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Ho and O3 tensions

High Ho w.r.t Planck ACDM (2-30): SHoES, CCHP...
Low 0g w.r.t Planck ACDM (2-30):
e cluster counts (Planck SZ, ...),

« weak lensing (CFHTLens, DES, KIDs)

No direct contradiction. Systematics or slightly wrong model.

Difficult to bring all data back to 1-20 agreement. Doesn’t work with simplest
extensions (Nefr, m,, w, €, 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]

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

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), ...]

free-streaming or self-interacting

relativistic relics:

Dark Radiation (DR)
Momentum transfer rate I’

Interacting non-relativistic relics:

Interacting Dark Matter (IDM)

decoupled non-relativistic relics:

Cold Dark Matter (CDM)

* Specific predictions on, for instance, [~T", or ANu#, or ANy
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(a)/H(a)

Momentum exchange rate

r~T computed from first principles

 We are interested in n=2 (constant [/H during RD, linear scales)

At most small departure of ACDM,; possibilities:

 all DM could be IDM in a Weakly Interacting (WI) limit
e fraction f could be IDM in a Dark Plasma (DP) limit, (1-f) fraction = ordinary CDM

1000/

0.100}
0.010}

0.001 o
107°

100
10}

—_—

—

10~4

0.001 0.010 0.100 1
a

4  Testing DM with cosmology - J. Lesgourgues

Many papers consider n=4, [/H increases, late time effects, needs N-body

Dark Plasma limit
(always efficient)

Weakly Interacting limit

mm

(small constant effect during RD)
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Perturbation equations

* Coupling appears in Euler equations:

Oidm = —biam + 3¢
éidm = —HOiam + kY + G(0ar — Oiam) G=al'=a"'T
. A .
5dr — _gedr +4¢
.o Oar 3 Pidm
O = k| — + ¢ | —GR(Oq4 — Giam) R= -
4 f § Pdr

/

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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cdm
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Moditied Dark Matter growth

* Ratio of DM perturbation for (IDS model/standard ACDM), as a function of
time, for fixed k:

Weakly Interacting model Dark Plasma model
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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 vs)
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Effects on Matter Power Spectrum

 Ratio of P(k,z=0) for IDS model/standard ACDM:

Weakly Interacting model Dark Plasma model
(increasing I (increasing f)
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(Very different from massive neutrinos) (more similar to massive neutrinos

although different scales/times)

Institute for

Theqretical me
N ° :nzihcés:\:;lo'gy
7 Testing DM with cosmolo J. Lesgourques " ve-rebie. o




Effects on CMB Lensing spectrum

e Ratio of C,®*® for IDS model/standard ACDM:

Weakly Interacting model Dark Plasma model
(increasing I') (increasing f)
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Effects on CMB temperature spectrum

Ratio of CI'T for IDS model/standard ACDM:

Weakly Interacting model
(increasing I')
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Dark Plasma model
(increasing f)
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(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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New dataset

Lesgourgues at al. 2016 [1507.04351] Buen-Abad et al. [1708.xxxxx]
* Planck 2015 high-I TT « Planck 2015 high-I TTTEEE
e Planck 2015 low-I * Planck 2016 Teio prior (from simlow)
e BAO 6dFGS, SDSS-MGS, BOSS- * BAO 6dFGS, SDSS-MGS, BOSS-DR12

DR11
e Planck 2015 lensing

. 0.30) (ri
Planck 2015 SZ as (0 C2m . ) prior * Halo power spectrum from SDSS-DR7-
 CFHTLens as (05 Qum®3) prior LRG

e Hpof Riess et al. 2011 e Hp of Riess et al. 2016

* Planck 2015 lensing
* « Planck 2015 SZ as (0g Qm°39) prior

e CFHTLens full correlation function

New versions of IDS model

* non-abelian IDM model = Weakly Interacting + ANgig > 0.07 (6 params + ANgyiq, I')
+ Dark Plasma model with ANgy;q > 0.07 (6 params + ANggig, 1)

+ WI and DP with ANy > 0 (6 params + ANgygig, I or f)

+ full general IDS model with ANy > 0 (6 params + ANgq, I and f)

m ‘ RWTH

Particle Physics
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Weakly Interacting model with AN>0.07

Best fit model:

Data Sets ACDM

WI

A Nfyiq lin. Prior

high-¢ TTTEEE|| 2452.6 | 2451.68
SimLow Tyeio 0.34 0.012
BAO 15.33 13.61
lensing 10.43 10.85
SDSS 45.43 46.13
CFHTLens 100.00 98.53

Planck SZ 15.50

/o

H, 7.80 \4.08 é
TOTAL  ||2646.42| 2630.09
AxZe 0 (1633 )

with 2 extra params: 3.60

T

11

Parameter posteriors

A Nguia 10*7To[Mpe ™"

0.07 0.367  0.565

[o ~
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0.762 0.96 0 0.682  1.07 1.46 1.85
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Weakly Interacting model with AN>0.07

Best fit model:

Data Sets

ACDM

WI

A Nflyiq lin. Prior

high-¢ TTTEEE|| 2452.6 | 2451.68
SimLow Tyeio 0.34 0.012
BAO 15.33 13.61
lensing 10.43 10.85
SDSS 45.43 46.13
CFHTLens 100.00 %ﬁ
Planck SZ 15.50 /5.20\
H, 7.80 \ 4.012
TOTAL 2646.42 w
Ax% 0 ¢/ —16.33\)

with 2 extra params: 3.60

T
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Best fit model:

Dark Plasma model with AN>0.07

Parameter posteriors

N g

Data Sets ACDM DP
ANfuiq lin. Prior
. /l %
high-¢ TTTEEE|| 2452.6 \_ 2454.76
SimLow Tyeio 0.34 0.26
BAO 15.33 14.91
lensing 10.43 ‘QZ.OD
SDSS 45.43 46.66
CFHTLens 100.00 98.17
Planck SZ | 15.50 ‘6'35\1
/\
Hy 7.80 <\i.53
TOTAL 2646.42| 2638.63
AxZg o (779
N i

with 2 extra params: 2.30

T
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A Nguiq 10M7Ty[Mpc '] /
0 0.4I-64 0.9IZ7 1.I39 1.I85 0 0.06745 0.0I149 0.0I224 0.0298
e \N/| lin
m—= DP [in

f~1.4%, >0at2.80
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Best fit model:

Dark Plasma model with AN>0.07

Data Sets ACDM DP
A Ngluiq lin. Prior
. /} %
high-¢ TTTEEE|| 2452.6 \_ 2454.76
SimLow Tyeio 0.34 0.26
BAO 15.33 14.91
. ~ N
1
lensing 10.43 \1203/
SDSS 45.43 46.66
CFHTLens 100.00 098.17
/ \
{
Planck SZ 15.50 { 2.35 .
Hy 7.80 1\' 9.53 ':
TOTAL 2646.42| 2638.63
N 0 —779
A /

with 2 extra params: 2.30
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Relaxing lower bound on AN>0.07

Best fit model: Parameter posteriors
log (A Nfuiq) 107 To[Mpc™!] f
Data Sets ACDM WI DP
ANyyiq log Prior | ANyuiq log Prior
high-f TTTEEE || 2452.6 _2447.41 2447.91 )
SimLow Treio 0.34 0.07 0.04 1 | | 1 | | | |
-3.6 -3.13 -2.65 -2.17 -1.69 1.33 2.66 3.99 5.33 0 0.0253 0.0506 0.0759 0.101
BAO 15.33 13.37 13.90
== WI, log
lensing 10.43 9.37 9.60 = DP, log
SDSS 45.43 44.57 44.78
CFHTLens || 100.00| 101.35 100.90
Planck SZ 15.50 € 0.19 0.016 AN~0.0036, I( ~ 2.5 10%s""
H, 7.80  9.06 9.74 )
— e AN~0.0015, f ~ 5%
TOTAL 2646.42| 2625.39  2626.94
/ >
Ax2 0o  —-21.03 —19.48
T \
A

with 2 extra params: 4.10/ 4.00
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Relaxing lower bound on AN>0.07

Best fit model: Parameter posteriors
= WI, log
Data Sets ACDM WI DP === DP, log
ANfyia log Prior ANjguiq log Prior s ACDM+A Niyig
high-¢ TTTEEE| 2452.6 (2447.41  2447.91
SimLow Tyeio 0.34 0.07 0.04
BAO 15.33 13.37 13.90
0.812 ¢
lensing 10.43 9.37 9.65
SDSS 45.43 44 .57 44.78
éo 0.77 ¢
CFHTLens 100.00 101.35 100.90
Planck SZ || 15.50 € 0.19 0.016
0.728 t
R < T e
TOTAL 2646.42| 2625.39 2626.94
2 - ~19.48
A
. )
with 2 extra params: 4.10/4.00  o={ | 1
66.6 68.4 70.10.728 0.77 0.812.28 0.303 0.325
HO 08 Qm
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General Interacting Dark Sector model

Best fit model: Parameter posteriors

Data Sets ||ACDM IDS

A Nglyiq log Prior

—
TTTEEE lite|| 575.10 567.78 5

SiImLoOwW Tyeio || 0.26 0.051

BAO 16.48 13.40

-1.97 1

lensing || 10.13 | 9.35 ol
o
SDSS 45.77 | 44.02 2 s
—~
CFHTLens || 98.56 |  99.78 5
Planck SZ | 13.68 2381
Hy 7.00 8.74 >
TOTAL || 766.98| 743.32 S
— S -1.3571
AxZ 0 <—23.66 ) g
T =227 1
—3:.7 -2.5 —1:.3 —7.:33 —4.:65 —1.:97 7 -2.27 —1.:35 —O.:43
with 3 extra params: 3.80 log;(ANauia) logyq(T'o[Mpe ™)) logyo(f)
o e | IRNNITHAACHEN
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Short-term plans: include new data sets

Full Planck SZ 2015 likelihood

KIDs: will strengthen conclusions! From (og Q%Y%) of Joudaki et al. [1707.06627] :
¢ 2.60 tension for ACDM (x?~6.7)

¢ X?~0.37-1.33 for our IDS best fit models

DES: same! X?~0.00-0.74 for our IDS best fit models

Full P(k) from SDSS-DR12

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

« Krall et al. 1705.08894 used X?(P(ks), nefi(k+)) from SDSS Ly-o of McDonald et al
2006: no significant x? improvement (data has large o3).

» Potentially different conclusions from recent BOSS Ly-a data of Palanque-
Delabrouille et al. 2016, pushing not for high 03 put for small neg(ks) !

Planck 2017 polarisation, lensing, SZ !

eeeeeeeeeee
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