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James Clerk Maxwell

> Maxwell Equation (13 Jun. 1831 - 5 Nov. 1879)

Gauss's law # E-dS:47r/// pdV V-E =4np
, ) Q

Name Integral equations Differential equations

P

Gauss's law for magnetism # B-dS=0 V-B=0

N
MaxweII—Faraday'eCJUat-lon ]{ E.dp—_L1d // .dS VxE - _lB_B
(Faraday's law of induction) c Ot

< o : E
Ampére's CII’CLIJI.ta| law (with 7{ B.df — (477 // -dS + — // dS) VxB= (471'-] f 8—)
Maxwell's addition) o5 0

Saturn’s Rings

The subject of the 1856 University of
Cambridge Adams Prize was “The Motion
of the Rings of Saturn”.

Different hypotheses were given regarding the
rings, namely that the rings were:

(i) rigid
(i) fluid or partly gaseous, or Image courtesy of NASA
(iii) composed of isolated masses.

Maxwell and the other candidates were asked which of these hypotheses would be
mechanically stable.

> Maxwell's essay won the 1856 Adms Prize - demonstraing his powerful ability to
analyse a difficult problem mathematically.

> Maxwell is rightly commemorated by having a feature of the Rings of Saturn
named after him - the ‘Maxwell Gap’ withn the C ring.




History of the Universe

Planck

We think we live in the Universe that

can be described by a standard cosmological model.




Standard Cosmological Model

> 1 2M0= &= olUX|, &5 =&, 232 =Z(S%At EE= baryon), S-40|At SO
A A1, 2 AH0AM FE = =S STeH|, M2 #R20M= fF =79 B

Q0| A J’éé MAH|S0| Ar=|E= 1L RULL.
=> ACDM (cosmological constant + Cold Dark Matter) model
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ordinary matter
5%

> Dark matter
> non-luminous, non-baryonic
component that interacts gravitationally.
> required to explain a wide range of
Ra N astrophysical observations that cannot
S o b T be reproduced by baryons + GR alone.
vdark matter
S L e | — Dark energy
R aapes® > smooth component with negative
pressure with a negative (how much?)
equation-of-state parameter w = p/p.
> required to explain the accelerating
expansion of the Universe.

dark energy
69%




Cosmological Parameters

Q: How may

Nucleosynthesis/
Cosmic Microwave Background

Large-Scale Structure/
CMB power spectrum

parameters do
we need to
describe our
universe?

Standard

isotropy/
flatness

Cosmological

Model

accelerating expansion

hierarchical structure

formation

Based on General Relativity



Cosmological Parameters

The Standard Cosmological Model

1. N: strength of the electrical forces that hold
atoms together, divided by the force of
gravity between them: 1036

2. ¢: fraction of mass that converts into energy
during hydrogen fusion: 0.7%

3. (2: cosmic mass/energy density: 1

4. A: cosmological parameter: >0

5. Q: ratio of the energy needed to break up
the most conspicuous structures in the
universe (stars, galaxies and galaxy clusters)
to their total rest-mass energy: 10-°

6. D: number of spatial dimensions: 3

JUST SIX NUMBERS,

“This“is the kind of book that transforms

not only how you look at a clear winter sky

but also how you think about life itself.”
—The New Yorker




Cosmological Parameters

Planck+2018
6000
The parameters of the base model
5000 A
Table 7. Parameter confidence limits from Planck CMB tem- i
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8.7 Cosmological Parameters

8.7.2 The parameters of the
base model

Table 7. Parameter confidence limits from Planck CMB tem-
perature, polarization and lensing power spectra, and with the
inclusion of BAO data. The first set of rows gives 68 % limits for
the base-ACDM model, while the second set gives 68 % con-
straints on a number of derived parameters (as obtained from the
constraints on the parameters used to specify the base-ACDM
model). The third set below the double line gives 95 % limits for
some l-parameter extensions to the ACDM model. More details
can be found in Planck Collaboration VI (2018).
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3.1 Assumptions underlying ACDM:

Physics is the same throughout the observable Universe.

General Relativity (GR) is an adequate description of gravity.

On large scales the Universe is statistically the same everywhere
(initially an assumption, or “principle,” but now strongly implied by
the near isotropy of the CMB).

The Universe was once much hotter and denser and has been
expanding since early times.

There are five basic cosmological constituents:

S)

1)
2)

3)
4)
5)

8)

Dark energy that behaves just like the energy density of the
vacuum.

Dark matter that is pressureless (for the purposes of forming
structure), stable and interacts with normal matter only
gravitationally.

Regular atomic matter that behaves just like it does on Earth.
The photons we observe as the CMB.

Neutrinos that are almost massless (again for structure
formation) and stream like non-interacting, relativistic
particles at the time of recombination.

The curvature of space is very small.

Variations in density were laid down everywhere at early
times, and are Gaussian, adiabatic, and nearly scale invari-
ant (i.e., proportionally in all constituents and with similar
amplitudes as a function of scale) as predicted by inflation.
The observable Universe has “trivial” topology (i.e., like R3).
In particular it is not periodic or multiply connected.




Standard Cosmological Model
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The Standard Cosmological Model: ACDM
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Standard

Cosmological
Model

ACDM

Dong+2023 (4.2¢ difference):
w = —0.903700%3 and 2, = 0.285"

wow,CDM
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Dark energy is not constant over time any more?
e.g. wCDM
Do we still need dark matter?
e.g2. MOND, emergent gravity
Tensions with observations
1. Missing Satellite Problem

2. Hy tension
3. No direct detection of dark matter on Earth
4




Q: How can we study invisible Dark Components?
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Galaxy: A key to study dark components

www.esa.int

* In a galaxy (e.g. Mtota(Milky Way)~1x1012 Msun)
* Dark matter: ~94% (mass)
* Stars: ~5%
* @Gas/dust: ~1%
* Black hole: ~<0.1%

4

dark matter halo

stellar halo
— thick dis!
e <— thin disk

+ interstellar medium

Halo? Subhalo? Galaxy?




Dark Matter: purple

Theory Of Galaxy Formation Gas: brarge

(not to scale)

W

0o e

DM Halo collapse Gas cools + ::Dllapses

Gas infall & heating

Ionised Hydrogen Star formation + feedback Dense gas clouds

Pratik Gandhi (@astrogandhi)



Galaxy Formation Simulations: Small Scales

Dark Matter Gas



Galaxy Formation Simulations: Large Scales

Horizon Run 5 Simulation - Formation
of a Massive Cluster of Galaxies

=¥ﬂrﬁﬁ institute tor Aadvanced study

T.l"ﬂ-l"lﬂl'l'l'f and Space Science Institute
Korea 8 of Science and Technology Information
IRttt o astrophysique de Paris

a % Uniiversity of Hull
e University of Oxford




Dark Matter vs. Galaxies

Wechsler & Tinker (2018)

i
3 : S Galaxy-t.\alo
7 . ¢  connection

: ..;

- _‘ L "l N
N ) ?& ) 5 A
N £ -

) o e y 3 ey - R e S
._ﬂli’:":ﬂ _f’.‘,,_r,

S o

Dark matter distribution (invisible) Galaxy distribution (visible)

Q: What is the role of dark matter in the formation and
evolution of galaxies?




Dark Matter Studies

10

> For Particle Physicists

Cross section
between DM

and SM
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Buckley & Peter 2018

Evolutionary
effects on DM
halos and
cosmology

according to a

characteristic

interaction or
decay rate

log1o(T) (s71)

> For Astronomers
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We would like to constrain physical parameters
from experiments/observations.




So, we would like to know the nature of dark matter in the end.

Standard-
model
neutrinos

Sterile
neutrinos

Neutrinos

Super- Extra
symmetry dimensions

Dark matter Weak scale

Simplified Biie
models theory

: Other _
Macroscopic Macros particles WIMPzilla

i i Self-
Primordial MaCHOs Superfluid : :
black holes Ps interacting

Bertone & Tait (2018)




Goal of this lecture:
To understand 1) why we need dark matter,
2) what we know about it, & 3) what to do with it!

> Part 1: History of Dark Matter
> Ref: Bertone & Hooper 2018, Rev. Mod. Phys. 90, 045002

> Part 2: Dark Matter Models
> Refs:
> “Dark Matter” by Cirelli+2024 (arXiv:2406.01705)

> “Small-Scale Challenges to the ACDM Paradigm” by James S.
Bullock and Michael Boylan-Kolchin (2017, Annu. Rev. Astron.
Astrophys., 55, 343)

> Part 3: Dark Mater Studies in practice

> General Refs:
> “Gravitational probes of dark matter physics” by Buckely & Peter
(2018, Physics Reports, 761, 1)
> “Dark Matter” by Cirelli+2024 (arXiv:2406.01705)




1. A History of Dark Matter

arXiv:1605.04909 — Bertone & Hooper

From the 19th Century to the Precision Era

> Why do need to know the history of dark matter?

> “Those who cannot remember the past are condemned to repeat it.”
- George Santayana

> “Science advances one funeral at a time.” - Max Planck




l. Prehistory (1884 —1932)

Lord Kelvin, Henri Poincaré, and the
Oort Limit




1884: LORD KELVIN'S BALTIMORE LECTURES

THE L,

ATE
LORD KELVIN

William Thomson (Lord Kelvin) was among the first to
apply the Kinetic Theory of Gases to stellar systems.
= Used stellar velocity dispersions to "weigh"

the Milky Way.

= Acknowledged the possibility of "dark bodies"

far outnumbering visible stars.

= His estimate of 1 billion stars was remarkably

close to current galactic mass models.



1906: "MATIERE OBSCURE"

Responding to Kelvin's work in "The Milky Way and the Theory of

Gases," Henri Poincaré provides the first linguistic anchor for the field.

The Term The Finding The Legacy

Poincaré coins the phrase He noted that if dark matter This established the "Dark
"matiere obscure" (Dark existed, it must not be Matter" problem as a
Matter) in the context of significantly more abundant quantitative dynamical

Kelvin's dark bodies. than visible matter. question.



1922: KAPTEYN AND STELLAR MOTION

Dutch astronomer Jacobus Kapteyn studied the

motions of stars perpendicular to the galactic plane.

Aimed to find the vertical acceleration toward

the disk.

Attempted to reconcile the number of stars

with the total vertical force.

Found no major evidence for dark matter

locally (Ratio ~ 1).

My aim in the present paper is simply to get hold of some
approximate information about the real structure and motion of the

system, and quantitative accuracy has been considered of secondary
ap
1 08>
x n .40
] m as
, Ve
20 30 60 ' leﬂ) ’ 60 30 20 Y .
10 S A T -10 \R 033
TR o S — < X .06
e oy~ N X aw
0} *,_-.,_/,[, ({,/.’/ o T — -\r:’!\‘g,‘g :\\ R ;\l.—xx—,—qn——.y
10000 8000 6000 4000 2000 0 / 2000 )10 0 6000 8000 10000 PARSECS
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importance as long as we may hope that the main features are not
affected. I trust that this hope will not be disappointed, not-
withstanding the many defects—defects that will be duly pointed
out—which still attach to the present treatment.

Diagram of Kapteyn universe, Astrophysical Journal, vol. 55, p 304, 1922 (Linda Hall Library)



1932: THE OORT LIMIT

Jan Oort's 1932 study is often cited as the "start" of the dark

matter problem, though his findings were complex.

" His analysis indicated that the total density, found
from dynamical data, exceeds the density of
visible stellar populations by a factor of up to 2.
This limit is often called the Oort limit.

" This suggested significant "local" dark matter, later

found to be an artifact of star distance errors.

Galactic halo

Systematic Error
Oort's finding of 2x more dark mass than

Galactic disk

visible was eventually debunked by better

stellar distance calibrations.

Gas and dust

Open cluster

Galactic bUIge

Globular clusters

.

Galactic center //

O, B stars

Sun

-

Emission nebula




Oort Cloud

Objects are not to scale
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Solar system distances

QEE 3=
Inner Dort Cloud Oort Cloud
7H0|m ®E
Kuiper Belt

§é

10
Logarithmic scale

=5t(YOUNHA) - REEAHE

WOUNIA &ih Album S

100 1,000
Astronomical units (AL

10,000 100,000




ll. The Cluster Crisis
(1933—1950)

eeeeeee




® Dynamical Mass of Cluster

® Based on the velocity

dispersion
= O vt measurements
Fritz Zwicky '

The stunning view of the Coma galaxy cluster, taken by the Dark Energy Camera. The two large galaxies at

the center of the cluster are giant ellipticals, namely NGC 4889 and NGC 4874 to its right. (Image credit:

CTIO/NOIRLab/DOE/NSF/AURA)

e Die Rotverschiebung von extragalaktischen Nebeln
. 2 C\u :
' o | von F. Zwicky.
(16. I1. 33.)

Inhaltsangabe. Diese Arbeit gibt eine Darstellung der wesentlichsten Merk-

male extragalaktischer Nebel, sowie der Methoden, welche zur Erforschung der-
Obfiwer : . : . selben gedient haben. Insbesondere wird die sog. Rotverschiebung extragalak-
Sl , : ' o tischer Nebel eingehend diskutiert. Verschiedene Theorien, welche zur Erklirung
S dieses wichtigen Phianomens aufgestellt worden sind, werden kurz besprochen.
Schliesslich wird angedeutet, inwiefern die Rotverschiebung fiir das Studium
der durchdringenden Strahlung ven Wichtigkeit zu werden verspricht.

O

Rotverschiebung extragalaktischer Nebel, 119

Credit: NASSrSimonne

s Scheinbare Geschwindighetten im Comahaufen.
= » = 8500 km/sek 6900 km/sck
7900 6700
7600 6600

7000 5100 (?)



THE ASTROPHYSICAL JOURNAL

AN INTERNATIONAL REVIEW OF SPECTROSCOPY AND
ASTRONOMICAL PHYSICS

VOLUME 86 OCTOBER 1937 NUMBER 3

ON THE MASSES OF NEBULAE AND OF
CLUSTERS OF NEBULAE

Combining (33) and (34), we find

M> 9 X 10%gr. (35)

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

M > g X 108 gr = 4.5 X 10° Mg . (36)

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 v from luminosity to mass for nebulae
in the Coma cluster would be of the order

Y = 500, (37)




THE COMA DISCREPANCY

"Dunkle Materie"

Planck./ D35 SCLELE LS Zwicky concluded that galaxies move too fast to

be held by their own stars.

He suggested the space between galaxies was
filled with "dark matter" in the form of cold gas

or dwarf stars.

Note: Zwicky was a "maverick" and his findings were

largely ignored by the mainstream for decades.

“Astronomers are spherical bastards.
No matter how you look at them,
they are just bastards.”

- Fritz Zwicky




Coma Cluster in 21c

29.0°

27.0° +27.5°

-2

+27.0°

Fig.1|Mass reconstruction and matched-filter statistic of the Comacluster.

. i e T - 7
Contour: Dark Matter Filaments from Weak pon TR {0% =2 103 0°

Lensing Analysis (KimH+2024) R.A. [deg]

Contour: Dark Matter from Weak Lensing Analysis,
Color: Galaxy Luminosity (Okabe+2014)




1936: VERIFICATION in the VIRGO Galaxy Cluster

The Target The Finding The Skepticism
Sinclair Smith studied the Found a discrepancy of factor Like Zwicky, Smith's work
Virgo Cluster, much closer and ~50. Verified that the cluster was treated as a curiosity
better mapped than Coma. mass problem was real. or a sign that clusters were

"unbound" and flying apart.

NSF-DOE Rubin’s First
| EmVERACRUBIN e Q|



Gravitational Lens

lensed image seen of
background galaxy

background galaxy

foreground galaxy o
e RO R TS
R E e EEY

\5_

BN

Z21: ALMA (ESO/NRAO/NAQ)), L. Calcada (ESO), Y. Hezaveh et al.




Gravitational Lens

a = (2.74)

Apparent Position

&

c2§

If a point mass M at a distance & is deflected by an angle &

&@ ~ l,.’74

Farth

Narayan &
Bartelmann (2008)
-
!




Gravitational Lens

> In 1924, the Russian physicist Orest Chwolson: a massive body could deflect the light
from a more distant source in such a way that would lead to the appearance of multiple
images, or of a ring (Chwolson, 1924)

> In 1936, Einstein himself published a paper on this topic, but concluded that due to the
very precise alignment required,“there is no great chance of observing this phenomenon.”

> In 1937, Zwicky argued it would be detectable because the Universe contains massive
galaxies and clusters acting as powerful lenses (not stars as Einstein assumed).

> |In 1979, Walsh, Carswell & Weymann discovered the first double quasar, QSO
0957+561.




Gravitational Lensing

The first lens system (other than the Sun)?!

> QSO0 0957+561, the first double quasar: In 1979 by Walsh, Carswell & Weymann

-

560826

24

22

20—

Declination (B1950)

16—

C

L.l | | | kN - - 1
09 57 58.0 57.8 57.6 57.4 57.2 57.0 56.8 56.6

Right Ascension (B1950)

Fig. 3.56 Top: optical images of the double quasar QSO 0957+561.
The image on the fop left has a short exposure time; here, the two point-
like images A & B of the quasar are clearly visible. In contrast, the
image on the top right has a longer exposure time, showing the lens
galaxy G1 between the two quasar images. Several other galaxies (G2—
G5) are visible as well. The lens galaxy is a member of a cluster of
galaxies at zg = 0.36. Bottom: two radio maps of QSO 0957+561,
observed with the VLA at 6 cm (left) and 3.6 cm (right), respectively.
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angular scales, the jet can be observed by VLBI techniques in both
images (see Fig.3.57). On large scales only a single image of the
jet exists, seen in image A; this property should be compared with
Fig.3.55 where it was demonstrated that the number of images of a
source (component) depends on its position in the source plane. Source:
Top: P. Young et al. 1980, The double quasar Q0957 + 561 A,B—A
gravitational lens image formed by a galaxy at z = 0.39, ApJ 241, 507,
p. 508, 509, Fig. la,b. ©AAS. Reproduced with permission. Bottom:

N

when the optical identification of a radio source showed two point-like optical sources.




Gravitational Lensing

The first lens system (other than the Sun)?!

> QSO0 0957+561, the first double quasar: In 1979 by Walsh, Carswell & Weymann
when the optical identification of a radio source showed two point-like optical sources.

VLBI Observations of 0957 + 561

0957+561A

0957+561B

Fig. 3.57 Left: milliarcsecond structure of the two images of the
quasar QSO 0957+561, a VLBI map at 13 cm wavelength. Both quasar
images show a core-jet structure, and it is clearly seen that they are
mirror-symmetric, as predicted by lens models. Right: spectra of the
two quasar images QSO 0957+561A,B, observed by the Faint Object
Camera (FOC) on-board HST. The similarity of the spectra, in particular
the identical redshift, is a clear indicator of a common source of the
two quasar imaees. The broad Lva-line. in the wines of which an
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Nv-line is visible, is virtually always the strongest emission line in
quasars. Source: Left: M. Gorenstein et al. 1988, VLBI observations
of the gravitational lens system 0957+ 561—Structure and relative
magnification of the A and B images, ApJ 334,42, p. 53, Fig. 5. ©AAS.
Reproduced with permission. Right: A.G. Michalitsianos et al. 1997, Ly
alpha Absorption-Line Systems in the Gravitational Lens Q0957+561,
ApJ 474, 598, p. 599, Fig. 1. ©AAS. Reproduced with permission



Gravitational Lens

> In 1924, the Russian physicist Orest Chwolson: a massive body could deflect the light
from a more distant source in such a way that would lead to the appearance of multiple
images, or of a ring (Chwolson, 1924)

> In 1936, Einstein himself published a paper on this topic, but concluded that due to the
very precise alignment required,“there is no great chance of observing this phenomenon.”

> In 1937, Zwicky argued it would be detectable because the Universe contains massive
galaxies and clusters acting as powerful lenses (not stars as Einstein assumed).

> |In 1979, Walsh, Carswell & Weymann discovered the first double quasar, QSO
0957+561.

> |n 1986, Paczynski: gravitational microlensing by stars could be used to search for
compact objects in the “dark halo” of the Milky Way.




The Galactic microlensing effect: The quest for
compact dark matter
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Fig. 2.37 In this 8° x8° image of the LMC, 30 fields are marked in red Fig. 2.36 Light curve of the first observed microlensing event in the
which the MACHO group has searched for microlensing events during LMC, in two broad-band filters. The solid curve is the best-fitting

microlensing light curve as described by (2.93), with ym.x = 6.86.
The ratio of the magnifications in both filters is displayed at the
bottom, and it is compatible with 1. Some of the data points deviate

the ~ 5.5 yr of their experiment; images were taken in two filters to test
for achromaticity. The positions of 17 microlensing events are marked
by yellow circles; these have been subject to statistical analysis. Source: significantly from. the. curve; this means that eithet the errors in the
C. Alcock et al. 2000, The MA.CHO Project: M‘lecnsmg Results measurements were underestimated, or this event is more complicated
from 5.7 Years of Large Magellanic Cloud Observations, ApJ 542, 281, than one described by a point-mass lens—see Sect.2.5.4. Source: C.

p. 284, Fig. 1. ©AAS. Reproduced with permission Alcock et al. 1993, Possible gravitational microlensing of a star in the
Large Magellanic Cloud, Nature 365, 621



The Galactic microlensing effect: The quest for
compact dark matter
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Fig. 2.39 From observations by the EROS collaboration, a large mass
range for MACHO candidates can be excluded. The maximum allowed
fraction of the halo mass contained in MACHOs is plotted as a function
of the MACHO mass M, as an upper limit with 95 % confidence.
A standard model for the mass distribution in the Galactic halo was
assumed which describes the rotation curve of the Milky Way quite
well. The various curves show different phases of the EROS exper-
iment. They are plotted separately for observations in the directions
of the LMC and the SMC. The experiment EROS 1 searched for

Mass of the deflector Mg

microlensing events on short time-scales but did not find any; this yields
the upper limits at small masses. Upper limits at larger masses were
obtained by the EROS 2 experiment. The thick solid curve represents
the upper limit derived from combining the individual experiments. If
not a single MACHO event had been found the upper limit would have
been described by the dotted line. Source: C. Afonso et al. 2003, Limits
on Galactic dark matter with 5 years of EROS SMC data, A&A 400,
951, p. 955, Fig. 3. ©ESO. Reproduced with permission

> The absence of lensing events of very short duration then allowed them to derive
limits for the mass fraction of such low-mass MACHOSs, as is shown above.

> OGLE derived an upper bound of 2% of the dark matter in our Milky Way which
could be in the form of compact objects.




The Galactic microlensing effect: The quest for
compact dark matter

Variations and extensions

Days since UT 31.0 May
0 10 20 30 40

l\‘T"IlI|I-|lI|l|'l||l|-'ll|||||[flil|!l_

1w

I 17 = [ N N N i

18 4

18 - 1 —
[+ ' 19 E
© 2 [
= e
£ -
o
(C
= 19 |

FEPRTIT N I SO U B AN AU O I N A A N S A O A A O AN AN U I N AT

970 980 990 1000
Julian Date —2450000.

Fig. 2.41 Light curve of an event in which the lens was a binary
star. Note the qualitative similarity of this light curve with the second
one from the top in Fig.2.40. The MACHO group discovered this
‘binary event’. Members of the PLANET collaboration obtained this

Extrasolar planet detected by gravitational microlensing

R

Magnification \ Deviation
by stellar .due to
lens planet

4— I0days ——»

Image: This infographic explains the light curve astronomers detect when viewing a
microlensing event, and the signature of an exoplanet: an additional uptick in brightness when
the exoplanet lenses the background star. Credit: NASA / ESA / K. Sahu / STScl).
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Strong Lens

Apparent Position

. _

True Position

Elliptical Galaxy

SLACS (Bolton+)



Weak Lens

Apparent Position
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Galaxy Clusters
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lll. Rotation Curves
(1970—1980)

Rubin, Ford, Bosma, and the Halo

scovery




1970: THE ANDROMEDA REVOLUTION

Vera Rubin and Kent Ford used high-precision spectroscopy

of H-alpha regions in the Andromeda Galaxy (M31).

(KM/SEC)

ROTATIONAL VELOCITY

0 1 L i n i ki
o 20 40 60 80 100 120
DISTANCE TO CENTER (MINUTES OF ARC)

F16. 9.—Rotational velocities for OB associations in M31, as a function of distance from the center.
Solid curve, adopted rotation curve based on the velocities shown in Fig. 4. For R < 12/, curve is fifth-
order polynomial; for R > 12/, curve is fourth-order polynomial required to remain approximately flat §
near R = 120’. Dashed curve near R = 10’ is a second rotation curve with higher inner minimum,




Expected: Orbital velocity drops with distance: e.g. v « r

—1/2

Observed: Orbital velocity remains Flat.

Conclusion: The mass must be distributed in a massive halo.

| have met her in 2002, but...

' Velocity
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1978: RADIO CONFIRMATION
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FIG. 5. The rotation curves
Bosma, 1978.
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of the 25 galaxies. From

While Rubin used optical stars, Albert Bosma

used Radio Astronomy (21-cm Hl line).

= Gas extends much further than stars.
= Observed dozens of galaxies.

= Proved that flat rotation curves were a

Universal feature of spiral galaxies.



Galaxy Rotation Curves in 21c

Rotation curves are NOT always flat, why?

i T-type <-2 -1< T-type <1 __ T-type 22
T logM.,,./MJ <10.8 T logM,,,/MJ <10.8 _. <H “Ilog[M,,,/MJ <10.8

26 51 103 205 411

00 05 10 15 20 25 3.0 00 05 1.0 15 20 25 3.0 00 05 10 15 20 25 3.0
r/R, r/R, r/R,

> Dark matter may play an important role in
shaping the rotation curve.
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Galaxy Rotation Curves in 21C
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Q: How to understand this diversity and dependence?




Galaxy Rotation Curves in 21C @ z~0
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on the other hand, Galaxy Rotation Curves in 21C @ z~1-2

> Interestingly, in the early universe
_ o massive disk | (z=0.6-2.6, 2.5-8 Gyrs old),

verage s - ——— the overall rotation curves

|| declines unlike the local galaxies!

1> This means something, what?

—
o
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> Lower dark matter fraction for
- |the galaxies in the earlier universe,
— |but why?
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Total mass density of the Universe

Nature 250, 309 - 310 (26 July 1974)

Dynamic evidence on massive coronas of galaxies
JAAN EINASTO, ANTS KAASIK & ENN SAAR

A LONGSTANDING unresolved problem in galactic astronomy is
the mass discrepancy observed in clusters of galaxies. The virial
mass of the cluster per galaxy and the mass—luminosity ratio are
considerably larger than the corresponding quantities for individual
galaxies. This discrepancy cannot be a result of expansion or be
because of the recent origin of clusters: these ideas contradict our
present knowledge of the physical evolution and ages of galaxies. :
Therefore it is necessary to adopt an alternative hypothesis: that
the clusters of galaxies are stabilised by hidden matter.

Accordmg to new estimates the total mass dtnsﬂy of

Both papers: Qm =192 matter in galaxies is 20% of the critical cosmological
dcnsity.

THE SIZE AND MASS OF GALAXIES, AND THE MASS OF THE UNIVERSE

J. P. OSTRIKER
Princeton University Observatory

P. J. E. PEEBLES
Joseph Henry Laboratories, Princeton University

AND
A. YaHIL

niversity Observatory; and Department of Physics, Tel-Aviv University
Received 1974 May 28; revised 1974 July 15

ABSTRACT 1974 Apl 194,L1

Currently available observations strongly indicate that the mass of spiral galaxies increases almost lmearly w:t.h

radius to nearly 1 Mpc. This means that the total mass per giant spiral is of the order of 10'* Mo, and that the ratio
of this mass to the photographic ight within the Holberg radius, E, Is ~200 (M/L)o. Using Zﬂls value of f and the
luminosity function of surveyed galaxies, we determine a local mean cosmological mass density ~2 X 10-%¥ g cm -3
corresponding to € = p/perit = 0.2. The uncertainty in this result is not less than a factor of 3. SII d es from J Prim a Ck




V. Stability & Halos
(1973—1974)




1973: DISK INSTABILITY

Jeremiah Ostriker and Jim Peebles discovered a critical problem using early computer simulations:

= Galactic disks of stars are naturally unstable and collapse into "bars" very quickly.
= The Fix: A massive, non-rotating spherical halo provides the gravity to stabilize the disk.
= This shifted dark matter from an "observational oddity" to a "theoretical requirement."

A NUMERICAL STUDY OF THE STABILITY OF FLATTENED
GALAXIES: OR, CAN COLD GALAXIES SURVIVE?*

[ SR
|

o J. P. OSTRIKER —-—
Princeton University Observatory e

AND

P. J. E. PEEBLES
ph Henry Laboratories, Princeton University

Received 1973 May 29 ” o , )
'\ PEEBLES
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Dark Matter Halo
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V. The Particle Turn (1980
— Present)

Cold Dark Matter, WIMPs, and

Axions




Dark Matter: Hot or Cold?

~1980 - Most astronomers are convinced that dark matter exists around
galaxies and clusters - but 1s 1t Hot or Cold? Theorists usually
assumed Qm=1, but observers typically found Q,~0.2.

The Hot-Warm-Cold DM terminology was introduced by Dick Bond and
me 1n our talks at the 1983 Moriond Conference.

1973 - Marx & Szalay, Cowsik & McClelland: my< 100 eV
1980 - Zel’dovich group develops Hot Dark Matter (HDM) theory!
1983 - White, Frenk, Davis: simulation rules out HDM

In ~1980, when purely baryonic adiabatic fluctuations were ruled out by the improving
upper limits on CMB anisotropies, theorists led by Zel’dovich turned to what we now
call the HDM scenario, with light neutrinos making up most of the dark matter.
However, in this scheme the fluctuations on small scales are damped by relativistic
motion (“free streaming”) of the neutrinos until T<m,, which occurs when the mass
entering the horizon is about 10> Mgy, the supercluster mass scale. Thus superclusters
would form first, and galaxies later form by fragmentation. This predicted a galaxy
distribution much more inhomogeneous than observed.

L E.g., Doroshkevich, Khlopov, Sunyaev, Szalay, & Zel’dovich 1981, NYASA 375, 32; Zel’dovich, Einasto, Shandarin 1982,

Nature 300, 407; Bond & Szalay 1982, ApJ 274, 443. . .
Slides from J. Primack



Structure Formation
In the Universe
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in the background radiation.

Big Bang 400,000 years

SECRETS IN THE
BACKGROUND RADIATION

14 billion years

Q: Anyone saw the Big Bang?
How do you know there was Big Bang?

DESI's map of the Universe is the largest to date. The delicate bubble-like structures in the
distribution of galaxies—seen in the inset—record vital clues to the expansion history of
the universe. Credit: Claire Lamman/DESI collaboration; custom colormap package by
cmastro.



Cosmic Microwave Background (CMB) « neusihyirogen

. free electrons
free protons

* free electrons neutral hydrogen

® free protons

lagt scattering
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Evidence for Big Bang - CMB

Cosmic Background Spectrum at the Morth Galactic Pole
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Cosmic background radiation
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Microwave radiation from the sky
enters the horn and is focused ™
into the instrument room.

In 1965, Arno Penzias (right) and Robert

Wilson first detected the cosmic microwave

background radiation with the horn antenna ,
behind them.

The horn could be rotated about

1
;Ii? W \/_ Y two axes to scan the entire Sky.
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Cosmic background radiation
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high pressure, such as the zero-mass scalar, capable of speeding the universe through the
period of helium formation. To have a closed space, an energy density of 2 X 10—2*
gm/cm? is needed. Without a zero-mass scalar, or some other “hard” interaction, the
energy could not be in the form of ordinary matter and may be presumed to be gravita-
tional radiation (Wheeler 1958).

Ome other ]):;ssxbsluy for closing the universe, with matter providing the energy con-
tent of the universe, is the assumption that the universe contains a net electron- type
neutrino abundance (in excess of antineutrinos) greatly larger than the nucleon abun-
dance. In this case, if the neutrino abundance were so great that these neutrinos are
degenerate, the degeneracy would have forced a negligible equilibrium neutron abun-
dance in the early, highly contracted universe, thus removing the possibility of nuclear
reactions leading to helium formation, However, the required ratio of lepton to baryon
number must be > 10,

We deeply appreciate the helpfulness of Drs. Penzias and Wilson of the Bell Telephone
Laboratories, Crawford Hill, Holmdel, New Jersey, in discussing with us the result of
their measurements and in showing us their receiving system. We are also grateful for
several helpful suggestions of Professor J. A. Wheeler.

R. H. Dickre
P, J. E. PEEBLES
P. G. RoL.
D. T. WiLkinsox

May 7, 1965
Paruer PHysicaL LABORATORY

PrINCETON, NEW JERSEY Dicke+
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A MEASUREMENT OF EXCESS ANTENNA TEMPERATURE
AT 4080 Mc/s

Measurements of the effective zenith noise temperature of the 20-foot horn-reflector
antenna (Crawford, Hogg, and Hunt 1961) at the Crawford Hill Laboratory, Holmdel,
New Jersey, at 4080 Mc/s have yielded a value about 3.5° K higher than expected, This
excess temperature is, within the limits of our observations, isotropic, unpolarized, and

@ American Astronomical Society = Provided by the NASA Astrophysics Data System
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Costnic background radiation

Foundation archive Foundation archive. Foundation archive
Pyotr Leonidovich Arno Allan Penzias Robert Woodrow
Kapitsa Prize share: 1/4 Wilson

Prize share: 1/2 Prize share: 1/4

The Nobel Prize in Physics 1978 was divided, one
half awarded to Pyotr Leonidovich Kapitsa "for his
basic inventions and discoveries in the area of low-
temperature physics", the other half jointly to Arno
Allan Penzias and Robert Woodrow Wilson "for
their discovery of cosmic microwave background
radiation.”






Evidence for Big Bang - CMB

Cosmic Background Spectrum at the North Galactic Pole
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An Expanding Universe

Kinematics of the Universe

> Comoving Coordinates x (vs. Proper/Physical sizes r)

rit)=a(t)x. 4.4)

> a(t): cosmic scale factor -
describe the expansion of the universe
> dimensionless

> a(t;) = 1 by definition where to=today

> Expansion rate: H(t) - Hubble parameter

d d j
v(r,t) = Er(t) = d—fx =ax = f—lr =H@{)r, (4.6)

H(t) := ;‘l . 4.7

Using the definition of redshift, z = (Ao — Ac)/Ac

1
14z=— (4.41)
a

TN distance

distance

Harrison (2000):
Comoving vs. Proper distance




Gravitational Instability

Linear Perturbation Theory

> \We would like to decribe the growth of density perturbations in the universe.
> For simplicity, we assume that the matter in the universe consists only of dust

(i.e. pressure-free matter), with density p(r, 7).
> The matter distribution is described as fluid with the velocity of v(r, £).

1) Equations of motion

> Continuity equation: g_’; +V-(pv) =0, (7.2)

9 VP
® V=t Vo,
P

> Euler equation (i.e. momentum equation): dt

(7.3)

> Here we set P = O because we consider pressureless matter.

> Poisson equation: |V2¢ = 47Gp— A . (7.4)

> relative density contrast ||s(r.1):= p(r’;)(t_) PO (7.1)
0’8 2496

> |n short, we have: G2 =20 4w Gps . (7.14)
a2  a ot




Gravitational Instability

- - 2 .
Linear Perturbation Theory gt‘z n 2_“% = 47Gps . (7.14)
a

Remarkably, this equation does not contain
1. derivatives with respect to spatial coordinates
2. coefficients that depend on x

> The solution can have the form of 6(x, f) = D(£)o(x):;
l.e. spatial and temporal dependencies factorize.
> o(x): arbitrary function of the spatial coordinate
> D(?): satifies the eugation of

D+2D—4xG5t)D =0. (7.15)
a




Gravitational Instability

Linear Perturbation Theory

Example: Einstein-de Sitter (EdS) model

> In a special case with € =1, Q, = 0, eq (7.15) can be solved explicitly.

s 2a .
SHOED 7\ D+ ?QD —47Gp()D =0. (7.15)
a(t) = ( ) = (—) : @.56)| [tg Hy = 2/3
2 fo  * l
- 2 -2 —>
(E) = 3 , and p(7) = a_BPcr = 3H0 (i)
a 3t 8nG \ 1y . 5
D+—D-—D=0. 7.18
T 3t 312 (7.18)
> This equation is easily solved by making the ansatz D « t7 ; l
each term has the dimension D/(time)?. 4 2
1 A v v q(q — 1) + gq — 5 — ()
0s _ ’ 1 ‘\\_ Q,=0.3Q,=0 _
j S/ T eess = Solutions: g = 2/3 (increasing) and ¢ = — 1 (decreasing)
D+ e - ..'/ iy t 2/3
ul // : D) = (5) . (7.19)
02 - /7 + 1 |> EdS: growth factor = scale factor
Tennnd |> This means that fluctuations were able to grow by a

R TR R  E  m
N N b s |factor ~1000 from the epoch of recombination at z ~ 1000,
19. /. TOW actor a4 or three erent cosmological models, as . . .

a function of the scale factor a (left panel) and of redshift (right panel). from WhICh the CMB photons Orlglnate, to the present day.

It is clearly visible how quickly D decreases with increasing redshift
in the EdS-model, in comparison to the models of lower density




Gravitational Instability Q: What is the evidence for

dark matter in the universe?

e -

% ﬁ(’-l“n

Linear Perturbation Theory Q: What is observed at the CMB map?
Evidence for dark matter on cosmic scales pRUInAESN

At present epoch, the scales of
> galaxy clusters: 0 > 1

> Superclusters: 0 ~ 1
> For EdS:

2/3
D.(t) = (Ii) = a(t) (7.19)

0

> According to the change of the growth factor, we expect 6 > 107> at z = 1000 so that
the fluctuations grow to non-linear structures at the current epoch.
> This means that the CMB fluctuation should be AT/T > 1073,
> |n reality, AT/T ~ 107
these fluctuations cannot grow sufficiently to form non-linear structures. Then what?
> CMB shows the density contrast of baryons!
> Dark matter may have had a higher density contrast at recombination,
but the baryons, which are strongly coupled to the radiation field before recombination,
are prevented from strong clustering due to the radiation pressure.
> Only after the recombination,
the baryons may fall into the potential wells formed by the dark matter.
> This is the important evidence for the existence of dark matter!
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ABSTRACT

A critical factor in the formation of galaxies may be the presence of a black-body radiation content
of the Universe. An important property of this radiation is that it would serve to prevent the formation
of gravitationally bound systems, whether galaxies or stars, until the Universe has expanded to a critical
epoch. There is good reason to expect the presence of black-body radiation in an evolutionary cosmology,
and it may be possible to observe such radiation directly.
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We will discuss more about Dark Matter Particle models later.




VI. Precision
Cosmology

CMB, Bullet Cluster, and Large Scale

Structure




Angular Fluctuations of the Cosmic Microwave Background

Description of the CMB anisotropy

> How to quantify the angular distribution of CMB temperature?
1. Correlation function and power spectrum

2. Relative temperature fluctuations: T(7) = [T(h) — Tyl/T,,

> Spherical harmonics decompostion of the CMB temperature map

max
T T Aym Y;?m( )
=0 m=—/¢
A ) o i ] The expansion coeffients are given by
> n: unit vector describing the direction on the sphere o
> qa;,,.: spherical harmonics coefficients s = LW ()Y (1) A2
> Y, : the spherical harmonics themselves (computed with Legendre polynomials)




CMB Power spectrum
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Planck 2018 results. VI. Cosmological parameters
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= The relative heights of the acoustic peaks fix

the Ratio of Baryons to Dark Matter.
Confirmed a universe that is 27% Dark Matter.

> Correlation Function:

CO) =(T(n)T(n")) (8.35)

where the average extends over all pairs of directions n and

n’ with angular separation 6.

£
> Power spectrum: 1 | |2
20+ 1 "
m=—/
> Power spectrum is usually displayed as ||A2 = £(£2+ I)CETZ
T

I 1
1000

L

1500

2000 2500

Parameter

Planck alone

0.02237 + 0.00015
0.1200 + 0.0012

T.04002 £ 0.
T 0.0544 = 0.0073
In(10°Ay) .. .. .. 3.044 +0.014

My oo 0.9649 + 0.0042
Ho oo, 67.36 + 0.54

O oo 0.6847 + 0.0073

o T 0.3153 = 0.0073
Quh. 0.1430 + 0.0011
Quh. . 0.09633 + 0.00030
O§ e 0.8111 + 0.0060
05(Qn /0.3)05 0.832 = 0.013

e e 7.67 +0.73
Age[Gyr] ...... 13.797 + 0.023
rMpel .. ... ... 144.43 = 0.26
1000, ......... 1.04110 + 0.00031
FamgIMpe] . ... .. 147.09 + 0.26

Zoqe e 3402 + 26
kegMpe™']. ... .. 0.010384 = 0.000081




2006 Breakthrough

THE "SMOKING GUN"

A collision of two clusters separated the visible gas

| from the dynamical mass. Which one is which?

= The mass (detected via lensing) kept moving,
while the gas got stuck in the middle.
ll - Proves that Dark Matter is a Particle, not just

a modification of gravity.

eMass of a typical galaxy cluster : 1013-1015 M
e Galaxies : 1-2 % (Lin et al. 2003)
e X-ray emitting Gas : 5-15 % (Vikhlinin et al. 2006)

e Dark matter :>80% (first suggested by Zwicky 1933)
- Affect galaxy properties gravitationally and hydrodynamically




Large Scale Structures in the Universe

N-body simulations show how Dark Matter seeds

structure.

= Galaxies form in the "wells" of vast Dark
Matter filaments.
| = Structure formation is "Bottom-Up,"

confirming the Cold Dark Matter model.

yo



Large Scale Structures in the Universe
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Concluding Summary

Proven Gravity Non-Baryonic (TBD) The Missing Link (TBD)
From Kelvin to Planck, the BBN and CMB prove that While we know it's there,
gravitational evidence for dark matter cannot be we have yet to detect the
dark matter is made of atoms or standard dark matter particle directly
overwhelming and matter. in a laboratory.

consistent.

"The history of dark matter is the story of how we learned that we are a small fraction of the total

matter in the universe."



