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HOW DO WE INFER THE EXISTENCE OF
PARK MATTER?
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HOW DID WE FIRST INFER THE
EXISTENCE OF DPARK MATTER?

Awnomalies tw gravitationally-inferred properties of astrophysieal objects:
Ln the Limit of weak gravitational fields (wmost astronomical objects), GR = Newtonian gravity

How does a system react to gravity?

F=ma

If the force s not resisted the system would collapse: rotatiow or pressure

If the system LS rotationa Lly supported (spiral galaxies): rotation curves

If the system Ls pressure-supported (clusters of galaxies): virial theorem



CLUSTERS

FRITZ ZWICKY (18498-1974)

1933 : first time the words Dark Matter
were used tn the modern sense along
with data supporting its existence

He estimated the mass from the
virial theorem using the veloctties of
the galaxies tn the Coma cluster

“dass dunkle Materie in sehr viel grosserer

Dichte vorhanden ist als leuchtende Materie”
“that dark matteris Present in much higher densitg than visible matter”

i Z\NickgJ Helv. Phgs. Acta 6:110, 19%3
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COMA CLUSTER THE VIRIAL THEOREM

b | .' LT R ‘ 5 If the cluster s stationary
Sy (E, )=2(K)
" I ;-.' B > o zluster
”{j _< p <R>
: 2(K)=M . (V*)

F Z.wickg, Astrophgs. J. 86:217,1937



FIRST ROTATION CURVES

. VESTO SLIPHER (1875-14969) m
, FRANCIS PEASE (1881-1438)
-4 MILTON HUMASON (1891-1972)

:{ﬁ:l_l{- :918 13;21 :1:336 @sj FLrst data on rotation curves

,% HORACE BABCOCK (1912-2003)

’

N jﬁgﬂ FLrst extended rotation curve .

M 3 1 & 1""/'\.\ /// 4
[\ / |
H. babcocL Lick Obs. Bull. 19; <H 19%9

uzcmms MAYALL (1906-1993) -
annsucs ALLER (1913-2003) @ ;

1942: Second extended rotatlon curve ==EESSS
N. U. Maga” and L. H. Aller

As‘crophgs. J. 95:5, 1942
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TABLE 5
Mass-LoMiNosiTy RELATIONS IN M31

z (distance from nucleus) 0’ 05 15’ 50" 80’

Mass of column (@) 11000 7900 4100 2200

Volume (cu. pse.) 5400 5300 4500 2400

Mass density (®/cu. pse.) 2.1 1.5 0.9 0.9

Log I (Redman and Shirley) (2.00) 1.29 0.10 9.44 9.00

I (100) 19.5 1.26 0.276 0.100

Luminosity density (®/cu. pse.) 1.25 0.0827 0.021 0.0144

M/L 0.001 1.6 18 43 62

(Hubble)
H. Babcock, Lick Obs. Bull. 19:41,19%9
PERIOD IN YEARS
NEBULA TyrE Mgsism
Nuclear Main Outer
Region Body Parts
(1) (2) (3) (4) (s5) ©)
Galaxy........ (Sc) oo 2.2X10% | 1 to 2X10™
M33......... N o 5.9X 107 0.6 to 1.7X10%
2.0X108

M3r......... Sb - 1.1X107 0.2X107 |........... 9.5X 10
4504. ... .. ... Sa  |........... 2.0X107 |........... 2.8 X 10"
ATTI.......... Sa 1.4X10% [
3II5.......... | O A 4.5X10% ... .. ..., 1.5X10%

NEGR Maga” and L. H. A”er, Astroplﬂgs. J. 95:5, 1942



TABLE 5

Mass-LoMiNosiTy RELATIONS IN M31

z (distance from nucleus) 0’ 05 15’ 50"

Mass of column (®) 11000

Volume (cu. pse.) 5400

Mass density (®/cu. pse.) 2.1

Log I (Redman and Shirley) (2.00) 1.29

I (100) 19.5

Luminosity density (®/cu. pse.) 1.9F

M/L 0.001

(Hubble)
H. E)abcock, Lick Obs. Bull. 19:41,19%9
PERIOD IN YEARS
NEBULA TyrE Mg;ism
Nuclear Main Outer
Region Body Parts
(1) (2) (3) (4) (s5) ©)
Galaxy........ (Se) | 2.2X10% | 1 to 2X10™
M33......... N o 5.9X 107 0.6 to 1.7X10%
2.0X10%

M3t......... Sb - 1.1X107 0.2X107 |........... 9.5X10%
4504. ... .. ... Sa  |........... 2.0X107 |........... 2.8 X 10"
ATTI.......... Sa 1.4X108% |
3II5.......... | O A 4.5X10% | ... ..., 1.5X10%

NEGR Maga” and L. H. A”er, Astroplﬂgs. J. 95:5, 1942
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z (distance from nucleus)

Mass of column (®)

Volume (cu. pse.)

Mass density (®/cu. pse.)

Log I (Redman and Shirley)

I

Luminosity density (®/cu. pse.)
M/L

TABLE 5

Mass-LoMiNosiTy RELATIONS IN M31

OI

(2.00)
(100)

0.001
(Hubble)

05
11000
5400
2.1
1.29
19.5

po=—ll

15’ 50"

H. Babcock, Lick Obs. Bull. 19:41, 1939

PERIOD IN YEARS
NEBULA TyrE Mgzz:N
Nuclear Main Outer
Region Body Parts
(1) (2) (3) (4) (s5)
Galaxy........ (10 N T 2.2X 108
M33......... N o 5.9X 107 0.6 to
2.0X 10
Mar......... Sb - 1.1X107 0.2X107 |..........}|
4504 .. .. ... ... Sa  |........... 2.0X107 |,
ATTI.......... Sa 1.4X108 |,
3II5. .. ....... | O A 4.5X10% |, L

NEGR Maga” and L. H. A”er, Astroplﬂgs. J. 95:5,1942
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centripetal acceleration=gravitational acceleration

v (Km/s [
. oares 1
{f#-y(r_L ) G’M (T)
. e expected | "
| from T

~~~~~ luminous disk

> 1

M = comnstant = v© < —

T

1i0
Rlee) 2 = constanmt = Moy

e .~ M33 rotation curve

mass tnferred from luminous matter
\VA
mass inferred from rotational curve



50-60'S PATA

ndividual galaxtes
New data with radio astronomy: van de Hulst (1957), Volders (1959)...

MLLK?,gJ way begowd the solar circle: Rubin (1962, 1965)

Many galaxies were studied: Burbidge, Burbidge and Prendergast (1962)
Rubin (1962): “the stellar (rotation) curve is flat, and

does not decrease as is expectecl for Keplerian orbits’

Blnary galaxies
Ustng the fact that the Milky way and Andromeda are

approaching each other the mass of the system was estimated
F D. Kahnand L. Woltjer, As’crophgs. J. 150:705, 1959

Move data on binary galaxies: Page, Bergh, Holmberg...
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EXTENRED ROTATION CURVES

M=21
mproved opticaL observations



EXTENRED ROTATION CURVES
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EXTENRED ROTATION CURVES
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21-cm radio observations
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EXTENRED ROTATION CURVES
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Astron. Astrophgs. 26:483, 1973
and Roberts) Whitehurst, Rogstacl, Shostak



EXTENRED ROTATION CURVES
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M=1
extended 21-cm observations
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EXTENRED ROTATION CURVES
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V. C. Rubin, W. K. Ford and N. Thonnard, Astrophgs. J.225:107,1978

and A. Bosma thesis compiling 21-cm observations



THEORETICAL INPUT

stability of 2> N-body systems
R. H. Miller and K. Prenclergast, As‘crophgs. J.151: 699,1968; 161:90%, 1970
F Hohl, Astrophgs. J. 168:34%, 1971

Disk of particles supported (almost cwtireLg) by rotation:
they expected that equilibrium tmplies the gravitational foree Ls
balanced by rotation (centripetal force)

— the shape of the system should not change



THEORETICAL INPUT

stability of 2> N-body systems
R. H. Miller and K. Prenclergas’c, As‘crophgs. J.151: 699, 1968; 161:90%,1970
F Hohl, Astrophgs. J.168:343, 1971

Disk of particles supported (almost cwtireLg) by rotation:
they expected that equilibrium tmplies the gravitational foree Ls
balanced by rotation (centripetal force)

— the shape of the system should not change
Howevey, this Ls not what they obtained!
After a few rotation periods, an elongated shape developed, which Later

dissolved, keeping particles itn elongated ellipses at random angles

The system changes from being supported by rotation to being supported by pressure



PARK HALOS

N-body simulations: 300 particles
spiral galaxies are unstable and would form a bar

virital theorema:
2 <K> + <Ep> =0 f t>0.14, the system Ls unstable:

the moment of tnertia tncreases and the
<K> . <K> n <K> rotational energy decreases, conserving the
rot ran

i angular momentum

<K>mt <K>mn :lzm_w Milky Way: t ~0.49
_<Ep> _<Ep> 2

_|_

. P. Ostriker and P J. E. Peebles, Astrophgs. J.186:4670,197%



PARK HALOS

—— N-body simulations: 300 particles
' spiral galaxies are unstable and would form a bar

: | virtal theorem:
>0. ' :
2<K> + <Ep> =10 Ift>0.14, the system Ls unstable

the moment of tnertia tncreases and the
<K> . <K> n <K> rotational energy decreases, conserving the
rot ran

i angular momentum

<K>mt <K>mn :lzm_w Milky Way: t ~0.49
_<Ep> _<Ep> 2

_|_

J. P. Ostriker and P. J. E. Peebles, Astrophgs. J.186:4670,197%



PARK HALOS

— N-body stmulations: 200 particles
» spiral galaxies are unstable and would form a bar

3 virial theorem:
AT : [ t>0.14 the sustemt Ls unstable:
S0 2(K)+(E,)=0 i  syste
N p the moment of tnertia Lnereases and the
e . rotational energ Y decreases, conserving the
<K> I <K>rot + <K>ran awguLar momentum
Milky way: t ~0.4
<K>r0t <K>mn 1 8 ﬁ ﬁ
+ = 5 =7r+Ww
-(E,) —(E,) I
0, o
Solutton: add a dark halo that contributes to the =, v o
potential energ Y, but not to the rotational energy | Y
addiiad it opoooﬁe:a“aa%
’ T o g o S
“the halo (spherical) mass interior to the disk must be comparable ............................. w‘*’%mw > |
to the disk mass” orh R
“the halo solution seems the most likelg solution for our own Galaxg”

Il 1 1 L 1 |
0.0 02 0.4 o6 08 10

J. P. Ostriker and P. J. E. Peebles, Astrophgs. J.186:4670, 1973 o



PARK HALOS

Following the arguments of Kahw ano Woltjer:
dynamical mass of several systems at different scales

“it 1s necessary to aclo[:)t an alternative hgpothesis: that
the clusters of galaxies are stabilised bg hidden matter”
J. Einasto, A. Kaasik and E. Saar, Nature 250:309, 1974

wtth avatlable observational data: M/L(r) and Q ~ 0.2

IO T Y T
-

“Currentlg available observations strong|9 indicate that

r - :
@% R?,o'.onQ -

J. P. Ostriker, P. J. E. Peebles and A. vahil, Astrophgs. J.19%:1, 1974 ! l j :;’ % |

0.0

the mass of sl:)iral galaxies increases almost linearlg with
radius to nearlg I Mpc. This means [...] ~Z_OO(MD/L@)”

LOG M5 (Rmgc)

-2.0

1 L | ] |
-2.0 -1.0 0.0
LOG (Rmpc)



EVIDENCE FROM BBN

The Universe originated itn a hot Big Bang and the

primordial elements were synthesized after a few minutes
R.A. Alpher, H. Bethe and G. Gamow, Phgs. Rev. 75:80%, 1948

Morve refined caleulations followed the CM®B discovery
P J. E. Peebles, Phgs. Rev. Lett 16:410, 1966
R. V. Wagoner, W. A. Fowler and F Hogle, Astrophgs. J. 1483, 1967

1.0

- —.\

-t

9
N
1
|

HELIUM

1

A HEUUM 3

@

LITHIUM

QD

DEUTERIUM

RELATIVE ABUNDANCE
2 =
g ¥ 4

.

3
—_
(=]

| | |
0.001 0.01 0.1 1.0
DENSITY

very sensttive to the
bargaw dewsitg

OL | | lH IJ

log(mass fraction)

6L|
| |

)
log(t [sec]))

Q =005#2Q =02 (c. 1974)



EVIDENCE FROM THE

A. Penzias and R. Wilsow discovered the CM®B Ln 1964

Very swmooth backgrownd
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EVIDENCE FROM THE

A. Penzias and R. Wilsow discovered the CMB i 1964

Very swmooth backgrownd

f PM is only baryons:
perturbations at ~0.01% Level

However, COBE showed
thetd are at ~o.001‘{o Level

Dewsitg flictuations can grow
earlier Lf DM is wow—bargowio

Planck

A. D. Chemin, Astron. Zh. 58:25, 1981
P J. E. Peebles, Astrol:)lﬁgs. J.26%:1.1,1982
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M. J. Gellerand J. P Huchra,

Science 246:897,1989 C‘("A;Z s"wve@
5800 galaxies
G. Chincariniand H. J. Rood, W.G. Tifftand S. A. Gregory,
Nature 257:294, 1975 Astrophys. J. 205:696, 1976
Lick Survey RAFGRS Survey

1 million galaxies
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GRAVITATIONAL LENSING

Of course, there Ls no
hope of observing this
phenomenon ol'LrectLij
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A. Einstein, Science 84:506, 19%6

Light bends after passing through
P a gravitational potential well

The observation of
such gravitational lens
effects promises to furnish
us with the simplest anol
most accurate
determination of
nebular masses

y/

ol
F Zwickg, Astrophgs. J. 86:217,1937
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GRAVITATIONAL LENSING

Abell Cluster 2218 . -
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Nature 2/9:38,1979
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BUT ... WHAT ABOUT THE PARTICLE PROPERTIES?

Stmply requiring DM to form halos and using
Spiw statisties

BDSOV\I FBVVM/,LDV\/ (Pauli exclusion principle)
3
A'x Ap 2 1 Mhalo — mfermionvjf(p) d p <
R, ( )>1 V([a® R’ 3
halo mbosonv — m fermion p~—m fermion™ “halo m fermionv
—22
m, >107" eV M fyion 2 100 €V

TREMAINE-GUNN BOUND

S. Tremaine and J. E. Gunn, Phgs. Rev. Lett. 42:407,1979

Folding in assumptions about the evolution in the Barly universe, sets move restrictive scales



PARK MATTER PRODUCTION

Thermeal pr wetlon Nown-th ermL prool uetlon

very weak couplings, phase transition,

In thermal equilibrivm with the SM particles ,
particle decays...

candidates must:

Be stable on cosmological scales
Interact weakly or very weakly
Be neutral
Have the right relic density
Be warm or cold



EQUILIBRIUM DENSITIES

At high temperatures, DM interactions with SM
particles keep DM n thermal equilibrivum

g (4np’dp

p— — <

eq (27z_h)3 eE/kT i 1

Fermions

Bosons

36(3) .5
T
41r° 5

(m_Tj3/2 e_m/T
5 27

if m<T

if m>T

if m<T

if m>T



THERMAL FREEZE-OUT

Boltzmann equatiow: jL[f](;lﬂlgg ch[f](jﬂlgg
dn B 2 2
E+3Hn-—<0‘v>(n —neq) Y=n/s x=ml/T
X dY__neq<Gv>/ Y 2_1\ y _ | eq(x) XSXf
Y, d«  H [|Y ()= L) x=x

iIncreasing o,




THERMAL RELICS

Hot relies 1y = 8,1, cold relics V> Y,
O hzzmn0h220076 g, (m)<1 v - H(T:Wl) X
HDM : < ~
p. g.s(T)\ eV " (ov)g (T, )m* ™"

For a fermion with g=22 and )
decoupled at T~Mev QCDMhzzo,l( (ov) /Sj (ij( 7 ]

3%107°cm’ 20 )\ g.q (TF)/g* (T = m)l/2
m=<94.1eV with weak tnteractions: <Gv> =~ G,m’
COWSIK-MCCLELLAND BOUND m =2 GeV
G. Gerstein and Ya. B. Zeldovich, LEE_WEINBERG BO“ND

B. W. Lee and S. Weinberg Phgs. Rev. Lett 39:165,1977

P. Hut, Phgs. | ett. B69:87,1977

K. Sato and M. Kobagashi, Prog. Theor. Phgs. 58:1775,1977

M. 1. Vgsotskii, A. D. Dolgov and Ya. B. Zeldovich, JETP Lett. 26:188,1977
D. A. Dicus, E. W. Kolb and V. L. Teplitzj Phys. Rev. Lett. 39:168,1977

Zh. Eksp. Teor. Fiz. Pis’'ma Red. 4174, 1966
R. Cowsik and J. McClelland, Phgs. Rev. Lett. 29:669,1972



CAVEATS

K. Griest and D. Seckel, Phgs. Rev. D4%: 3191, 1991

Resonances

Existence of a particle with twice the DM mass

Thresholds

Contribution at freeze-out from “forbidden” channels

Co-annihilations

Existence of particles with similar mass as DM



CANDRIRATES

qeneral requirement for theoretical models

Lightest (neutral) particle in the new sector needs to be stable: how?
by adding a discrete D-symmetry, such that

D=4+1 SM sector
D=-1 wnew sector

Particles Ln one sector can only be annihilated or produced in pairs
whewn particles tn one sector deca Y, they have to produce one of the same sector:

the lightest particle with D=-1 is stable



KINETIC DECOUPLING

Sets mintmum size of structures

NsriO pyv-smVou ~ H (de)

fV@ﬁ—S‘tYCa V%LV\:@ (after decoupling) A nd collistonal da VM;PLV\IQ (before decoupling)
C. Boehm) P Fayet and R. Schaeﬁcer) Phgs. Lett. B518:8, 2001

A. M. Green, 5. HoFmann) D. 5chwarz, JCAFP 08:00%, 2005
A. Loeb and M. Z,aldarriaga, Phgs. Rev. D/1:105520, 2005

Large range of posgible values
depending on the propertieg of
the particle physics mode!

Gaugino fraction

o)
=
-
=
=

=1
-~

1000

M, o (GeV)
U

R. Diamanti, M. E. Cabrera-Catalan and 5. Ando, Phgs. Rev. D92:065029, 2015



KINETIC DECOUPLING

ITP, Zurich



CANDRIRATES

SUSY WIMPs

(smeutrino, gravitinoe, newtralino)

WIMP ~type Candidates (), ~1

, double the particle content anol
heutrino v | aod R—Pari’cg (to avord proton oleoag)

Extra-D WIMPS

every field corresponds to a tower of 4-D particles:
the lightest one is a PM candidate (KK parity)

p - nert HLogs

Sterile
neutrino

extra Higgs doublet with Z, symwmeetry

/A()(LO W (non-thermal)

to solve the strong CP problem (o CP violatiow in
strong interactions): add L (1) symmetry

Ste V,L Le V\ze lthVL nwos (wown-thermal)

neutrinos have mass: heavy partners?
If m~kev WDM (e.g., produced via oscillations)

L. Roszkowski, Pramana 62:389, 2004



THEORETICAL APPROACKES

EFFECTIVE FIELD
THEORY SIMPLIFIED MORELS

>M DM
>media’ror<
SM DM

COMPLETE MORELS

SM

SM

SUSY 2HPM, UEP...
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THEORETICAL APPROACKES

EFFECTIVE FIELD
THEORY SIMPLIFIED MORELS

Lt is the most stmplified description to
study models in general and Links
different searches with a single operator

smeLc, but remormalizable, closer to
realistic (UVv-completed) models
weediator searches

its range of validity is Limited

(mainly at colliders) yet, quite academie

COMPLETE MORELS

full-fledged wodels (solving other problems)

many parameters = degeneracies



