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Theoretical cosmology

Theory of cosmologlcal perturba’uons

. (high-precision calculation in linear regime, computational challenge in non-linear regime)
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Theoretical cosmology

Theory of cosmologlcal perturba’uons

’ (h|gh preC|S|on Calculat|on in I|near reg|me Computa’uonal challenge in non-linear reglme)
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Neutrino masses
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* neutrino perturbations suppressed
 cdm perturbations too (different balance gravity/
expansion)

* evolution of metric perturbation modified

impact on LSS (matter power spectrum, galaxy lensing)

and
CMB (integrated Sachs-Wolfe, CMB lensing)

Institute for RW‘I’H
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Neutrino masses
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neutrino perturbations suppressed

cdm perturbations too (different balance gravity/
expansion)

evolution of metric perturbation moditfied

impact on LSS (matter power spectrum, galaxy lensing)
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Neutrino masses

Current status:

* Very conservative:

Planck 2015 high-l TT + new 2016 low-I| TT,TE,EE:
M, < 590 meV (95%CL)
[Planck col.] 1605.02985

 More aggressive:
Planck 2015 high-l TT,TE,EE + new 2016 low-l TT,TE,EE + lensing:

M, < 140 meV (95%CL)
[Planck col.] 1605.02985

Planck 2013 + Lyman-a from BOSS:
M, < 120 meV (95%CL)
Palanque-Delabrouille et al. 1506.05976

These bounds assume minimal ACDM+M, , but bounds for extended models hardly weaker

Institute for Rm
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Neutrino masses

Future prospects:

21cm Hydrogen-line surveys

* Reionisation history
« Matter clustering in Dark Ages
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Neutrino masses

Future prospects:

_l_‘ B cm Hydrogen-line surveys

* Reionisation history

« Matter clustering in Dark Ages
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Neutrino masses

Complementarity of future CMB, BAO, LSS: Archidiacono et al. 1610.09852

B Euclid-lensing+w, prior+6, prior

(My, h) : geometrical degeneracy related to angular diameter distance, probed at different
redshifts by CMB, BAO, LSS...

Institute for RWI'H
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Neutrino masses

Complementarity of future CMB, BAO, LSS: Archidiacono et al. 1610.09852

B Euclid-Pk+w, prior+46, prior . B Euclid-Pk+w, prior+6, prior
B Euclid-lensing+w, prior+6, prior . B Euclid-lensing+w, prior+6, prior

CORE CORE

O'117(9.00 0.08 0.16 0.24 : : : 0.08 0.16 0.24 0.32

M, [eV] M, [eV]

(My, wcam) and (My, A;) : degeneracy related to CMB lensing, and to the shape and amplitude
of the matter power spectrum

Institute for RWI'H
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Neutrino masses

Complementarity of future CMB, BAO, LSS: Archidiacono et al. 1610.09852

— fixed h — fixed h
--- fixed 6, --- fixed 6,
Ah~ —4Aw,, readjusted A, . Ah~ —4Aw,, readjusted A,

1072 10! - 101
ket [h/Mpc] kvet [h/Mpc]

M, effect on matter power spectrum:

 with fixed params including wq4n, : usual step-like suppression
» with CMB peak scale : nearly constant
» with A, readjusted : nearly degenerate

Institute for RWI'H
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Neutrino masses

Complementarity of future CMB, BAO, LSS: Archidiacono et al. 1610.09852
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Neutrino masses

Complementarity of future CMB, BAO, LSS: Archidiacono et al. 1610.09852

Future experiments
CORE

CORE+DESI

CORE+DESI+Euclid-lensing
CORE+Euclid (lensing+pk)

» at least 40 detection
e valid in ACDM and most of its extensions
» possible dangerous degeneracies: with wpg
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Neutrino masses

Complementarity of future CMB, BAO, LSS: Archidiacono et al. 1610.09852

CORE (no degeneracy with baryon density)
EEE CORE+DESI

== CORE+Euclid ACDM parameters:

CORE+Euclid+21cm

CDM density Hubble parameter primordial amplitude  primordial index optical depth

0.04 0.08 0.12 0.16 0.20

 future 21cm like HERA, SKA may achieve independently A(T)=0.001 (x9 better than Planck)
and lead to possible 50 detection even in minimal hierarchy:

CORE+Euclid (lensing+pk)+21cm

Institute for
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Neutrino masses

Conclusions:

« 50 detection of M, possible even if M, = 60 meV
* Error forecasts robust even for non-minimal cosmological assumptions

* More sensitive than - and double-3- decay (KATRIN, GERDA, ...), works for Dirac
and Majorana

 Complementary to [3-decay which contains independent information (on phases,
angles, Dirac/Majorana...)

 No direct test of NH versus IH like PINGU or ORCA, but if measured mass is close
to 60 meV, IH could be excluded at 4 to 50...

Institute for ner
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Extra relics (massless case)

Planck 2015 CORE alone
Current an future bounds on (TT,TE,EE + lowP + CORE collaboration
. L. . lensing) [1612.00021]
density of relativistic relics °
beyond photons (standard N.# = 3.04 = 0.18 (Nt ) = 0.041

model: N 4= 3.046) (68%CL)

Planck+lensing Planck+lensing

CORE beats degeneracy with

Ho (redshift of equality) and is
limited by determination of @
peak scale angle (neutrino drag

e'f'fect) 2488 3051 3615 1039 1041 1042
Nesr 100 64
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Extra relics (massless case)

Planck 2015 CORE alone
Current an future bounds on (TT,TE,EE + lowP + CORE collaboration
lensing) [1612.00021]

density of relativistic relics

beyond photons (standard N.# = 3.04 = 0.18 (Nt ) = 0.041
model: N.g = 3.046) (68%CL)

Test of non-thermal or early
decoupled thermal relics
(Axion-Like Particles, ...), low-
temperature reheating models,
neutrino NSI|I (non-standard osf CORE

interactions...) CMB-S4 (20)

Standard model of particle physics
+ one light (thermal) relic

Planck (20)

10=° 104 103 102 10~' 109 10' 102 10%® 10* 10°

Bauman et al. 1604.08614

Institute for RW‘I‘H
Theoretical
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Extra relics (small mass case)

Current an future bounds on one early-decoupled or non-thermalized
extra light species (e.g. sterile neutrino)

Planck 2015 CORE + DESI +

Effective density (TT+lowP Euclid Planck+lensing
parameters +lensing) + BAO CORE collaboration : ,-L'teC%ORRE%,_\jg o
[1612.00021] NG COrE+ f
ANt (extra ' : -2
contribution to %
. <0.7 (95%CL) N
density before S
NR transition) §
Mmes# (extra
contribution to < 400 meV
density after NR (95%CL)
transition) (forecasted errors obtained while
simultaneously varying — and measuring
For Dodelson-Widrow neutrinos, physical mass m = me¢/ANes — active neutrino mass scale)

Institute for RW‘I’H
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DM annihilation cross-section (WIMPs, etc.)

Current an future bounds from CMB only (due to heating, ionization and
excitation of thermal plasma [Slatyer et al. 2012-2016] )

Effective Planck 2015 CORE
annihilation (TT,TE,EE CORE collab. H— \/;Vli/ln:/;;T,TE,EEnowP

parameter + lowP+ lensing)  [1612.00021] - ow

Possible interpretations for:
AMS-02/Fermi/Pamela

Pann = <OV>/mDM ; Fermi GC
x {branching- | 341028 | <1.4102

ratio-dependent (95%CL) (95%CL)
factor}

[cm3/s/GeV]

mpm assuming

thermal WIMP
cross-section, and
# branching ratios,

> 10 to 50 > 25 to 120 L s NS 000 "'1'&)00
GeV (95%CL) | GeV (95%CL)

from 1t to ee
Planck 2015 collaboration 1502.01589

Institute for
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DM lifetime (gravitational effects)

Current and future bounds on lifetime from CMB only (DM decaying into
neutrinos or extra relativistic relics; non trivial CMB effects, especially on
CMB lensing and late Integrated Sachs Wolfe effect, etc.)

Planck 2015 CORE alone
(1T,TE,EE. CORE collab.
+ lowP+ lensing) [1612.00021]

Poulin et al. 1606.02073

100% of CDM =
decaying particles

> 160 Gyr
(95%CL)

> 330 Gyr
(95%CL)

* long-lived: same / f

fraction f of CDM
= decaying
particles

 short-lived: 4.2% of CDM may
decay completely between

photon decoupling and today

(even more may decay earlier) | .01 0.05283 0.0946 0.137 0.179 0.221 0.264
f(l('(hn
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DM lifetime (electromagnetic effects)

Current and future bounds on decay rate from CMB only (DM decaying

into SM particles other than neutrinos, heating/ionization/excitation of

thermal plasma [Slatyer et al. 2012-2016] )

* If 100% of CDM is of decaying nature and all decay energy ends up in
y,et,e:

Planck 2015
(TT,TE,EE + lowP+
lensing) CORE alone
Oldengott et al. CORE collab.

1605.03928 [1612.00021]
Poulin et al.

1610.10051

Impact on
relonisation 1
history and

<5.3102% g1 < 5.6 10% g1
(95%CL) (95%CL)

102

multipole ¢

Institute for
Theoretical
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DM lifetime (electromagnetic effects)

Current and future bounds on decay rate from CMB only (DM decaying
into SM particles other than neutrinos, heating/ionization/excitation of
thermal plasma)

* |If fraction = of CDM is of decaying nature and ends up in y, e*, e":

complementarity:

with BBN

with CMB spectral distorsions §j

(also with cosmic rays at large T) %
3

maximum CMB sensitivity when , g

lifetime ~ 2=300 e S s | B

Planccconstants FIRAS

0Ty = 45 to 10 mK at z~~ [20, 25] —-— u-PIXIE

—-— On-the-spot with CORE-like experiment y-PIXIE

10~ 14L :
104 10° 108 1010 102 10 10! 101 1020 1022 10%* 10%

T[s]

see also Slatyer & Wu 2016
Institute for me
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DM lifetime (electromagnetic effects)

Current and future bounds on decay rate from CMB only (DM decaying
into SM particles other than neutrinos, heating/ionization/excitation of
thermal plasma)

* Application to Primordial Black Holes of mass 10'4-10'3g = fraction of DM

complementary to
CMB spectral distorsions

-0

o

8

5

- 2

and y-ray background .

0

( Hawking evaporation 2

° ° . ¢ 8

In d Ifferent Channelsl - . a Full treatment Planck constraints t—\ﬂ

° _1 I — — — On-the-spot Planck constraints

dependlng on TBH ~ M ) . CMB constraints from Carr et al. 2010

~-ray constraints from Carr et al. 2010

RWTH
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DM lifetime (electromagnetic effects)

Current and future bounds on decay rate from CMB only (DM decaying
into SM particles other than neutrinos, heating/ionization/excitation of
thermal plasma)
* Application to sterile neutrinos decaying in 3v,, v,+Y , V.t+ete:

thanks to latter channels = is function of mass and mixing angle

Q, 110 keV ) = Qcdm

* M =10 keV (DM candidate):

weaker than X-ray
« competitive with X-ray for
large M, small mixing, small
relic density (e.g. 200 MeV)
BBN constraints my, = 10 keV
CMB constraints E~—~] My, =200 MeV
o BBN com plementarity 10_13[71—1510—‘1410—‘1310—1210—‘1‘110—“‘107"‘ 105107 10-° 10~> 10~* 10~2 102 10!

rms mixing angle

Institute for nwm
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DM interactions

Not treated here, but well studied for many (although not all) cases

* DM self-interactions

DM scattering on SM particles

* DM scattering on possible Dark Radiation / other Dark Sector particles

May alter structure formation at early or late time, leave imprint on matter power
spectrum, solve tensions with Hy or os...

Cosmological bounds complementary to direct detection experiments (goes
beyond scattering on quarks, applies to very wide range of dark matter masses)

Wilkinson et al. 1309.7588, 1401.7597; Dvorkin et al. 1311.2937; Cyr-Racine et al.
1310.3278; Buen-Abad et al. 1505.03542; Cyr-Racine et al. 1512.05344; ...
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Conclusions

o After Planck: still a very bright future for cosmology with strong
connections to particle physics

« Many of previous experiments already on-going or approved (Euclid,
LSST, SKA...)




