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Cold collisionlessdark matter 
paradigm

WMAP
Bullet cluster

Dark matter (DM) is about 25% of the Universe 

Abell2218

Cold collisionless
dark matter (CDM) 
provides a good 
description of the 
structure of matter 
in the Universe

To date, evidence 
for DM from gravity 
only
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Outline

ÅIssues with CDM (cold collisionlessDM) 

ïDiscrepancies between N-body simulations and 
astrophysical observations

ÅDM may have self-interactions

ïParticle physics implications

ïImplications for light dark forces

ÅLeptophobicdark gauge bosons



CDM in trouble

1. Core-vs-cusp problem
ï Central densities of halos are too shallow

2. Too-big-to-fail problem
ï Simulations predict O(10) more massive Milky Way 

satellite dwarf galaxies

3. Missing satellite problem
ï Too few small Milky Way satellites than predicted by 

simulation

ï Small enough to fail

DM density: r~ra a ~ -1 (cusp/NFW)    or a ~ 0 (core)

Moore (1994), Flores & Primack(1994)

Boylan-Kolchin, Bullock, Kaplinghat(2011 + 2012)

Klypinet al (1999), Moore et al (1999)



1. Core-vs-cusp problem

Cores seem fairly ubiquitous:

1. Field dwarfs

2. Satellite dwarf galaxies

3. Low surface brightness galaxies (LSBs)

4. Clusters



1. Cores in field dwarfs

Flat core

THINGS (dwarf galaxy survey) - Oh et al. (2011)

Sharp cusp

Moore (1994), Flores & Primack(1994), ...

r~ ra

21 cm emission from gas



1. Cores in LSBs

de Blok & Bosma(2002)

See also: Kuziode Narayet al (2007); Kuziode Naray& Spekkens(2011)

LSB = low surface 
brightness galaxy



1. Cores in clusters

Newman et al (2012)

gNFWfit: 



2. Too-big-to-fail problem

MW galaxy should have O(10) satellite galaxies which are 
more massive than the most massive (classical) dwarf 
spheroidals

Boylan-Kolchin, Bullock, Kaplinghat(2011 + 2012)

From Weinberg, Bullock, Governato, Kuziode Naray, Peter  (2013)



2. Too-big-to-fail problem
Is there a problem beyond the Milky Way?

Tollerudet al. (2014)

Garrison-Kimmel et al. (2014)



CDM Problems

ÅProblem with our interpretation of observations
ï/ŀƴΩǘ ǳǎŜ 5a-only simulations to model real DM+baryons

Universe
ÅSupernova feedback (THINGS dwarfs)

ÅEnvironmental interaction (MW satellites)

ÅAGN feedback (clusters)

ïAstrophysical observations not being modeled correctly
ÅIntrinsic scatter in number of MW satellites (Too big to fail)

ÅMW halo mass unknown within factor of two (Too big to fail)

ÅAnisotropy in stellar motions (MW satellites and clusters)

ÅDark matter may not be CDM

Governatoet al. (2012); Onorbeet al (2015)

Zolotov, et al (2012)

Martizziet al (2012)

Purcell & 
Zentner(2012)

Strigariet al (2014); 
Schaller et al (2014)



Self-interacting dark matter

CDM structure problems are solved if 
dark matter is self-interacting
Dark matter particles in halos elastically scatter with 
other dark matter particles.

Dark matter self-scattering
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Self-interactions solve core-vs-cusp
Particles get scattered out of dense halo 
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Self-interactions solve too-big-to-fail
Rotation curves reduced (less enclosed mass)
Simulated satellites matched to observations

Spergel& Steinhardt (2000)



Self-interacting dark matter

ÅWhat is the self-scattering cross section?

Figure-of-merit:

Number of scatterings = sx (r/m) x velocity x tage

Typical cross section required to solve small scale anomalies



What about the Bullet Cluster?

Constraint: s/m < 1 cm2/g

Bullet cluster

Randall et al. (2007)



From astrophysics to particle physics

Dark matter self-interactions 
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c= dark matter particle

f= mediator particle 
(dark photon, dark Higgs, 
ŘŀǊƪ ǇƛƻƴΣ Χύ

Lots of model building possibilities



From astrophysics to particle physics

WIMPs have self-interactions (weak interaction) 

c

c
Z

c

c
self-interaction

c= dark matter (e.g. SUSY particle)

Z boson = mediator particle

Cross section:

Mass:

WIMP self-interaction cross section is way too small



From astrophysics to particle physics

Large cross section required
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Mediator mass below than weak scale

Cross section:

Lesson #1: self-interactions require new dark 
sector states (mediator) below 1 GeV.



From astrophysics to particle physics

Extreme examples:

Lesson #2: Light mediator implies velocity-
dependent scattering cross section

Contact interaction 
(e.g. Fermi theory)

Massless mediator 
(e.g. Rutherford scattering)
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Different halos have different velocities

Cores in different systems are probing self-interactions at different energies

Dwarf galaxy Spiral galaxy Cluster of galaxies

Low energies (v/c ~ 10-4) Medium energies (v/c ~ 10-3) High energies (v/c ~ 10-2)

Lesson #3: Different size dark matter halos have 
different characteristic velocities



Different halos have different velocities

Cores in different systems are probing self-interactions at different energies

Dwarf galaxy Spiral galaxy Cluster of galaxies

Tevatron(Fermilab)

LHC (CERN)

TRIUMF

Low energies (v/c ~ 10-4) Medium energies (v/c ~ 10-3) High energies (v/c ~ 10-2)

Each galaxy and cluster is like a different particle physics collider with a different 
beam energy


