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Beyond SIDM: small (and large) scales
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Dark Radiation — Dark Matter
Warm Dark Matter
(Talk by Laura Lopez-Honorez)

Fuzzy Dark Matter
(Talk by Luca Visinelli)
Decaying Dark Matter

Late Forming Dark Matter



Dark radiation - dark matter
Interactions




Timeline

Temperature Process Probe

T ~m, / 25 DM freeze-out DM relic abundance
T >200 MeV Dark sector decoupling N.+ BBN & CMB
T,~1MeV BBN & v decoupling

Tpar > 100 eV

DM kinetic decoupling*

CMB, Ly-a, Astrophys. obs.

Tpark < 100 eV

DR kinetic decoupling

CMB

T,~1eV

CMB

Structure formation

DM self-interactions

Astrophysical observations

*= since H ~ T2 during RDE, there is decoupling only if tT™! ~ T" with n>2, otherwise dark
matter and dark radiation recouple at later times.
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Dark matter: bounds from the relic
abundance
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Dark radiation
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Dark radiation: constraints from BBN

Shortly after neutrino decoupling the weak interactions that kept neutrons and
protons in statistical equilibrium freeze out.
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Dark radiation: constraints from CMB

Hou et al., PRD (2013)
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The signature of dark matter-dark
radiation on the CMB

The clustering of cold dark matter before baryon drag is described by the Meszaros
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The signature of dark matter-dark
radiation on the CMB

The clustering of cold dark matter before baryon drag is described by the Meszaros
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The signature of dark matter-dark
radiation on the CMB

The clustering of cold dark matter before baryon drag is described by the Meszaros
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The signature of dark matter-dark
radiation on the CMB

Archidiacono et al., (2017)
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Kinetic decoupling: bounds from Ly-a

Talk by T. Binder

FDM —_ H — Ed(mxamq),gx’gV’g)

The mass of the smallest proto-halos corresponds to the mass enclosed in the Hubble
horizon at the time of kinetic decoupling.
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Models on the market
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Models on the market

* Ty ~T? Non-Abelian DM
105 .
Buen-Abad et al., PRD (2015) -
. 1073
* Tpy ~T* ~massless mediator
] 33 107
const. cross section W2
1071
Wilkinson et al., JCAP (2014)
10715
10719
10723 .
1071 100 10! 102 103 104 10° 106 107
V4
L . \ I 1.5 \ S
yman-O(. 100 ;—RegionI%| (L \ﬁgg i i
O\ oy =107°(my,, /GeVyem® w1 s st - ]
102 i | {‘E}:;-,, N 7 é’ 0 S hSch(rt(o;)t?r?e;tt)‘a:) s
(no effect on CMB) < T o 1B U
& 109 N E
104 A :E !
Boehm et al., MNRAS (2014) sl com i
Schewtschenko et al., MNRAS (2015) | lcou " ] -
Schewtschenko et al., MNRAS (2016) *° F "™ | Y s
75 8 85 9 95 10 105 11 115 12
5 10 14 50 100

log1o Myir [ M)
k [h Mpc™]



my [MeV]

Models on the market
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Coupling to active neutrinos




Constraints on DM-v

Constraints on DM-neutrino
interactions from the extragalactic
signal of high energy neutrinos
(IceCube).

Arguelles et al., (2017)
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Active neutrino self-interactions



Constraints on active vSI

Constraints from the lab.
Laha et al., PRD (2014)
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Astrophysical constraints
Kolb & Turner, PRD (1987)

Supernova 1987A and the secret interactions of neutrinos

Edward W. Kolb
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By using SN1987A as a “source” of neutrinos with energy ~10 MeV we place limits on the
couplings of neutrinos with cosmic background particles. Specifically, we find that the
Majoron—electron-neutrino coupling must be less than about 10~3; if neutrinos couple to a mass-
less vector particle, its dimensionless coupling must be less than about 10~%; and if neutrinos cou-
ple with strength g to a massive boson of mass M, then g /M must be less than 12 MeV .

Massive mediator: g/M < 12 MeV-!




Constraints on active vSI

Cosmological constraints CMB
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Constraints on active vSi
summary
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Dark matter coupling to active neutrinos is strongly constrained.



Coupling to (eV) sterile neutrinos

Talk by J. Kersten



The case for sterile neutrinos

BBN: N_, < 4 (95%c.l.) Gariazzoetal,
Global fit (2017)

(Planck + LSS) N ¢ = 4.0...

ACDM + Zm, My=1lev  _

m, < 0.2 eV (95%c.l.) .

ACDM + N,

N.¢ = 3.15 £ 0.23 (68%c.l.)

ACDM + Neff+ meﬁv, sterile —

Neg <3.7 & meff e <0.38 eV (95%c.l.) o

Non-standard physics:
partial thermalization of sterile neutrinos in the early Universe.
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* Lepton asymmetry Mirizzi et al., PRD (2012); Hannestad et al., JCAP (2012)

* Low reheating scenarios Lattanzi et al., PRD (2015)
 “Secret” sterile neutrino self-interactions €<—




v, Secret Interactions

The sterile neutrino is coupled to a new light pseudoscalar (Majoron models)
Lint ~ gs¢vs}/5vs

The phenomenological success of the model requires:

baryon density Qh?
yon density h

04

2dF Galaxy Redshift Survey -
o

10-10 10-°
baryon-to-photon ratio 7

N ¢ & flavour N¢ & (Xm,) (Nog) & Zm
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v, Secret Interactions

The sterile neutrino is coupled to a new light pseudoscalar (Majoron models)
Lint ~ gs¢vsy5vs

Non-cosmological constraints:

E
W v,
Ve
W e
E
BP g.<3x107 SN energy loss g, < 4 x 107
Bernatowicz et al, PRL (1992) g, <10”

Farzan, PRD (2003)



Early Universe: flavour evolution

Stodolsky, PRD (1987)
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N.+at BBN

Archidiacono et al., PRD (2014)
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N.+at CMB

The v, — ¢ fluid becomes strongly interacting before neutrinos go non-relativistic

around recombination. \
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As soon as sterile neutrinos go non-relativistic, they start annihilating into

pseudoscalars.

2m, and LSS

Archidiacono et al., JCAP (2015)
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2m, and LSS

Sterile neutrinos disappear from the cosmic neutrino background.
Neutrinoless Universe, Beacom et al., PRL (2004)

Archidiacono et al., JCAP (2015)
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If the mediator is a massive MeV vector boson, then the late time phenomenology is

different.

Hannestad et al., PRL(2013); Bringmann et al., JCAP (2014); Mirizzi et al., PRD (2014); Chu,

Dasgupta, Kopp, JCAP (2015)



Galactic dynamics

Talk by Sebastian Wild
No significant self-interaction expected from pseudoscalar exchange

/‘
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The condition for having observable consequences on galactic dynamics is that the
scattering time scale of DM self interactions is less than the age of the Universe.

Milky Way:
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It is just a lower bound

Bellazzini et al., PRD (2013) It requires further
Ackerman et al., PRD (2009) investigation



Small scale problems
I‘d(T)=<G|v|>nOCg2T
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Conclusions & Overview

Missing Cusp vs. core | Too big to fail
satellites
Baryons v v v
SIDM X 4 v
SIDM + DR v v v

DR = Sterile neutrinos

e Astrophysical observations

SBL sterile neutrinos in cosmology (BBN, CMB & LSS)




Conclusions & Overview

Missing Cusp vs. core | Too big to fail
satellites
Baryons v v v
SIDM X 4 v
SIDM + DR v v v
WDM e X v

Warm Dark Matter

Free-streaming length circa the size of a dwarf galaxy.
Motivated by particle physics models of sterile neutrinos.
Severely constrained by Ly-o.

Viel et al., PRD (2013)
Lovell et al., MNRAS (2014)



Conclusions & Overview

Missing Cusp vs. core | Too big to fail
satellites
Baryons v v v
SIDM X 4 v
SIDM + DR v v v
WDM e X v
DDM v X v

Decaying Dark Matter

It is a natural way to generate a mixture of cold and warm dark matter that alters
structure formation only in the late Universe, so it can evade constraints from Ly-a

(t~Hy?).

Wang et al., MNRAS (2014)



Conclusions & Overview

Missing Cusp vs. core | Too big to fail

satellites
Baryons v v v
SIDM X 4 v
SIDM + DR v v v
WDM e X v
DDM v X v
LFDM v X v

Late Forming Dark Matter

Phase transition of a scalar field from radiation to matter (fuzzy dark matter is a form
of LFDM). The earlier the phase transition, the smaller the power spectrum cutoff

scale.
Agarwal et al., PRD (2015)

Ultra Light Axions & Ly-a, Kobayashi et al., (2017)



Conclusions & Overview

Missing Cusp vs. core | Too big to fail
satellites
Baryons v v v
SIDM X 4 v
SIDM + DR v v v
WDM e X v
DDM v X v
LFDM v X v
BSI v v X

Broken-Scale-Invariance inflationary model

The model predicts an excess of power wrt to ACDM before the cutoff; thus it is highly
constrained by Ly-c.

Kamionkowski et al., PRL (2000)



Backup
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Massive neutrinos & P(k)
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Massive neutrinos & Halo profile
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Massive neutrinos & HMF
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CMB & annihilation cross section
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Flavour oscillations
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Collisional re-coupling
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Neutrino PDF
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DM-pseudoscalar
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Sommerfeld & pseudoscalar
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