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Structure of Spiral Galaxies

Spiral Galaxy NGC 2997 Spiral Galaxy NGC 891

Georg Raffelt, MPI Physics, Munich Neutrinos in Astrophysics and Cosmology, NBI, 23-27 June 2014




Structure of a Spiral Galaxy

Georg Raffelt, MPI Physics, Munich Neutrinos in Astrophysics and Cosmology, NBI, 23—-27 June 2014



Structure of a Spiral Galaxy

Dark Halo

Georg Raffelt, MPI Physics, Munich Neutrinos in Astrophysics and Cosmology, NBI, 23-27 June 2014
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j Ordinary Matter

10% luminous)

~5%

(of this only about

R Dark Matter

~25%

Neutrinos
- 0.1-1%
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Expanding Universe and the Big Bang

Hubble’s law

Hubble’s constant

1 Mpc =3.26 x 108 lyr
=3.08 x 1024 cm

Expansion age of the universe
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Expanding Universe and the Big Bang

Hubble’s law

Hubble’s constant

1 Mpc =3.26 x 108 lyr
=3.08 x 102%4cm

Expansion age of the universe
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Expanding Universe and the Big Bang

e Photons Hubble’s law
e Neutrinos

e Charged Leptons
e Quarks
® Gluons
e \W- and Z-Bosons

Hubble’s constant

e Higgs Particles 1 Mpc = 3.26 x 10 lyr

e Gravitons - 308 x 102
e Dark-Matter Particles = 2.8 x cm

e Topological defects

Expansion age of the universe

Georg Raffelt, MPI Physics, Munich Neutrinos in Astrophysics and Cosmology, NBI, 23-27 June 2014
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Cosmic Expansion

Cosmic Scale Factor Cosmic Redshift

e Space between galaxies grows e Wavelength of light is “stretched”
* Galaxies (stars, people) stay the same  , ¢\ tfers redshift z 11 = Atoday
(dominated by local gravity Athen
or by electromagnetic forces) e Redshift today: z =0

e Cosmic scale factor today: a =1

_ 4today  %today

z+1=
Athen  @then

Georg Raffelt, MPI Physics, Munich Neutrinos in Astrophysics and Cosmology, NBI, 23—-27 June 2014



Friedman-Robertson-Walker-Lemaitre Cosmology

e On scales = 100 Mpc, space is maximally symmetric
(homogeneous & isotropic)

e The corresponding Robertson-Walker metric is

dr?
ds* = dt* — a’(t) |[-——7 +17(d6” +sin”0 d¢?)
(I ) )
Clock time  Cosmic  Curvature Co-moving spherical coordinates
of co-moving scale k=0,1 r is dimensionless

observer factor

k=+1

Georg Raffelt, MPI Physics, Munich Neutrinos in Astrophysics and Cosmology, NBI, 23-27 June 2014



Friedman Equation: Newtonian Derivation

e Birkhoff’s theorem:
Spherical symmetry implies that only

the mass interior to a radius R is relevant /
for the motion of a test mass m at R
e Energy conservation V Viin = const :
gy pot T Vkin Density. p
41

GNTR3pm +1R2 _ t
2 > R*m = cons

_ R2_81tG +const
R)] ~ 3 NPT T2

e Rescale R = a R, with cosmic scale factor a and R radius of curvature today

a\° 8m k
H2==| =—Gup — Friedman Equation
(a) 3 NP a’Rz
withk =0, +1

Georg Raffelt, MPI Physics, Munich Neutrinos in Astrophysics and Cosmology, NBI, 23—-27 June 2014



Critical Density and Density Parameter

e Evolution of the cosmic scale factor a(t) is governed by the Friedman Equation

H2— d2_81tG k
“\a) T3 g2

e In a flat universe (k = 0), the relationship between H and p is unique

Pcrit= 811'GN - 81T

(Hmp)? critical density

e Cosmic density always expressed in terms of density parameters

p  8mGyp

Q= =
Pcrit 3H?

e With the present-day Hubble parameter Hy = 67.3 km s~! Mpc~! we have
Pait=8.51x10"3% cm™3 = 5 GeVm 3 = (2.5 meV)*

Most of this in the form of “dark energy”

Georg Raffelt, MPI Physics, Munich Neutrinos in Astrophysics and Cosmology, NBI, 23—-27 June 2014



Generic Solutions of Friedman Equation

Equation | Behavior of energy-density under Evolution of
of state [ cosmic expansion cosmic scale factor

Dilution of radiation

adizition and redshift of energy

Matter Dilution of matter

Vacuum Vacuum energy not a(t) o eVA/3¢t
ENergy diluted by expansion A = 871Gy Pyac

p

o= P

p

Georg Raffelt, MPI Physics, Munich Neutrinos in Astrophysics and Cosmology, NBI, 23—-27 June 2014



Expansion of Different Cosmological Models

A Cosmic scale factor a Qy = 0.3
Qp = 0.7

>

i
14 9 -7 today Time (billion years)

Adapted from Bruno Leibundgut
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Evolution of Cosmic Density Components

6
10 et T T T T T & 7 Assumed neutrino masses
- X A cdm -o-oeeeee 4 m3=50meV
N 1§ s m, = 9 meV
L {7{:?’ \\\f‘/ Y ________ i m1 = O
103 | @c;;t?‘:?~ ‘\\\ A —_
—~~ n z‘@/‘ 5 \\ V _
> .’~\\ 3
3 i mf?:?:\\ V2 B
§ N vy
& 1+ Matter .. -
B radiation N
equality N,
| z__VacuumeEnergy 9 N\
10° - @ O ]
m — ) Lesgourgues & Pastor
| | | | | | | | | astro-ph/0603494
15 10°° 107 1

alag
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Evolution of Cosmic Density Components

] e —— | gt e ARy Assumed neutrino masses
. Photons \};' _ m3 = 50 meV
E g \\\ J;f]- my = 9 meV
: % _
0.1 £ Neutrinos NS m;= 0

= : d [y

i 7 Matter
S 001 . radiation

equality

CDM ,:""'Ba ryons
0.001 F /

Lesgourgues & Pastor
astro-ph/0603494

1e-04 - | | | | | | |
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Sky Map of Galaxies (XMASS XSC)

http://spider.ipac.caltech.edu/staff/jarrett/2mass/XSC/jarrett_allsky.html






Structure Formation in the Universe

Early phase of exponential expansion
(Inflationary epoch)

Zero-point fluctuations of quantum
fields are stretched and frozen

Structure grows by gravitational
instability

Cosmic density fluctuations are
frozen gquantum fluctuations




Power Spectrum of Density Fluctuations

Field of density fluctuations of matter (e.g. dark matter)
op(x
5(x) = p(x)

Fourier transfgrm of density field
8= [ d3x e H*5(x)

Power spectrum is essentially the square of the Fourier transform (4 is 5-function)
(1B = (2m)38(k — kP (k)

Power spectrum is Fourier transform of two-point correlation function (x = x, — x4)

d’k dadk . k3P(k
00 = (0G8G) = [ s etrpt = [ 5 enr T

AZ(k)
Gaussian random field (phases of 63 uncorrelated) is fully characterized by

P(k) = |6,|> Power Spectrum
or equivalently by
KPUO\? k325
AG) = ( ( )) _ |5k |

2m* V2
No “non-Gaussianities” in cosmological precision data (Planck CMBR results)

Georg Raffelt, MPI Physics, Munich

Neutrinos in Astrophysics and Cosmology, NBI, 23—-27 June 2014



Structure Formation by Gravitational Instability

Georg Raffelt, MPI Physics, Munich Neutrinos in Astrophysics and Cosmology, NBI, 23—-27 June 2014



Gravitational Growth of Density Perturbations

The dynamical evolution of small perturbations
op(x
5(x) = pg )
P
is independent for each Fourier mode §j, (linear regime)

<1

e For pressureless, nonrelativistic matter (cold dark matter)
naively expect exponential growth by gravitational instability

e But only power-law growth in expanding universe
(competition between expansion and gravitational instability)

Sub-horizon [ Super-horizon
AL H A>H1

Radiation dominates

2
a4 o $1/2 0 o const O X ac ot

Matter dominates

Density contrast grows
a oc t2/3

5, < a « t2/3 . .
& linearly with scale factor

Georg Raffelt, MPI Physics, Munich

Neutrinos in Astrophysics and Cosmology, NBI, 23—-27 June 2014



Processed Power Spectrum in CDM Scenario

Primordial spectrum  Suppressed by stagnation
during radiation phase

Primordial spectrum usually T R e e S SRS P S
assumed to be a power law 105 e i
P(k) = |8 |* o< k™ — - \
Harrison-Zeldovich spectrum é- 104 | il
(“flat”) hasng = 1 =
. . . E’
Precision cosmology provides E 108 il
ny= 0.960 + 0.007 3
Q.
in spectacular agreement with | @ 102 | Galaxy .
. . . . (<)) (S
simplest theories of inflation § surveys ‘
S 10 |- -
k=
—1] “
1 L | B |
| Lya !
il 0ol ool 0ol TR R
103 10-2 10-1 1
Wavenumber k [Mpc-1]
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Power Spectrum of Cosmic Density Fluctuations

Wavelength A [h-! Mpc]

104 1000 100 10 1
108 z
Z -
B o
=
= 104 o
T :
L 1
=~ )
= 3
)
a. 1000 -
E : :
7 2 d
o
. 100 | -
2 ) . m
L = = Cosmic Microwave Background 18
g E ® SDSS galaxies 1
e ] 1o
e # Cluster abundance -
= 10 . =4 <
: - = Weak lensing -
5 C 4 Lyman Alpha Forest n T=
O ©
] Tegmark & Zaldarriaga, astro-ph/0207047 + updates | QED
1 "-l lllllll 1 1 lllllll 1 1 lllllll 1 1 lllllll 1 1 11ui'r"' IG—J
0.001 0.01 0.1 1 10

Wavenumber k [h/Mpc]
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Discovery of the Cosmic Microwave Background Radiation

Robert W. Wilson
Born 1936

Arno A. Penzias
Born 1933

Discovery of 2.7 Kelvin
Cosmic microwave background radiation
by Penzias and Wilson in 1965

(Nobel Prize 1978)

Beginning of “big-bang cosmology”

Georg Raffelt, MPI Physics, Munich Neutrinos in Astrophysics and Cosmology, NBI, 23—-27 June 2014



Last Scattering Surface

Redshift z

Georg Raffelt, MPI Physics, Munich Neutrinos in Astrophysics and Cosmology, NBI, 23-27 June 2014



COBE Temperature Map of the Microwave Background

T =2.725 K (uniform on the sky)



COBE Temperature Map of the Microwave Background

Wavelength [mm]
2 1 0.67

FIRAS data with 400¢ errorbars
2.725 K Blackbody

—_
W
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T =2.725 K (uniform on the sky)



COBE Temperature Map of the Microwave Background

Dynamical range AT =3.353 mK (AT/T =~ 1073)
Dipole temperature distribution from Doppler effect
caused by our motion relative to the cosmic frame



COBE Temperature Map of the Microwave Background

Dynamical range AT =18 uK (AT/T =~ 107)
Primordial temperature fluctuations



COBE Satellite

Wavelength [mm]
2 1 0.67

FIRAS data with 4000 error bars
2.725 K Blackbody

Intensity [MJy/sr]

‘Deployable Sun, Earth,
RF/Thermal Shield

DMR Antennas

Helium Dewar

Deployable Solar Panels

- ‘ Earth Sensors
Deployable Mast

WFF Omni Antenna

TDRSS Orfini Antenna,

John C. Mather George F. Smoot
Born 1946 Born 1945

Georg Raffelt, MPI Physics, Munich Neutrinos in Astrophysics and Cosmology, NBI, 23-27 June 2014



Cosmic Microwave Background (Planck 2013)




Power Spectrum of CMB Temperature Fluctuations

Sky map of CMBR temperature
fluctuations

(T)

Multipole expansion

A6, p) = z z AomYem (6, @)

£=0 m=— Multipole moment, ¢
2 10 50 500 1000 1500 2000 2500

A(B, @) =

Angular power spectrum 6000 f

5000 | Acoustic Peaks '
4000

Co= <a;m ai’m)

3000 |

k
== E Ap,, A
20+ 1 fm>m 2000 |
m=—¢
Provides “acoustic peaks” and a

wealth of cosmological information 0 18 18 0.2° 0.1° 0.07°
Angular scale

1000 ¢

Temperature fluctuations [ p K? ]
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Flat Universe from CMBR Angular Fluctuations

Multipole moment, /

2 10 50

500 1000 1500 2000 2500

6000

5000 |

4000 |

3000

2000

1000 |

Temperature fluctuations [ K? ]

o

R ; 0.2 01° 0.07°

Angular scale

.

—>

Qior = 0.963%0075  (CMB alone)
Qior = 0.999519-3065 (All data)
(95% ranges from Planck, arXiv:1303.5076)

Triangulation with acoustic peak

flat (Euclidean)

S~

negative curvature I —

e

positive curvature )

Known physical Measured
size of acoustic peak angular size
at decoupling (z~1100) today (z=0)

Georg Raffelt, MPI Physics, Munich

Neutrinos in Astrophysics and Cosmology, NBI, 23—-27 June 2014



Geometry of the Universe and Angular Scales

Open Universe Flat Universe Closed Universe
Q=1 Q>1

<2 L ZH A7 £ 7
T N N Ny A Nl w e,
s esy s
L o o L Y A gy,
4'0.0..,: T N gy,
0.....0
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j Ordinary Matter

10% luminous)

~5%

(of this only about

R Dark Matter

~25%

Neutrinos
- 0.1-1%



Matter-Radiation Equality (Redshift 3400)

Dark Matter
42%

e

Baryons
8%

Photons
30%

Massless Neutrinos
20%



After Electron-Positron Annihilation (T = 100 keV)

Neutrinos
41%

Photons
59%

Relevant for Big Bang Nucleosynthesis (BBN)



Before Electron-Positron Annihilation (T = 1 MeV)

Neutrinos Photons
NAQ QO,

48.57 18.6%

Electrons/Positrons
32.6%
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Neutrino Thermal Equilibrium

Neutrino reaction rate Cosmic expansion rate

Examples for neutrino processes Friedmann equation (flat universe)
et +e  ©ovV+v H2:8_7TL (GN=L>
Vv e vty Gp 3 mp, mp)
v+et oyp+et Radiation dominates

. . . . p~TH*

Dimensional analysis of reaction rate

in a thermal medium for T << my, 5 Expan5|or;1r2ate
[~ GET?® H~—

mMp)

Condition for thermal equilibrium: I' > H

1/3

T > (mpGE) '~ ~[1019GeV (1075GeV~2)2]"1/3 = 1 MeV

Neutrinos are in thermal equilibrium for T = 1 MeV
corresponding to t < 1 sec

Georg Raffelt, MPI Physics, Munich Neutrinos in Astrophysics and Cosmology, NBI, 23—-27 June 2014



Neutrino Thermal Equilibrium

Neutrino reaction rate Cosmic expansion rate

Examples for neutrino processes Friedmann equation (flat universe)
et +e  ©ovV+v H2:8_7TL (GN=L>
v+ve vty 7) SRR g 3 mg, mg)
v+eft ov+ed W, Z Radiation dominates
. . . . p~TH*
Dimensional analysis of reaction rate
in a thermal medium for T > m,,,, Expansion rate
’ T
'~ (g%/4m)*T H~—

Condition for thermal equilibrium: I' > H

T < (92/477:)2 mpy = 1016GeV ~ AGUT

It depends on very early cosmic history when neutrinos first enter equilibrium,
presumably at reheating after inflation

Georg Raffelt, MPI Physics, Munich Neutrinos in Astrophysics and Cosmology, NBI, 23—-27 June 2014



Thermal Radiations

Number density n

Energy density p

Pressure P

Entropy density s

3 3
(27-[)3 Ep/T + 1 Bﬁ T Z gFP T
d°p  Ep ., 7w,
(2m)3 eB/T +1 93y T g 935 T
P
3
p+P 4 p e ; 7  2m? ;
7 T 3 T 9B — S 9Fr V> =
T 3 T 45 8 45

Riemann Zeta Function
(3 = 1.2020569 ...

Georg Raffelt, MPI Physics, Munich
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Mass threshold

low

0.5 MeV

105 MeV

135 MeV
~170 MeV
2 GeV

6 GeV

90 GeV

My 126 GeV

my 170 GeV

~1TeV?

Georg Raffelt, MPI Physics, Munich

Particles

Thermal Degrees of Freedom

70 W=

Higgs 28 78 93.25
t 28 90 106.75
SUSY particles | 118 118 213.50

Neutrinos in Astrophysics and Cosmology, NBI, 23—-27 June 2014




Thermal Degrees of Freedom in the Early Universe

AL L L LR L LR LA LR
100 — =
0 - ]
ap _ _
)] - QCD color 3
: confinement 7
- ge -
IR (TTHR N MTTRE TR MR MW VWA T
10> 10° 10 1 10" 10 10 107" 10”
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Present-Day Neutrino Density

H~T
T = 2.4 MeV (electron flavor)
T = 3.7 MeV (other flavors)

Neutrino decoupling
(freeze out)

Redshift of Fermi-Dirac dn- 1 E2 Temperature
distribution (“nothing LAA —— scales with redshift
changes at freeze-out”) dE. m=e®/T +1 T,=T,x(z+1)

e QED plasma is “strongly” coupled
e Stays in thermal equilibrium (adiabatic process)
e Entropy of ee™ transfered to photons

9.T) = 9.T)

before

Y- after $7°3
7 11 ~ 4
2 +§4 = 2

Redshift of (11l r)—ixix _ 3
neutrino and photon Lz e T =1

4
thermal distributions 4
so that today we have 11

Electron-positron
annihilation beginning
at T~mg=0.511 MeV

_ 4 s

before 11 7

after

1/3
) Ty ~ 1.95 K for massless neutrinos
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