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Evidence from galaxy clusters

[
in kmnfsek™!

25000

20000 __ / °

15000 / /
10 000 A
5000 . ,/
i0 20 30 40 7 in 10 Parsek
Fig. 2.

Die Rotverschiebung von extragalﬁkttsehen Nebeln
von F. Zwieky.
(16. I1. 33.)

Inhaltsamgabe. Diese Arbeit gibt eine Darstellung der wesentlichsten Merk-
male extragalaktischer Nebel, sowie der Methoden, welche zur Erforschung der-
selben gedient haben. Insbesondere wird die sog. Rotverschiebung extragalak-
tischer Nebel eingehend diskutiert., Verschiedene Theorien, welche zur Erklirung
dieses wichtigen Phéinomens aufgestellt worden sind, werden kurz besprochen.
Schliesslich wird angedeutet, inwiefern die Rotverschiebung fiir das- Studium
der durchdringenden Strahlung ven Wichtigkeit zu werden verspricht.

Coma cluster -
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1- Apply the virial theorem to determine the total mass of the Coma Cluster
For an isolated self-gravitating system,

2K + U =0 1 {OR
/ \ aG
K=tuery  v=-2GF

2

2- Count the number of galaxies (~1000) and calculate the average mass

M > g X 10% gr = 4.5 X 10™ Mg
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2- Count the number of galaxies (~1000) and calculate the average mass

M > g X 10% gr = 4.5 X 10" Mo

Inasmuch as we have introduced at every step of our argument in-
equalities which tend to depress the final value of the mass _#, the
foregoing value (36) should be considered as the lowest estimate for
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
to (36), the conversion factor  from luminosity to mass for nebulae
in the Coma cluster would be of the order

Y = 500, (37)



A modern technique: gravitational lensing

galaxy
galaxy cluster
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Evidence from galaxies
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THE ROTATION OF THE ANDROMEDA NEBULA*

BY

Horace W. BaBcock

I, InTrRODUCTION

One of the important problems of astronomy is the de-
termination of the internal motions of the extra-galactic
nebulae. An analysis of such motions for a single system
of this kind should lead to a knowledge of the total mass
within it, and of the distribution of this mass. When such
studies have been made for many of the spirals, correla-
tion of the various dynamical characteristics with nebu-

MowwT Hamirron, CALIFORNIA,
MarcH 31, 1939.
Izsued October 30, 1939,

The inelination gives it the apparent outline of an ellipse,
as seen on the celestial sphere, and from an estimate of
the ratio of axes of this ellipse (about 3 or 4 to 1), Hubble
has given 15° as the approximate inclination of the equa-
torial plane of the spiral to the line of sight. He also
found that the major axis of the apparent ellipse lies in
position angle 36°7. The unresolved central region meas-
ures about 10’ by 30’, and at the center is the bright
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Expectations from Newtonian theory

— —

F. cent — F, grav

v(r)>  GMm
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let the line of sight be directed to the major axis of the
nebula at points 0!5, 15%, 50°, and 80’ from the nucleus.
Imagine a column of cross-section one square parsec

and for this there seems to be no possibility of improve-
ment at present.
The coefficients for the mass-luminosity relation given

TABLE 5
Mass-LummnosiTy RELaTioNs 1N M31
z (distance from nucleus) o 0!5 15/ 50’ 80’
Mass of column (@) 11000 7900 4100 2200
Volume (cu. pse.) 5400 5300 4500 2400
Masgs dengity (®/eu. pse.) 2.1 1.5 0.9 0.9
Log I (Redman and Shirley) (2.00) 1.29 0.10 0.44 9.00
I (100) 19.5 1.26 0.276 0.100
Luminosity density (@ /cu. pse.) 1.25 0.0827 0.021 0.01
[ M/L 0.001 1.6 18 43 62
(Hubble)

in the table evidently indicate little more than orders of
magnitude. The mass densities are especially uncertain
in the central core, where they are probably too small, so
that the corresponding mass-luminosity coefficients near
the nucleus may be considered minimum values. Never-
theless, the great range in the calculated ratio of mass to
luminosity in proceeding outward from the nuecleus sug-
gests that absorption plays a very important réle in the
outer portions of the spiral, or, perhaps, that new dy-
namical considerations are required, which will permit of
a smaller relative mass in the outer parts.

VIII. ComparisoN OF THE GALACTIC SysTEM AND M31

Current, theories of ealactic rotation indieate that the

strate that, in a wide region around the sun, circular
velocities of the stars decrease with distance from the
center.

The Andromeda Nebula and the Galaxy have many
well-known features in common, but one outstanding
discrepancy between the two systems has hitherto been
in their diameters. The spiral arms of M31 can hardly
be traced to a radius of more than 176 or 6 kiloparsecs.
Beyond this radius, no stars, comparable to the brighter
stars in the vicinity of the sun, have been reported,
although Hubble has discovered some outlying globular
clusters!® which lead him to suggest that the radius of
the nebula, as outlined by these objects, may possibly be
as great as 314°. This large figure is supported by the

nhaotn-electric measiiremeants af Stahhing and Whitfard 12
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ROTATION OF THE ANDROMEDA NEBULA FROM A SPECTROSCOPIC
SURVEY OF EMISSION REGIONS*

VERA C. Rusint anp W. KenT Forp, Jr.T

Department of Terrestrial Magnetism, Carnegie Institution of Washington and
Lowell Observatory, and Kitt Peak National Observatory}

Received 1969 July 7; revised 1969 August 21

ABSTRACT

Spectra of sixty-seven H 11 regions from 3 to 24 kpe from the nucleus of M31 have been obtained with
the DTM image-tube spectrograph at a dispersion of 135 A mm™!, Radial velocities, principally from
Ha, have been determined with an accuracy of 10 km sec™' for most regions. Rotational velocities
haveé been calculated under the assumption of circular motions only.

For the region interior to 3 kpc where no emission regions have been identified, a narrow [N 11] A6583
emission line is observed. Velocities from this line indicate a rapid rotation in the nucleus, rising to a
}'remxi%'nll[m circular velocity of ¥V = 225 km sec™' at R = 400 pc, and falling to a deep minimum near

= C.

Frompthe rotation curve for R < 24 kpc, the following disk model of M31 results. There is a dense,
rapidly rotating nucleus of mass M = (6 + 1) X 10° M ©. Near R = 2 kpc, the density is very low and
the rotational motions are very small. In the region from 500 to 1.4 kpc (most notably on the southeast
minor axis), gas is observed leaving the nucleus, Beyond R = 4 kpc the total mass of the galaxy increases
approximately linearly to R = 14 kpc, and more slowly thereafter. The total mass to R = 24 kpc is
M= (185 + 0.1) X 10" M©; one-half of it is located in the disk interior to R = 9 kpc, In many
respects this model resembles the model of the disk of our Galaxy. Outside the nuclear region, there is
no evidence for noncircular motions.

The optical velocities, R > 3 kpc, agree with the 21-cm observations, although the maximum rota-
tional velocity, ¥V = 270 + 10 km sec™!, is slightly higher than that obtained from 21-cm observations,
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Something else inside M317?
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ROTATIONAL PROPERTIES OF 21 S¢ GALAXIES WITH A LARGE RANGE OF
LUMINOSITIES AND RADIL, FROM NGC 4605 (R =4kpe) TO
UGC 2885 (R = 122 kpe)

Viera C. Rusin,'? W, Kent Forp, Jr..' anp NorgerT THONNARD
Department of Terrestrial Magnetizm, Carnegie Institution of Washinglon
Revetved 1974 October 11 accepred 1979 November 29

ABSTRACT

For 21 Sc galaxies whose properties encompass a wide range of radii, masses, and luminosities,
we have obtained major axis spectra extending to the faint outer regions, and have deduced
rotation curves, The galaxies are of high inclination, so uncertainties in the angle of inclination to
the line of sight and in the Pﬂsitiﬂn angle of the major axis are minimized. Their radii range from 4
o122 kpeiH = 50km s~ ' Mpc™');in general, the rotation curves extend to 837, of R,"*. When
plotted on a linear scale with no scaling, the rotation curves for the smallest galaxies fall upon the
initial parts of the rotation curves for the larger galaxies, All curves show a fairly rapid velocity rise
to ¥~ 125kms™" at R ~ 5kpe, and a slower rise thereafter. Most rotation curves are rising
slowly even at the farthest measured point. Neither high nor low luminosity Sc galaxies have
falling rotation curves. 5S¢ galaxies of all luminosities must have significant mass located beyond
the optical image. A linear relation between log V., and log R follows from the shape of the
common rotation curve for all Sc's, and the tendency of smaller galaxies, at any R, to have lower
velocities than the large galaxies at that R. The significantly shallower slope discovered for this
relation by Tully and Fisher is attributed to their use of galaxies of various Hubble types and the
known correlation of V. with Hubble tvpe.

The galaxies with very large central velocity gradients tend to be large, of high luminosity, with
massive, dense nuclei. Often their nuclear spectra show a strong stellar continuum in the red, with
emission lines of [N u] stronger than Hax. These galaxies also tend to be 13 ¢m radio continuum
SOUTCES.

Because of the form of the rotation curves, small galaxies undergo many short-period, very
differential, rotations. Large galaxies undergo (in their outer parts) few, only slightly differential,
rotations. This suggests a relation between morphology, rotational properties, and the van den
Bergh luminosity classification, which is discussed. UGC 2885, the largest Sc in the sample, has
undergone fewer than 10 rotations in its outer parts since the origin of the universe but has a
regular two-armed spiral pattern and no significant velocity asymmetries. This observation puts
constramnts on models of galaxy formation and evolution.
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curve for large galaxies, except that small galaxies often have shallower nuclear velocity gradient and tend to cover the low velocity range within
the scatter at any R.

VI, DISCUSSION AND CONCLUSIONS

We have obtained spectra and determined rotation
curves to the faint outer limits of 21 Sc galaxies of high
inclination. The galaxies span a range in luminosity
from 3 x 107 to 2 x 10'' L, a range in mass from
10'% to 2 x 10'* M, and a range in radius from 4 to
122 kpe. In general, velocities are obtained over 837,
of the optical image (defined by 25 mag arcsec™?), a
greater distance than previously observed. The major
conclusions are intended to apply only to Sc galaxies.

1. Most galaxies exhibit rising rotational velocities
at the last measured velocity ; only for the very largest
galaxies are the rotation curves flat. Thus the smallest
Sc’s (i.e., lowest luminosity) exhibit the same lack of a
Keplerian velocity decrease at large R as do the high-
luminosity spirals. This form for the rotation curves
implies that the mass is not centrally condensed, but
that significant mass is located at large R. The integral
mass is increasing at least as fast as R. The mass is not
converging to a limiting mass at the edge of the optical
image. The conclusion is inescapable that non-
luminous matter exists beyond the optical galaxy.
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A MODIFICATION OF THE NEWTONIAN DYNAMICS AS A POSSIBLE
ALTERNATIVE TO THE HIDDEN MASS HY POTHESIS'

M. MILGROM
Department of Physics, The Weizmann Institute of Science, Rehovot, Israel; and
The Institute for Advanced Study
Received 1982 February 4; accepted 1982 December 28

ABSTRACT

I consider the possibility that there is not, in fact, much hidden mass in galaxies and galaxy
systems. If a certain modified version of the Newtonian dynamics is used to describe the motion of
bodies in a gravitational field (of a galaxy, say), the observational results are reproduced with no
need to assume hidden mass in appreciable quantities. Various characteristics of galaxies result with
no further assumptions.

In the basis of the modification is the assumption that in the limit of small acceleration a < a,,
the acceleration of a particle at distance r from a mass M satisfies approximately a?/a, = MGr?,
where a, 1s a constant of the dimensions of an acceleration.



I have considered the possibility that Newton’s sec-
ond law does not describe the motion of objects under
the conditions which prevail in galaxies and systems of
galaxies. In particular I allowed for the inertia term not
to be proportional to the acceleration of the object but
rather be a more general function of it. With some
simplifying assumptions I was led to the form

my(a/ag)a=F, (1)
p(x>1)=1, p(x <) =x,

replacing m a = F.
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MACS J0025.4-1222 Abell 520




Evidence from the Universe at large

Cosmic microwave background anisotropies

Planck Mission
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http://lambda.gsfc.nasa.gov/education/cmb_plotter/
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The cosmic pie

Dark Matter

Dark Energy




The cosmic pie

Dark Matter

Dark Energy

Qpv i ~ 0.12




There is evidence for dark matter
in a wide range of distance scales

Solar Galaxi Cluslter§ Observable
system alaxies of galaxies Universe

.

pc kpc Mpc Gpc size



What do we know
about dark matter?



1) It is dark. No electric charge.

e [f it has positive charge, it can form a bound state Xe™, an
“anomalously heavy hydrogen atom”.
e If 1t has negative charge, it can bind to nuclei, forming
“anomalously heavy 1sotopes”.
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2) It is not made of baryons.

Primordial
nucleosynthesis
Bar;-‘onﬂdlensitj-' Qgh?
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3) It was “slow” at the time of the formation of the
first structures.

White'86

HDM CDM

Hot Dark Matter Cold Dark Matter
Relativistic Non-relativistic



3) It was “slow” at the time of the formation of the
first structures.

White'86

HDM Observed Galaxy Distribution CDM

Hot Dark Matter Cold Dark Matter
Relativistic Non-relativistic



3) It was “slow” at the time of the formation of the
first structures.
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CLUSTERING IN A NEUTRINO-DOMINATED UNIVERSE

SiMoN D. M. WHITE, ! 2 CARLOS S. FRENK,! AND MARC Davist:?
University of California, Berkeley
Received 1983 June 17; accepted 1983 July 1

ABSTRACT

We have simulated the nonlinear growth of structure in a universe dominated by massive neutrinos
using initial conditions derived from detailed linear calculations of earlier evolution. Codes based on
a direct N-body integrator and on a fast Fourier transform Poisson solver produce very similar
results. The coherence length of the neutrino distribution at early times is directly related to the mass
of the neutrino and thence to the present density of the universe. We find this length to be too large
to be consistent with the observed clustering scale of galaxies if other cosmological parameters are to
remain within their accepted ranges. The conventional neutrino-dominated picture appears to be
ruled out.

Subject headings: cosmology — galaxies: clustering — neutrinos




3) It was “slow” at the time of the formation of the
first structures.




4) It exists today.

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

Inflation

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

NASA/WMAP Science Team




To summarize, observations indicate that the dark matter is
constituted by particles which have:

e No electric charge, no color.

e No baryon number.

e Low velocity at the time of structure formation.

e Lifetime longer than the age of the Universe.
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To summarize, observations indicate that the dark matter is
constituted by particles which have:

e No electric charge, no color.

e No baryon number.

e Low velocity at the time of structure formation.

e Lifetime longer than the age of the Universe.
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What do we know
about dark matter.,

from the particle physics
point of view??



Citation: K. Makamura er al. (Particle Data Group), JPG 37, 075021 (2010) {URL: htrp:/ /pdg.Ibl.gov)

LIGHT UNFLAVORED MESONS
(S=C=B=0)

For | =1 (m, b, p, 3a): ud, (uT—dd)/2, dT;
for I=0(n o', h W, w o f ) (ud+ dd)+ c(s3)

16(JF) =17 (07)

Mass m = 139.57018 + 0.00035 MeV (5 = 1.2)
Mean life - = (2.6033 + 0.0005) x 1078 s (S =1.2)
cr = 7.8045 m

at — %y~ form factors [
Fy, = 0.0254 £ 0.0017
Faq = 0.0119 + 0.0001
Fy- slope parﬂa%egter a =010+ 0.06
_ +0.
R= D'GSQ—D.GDE
7T maodes are charge conjugates of the modes below.

For decay limits to particles which are not established, see the section on
Searches for Axions and Other Very Light Bosons.

=T DECAY MODES Fraction ([;/T) Confidence level |[I"-‘Il:—P"u'_'.-"c]
ptu, [b] (99.08770+0.00004) % 30

ptvy,y [c] (200 +025 )x10—4 30
etu, [b] (1230 +0.004 )x10~4 70

et [c] (739 £005 )x10°7 70
et yam? (1.036 +0.006 )x 10~ %8 4
etv.et e (32 05 )x1079 70

et vevT < 5 x 107° 00% 70

DARK MATTER

J= 7
Mass m= ?
Mean life r = ?
p
DECAY MODES Fraction (;/T) Confidence level [MeV/c)
? ? ? ?
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LIGHT UNFLAVORED MESONS
(S=C=B=0) I DARK MATTER ]

For | =1 (m b, p, a): ud, (uT—dd)/2, dT;

for I=0(n o', h W, w o f ) (ud+ dd)+ c(s3) J= 7
G P Mass m= 7
16(JP) = 17(07) Mean lfe -~ — ?
Mass m = 130.57018 + 0.00035 MeV (5 =1.2) P
Mean life - — [2.5033 + ﬂ.UDDE] % 1':'_8 s (S _ 1_2] DECAY MODES Fraction (;/T) Confidence level (MeV/c)
cr = 7.8045 m ,? 7 ? ?

at — %y~ form factors [
Fy, = 0.0254 £ 0.0017
F4 = 0.0119 + 0.0001
Fy- slope parameter 2 = 0.10 = 0.06

R=00:92388 Goal for the 21* century:

7T maodes are charge conjugates of the modes below.

S et e e identify the properties
. of the dark matter particle
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pty, [b] (99.0877040.00004) % 0
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et v~y [c] (730 +£005 )x1077 70
et yam? (1.036 +0.006 )x 10~ %8 4
etv.et e (32 +05 )x107? 70

et vevT < 5 x 107° 00% 70
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The freeze-out mechanism

production

>

annihilation

scattering




The freeze-out mechanism

production
-

The probability of interaction i1s controlled

DM by the cross-section

O Small annihilation rate
DM

scattering

|
annihilation

Large annihilation rate




The freeze-out mechanism

production
-

The probability of interaction i1s controlled

DM by the cross-section
o)
=
5,
DM E
N
. . . >
annihilation

At very high temperatures, dark matter particles are annihilated and
regenerated at the same rate.

However, at low temperatures, the Standard Model particles do not
have enough kinetic energy to regenerate DM particles.



Dark matter population 1n a static Universe




Dark matter population 1n a static Universe
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Dark matter population 1n a static Universe




Dark matter population 1n a static Universe




Dark matter population 1n a static Universe

No DM particles at the end!




Dark matter population in an expanding Universe













Dark matter particles can no longer annihilate.
The number of dark matter particles “freezes-out”




The relic abundance of dark matter particles depends
on their annihilation cross section and on their velocity




The relic abundance of dark matter particles depends
on their annihilation cross section...

Large annihilation cross section — Small relic abundance

Small annihilation cross section — Large relic abundance




The relic abundance of dark matter particles depends
on their annihilation cross section...

Large annihilation cross section — Small relic abundance

Small annihilation cross section — Large relic abundance




... and on their velocity




... and on their velocity




... and on their velocity

Large velocity — Small relic abundance
Small velocity — Large relic abundance
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