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Dark matter 
Allan McCollum 



Modern observations of the  expanding 
universe require dark matter (and dark energy) 



What is the matter? 
•  Predic1ons	
Direct,	collider,		indirect	signals	

•  Compact	objects	
Sun,	neutron	stars,	massive	black	holes,	microlensing,	
primordial	black	holes	
	
•  Galaxies	
galac1c	centre,		dwarf	galaxies,	galaxy	clusters	

•  Cosmology	
CMB,	modified	gravity	



DM	is	nonbaryonic	



DARK	MATTER	:	
OBSERVATION	
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Much evidence for dark matter 



Georges Lemaitre’s sketch of  cosmological models from 1928 

Modern cosmology requires dark matter 



USING	THE	CMB	TO	PROBE	DARK	MATTER			

Temperature fluctuations  
measured by Planck satellite  
compared to inflation prediction 

Acoustic oscillations are sensitive  
to  dark matter restoring force 



	
CMB	peak	posi1ons	measure	curvature	

EUCLIDEAN	or	flat	space		FITS	TO	HIGH	PRECISION	
	

WMAP7 

Ωm= 0.303+-0.011

ΩB= 0.0484+-0.0007 

ΩΛ= 0.697+-0.011
 

t0=13.804+-0.058 Gyr      degeneracy with age  

Ω= 8πGρ/3Η0
2 H0=68+-1 km s-1 Mpc -1 

curved 
flat 



ACOUSTIC OSCILLATIONS IN BARYONS 

Anderson + 2014 



dark	energy	

dark	ma7er	

Amanullah et al 2010 



Dark Matter is weakly interacting & cold 



v2 v2=G M (< r) / r 

Measure v at radius  and infer M (<r) 

From velocity dispersion of galaxies in a cluster 
or rotation speed of a galaxy 

How to measure dark matter 



Clusters of galaxies are mosly dark matter 
otherwise they’d fly apart 



Vera Rubin  
 

Mort Roberts 

Sofue + 1999 



Interstellar hydrogen 
kinematics is a probe  
of dark halo 





So where is the dark matter? 



Via Lactea 2 simulation 
(109 particles of 4000 MO) 



Simulation Galaxy 

Too many subhalos (aka dwarf galaxies) are predicted 
Conclude:  i)  star formation physics is complex 
                  ii) dark matter is clumpy 



Sawala 16 



Are dark halos spherical? 

Zasov 2017 



Zasov 2017 

Not all galaxies have  
dark matter halos 



32K particles in 1985 (Davis et al 1985) 

data and simulations  
 2006: ~106 galaxies, 108 particles 
2018: a trillion particles but still limited by dynamical range  ~1000 galaxies in CfA survey 1988 

Springel, Frenk, White 2006 

THE CASE FOR COLD DARK MATTER  



According to Einstein, matter curves space, and space curves light 



horseshoe  gravitational lens 



Expect multiple images of lensed galaxy 



galaxy	lensing	of	a	quasar	

Image ratios show clumpiness  
of DM on 106 Msun scales 



Galaxy cluster lens 



Average density of dark matter 
 just balances expansion energy 

1/3 critical density of dark matter 
and 2/3 dark energy (which doesn’t lens) 

Gravitational lensing measures all the dark matter in the universe 
                     Map  of distortions in galaxy images 

THIS IS OUR UNIVERSE! 



DARK	MATTER:	
THEORY	Lecture 
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Courtesy  K. Freese 

This is  the WIMP! 



SUSY		WIMP	in	thermal	equilibrium:	n<σannv>	>	texp-1	
relic	abundance		if	<σannv>~3x10-26	cm3/s	~0.23/Ωx	

generic	WIMP	
<σannv>~	αw

2/mx
2	=αw

2/1	TeV	2	

but SUSY has 100+ free parameters… 

PREDICTING  <σv>	for	a	WIMP 

annihilation 

annihilation 
+ creation 

freeze-out 

Maximum mass of  
thermal relic is  
~ 100 TeV to avoid 
excessive density 

Dark matter is most likely a weakly interacting massive particle 

So we know what mass range to search  





enormous uncertainties in 
astrophysics 
and in particle  physics 

Dark matter distribution 
profiles, streams, clumps, velocity distribution 
Cosmic ray propagation 
diffusion, solar modulation, energy losses 
Particle physics issues 
fragmentation codes,  
higher order corrections at TeVscales 
Astrophysical backgrounds 
 

 
Nesti & Salucci 2013 

SUSY models pMSSM Cahill-
Rowley 2015 



Possible dark matter profiles in our galaxy 



Observationally constrained in MWG 

Portail 2017 

Dark  matter 

Baryons 



Portail 2017 

DM core ~1kpc 

MWG 



MODIFIED	GRAVITY	

What if we don’t find dark  
matter in the next decade(s)? 



CLASSIFICATION

➤ Lovelock’s theorem (1971):
“The only second-order, local gravitational field equations 
derivable from an action containing solely the 4D metric tensor 
(plus related tensors) are the Einstein field equations with a 
cosmological constant.”

✦ > 2nd-order time derivatives.
✦ Non-local action ⇒ things like         .⇤�2

✦ Introduce new fields.
✦ Posit extra dimensions.
✦ Don’t derive field equations from an action.

UK Dark Energy Strategy 20201.Classification.

Add new field content

Higher dimensions Non-local

Scalar

Vector

Tensor

f

✓
R

⇤

◆

Some!
 degravitation 

scenarios

Scalar-tensor & Brans-Dicke

Galileons
Ghost condensates

the Fab Four

Coupled Quintessence
f(T)

Einstein-Cartan-Sciama-Kibble

Chern-Simons

Cuscuton

Chaplygin gases

Einstein-Aether

Massive gravity
Bigravity

EBI

Bimetric MOND

Horndeski theories Torsion theories

KGB

TeVeS

General RμνRμν, 
☐R,etc.f (R)

Hořava-Lifschitz

f (G)

Conformal gravity

Strings & Branes

Generalisations 
of SEH

Cascading gravity

Lovelock gravity

Einstein-Dilaton-
Gauss-Bonnet

Gauss-Bonnet

Randall-Sundrum Ⅰ & Ⅱ DGP

Kaluza-Klein

Lorentz violation

Lorentz violation

Emergent 
Approaches

Padmanabhan 
thermo. 

2T gravity

Rµ⌫⇤�1Rµ⌫

Higher-order

CDT

Lovelock's theorem

Non-action 
Approaches

Entanglement 
entropy ht

tp
://

us
ers

.ox
.ac

.uk
/~

lad
y2

72
9



T H E  N E W  T H E O R Y  L A N D S C A P E

Quintic Galileons

Quartic Galileons

TeVeS

SVT

Bigravity

Massive Gravity

Quintessence

K-essence

KGB

Cubic Galileon

Fab Four

Generalised Proca

Horava-Lifschitz

Einstein-Aether

Brans-Dicke

Uncertain?    multiscalar-tensor, nonlocal gravity, Chaplygin gases.

DHOST

Horndeski

f(R)

T. Baker 2018 



T H E  N E W  T H E O R Y  L A N D S C A P E

Quintic Galileons

Quartic Galileons

TeVeS

SVT

Quintessence

K-essence

KGB

Fab Four

Generalised Proca

Horava-Lifschitz

Einstein-Aether

Uncertain?    multiscalar-tensor, nonlocal gravity, Chaplygin gases.

DHOST

Horndeski

Cubic Galileon

Brans-Dicke

f(R)

Bigravity

Massive Gravity

T. Baker 2018 

CTD 



The Bullet cluster of galaxies 

Dark matter is weakly interacting 

Evidence for  modified gravity? 



LENSING 

X-RAY 

SZ 

Lage & Farrar 2014 

CDM accounts for  
Bullet Cluster 



Modified gravity: 
works maybe for dark energy   
but so far not for dark matter 



Are we looking in the wrong place? 

Baer 2014  

particle cross-section 

particle mass 



Hambye 2014 

DARK MATTER  DETECTION 

<σv>~3x10-26	cm3/s	,   σann~10-36	cm2		
 

Indirect detection 
of energetic γ, ν, e+… 

direct detection 
and colliders  

σsca ~10-38	cm2		



ATLAS 
CMS 

Higgs boson event, ATLAS 

ACCELERATOR SEARCHES 



				DIRECT	DETECTION		
	
many	WIMPs	pass	through	us	
every	second	
	about	ten	million		per	sq	meter	per	sec		

Experimental techniques look for very  
rare events in highly shielded detectors 
 
 



CJPL 



Rita Bernabei 

Sodium iodide crystals detect WIMPS by  scintillations 

13 yrs, 8.9 σ 

This result  was  a red flag for the competition!  



Liquid xenon 1 ton 

Elena Aprile 

in the Gran Sasso National Lab in  Abruzzo, Italy, 
under 1.4 km of rock, reached by a 10 km freeway  
tunnel under  the Gran Sasso mountain 

In the Black Hills of South Dakota, 
one mile undergound in a former  
gold  mine. 0.3 ton of liquid xenon 

Rick Gaitskell 



The future for direct detection 

Baudis 2014 



DARK	MATTER	
ANNIHILATION			
PREDICTIONS	

Lecture 

2 



		INDIRECT	DETECTION	
	
halo	WIMPS		are	majorana		par1cles	
and		occasionally	annihilate	today	into	
energe1c	par1cles:		
																																															Neutrinos,	gamma	rays,	positrons…									 



COMPACT	OBJECTS	

a.  The Sun 
b.  Neutron stars 
c.  Black holes 



Hambye 2014 

DARK MATTER  DETECTION 

<σv>~3x10-26	cm3/s	
σann ~10-36	cm2		
 

Indirect detection 
of high energy γ, ν, e+… 

direct detection 
and colliders  

σsca ~10-38	cm2		



the SUN collects dark matter! 



 
 

low mass (mx ~5-10 GeV) WIMPS are trapped, fill the 
solar core….  and  modify T(r) if non-annihilating 

		helioseismology	rules	out	5	GeV	
in	some	cases…

		spin-dependent	on	protons

Cumberbatch	et	al			2010 
 



WIMP	ANNIHILATIONS	MAY	CONVERT	A	NEUTRON	STAR	TO	A	QUARK	STAR	if	neutron	ma7er	is	metastable

Perez-Garcia, Silk  and Stone 2010 

NEUTRON STARS 

This would be a dramatic explosion… and produce compact pulsars 



GALAXIES	



Conrad & Reimer 2017 



Excluded							by	
HESS	

FERMI	reach	

Finkbeiner 2007 

predicted		γ	flux	

will	be	excluded	
by	Fermi?	

Radio	synchrotron	emission		
The	WMAP	microwave	haze:	dark	maJer	annihilaKons?		

Hooper	and	Zaharias	2007	

2007 



Fermi γ ray sky 



 haze is inverse  Compton of e+e- on interstellar radiation 

Su	et	al.		2010	

Giant gamma ray bubbles 
…not dark matter 

1-5 GeV 408 MHz 

23 GHz 1-3 keV 



The Fermi gamma ray bubble 

Not dark matter 
but an ancient 
explosion  



THE	GALACTIC		
CENTER	7ox7o	

Fermi  gamma ray telescope discovered an 
 inner galaxy excess of diffuse gamma ray emission 
Could this be dark matter? 



VL2 simulation 

FERMI data 

Yang et al 2013 

Daylan et al 2016 0.3-1 GeV 

1-3 GeV 

Fits NFW2 



Fermi  inner galaxy excess: spectrum 

Thermal cross-section 
36-51 GeV 
Daylan + 2016 

100-350 GeV 
Butter + 2017 

10 GeV  
With propagation 
Lacroix + 2016 



Abazajian + 2016 

fits 



Rozkowski 2017 

cross-section limits 



γ-ray lines? 

morpholgy 
 
spectrum 



4σ detection 
 3σ look elsewhere 
 

2012: 130 GeV line  
in Galactic Centre  Ibarra + 2012  

Weniger, Bringmann 2012 



Fermi γ line @ 130 GeV:  2013 

Galactic  Center 

Earth limb 
Galactic center 



 
fluctuations require  ~1000 sources 

 
Lee, S. et al. 2016, PRL 116, 051103 
Bartels, R. et al.  2016,  PRL 116, 051102   

faint millisecond pulsars? 

FERMI	EXCESS	IS	STELLAR?		



morphology 
 
spectrum 
 
cross-section 
 
γ-r fluctuations  

✔ 
✔ 

✔ 



Bartel + 2017 

Profile of FERMI excess matches bulge/nuclear  stars & gas 



GLOBULAR STAR CLUSTERS 

HST 

HST 

massive GCs do not contain  
much DM since M/L~1 
 
But\ may contain  
central IMBH ~1000 Msun 
 

 and contain many  
millisecond pulsars: 

these are γ-ray sources 
 
GCs merged to form  
central nuclear star  
cluster  



Olszewski 2009 

Rashkov & Madau 2013 

MWG forms from  
merging dwarfs,  
each contains an IMBH 
Silk 2017 
 

Intermediate mass black holes: 103-105Msun 



Kiziltan + 2017 

Freire + 2017 
millisecond pulsar accelerations  

Evidence fo\r black hole 
 mass ~ 2000 Msun 

In a massive globular star cluster 



γ-ray evidence for DM + IMBH 

Brown  + 2018 

in a globular  
star cluster 

not much DM 
 is needed, eg 
 
Mspike ~ 0.1 MBH 

Omega Centauri 



Black hole + DM spikes: account for fluctuations  
in Fermi Galactic Center γ-ray excess 
 

Lacroix and JS 2018 



Explaining the Galactic Center TeV excess 



DWARF  GALAXIES 



Ultra-faint dwarf galaxies 



Geringer-Sameth 2015 

HINT OF DETECTION?? 



Dwarf	cores	



Explained by baryon feedback? 

Dwarf galaxies have cores 



Dwarfs:	cores		explained?	

Schneider + 2016 

CDM/ WDM  fails 

Warm dark matter fails 

Self-interacting dark matter works: 
with σ/mp ~ 1 cm2/gm and σ ∼ v -4 



Sawala+ 2016 

Trujillo-Gomez + 2016 

Dwarf frequency 



Supernova	feedback	generates	cores	

Pontzen & Governato 2014 

Pontzen & Governato 2014 



Dwarf	galaxy	issues:		summary	
•  Number	density			NO	PROBLEM	
•  Cores																						SN	FEEDBACK	
•  Too	big	to	fail								???	

•  Selec1on	effects		on	numbers	
•  Baryonic	physics	on	cores:	SN?	
•  Feedback	from	IMBH	also	resolves	too	big	to	fail	

Dwarf galaxy issues: solutions 



supernovae 

IMBH 

Baryon fraction  
fraction 

Peirani + 2012 

Duc + 2013 

IMBH		EXPEL	BARYONS	
	 ...and resolve TBTF 

A problem for all galaxies 



IMBH feedback  resolves cores, too big  
to fail and the baryon budget problem 
 



ANTI-COSMIC RAYS 



gamma rays 

positrons 

antiprotons 

Buffington + 1981 
JS & Srednicki  1984 

14 antiprotons 



Dark matter experiment on board the 
 International Space Station: 
AMS-02, a charged cosmic  ray detector, sensitive to antimatter 

Dark matter annihilations produce high energy  positrons. 
Normally these are very rare in the cosmic rays that bombard the earth 



349000 antiprotons 

AMS-02 
@ 5 yrs 



Cirelli 2009 Bergstrom + 2013 

e+	/(e+	+	e-)	

The mysterious rising positron flux 



Planck constraint on DM contribution 

Kawasaki + 2016 



DM BOOST FACTOR REVISITED 

Searching for dark matter annihilation from individual halos 
Chiamaka Okoli, James E. Taylor, Niayesh Afshordi   arXiv 1711.05271 

Annihilations are  proportional to  ρ 2 

Boost from smooth halo 

Boost from subhalos 



Di Bernardo et al 2010 

e+	+	e-	

PULSAR	
WIND?	

 astrophysical origin 

Predicted anisotropy 
close to FERMI upper limit! 



HAWC gamma-ray telescope 
2015 
Sierra Negra volcano, Puebla, Mexico at 4100m 



2017Sci...358..911A 

2017Sci...358..911A 

HAWC 2017 



HAWC 2017 



Hooper + 2017 

Assumes interstellar diffusion coefficient 1000 times higher than in GEMINGA 



DARK	MATTER		
WHERE	NEXT?	
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NEUTRINOS	



ENERGETIC	NEUTRINOS	FROM	WIMPs	ANNIHILATING	IN	THE	SUN	
	

ANTARES in the  
Mediterranean Sea 

ICECUBE at the South Pole 





BLACK	HOLES	
AS	PROBES	



Hercules A 





EXTRAGALACTIC GAMMA RAY BACKGROUND 

There is room for an exotic component from dark matter 



Gondolo + JS 1999, Gnedin  & Primack 2004,  Sadeghian,  Ferrer + Will 2013 

Plateau:  nx(r)<σv> tBH  ~ 1 
DM density profile 

What happens to DM within the gravitational  
sphere of influence of a growing SMBH? 



NEARBY	AGN	
begin with SagA* 
M87 is another attractive target 
 
Distance 2000 x GC  but MBH 1500 x SagA*  
 
Flux ~ nx

2<σv> (2rp)3   ~  MBH
3/<σv>   

Important for low <σv>  
nx(rp)<σv> tBH  ~ 1 

 
Dynamical heating of spike ~ 1014 yr vs 109 yr (GC) 
 

Especially important for  SMBH 



HESS gamma-ray telescope 

2012 
Namibia, Mt. Gamsberg 



supermassive black hole at Galactic Center     HESS J1745-290  

 
 
prediction for CTA:  superexponential signature  of TeV DM annihilations 

Belikov & JS 2013 



HESS detection of quasispherical  
TeV emission about GC 

Moulin + JS 2018 



M87 jet 

relativistic jets from BH ergosphere 
collide with DM …but it’s a small effect 

HESS excess 

Lacroix, JS, Boehm 2015 



Lacroix, JS, Boehm 2016 

Strong limits on 
 annihilation  
cross-section 



Black hole shadow 

Event Horizon Telescope 
 
Simulated image at 1mm 
of M87  or SagA* black hole  
 
Resolve  horizon scale  
GM/c2   at   ~5 µ arcsec 

Huang + 2007 

M87 distance 2000 x GC  
 but MBH 1500 x SagA*  

Could one see a cloud of DM-generated pairs 
 undergoing synchrotron emission? inverse 



Lacroix, JS, Boehm 2015 

EHT Huang+ 2007 

230GHZ 

M87 spike probes subthermal cross-section: flux ~ MBH
3/<σv> 

Event Horizon Telescope predictions 



LIGHT	DARK	
MATTER	



The sun is a light dark matter reflector 

An+2018 



The	INTEGRAL	story	

Gamma Ray Telescope:  
launched by ESA in 2002 





Jean 2006 



Beacom + Yutzel 2006, Sizun + 2006   

Need 1-3 MeV DM candidate 



Boudaud + 2017 



Galactic positron source 



SPECTRAL FEATURES 



γ-ray lines revisited 



Oakes + 2018 

CTA line predictions 



Asymmetric DM:  γ-ray features   

Ibarra +  2016 

 χχ   à  ψψ   à  2ν2γ    



ν telescope –lines 



STERILE	NEUTRINOS	



If	dark	ma7er	is	a	sterile	neutrino	
•  Lyman	alpha	forest		and	hi	z	galaxies		fix	minimum	mass			~	1	keV			
				Markovic	&	Viel	2013	

•  maximum	mass	should	be	warm		
(~5	keV	~	co-moving	mass	of	dwarf	galaxy)	
•  decay	1me	(+	mixing	angle)	specifies	relic	abundance		
•  7	keV	ν	decays	into	3.5	keV	photons	
•  the	favoured	mass	range	is	constrained:	

Pacucci + 2013 

Kusenko 2009 



Bose + 2016 



a	3.5	keV	line	from	DM	decays	?	

Stacked clusters 

Bulbul + 2014 

Boyarsky + 2014 

PERSEUS cluster 
Franse 2016 

Line not seen  
In outer cluster 

Bulbul + 2014 



Aberzajian 2017 



LHC 

Future direct detection 

Future 
 limits 

Best bet is 
direct  
detection 



ULTRALIGHT	
DARK	MATTER	



fuzzy	dark	ma7er		&	pulsar	1ming	

Martino+ 2017 

very light bosons as DM  with large de 
Broglie wavelength)  

h/mv = 1.9kpc  x  (10kms-1/v)(10-22eV/m) 



DECAYING  
DARK MATTER 



																											massive	neutralino	requires	decay	1me	~	1026	sec	

Decaying	dark	ma7er	&	e+	excess	

Energy	(GeV)	

e+/(e+	+	e-)	

Ibarra	+	2009	

DENSITY2 

DENSITY 

Delahaye et al 2010 



 limits on decaying Dark Matter from clusters 

Ibarra + 2013 

Fornax cluster is an optimal target 
Cirelli + 2012  

Cannot exclude AMS-02 e+e- but C TA will 



Decaying heavy DM limits 

Rott ICRC2017 



THE FUTURE 



The future for dark matter experiments 

2019 CTA 
 
South:  Atacama 
North:  La Palma 

2025 GAMMA-400   
for 100MeV to 10 TeV gamma rays 

Hyper-Kamiokande. One million tons 2026 
 multiton underground detectors  

HAWC: TeV dark matter 

DAMPE 



in 2023 



Ordinary matter, exotic matter…. 



LISA as a DM detector 



Naoz & Silk 2014 



LISA sensitivity 



Black hole as a 
dark matter collider 





 
Piran & Shaham (1977) 

     Upper bounds on collisional Penrose processes near rotating black-hole horizons  
Banados, Silk, & West (2009)  

     Kerr Black Holes as Particle Accelerators to Arbitrarily High Energy 
Bejger , Piran, Abramowicz, Hakansonet  (2012) 

     Collisional Penrose process near the horizon of extreme Kerr black holes  
Harada et al.(2012) 

     Upper limits of particle emission from high-energy collision and reaction near a 
maximally rotating Kerr black holes 
Zaslavskii (2012) 
     Acceleration of particles by black holes as a result of deceleration: ultimate    
manifestation of kinematic nature of  BSW effect  
Schnittman (2014) 

     A revised upper limit to energy extraction from a Kerr black hole  
Berti, Brito, Cardoso (2014)  

     Energy debris from the collisional Penrose process  
Zaslavskii (2014) 

-   Unbounded energies of debris from head-on particle collisions near black holes  

Black holes as particle accelerators: a history 



NEAR KERR 
BLACK HOLES 

ergosphere Penrose process 



THE	ULTIMATE	PARTICLE	ACCELERATOR:	dark	ma7er	cusp	around		black	hole	

par1cle	horizon	

Schwarzschild 

BLACK HOLES 

maximum 4.5 m 



par1cle	horizon	
rS=2GM/c2	

Banados,	West,	JS	2009	

Kerr	black	hole	

near event-horizon particle collisions 
of KK particles:  excitations 

Arina, Bringmann, Vollmann, JS  2014 

Rotating black hole can feed Penrose effect via DM particle collisions  

no maximum 
for extremal Kerr! 

neutrinos? gammas?  



Schnittman 2014 



Frame dragging 
generates a 
 near-horizon torus 

0 5 10 15 20

-10

-5

0

5

10



Annihilation images Schnittman 2015 



Buckley & Peter 2017 The future for dark matter theory 



PRIMORDIAL	BLACK	HOLES	
AS	DARK	MATTER?	





PBH windows for  DM are  (~10-16 or ~10) Msun 

Casrr + 2017 



Bringmann + 2012 

prediction: ultracompact minihalos are inevitable  
                   if  primordial black holes are formed   

Limits on UCMH 



Diffuse γ-ray background signatures? 



   

10 TeV 

1 TeV 

0.1 TeV 

NFW  

Belikov & Silk 2013 

Annihilations  
In dark matter  
spikes around  
supermassive 
black holes 



Breaking news: Nature, today 

σx,b   ~ vrel
-4 

Bowman + 2018 
Barkana 2018 

Bowman + 2018 

Hypothesis: DM-baryon scattering  
 
Predict global 21 cm absorption  signal from 
cold HI blobs on ~ BAO scale ~ 100 Mpc 

Redshift 

CMB 
TS=TR 

1st stars 
TS=Tg 

EDGES 

Need extra cooling of HI at z~ 17 
 



Limits on DM-baryon scattering 

Xu + 2018 

direct detection 

indirect detection 



Dark matter is here to stay 
But what is it? 
Many experiments worldwide. 
Hints of indirect detection signatures. 
But its dangerous to invent exotic DM  
to explain one ~3σ signal! 
 
In a decade  we’d better detect it  
by a multimessenger approach…… 
or else we’ll need to radically change our theory 
 


