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Take-away message

• There is a tension in estimation of σ8 between observations of 
CMB and large scale structure.

• As we will show, the tension can be significantly mitigated in a 
model of decaying dark matter.



Cosmic Discordance: Are Planck CMB and CFHTLenS weak lensing measurements out of tune? 9

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

5 DISCUSSION

In this Section we compare our results with those from other
analyses, and speculate on alternative potential explanations
for the discrepancy. We will refer to Fig. 8, which shows a
selection of other low-z probes of the growth of structure.

5.1 Comparison with other work

Several other authors have considered how to reconcile cos-
mology from the CMB and the amplitude of matter fluctua-
tions measured by low-redshift probes. The most relevant to
our work are by Planck Collaboration et al. (2013d), Battye
& Moss (2014), Beutler et al. (2014a), Dvorkin et al. (2014),
Leistedt et al. (2014), and Archidiacono et al. (2014). We
discuss next the di↵erences to our analysis.

The Planck Collaboration et al. (2013d) noted an ap-
proximately 2� discrepancy between their Planck CMB
analysis and the CFHTLenS analysis of Heymans et al.
(2013) and noted that further work will be required to re-
solve the di↵erence. They allow freedom in the e↵ect of lens-
ing on the primary anisotropies and find that a larger lens-
ing amplitude is preferred when the Planck data is combined
with smaller scale CMB measurements. Taken at face-value
this suggests an increased �8 from low redshift data, unlike
all the other low redshift data considered in the other papers
we discuss below.

The tension between Planck Sunyaev–Zel’dovich (SZ)

cluster counts and the primary anisotropies was discussed by
the Planck Collaboration et al. (2013c). They discuss pos-
sible systematics in the SZ analysis and conclude that each
is improbable, but that understanding the mass bias scaling
relation is the key to further investigation. They find a 1.9�
preference for a non-zero active neutrino mass by combining
Planck+WP with the Planck SZ constraints marginalising
over their preferred range in the mass bias.

Planck Collaboration et al. (2013e) used lensing of the
CMB to measure the power spectrum of the gravitational
potential at slightly higher redshift than that probed by
CFHTLenS. This was combined with the constraints from
the primary anisotropies and found to reduce the mea-
sured amplitude of fluctuations (Planck Collaboration et al.
2013d). One of the many extensions to ⇤CDM investigated
by the Planck team (Planck Collaboration et al. 2013d) was
the mass of the active neutrino. When using the CMB lens-
ing information, they found that this increased the upper
limit on the neutrino mass relative to that from CMB pri-
mary anisotropies alone (the 95% upper limit increased from
0.66eV to 0.85eV), indicating some tension.

Battye & Moss (2014) found a preference for a non-
zero active neutrino mass when combining CMB lensing,
CFHTLenS and Planck SZ cluster counts (Planck Collab-
oration et al. 2013b) with the CMB. They use the corre-
lation functions measured by Kilbinger et al. (2013), who
performed a 2d cosmic shear analysis i.e. they did not use
multiple redshift bins. They found similar but stronger pref-
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Tensions in σ8?

MacCrann+(2014)

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

CMB 

galaxy cluster 
abundance  
(SZ/X-ray)

weak lensing

redshift distortion 
in galaxy power  
spectrum

The tension persists in Planck 2015 data



Solutions of the tension

• Massive (active/sterile) neutrinos

• Decaying dark matter

Hinting at non-standard DM?

Hamann & Hasenkamp (2013); Battye, Charnock & Moss (2014);  
Beutler+ (2014); MacCrann+ (2014); …

- Nonlinear structure formation is already well-studied

- A few studies on N-body simulations, only on non-relativistic cases

Chang+ (2015) (non-relativistic decay-product);  
our work (massless)

Peter+ (2010); Wang+ (2013); …

(N-body) simulations are essential for quantitative discussion



What we studied

• Simplest model of decaying DM

• One parameter: lifetime Γ-1 = O(1) tage

• decay-product: massless invisible particles (i.e. dark radiation)

- 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

Free-streaming of decay-product 
suppresses matter clustering

✓ CMB is also affected 
✤ ISW effect + bg expansion
→ Γ-1≥160Gyr (Planck2013) Audren+(’14)
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✓ Suppression in free-streaming scale 
(~ horizon size)

✓ Significant only at late times (t>Γ-1)
Less effects on Ly-α forest (@z~a few)

Flores+ (1986); Ichiki+ (2004); Wang & Zentner (2010); 
Aoyama+incl. TS (2014); Audren+ (2014); …

cf. Γ-1≥100Gyr from BAO Aubourg+ (’14)



N-body simulations (1)

• Setup 

‣ collisionless system (baryon + DM)

‣ Main modifications: 

✓ Background expansion

✓ Time-dependent mass of particles 

‣ Code: Gadget-2 Springel+ (2001)

‣ Omitting perturbations in massless decay-product (→ verified later)

M(t) = Mi(rb + rDMe��t)

‣ Nparticle=10243; Lbox= 200, 500 & 1250 hMpc; Nrealization= 3

Ref: Suto (1987) 



N-body simulation (2)

CDM DDM (Γ-1=10Gyr)
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• snapshots (z=0)

200 Mpc/h



N-body simulations (3)

• Suppression of matter power spectrum
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✓ Agreement with linear calculation on linear scales ← verification of setup

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

✓ Non-linearity enhances the deviation from CDM



Fitting formula for nonlinear 
power spectrum
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B Fitting formula for non-linear matter power spec-

trum in DDM model

In this appendix we present the fitting formula for the non-linear power spectrum of
non-relativistic matter in the DDM model. First, let us present the fitting formula for
the suppression in the linear power spectrum P

linear

at the small scale limit. We find that
✏
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In Fig. 5 we show the suppression in the non-linear power spectrum ✏
non-linear
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for ��1 = 31, 100, 316 Gyr and z =0, 1. The
cosmological parameters in Eq. (6) are adopted here. One can see that ✏
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has only a weak dependence both on ��1 and z. We find ✏
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✏ ⌘ P (CDM) � P (DDM)

P (CDM)

• Suppression from CDM

• Enhancement from lin. to nonlin.

with

• Little dependence on redshift & 
linear power spectrum

• Fitting formula

• Accuracy < 10%



Weak lensing data

• Constraints on lifetime

Γ-1 ≥ 97Gyr (with all data)

- Current data is still zero-consistent …

- Posterior pdfs of CMB and WL+BAO 
overlap at 60 % CL in DDM model

• CMB: Planck2013(T)+WMAP9(P)
• WL: CFHTLenS
• lensing: Planck CMB lensing

• Tension reduced from 2σ to 1σ

- In CDM model they overlap only at 
90 % CL

• BAO- DES will be available very soon



Cluster abundance
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• Planck SZ cluster abundance

- Large mass bias 1-b than calibrations

Planck SZ clusters can be better fitted 
by DDM model with Γ-1 ~ 100Gyr

- Less clusters (z<0.2) observed than CDM 
prediction

Ade+ (2015)

- Mhalo ~ e-Γt 
- suppressed structure formation

• Suppressed halo abundance in 
decaying DM model

Planck Collaboration: Cosmology from SZ cluster counts

Fig. 7: Comparison of constraints from the CMB to those from
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 lens-
ing mass calibrations, respectively, as listed in Table 2. These
constraints are obtained from the MMF3 catalogue with the
SZ+BAO+BBN data set and ↵ free. Constraints from the Planck
TT, TE, EE+lowP CMB likelihood (hereafter, Planck primary
CMB) are shown as the dashed contours enclosing 1 and 2� con-
fidence regions (Planck Collaboration XIII 2015), while the grey
shaded region also include BAO. The red contours give results
from a joint analysis of the cluster counts, primary CMB and
the Planck lensing power spectrum (Planck Collaboration XV
2015), leaving the mass bias parameter free and ↵ constrained
by the X-ray prior.

6.3. Constraints on ⌦m and �8: comparison to primary CMB

Our 2013 analysis brought to light tension between constraints
on⌦m and�8 from the cluster counts and those from the primary
CMB in the base ⇤CDM model. In that analysis, we adopted a
flat prior on the mass bias over the range 1 � b = [0.7, 1.0], with
a reference model defined by 1 � b = 0.8 (see discussion in the
Appendix of Planck Collaboration XX 2014). Given the good
consistency between the 2013 and 2015 cluster results (Fig. 3),
we expect the tension to remain under the same assumptions con-
cerning the mass bias.

Figure 7 compares our 2015 cluster constraints (MMF3
SZ+BAO+BBN) to those for the base ⇤CDM model from the
Planck CMB anisotropies. The cluster constraints, given the
three di↵erent priors on the mass bias, are shown by the filled
contours at 1 and 2�, while the dashed black contours give the
Planck TT, TE, EE+lowP constraints (hereafter Planck primary
CMB, Planck Collaboration XIII 2015); the grey shaded regions
add BAO to the CMB. The central value of the WtG mass prior
lies at the extreme end of the range used in 2013 (i.e., 1-b=0.7);
with its uncertainty range extending even lower, the tension with
primary CMB is greatly reduced, as pointed out by von der Lin-
den et al. (2014b). With similar uncertainty but a central value
shifted to 1 � b = 0.78, the CCCP mass prior results in greater
tension with the primary CMB. The lensing mass prior, finally,
implies little bias and hence much greater tension.

6.4. Joint Planck 2014 primary CMB and cluster constraints

We now turn to a joint analysis of the cluster counts and primary
CMB. We begin by finding the mass bias required to remove ten-

Fig. 8: Comparison of cluster and primary CMB constraints in
the base ⇤CDM model expressed in terms of the mass bias,
1 � b. The solid black curve shows the distribution of values re-
quired to reconcile the counts and primary CMB in ⇤CDM; it
is found as the posterior on the 1 � b from a joint analysis of
the Planck cluster counts and primary CMB when leaving the
mass bias free. The coloured dashed curves show the three prior
distributions on the mass bias listed in Tab. 2.

sion with the primary CMB, and then consider one-parameter
extensions to the base ⇤CDM model, varying the curvature, the
Thomson optical depth to reionization, the dark energy equation-
of-state, and the neutrino mass scale. Unless otherwise stated,
"CMB" in the following means Planck TT, TE, EE+lowP as de-
fined in Planck Collaboration XIII (2015). All intervals are 68%
confidence and all upper/lower limits are 95%.

6.4.1. Mass bias required by CMB

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 cluster
counts and the CMB with the mass bias as a free parameter. The
best-fit value in this case is (1 � b) = 0.58 ± 0.04, more than 1�
below the central WtG value. Perfect agreement with the primary
CMB would imply that clusters are even more massive than the
WtG calibration. This figure most clearly quantifies the tension
between the Planck cluster counts and primary CMB.

6.4.2. Curvature

By itself the CMB only poorly determines the spatial curvature
(Sect. 6.2.4 of Planck Collaboration XIII 2015), but by including
another astrophysical observation, such as cluster counts, it can
be tightly constrained. Our joint cluster and CMB analysis, with-
out external data, yields ⌦k = �0.012 ± 0.008, consistent with
the constraint from Planck CMB and BAO ⌦k = 0.000 ± 0.002.

6.4.3. Reionization optical depth

Primary CMB temperature anisotropies also provide a precise
measurement of the parameter combination Ase�2⌧, where ⌧ is
the optical depth from Thomson scatter after reionization and As
is the power spectrum normalization on large scales (Planck Col-
laboration XIII 2015). Low-` polarization anisotropies break the
degeneracy by constraining ⌧, but this measurement is delicate
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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.



backup slides


