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Virial Theorem: kinetic energy « potential energy
implies 400x more mass than visible!
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Confirmation: 1980s Vera Rubin
L0

Rotation velocity v(r) of r.
-

spiral galaxies
L)

(M. Kam/onkowskl astro- ph/9809274) -
NGC 86503

150

disk

implies 100x more mass

than Visible! Oo L1 1|0| L |2|0| L |30
Radius (kpec)
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Direct Astrophysical Observation: 2006

“NASA Finds Direct Proof of Dark Matter”
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GALAXY EVOLUTION
CONTINUES...

FIRST STARS

400,000,000 YEARS
AFTER BIG BANG

INFLATION

i
- n 13,700,000,000 YEARS

. AFTER BIG BANG
\ @

—
SADY AHV() SH )

COSMIC MICROWAVE
BACKGROUND

400,000 YEARS AFTER
BIC BANG

FIRST GALAXIES

1000,000,000 YEARS
AFTER BIG BANG

FORMATION OF

THE SOLAR SYSTEM
8,700,000,000 YEARS
AFTER BIG BANG




Cosmic Microwave Background

23 GHz

33 GHz

41 GHz




Cosmic Microwave Background

fluctuations in the cosmic microwave
background probe the composition

of the early universe
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Luminosity Distance

Table 7.1 Luminosity distance versus redshift

Dominant ,. Q. D H,/c
component

Matter y y 2(1 4 2)[ 1
(Einstein—de
Sitter universe)
Empty unmiverse ) ) z(1 4+ 2/2)
Vacuum | i Z(1 +2)
Flat. matter + y U Numerical integration giving

vacuum best fit to data (see Fig. /.14)
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CMB Acoustic Spectrum

CMB “Baryometer” Baryon Acoustic Oscillations

From W. Wu (Chicago) Angular scale
' ’ 0.5°

Gravity

—
:

O

@]

1Issasdw

0

5005 $1000
Multipole fhoment L

Baryons compress photon-baryon plasma at recombination,
photons exert pressure, competition gives rise to pressure wave
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Cosmological Parameters

Best-fit cosmological parameters from WMAP seven-year results'®®"

Parameter

Symbol

Best fit (WMAP only)

Best fit (WMAP + BAO®'] 4+ Hy??)

Age of the universe (Ga)

f()

13.75 £0.13

13.75 0.1

Hubble's constant ( m/p,',pc.s )

Hy

71.0 £2.5

+1.3
704 _, 4

Baryon density

gzb

0.0449 £0.0028

0.0456 +0.0016

Physical baryon density

0.00057
0.022 58 "y 0o e

0.022 60 +0.000 53

Dark matter density

(2

0.222 £0.026

0.227 £0.014

Physical dark matter density

0.1109 £0.0056

0.1123 £0.0035

Dark energy density

(25

0.734 £0.029

+0.015

0.728 _, 516

Fluctuation amplitude at 8h™" Mpc

g

O

0.801 £0.030

0.809 +0.024

Scalar spectral index

e

0.963 £0.014

0.963 £0.012

Reionization optical depth

~—
/

0.088 £0.015

0.087 £0.014




GALAXY EVOLUTION
CONTINUES...

FIRST STARS

400,000,000 YEARS
AFTER BIG BANG

INFLATION

i
- n 13,700,000,000 YEARS

. AFTER BIG BANG
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—
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COSMIC MICROWAVE
BACKGROUND

400,000 YEARS AFTER
BIC BANG

FIRST GALAXIES

1000,000,000 YEARS
AFTER BIG BANG

FORMATION OF

THE SOLAR SYSTEM
8,700,000,000 YEARS
AFTER BIG BANG
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Big

SENY
Nucleo-
synthesis

(BBN)

End of
electroweak
L unification

3
‘ Quark-hadron
transition

Big Bang
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The current baryon-to-photon ratio has been determined to be

n = "B7M"B _ 51010
Ty

Using this with Hy = 70 km/s/Mpc for the Hubble constant and approximating ng =
0, find the current value of Q5 = pg/p. and evaluate numerically.
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The current baryon-to-photon ratio has been determined to be

n = "B7M"B _ 51010
Yoy
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0, find the current value of Q5 = pg/p. and evaluate numerically.
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From Perkins we know that the current photon density is
N, = 411em™
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The current baryon-to-photon ratio has been determined to be

n = "B7M"B _ 51010
Yoy

Using this with Hy = 70 km/s/Mpc for the Hubble constant and approximating ng =
0, find the current value of 25 = pg/p. and evaluate numerically.

Assuming nz = 0 we have for the baryon to photon ratio

77=E"_~15><10_10
Ty

From Perkins we know that the current photon density is
N, = 411em™
so for the current baryon density we have
ng = (5 x 107'%411em ™ = 2.055 x 10~ "em ™

The mass density pg 1s then given by pg = ng x mp. Taking mp as the proton mass
1s a good approximation. So to find the current value of {2 we evaluate
pg  mpngdrG
" p.  3HZ
~ (167 x 107*7kg)(2.055 x 10%km )81 (6.674 x 10~ km3kg—'s7?)
B 3(2.16 x 10~ 185~1)2

Qg

= 0.041



0.0456 £ 0.0016
0.227 £ 0.014
~ (.728 = 0.015 .

E. Komatsu et al., Astrophys. J.
Suppl 192 (2011) 18

The Standard Model of Cosmology

3 Free Hydrogen
and Helium:
- 4%

Dark Matter:
¥ 25%

Dark Energy:
10%

Dark Matter is ~25% of the universe.
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0.0456 £ 0.0016

0.227 £ 0.014
0.728 = 0.015 .

E. Komatsu et al., Astrophys. J.
Suppl 192 (2011) 18

viviv }Z FreeHydmgnn
: N and Helium:

! 2 i 4 4%

Dark Matter:

25%

&4

o o
Dark Energy:
10%

We only understand 4% of the universe!
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What do we know about Dark Matter?

Dark Matter Halo

Galactic Disk

.m‘m Jocelyn Monroe

Solar System

~25% of the universe
optically dark
bound to.our galaxy

density ~ 0.3 GeV/cm3

interactions: very weak,
~collision-less

Oct. 18, 2022 p. 6
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Candidates

Non-baryonic dark Baryonic dark matter
matter (protons and neutrons)

~ Nebulas & | Black holes & q
Faint stars ' Neutron stars ‘

IS T, S— R NN,

Cold (slow) non- Hot (fast) non- x
baryonic dark matter. baryonic dark matter|

l .

Electromagnetic ﬂ
radiation
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Dark Matter
Candidates

strong
e.m.
weak
Interaction
strengths
gravity

._ﬂ.%f Jocelyn Monroe

mMasses

neutrinos

10

WIMPs :

neutralino @
KK photon®

branon

Slmd

4 axino
SuperWIMPs :

l gravitino
KK graviton

‘1||" 10" ll)A: 10" lu;

mass (GeV)

10"

10 10" 10"

Black Hole Remnant

l[lh

HEPAP/AAAC DMSAG Subpanel (2007)
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WIMP Number Density
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WIMP Mass Range
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Fig. 7.11 Variation of the closure parameter
with WIMP mass. assuming conventional
weak  coupling. The shaded region,
corresponding to £2 = 0.1 — 1. i1s that in which
the contribution to the closure parameter
from massive neutrinos or WIMPs must
lie, thus excluding the range of masses
100 eV-3 GeV. Accelerator experiments
suggest that WIMPs must have masses
exceeding M7 /2=45GeV. otherwise Z
bosons could decay into WIMP-antiwWiMP
pairs. However, for masses which are
large compared with the Z boson mass, the
weak cross-section falls rapidly because of
propagator effects, so that WIMPs in the
TeV mass range are possible dark matter
candidates, depending on the precise values
of the WIMP coupling.




Model Space: Theorist's View (thanks to H. Murayama)
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