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H0 and σ8 tensions

2

High H0 w.r.t Planck ΛCDM (2-3σ): SHoES, CCHP… 

Low σ8    w.r.t Planck ΛCDM (2-3σ):  

• cluster counts (Planck SZ, …),  

• weak lensing (CFHTLens, DES, KIDs) 

No direct contradiction. Systematics or slightly wrong model. 

Difficult to bring all data back to 1-2σ agreement. Doesn’t work with simplest 

extensions (Neff, mν, w, Ωk, decaying DM…). Requires something less trivial: 

• Interacting DM-DR of [Schmaltz et al. 2015, 2016, 2017]  

• Extra relativistic species with non-standard interactions of active or sterile 

neutrinos [Archidiacono et al. 2016; Lancaster et al. 2017; Oldengott et al. 2017] 

• Dynamical dark energy [Joudaki et al. 1610.04606]
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Interacting Dark Sector

3

free-streaming or self-interacting 
relativistic relics:   

Dark Radiation (DR)

Interacting non-relativistic relics:   
Interacting Dark Matter (IDM)

Momentum         transfer rate Γ

Dark gauge symmetry 
(abelian / non abelian) 

Dark gauge bosons 
(Dark photons / dark gluons) 

Dark fermions charged under  
dark symmetry  

(and weak interactions?),  
massive/massless

• Concrete examples [Buen-Abad et al. 2015, Cyr-Racine et al. 2015 (ETHOS), …] 

• Specific predictions on, for instance, Γ~Tn, or ΔNeff, or ΔNfluid

decoupled non-relativistic relics:   
Cold Dark Matter (CDM)

Interacting D
ark Sector (ID

S)
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• Γ~T
n 
computed from first principles 

• Many papers consider n=4, Γ/Η increases, late time effects, needs N-body 
• We are interested in n=2 (constant Γ/Η during RD, linear scales) 

• At most small departure of ΛCDM; possibilities: 
• all DM could be IDM in a Weakly Interacting (WI) limit 
• fraction f could be IDM in a Dark Plasma (DP) limit, (1-f) fraction = ordinary CDM 

Dark Plasma limit  
(always efficient) 

Weakly Interacting limit  
(small constant effect during RD) 

Momentum exchange rate
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FIG. 1: Comparison of �(a) and H(a) for the limits WI and DP. Even though �(a) / a�2, the ratio

plotted has a changing slope because of the evolving a-dependence of H(a). Note that for the DP

limit it is su�cient to take �
0

� H
0

, while for the WI we need � ⌧ H during RD. The vertical

dashed line is a
eq

, the scale factor at matter/radiation equality.

from the DR becomes negligible, and the equation for the IDM reduces to that of the CDM in ⇤CDM,

with the solution �
idm

/ ⌘2. For the same reason, modes that enter the Hubble radius after the friction

from the DR has become irrelevant (sometime during MD) remain unsuppressed.

It is important to note that, because the IDM clumps less e�ciently, the gravitational perturbations

sourced by it are smaller.

Dark Plasma

In this case the two fluids IDM and DR can be treated as a single one, obeying equation Eq. (8) with

� = 0:

�̈
idm

+
R

1 + R
H�̇

idm

+ k2c2
sp

�
idm

= �k2 + 3�̈+
R

1 + R
3H�̇ . (11)

This means that the IDM and DR perturbations track each other with �
dr

= 4

3

�
idm

, as in the case of

the tightly coupled baryon-photon plasma in ⇤CDM.

Early enough during RD R ⌧ 1 and thus c2
sp

⇡ 1/3, which causes the modes inside the (dark) sound
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Perturbation equations
• Coupling appears in Euler equations: 

                      
                     Interesting controversy on this factor  
                      (may ask question or look at  
                     appendix of tomorrow’s paper) 

• (Trivially) implemented in CLASS  [http://class-code.net]
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B. The linear perturbation equations

The cosmological linear perturbation equations are the same as in ⇤CDM, with additional equations

of motion for the IDM and DR fluid perturbations, which also contribute to the linearised Einstein

equations (see App. C). In the conformal Newtonian gauge, the new fluid equations are:
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where we defined G ⌘ a� = a�1�
0

and H ⌘ aH, and R is:
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A useful reference value is �N
fluid

= 0.4, f = 1, !tot

dm

= 0.12, and !
b

= 0.022, which gives R(a
eq

) ⇡ 12.5.

We can eliminate ✓i and obtain the second-order equations:
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Yet another way to rewrite these equations is by defining � ⌘ �
idm

� 3

4

�
dr

(note that �̇ = ✓
dr

� ✓
idm

):
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with c2
sp

⌘ 1

3(1 + R)
. (10)

In the limit of tightly coupled interacting DM and DR, G � H, Eq. (9) implies �̇ ' 0 and assuming

adiabatic initial conditions also � ' 0. Thus in this limit the perturbations of DM and DR are locked

to each other and described by Eq. (8) with � = 0. In this limit c
sp

is the speed of sound of the locked

IDM-DR fluid. Notice that as �N
fluid

! 0 then R ! 1 and c2
sp

! 0 so that Eq. (8) reduces to that

of �
cdm

in ⇤CDM.
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• f ⌘ !
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!tot
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, with !
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⌘ ⇢
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, and !tot
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cdm
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: the fraction of DM that is IDM (i.e.

that interacts with the DR).

We denote {�N
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, �
0

, f} by ✓
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.

B. The linear perturbation equations

The cosmological linear perturbation equations are the same as in ⇤CDM, with additional equa-
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Modified Dark Matter growth
• Ratio of DM perturbation for (IDS model/standard ΛCDM), as a function of 

time, for fixed k: 

    Weakly Interacting model                                        Dark Plasma model 

              if RD+sub-Hubble:                                   below Jeans length of Dark Plasma: 
               DR drag on DM,                                        IDM suppressed like radiation 
          IDM growth suppressed                                      CDM growth suppressed  
                                                                                       (analogy with massive νs)
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We hold ✓⇤CDM + ✓IDS fixed.
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constant in time. Also, note that �idm oscillates early on, but

later has the same time dependence as �cdm in DP: the two

lines become parallel. ✓⇤CDM and ✓IDS are held fixed.

FIG. 2: The DM perturbations in the WI and DP limits.

The e↵ects of a self-interacting DR fluid, governed by the parameter �N
fluid

, has already been

described in several references. We will briefly recall these e↵ects in the next paragraphs, assuming no

IDM-DR interactions (i.e. �
0

= 0 or equivalently f = 0). Then we will study the e↵ects of the new

parameters (�
0

, f) in separate subsections.

The e↵ect of �N
fluid

on the observable LSS and CMB spectra can be decomposed in background

and perturbation e↵ects. The background e↵ects are identical to those of extra free-streaming massless

relics, usually parameterized by �N
e↵

. The perturbation e↵ects are di↵erent for self-interacting and

free-streaming degrees of freedom.

The major background e↵ect of �N = �N
fluid

= �N
e↵

is best described by varying �N with a

fixed redshift of radiation/matter and matter/⇤ equality (otherwise, the original e↵ect of �N would

be hidden by the trivial e↵ect of a shift in these redshifts of equality) [21–23]. This can be achieved

by fixing four of the six ⇤CDM parameters, namely {!
b

, n
s

, A
s

, ⌧
reio

}, and varying the two remaining

ones {✓
s

, !tot

dm

} plus �N in such a way that the total density of radiation, matter and cosmological

constant get rescaled by the same number. Hence the critical density today is enhanced, and the

Hubble parameter H
0

(or the reduced Hubble parameter h) must increase. Under this transformation,

the three characteristic distances playing a role in the CMB spectra, which are the angular diameter

9
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Effects on Matter Power Spectrum
• Ratio of P(k,z=0) for IDS model/standard ΛCDM: 

         Weakly Interacting model                                  Dark Plasma model 
                   (increasing Γ)                                                 (increasing f) 

    (Very different from massive neutrinos)              (more similar to massive neutrinos  
                                                                                  although different scales/times)

7

paragraph. For more details, see App. C.
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.

B. CMB lensing

The CMB lensing potential C��
` is given in the Limber approximation ([28, 29]) by:

`4C��
` ⇡ 2

�
decZ

0

d�

✓
`

�

◆
4

P
(�+ )

✓
k =

`

�
; a(�)

◆✓
1 � �

�
dec

◆
2

, (12)

where � is the comoving distance as measured from the observer, and P
(�+ ) is the Power Spectrum

of the sum of the metric perturbations, related to that of matter fluctuations on sub-Hubble scales by

the Poisson equation. Hence the impact of di↵erent cosmological model on the MPS and CMB lensing

spectrum is almost identical.

Fig. 4a and Fig. 4b show the e↵ects of �
0

and f on the lensing power spectrum C��
` . These two

parameters produce a smaller lensing spectrum due to the suppression in the DM perturbations yielding

shallower gravitational perturbations.
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Effects on CMB Lensing spectrum
• Ratio of Cl

ΦΦ for IDS model/standard ΛCDM: 

         Weakly Interacting model                                  Dark Plasma model 
                   (increasing Γ)                                                 (increasing f)

8

101 102 103

`

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

C
�
�
W
I

`
/C

�
�
�
N

fl
u
id

`

�0 = 0

�0 = 6⇥ 107Mpc�1

(a) WI limit, for di↵erent �0.

101 102 103

`

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

C
�
�
D
P

`
/C

�
�
�
N

fl
u
id

`

f = 0

f = 0.1

(b) DP limit, for di↵erent f .

FIG. 4: Ratio of the CMB lensing spectrum from the IDS model to that from ⇤CDM + �N
fluid

.

C. CMB spectrum

Weakly Interacting

The e↵ect of the DM-DR interaction on the CMB spectra is a little bit more subtle than that on the

matter power spectrum. The final e↵ect does not depend directly on the perturbation �
dm

(k, ⌘) anymore,

but rather on the metric fluctuations �(k, ⌘) and  (k, ⌘). The left plot in Fig. 5 shows how �
dm

(⌘, k)

is suppressed for various wavenumbers due to the DM-DR interaction. The metric perturbation (�, )

have a similar behaviour, although the suppression starts at a later time for each mode. The reason

is that the metric perturbations track the non-relativistic matter perturbations (of IDM plus baryons)

only when the modes are deep inside the Hubble radius.

This enhanced damping of metric fluctuations has non-trivial implications on the CMB temperature

spectrum, both before recombination (through the intrinsic temperature and Sachs-Wolfe term [��/4+

 ]) and soon after recombination (through the early Integrated Sachs-Wolfe (ISW) e↵ect). The e↵ects

of �
0

on the unlensed CMB temperature spectrum is shown in Fig. 6a (left plot). A detailed study

of the behavior of the perturbations shows that the di↵erent time evolution of the metric fluctuations

changes the amplitude and the zero-point of the oscillations of the variable [��/4 +  ], in such a way

that with a higher �
0

, the first acoustic peak is slightly enhanced, while all other peaks are suppressed.

In addition, the early ISW contribution to CTT
` is shifted to higher multipoles, further contributing to

13
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Effects on CMB temperature spectrum
• Ratio of ClTT for IDS model/standard ΛCDM: 

         Weakly Interacting model                                  Dark Plasma model 
                   (increasing Γ)                                                 (increasing f) 

(Very different from effect massive neutrinos with comparable suppression of P(k); 
typically smaller; can suppress more P(k) while maintaining CMB agreement)
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.

IV. RESULTS

We implemented the IDS model into the Boltzmann code CLASS ([30]) and use MontePython [31],

(in some cases with MultiNest [32–35]), to fit to experimental data currently available. We run with

three massive neutrinos, with m⌫ = 0.02 eV each (since current data is mainly sensitive to the total

neutrino mass; this is known to be a good enough approximation to the Minimal Normal Hierarchy

scenario). Only minor modifications to the CLASS code are necessary in order to include the IDM and

DR. The theoretically motivated regime of �N
fluid

� 0.07 (see [10]) was explored in [11] for the WI

limit. In this work, we repeat the analysis of the WI limit and fit to newer data, and we also do this

for the DP limit, as well as for the general IDS model (i.e. allowing the three parameters ✓
IDS

to float).

Finally, we also explore the small �N
fluid

regime through a flat prior on log
10

�N
fluid

.

In summary, we have seven di↵erent cases to which we fit the data: ⇤CDM; WI and DP limits with,

for each of them, either a linear prior �N
fluid

� 0.07 or a log prior �5  log
10

�N
fluid

 0; and the

general IDS model, with either linear or log priors for the three parameters ✓
IDS

.
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Buen-Abad et al. [1708.xxxxx] 

• Planck 2015 high-l TTTEEE 
• Planck 2016 τreio prior (from simlow) 
• BAO 6dFGS, SDSS-MGS, BOSS-DR12 
• Planck 2015 lensing 
• Planck 2015 SZ as (σ8 Ωm0.30) prior 
• CFHTLens full correlation function 
• Halo power spectrum from SDSS-DR7-

LRG 
• H0 of Riess et al. 2016

New dataset

10

Lesgourgues at al. 2016 [1507.04351] 

• Planck 2015 high-l TT 
• Planck 2015 low-l 
• BAO 6dFGS, SDSS-MGS, BOSS-

DR11 
• Planck 2015 lensing 
• Planck 2015 SZ as (σ8 Ωm0.30) prior 
• CFHTLens as (σ8 Ωm0.30) prior 
• H0 of Riess et al. 2011

• non-abelian IDM model = Weakly Interacting + ΔNfluid > 0.07 (6 params + ΔNfluid, Γ) 

+ Dark Plasma model with ΔNfluid > 0.07 (6 params + ΔNfluid, f) 

+ WI and DP with ΔNfluid > 0 (6 params + ΔNfluid, Γ or f) 

+ full general IDS model with ΔNfluid > 0 (6 params + ΔNfluid, Γ and f)

New versions of IDS model
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Weakly Interacting model with ΔN>0.07
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The best-fit �2 per experiment of each model

Data Sets ⇤CDM
WI limit DP limit

�Nfluid log Prior �Nfluid lin. Prior �Nfluid log Prior �Nfluid lin. Prior

high-` TTTEEE 2452.6 2447.41 2451.68 2447.91 2454.76

SimLow ⌧
reio

0.34 0.07 0.012 0.04 0.26

BAO 15.33 13.37 13.61 13.90 14.91

lensing 10.43 9.37 10.85 9.65 12.03

SDSS 45.43 44.57 46.13 44.78 46.66

CFHTLens 100.00 101.35 98.53 100.90 98.17

Planck SZ 15.50 0.19 5.20 0.016 2.35

H
0

7.80 9.06 4.08 9.74 9.53

TOTAL 2646.42 2625.39 2630.09 2626.94 2638.63

��2

e↵

0 �21.03 �16.33 �19.48 �7.79

TABLE I: Minimum e↵ective chi square �2

e↵

= �2 ln L for the Weakly Interacting and Dark

Plasma model, with the contribution from each individual data set.

correspond to a 4.1� (4�) preference for the WI (DP) extended model, or 3.8� for the general IDS

model. When using the linear prior �N
fluid

� 0.07 motivated by some classes of IDS models, we

do not cover anymore the region in parameter space corresponding to a very small DR density,

and thus, potentially, a very large DM-DR scattering rate. In that case the preference for the

IDS model is still there but less significant, with: ��2

e↵

' �16.3 with two free parameters in the

WI limit (⇠ 3.6� preference), ��2

e↵

' �7.8 with two free parameters in the DP limit (⇠ 2.3�

preference), and ��2

e↵

' �12.6 with three free parameters in the general case (⇠ 2.8� preference).

We also show in Table I the contribution of each experiment to the best-fit �2

e↵

, which can be

compared to the ⇤CDM case. We find that most of the improvement is driven by the Planck

SZ cluster data, which can be fitted perfectly by the IDS model, instead of being discrepant at

the 3.9� level. About 15 units of ��2 come from there. Next, the two limits of the IDS model,

with small �N
fluid

, provide a slightly better fit to Planck high-` TT+TE+EE data, by about

��2 ' �5. Other improvements are not significant. One model gives a worse fit to a couple

18

The best-fit �2 per experiment of each model

Data Sets ⇤CDM
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BAO 15.33 13.37 13.61 13.90 14.91

lensing 10.43 9.37 10.85 9.65 12.03

SDSS 45.43 44.57 46.13 44.78 46.66

CFHTLens 100.00 101.35 98.53 100.90 98.17

Planck SZ 15.50 0.19 5.20 0.016 2.35

H
0

7.80 9.06 4.08 9.74 9.53

TOTAL 2646.42 2625.39 2630.09 2626.94 2638.63

��2

e↵

0 �21.03 �16.33 �19.48 �7.79

TABLE I: Minimum e↵ective chi square �2

e↵

= �2 ln L for the Weakly Interacting and Dark

Plasma model, with the contribution from each individual data set.

correspond to a 4.1� (4�) preference for the WI (DP) extended model, or 3.8� for the general IDS

model. When using the linear prior �N
fluid

� 0.07 motivated by some classes of IDS models, we

do not cover anymore the region in parameter space corresponding to a very small DR density,

and thus, potentially, a very large DM-DR scattering rate. In that case the preference for the

IDS model is still there but less significant, with: ��2

e↵

' �16.3 with two free parameters in the

WI limit (⇠ 3.6� preference), ��2

e↵

' �7.8 with two free parameters in the DP limit (⇠ 2.3�

preference), and ��2

e↵

' �12.6 with three free parameters in the general case (⇠ 2.8� preference).

We also show in Table I the contribution of each experiment to the best-fit �2

e↵

, which can be

compared to the ⇤CDM case. We find that most of the improvement is driven by the Planck

SZ cluster data, which can be fitted perfectly by the IDS model, instead of being discrepant at

the 3.9� level. About 15 units of ��2 come from there. Next, the two limits of the IDS model,

with small �N
fluid

, provide a slightly better fit to Planck high-` TT+TE+EE data, by about

��2 ' �5. Other improvements are not significant. One model gives a worse fit to a couple
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The best-fit �2 per experiment of each model

Data Sets ⇤CDM
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TABLE I: Minimum e↵ective chi square �2

e↵

= �2 ln L for the Weakly Interacting and Dark

Plasma model, with the contribution from each individual data set.

correspond to a 4.1� (4�) preference for the WI (DP) extended model, or 3.8� for the general IDS

model. When using the linear prior �N
fluid

� 0.07 motivated by some classes of IDS models, we

do not cover anymore the region in parameter space corresponding to a very small DR density,

and thus, potentially, a very large DM-DR scattering rate. In that case the preference for the

IDS model is still there but less significant, with: ��2

e↵

' �16.3 with two free parameters in the

WI limit (⇠ 3.6� preference), ��2

e↵

' �7.8 with two free parameters in the DP limit (⇠ 2.3�

preference), and ��2

e↵

' �12.6 with three free parameters in the general case (⇠ 2.8� preference).

We also show in Table I the contribution of each experiment to the best-fit �2

e↵

, which can be

compared to the ⇤CDM case. We find that most of the improvement is driven by the Planck

SZ cluster data, which can be fitted perfectly by the IDS model, instead of being discrepant at

the 3.9� level. About 15 units of ��2 come from there. Next, the two limits of the IDS model,

with small �N
fluid

, provide a slightly better fit to Planck high-` TT+TE+EE data, by about

��2 ' �5. Other improvements are not significant. One model gives a worse fit to a couple
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The best-fit �2 per experiment of each model
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�Nfluid log Prior �Nfluid lin. Prior �Nfluid log Prior �Nfluid lin. Prior
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SimLow ⌧
reio
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BAO 15.33 13.37 13.61 13.90 14.91

lensing 10.43 9.37 10.85 9.65 12.03

SDSS 45.43 44.57 46.13 44.78 46.66

CFHTLens 100.00 101.35 98.53 100.90 98.17
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0 �21.03 �16.33 �19.48 �7.79

TABLE I: Minimum e↵ective chi square �2

e↵

= �2 ln L for the Weakly Interacting and Dark

Plasma model, with the contribution from each individual data set.

correspond to a 4.1� (4�) preference for the WI (DP) extended model, or 3.8� for the general IDS

model. When using the linear prior �N
fluid

� 0.07 motivated by some classes of IDS models, we

do not cover anymore the region in parameter space corresponding to a very small DR density,

and thus, potentially, a very large DM-DR scattering rate. In that case the preference for the

IDS model is still there but less significant, with: ��2

e↵

' �16.3 with two free parameters in the

WI limit (⇠ 3.6� preference), ��2

e↵

' �7.8 with two free parameters in the DP limit (⇠ 2.3�

preference), and ��2

e↵

' �12.6 with three free parameters in the general case (⇠ 2.8� preference).

We also show in Table I the contribution of each experiment to the best-fit �2

e↵

, which can be

compared to the ⇤CDM case. We find that most of the improvement is driven by the Planck

SZ cluster data, which can be fitted perfectly by the IDS model, instead of being discrepant at

the 3.9� level. About 15 units of ��2 come from there. Next, the two limits of the IDS model,

with small �N
fluid

, provide a slightly better fit to Planck high-` TT+TE+EE data, by about

��2 ' �5. Other improvements are not significant. One model gives a worse fit to a couple
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The best-fit �2 per experiment of each model

Data Sets ⇤CDM
WI limit DP limit

�Nfluid log Prior �Nfluid lin. Prior �Nfluid log Prior �Nfluid lin. Prior

high-` TTTEEE 2452.6 2447.41 2451.68 2447.91 2454.76

SimLow ⌧
reio

0.34 0.07 0.012 0.04 0.26

BAO 15.33 13.37 13.61 13.90 14.91

lensing 10.43 9.37 10.85 9.65 12.03

SDSS 45.43 44.57 46.13 44.78 46.66

CFHTLens 100.00 101.35 98.53 100.90 98.17

Planck SZ 15.50 0.19 5.20 0.016 2.35

H
0

7.80 9.06 4.08 9.74 9.53

TOTAL 2646.42 2625.39 2630.09 2626.94 2638.63

��2

e↵

0 �21.03 �16.33 �19.48 �7.79

TABLE I: Minimum e↵ective chi square �2

e↵

= �2 ln L for the Weakly Interacting and Dark

Plasma model, with the contribution from each individual data set.

correspond to a 4.1� (4�) preference for the WI (DP) extended model, or 3.8� for the general IDS

model. When using the linear prior �N
fluid

� 0.07 motivated by some classes of IDS models, we

do not cover anymore the region in parameter space corresponding to a very small DR density,

and thus, potentially, a very large DM-DR scattering rate. In that case the preference for the

IDS model is still there but less significant, with: ��2

e↵

' �16.3 with two free parameters in the

WI limit (⇠ 3.6� preference), ��2

e↵

' �7.8 with two free parameters in the DP limit (⇠ 2.3�

preference), and ��2

e↵

' �12.6 with three free parameters in the general case (⇠ 2.8� preference).

We also show in Table I the contribution of each experiment to the best-fit �2

e↵

, which can be

compared to the ⇤CDM case. We find that most of the improvement is driven by the Planck

SZ cluster data, which can be fitted perfectly by the IDS model, instead of being discrepant at

the 3.9� level. About 15 units of ��2 come from there. Next, the two limits of the IDS model,

with small �N
fluid

, provide a slightly better fit to Planck high-` TT+TE+EE data, by about

��2 ' �5. Other improvements are not significant. One model gives a worse fit to a couple
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FIG. 7: Posteriors of the IDS parameters for ⇤CDM, WI and DP with (top) a �N
fluid

� 0.07

prior and (bottom) a �5  log
10

�N
fluid

 0 prior.

FIG. 8: Posteriors and likelihood contours for ⇤CDM, WI and DP with (left) a �N
fluid

� 0.07

prior and (right) a �5  log
10

�N
fluid

 0 prior. On the right plot, the WI and DP models are

almost indistinguishable. The orange contours show the H
0

measurement by Riess et al. [7], and

the purple ones the �
8

(⌦
m

/0.27)0.30 constraint from Planck SZ cluster counts [2].
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The best-fit �2 per experiment of each model

Data Sets ⇤CDM
WI limit DP limit

�Nfluid log Prior �Nfluid lin. Prior �Nfluid log Prior �Nfluid lin. Prior

high-` TTTEEE 2452.6 2447.41 2451.68 2447.91 2454.76

SimLow ⌧
reio

0.34 0.07 0.012 0.04 0.26

BAO 15.33 13.37 13.61 13.90 14.91

lensing 10.43 9.37 10.85 9.65 12.03

SDSS 45.43 44.57 46.13 44.78 46.66

CFHTLens 100.00 101.35 98.53 100.90 98.17

Planck SZ 15.50 0.19 5.20 0.016 2.35

H
0

7.80 9.06 4.08 9.74 9.53

TOTAL 2646.42 2625.39 2630.09 2626.94 2638.63

��2

e↵

0 �21.03 �16.33 �19.48 �7.79

TABLE I: Minimum e↵ective chi square �2

e↵

= �2 ln L for the Weakly Interacting and Dark

Plasma model, with the contribution from each individual data set.

correspond to a 4.1� (4�) preference for the WI (DP) extended model, or 3.8� for the general IDS

model. When using the linear prior �N
fluid

� 0.07 motivated by some classes of IDS models, we

do not cover anymore the region in parameter space corresponding to a very small DR density,

and thus, potentially, a very large DM-DR scattering rate. In that case the preference for the

IDS model is still there but less significant, with: ��2

e↵

' �16.3 with two free parameters in the

WI limit (⇠ 3.6� preference), ��2

e↵

' �7.8 with two free parameters in the DP limit (⇠ 2.3�

preference), and ��2

e↵

' �12.6 with three free parameters in the general case (⇠ 2.8� preference).

We also show in Table I the contribution of each experiment to the best-fit �2

e↵

, which can be

compared to the ⇤CDM case. We find that most of the improvement is driven by the Planck

SZ cluster data, which can be fitted perfectly by the IDS model, instead of being discrepant at

the 3.9� level. About 15 units of ��2 come from there. Next, the two limits of the IDS model,

with small �N
fluid

, provide a slightly better fit to Planck high-` TT+TE+EE data, by about

��2 ' �5. Other improvements are not significant. One model gives a worse fit to a couple

18

with 2 extra params: 2.3σ

f ~ 1.4%, > 0 at 2.8σ
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The best-fit �2 per experiment of each model

Data Sets ⇤CDM
WI limit DP limit

�Nfluid log Prior �Nfluid lin. Prior �Nfluid log Prior �Nfluid lin. Prior

high-` TTTEEE 2452.6 2447.41 2451.68 2447.91 2454.76

SimLow ⌧
reio
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CFHTLens 100.00 101.35 98.53 100.90 98.17

Planck SZ 15.50 0.19 5.20 0.016 2.35

H
0

7.80 9.06 4.08 9.74 9.53

TOTAL 2646.42 2625.39 2630.09 2626.94 2638.63

��2

e↵

0 �21.03 �16.33 �19.48 �7.79

TABLE I: Minimum e↵ective chi square �2

e↵

= �2 ln L for the Weakly Interacting and Dark

Plasma model, with the contribution from each individual data set.

correspond to a 4.1� (4�) preference for the WI (DP) extended model, or 3.8� for the general IDS

model. When using the linear prior �N
fluid

� 0.07 motivated by some classes of IDS models, we

do not cover anymore the region in parameter space corresponding to a very small DR density,

and thus, potentially, a very large DM-DR scattering rate. In that case the preference for the

IDS model is still there but less significant, with: ��2

e↵

' �16.3 with two free parameters in the

WI limit (⇠ 3.6� preference), ��2

e↵

' �7.8 with two free parameters in the DP limit (⇠ 2.3�

preference), and ��2

e↵

' �12.6 with three free parameters in the general case (⇠ 2.8� preference).

We also show in Table I the contribution of each experiment to the best-fit �2

e↵

, which can be

compared to the ⇤CDM case. We find that most of the improvement is driven by the Planck

SZ cluster data, which can be fitted perfectly by the IDS model, instead of being discrepant at

the 3.9� level. About 15 units of ��2 come from there. Next, the two limits of the IDS model,

with small �N
fluid

, provide a slightly better fit to Planck high-` TT+TE+EE data, by about

��2 ' �5. Other improvements are not significant. One model gives a worse fit to a couple
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The best-fit �2 per experiment of each model

Data Sets ⇤CDM
WI limit DP limit

�Nfluid log Prior �Nfluid lin. Prior �Nfluid log Prior �Nfluid lin. Prior

high-` TTTEEE 2452.6 2447.41 2451.68 2447.91 2454.76

SimLow ⌧
reio

0.34 0.07 0.012 0.04 0.26

BAO 15.33 13.37 13.61 13.90 14.91
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CFHTLens 100.00 101.35 98.53 100.90 98.17
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H
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TOTAL 2646.42 2625.39 2630.09 2626.94 2638.63

��2

e↵

0 �21.03 �16.33 �19.48 �7.79

TABLE I: Minimum e↵ective chi square �2

e↵

= �2 ln L for the Weakly Interacting and Dark

Plasma model, with the contribution from each individual data set.

correspond to a 4.1� (4�) preference for the WI (DP) extended model, or 3.8� for the general IDS

model. When using the linear prior �N
fluid

� 0.07 motivated by some classes of IDS models, we

do not cover anymore the region in parameter space corresponding to a very small DR density,

and thus, potentially, a very large DM-DR scattering rate. In that case the preference for the

IDS model is still there but less significant, with: ��2

e↵

' �16.3 with two free parameters in the

WI limit (⇠ 3.6� preference), ��2

e↵

' �7.8 with two free parameters in the DP limit (⇠ 2.3�

preference), and ��2

e↵

' �12.6 with three free parameters in the general case (⇠ 2.8� preference).

We also show in Table I the contribution of each experiment to the best-fit �2

e↵

, which can be

compared to the ⇤CDM case. We find that most of the improvement is driven by the Planck

SZ cluster data, which can be fitted perfectly by the IDS model, instead of being discrepant at

the 3.9� level. About 15 units of ��2 come from there. Next, the two limits of the IDS model,

with small �N
fluid

, provide a slightly better fit to Planck high-` TT+TE+EE data, by about

��2 ' �5. Other improvements are not significant. One model gives a worse fit to a couple
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with 2 extra params: 2.3σ
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The best-fit �2 per experiment of each model

Data Sets ⇤CDM
WI limit DP limit

�Nfluid log Prior �Nfluid lin. Prior �Nfluid log Prior �Nfluid lin. Prior
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SimLow ⌧
reio
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CFHTLens 100.00 101.35 98.53 100.90 98.17
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TABLE I: Minimum e↵ective chi square �2

e↵

= �2 ln L for the Weakly Interacting and Dark

Plasma model, with the contribution from each individual data set.

correspond to a 4.1� (4�) preference for the WI (DP) extended model, or 3.8� for the general IDS

model. When using the linear prior �N
fluid

� 0.07 motivated by some classes of IDS models, we

do not cover anymore the region in parameter space corresponding to a very small DR density,

and thus, potentially, a very large DM-DR scattering rate. In that case the preference for the

IDS model is still there but less significant, with: ��2

e↵

' �16.3 with two free parameters in the

WI limit (⇠ 3.6� preference), ��2

e↵

' �7.8 with two free parameters in the DP limit (⇠ 2.3�

preference), and ��2

e↵

' �12.6 with three free parameters in the general case (⇠ 2.8� preference).

We also show in Table I the contribution of each experiment to the best-fit �2

e↵

, which can be

compared to the ⇤CDM case. We find that most of the improvement is driven by the Planck

SZ cluster data, which can be fitted perfectly by the IDS model, instead of being discrepant at

the 3.9� level. About 15 units of ��2 come from there. Next, the two limits of the IDS model,

with small �N
fluid

, provide a slightly better fit to Planck high-` TT+TE+EE data, by about

��2 ' �5. Other improvements are not significant. One model gives a worse fit to a couple
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The best-fit �2 per experiment of each model
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BAO 15.33 13.37 13.61 13.90 14.91

lensing 10.43 9.37 10.85 9.65 12.03

SDSS 45.43 44.57 46.13 44.78 46.66

CFHTLens 100.00 101.35 98.53 100.90 98.17

Planck SZ 15.50 0.19 5.20 0.016 2.35

H
0

7.80 9.06 4.08 9.74 9.53

TOTAL 2646.42 2625.39 2630.09 2626.94 2638.63

��2

e↵

0 �21.03 �16.33 �19.48 �7.79

TABLE I: Minimum e↵ective chi square �2

e↵

= �2 ln L for the Weakly Interacting and Dark

Plasma model, with the contribution from each individual data set.

correspond to a 4.1� (4�) preference for the WI (DP) extended model, or 3.8� for the general IDS

model. When using the linear prior �N
fluid

� 0.07 motivated by some classes of IDS models, we

do not cover anymore the region in parameter space corresponding to a very small DR density,

and thus, potentially, a very large DM-DR scattering rate. In that case the preference for the

IDS model is still there but less significant, with: ��2

e↵

' �16.3 with two free parameters in the

WI limit (⇠ 3.6� preference), ��2

e↵

' �7.8 with two free parameters in the DP limit (⇠ 2.3�

preference), and ��2

e↵

' �12.6 with three free parameters in the general case (⇠ 2.8� preference).

We also show in Table I the contribution of each experiment to the best-fit �2

e↵

, which can be

compared to the ⇤CDM case. We find that most of the improvement is driven by the Planck

SZ cluster data, which can be fitted perfectly by the IDS model, instead of being discrepant at

the 3.9� level. About 15 units of ��2 come from there. Next, the two limits of the IDS model,

with small �N
fluid

, provide a slightly better fit to Planck high-` TT+TE+EE data, by about

��2 ' �5. Other improvements are not significant. One model gives a worse fit to a couple
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 0 prior.

FIG. 8: Posteriors and likelihood contours for ⇤CDM, WI and DP with (left) a �N
fluid

� 0.07

prior and (right) a �5  log
10

�N
fluid

 0 prior. On the right plot, the WI and DP models are

almost indistinguishable. The orange contours show the H
0

measurement by Riess et al. [7], and

the purple ones the �
8
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m

/0.27)0.30 constraint from Planck SZ cluster counts [2].
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with 2 extra params: 4.1σ / 4.0σ

ΔN~0.0015, f ~ 5%

ΔN~0.0036, Γ0 ~ 2.5 10-21s-1
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Relaxing lower bound on ΔN>0.07
Best fit model:                                                 Parameter posteriors
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General Interacting Dark Sector model
Best fit model:                                                 Parameter posteriors

17

The best-fit �2 per experiment of each model

Data Sets ⇤CDM
General IDS

�Nfluid log Prior �Nfluid lin. Prior

TTTEEE lite 575.10 567.78 573.82

SimLow ⌧
reio

0.26 0.051 0.29

BAO 16.48 13.40 13.38

lensing 10.13 9.35 11.89

SDSS 45.77 44.02 46.49

CFHTLens 98.56 99.78 97.89

Planck SZ 13.68 0.19 2.96

H
0

7.00 8.74 7.70

TOTAL 766.98 743.32 754.43

��2

e↵

0 �23.66 �12.55

TABLE II: Minimum e↵ective chi square �2

e↵

= �2 ln L for the general Interacting Dark Sector

model, with the contribution from each individual data set.

of data sets: namely, the DP model with �N
fluid

� 0.07 has a ��2 of �7.8 only, because the

improvement driven by the Planck SZ cluster data is balanced by a slight worsening of the fit to

Planck TT+TE+EE and lensing data, by respectively ��2 ' 3 and 4.

It is worth noticing that compared to the best-fit ⇤CDM model, our best-fit WI, DP and general

IDS models are equally poor fits to direct measurements of H
0

, with a �2 ranging from 7.7 to

9.7, i.e. 2.8 to 3.1� away from the measured central value, with however the exception of the WI

model with a linear prior �N
fluid

� 0.07, which has a �2 = 4 for this data point (2� away from

the central value).

These results are statistically consistent since the minimum �2 goes down when the model is

more general. The WI model with �N
fluid

� 0.07 is a subcase of the WI model with �5 
log

10

�N
fluid

 0, which is itself a subcase of the general IDS model; and the same is true with the

DP models. The minimum �2’s are ordered accrodingly. This does not imply that the �2 of each

experiment at the best-fit point should respect this order. For instance, among our best-fit models,
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Short-term plans: include new data sets
• Full Planck SZ 2015 likelihood 

• KIDs: will strengthen conclusions! From (σ8 Ωm0.30) of Joudaki et al. [1707.06627] : 

• 2.6σ tension for ΛCDM (χ2~6.7)  

• χ2~0.37-1.33 for our IDS best fit models 

• DES: same!  χ2~0.00-0.74 for our IDS best fit models 

• Full P(k) from SDSS-DR12 

• Lyman-α : tricky, new hydro simulation needed (specific linear growth rate).  

• Krall et al. 1705.08894 used χ2(P(k*), neff(k*)) from SDSS Ly-α of McDonald et al 
2006: no significant χ2 improvement (data has large σ8).  

• Potentially different conclusions from recent BOSS Ly-α data of Palanque-
Delabrouille et al. 2016, pushing not for high σ8 but for small neff(k*) ! 

• Planck 2017 polarisation, lensing, SZ !
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