievable precision over the widest ac-
cessible redshift range.  

As defined by NWNH, one of WFIRST’s primary 
mission goals is to “settle fundamental questions about 
the nature of dark energy, the discovery of which was 
one of the greatest achievements of U.S. telescopes in 
recent years.” (Following common practice, we will use 
“dark energy” as a generic term that is intended to en-
compass modified gravity explanations of cosmic ac-
celeration as well as new energy components.) It will do 

so using three distinct surveys that enable complemen-
tary measurements of the expansion history and struc-
ture growth. In each case, the larger collecting area and 
higher angular resolution of WFIRST-2.4 afford signifi-
cant advantages relative to the DRM1 design. The 
WFIRST-2.4 dark energy program is summarized below 
and described at greater length in Appendix C. Further 
background on the measurement and forecast methods 
can be found in the Green et al. report1, in papers by 
Wang et al.4,5,6 on cosmological constraints from galaxy 
redshift surveys, and in the comprehensive review arti-
cle of Weinberg et al.7  

Figure 2-1 presents an overview of the WFIRST-
2.4 dark energy program. With the observing strategy 

Figure 2-1: A high-level view of the WFIRST-2.4 dark energy program. The supernova (SN) survey will measure the 
cosmic expansion history through precise spectrophotometric measurements of more than 2700 supernovae out to 
redshift z = 1.7. The high-latitude survey (HLS) will measure redshifts of more than 20 million emission-line galaxies and 
shapes (in multiple filters) of more than 500 million galaxies. The former allow measurements of “standard ruler” dis-
tances through characteristic scales imprinted in the galaxy clustering pattern, while the latter allow measurements of 
matter clustering through the “cosmic shear” produced by weak gravitational lensing and through the abundance of 
galaxy clusters with masses calibrated by weak lensing. As indicated by crossing arrows, weak lensing measurements 
also constrain distances, while the galaxy redshift survey provides an alternative measure of structure growth through 
the distortion of redshift-space clustering induced by galaxy motions. Boxes in the middle layer list the forecast aggre-
gate precision of these measurements in different ranges of redshift. These high-precision measurements of multiple 
cosmological observables spanning most of the history of the universe lead to stringent tests of theories for the origin 
of cosmic acceleration, through constraints on the dark energy equation-of-state parameter w(z), on deviations ΔG(z) 
from the growth of structure predicted by General Relativity, or on deviations between the gravitational potentials that 
govern relativistic particles (and thus weak lensing) and non-relativistic tracers (and thus galaxy motions). 

High Latitude Survey 

The WFIRST-2.4 Dark Energy Roadmap 

Supernova Survey 

wide, medium, & deep imaging 

+ 

IFU spectroscopy 

2700 type Ia supernovae 
z = 0.1–1.7 

spectroscopic: galaxy redshifts 

20 million H! galaxies, z = 1–2 

2 million [OIII] galaxies, z = 2–3  

imaging: weak lensing shapes 

500 million lensed galaxies 

40,000 massive clusters 

standard candle distances!
z < 1 to 0.20% and z > 1 to 0.34% 

standard ruler !
 distances               expansion rate!

z = 1–2 to 0.4%      z = 1–2 to 0.72% 

z = 2–3 to 1.3%       z = 2–3 to 1.8% 

dark matter clustering!
z < 1 to 0.16% (WL); 0.14% (CL) 
z > 1 to 0.54% (WL); 0.28% (CL) 

1.2% (RSD) 

    history of dark energy 
                     + 
      deviations from GR 

  w(z), !G(z), "REL/"NREL 

(arXiv:1305.5422)



サーベイ領域 (未決定?)

• 宇宙論サーベイ：南天 ~2000deg2
WFIRST-AFTA 

Section 3: WFIRST-2.4 DRM 82 

critical HLS observations taking into account the dis-
tribution of GO programs will endow WFIRST-2.4 with 
even more flexibility.  

 The plan presented here is only one possible 
example of what WFIRST-2.4 might do, but it 
demonstrates that the strategic programs are all 

Figure 3-28: The footprint of the WFIRST-2.4 observations. The red region shows the HLS, the blue shows the su-
pernova survey, and the magenta spot shows the microlensing survey. The HLS footprint area is 2054 deg2. 

Figure 3-29: The amount of time during the 5-year primary mission during which each field would be accessible by the 
GO program, with no re-scheduling of other observations, as determined by a Monte Carlo analysis. Fields within 36° 
of the ecliptic poles are available for the great majority of this time since they always satisfy the Sun angle constraint, 
with only occasional cutouts due to the Earth. Fields near the Ecliptic are available only part of the year. The Galactic 
bulge region near RA=270°, Dec=�30° has the lowest availability because most of the time when it is accessible it is 
used by the microlensing program. Nevertheless it still satisfies the requirement of being available in multiple years. 

HLSSN microlensing



LSST: Large Synoptic Survey Telescope 

• チリの6.7-mサーベイ
   専用望遠鏡

• 可視6バンド (ugrizy)

• 20000deg2を繰り返し
   何回も観測し時間変動
   のデータを得る

• 計画段階、日本の
   参加可能性も議論中



LSSTのサーベイ性能 

Etendue=(視野)×(主鏡面積) • etendue = 望遠鏡の
   サーベイ速度

• 2020年代まではHSC
   が圧倒的一位

• LSSTはHSCの3倍
   以上のetendue

from HSC white paper



サーベイ領域

Basic idea behind LSST: a uniform sky survey

• 90% of time will be spent on a uniform survey: every 3-4 nights, 
the whole observable sky will be scanned twice per night  

• after 10 years, half of the sky will be imaged about 1000 times 
(in 6 bandpasses, ugrizy): a digital color movie of the sky

• ~100 PB of data: about a billion 16 Mpix images, enabling 
measurements for 20 billion objects!  

Left: a 10-year simulation of LSST 
survey: the number of visits in the r band 
(Aitoff projection of eq. coordinates) 

LSST in one sentence:                     
An optical/near-IR survey of half 
the sky in ugrizy bands to r~27.5 
(36 nJy) based on 825 visits over  
a 10-year period: deep wide fast.

equatorial coordinates

• 南天全部
   = 20000deg2 

• 一回の観測
  で~24等, 10年
  のデータを足 
  すと~27等



Ia型超新星爆発とLSSTChapter 11: Supernovae
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Figure 11.6: Left : Rates of Type Ia and Non-Ia supernovae are shown as a function of the number of filters passing
S/N cuts plus P�2 >0.1 for the deep sample. Right : Same but for the main sample. Note that both samples use an
assumed host galaxy spectroscopic redshift.

and core-collapse sample to templates using the SNe Ia MLCS2k2 model of Jha et al. (2007). Our
hope is that the goodness of fit (as quantified in terms of the probability of observing a value of
�2 greater than the measured value, P�2) would be a clean way to distinguish the two classes of
objects. This was borne out, as shown in Figure 11.5. The distributions of P�2 peaked sharply near
P�2 = 1 for SN Ia, and are very flat, extending to low probabilities for core collapse supernovae.
Figure 11.6 is analogous to Figure 11.2, now showing the number of SNe Ia with an additional cut
of P�2 > 0.1, and the contamination rate. The main sample has 2–3 times more contamination
due to the sparser light curves. Figure 11.7 shows the redshift distributions for the deep and main
samples, for the SNe Ia and di�erent types of core collapse supernovae. The contamination with
our assumptions is dominated by SNe Ib/c, with the bright SNe IIn contributing at large redshift.

Improvements in our knowledge of the fraction of Type Ib/c supernovae would help us better under-
stand the overall contamination of the LSST SN Ia sample. The LSST SN Ia supernova cosmology
samples will have some level of core collapse contamination, and minimizing and understanding
that contamination is important for precision cosmology.

11.4 SN Ia Photometric Redshifts

Scot S. Olivier, Sergei Nikolaev, Willem H. de Vries, Kem H. Cook, S. J. Asztalos

Supernova cosmology is currently based on measurements of two observable SN Ia quantities: the
brightness at several epochs (light curve) observed in one or more bands and the redshift of features
in the spectrum of the supernova (or the host galaxy).

Only a small fraction of the SNe Ia discovered by LSST will have spectroscopic measurements of
redshift. Instead the redshift determination for most of these SNe Ia will be based on photometric
measurements of the broad-band colors from either the host galaxy or the SN. Redshift determi-
nations of galaxies, for which spectroscopy was unavailable, have been estimated based on their
colors (§ 3.8). This type of “photometric redshift” can also be used for SNe Ia (Barris et al. 2004;
Wang 2007; Wang et al. 2007).
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• LSST は time domain
   surveyなので超新星
   も大量に見つかる

• 100万個以上の大量
  のIa型超新星爆発

(from LSST science book)



補足：地上可視多天体分光
• 地上大口径望遠鏡による可視多天体分光も重要
• 広視野撮像、近赤外分光と相補的
• BAO、重力レンズ解析等におけるphoto-z較正



Prime Focus Spectrograph 
(PFS)!

# Multi-object fiber spectrograph for 
Subaru (launched after WFMOS 
cancelation) !

#  International collaboration; Japan (IPMU
+), Princeton, JHU, Caltech/JPL, LAM, 
Brazil, ASIAA!

#  The current baseline design!

-  Share the same WFC to HSC!

-  2400 fibers!

-  380-1300nm wavelength coverage!

-  R~2000, 3000, 5000 (blue, red, NIR) !

#  Passed the CoDR in March, 2012!

#  The target first light: 2017!

#  The Subaru PFS survey; 2018-, 
cosmology, galaxy, galactic archeology !

Prime Focus Spectrograph (PFS)

• すばる望遠鏡に取り付ける
   多天体分光器

• 2400天体を同時分光

• 0.38−1.3μmの広い波長域

• 2018年頃?からサーベイ
   開始



Dark Energy Spectroscopic Instrument (DESI)

19 19 Mayall Telescope!

DESI instrumentation 

• Kitt Peak Mayall 4-m に設置

• 5000天体を同時分光

• 14000deg2のBAOサーベイ,
   2000万天体の分光
   (LRG+ELG+QSO+Lyα)

• 2018年開始を目指す



国際競争

1.2 Distance Probes 3

Figure 1-2. Top panel is a compilation of the current and the near future projects. Planck ⇤CDM
Cosmology (h=0.673, ⌦m = 0.315, ⌦⇤ = 0.685) is used for the fitted lines and near future data is simulated
based on their error forecasts. Bottom three panels are fractional measurement errors of ’today’, in the
next 5 years and in the next decade as a function of redshift. Left: Hubble Diagram in Comformal
Distance SN Ia cosmology measures the luminosity distance (DL) while BAO measures angular diameter
distance (DA) and expantion rate (H(z)). For this compilation, we use comformal distance ⌘(z) which is
related to DL by 1+ z division and DA by 1+ z multiplication. Today, 580 SNe Ia leads 1� 5% precision in
redeshift z<1.5, and we note the Ly↵ Forest BAO measurement finds the existence of dark energy at z=2.4
for the first time. In the next 5 years, eBOSS will conduct BAO measurement in various redshifts using
di↵erent targets: LRG, ELG, QSO and the Ly↵ Forest while PFS aims to observe ELGs and HETDEX
uses LEGs. With satellite missions in the next decade, sub percent precision is expected in all redshift
range. Right: Expansion Rate History H(z)/(1 + z) represents ȧ which is the expansion rate of the
scale factor, a. This is equivalent of taking a derivative of the distance measurement. In ⇤CDM model,
the expansion rate of the universe is decelerating in matter dominated era, but it turns to acclerate around
z = 0.7 when the fraction of dark energy in critical density becomes eminent. The current measurements
trace the acceleration history of the universe and the Ly↵ Forest BAO probes the expansion rate in epoch
of deceleration. Future experiments are expected to trace the entire expansion history of the universe from
deceleration to acceleration.

Community Planning Study: Snowmass 2013

• 2015年−2020年
  − PFS (日, 8.2m) 
  − eBOSS (米, 2.5m)
  − HETDEX (米,9.2m)

• 2020年−
  − Euclid (欧, 1.2m宇宙)
  − WFIRST (米, 2.4m宇宙)
  − DESI (米, 4m)
     (↑BigBOSS+DESpec)

Kim, Padmanabhan, et al. (2013)



弱い重力レンズとphoto-z

6                           Spectroscopic Needs  

 
COMMUNITY PLANNING STUDY: SNOWMASS 2013 

 

The impact of uncertainties in <z> and σz on dark energy constraints is illustrated in Figure 1-3.  Re-
quirements for Stage III surveys will be somewhat less stringent. Past a certain point, larger samples of 
spectroscopic redshifts are more beneficial for calibration than training: uncertainties in photometric meas-
urements and degeneracies between possible redshifts will provide fundamental limits to the precision with 
which photometric redshifts may be determined, but uncertainties in <z> and σz will still decrease as the 
square root of the number of spectra (or number of independent regions of sky sampled, if field-to-field 
variations dominate).  Accurate calibration is a necessity for any photometric redshift estimates used for 
dark energy studies, regardless of whether they are template- or training-set based. 
 
For both training and calibration purposes, we require a sample of objects for which the true redshift is 
known; this information can only be obtained securely via spectroscopic measurements.  In Section 2 of this 
white paper, we will discuss the design parameters for spectroscopic training sets that will allow Stage III 
and IV imaging dark energy experiments, including DES, HSC, and LSST, to reach their full potential. 
 
If secure spectroscopic redshifts could be obtained for a sufficiently large fair sample of those objects to 
which photometric redshifts will be applied, both training and calibration needs can be fulfilled by the 
same set of objects.  However, real spectroscopic samples have fallen well short of this goal (see §2); hence 
photo-z calibration is likely to be determined using cross-correlation-based techniques, which combine in-
formation from multiple datasets, taking advantage of the fact that many observables each trace the same 
underlying dark matter distribution.  Those methods are discussed extensively in a separate Cosmic Fron-
tiers white paper focused on many aspects of cross-correlations; in Section 3 of this paper, we summarize 
the spectroscopic requirements for such work. In Section 4 of this white paper, we present a variety of ave-
nues for future work that can increase the power of photometric redshifts in future dark energy 
experiments.  Finally, in section 5 we summarize our conclusions. 
 

 
Figure 1-3.  Impact of uncertainty on the mean redshift (∆<z>) or the RMS of the redshift distribution 
(∆σz) on dark energy constraints.  The y-axis shows the relative increase in the error in

! 

wa =
dw
da , the de-

rivative of the equation of state (pressure-to-energy ratio) of dark energy with respect to scale factor a, 
resulting from an LSST-like weak lensing analysis, as a function of the uncertainty in the RMS of each 
∆z = 0.1 wide bin used in the analysis.  For Gaussian statistics, the error in the mean redshift, ∆<z>, 
will be larger than the plotted x coordinate value by a factor of

! 

2 ; the impact of both of these errors in 
concert are included in this analysis (based on the work of Hearin et al. 2011).  Uncertainties of a few 
hundredths in z in the mean redshift and RMS of galaxy samples, as has typically been achieved in the 
past, will not be sufficient for future surveys, as it leads to a factor of a few degradation in errors on this 
crucial dark energy parameter. 

Newman et al. arXiv:1309.5384• 測定に使う銀河
   のphoto-zの精度
   はゆらぎ進化の
   精密測定に重要

• Euclid etc.では
   <0.2% ほど必要

• i~25の銀河でこ
  の精度を達成す
  るのは大変！ (LSST-like survey)



分光によるphoto-z較正
8                           Spectroscopic Needs  

 
COMMUNITY PLANNING STUDY: SNOWMASS 2013 

 

 
 
Figure 2-1.  Scaling of the errors on wpiv , the dark energy equation of state parameter at its best con-
strained redshift, with Nspec, the number of galaxies in the spectroscopic calibration sample, based on the 
work of Hearin et al. 2011. Each curve is normalized by the error from statistical uncertainties in the 
limit of perfect knowledge of the true probability distribution function of redshift as a function of esti-
mated photo-z.  Dashed curves pertain to constraints attainable with a weak lensing-only analysis, and 
solid curves to the case where large-scale galaxy clustering in the imaging data has been utilized as well. 
The LSST constraints degrade more rapidly with weaker priors than those for DES, reflecting the more 
stringent calibration demands of this survey. For LSST, the constraining power of cosmic shear is weak-
ened by 35% for a calibration sample size of 3x104 compared to a perfectly-calibrated dataset; this 
degradation is less than 15% when information from galaxy clustering is incorporated. 
 
The dashed curves in Figure 2-1 illustrate the ability of each of these surveys to constrain dark energy with 
a cosmic shear (weak lensing)-only analysis. As is clear from this figure, LSST places stronger demands on 
the photo-z calibration program than DES, due to its smaller intrinsic statistical errors.  With 30,000 total 
spectra used in the calibration, the dark energy constraints are degraded by !35% relative to the limit of 
perfect prior knowledge of the photo-z distribution if only information from lensing is used. 
 
Figure 2-1 also demonstrates one benefit of including cross-correlations between gravitational lensing shear 
and galaxy clustering. The solid curves labeled "joint photometric analysis" pertain to analyses of imaging 
data that employ cosmic shear statistics jointly with galaxy clustering measurements in the linear regime 
(!degree scale correlations). The improvement that comes from including clustering information is consid-
erable, especially in the regime of low Nspec. The application of cross-correlation information to the photo-z 
calibration program is explored more fully in a companion white paper. 
 
For several reasons, the above estimates on the number of required calibration spectra (and hence on the 
minimum size of our training sample) are only approximate. For example, the broader the distribution of 
colors used in the lensing analysis, the larger the number of spectra that are required in order to faithfully 
sample from the galaxy distribution. Since the number density of galaxies in a particular region of color 
space is significantly uncertain at high redshift (z >! 1), exact estimates of the calibration requirements are 
not possible with our current knowledge of the high redshift universe. 
 
Additionally, uncertainty in our ability to predict the matter power spectrum in the nonlinear regime 
translates into concomitant uncertainty in the photo-z calibration requirements (e.g., Hearin et al. 2010, 

• 分光サンプルによる
   photo-zの訓練、較正
   が必要不可欠

• >30000の分光銀河が
   必要、全天に広く
   分布している必要
   (cosmic variance)

• PFSおよび30m級望遠鏡
   が主力になると期待 target

Newman et al. arXiv:1309.5384



まとめ 

• 宇宙論 ≈ 距離とゆらぎの測定

• 多様なアプローチ
• Euclid/WFIRST/LSSTが2020年代の主力

• 広視野の撮像(HSC)および分光(PFS)装置を有する
   すばるはこれらサーベイを補完する非常に重要
   な役割を果たしうる


