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Take-away message
• There is a tension in estimation of σ8 between observations of
CMB and various large scale structure.
• As we will show, the tension can be mitigated significantly in a
model of decaying dark matter.

Tensions in σ8?

Cosmic Discordance: Are Planck CMB and CFHTLenS weak lensing measurements out of tu
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Figure 8. Comparison of constraints in the 8 , ⌦m plane in ⇤CDM from CFHTLenS (this work; green), Planck+WP (ye
Collaboration et al. (2013d)), Planck SZ cluster counts (orange, Planck Collaboration et al. (2013c)), X-ray clusters (red, Vi
(2009)) and CMASS f 8 (blue, Beutler et al. (2014b)). In the left panel, the contours are obtained assuming ⇤CDM, while
panel, the CFHTLenS and Planck+WP constraints allow a varying active neutrino mass. Of note is the improved consis
Planck+WP contours with the CMASS f 8 and the Planck SZ contours when the neutrino mass is allowed to vary, driving
mass detections of Battye & Moss (2014) and Beutler et al. (2014a).

Various observations of LSS coherently suggest smaller amplitude
of matter fluctuations (σ8) than the Planck CMB power spectrum

cluster counts and the primary anisotropies was d
5 DISCUSSION
The
tension persists with Planck 2015 data
(talk by Charnock)
the Planck Collaboration et al. (2013c). They d
In this Section we compare our results with those from other

Solutions of the tension
Hinting at non-standard DM?
(N-body) simulations are essential for quantitative discussion

• Massive (active/sterile) neutrinos
Hamann & Hasenkamp (2013); Battye, Charnock & Moss (2014);
Beutler+ (2014); MacCrann+ (2014); …

- Nonlinear structure formation is already well-studied

• Decaying dark matter
Chang+ (2015) (non-relativistic decay-product);
our work (massless)

- A few studies on N-body simulations, only on non-relativistic cases
Peter+ (2010); Wang+ (2013); …

What we studied
• Simplest model of decaying DM
• decay-product: massless invisible particles (i.e. dark radiation)
• One parameter: lifetime Γ-1 = O(1) tage
- Only a fraction of DM has decayed today

• N-body simulations of decaying DM
• Straightforward setup for model with massless decay-product
• Developing fitting formulas for suppressed structure formation
matter power spectrum, halo abundance, …

• Parameter estimation using data

Linear perturbations
Flores+ (1986); Ichiki+ (2004); Wang & Zentner (2010);
Aoyama+incl. TS (2014); Audren+ (2014); …
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N-body simulations (1)
• Setup
‣ Code: Gadget-2 Springel+ (2001)
‣ collisionless system (baryon + DM)
‣ Main modifications:

Ref: Suto (1987)

✓ Background expansion
✓ Time-dependent mass of particles

M (t) = Mi (rb + rDM e

t

)

‣ Omitting perturbations in massless decay-product (→ verified later)
‣ Nparticle=10243; Lbox= 200, 500 & 1250 hMpc; Nrealization= 3

N-body simulation (2)
• snapshots (z=0)
DDM (Γ-1=10Gyr)

CDM

t=1

150

150

100

100

y

y

t=1

50

50

50

100
x

200 Mpc/h

150

50

100
x

150

P(k)(DDM)/P(k)(CDM)

0.5

fitting formula

1.05

-1

-1

=100Gyr, z=1

=100Gyr, z=0

N-body simulations (3)

1
0.95

0.9

• Suppression of matter power spectrum
0.85

0.8

(CDM)
P(k)(DDM)
(DDM)/P(k) (CDM)
P(k)
/P(k)

1.1
1.01

-1
=31.6Gyr,

z=1
=316Gyr, z=1

z=0
=316Gyr, z=0

1
1
0.99
0.9
0.98
0.8
0.97
0.7
0.96
0.6
0.95
0.5
0.94
1.05 10-3

P(k)(DDM)/P(k)(CDM)

-1
=31.6Gyr,

1

N-body (L=1250h0/-1Mpc)
N-body (L=500h0/-1Mpc)
-1
N-body (L=200h0/ Mpc)
CAMB (linear)
fitting formula
10-2

10-1
k[Mpc-1]

-1 100

101 10-3
=100Gyr, z=1

10-2

10-1
k[Mpc-1]

-1 100

101
=100Gyr, z=0

✓ Non-linearity
enhances the deviation from CDM
0.95
0.9
✓ Agreement
with linear calculation on linear scales ← verification of setup
0.85

✓ Accurate
fitting formula (accuracy <10%) → parameter estimation with data
0.8

Weak lensing data
• Tension reduced from 2σ to 1σ
- Posterior pdfs of CMB and WL+BAO
overlap at 60 % CL in DDM model
- In CDM model they overlap only at
90 % CL

• Constraints on lifetime
Γ-1 ≥ 97Gyr (with all data)
- Current data is still zero-consistent …

• CMB: Planck2013(T)+WMAP9(P)
• WL: CFHTLenS
• lensing: Planck CMB lensing
• BAO
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• Planck SZ cluster abundance
- Less clusters (z<0.2) observed than CDM
prediction
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the cluster counts in the (⌦m , 8 )-plane. The green, blue and
violet contours give the cluster constraints (two-dimensional
likelihood) at 1 and 2 for the WtG, CCCP, and CMB lensing mass calibrations, respectively, as listed in Table 2. These
constraints are obtained from the MMF3 catalogue with the
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In Fig. 8 we compare the three prior distributions to the mass
bias required by the primary CMB. The latter is obtained as the
posterior on (1 b) from a joint analysis of the MMF3 cluste
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Summary
• Observations of LSS coherently suggest σ8 lower than from Planck
CMB power spectrum, which may be hinting at non-standard DM.
• We have explored a possibility for decaying DM to solve the tension.
Using N-body simulations in decaying DM model, we have quantified
suppressions in matter power spectrum and halo abundance.
• Decaying DM model with Γ-1 ~ 100Gyr can mitigate the tension
between CMB and weak lensing from ~2σ in CDM model down to
~1σ level. Cluster abundance seems supporting such models of
decaying DM.
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