
Challenging the CDM paradigm:

Constraining DM properties with CMB data

S. Ilić
CEICO, Institute of Physics of the Czech Academy of Sciences

In collaboration with
M. Kopp, D. Thomas, and C. Skordis

Spontaneous Workshop XIII
@ IESC Cargèse, 09/05/2019



The standard model of cosmology

● The ΛCDM paradigm: a (relatively) simple model, with many successes...CDM paradigm: a (relatively) simple model, with many successes...



The standard model of cosmology

● The ΛCDM paradigm: a (relatively) simple model, with many successes...CDM paradigm: a (relatively) simple model, with many successes...



The standard model of cosmology

● The ΛCDM paradigm: a (relatively) simple model, with many successes...CDM paradigm: a (relatively) simple model, with many successes...

● … but rests on some pillars that are “shrouded in darkness”:

• Primordial Universe, inflation

• Dark ages & reionisation 

• Dark matter (‘’CDM’’)

• Dark energy (‘’Λ’’)



The standard model of cosmology

● The ΛCDM paradigm: a (relatively) simple model, with many successes...CDM paradigm: a (relatively) simple model, with many successes...

● … but rests on some pillars that are “shrouded in darkness”:

• Primordial Universe, inflation

• Dark ages & reionisation 

• Dark matter (‘’CDM’’)

• Dark energy (‘’Λ’’)

● … and is shaken by some persistent tensions :

• H0 discrepancies • σ8 tensions • ISW excess • CMB “anomalies”



The standard model of cosmology

● The ΛCDM paradigm: a (relatively) simple model, with many successes...CDM paradigm: a (relatively) simple model, with many successes...

● … but rests on some pillars that are “shrouded in darkness”:

• Primordial Universe, inflation

• Dark ages & reionisation 

• Dark matter (‘’CDM’’)

• Dark energy (‘’Λ’’)

● … and is shaken by some persistent tensions :

• H0 discrepancies • σ8 tensions • ISW excess • CMB “anomalies”



Cold dark matter, hot questions

●    Is it really there ?



Probing dark matter

● Direct detection:



Probing dark matter

● Direct detection:

• Gravitational effects

• Colliders

• Nuclear recoils



Probing dark matter

● Direct detection:

● Indirect detection:

• Colliders

• Nuclear recoils



Probing dark matter

● Direct detection:

● Indirect detection:

• Gravitational effects

• Colliders

• Nuclear recoils



Probing dark matter

● Direct detection:

● Indirect detection:

• (Late) gravitational effects

• Colliders

• Nuclear recoils



Probing dark matter

● Direct detection:

● Indirect detection:

• Colliders

• Nuclear recoils

• (Late) gravitational effects

• (Early) gravitational effects
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● Direct detection:

● Indirect detection:

• Colliders

• Nuclear recoils

• (Late) gravitational effects

• (Early) gravitational effects

● Baryons raise odd peaks relative to even peaks

● Increasing CDM density, moves equality 
forward in time

● Potentials decay during radiation era, constant 
in matter era

● Potential decay during tight-coupling (before 
recombination) drives the anisotropies

● Potential decay after recombination boosts 
anisotropies due to the Integrated Sachs-Wolfe 
effect
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T. Tait
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Cold dark matter, hot questions

●    Is it really there ?

●    If yes, what it is made of ?

●    If not, what is the cause for those observations ?



T. Baker
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DM as a (more) general fluid

● CDM: non-interacting, pressureless perfect fluid

● But general fluid has pressure…

● ...and non-zero shear

(Planck 2018 results. X)

(Planck 2018 results. VI)

isocurv. IC contribution



Generalized Dark Matter (GDM, Hu 1998)

● Defined for FLRW, linear perturbations

● Background: (non-zero) equation of state

● Perturbations: sound speed            & viscosity 

● Standard eqs. for density contrast & velocity divergence

● Closure equations (postulated by Hu):



GDM phenomenology

● Equation of state:

● Sound speed & viscosity:

for constant w : 

→ early rad/matter ratio, 
changes peak heights

→ angular diam. dist., 
changes peak heights

→ potentials decay below k_decay
Expected degeneracy

for constant
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Relating GDM to realistic theories

(courtesy of M. Kopp)
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II.  Cosmological constraints on GDM



Ingredients for cosmological constraints

● Theoretical predictions:
custom modified version of public code CLASS,
solving for arbitrary w, cs

2, and cv
2

● Datasets:
Planck 2015 low/high-ell T/E/B data + lensing
H0 (Riess) measurement
Assortment of BAO data

● Sampling: 
Affine Invariant Markov chain Monte Carlo
Ensemble sampler

● Assembled in a custom and optimized “CosmoBox”
(soon to be public)
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Thomas et al., 2016, arXiv:1601.05097



Constant w, cs
2, and cv

2 constraints

(courtesy of M. Kopp)
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2 = 0 constraints

Kopp, Thomas, Skordis, SI, PRD, 2018
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Binned w, cs
2, and cv

2 constraints
Ilic et al, in prep

8 w bins (or w=0)

0a0b

9 cs
2, and cv

2 bins





Binned w, cs
2, and cv

2 constraints
Ilic et al, in prep

● “Loss of constraints” ~ factor 2.5-3 vs. constant model

● 3 sigma detection of non-zero w_6 & w_7

● Strong correlation between w & cs in last bin

● 2 sigma detection of                   in last 3 bins
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Binned w, cs
2, and cv

2 constraints
Ilic et al, in prep

Frequentist 
approach : 
profile likelihood
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III. Ongoing work and prospects
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Relaxing the scale independence

of the GDM w, cs
2, and cv

2

PRELIMINARY



Beyond CMB-only constraints

Galaxy Clustering

Cosmic Microwave 
Background

Weak
Lensing



GDM Halo model & LSS constraints
Thomas et al., 2019, arXiv:1905.02739

GDM cosmological constraints 

with free, constant w, cs
2, and cv

2

+ New Halo model for non-linearities

+ LSS data : WiggleZ matter power spectrum
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GDM and massive neutrinos
Thomas et al., 2019, arXiv:1905.02739
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Take-away message(s)

● CDM remains unchallenged

● Plethora of contenders

● GDM model : efficient way of pruning model space

● Constraints on free, non-parametric functions

describing GDM properties

● Applied on current state-of-the-art data

● Ongoing preparation for new era of instruments



Thank you
for your attention !
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