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Take-away message

* There is a tension in estimation of og 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.
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Various observations of LSS coherently suggest smaller amplitude

\of matter fluctuations (os) than the Planck CMB power spectrum o

The tension persists in Planck 2015 data




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); ...



VWhat we studied

» Simplest model of decaying DM
« decay-product: massless invisible particles (i.e. dark radiation)
 One parameter: lifetime ™' = 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); ...

1 Free-streaming of decay-product 3

suppresses matter clustering

N\ Y
v Suppression in free-streaming scale
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v Significant only at late times (t>"") iMpe”]
Less effects on Ly-a forest (@z~a few) DDM with F=31Gyr

DDM with I'=100Gyr
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v CMB is also affected

%+ ISW effect + bg expansion
- [12160Gyr (Planck2013) Audren+(’14)

1(1+1)C," 125 [uK?]

cf. I'2100Gyr from BAO Aubourg+ ('14)



N-body simulations (1)

* Setup
» Code: Gadget-2 Springel+ (2001)
> collisionless system (baryon + DM)

» Main modifications:
Ref: Suto (1987)

(4 )

v Background expansion

v Time-dependent mass of particles

M(t) = M;(ry + rDMe_Ft)
N /

> Omitting perturbations in massless decay-product (— verified later)

& Nparticle=10243; Lbox= 200, 500 & 1250 2Mpc; Nrealization= 3



200 Mpc/h



N-body simulations (3)

* Suppression of matter power spectrum

'=31.6Gyr, z=1 '=31.6Gyr, z=0

N-body (L=1250hs '"Mpc) + =
N-body (L=500h, 'Mpc)

)

)
N-body (L=200h, 'Mpc) =
CAMB (linear) ———-

fitting formula
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v Non-linearity enhances the deviation from CDM
v Agreement with linear calculation on linear scales « verification of setup

v Accurate fitting formula (accuracy <10%)



Fitting formula for nonlinear
power spectrum

» Suppression from CDM

P(CDM) 13 P(DDM)

I1=31.6Gyr, z=1 ——
r _1=31.6Gyr, z=0
F_1=1OOGyr, z=1 ———
r 1=100Gyr, z=0 =
F'1=31 6Gyr, z=1

I =316Gyr, z=0 ———

O P(CDM)

* Enhancement from lin. to nonlin.
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* Little dependence on redshift &
linear power spectrum
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e Fitting formula 1
: a(I', z) = 0.7208 + 2.027 1) 1 3.431 (1
Enonctinear () _ 1+ a(k/Mpe™")»  ERUII

1
b(T', z) = 0.0120 4 2.786 _1) + 0.6499 (
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bt 0
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p(T, z) = 1.045 + 1.225 (




Weak lensing data

* Tension reduced from 20 to 10

s CMB
B CMB+WL
- Posterior pdfs of CMB and WL+BAO BN CMB+WL+BAO+lensing

overlap at 60 % CL in DDM model

- In CDM model they overlap only at

90 % CL
» Constraints on lifetime 0005 0:020 0,015, 0:020 0:025
1> 97Gyr (with all data) . CMB: Planck2013(T)+WMAP9(P)

« WL: CFHTLenS

* lensing: Planck CMB lensing
- DES will be available very soon . BAO

- Current data is still zero-consistent ...



CMB+SZ
- prior CCCP
- prior WtG
- prior CMBlens
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Cluster abundance

Enqgvist, Nadathur, TS & Takahashi in prep
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* Planck SZ cluster abundance

- Less clusters (z<0.2) observed than CDM

0.2

prediction
- Large mass bias 1-b than calibrations Ade+ (2015)
» Suppressed halo abundance In T oM o

CDM w/ bias 1-b=0.8
DDM, N-body (L=1250h, 'Mpg) -
DDM, N-body (L=500h0'1Mpc)e ........ —

decaying DM model

- Mhalo ~ et

- suppressed structure formation

dn/dinM [h,> Mpc™]
>

o | I''=100Gyr, z=0

Planck SZ clusters can be better fitted
by DDM model with " ~ 100Gyr
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Summary

* Observations of LSS coherently suggest as 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 ' ~ 100Gyr can mitigate the tension
between CMB and weak lensing from ~2g in CDM model down to
~10 level. Cluster abundance seems supporting such models of
decaying DM.






