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VISIBLE UNIVERSE DARK MATTER
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gravity

WIMPs?
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VISIBLE UNIVERSE DARK SECTOR

gravity
interactions

ETHOS: Cyr-Racine et al. 2016



Not here: Small Scale Structure crisis:

● Core vs. cusp
● Missing satellites
● Too-big-to-fail

Highly non-linear, debate over baryon 
feedback...
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Some hints (maybe?)
This talk:

● Planck’s H0 smaller w.r.t. local 
measurements (3σ)

○ Riess et al. 2016
● Planck’s σ8 larger w.r.t. direct 

measurements (2-3σ)
○ Cluster counts (Planck SZ)
○ Weak lensing (CFHTLens, DES, KIDs)

Important: Planck’s H0 & σ8 results not directly 
measured but extrapolated from best-fit to CMB 
data in ΛCDM framework.



Outline
I. The Model

II. Results
III. Conclusions

● arXiv:1708.09406
● arXiv:1507.04351
● arXiv:1505.03542
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Work with:

● Martin Schmaltz (BU)
● Julien Lesgourgues (Aachen)
● Gustavo Marques-Tavares 

(Stanford)



I.  The Model
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ΛCDM
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ρtot = ρcdm  + ρb + ργ  + ρν + ρΛ 



IDS
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ρtot = ρcdm  + ρb + ργ  + ρν + ρΛ 
+ ρdr + ρidm

Γ
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Γ interacting cold dark matter

cold dark matter

dark 
radiation

Interacting Dark Sector (IDS)

ΔNfluid

f

1-f
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Structure Formation: Microscopic Picture
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Structure Formation: Microscopic Picture
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Friction



Two limits
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IDS

WI

DP

f=1, Γ << H:

All DM is IDM and feels friction

f<<1, Γ >> H:

Part of DM is IDM w. large friction ⇒ 
tightly coupled to DR: Dark Plasma

Chacko et al. 2016

(PAcDM)
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IDS lin. pert. eqns.

interesting 
controversy!



DM perturbations
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WI DP



Matter Power Spectrum
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WI DP

Chacko et al. 2016



II.  Results
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Codes & Data

● Boltzmann Code (cosmological eqns.):
○ CLASS

● Fit to data:
○ Montepython

With minimal tweaking
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● CMB (Planck 2015 & 2016)
● BAO (2011-2016)
● LSS (Planck 2015 lensing, Planck 2015 

SZ prior, CFHTLens full spectrum, SDSS 
spectrum)

● H0 (Riess et al. 2016)



Δχ2 & σ
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WI DP IDS

Δχ2 -22.2 -20.0 -24.0

σ 4.3σ 4.1σ 4.2σ



f vs. Γ0
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WI

DP

IDS

ΔNfluid ~ few 10-3



Ωm vs. σ8
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ΛCDM
WI
DP
IDS

Planck SZ



III.  Conclusions

23



Conclusions
● IDS model: WI & DP as limits
● New data, included LSS shape info.
● IDS improves global fit by ∼4σ, solves σ8 

problem.
● H0 problem not solved by global best-fit 

but there is room for easing tension!
● LSS exps. not yet sensitive enough to 

shape: family of models give good fit 
(including WI & DP).
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● More data:
○ KiDS, DES: expected to strengthen our 

conclusions
○ Full Planck SZ 2015 likelihood
○ Full P(k) from SDSS-DR12

● Future: 21 cm hydrogen line: P(k,z)!



BACKUP SLIDES
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Dark Matter
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● Galaxy rotation curves
● Bullet cluster
● Lensing
● Growth of structure (CMB, MPS)
● ...
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Γ∝T2

⇒Γ≡Γ0a
-2



DM interactions bounds
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H0: 3.2σ
● H0 = 67.27 ± 0.66 Mpc-1 km/s 

(Planck 2015)
● H0 = 73.24 ± 1.74 Mpc-1 km/s 

(Riess et al. 2016)

Solution? ΔNeff or ΔNfluid
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Bernal et al. 2016



σ8: 2-3σ

33

● σ8 = 0.831 ± 0.013 (Planck 
2015)

● σ8 (Ωm/0.27)0.3 = 0.782 ± 0.010 
(Planck SZ clusters)

● σ8 (Ωm/0.3)0.5 = 0.742 ± 0.035 
(KiDS-450 + 2dFLenS)

● σ8 (Ωm/0.3)0.5 = 0.783+0.021
-0.025 

(DES)
● σ8 (Ωm/0.27)0.48 = 0.768 ± 0.037 

(CFHTLens, MacCrann et al.)

Solution? Suppress MPS σ8

DES 2016



Data
CMB+BAO

● Planck 2015 high-l TT+TE+EE
● Planck 2016 τreio = 0.055 ± 0.009 prior 

(SimLow)
● BAO: 6dFGS, SDSS-MGS, BOSS-DR12
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LSS

● Planck 2015 lensing
● Planck 2015 SZ: σ8 (Ωm/0.27)0.3 = 0.782 ± 

0.010
● CFHTLens full correl. spectrum
● SDSS-DR7-LRG halo power spectrum
● H0 = 73.24 ± 1.74 Mpc-1 km/s (Riess et al. 

2016)



χ2
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Parameters
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IDS
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WI & DP, global
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WI & DP, ΔNfluid ≥ 0.07
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Analytic results: WI
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Analytic results: DP
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Lyman-α
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● 2004 SDSS Ly-α (Krall et al. 170508894): WI goodness of fit reduced
○ σ8 ∼ 0.85
○ Hydrodynamic simulations based on ΛCDM

● BOSS Ly-α (Palanque-Delabrouille et al. 2016)
○ Lower σ8
○ Lower ns at large scales!


