—RW (Universe
&
T he Hot Big Bang:

Adiabatic Expansion

From the Friedmann cquations, itis straig[’:tporward to aPPrcciatc
that cosmic cxPansion is an adiabatic process:

L P66
p+..’n(p+cz)a—0

!

U = pc2V  internal energy

dV = —pdV <+— {

V x a* cogsmic volume

ln other words, there is no **external Power” resPonsible for

“PumPing” the tube ...
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Adiabatic Expansion

Trans]ating the adiabatic cxPansion into the temperature evolution of

baryonic gas and radiation (Photon gas), we find that thcg cool down
as the (niverse expands:

px pl = TV =cst.

{ i

wlen

= T, o« V23 o g2

Sl

= Tgx V'V x gt

Adiabatic Expansion

T hus, as we go back in time and the volume of the (niverse shrinks
accordinglg, the temperature of the (Jniverse goes up. This

tcmpcraturc behaviouris the essence behind what we commonlg

ot Big Bang

From this evolution of temperature we can thus reconstruct

the detailed

(_osmic | hermal Historg




T he (niverse:
the [Tot Big Bang

Inflation
Quark Soup
Parting Company
First Galaxies
Mcuilern Universe

o
@
@
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L]
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s
L
=
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“
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“
2
s
D
o

1 Second 300,000 Years 1 Billion Years 12-15 Billion Years
Age of the Universe

Timeline: the Cosmic | hermal Historg

B qui]ibrium FProcesses

Throughout most of the universe’s historg (i.e.in the earlg universe),
various species of Particles keeP in (local) thermal equilibrium via

interaction processes:
i+ P < Xe+ Xk

cll:u] ibrium as Iong as the interaction rate Mintin the cosmos’ thermal
lcadmg to N it INteractions in time t,

Ciw = Nig(t) = [ Tipu(t)dt
is much largcr than the cxPansion rate of the Umvcrse the Hubblc
Paramcter H(t)

Fiﬂi > H ({;)
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Brief Historg of
] ime

K econstructin g

T hermal Historg T imeline

Stratcgg:

T o work out the thermal historg of the (Universe, one has to evaluate at each cosmic
time which Pl’lysica| processes are still in cquilibn’um‘ Ohnce this no |ongcr is the case,
a Physica”g signi]cicant transition has taken Place. Dependent on whether one wants
acrude imPrcssion oran accuratc|9 and detailed worked out clcscriPtion, one may
follow two aPProacl'\cs:

a Cruclclg:

A\ssess transitions of Particlcs out of cquilibrium, when thcg dccouplc from

thermal bath. USually, on crude argument:
(Tw > H et Tou< H |
a Strictlgz

evolve Particlc distributions bg integrating the Poltzmann cquation
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T hermal His’corg: |nteractions

Particle interactions are mediated bg gauge bosons: Photons forthe
clcctromagnctic force, the W bosons for weak interactions, and gluons forthe
strong force (and gravitons forthe gravitational force). The strengtl'\ of the
interaction is set by the coupling constant, |cacling to the Fo”owing clcPcnclcncc
of the interaction rate [, on temperature T

() mediated by massless gauge boson (photon):
Tie/H ~ PmpfT A

«@: eoupling strength
myy:  Planck mass )

(ii) mediated bg massive gauge boson (W*-,7°)

fwfﬂ L Gﬁmﬂf" )

Gy:  coupling strength

myx:  Planck mass

J

Histor3 of the (Jniverse
in [T our EPisodes: .

O the basis of the 1) comPlcxitg of the involved Physics and 2) our knowlcdgc

of the Physical processes we may broac”y clistinguish four cosmic cPisoclcs:

Origin universe
??7?

Flanck [ ra




Historg of the (Iniverse
in [Tour ]_:__Pisodcs: 1.

()

108 <t <103 sec

VERY carlg

universe

* Oy

curvature/
flatness

* Oy (nyn)

* “exotic’

dark matter

® primordial

fluctuations

Products

His‘cor3 of the (Jniverse
in [T our Episodes: Il

(11)

103 < t<10sec
5tandard

Hot Big Bang
Fireball

® primordial
nucleo-
synthesis

* blackbody
radiation:
CMB

Products
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Histor9 of the (Iniverse
in [ our E_Pisodc’-:s: V.

(Rc)Combination

t> 108 sec

Fost

universe

® structure
formation:

stars,

galaxies
clusters

Products

Tipisodcs—rl‘ncrma]

istory

FPlanck F poch

Phase T ransition [ ra

Hadron Fra

Lceton Era

Radiation [ ra

Post-Recombination [ ra

GUT transition
clectroweak transition
quark—l'iaclron transition

muon annihilation

neutrino c‘ccouPIing
c]cctron~Positron annihilation
primordial nucleosynthesis

radiation-matter equivalence

recombination & clecoupling

Structurc & Galaxy formation
Dark Agcs
Reionization

Matter-Dark Encrgg transition

t < 10% sec

10%2sec<t< 107sec

t~107sec

107 sec<t< 1 min

1 min <t <%79,000 yrs

£>379,000 yrs
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T hermal Historg:
]:_Pisoc!e bg Episodc

Planck E poch

t < 10" sec

e |n Principlc, temperature T should rise to in{:initg as we Probc
carlier and earlier into the universe’s l'n'storg:

T 50, RYO0

o [However, at that time the energy of the Particlcs starts to reach
values where quantum gravitg effects become dominant. ]n other
worcls, the clccE

roglic wavc]cngth of the Particlcs become
comParablc to their own Schwarzschild radius.

T hermal Historg: FPlanck Epoch

Once the de Broglic wavclcngth is smaller than the corrcsPonding
Schwarzschild radius, the Particlc has csscntia”g become a “quantum

black hole”:
2hm

w

de Broglic wavclcngth: Ap =

<
N 20m
E)Chwarzscl-xilcl radius: }\S = 2

These two mass scales define the ePoch of quantum cosmology, in
which the Purely deterministic metric description o{:gravitg bg the
theorg of relativitg needs to be augmentecl bg a theorg incorporating
quantum effects: quantum gravitg.
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T hermal Historg: Flanck E_POC"]

On the basis of the exPressions of the de Broglie waveleng’ch and the
Schwarzschild radius we may infer the tgpical mass scale, Iength scale
and timescale For this epoch omc quantum cosmolozq:

4 )
mp = Jg ~ 10° GeV Planck Mass

im = % ~ 107%m Planck Lengtl‘)

 RmG 4 ,
tpp = {j—= ~ 107" sec Planck T ime
\_ £ J

Because our Phgsics cannot yet handle quantum black holes, i.e.

because we do not have any viable theory of quantum gravit3 we
cannot answer sensibly questions on what haPPened before the
Flanck time. ]n other worcls, we are not able to Probe the ultimate
cosmic 5ingu|arit3 ... some ideas of how things may have been do exist

FPlanck T ransition

® ]n the Flanck e och, before the universe is 1 hundred-million-trillion-trillionth
(10%*) sec old, the density reaches values l'!ighcr than g~ 1 Ot g/cm? and
temperatures in excessof | ~1032K.

° (Druantum fluctuations of spacctimc, on the scale of the Planck scale and
anck time are now of cosmic magnitude. SPacc and time are incxtricably and
discontinuously. As was Picturc by J Wheeler, 5Pace’cimc under these
conditions looks like a chaotic foam.

o Spacetime is afoam of quantizcd black holes, and space and time no longcr
exist in the sense that we would understand. Tl‘;crc is no “now” and “tl’:cn”, no
“here” and “there?, for cvcrywlwcrc is torn into discontinuities.

o T hen, due to the cosmic expansion, temperatures clroP below T~102K, and
the unified “suPchorcc” sp its into a force of Gravity and a GUT force

Gravity ]

[ Unified

“Superforce’ Grand Unified Force |
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T hermal Historg:
]:_Pisocle bg E_Pisodc

Fhase T ransition [ ra

10% sec<t< 107 sec

o T he universe is filled bg a Plasma of relativistic Particlcs:
quarks, lePtons,
gauge bosons, Higgs bosons, ...

o During this cPoch, as the universe cxPancls and cools down, it
unclcrgocs various phase transitions, as a result of

[ SPontancous ngmctrg Brca‘(ing]

Thcrmal History:
]_:_Pisoclc bg Episodc

Fhase T ransition [ ra

102 sec<t< 107 sec

e We may iclenti{:g three ma]or Pl’xasc transitions cluring this era:

¢ GUT transition z~ 10%7-10%
¢ [ lectroweak transition z~ 10"
¢ Quark-Hadron transition z~10'"-10'? (t~107s)

10



GUT T ransition

T ~ 10 - 10'6 GeV
~ 107-10¥K
z ~ 107 -10%

Before this transition, at | >10'*-10'¢ (GeV, there was one
unified GUT force, i.e. strong, weak and electromagnetic force
cqua”y strong (note: gravity is a different case).

Also, the universe did not have a net bargon number (as many
bargons as antibaryons}

Atthe GUT transition, s Poscc"y through the Higgs
mccl'tamsm the unified GUPT force 5P|lts into Forccs, the s strong

Forcc and thc clcctrowcak force:

GUT ] ransition

=N

Strong Force

GUT

Electroweak Force

Baryon non-conserving processes

Jtis Possiblc that the origin of the Prcscnt~cla3 excess of matter over antimatter

finds its origin in the GUT Phasc transition.
lmqationarq E_poch

]t is conceivable that the GUT transition may be identified with the phase
transition that gave rise to a rapid exponential clc |ttcr cxPanslon, in which the
universe cxpandccl b ~ 60 orcj> FPmagmtuclc (ancl in which its horizon shrank
accorclmgly) Frlmorclla| clcnsfcy Pcrturbatlons, the seeds of cosmic structure,

may have been gcncratccl clurmg this cPlsoclc

€rs o

1/18/2010
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Elcctrowcak | ransition

T ~ 300 GeV
~ 3x101K
z ~ 10

o Atthis energy scale, the electroweak force splits into the
clcctromagnetic force and the weak force .

Electromagnetic Force ]

[ Electroweak

Weak Force ]

o Allthe lcPtons acquirc masses (cxcept Possiblg neutrinos),

intermediate vector bosons give rise to massive bosons W*, W-and
/°. and photons.

Quark~ﬂadron | ransition

T ~ 0.2GeV
~ 1012K

t ~ 102 sec

o Above this temperature, matter in the universe exists in the form

of a quark—-gluon Plasma. Below this temPerature, isolated quar’(s
cannot exist, and become confined in comPosite Particles called
hadrons.Theg combine into (quark confinement):

¢ bargons cluark triPlet

Q mesons quark~antiquarkpairs
. Also, i) QCDchiralsgmmetrg brcaking

2) axion acquircs mass

(axion: most popular candidate for (old Darlc Mattcr)

12



T hermal Historg:
E_Pisocle bg EPisodc

Hadron [ ra

t~107sec; 300> | > 130 MeV

o The hadrons formed during the quark~haclron transition are
usually short-lived Particles (except for Protons & neutrons).

T herefore, there is only a brief Period in which the hadrons
flourish.

o Although called “Haclron [ ra”, hadrons do not dominate the
energy densitg.

o Fion~Pion interactions are very imPortant. T owards the end of
hadron era, T and - annihilate, T© decag into photons.

T hermal Historg:
]_:_Pisoclc bg EPisodc

LePton E_ra

107 sec< t< 1 min

120> T>05MeV 102K >T >5xi109 K

o Atthe bcgirming of the lcPton era, the universe compriscs:

¢ Pl‘lotons,
Q¢ bargons (sma“numbcr)

0 lcptons: electrons & Positrons e, e’, muons U, U, tau’s ttand T

clcctron, muon and tau neutrino’s

1/18/2010
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T hermal Historg:
]:_Pisocle bg E_Pisodc

]___epton l:_ra

107 sec < t< 1 min;

130> [ >0.5MeV 102K >T >5x109 K

e [Four ma]or events occur clurir\g the lcpton era:

¢ Annihilation muons T~1012 K

¢ Neutrino Dccoupling T ~10105K; z~10'°

¢ F lectron-Fositron Annihilation T<i10? K, z~10% t~i min
¢

Frimorclial Nuclcosyntl’:csis T ~10° K; t~ 200 sec (3 min)

Neutrino Dccoup ing

T ~ 10105K

t ~ 10°sec, z~ 1010

o Weak interactions, e.g
+ — —
e’ +e ~«v+vr
getso slow that neutrinos clccouPlc fromthe e Mery Plasma. Subscqucntly s
tl‘ncy Proccccl as a relativistic gas with its own temperature | ,.

o Pecause tl’:cy clccouElc before the c|cctron~Positron annihilation, tl’:cy ‘cccp a
temperature TV which is lower than the photon temperature Ty (which gets
boostfrom released annihilation enerey i

T, = (ﬁ) o 195K

e The redshift of neutrino clccoupling, z~101°, defines a surface of last neutrino
scattering, rcsulting in a “(C osmic Neutrino Background” with Prcscn’c-clag

temperature T~195K. A Pitg itis tcchnica”y notfeasible to seeit!

1/18/2010
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I© lectron-Fositron Annihilation

T < 10°K

t ~ 1min, z~10°

o Pefore this redshift, electrons and Pl'lotons are in thermal cquilibrium. Afterthe
+ - ‘
€ +e «— 2v

tcmPcraturc clroPs below T~I o? K, the electrons and Positrons annihilate,
lcaving aseaof Pl’:otons.

. As thcy absorb the total cntropg s of the et e, 2/I_Pla5ma, the leotons

acquirc a temperature Ty > neutrino temperature | , .

ElcctromFositron Annihilation

T < 10°K

t ~ 1min, z~10°

At this redshift the majoritg of Photons of the
( osmic Microwave Background are gencratcd.

o These Pl’\otons kccP on bcing scattered back and forth until z~1089, the
cPoch of recombination.

o Within 2 months after the fact, thermal cquilibrium of Photons is restored by a
few scattering processes:

o freedfree scattering
o (ompton scattering
e double Compton scattering
The netresultis the perfect blackbody CMP spectrum we observe nowadays.

1/18/2010
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Primordial Nuclcosgnthcsis

T ~ 10°K~ 0.1 MeV
t ~ 200 sec ~ 3 min

Atthe end of these “first three minutes” we find an event that Proviclcs us with
the first direct Probc of the Hot big Bang, the nuc|eosynt]1esis of the ligl-vt

chemical elements, such as deuterium, helium and lithium.

The Prcluc!e to this event occurs 5[’10!’1:13 before the annihilation of Positrons
and electrons. T he weak interactions couP|ing neutrons and protons

Pp+e <« n+v
p+v < n+ et
canno longcr be sustained when the tcmPcraturc choPs bclowT~ 107 K,

resulting in a
Freeze-out of Neutron-Froton ratio. ~ —
N, " 6

Primordial Nuclcosgnthcsis

Note that from the ratio N"/N ~1/6 we can alrcady infer that if all neutrons would get
P
incorforatcd into e nuclci, around 25% of the baryon mass would involve Hclium !

Not

arfrom thc actual number ...

Farmation of Muclei

A{:ter{:recze—out of Protons and neutrons, a number of light element nucleons forms
through a number of nuclear reactions involving the absorption of neutrons and protons:

o Deuterium n+p < D+

¢ ’He D+p «~ *He

o He He + n ~ *He
andtracesof 7Li and "Poe

1/18/2010
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Primordial Nuclcosgnthcsis

*He Mass fraction

Nuinber relative te H

_ Froction of criticsl density o Heavier nuclei will not form anymore, even
u.}m 002 006 thougl"a thcrmodgnamica”g Prc{:crrecl atlower
tcmpcraturcs: when +Hc had )cormed, the
tcmPcraturc and clcnsity have sirnPlg below too

low for any signi{:icant sgnthcsis.

° Thc Prccisc abundances of the light
elements clcpcncls scnsitivclg onvarious
cosmological parameters.

° Farticularly notcworthy is the clcPcnclcncc
on the ratio of baryons to Photons

1678

] (ProPortional to the cntn‘)fy of the univcrsc),
107°L 4] setting the # neutrons an

forfusion: ']}:3

Protons available

¥
° Bg comparing the Prcdictcd abundances as

10717 i

) 3
1 2 i 5
Baryon density (1'37‘" g ™)

function of 7, one can infer the densitg of
baryons in the universe, Qb (sce Figurc).

Primordial Nuclcosgnthcsis

On the basis of the measured Iigl'lt element abundances, we find a rather
stringent limit on the barqon clensitq in the universe:

0005 S YWA? £ 0.026
T]’)is estimate of the baryon clcnsity from primordial nuclcosyntl‘lcsis isin

Pchcct agreement with the comPlctcly in cPcndcnt estimate of the baryon
cjcnsity from the second Pcak in the angu|ar power sPectrum of the \/\”\/‘/\I>

temperature Pcr‘turbations: ﬂ;, h;! o (L0224 £+ 0.0009

£ =~ 0.044 1+ 0.004
This should be considered as a truly astonishing vindication of the ot Big
Bang.

Not that these nuclear reactions also occurin the 5un, butata consiclcrably
lowcrtcmPcraturc: T ~1.6x107K.Thefactthat they occurin the car|3
universe on|3 at temperatures in excess of 107 is due to the considerably

lowcrclcnsityinthccarlyunivcrsc: ﬂ)mﬁ? = 1(1"' gm—ﬂ
Puniv—3min = 107 gem™?

1/18/2010
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T hermal Historg:
E_Pisocle bg EPisodc

Radiation [~ ra

t>1min; | <5x 100K

T he radiation era bcgins at the moment of annihilation of elcctron——Positron

Pairs.

Afterthis event, the contents of the universe is a Plasma of Pl’lotons and
neutrinos, and matter (a)ctcr nuclcosyntl‘rcsis mainlﬂ Protons, electrons and
helium nuc|ci, and of course the unknown “dark mattcr”).

During this era, also called “F|asma E_Poch”, the Pl’lotons and bargonic matter

are g|uccl togcthcr. TI’IC Pro’cons and electrons are strongly couPlcd by

Coulomb interactions, and thcy have the same tcmPcraturc. Thc electrons are
couPlcd to the radiation by means of Compton scattcring. chcc, baryons and

radiation are in thermal cquilibrium.

T hermal Historg:
]_:_Pisoclc bg EPisodc

Radiation [ ra

t>1min; ] <5x 107K

. Two cosmic kcg events mark the Plasma era:

¢ Radiation-Matter transition ch~2 x 10%
(cquivalcncc matter-radiation)

Q¢ Recombination & DecouPling z2~1089; t~ 279,000 yrs

1/18/2010
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Radiation-Matter Equa]itg

Zeq ~2x 107

° Thc time of matter-radiation cqua]itg represents a crucial dgnamical transition of the
universe.

° be{:orc z,, the c‘gnamics of the universe is dominated by Radiation. A{:ter cquivalencc
Mattcr tachs over as the dominant component of the universe.

Z > Zeg: Prad > Pm
Z < Zgg: Prad < Pm

o PBecause the energy dcnsity of radiation diminishes with the fourth power of the
cxPansion of the universe, while the dcnsity of matter does so with the third power, the

ratio between radiation and matter density is an increasing function of a(t):

Prad O a(f.)“ & P X u[t)_a
P 1
dasd, — A1¢ P z__
4.3 x 1 3.k 1

Radiation-Matter Equalitg

The redshift Zeq at which the radiation and matter clcnsitg are cqual to each othercan
then be inferred:

1+ 2¢g = 4.0 x 10* Q,,h?

Because of the different equation of state for matter and radiation (ancl hence their
different clcnsity evolution), the universe changcs its cxPansion behaviour:

e radiation-dominated VA } Z&E: {E(i) oC tlj?
® matter-dominated z < Z%: a(i) 0.4 t?_ff-}

° _rhis has dramatic consequences for various (cosmic structure Formation) processes, and
we can find back the imPrin’c of this cosmic transition in various Phcnomcna.

o Note that the universe underwent a similar transition at a more recent date. | his

transition, the “Mattcr—Dark E_ncrgy E_qualitg” marks the epoch at which dark energy

took over from matter as clqnamica”q dominant component of thc universe.

1/18/2010
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Recombination E_Poch

T ~ 3000 K

ch(,=1089 (Azdtczl()\%); t1..—379.000 yrs
o Before this time, radiation and matter are tigl’ﬁ:lg couplcd through
bremsstrahlung:

[e_+’}f — 6_4—7]

Because of the continuing scattering of Photons, the universe is a “Fog”.

e Aradical changc of this situation occurs once the temperature starts to droP
below T~3000 K. and electrons. T hermod namica”g it becomes favorable to
form neutral (hgdrogcn) atoms H (bccausc the Pl’\otons can no longcr dcstory

the atoms): [ = T — H]

o Thistransition is usua”y marked by the word “recombination”, somewhat of a
misnomer, as of course hgdrogcn atoms combincjust for the first time in cosmic
l'\istorg. |t marks a radical transition Point in the Universe’s historg.

Recombination Epoch

o T]ﬁis haPPcncc] 279,000 years after the Big Bang, accorcling to the
imPrcssivclg accurate determination 133 the W]\/‘/\[> satellite (200%).

. Major consequence of recombination:

DccouPling of
Racliation & Matter

R rcormibinatinm

. With the electrons and Protons
absorbed into hgdrogcn atoms, the
Fl’!otons decouple from the lasma, their

mean free path ccoming of the order of .

the Hubble radius. T he cosmic “Fog” lifts: | UNIVETSE tra nsPa rent

]

'TI’IC Photons assume their long travel along the cleP’cl':s of the cosmos. Until some
of thcm, GigaParsccs further on and Gigagcars latcr, are detected by tclcscopcs

on ancl arouncl a sma” Planct in some Faraway corner OF tl"lC COSmMos...

1/18/2010
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Recombination & Dccoupling

e |n summary, the recombination transition and the related dccouphng of matter
and radiation defines one of the most crucial events in cosmologg. |n a rather
sudden transition, the universe cl'\angcs from

chcorc Z4ecr ZPZ e A]ctcr Z4eer Z<Z]e.

* universe Fu”g ionized * universe Practica”g neutral
° Pl’xotons incessantly scattered ° Pl’xotons Propagate Frcclg
* pressure dominated bg * pressure only bg
radiation: bargons:
1
pP=-a ik p=nkT
& o (Pl'xoton pressure ncgligiblc)

Recombination & Dccoupling

Note that the clccouPling transition occurs rather sudden at T~3000 K, with a “cosmic
Photosphere” clePth of onlg Azy, ~195 (at z~1089).

The cosmo]ogical situation is highlg cxceEtional. (nder more common circumstances the
(re)combination transition would alreacly ave taken Place at a temperature of T~10tK.

Dueto the enormous amount of Photons in the universe, signhcicd by the abnorma"y high

cosmic entropy,

n, )
— =~ 10°
?‘35

even long after the temperature dro Ped below T~ 10* K there are still sufficient Photons
to keep the hgclrogen ionized (.e. there are still P]entg of Photons in the Wien part of the
sPcctrum).

Rccombination therefore Proccccls via a 2~5tcp transition, not clircct|9 to the groundstatc
of hgclrogen. The process is therefore dictated by the rate at which Lga Photons redshift
out of the Lyoc rest wavclenght. For ”y/”E)” 109 this occurs at

[T N 31'}00K]

1/18/2010
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Recombination Epoch

Thc Photons that are currentlg
rcaching us, emanate from the

Surface of
| ast Scattcring

Jocated at a redshift of z~1089.

Tl—:c WI\A,AJ> measurement of the
redshift of last scattering confirms the
theoretical Prcclictions (Jones &

Wgsc 1985)of a sl-narplg defined last miii’;::;";;‘e

scattcring surFacc. PRESENT cloud where light
13.7 Billion Years was last scattered

after the Big Bang
The cosmic microwave background Radiation’s
“surface of last scatter” is analogous ta the

somewhat Fuzzy, the Photons arrive it Consion throush thé cleisd s Gar
#ye on a coudy day,

Thc last scattering surfaceis in fact

from a “cosmic Photos here” with a

narrow redshift width of Az~195.

Recombination EPoch

Tl‘uc Photons cmana’cing from the last scattcring surFacc, {:rcely Propagating
tl‘nrougl‘r our universe, define a near isotropic sea of radiation.

Shorﬂg a{:’ccrthcg were created at the time of electron-positron annihilation,

z~107, the Plﬁoton bath was ’chorougl‘:ly thermalized. lt thus defines a most
Pcrf:cct blackbody radiation field:

2k 1
L(T) = - exp (E) _ 4

kT

Due to the cosmic cxPansion, the radiation field has in the meantime cooled

downtoa tcmPcraturc of T=Z.725 K (+/~ 0.002 K, WMAF)

T his cosmic radiation we observe as the

(osmic Microwave Background

1/18/2010
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Recombination Epoch
[Cosmic Microwave Background ]

first discovered scrcndiPitously
133 FPenzias & Wilsonin 1965, and
rcPor'tecl in their Publication “..an
excess measurement ...”, without
doubt should be rcgarclccl as one
of the PrinciPa| scientific
discoveries of the 20th century.

Its almost Pcr‘Fect Hackbody
sPectrum is the ultimate ProoF ofa
hot and dense ear|3 P}wasc:

[tl"lc H ot Blg Ba ng} Przc forthe .L

iscovery of the
CMDB followedin 1978 ...

Rccombination Epoch
[Cosmic Microwave Background ]

The amazingly recise blackbocly

nature of the MB was :
clcmonstratccl bﬂ thc COBE Cosmic Microwwe BACKGROUND SPECTRUM FROM COBE
satellite (1992).

T he spectral energy distribution
in the Egurc is so accuratcly fit bg
a Flanckian sPcctrum that the
error bars are smaller than the
thickness of the solid (blue) curve
(see {:igurc) i}

5
i
L
t
f
:
:

Notc that the corrcsPonding
CMB Pl’:oton number clcnsity is:

[ n, ~ 410cm ° ]

1/18/2010
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(osmic Microwave Background

Opcning View onto the

Penzias and
Wilson

MAP
(Simulated)

Primordial (Jniverse

Thc CMB is a Fabu!ouslg
rich treasure trove o
information on the
Pn’morclial universe.

In the accomPanlr:)ingFigurc
ou see three milestones of

CMB research:

i ) T|1c cliscovcry of the
CMB by Penzias &
Wilsonin'1965.

2.) TI‘IC COBE satellite

(1992), first discovery of
Y
Pn’mor ia Pcr‘turbations.

3) WMAF (2003),

ctailed temperature
Pcrturbations “fix? the
universe’s parameters.

Thcrmal Historg:

I” pisode bg I pisode

Fost-Recombination [ ra

t>279,000yrs; | <3000K

After rccombination/clccoulaling, while the universe cxPancls it graclua”y cools down

(baryonic matter faster than radiation once they are cntire]y clecouplecl). We can iclcnti{:y

various mz?jor processes and transitions cluring these |ong—lasting eons ...

o

o
o
o

Structurc & Galax ]:ormation
Y

Dark Agcs

R eionization

Matter-Dark E_nergg transition

2~ 1089-0
2z~ 1089-10/20
z~ 20-67

z~0.%
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Fost—-Rccombination [ ra:

Thc last five billion years

/ Ab s
self intes !f;od éﬁaccclcrated cxponcntla| cxpansron
"“Dark ncr;gg stars and galaxucs Procct d with

. ed 6nes arose ou't oF the ashes. Alongsldc

WO hunc}'gccl bl”lon ClcanCII’\S O{:

” harbourcda lanctarg

cavy clur?:\ with loads of
o

fe

Fosb-Rccombina‘cion I ra:

T!"IC last five billion years 5
N T
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