Cold Dark Matter
Is It cold, dark, or matter?
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What 1Is the universe made of?
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WE HAVE BEEN HERE BEFORE
THOUGH!



Neutrino déja-vu?

Proposed — 1930 - Pauli
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Detected - 1956
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| have done a terrible thing, | have postulated a
particle that cannot be detected. -Wolfgang Pauli
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Dark Matter...

Proposed: 1932ish

Still waiting. ..
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Current model of the universe

Lambda Cold Dark Matter



m stter-energy

| the
. bs Ujfs ~a gcales, al . al
. olo . {a-ROJO trace. €y, . in therm
Non—comovmg Cosm Ag\?Marom.H'V‘“armb\a o &e, ray < My, i Lu.eter J fhas peen
pranos, A+ . £ the star Cyy, 5, . FSUls (79
thors: ). A- R- Cem | assumptions © . "ent o oy /é’or,'t O T G'HQ
AU of the f\.\ﬂdamenta mmon rest frame. ! S"'b/n/} % ISep, on £ tr B £ the
Abstract: O“zf the Universe share a Coev al Universe. The dark se-"ey 2, S C‘,:\,d all eviatl i
ts : rim g
componen led inthe P 019. . o Ns
iohitly COUP d March 2017 on 1)
contact and g d\f 5019 orizinally 3",‘,“,‘“.’??4--- able '\ﬂterac“ nite fro™ o Vay /St,cs
. Y ' >
supritted 20 M n onechanB® daK raction Oy V2
Y aints on S\% el gart ” n m the
= sty e singh? - \ b, the Acgere -
ang, Cnira™ -on on the om scena®® T o Vati, “Mme " ey,
ang ¥ -mteract\o e from gels can yec0. _ s, ing ey 3 @/7Ce or
. . o
e eff n 3¢t mo ~0s ‘ /{V, Wiy, g W/Z‘h OC@O'L/,.
i mOIOgy \ v, Dsey, e o
iSting gn-C YTV \ ‘ Mor, —"€ray At 9so
§ dt\-‘a’(_s hzg,\g_ i "’p/@, ¢ OSn-"' . - x— — o = 3 ) Dny
efN® anced MG VT State o 1€ Desy g Mistory, \ Yives "% 4
. n " OFjeo, ’ . e 1 7
ginat™ orinally o W distayg, 1 Parap g, 56 the Ig \ \ % any
= & "hoUnc Ure Me i
{1 3 : ed I tiVe de n | -
e y__,_: e E to P, Sferfu . 1
31 '{k‘ ol ' ' Ower. ~lawy €riogjc 7 Nction a " )
el || I‘J 1 I » Powe, T’"?e Con. na Can me. . ' '

Authors: P. M. Sutter, Pascal Elahi, Bridget Falck, Julian Onions, Nico Hamaus, Alexander Knebe, Chaichalit Srisawat, Aurel
Schneider

Abstract: We investigate the formation, growth, merger history, movement, and destruction of cosmic voids detected via the
watershed transform code VIDE in a cosmological N-body dark matter ACDM simulation. By adapting a method used to
construct halo merger trees, we are able to trace individual voids back to their initial appearance and record the merging and
evolution of their progenitors at high redshift... ¥ More
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How space curves How matter behaves
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Vacuum Energy
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Quintessence

« A fifth force
— Earth, Wind, Fire & Water

— OR Strong, Weak, Electromagnetic,
Gravity

— OR normal matter, radiation
(photons), cold dark matter, and
neutrinos

A scalar field theory?
» Chameleon field?
» Static or varying?




CDM

C

Cold
— relatively slow moving



CDM

D

Dark
— can’t be seen
At least not by light




CDM

M
Matter

— as opposed to radiation



Dark

Neutrinos
10 % Matter
63%
Photons
15%

Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)



Now

Other
0.8%

Dark Energy
68%

0.03%

Heavy Elements

Stars
0.5%




A Dbrief history
why we think It exists?

What's past is prologue



History

» Jan Oort — 1932 looked at proper
motion of stars in the galactic
plane
— Only 1/3 of the bright stars needed.

— Missing mass assumed to be dim
stars, dust and gas.




Fritz Zwicky







Keplerian Orbits
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More recent

« Radio Astronomy allows mapping of gas
* Much further out for Andromeda

-

Orbital velocity
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Big Bang Nucleosynthesis

There are more things in heaven and earth, Horatio,
Than are dreamt of in your philosophy.
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Formation of galaxies

Dark Energy
Accelerated Expansion

Afterglow Light

Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Infla ’l‘-".,‘.-ﬂ 3
¥ ‘ 0 ¥ 0'{1 :‘.‘
i SN
. ’ i . .'. '.. ..‘:
- . e ’.e.l'.' %. :
o zg R 305 )
* s ."...!s‘ :?f
- : -‘. ."T";-'*‘
8 r LA eh., ;-?'.
‘ 4 A o :‘ . .%:.‘.",‘ ‘c‘.
Q _ : b ﬂ.:‘:.. g 1‘ '...::". ".
Fluctuatiol ) avim
;;-‘;."'.
1st Stars

about 400 million yrs.

Big Bang Expansion

13.7 billion years

-

NASA/WMAP Science Te



Time for galaxies to form

Big
Bang
neutral hydrogen epoch of reionization:
A
| | ‘
0 380000 yr the First Stars 600 Myr

mfﬁ"r .;’? F——T T *T ~ - g - - — — —



Gravitational Lensing

galaxy
galaxy cluster

lensed galaxy images
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Horseshoe ring / Abell 2218




Evidence from the CMB
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So how to fix 1t?

» Either gravity doesn’t work like we think 1t does
 Or, there Is a whole lot of missing mass.

« \Which might be explained by:
— MACHO:s. |
— Neutron stars
— Black holes.
— EXtra gas.
— Brown dwarfs




Microlensing
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Stephen Rand



Tom Bucklev-Houston






i, SR dark matter
\ halo

normal
visible halo
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DM Missing Satellites *

100 kpc -
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. Durham University



WDM




What could 1t be?

Is this a dagger | see before me?



What could 1t be?

 Possibilities
— WIMP
— Neutralino
— Sterile neutrino
— AXion
— Graviton
— Dark sector (wooo000!)

— MAQRO (Macroscopic guantum resonator) — no
really!

— Q-ball, fuzzy-dark-matter, wimpzilla, ... they re just
making stuff up now!
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Supersymmetry and the Neutralino

SUPERSYMMETRY >

Hogs

Quarks . Leplons . Force particles

Standard particles



AXxion/AXIno

* Quantum Chromo Dynamics (QCD)
» Roberto Peccel and Helen Quinn (1977)
« A bit like a Higgs for quarks.



Sterile Neutrino

|_eft handed
Minute mass

nght handed
~ Small mass




LKK

* Theory of extra dimensions from string theory
» Lightest Kaluza-Klein particle.
« KK photon

» KK neutrino GTRING THEORY GUMMARIZED:

| JUST HAD AN AWESOME |DEA.
SUPPOSE ALL MATTER AND ENERGY
IS MADE OF TINY, VIBRATING STRINGS.

THAT IMPLY?

| busNo. /
AR

\ OKAY. WHAT wouLp

xkcd.com




Others

WIMPzilla

Q-ball

Scalar graviton
Magic unicorn dust



MSSM Rpey MFESH

Supersymmetry

Dark Fhoton

Conserving

Extra Dimensions

Light
Force Carriers

Solivonic DM

Sterile Meutrinos Warped Extra

Dimensions

Little Higgs

QCD Axions

Axion-like Particles
Lictlest Higgs



Finding dark matter
Make 1t, Shake 1t, Break It!

How do | detect thee?
Let me count the ways...

3



Making It







| i 7 i Dark riatter particles i :
T B ¢ Cosmicrays
FOMESTAKE MINE % &%

‘-.a.‘p:)p . -j:-.":,.:.:-:.:>-.:‘. Cededua

_ _ LUX detector
Radioactive

rocks

Mine shafts



Detection
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Grid
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WIMPs and Neutrons
scatter fr_om the
Atomic Nucléus

Photons and Electrons
scatter from the
Atomic Electrqns

Image: Bérkéley
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WIMP-nucleon cross section [cm?]
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ADMX — Un|v of Washmgton




Detecting it indirectly
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Milgrom and MOND

e
F=ma > F=mu —
SV,

When a>>a, F =ma

2
ma
When-ai<<ay—F =——
dy
« Makes galaxies behave perfectly
« But then it Is designed to!

e Has some success.



MOND

e However

— Doesn’t satisfy
conservation laws such as
momentum.

— Doesn’t handle relativistic
Ccases.

— QOther 1ssues




TeVeS and others

Tensor-Vector-Scalar gravity (Berkenstein 2004)
Relativistic generalisation of MOND
Stars may be unstable under TeVeS

Also

— Scalar-Tensor-vector gravity (MOG)

— Bi-scalar-tensor-vector gravity

— f(R) theories — modified Einstein equations



Conclusions

Cold Dark Matter

« Cold — probably — but could be warm
« Dark — not really, more transparent
« Matter — not really







