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* BOtN £ Nalo mergers
- Halos simple NFW
- Testing parameter variations
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Brief history of dark matter

1915 - Opik total mass estimations
1922 - Kapteyn: “Dark matter” in Milky way

1933, 1937 - Zwicky: "dunkle (kalte) materie” in Coma cluster
1937 - Smith: “Inter-galagtic large mass in Virgo Cluster
1937 - Holmberg: galaxy masses 500 billion Solar masses
1939 - Babcock M311 rotation curve

1940s -too large velocity dispersions in clusters

1957 - van de Hulst: HI rotation curve in M31

1959 - Kahn & Woltjer: Linnutee-M31 velocities - M = 1.8x10™12 M_Sun
1970 - Rubin & Ford: M31 rotation curve

1973 - Ostriker & Peebles: halod around galaxy disks

1974 - Einasto, Kaasik, & Saar; Ostriker, Peebles, Yahil: s M/Lincreases
with radii

1975, 78 - Roberts; Bosma: HI rotation curves again

1978 - Mathews: Virgo cluster in X-ray

1980-is - It is generally accepted that we have dark matter
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Did LIGO detect dark matter?

Simeon Bird,* Ilias Cholis, Julian B. Munoz, Yacine Ali-Haimoud, Marc
Kamionkowski, Ely D. Kovetz, Alvise Raccanelli, and Adam G. Riess!

' Department of Physics and Astronomy, Johns Hopkins University,
3400 N. Charles St., Baltimore, MD 21218, USA
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FIG. 1. The PBH merger rate per halo as a function of

halo mass. The solid line shows the trend assuming the
concentration-mass relation from Ref. [21], and the dashed

line that from Ref. [20]. To guide the eye, the dot-dashed line

shows a constant BH merger rate per unit halo mass.
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FIG. 2. The total PBH merger rate as a function of halo
mass. Dashed and dotted lines show different prescriptions
for the concentration-mass relation and halo mass function.



Dark Matter Self-Interactions via Collisionless Shocks in Cluster Mergers

Matti Heikinheimo,! Martti Raidal,!*? Christian Spethmann,! and Hardi Veermae!:?

'National Institute of Chemical Physics and Biophysics, Ravala 10, 10143 Tallinn, Estonia
“Institute of Physics, University of Tartu, Estonia
(Dated: August 7, 2015)

While dark matter self-interactions may solve several problems with structure formation, so far
only the effects of two-body scatterings of dark matter particles have been considered. We show
that, if a subdominant component of dark matter is charged under an unbroken U (1) gauge group,
collective dark plasma effects need to be taken into account to understand its dynamics. Plasma
instabilities can lead to collisionless dark matter shocks in galaxy cluster mergers which might have
been already observed in the Abell 3827 and 520 clusters. As a concrete model we propose a
thermally produced dark pair plasma of vectorlike fermions. In this scenario the interacting dark
matter component is expected to be separated from the stars and the non-interacting dark matter
halos in cluster collisions. In addition, the missing satellite problem is softened, while constraints
from all other astrophysical and cosmological observations are avoided.
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So you have dark plasma you say....

(not to confuse with regular plasma)



. Dark Plasma gives...
. ..an Interacting component to Dark matter
- Dark plasma needs to have....

. ...the interacting subcomponent has long
range self-interactions mediated by a dark
photon

- ...the elastic scattering rate of the
interacting particles i1s small

. ...the radiative cooling of the interacting
component is ineffective




THE STANDARD MODEL OF

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model s a quantum theory thal summarizes our current knowledge of the phy Clions (Inleractions are manifested by forces and by decay rates of unstable particies),

matter constituents force carriers
FERM'ONS spin = 1/2, 3/2, 512, BOSONS spin=0, 1, 2,

Leptons spin =1/2 QUﬂfks spin =1/2 - Structure within Unified Electroweak spin=1 Strong [color) spin = 1
p . :
: | i Approx. | the Atom ' | M | . [ [ :
Mass Electric Electric s Nams ass Electric N Mass Electric
Flavor Ge\ice charge Flavor Gh;?f.fz? charge GeV/ic? charge i GeV/c? charge
' : -9
ritnor  (0-2)x10 up
electron 0.000511 down .
wW- 80.39 -1 Higgs Boson spin = 0
Té'ﬂ?r'.ﬁ-:-' (0.009-2)x10 onan w'l' ), 3¢ N Mass Electric
80.39 +1 ame 2
muon 0.106 strange | W bosons [ e | g

gion 2 boson Higgs

heaviest, (0 05—2)x10 ™ t iop

tau 1.777 b bottom

Higgs Boson
e Higgs boson s a orilical component of the Slandard Model. s discovery helps confirm the
machanism by which fundamantal panticles gef mass

Color Charge

Cinly quarks and gluons carmy "sirong charge” (also called “color charge™) and can have atrong
interactions. Each quark carmes three types of color charge. These chamges have nothing to do
with thir Colors of vesiblie Hght, Just as shlecincaliy-charged particies iInteract by exchangng protons
In strang Interactions, codor-charged particles interact by exchanging gluans

*Sea the naufring paragraph below
Bpin is the infrinsic angular momentum of parlicles. Spin is given in units of h, which Is the guaniim
unit of angular momentum where h = h2r = 8.58x107" GeV 5 =1.05x10 HJs.

Electric charges are given in units of the proton's charge. In 51 units the electric charge of the proton
5 1.60x10""" coulombs

The energy unit of paricle physics is the alecronvoll (eV), he energy gained by one elaciran in
Crossing a ;xw.n'ml diferance of one voit. Masses are given i Galie ¢ (remember E = mc?)

whare 1 GaV = 107 L"-.- =1.60x10" "9 joule. The mass of tha proton is 0.938
GeVic? = 167107 kg

Quarks Confined in Mesons and Baryons

Qiuarks and gluons cannol be isolated — they are confined in color-naulral
particles called hadrons. This cenfinement (binding) resuits frorm mulliple
exchanges of gluons among the color-charged conshifuanis. As

Neutrinos ;
Meutrinos are producad in the sun, suparmovas, reactons, acceleralor Py T e e color-charged panicies (quarks and gluons) move apart, the energy in the
rl.':-ll é..::r-r; ;in.rlp’.lr'n:-' r||.|'1'--r ;'i'fli-ln"l‘-lif;!:‘i-lr.:‘:.-ll}' ;.'-rn-r;l;_ietr-:c'”n-m.ﬂra'-;* .é.:a.ﬁrn; Gravitational = A EOARE. e Stro ng color-force field betwean them increases, This enargy eventually is

i : 1 v P RS sl onveriad info addiional quark-anliguark pairs. The quarks and anliquarks
described as ane of lhree neutring Mavor stales v, g OF 1 iabealled by the P[ﬂp'l',lr Interaction . b o ) Interaction = I i & i ’ - i

than combine inlo hadrons, these are the particles seen o amenga
type of charged leplon associaled with its production. Each is a defined - :

quantum mixture of the three definite-masa neutrinos w1y, and vy for Acls on: Mass — Energy Color Charge
wiisth clrmanily sllowed mass ranges ard shown in the tabds. Furihar '
gxploration of the proparties of neulrinos may yield powerful clues (o puzzies

aboul malter and antimatter and the evolution of stars and galaxy struciures . . . Graviton
Particles mediating: Bt
(not yet observed)

Two types of hadrons have boen cbservad in nalure mesons gg and
Particles expenencing: Al _' : o Quarks. Gluons baryons qqq. Among the many bypes ol baryons observed are the proton
{uud), antiproton (Gdd), and neutron (udd). Quark charges add in such a
way 85 o make the proton have charge 1 and the neutron charge 0. Among
the many types ol mesans are the plon 57 (ud), kaon K~ (50), and BY (db)

Gluons
Matter and Antimatter Gluons

For avery particla typa (hane is a8 cormesponding antiparticle type, dencbted by ' 18 —_— .
8 bar over the parlicle symbol (unless + or - charge is shown), Parlicle and Strength at 10 #
antiparticie have identical mass and spin bul opposite charges. Soma 330" m 10-41 Learn more at Pﬂ FflClEAd?&l’lfUl"E s Grg

electrically noulral besons (eg., &' T and =ct butnol KY = E;: are thiair
] '™
S ﬁf‘lfi[‘l.‘ll‘.ll!"l’.‘!-'.

Unsolved Mysteries

Pﬂrﬂcle Frﬂce SSES Dnven by new puzzles in our understanding of the phys:cal world, particle physscists are following paths 1o new wonders and startiing
These diagrams are an arlist's conception. Orange shaded areas represent the cloud of gluons. discoveres, Experimenis may even find extra dimensions of space, microscopic black holes, and/or evidence of siring theory.
_ Why is the Universe Accelerating? Why No Antimatter? What is Dark Matter? Are there Extra Dimensions?
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...now let's look to the
bright side!

(“Light can only be understood with the wisdom of darkness.” 4
- KKa Chinery)
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Abell 3827
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Image credit: ESO/R. Massey
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"All the light we cannot see”
A. Doerr

- GADGET-2 (Springel, 2005) simulations

» Pure Dark matter, dark plasma simulations
- Set up:

- As simple as possible

- Both 2 halo mergers

- Halos simple NFW
- Testing parameter variations
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Figure 1. :".I;Lim of the projected gas surface density for one object in the GADGET simulation at reddshift z = 1. The central object

has a halo mass of M = 2 x 104~ ' M.,. Three nested views are shown to give a clear picture of the gas distribution over a large range
of spatial scales. In the rightmost panel, the gas distribution around the central galaxy can be seen to be firly clumpy and the galaxies
themselves appear fairly compact. In this image, three galaxies are in the process of merging. which we have identified wath red crcles,

It is helpful to directly compare this plot to l"i_::ul'r'E which shows the same maps for the AREPO simulation.
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Figure 2. Same as I"ir_urr baut for the AREPD simulation. In contrast to l'“u:_urr the gas distnbution around the central galaxy

the rightmost panel has much fewer gas clumps. The three galaxies that are in the process of merging are highlighted with red circles.
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From Bullet to A520
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