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Zwicky and the Coma Cluster

® The existence of dark matter was postulated by Zwicky in the 1930’s to explain the
dynamics of galaxies in the Coma galaxy cluster.

® (Clusters of galaxies are the largest gravitationally bound systems known in the Universe,
containing ~10s to 1000s of galaxies.)

® Because of their very large size, one expects clusters to have roughly the same
proportion of ordinary (mostly gas) and dark matter as the Universe itself.
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Image credit: NASA, ESA, Hubble Heritage (STScl/AURA)



Zwicky and the Coma Cluster

® For systems in dynamical equilibrium and held together by gravity, the virial theorem says:

1 M. r)m Velocities ~ 1000 km/s
§m(302)\ G tOt( ) R ~ Mpcs

« r Distance ~100 Mpc

2 <T> —_— — <V> (I pc = 3.26 light yrs)

® By measuring the velocity (dispersion) of the galaxies in the Coma cluster, Zwicky could
infer its total mass.

® However, the luminous mass (the galaxies in the cluster) was far smaller!

F. Zwicky, Astrophysical Journal, vol. 86, p.217 (1937):

M > 9 X 10¥gr.

The Coma cluster contains about one thousand nebulae. The aver-
age mass of one of these nebulae is therefore

M>qgXiro%gr= 4.5 X 10" Mp. (36)

the average mass of nebulae in the Coma cluster. This result is
somewhat unexpected, in view of the fact that the luminosity of an
average nebula is equal to that of about 8.5 X 107 suns. According




ROTATION CURVES OF GALAXIES

) Departures from the predictions of newtonian gravity became apparent

also at galactic scales with the measurement of rotation curves of galaxies
(Rubin et al, 1970)
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ROTATION CURVES OF GALAXIES

) Measure line of sight velocity of stars and gas via doppler
shift (HX in optical and HI 21 c¢cm line in radio)
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ROTATION CURVES OF GALAXIES

) From newtonian dynamics:
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ROTATION CURVES

) From newtonian dynamics:
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ROTATION CURVES OF GAL

AXIES

L L BB B
: . | Data . eriITriogIy]]
) From newtonian dynamics: S feta -
100 -
2 @ 1/

mu mM gt N
F i £l G 2 ::: _I]{/ disk fit |
i i o] |
o(r) oc r71/2 [_Nec2d03 |
¢ 5 10 15

) For constant v: Radius [kpe]

—2
M(r) ocr p(?“) SR e Corbelli et al (2009)

T T L B ~ T

Mass density not as steeply falling as star 300 o M3l
density (exponential)! T . “ff’é’ s P f_{ﬂ
- <00 = | Dark matter - -]
= By adding extended dark matter halo < Pl i =<T77_ Stellar disk ]
= 100 /-7 v T - I R

get good fit to the data. /7" Stellar bulge ™~
Similar exercise for the Milky Way yields JE. T Gas | -
local DM density: 0 10 20 30
R [kpc]

p(8.5 kpc)~0.2-0.5 GeV/cm?



ROTATION CURVES

) From newtonian dynamics:
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MASSES OF M31 AND THE
MILKY WAY

) By exploiting line of sight velocities and proper motion of satellite galaxies can
determine the galactic halo mass out to large radii

) Halo mass within 300 kpc (stat error only! Also, these estimates assume Leo |
for MW and And Xll and And X1V for M31 are bound satellites):

» Andromeda: 1.5 £ 0.4x10'2M¢
» Milky Way: 2.7 £ 0.5x10'2M,

Table 2. Data table for the satellites of M31. Listed are Galactic coordinates
(1, b) in degrees, actual distance r from the centre of M31 in kpc, projected

= distance R from the centre of M31 in kpc and corrected line-of-sight veloc-
Watkins et al, 201 |

Name ! b r R Vios Source
Table 1. Data table for the satellites of the Milky Way. Listed are Galactic (deg) (deg) (kpc) (xpc) (kms'!)
coordinates (/, b) in degrees, Galactocentric distance r in kpe and corrected
line-of-sight velocity in kms~!. M33 1336 -313 809 206 74 12
M32 121,11 220 785 5 95 23
Name ! b - Vins Source Ic1o 119.0 -33 660 261 -29 234
(deg) (deg) (kpc) (kms'!) NGC 205 1207 -21.1 824 39 58 12
NGC 185 1208 -145 616 189 106 12
Bootes 3581 69.6 57 106.6 12 IC 1613 1298  -60.6 715 510 -56 235
Bootes 11 3538 688 43 -115.6 34 NGC 147 119.8 -142 675 144 117 12
Canes Venatici I 743 79.8 219 76.8 5.6 Pegasus 948 -436 919 473 85 12
Canes Venatici I 113.6 82.7 150 -96.1 6,7 Pisces 1267  -409 769 268 37 12
Carina ) 260.1 222 102 143 89 And 1 1217 248 745 59 84 12
Coma Bernices 2419 836 45 82.6 6,7 And II 12890 292 652 185 83 12
Draco 864 347 92 -1040  8,10,11
And I 1194 -263 749 75 -57 12
Ursa Fornax 2373 656 140 -33.6 812,13
AndV 1262 -15.1 774 109 -107 12
Draco Hercules 287 369 141 1429 6.7 And VI 1060 -363 715 267 64 12
LMC 2805 -329 49 738 814,15 And VIT 109‘5 9‘9 763 218 21 12
T Milky Way Leol 2260  49.1 257 1790 8,16,17 ; o :
Plane of Milky Way i *SMC Leoll 202 672 235 265 818,19 And IX 1232 -197 765 41 94 167
e 3 Leo IV 2654 565 154 139 67 And X 1258 -180 702 110 130 89
NGC 6822 ILMC T LeoT 2149 437 42 560 620 And XI 1217 291 785 102 -140 7,10
. I Leo V 2619 585 175 62.3 21 And XII 1220 -285 830 107 -268  7,10,11
: SMC 3028 443 60 90 82223 And XIII 123.0 -299 785 115 64 7,10
Sagittarius 56 -141 16 166.3 824 And XIV 1230 -332 740 161 -204 12
Sculptor 2875 -832 87 776 82526 And XV 1279 245 770 94 -57 13,14
Segue 1 2205 504 28 1135 327 And XVI 1249  -305 525 280 -106 13,14
Segue 2 1494 -38.1 41 39.7 28 And XVII 1202 -185 794 45 15
Sextans 2435 423 89 782 8929 And XVII 1139 -169 1355 589 16
Ursa Major [ 1594 544 101 -8.8 36 And XIX 1156 -274 933 187 16
Ursa Major II 152.5 374 36 -36.5 6,30 And XX 1129 -269 802 128 16
Ursa Minor 1049 448 77 -89.8 810,11 And XX1 1119 -192 859 148 17
Willman 1 1586  56.8 42 337 23

And XXII 1326 -34.1 794 220 17




GALAXY CLUSTERS
(REVISITED)

) X-rays emitted by very hot intra-cluster gas (107-108 K) through bremsstrahlung.

) Gas mass and total mass in galaxy clusters measured by X-rays (assuming
thermal equilibrium), as well as lensing

) Mass determination consistent with clusters being dark matter dominated

A Typical Galaxy cluster:
~|-2% stars, ~5-15% gas, remainder is dark matter

Coma galaxy cluster
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GRAVITATIONAL LENSING

) Image distortion caused by intervening gravitational potential

) Sensitive to total mass

- $
Galaxy cluster Abeg 221 3,4-|ST




GRAVITATIONAL LENSING

) Image distortion caused by intervening gravitational potential

) Sensitive to total mass

) From general relativity:

Lens mass

Deflection 4GM/

_ c2 £
Impact parameter

o _ (4GM D4, \'*
. (32 DdDS

sin(&) ~ tan(&) =~ &

) Image separation proportional to sqrt(M)




GRAVITATIONAL LENSING

) Image distortion caused by intervening gravitational potential

@ Sensitive to total mass

) From general relativity:
Lens mass

Deflection 4GM/

: c2¢
Impact parameter
it
o _ (4GM D,
= - DD,
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GRAVITATIONAL LENSING

) Strong (multiple images, rings, ..),

) weak (distortions observed statistically),
microlensing

P (4GM Dy, \'°
2 (32 DdDS
M~ 10> Mo, D~ Gpc = 0 ~ 100 arcsec

M~ Mo, D ~ kpc = 0 ~ 1073 arcsec

ol ~
I

Weak lensing




GRAVITATIONAL LENSING

) Strong (multiple images, rings, ..), Weak lensing * .|| "% . Tt

) weak (distortions observed statistically), R I NN | PP g
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COSMIC SUPERCOLLIDERS

) Systems where the presence of dark matter can be inferred and it is not

positionally coincident with ordinary matter strongly endorse the dark matter
hypothesis

) Galaxy cluster mergers

- 1E0657-5!

“Bullet eluster”’ ..
SRt R




COSMIC SUPERCOLLIDERS

IE0657-558 “Buflee clusger . |




COSMIC SUPERCOLLIDERS

Weak lensing Weak and strong lensing

Clowe et al 2006

|E0657—-558 “Bullet cluste

Total mass Bradac et al 2006

Gas

Most of the matter in the system is collisionless™ and dark



COSMIC SUPERCOLLIDERS

Weak lensing Weak and strong lensing

Clowe et al 2006

|E0657—-558 “Bullet cluste

Total mass Bradac et al 2006

Gas

DM
(*) Constraints on the self-interaction cross section: \
O/m < |.3 barn/GeV  (Randall et al 2008)



MORE COSMIC SUPERCOLLIDERS

MACS J0025-1222 “Baby bullet” |l MACS |0025:1223 . -
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MORE COSMIC SUPERCOLLIDERS

___Mahdavi et al 2007

A 520 “Traln wreck

< e v
. P - %

More of these systems have been found...
As we better understand them, we’ll gain better insight on dark
matter!




GALAXY CLUSTERS

) Gas mass and total mass in galaxy clusters measured by X-ray, lensing

) Assume the matter content in galaxy clusters is representative of the Universe
= constrain the Universe total matter density!

o . ~_Allen et al, 2002
o [ PKS0745-191 = -
- Abell 2390
o | Abell 1835
— - MS2137-2353
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BIG BANG NUCLEOSYNTHESIS

) As the Universe cools down (~100s sec  ppg 200 o Bavondemsity@p2
after Big Bang, ~ MeV), light elements form T T LTI % .....
(deuterium, helium, lithium). E.g.: 026 £ He /? E

p+n— D+~ "2 3

) (Much longer timescales for heavier . s
elements to form, e.g. C, N, O) | —

Constrains baryon density: (g~ few % 104 | \
0

) — [ 3He/H]p
s i \\\‘

R CM BRI RN
|

Pe

Pc: Critical energy density of the Universe (flat)
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= Most matter in the Universe is non- sk
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baryonic

) Remarkable agreement with CMB 10710 - .

estimate of baryon density (more next) 1 2 34 s
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CosMIC MICROWAVE BACKGROUND

) Relic of a time in the early Universe when matter and radiation decoupled
(protons and electron form neutral hydrogen and become transparent to photons,
~100,000s years after Big Bang, ~ eV)

) Universe was isotropic and homogeneous at large scales

) Very small temperature fluctuations, too small to evolve into structure observed

today T =2725K = Require additional matter to start forming structure

AT ~ 200 pK earlier (decoupled from baryons and radiation, neutral)
Power spectrum of matter fluctuations
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CosMIC MICROWAVE BACKGROUND

) The CMB angular power spectrum depends on several parameters, including
Qg Qnm, Qa (Qn is the vacuum density)

) Decompose temperature field into
spherical harmonics
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CosMIC MICROWAVE BACKGROUND

) The CMB angular power spectrum depends on several parameters, including
Qg, Qnm, QO (Qais the vacuum density)

) Matching location and heights of the peaks constrains these parameters and
geometry of the Universe (flat, Qwo=1) .| ) corvaure I o) Dark Eners

Ar (uK)

o (€) Baryons |L (d) Matter

Ay(uK)
——

Hu et al (2002)



CONCORDANCE

) Extraordinary agreement in precision cosmology

) Present Universe mostly made out of dark
energy, dark matter, and small contribution
from baryonic matter

= ACDM (Lambda Cold Dark Matter), standard
68%

model of cosmology

® DARK ENERGY
@® DARK MATTER
@ ORDINARY MATTER
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CDM

) CDM (Cold Dark Matter), i.e. non relativistic, consistent with observations

) Hot dark matter excluded (smooths out structure)

COLD VVARM HOT

CDM’  Via Lactea Il (Diemand et al. 2008)




CDM

) CDM (Cold Dark Matter), i.e. non relativistic, consistent with observations

) Hot dark matter excluded (smooths out structure)

) Self-interactions would also smooth out dense DM regions, though wouldn't
significantly affect large scale structure; consistent with observation

b TR : e DM
-Large s.‘caieT - 3 \ DM

Rocha et al. 2012

Small scale CDM Small scale SIDM




DARK MATTER DISTRIBUTION
IN THE MILKY WAY

« Milky Way galaxy stellar disk: approx. 30 kpc diameter and 300 pc thick

) The dark matter halo is predicted to extend far past the luminous matter

1600 kpc via lactea Il

Simulated MW size dark matter halo

Diemand, Kuhlen, Madau, Zemp, Moore, Pﬂﬁ'@l’,,stadei, 2008




DARK MATTER DISTRIBUTION

) Strong predictions from ACDM on how DM is distributed

) ...but much is still unknown (affects DM indirect searches!), e.g.:
» core-cusp profile
» halo shape (spherical, prolate, oblate, triaxial, dark disk, ...)

» substructure (missing satellites?)

Bertone et al., arXiv:081 1.3744

10° ¢ 1
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Milky Way:
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Galaxy Formation is Messy!
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Galaxy Formation is Messy!
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DM SUBSTRUCTURES

& Optically observed dwarf spheroidal galaxies
(dSph): largest clumps predicted by N-body
simulation.

» Very large M/L ratio: 10 to ~> 1000 (M/L
~10 for Milky Way)

=) DM density inferred from the stellar data!

&) Excellent targets for indirect DM searches!
&) Also, never before observed DM substructures:

» Would significantly shine only in radiation
produced by DM annihilation/decay

» But we don’t know where they are!

38




DM SUBSTRUCTURES

Probing stellar populations with different metallicity in dwarf spheroidal galaxies
allows measurements of mass enclosed within two different radii

= Can measure slope of mass profile!

For Sculptor and Fornax, consistent with cored profile for inner ~100pc. Rule out
NFW at CL >95%

B B e dbaclk) Walker & Penarrubia 201 |
aryonic reedback!
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TESTING DM
SUBSTRUCTURES

) Tidal streams cannot remain smooth in CDM

) Are observed streams smooth or have structure?

Measurements seem to be

consistent with structure/gaps!

Simulated star stream

PIPIRRCIRS Lo
s e
& it <V
L .

+ 1000 subhalos

Star stream north-west
of M3| (Andromeda)

c al, arXiv:1102.3501

Fic. 1.— The spatial distribution of the [Fe/H]= [-0.6, -2.4] red
giant stars in the NW region of M31. A full field version is pre-
sented in |Richardson et al.| (2011) The image is 10° across in the
tangent projection co-ordinates, which are centered in the exact
middle of this map.


http://arxiv.org/pdf/1201.3643v1.pdf

TESTING DM
SUBSTRUCTURES

) Tidal streams cannot remain smooth in CDM
Pal 5 stream
) Are observed streams smooth or have structure?

Carlberg, 202

Measurements seem to be 2 (o ~4
consistent with structure/gaps!

< / ; R L
~ D .

85 54 102 11e

Fi1G. 1.— The match filtered star densities in the region of the
Pal 5 stream in the SDSS A and 7 co-ordinate system. The raw
image has been smoothed with a 3 pixel Gaussian. The object
41 above the stream is the foreground cluster M5.



MACHOS

« MACHOSs (MAssive Compact Halo Objects) are strongly disfavored as an
explanation for dark matter

« E.g.low luminosity stars, planets, black holes

100 Exclusion contour plot at 95% confidence level
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MACHOS

« MACHOs (MAssive Compact Halo Objects) are strongly disfavored as an
explanation for dark matter

« E.g.low luminosity stars, planets, black holes

Monrc%-&odriguez, et al, Astrophys.]. 790 (2014) 2, 159
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MOND

) Modified Newtonian Dynamics postulates that Newton’s law breaks down for very
small accelerations

) Proposed to explain rotation curves of galaxies (Milgrom, 1983). Does a very good
job! No dark matter necessary.

) Parameter ag (1.2 x 10-'°ms~2, determined by observations):
MG Begeman et al 1991

Sellwood et al 2005

a>>ao conventional dynamics a =

2
e
a<<ao modified dynamics a_2 & MG NGC 1560 MOND
ao P2
total mass\ f flat rotation velocity
CL()GMb — Vf

) MOND fails at larger scales, galaxy clusters

For a review:
Sanders and McGaugh, Ann.Rev.Astron.Astrophys.40:263-317,2002.




MOND

) Modified Newtonian Dynamics. Newton’s law breaks down for very small
accelerations

) Proposed to explain rotation curves of galaxies (Milgrom, 1983). Does a very good
job! No dark matter necessary.

o Jully-Fisher
) Parameter ap (1.2 x 10-'°ms2, determined by observation. = } ¥ McGaugh 2011
: : MG =
a>>ap conventional dynamics a = 5 ©
a<<ap modified dynamics a? MG 2|
ag i ~
= o
! mass\ o flat rotation velocity <L
1 S |
CL()GM[) e Vf —
I~
(&
) MOND fails at larger scales, galaxy clusters |
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SUMMARY OF LECTURE |

) Evidence for dark matter is overwhelming, e.g.:

» Rotation curves
» Gravitational lensing
» Structure formation

) What data tells us about dark matter:

it makes up almost all of the matter in the Universe

it interacts very weakly, and at least gravitationally, with ordinary matter
it is cold, i.e. non-relativistic

it is neutral

it is stable (or it is very long-lived)

o i dNe SO JEB.

) Next: Ideas for what it could be & How to test them!



