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すばる望遠鏡 Hyper Suprime-Cam (HSC) 

背景銀河カタログ

More opportunities in these years!
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可視光観測における銀河団



銀河団 “Dark matter halo”

More. S et, al.

最大の自己重力束縛系

数密度とクラスタリングは 
宇宙論に強く依存。

理論予測 (N体シミュレーション)は 

銀河団質量と赤方偏移の関数。

銀河団における銀河進化 



SDSS redMaPPer clusters
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Rykoff, Rozo+ 2014

Clusters easy to find… but … (clusters=halos at the zero-th order) 

可視光における銀河団

Overdensity of red galaxies
redsquence 

richness λ=赤いメンバー銀河の数

~1Mpc/h

メンバー確率マスクと深さの 
補正

可視光における観測量

central bright galaxy



1) Mass-richness関係式

観測を理論モデルをつなげる。

Observational challenge

� M
halo

ばらつきも含めて

Very important to robustly compare 
observation with models!



Observational challenge

2) より詳細な系統誤差

 
-Projection effect: misidentification of haloes as one cluster

-Orientation selection bias: not spherical

Very important to robustly compare 
observation with models!



弱重力レンズ効果

Observer
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Dds

Dd

Ds
⇠

↵̂

� ↵

✓

Lens

✓̃ 1✓̃ 2

�+

�

✓global
1

✓global
2

Lens

Without Intrinsic Galaxy Shape

重力レンズ効果 天球面上での銀河団周りのshear

銀河団質量に依存する。
SN比を上げるために、銀河団をrichnessビンで (e.g. 20<λ<30)  

をstackする必要がある。



SDSSデータ



SDSSデータ 天球の~25%

Rykoff et. al. (2013, 2016) Mandelbaum et. al. (2013)
redMaPPer銀河団カタログ 背景銀河重力レンズカタログ

銀河形状と赤方偏移
3,900万個の銀河

Richnessと赤方偏移 

8,312個の銀河団
(0.1<z<0.33, 20<λ<100)

宇宙論解析はまだ行われていない



Richnessビン
Four richness bins for lensing

Eight richness bins for abundance



Cluster observables

Halo clustering Abundance

Weak gravitational lensing



Cluster observables

Halo clustering Abundance

Weak gravitational lensing

For future cosmological analysis

This work



Mass-richness関係式のモデリング



Two modeling approaches
An application of Emulator:

forward modeling of SDSS clusters

• Bayes theorem predicts that the two are equivalent, but not really in 
practice…

1

�

Mh “backward”

“forward”

P (Mh|�)

P (�|Mh)

Backward method: 
• Simet+ 15
• Baxter+16
• Melchiori+16

Forward method:
• Rozo+ 10
• All SZ-based 

cosmology papers

P (�|Mh)
dn

dMh
⇠ P (Mh|�)

dn

d�

Murata, Nishimichi, MT+ 17

(~number of member gals)“optical richness”

We use ”forward” modeling!



Mass-richness relation in forward modeling

Assume 
log-normal distribution:

Mean relation:

where

Scatter relation:

In this work, a simple model with four free parameters



Model: abundance in richness bin

Prediction
Mass-richness relationvolumetotal area

Mass selection function in richness bin

richness range



Model: lensing in richness bin

Normalization

weight

volume

Prediction
Mass-richness relation Prediction

In addition to mass-richness relation parameters, 
we need accurate prediction of mass function and lensing!



Advantages of forward modeling
over backward modeling 

1) Can use abundance measurement -> stronger constraint

    Backward modeling: cannot use abundance.



Advantages of forward modeling
over backward modeling 

2) With mass function P(M), can get P(M|λ) from P(λ|M).

    

    Backward modeling: difficult to get P(λ|M) from P(M|λ).



Advantages of forward modeling
over backward modeling 

3) We can populate richness in simulation from P(λ|M).

　

   Backward modeling: difficult



Halo emulator for signal



Halo mass function Lensing profile

In this work, we fix cosmology to Planck cosmology.

We now can calculate model predictions in richness bins 
with mass-richness parameters.



Full-sky lensing mock catalogs for covariance



We also need realistic covariance for MCMC analysis.

Measurement - Model-2x log(Likelihood)

Covariance

Including:
1) Shape noise (lensing)
2) Poisson noise (abundance)
3) Sample covariance

Model=Forward modeling with emulator



Lensing maps from Shirasaki et al. 2015

We used 108 realizations of 
full-sky lensing maps and halo catalogs 

in Shirasaki et al. 2017, Takahashi et al. 2017.

Realistic setup for covariance estimation of SDSS data,
including RA&Dec, redshift, survey boundary and richness distributions.
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SDSSの銀河団での解析結果



0.2 1 10 50

R [h�1comoving Mpc]

1

10

100

�
⌃

(R
)

[h
M

�
/c

om
ov

in
g

p
c2

]

hM200mi = 1.38+0.04
�0.04 ⇥ 1014 h�1M�

20  �  30

0.2 1 10 50

R [h�1comoving Mpc]

1

10

100

�
⌃

(R
)

[h
M

�
/c

om
ov

in
g

p
c2

]

hM200mi = 2.04+0.06
�0.06 ⇥ 1014 h�1M�

30  �  40

0.2 1 10 50

R [h�1comoving Mpc]

1

10

100

�
⌃

(R
)

[h
M

�
/c

om
ov

in
g

p
c2

]

hM200mi = 3.00+0.11
�0.13 ⇥ 1014 h�1M�

40  �  55

0.2 1 10 50

R [h�1comoving Mpc]

1

10

100

�
⌃

(R
)

[h
M

�
/c

om
ov

in
g

p
c2

]

hM200mi = 4.56+0.16
�0.17 ⇥ 1014 h�1M�

55  �  100

�2
min/dof = 79.5/75

hM200m, 20�100i = 1.91+0.05
�0.05 ⇥ 1014 h�1M�

20 30 40 50 60 70 80 90 100

�

0

20000

40000

60000

80000

100000

�
⇥

N
�

20<λ<100

Orange: 68% region

Reproduce lensing and abundance simultaneously

Good fit

Lens richness bin 1 bin 2

bin 3 bin 4

Abundance 8 bins



0.2 1 10 50

R [h�1comoving Mpc]

1

10

100

�
⌃

(R
)

[h
M

�
/c

om
ov

in
g

p
c2

]

hM200mi = 2.20+0.12
�0.11 ⇥ 1014 h�1M�

30  �  40

0.2 1 10 50

R [h�1comoving Mpc]

1

10

100

�
⌃

(R
)

[h
M

�
/c

om
ov

in
g

p
c2

]

hM200mi = 3.10+0.14
�0.15 ⇥ 1014 h�1M�

40  �  55

0.2 1 10 50

R [h�1comoving Mpc]

1

10

100

�
⌃

(R
)

[h
M

�
/c

om
ov

in
g

p
c2

]

hM200mi = 4.71+0.26
�0.30 ⇥ 1014 h�1M�

55  �  100

�2
min/dof = 60.3/55

hM200m, 30�100i = 2.02+0.10
�0.09 ⇥ 1014 h�1M�

30 40 50 60 70 80 90 100

�

0

10000

20000

30000

40000

50000

�
⇥

N
�

30<λ<100

Reproduce lensing and abundance simultaneously

Orange: 68% region

Good fit

Lens richness bin 1 bin 2

bin 3
Abundance 6 bins



0.6
0

0.7
5

0.9
0

1.0
5

B

0.3
6

0.4
2

0.4
8

0.5
4

0.6
0

�
0

3.1
2

3.2
0

3.2
8

3.3
6

A

�0
.16

�0
.08

0.0
0

0.0
8

q

0.6
0

0.7
5

0.9
0

1.0
5

B
0.3

6
0.4

2
0.4

8
0.5

4
0.6

0

�0
�0

.16

�0
.08 0.0

0
0.0

8

q

20  �  100

30  �  100

MCMC results

Flat priors

Mean and scatter are well constrained!



0.0

0.3

0.6

0.9

B

0.2
0.4
0.6
0.8

�
0

2.0 2.5 3.0 3.5 4.0

A

�0
.2

�0
.1

0.0

0.1

q

0.0 0.3 0.6 0.9

B

0.2 0.4 0.6 0.8

�0

�0
.2
�0

.1 0.0 0.1

q

Lensing + abundance

Lensing alone

Abundance alone

Efficiently break the degeneracy of mass-richness relation! 

Complementarity of abundance and lensing
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“Projection effect” for 10% contamination?
Identifying more than two haloes along line of sight 

as one cluster. (e.g. Cohn et al. 2007)

Optical is relatively low contrast 

We will check this systematics effect in simulation box.

“One or two haloes?”
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Comparison with previous work
P (M |�) = P (�|M)P (M)

P (�)

Simet et al. used lensing only, 
in backward modeling.

Median relation is consistent.
But, scatter in this work is larger.

The scatter in the previous work 
is from a strong prior, not from data.



Summary
We have developed forward modeling method.
Joint fitting of abundance and lensing.

Simulation based signal and covariance.

We have applied this for SDSS clusters.

Next steps:
1) Projection effect test in simulation box
2) Add clustering to determine cosmology
3) Apply for HSC CAMIRA clusters (z~1)


