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SuMIRe = Subaru Measurement
of Images and Redshifts

l IPMU director Hitoshi Murayama funded 
(~$32M) by the Cabinet in Mar 2009, as one 
of the stimulus package programs 

l Build wide-field camera (Hyper Suprime-Cam)

and wide-field multi-object spectrograph 
(Prime Focus Spectrograph) for the Subaru 
Telescope (8.2m)

l Explore the fate of our Universe: dark matter, 

dark energy 

l Keep the Subaru Telescope a world-leading 

telescope in the TMT era

l Precise images of 1B galaxies 

l Measure distances of ~4M galaxies 

l Do SDSS-like survey at z>1

HSC
PFS

H. Murayama (Kavli IPMU Director)

Subaru  (NAOJ)



Galaxy survey; imaging vs. spectroscopy

• Find objects
– Stars, galaxies, galaxy clusters

• Measure the image shape of each 
object → weak gravitational lensing

• For cosmology purpose
– Pros: many galaxies, a 

reconstruction of dark matter 
distribution

– Cons: 2D information, limited 
redshift info. (photo-z at best)

• Measure the photon-energy 
spectrum of target object

• Distance to the object can be 
known → 3D clustering analysis

• For cosmology 
– Pros: more fluctuation modes in 3D 

than in 2D 

– Cons: need the pre-imaging data for 
targeting; observationally more 
expensive (or less galaxies)

Imaging Spectroscopy  



HSC/PFS collaboration

• Mailing lists (general discussion, each science working groups) 
⇒ Ask either Takada, Oguri-san, Hamana san, … 

• Wiki pages (sharing documents/material/information)
– HSC: http://hscsurvey.pbworks.com

– PFS: http://sumire.pbworks.com

• Collaboration meeting, Telecons… 
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@ PFS collaboration meeting



New center in Manhattan (HSC, PFS, LSST, WFIRST, …), ~60 scientists
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Science Objectives in 2020 era
• Dark energy/Gravity 

test
• Dark matter
• Neutrino mass
• Physics of inflation 

(curvature, PNG, 
primordial spectrum, 
isocurvature,….)
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Cosmology with “3D” Galaxy Survey

• Wide-are galaxy 
surveys

• CMB=a 2D snapshot 
of the universe at 
z~1000

• Galaxy survey carries 
3D information

• 3D≫2D
• Can be very powerful

Tegmark & Zaldarriaga 09



Challenge!: Nonlinear mode coupling
• Peebles (1980)

• Non-linear gravity 
causes a mode-
coupling btw different 
Fourier modes
– Large-scale modes: can 

predict from ICs

– Small scales: 
stochasticity due to 
halos ⇒ don’t have 
robust predictions 
(baryon physics)

• Goal: up to k~a few 0.1 
h/Mpc

• Nishimichi et al. 15
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Mohammed & Seljak 14, also see Nishimichi et al. 15

K(k, q; z) = q
@PNL(k; z)

@P lin(q; z)



The limitation of PT
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NL �(1) �(1 + 2)

�(1 + 2 + 3) �(T1 + T2 + T3) T �(T1 + T2 + T3)

Baldauf, Schaan, Zaldarriaga 15a,b



Stochasticity due to halos
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Refinement of halo model

• Halo boundary

• Stochastic/discrete nature of halos
• Halo density profile

• Number of halos
12

smoothed initial field
(contour: collapse threshold) Eulerian space (around halos)

Red: member particles 
of central halo
Green: particles 
within Lagrangian
sphere
Blue(s): particles in 
neighboring halos

Cooray & Sheth 01
Valageas & Nishimichi 11a,b
Mohammed & Seljak 14
Baldauf, Schaan et al. 15a,b
Baldauf et al. 15
Schmidt 15



Combining cosmological 
probes (imaging+spec-z)
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12 We present significant evidence of halo assembly bias for SDSS redMaPPer galaxy clusters in the
13 redshift range [0.1, 0.33]. By dividing the 8,648 clusters into two subsamples based on the average member
14 galaxy separation from the cluster center, we first show that the two subsamples have very similar halo mass
15 ofM200m ≃ 1.9 × 1014 h−1M⊙ based on the weak lensing signals at small radii R≲ 10 h−1Mpc. However,
16 their halo bias inferred from both the large-scale weak lensing and the projected autocorrelation functions
17 differs by a factor of ∼1.5, which is a signature of assembly bias. The same bias hypothesis for the two
18 subsamples is excluded at 2.5σ in the weak lensing and 4.4σ in the autocorrelation data, respectively. This
19 result could bring a significant impact on both galaxy evolution and precision cosmology.

DOI:20 PACS numbers: 98.80.Es, 98.62.Gq, 98.65.Cw

21 Since massive cluster-sized halos of cold dark matter
22 (CDM) emerge from the rarest peaks in the primordial
23 Gaussian random density field [1,2], their clustering
24 amplitudes at large scales is highly biased compared to
25 the underlying mass distribution [3–6]. In the standard
26 version of the halo model, the clustering amplitude depends
27 only on halo mass (see, e.g., Ref. [7]).
28 Do secondary parameters other than the halo mass affect
29 the clustering amplitude? Do observations of galaxy
30 clusters reveal halo assembly bias, an effect predicted both
31 by analytical theory and simulations [8–12]?
32 In this Letter, we use a combination of the clustering
33 and the weak gravitational lensing of clusters and present
34 the first significant evidence of a difference in the large
35 scale bias for cluster samples of the same mass. We
36 divide our sample of galaxy clusters into two based on
37 the average projected radial separation of member gal-
38 axies, and investigate the difference in their clustering
39 amplitude on large scales. In Ref. [13], we will show that
40 the two cluster subsamples have different mass accretion
41 rates and hence different assembly histories, confirming
42 these observations to be strong evidence for halo
43 assembly bias. The distinguishing feature of our analysis
44 is to use weak lensing to verify that the subsamples have
45 similar halo masses, but different halo biases. There have
46 been several claims for the evidence of assembly bias on
47 galaxy scales (e.g., Ref. [14–16]). However, Ref. [17]
48 found that the difference in clustering properties could all
49 be explained as due to difference in halo mass or
50 contamination by satellite galaxies and concluded that
51 there was no significant evidence of the assembly bias for
52 galaxy-scale halos.

53Throughout this Letter, we adopt a flat ΛCDM cosmo-
54logical model with matter density parameter Ωm ¼ 0.27
55and the Hubble parameter h ¼ 0.7.
56Cluster subsamples.—We use the publicly available
57catalog of galaxy clusters [18] identified from the SDSS
58DR8 photometric galaxy catalog by the red-sequence
59Matched-filter Probabilistic Percolation (redMaPPer) clus-
60ter finding algorithm (v5.10, see Ref. [19] for details and
61Refs. [20,21]). redMaPPer uses the ugriz magnitudes and
62their errors, to group spatial concentrations of red-sequence
63galaxies at similar redshifts into clusters. For each cluster,
64the catalog contains an optical richness estimate λ, a
65photometric redshift estimate zλ, as well as the position
66and probabilities of five candidate central galaxies pcen
67[20]. A separate member galaxy catalog provides a list of
68members for each cluster, each of which is assigned a
69membership probability, pmem [20].
70We use a sample of clusters with 20 < λ < 100 and
710.1 ≤ zλ ≤ 0.33. The richness cuts ensure a pure and
72statistically meaningful sample of clusters at all richness
73bins, while the redshift cuts select a nearly volume-
74limited sample of clusters [20], resulting in a sample of
758,648 clusters. For the weak lensing and clustering
76measurements, we use 100 times as many random points
77as real clusters, incorporating the survey geometry, depth
78variations, and distributions of cluster redshift and rich-
79ness (see Refs. [22,23] for details on the use of random
80catalogs).
81As a proxy for the assembly history of the clusters, we
82use the average projected separation of member galaxies
83from the cluster center, hRmemi. For each cluster, we
84compute

P HY S I CA L R EV I EW LE T T ER S

1 © 2015 American Physical Society

H. Miyatake
(JPL/Caltech)

S. More
(IPMU)Coming soon (Dec 21): Editor’s suggestion 



Galaxy (Cluster)-galaxy lensing

• Directly probe the “3D” halo-matter 
power spectrum
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Cluster-galaxy lensing
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Ncluster=1 Ncluster=5

Ncluster=20 Ncluster=50

The average mass 
density profile of 
50 clusters

Okabe et al. 13; Niikura et al. 15 Subaru WL measurements of 50 
most massive clusters



Clusters = Most massive self-grav. system
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background  gals

Weak lensing signal Proxy of halo 
assembly history for 
each cluster



2.5σ significance

The two subsamples of 
clusters have very similar 
halo masses, but display a 
significant difference of their 
bias parameters
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• aaa

21For press release….

Detection of Halo Assembly Bias



~50Mpc/h

Ø The amount of dark matter surrounding 
clusters differs by a factor of ~1.5, depending 
on the properties of intracluster structures

Ø Cross-talk between <1Mpc and >10Mpc



Halo assembly bias

• The cartoon picture! See Dalal et al. 2008 for equations.
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BBKS
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Nonlinear mode coupling
• Peebles (1980)

• Non-linear gravity 
causes a mode-
coupling btw different 
Fourier modes
– Large-scale modes: we 

can predict from initial 
conditions

– Small scales: 
stochasticity due to 
halos ⇒ don’t have 
robust prediction 
(baryon physics)

• Nishimichi et al. 15
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Mohammed & Seljak 14, also see Nishimichi et al. 15

K(k, q; z) = q
@PNL(k; z)

@P lin(q; z)



Super-survey (sample) modes
• The observed field is given as

• The Fourier-transformed field is

– The width of W(k) is ~1/L

– In this way, we can explicitly include contributions of modes 
outside a survey region

• The background density mode within a survey region 

Survey region

L

MT & Hu 13

generally non-zero on realization basis



Limitations of N-body simulations?

• N-body sim. now 40 yrs history

• Employ periodic boundary conditions

• How large volume do we need?
• If we run a very large-box simulation, most of the 

computation time is for the linear or quasi-nonlinear 
dynamics?  Is this against the aim of N-body simulations? 

• How to include a super-box mode (DC mode)? 
• Occasionally some papers have discussed the effect of DC 

mode (e.g., Pen 99; Sirko 05), but has not really implemented

MICE simulations
(up to ~8Gpc/h) DEUS (Dark Energy 

Universe Simulation) 
project : up to ~10Gpc/h



Super-survey or -box modes

• Long-wavelength modes can be expanded around the survey region

survey region or N-body simulation box

L

long-wavelength mode

short-wavelength mode

mean density modulation
gradient field

tidal field



Separate universe simulation

• How can we include the super-box (DC) mode in a simulation? 

• We know that the DC mode grows according to the linear growth rate
– For a sufficiently high redshift such as the initial redshift employed in a simulation 

(say z~50 or 100), the amplitude is very small and the effect is negligible

initial redshift

later redshift

Li, Hu & MT 14a,b; 15



Separate universe simulation (contd.)

• Full GR can solve the dynamics of all-wavelength modes

• Usually employ a decomposition of background and perturbations

• Separate universe technique: the mean density modulation is 
absorbed into background quantities



Separate universe simulation (contd.)

• The Hubble expansion rate is modified as

• The comoving wavelength in SU is also modified as

The super-survey mode causes a 
shift in the location of BAO peaks



Separate universe simulation (contd.)

initial redshift

later redshift

The effect of such a super-survey (here DC) mode can be treated by changing the 
background cosmological model (an effective curvature parameter)  (also, Frenk+ 
88; Sirko 05; Gnedin+09; Baldauf et al. 12)

The two simulations look 
identical at sufficiently high 
redshift

We can use the same 
seeds of the initial density 
fluctuations (which help to 
reduce the stochasticity)Li, Hu & MT 14



Effects of super-survey modes on the NL 
dynamics of short-wavelength modes

• In the linear or weakly nonlinear regime

L

long-wavelength mode

short-wavelength mode

All short-wavelength modes are affected (also see P. Valageas 14)



Power spectrum response
• Power spectrum response: the response of power spectrum at 

each k bin to the super-survey mode

• Different LSS probes have different response
– Weak lensing shear:

– Galaxy clustering: 

• Reponses of the power spectra wrt “global” or “local” mean 

Power spectrum response (assuming the linear delta_b)



“Growth” and “Dilation” effects in 
Power spectrum response

• The power spectrum response has two contributions

Growth effect
enhancement/suppression 
in the growth of short-
wavelength modes due to 
delta_b

Dilation effect
More 
contraction/expansion of 
comoving volume due to 
delta_b



Power spectrum response
 dl
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Total

Growth

z=0
Separate Universe

Used the 64 pairs of SU  
simulations (each 500Mpc 
on aside) with

linear regime limit

Growth of all small-scale 
structures are affected by 
the “unseen” large-scale 
mode (note here we 
assume the ΛCDM model)
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Halo bias consistency relation

• “response” halo bias, defined by the 
response of halo mass function to the 
background mode (one point function)

• Clustering bias, defined via the halo-mass 
cross-correlation (two-point function) 
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Li, Hu & Takada 15

b1(M) ⌘ d lnnlnM (M)

d�b

b1(M) ⌘ lim
k!0

Phm(k)

Pmm(k)

Include all effects (merger, mass 
accretion, …); doesn’t assume  
universality of mass func.



1

10

b̄ 1

T08 & T10

response

clustering

1013 1014 1015

M [M�]

-0.1

0

0.1

re
l.

d
i↵

.

Halo bias consistency relation

38

~1% level agreement btw response 
and clustering biases
Sizable difference compared to the 
fitting formula in the literature
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3 papers on the same day, Nov 3 2015

response bias, curvature bias, separate universe bias



Super-survey effects

• A consequence of nonlinear mode coupling

• Studying the small-scale structures to constrain the large-scale 
mode that contains cleaner information on inflation physics (Li 
et al. 14b)

• So far assumed ΛCDM model; therefore the following physics 
should modify the super-survey effects or consistency 
relations ⇒ a signature beyond standard ΛCDM model
– Dark energy

– Massive neutrinos
– Primordial non-Gaussianity
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dO

d�b
For any LSS observable we can define



Effects of large-scale tide

• Now some people start to consider ….
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Falsifying multiverse scenario

• Eternal inflation

• Multiverse
• Large-field 

finlation
• Arrow of time
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DA(z) ' Dc(z)


1� 1

6
KDc(z)

2

�
, Dc(z) =

Z z

0

dz0

H(z0)

Takada & Dore in press

Coleman & de Luccia 82
Yamamoto et al. 95
Guth & Nomura 11
Kleban & Schillo 11
Bousso et al. 14
Kanno et al. 14
Boddy et al. 15
East et al. 15
….



Summary
• Subaru Hyper Suprime-Cam (imaging) and Prime Focus 

Spectrograph (spec-z) are VERY exciting projects
• Weak lensing (dark matter) and 3D galaxy (cluster) 

clustering 
• Galaxy ⇒ halo ⇒ cosmology (inside 1-halo term = 

stochastic noise or nuisance parameters) 
• Currently the biggest uncertainty is “bias”
• Super-survey effects are novel effects of large-scale 

mode on small-scale modes
– Can use these effects to infer largest-scale mode in a given 

realization

– Any deviation from the consistency relation is a signature 
beyond standard ΛCDM model
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