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Small-Scale Problems of Structure Formation

Diversity of dwarf rotation curves
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Astrophysics Solutions or New Particle Physics?

But it's clearly all
baryons, as shown in
1702 .xxxxx!

But baryons clearly
cannot do it, see

1702.yyyyy!
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CMB-Local Tension

@ 3¢ tension: CMB (z > 1000) vs. low-redshift (z < 10) observations
@ Expansion rate

o Planck: Hy = (67.4 £0. 5)3,\,Ipc

e Hubble: Hy = (73.45 + 1. 66)SMpC

o HOLICOW: Hy = (72.5751) gk

@ Magnitude of matter density fluctuations (og)
@ Resolved by (additional relativistic particles)?

12
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@ Tensions in ACDM Cosmology
@ Dark Matter Interacting with Sterile Neutrinos

0 Challenges
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Self-Interacting Dark Matter
@ Dark matter y interacts with dark sector
@ E.g., U(1)x with light gauge boson V, my ~ MeV (dark photon)

~ Long-range, velocity-dependent interaction
~ , , and solved X

oM
WDM (2 keV thermal)
~ == SIDM (lem®g ")

IC 2574, c200:~2.50, Mago:1.5%10"' My

"
100

10
r lkpe]
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Suppressing Dwarfs by Late Kinetic Decoupling

@ Additional light particle N (dark radiation) charged under U(1)x
@ Efficient Dark matter — dark radiation scattering

~ Late kinetic decoupling
~ Structure formation suppressed at small scales

0.050r

0.0201

0.010F

0.0051

? Jpm)(cn/dM)

-==- CDM
— Tyg=0.6 keV SIDM
—Tg=10keV SIDM
——Tyg=15 keV SIDM
——Tyg=2.0 keV SIDM
---35keVWDM

---5.3 keV WDM

=
~0.002f

i
0001t/ [/ {
i

L n " n "
10° 108 10% 10% 104
M [Mg/h]

11/19



Suppressing Dwarfs by Late Kinetic Decoupling
@ Additional light particle N ( ) charged under U(1)x
@ Efficient Dark matter — scattering

~ Late kinetic decoupling
~ Structure formation suppressed at small scales

~» Minimal galaxy mass

3
M= 51010 (1906VA" o1y
Tid

~ solved for Tiq < 1 keV (Meyt ~ 1010 M)
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One Model to Solve Them All

@ Dark matter x

° N, my < eV

@ Dark photon V couples to both, my ~ MeV

@ Some ingredients for anomaly cancellation etc.
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One Model to Solve Them All

@ Dark matter x

° N, my < eV

@ Dark photon V couples to both, my ~ MeV

@ Some ingredients for anomaly cancellation etc.

~ All of structure formation solved
~ and solved if ?

@ Related models (different particle spins, more sterile neutrinos, .. .)

@ Classification of minimal possibilities
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@ High temperatures: U(1)x sector thermalized via Higgs portal
Lhiggs O ”|H|2|e|2
@ (©) ~ MeV breaks U(1)x

13/19



Dark Matter Production

@ High temperatures: U(1)x sector thermalized via Higgs portal
»CHiggs ) R,/_/,Z,@,Z

@ (©) ~ MeV breaks U(1)x
e T, ~ m,/25: freeze-out (chemical decoupling) of dark matter

0.67\* / m,\2
2 067" my
Qcpmh? ~ 0.11 ( o ) (TeV)

(neglecting bound state formation)
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mpy [GeV]

Dirac DM

(vector mediator)

L V| V| d
107 1072 1072 107" 10°
Mmea [GeV]
Bringmann (today)

@ Calculated by Darksusy 6.1
Bringmann Edsjo, Gondolo, Ullio, Bergstrém, JCAP 07 (2018)

@ DM mass ~ TeV or < GeV

@ Light DM region favored by cluster observations?
Huo, Kaplinghat, Pan, Yu, PLB 783 (2018)
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0 Tensions in ACDM Cosmology
© Dark Matter Interacting with Sterile Neutrinos

e Challenges
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Big Bang Nucleosynthesis

@ T | ~ Higgs portal no longer effective
~» U(1)x sector decouples at Tf'p' (depending on )

@ SM particles becoming non-relativistic afterwards heat SM bath,
not U(1)x bath ~» Ty < T, (depending on number of d.o.f. g.)

i
46 °
A Neit|BBN = <> 2 0.33
g*,u(T)((jpl)
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Big Bang Nucleosynthesis

@ T | ~ Higgs portal no longer effective
~» U(1)x sector decouples at Tf'p' (depending on )

@ SM particles becoming non-relativistic afterwards heat SM bath,
not U(1)x bath ~» Ty < T, (depending on number of d.o.f. g.)

i
46 s
A Neit|BBN = <> 2 0.33
g*,u(T)((jpl)

~ Correct order of magnitude for
~ with BBN bounds

10!

100E o ~ o°

2,
3

Excluded by BBN al

] .
107° 10t 107 102
my [GeV]
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Lyman-« Forest

@ Constrains suppression of matter power spectrum by late KD
@ Analogous to bounds on warm DM

~» Number of satellites reduced by only 30%

Mwowm [keV]
6 7 8 9

I

Ly Excl. { ¢n

0A

o o
o
T Weak Ly(yé. @

\.

|t

Subhalo Couﬁt Disfavored
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Tia [keV]

@ Systematic effects? Recasting of warm DM bounds ok?
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Sterile Neutrino Production by Oscillations

@ Standard scenario: mixing between active and sterile neutrinos
~ oscillations ~~ ANg ~ 1 ~ ruled out by Planck and BBN

@ U(1)y interactions ~~ effective matter potential suppresses mixing
~» no production by oscillations for T > MeV
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@ U(1)y interactions ~~ effective matter potential suppresses mixing
~» no production by oscillations for T > MeV

@ T < MeV: mixing unsuppressed
~- sterile neutrinos from oscillations + U(1) x-mediated scatterings

~ Y m, bound violated or L
too little free-streaming g 02l 8 \yzmv
~~ Ruled out for my ~ eV and o :U oo s
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Sterile Neutrino Production by Oscillations

@ Standard scenario: mixing between active and sterile neutrinos
~ oscillations ~~ ANg ~ 1 ~ ruled out by Planck and BBN

@ U(1)y interactions ~~ effective matter potential suppresses mixing
~» no production by oscillations for T > MeV

@ T < MeV: mixing unsuppressed
~- sterile neutrinos from oscillations + U(1) x-mediated scatterings

~+ > m, bound violated or [ 5
too little free-streaming

~ Ruled out for my ~ eV and
0(0.1) mixing
~» More complicated dark sector?

Tree> 1 MeV, 1
10104 Negr and Xm,y too large +
*

Secret fine structure constant «;
=)
WE
N

-12 i
107 1072 107" 10° 10" 10* 10}
Secret mediator mass M [MeV]
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Particle physics solution for tensions in ACDM cosmology
@ Dark matter with mass ~ TeV or < GeV
@ Dark radiation with mass < eV
@ Dark photon with mass ~ MeV ~- secret interactions

~+ Late kinetic decoupling solves missing satellites problem
~ DM self-interactions solve cusp-core, too big to fail, diversity
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Conclusions

Particle physics solution for tensions in ACDM cosmology
@ Dark matter with mass ~ TeV or < GeV
° with mass < eV
@ Dark photon with mass ~ MeV ~- secret interactions

~ Late kinetic decoupling solves problem
~+ DM self-interactions solve , ,

@ Dark radiation probably not able to address oscillation anomalies
@ Data from astrophysics and cosmology probe DM properties
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Dark Radiation

° : relativistic particles # ~, vSM
Parameterized via radiation energy density

7 (T\*
1+Neff8<-,-> ]Pw

Prad =

eT=T,

@ Ny effective number of neutrino species

@ Standard Model: Ny = 3.046

@ Existence of dark radiation < = Nyt — 3.046 >0

@ Measurements of Cosmic Microwave Background (CMB):

AN = 1.51+0.75 =
ANeff =0.81 £ 042 : ::E 1UW’ V\A‘K‘
ANgs = 0.10 £ 0.23 ALY O -
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Velocity-Dependent Self-Interactions

@ Described by Yukawa potential V(r) = £%%e="V"
@ Desired scattering cross section o:

e Large in dwarf galaxies

e Small on larger scales to satisfy experimental limits
@ Very different behavior depending on model parameters

100 MilkyWay  cluster

S 1072

i (cm?/g) [attractive only]
N

/
10 100 1000
v (kmy/s)

Here: classical regime ~~ analytical approximations exist
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Particle Physics Models with Late Kinetic Decoupling

X X

@ Need scattering partner 7 with large abundance until T,y < 1 keV
~+ photon, (SM) neutrino,

@ Here: classification of all minimal possibilities

@ Scattering amplitude close to kinetic decoupling:
IMP? =~ ¢y (£ /my)"
@ M.y ~ 10'0 M, needs large coefficients ¢, and/or light dark matter
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Desired Self-Interactions with t-Channel Mediator

1 w T T T T
£ N = = = - Relic density (p-wave) ‘,a"_
01001 N Relic density (s-wave) ,o" 1
£ -
o.0t0L
0.001L
& £
10te . =3MeV
my: =2 MeV

1075
my: =1MeV
s — mj. =500 keV |
; — my. =100 keV -
10»7 L L L L 4
1 10 100 1000 10t
my [GeV]

~» Both m, ~ GeV and m, ~ TeV work
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Simulating Self-Interacting Dark Matter

N-body simulation of structure formation with DM-DM and DM-N
interactions

ETHOS-4 *
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N-body simulation of structure formation with DM-DM and DM-N

interactions

 [kpc]

Vogelsberger et al., MNRAS 460 (2016)

T
— com
—— ETHOS-1
— ETHOS-2 N
—— ETHOS-3

ETHOS-4 (tuned)
—e— Polisensky 2011
- (corrected)

anx

@ Confirms solution (alleviation) of t0o big to fail, missing satellites
@ Cusp-core and rotation curve diversity unclear
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tA

2 my ~ TeV: thermalization of U(1)x sector
via Higgs portal

— T ~ m,/25: CDM freeze-out

— T9P1 > 10 GeV: U(1)x sector decoupling

SM particles heat SM bath

matter effects prevent Ny overproduction

TPl ~ MeV: active neutrino decoupling

U(1)x particles heat Ny

— T}(‘d ~ 100 eV: CDM kinetic decoupling
T}f,‘f: N; kinetic decoupling from itself

— Teq ~ 1 eV: matter-radiation equality

+ T,‘Yipl ~ 0.2 eV: photon decoupling

N7 becomes non-relativistic

CDM-CDM scattering via Yukawa potential

— Ty ~ 0.2 meV: today

YT
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