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Adiabatic E_xPansion

From the [Friedmann equationsJ itis straightForward to aPPrcciatc
that cosmic expansion is an adiabatic process:

p+3(p+%)9:0

C a
(U = pc2V internal energy
dU = —pdV <= |
\V x @’ cosmic volume

|n other words, there is no * “external Powcr” rcsPonsiblc for

“Pumping” the tube ...



Adiabatic ExPansion

Trans'ating the adiabatic cxPansion into the temperature evolution of
bargonic gas and radiation (P}'noton gas), we find that tl'lcy cool down

as the (Jniverse cxPancIS:
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Adiabatic ExPansion

T hus, as we go back in time and the volume of the ( Jniverse shrinks
accordingly, the temperature of the (Jniverse goes up. his
temperature behaviouris the essence behind what we comfnonlg

Hot Big Bang

]:rom this evolution of tcmPcraturc we can thus reconstruct

the detailed

(_osmic | hermal History_
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Equi]iﬁrium Processes

Throughout most of the universe’s history (i.e.in the car]3 universe),
various spccics of Particlcs kceP in (local) thermal cquilibrium via

interaction processes:

Vi + Y ~ Xk T+ Xk

Eqﬁilibﬁum as long as the interaction rate [ in the cosmos’ thermal
bath, ]cadingto N, interactions in time t,

Coe = Nilt) = / Loe(t) dt
is much Iargcr than the expansion rate of the (Jniverse, the [Jubble
Paramctcr H(t):

Liwe > H(1)







K econstructi ng,

T hermal Historg Timeline

. itratcgaz

To work out the thermal history of the Univcrsc, one has to evaluate at each cosmic
time which Pi‘igsical processes are still in cquilibrium. Ohnce this no longcr is the case,
a Physica"g signii:icant transition has taken P|acc. Dcpcncicnt on whether one wants

a crude imprcssion oran accuratclg and detailed worked out cicscription, one may
follow two aPProachcs:

a Cruc]ciy:

A\ssess transitions of Parl:iclcs out of equilibrium, when ti'ieg c]ccouPle from

thermal bath. Usua“g, on crude argument:
[F?}nt > H O inelp- Fmt< H]
0 Strictly:

evolve Particic distributions by integrating the Boitzmann cquation




T hermal Historg: Interactions

of the interaction rate [, on tcmPcratUrc T:

Particle interactions are mediated bg auge bosons: Photons for the
clcctromagnctic force, the \N bosons for weak interactions, and
strong force (and gravitons forthe gravitational force). The 5trcngtl1 of the

interaction is set bg the cou]:)ling constant, lcading to the {:oﬂowing dcpcndcnce

gluons for the

(i) mediated Bg massless gauge boson {Photon):

Cint/ H ~ o”mp/T

~N

(ii) mediated 133 massive gauge boson (W+*~,/7°)

Q: coupling strength
\ mp; ;. Planck mass D
N

(" Tiw/H ~ G2 mp T*

Gy :

mpp .

coupling strength
Planck mass

J




Historg of the ( Iniverse
In Four E_Pisodcs,: .

On the basis of the 1) comPlexitﬂ of the involved Phgsics and 2) our knowlcc[gc

of the Phgsical processes we may broacﬂy distinguish four cosmic cPisodesz

Origin universe

?7?77?




Historg of the ( Iniverse
In f:our E_Pisodcs,: 1].

'Q‘tot:

curvature/
(II) flatness

i 'Q‘b (nb/ n,)

e exotic’
dark matter

VERY ca r]g * primordial

" fluctuations
Universe

Products



Historg of the ( Iniverse
In Four E_Pisodcs,: ]”

(III) ® primordial
10°< t< 10" sec nucleo-

synthesis

5tanclard + blackbody

radiation:

ot Big Bang CMB
]:ircbau

Products



Hlstor of the Unlversc
in f:our E_Plsodcs ]\/

t > 105 sec

Fos’c
(Re)(_ombination

universe

® structure

formation:

stars,
galaxies
clusters

Products



E_PisodcsThcrmal History

Planck F poch

Phase T ransition [ ra

l !ac]ronl ra

epton| ra

Radiation [ ra

Post-Recombination [ ra

GUIT transition

electroweak transition

quarlehadron transition

muon annihilation
neutrino dccoupling
clcctron-Positron annihilation

Primordial nuclcosynthcsis

radiation-matter ec]uivalcnce

recombination & dccouPling

Structure & Galaxg formation

Dark Ages

Reionization

Mattcr~Dar!< E_ncrgg transition

t < 10" sec

10 sec<t< 10%sec

t~107sec

107 sec<t< 1 min

I min <t <379,000 yrs

t> 379,000 yrs




T hermal History:
E_Pisodc by Episodc

'Planck F poch-

t € 10 sec y

\_

e |n Principlc, temperature T should rise to in{:inity as we Probc
earlier and earier into the universe’s history:

T 5w RYO0

However, at that time the energ, of the Particlcs starts to reach
values where quantum gravity cycgccts become dominant. |n other
words, the dc%roglic wavc'cngth of the Particlcs become
comParch to their own Schwarzschild radius.



T hermal Historg: FPlanck E_Poch

Once the de Broglic wavclcngtl': is smaller than the corrcsponding
Schwarzschild radius, the Particlc has csscntia"g become a “quantum

black hole:
4 Qb )

. . A = ——
de Broghe wave]ength. B i

<

R 2Gm
SChwarzschild radius: Ag = 5

c__J
T hese two mass scales define the cPoch of quantum cosmologg, in
which the Purcly deterministic metric dcscriPtion of gravitg by the
thcorg of rclativitg needs to be augmcntcd bﬂ a thcorg incorPorating

quantum effects: quantum gravitg.




Thcrma] Historg: Planck E_Poch

On the basis of the cxPrcssions of the de Brog‘ic wavclcngth and the
5chwarzschi‘d radius we may infer the tgPical mass scale:J 'cngth scale
and timescale for this epoch of quantum cosmologgz

/ hc 19 \
mp; = re 107 GeV Planck Mass

g ~ 107" m Planck Lcngth

C

tpy h? ~ 107 sec Planck Time
\§ ¢ . J
Because our Phgsics cannot yet handle quantum black holes, i.e.
because we do not have any viable thcorg of quantum gravitg we
cannot answer scnsiblg qucstions on what haPPcncd before the
Flanck time. |n other words, we are not able to Probc the ultimate

cosmic singularitg ... some ideas of how t}'lings may have been do exist

)
I




Flanclc T ransition

ln the Fianck epoch, before the universe is 1 hundred-million-trillion-trillionth

(10*%) sec old, the density reaches values highcr than o~ 1 o7*g/cm’ and
temperatures in excess ot | ~ 1 o032 K.

QUanwm ﬂuctuations of sPacctimc, on the scalc of the Flanck scale and
Planck time are now of cosmic magnitude. Spacc and time are l’nextricablg and
discontinuously. As was Picturc bg J. Wheeler, spacetimc under these
conditions loof?s like a chaotic foam.

5Pacetimc is a foam of quantizecl black holes, and space and time no longer
exist in the sense that we would understand. Thcrc is no “now?” and “thcn”, no
“here” and “there?, for evcrgwhcrc is torn into discontinuities.

Thcn, due to the cosmic cxransion, tempcraturcs clrop below T~i 03?2 ](, and
the unified “5uPchorce” sp its into a force of Gravitg and a GUT force

Gravity ]

Unified
“Superforce”

Grand Unified Force ]




T hermal Historg:
E_Pisodc bg EPisoch

! Phase T ransition [ ra )

~4% ~5
N 1077 sec<t< 107 sec Yy

e The universeis filled by a Plasma of relativistic Particlcs:
quari(s, lcPtons,
gauge bosons, Higgs bosons, ...

. During this ePoch, as the universe cxPands and cools down, it
unclcrgocs various phase transitions, as a result of

@Pontancous ngmctrg f)rca‘(i'ng]




T hermal Historg:
E_Pisodc by [:_Pisodc

-

-

Phase T ransition [ ra )

10" sec<t< 107 sec

J

e We may idcnti{:g three major Pl'laSC transitions during this era:

¢
¢
O

GUT tranSitiOn 7z ~ OZ7~] 029

I lectroweak transition z~ 10"

Quark—-]"ladron transition z~10''-10'2 (t~107s)




GUT T ransition

Strong Force ]

| GUT

Electroweak Force ]

° Qagon non-conscrving processes

It is Possiblc that the origin of the Prcsent—-clag excess of matter over antimatter

findsits origin in the GUT Phase transition.

P Inﬂationag l gocl'n

It is conceivable that the GUJT transition may be identified with the Phase

transition that gaverisctoara id exponential de Sitter cxPansion, in which the
universe ex!:)andec] bg ~ 60 orcizrs of magnitude {and in which its horizon shrank
accorciingly). Primordial densitg Perturbations, the seeds of cosmic structure,
may have been generated during this episoclc.




T hermal Historg:
E_Pisodc by [:_Pisodc

s I thon E_ra A

107 sec < t< 1 min;

(130> T>05MeV 102K >T >5x107K

e our major events occur during the lepton era:

¢ Annihilation muons T ~102 K

o Neutrino Decoupling T ~105K; z~10'°
¢ I lectron-Fositron Annihilation T< 10?2 K, z~10% t~1 min
¢

Primordial Nucleosgnthcsis T ~10° K, t ~ 200 sec (3 min)




Neutrino Dccoupling
T ~ 10105K
t ~ 10°sec, z~ 1010

o \Weakinteractions, e.g.
+ _ —
e’ +e ™ v +v
getso slow that neutrinos clecou!:)le from the e, e,y Plasma. Sulasequentlg ,
theg Proceccl as a relativistic gas with its own temperature T,.

e DPecause theg decouile before the clcctrompositron annihilation, theg kccl:) a
temperature TV which is lower than the photon temperature Ty (which gets
boost from released annihilation encrgL,S

aN 1/3
T, = (H) T, ~ 1.95K

e T he redshift of neutrino dccouPling, z2~10'°, defines a surface of last neutrino
scattering, rcsulting in a “(C osmic Neutrino Background” with Prcsent~day

temperature T~1.95K. A Pitg itis technica"y not feasible to see it!

-
-




I lectron-Fositron Annihilation

T < 10°K

t ~1min, z~10°

o Before this redshift, electrons and Photons are in thermal cqui]ibriUm. Afterthe

em +e — 24

temperature droPs below T~102K, the electrons and Positrons annihiiate,
lcaving a sea of Photons.

o As thcy absorb the total cntropg s of the e’, e, Q/rplasma, the Photons

acquire a temperature T,, > neutrino temperature | , .



[ lectron-Fositron Annihilation

T < 10°K

t ~1min, z~10°

Atthis redshift the majoritg of Pl‘uotons of the
(osmic Microwave Backgrounc[ are gcncratcc{.

o [ hese Photons kccP on Bcing scattered back and forth until z~108 9, the
cPoch of recombination.

o \Within 2 months after the f:act, thermal cquilibrium of Photons is restored bg a
few scattering processes:

o free-free scattering
e (ompton scattering
e double Compton scattering
The netresultis the Pchcct blackbody CMDP spectrum we observe nowadays.



Primordial Nuclcosyntlmcsis

T ~ 10°K~0.1 MeV

t ~ 200 sec ~ 3 min

o  Atthe end of these “irst three minutes” we find an event that Provic{cs us with
the first direct Probc of the [Hot E)ig Bang, the nuclcosgnthcsis of the light

chemical clcmcnts, such as deuterium, helium and lithium.

e The Evrcluclc to this event occurs shortly before the annihilation of Positrons
and electrons. | he weak interactions coupling neutrons and protons

p+e = n+v
p+7v <« n+e’
canno |ongcr be sustained when the tcmPcraturc c[roPs bclowT ~ 107 K,

resulting in a
> N, 1

j reeze-out of Ncutron-[ roton ratio: N
[feczcoutor Newton[ rotonrae | N, 6




Primordial Nuclcosynthcsis

Note that from the ratio N/ NP~ 1/6 we can alrcac!y infer that if all neutrons would get
incorporated into e nuclci, around 25% of the bargon mass would involve Hclium ]

Not arfrom the actual number ...

A{;tcr freeze-out of {:Protons and neutrons, a number of light element nucleons forms
through a number o nuclear reactions involving the absorption of neutrons and protons:

n_

-p ~ D+~

1) -

- p — SHe

‘He + n He

and traces omc and



Primordial Nuclcosynthcsis

*He Mass fraction

10

Nuiinber relative 1o H

167

-5

167"

Fracticn of critical density

0.01 .02 G050
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1 e )
Barvon density {if.]_"'l g ClLi

L=]

G

=y
]
i

o [Heavier nuclei will not form anymore, even
though thcrmoclgnamica" Prcxccrrec! at lower
tcmPcr‘aturCS: when 4~]“12: had formccl, the
temperature and dcnsitg have simplg below too
low for any signi{:icant sgnthcsis.

° Thc Prccisc abundances of thclight
elements clcpcnds scnsitivclg on various
cosmological Paramctcrs.

° Farticularlg notcwortlwg is the dcpcndcncc
on the ratio of bargons to Photons
(Proportional to the entro y of the universe),
setting the # neutrons an protons available

forfusion: np

N =
Ty
° Bg comparing the Prcclictcd abundances as

function of N, one can infer the clcnsitg of
bargons in the universe, QIS (see {:igurc).



Primordial Nuclcosynthcsis

Ohn the basis of the measured |igl1t element abundances, we find a rather
stringent limit on the bargon dcnsitg in the universe:

0005 < Qh® < 0.026 |

T his estimate of the baryon clcnsitg from primordial nuclcosgnthcsis is in
Pchcct agreement with the comPlctclg in cpcndcnt estimate of the Eargon
dcnsitg from the second Pcak in the angular power spectrum of the WMAFP

temperature Pcrturbations: Qb h2 0.0224 + 0.0009

() 0.044 + 0.004

T his should be considered as a trulg astonisl'uing vindication of the [Hot E)ig
Bang.

Not that these nuclear reactions also occurin the Sun, but ata consfderablg
lower tcmPcrature: T ~1.6x 107 K Tl‘uc fact that thcg occurin the carlg
universe onlg at temperatures in excess of 102K is due to the consfderablg
lower clensitg in the carlg universe: Pocentre 102 o cm_?’

~ —8 -3
Puniv,t=3min ~ 10 g Ccin

Q& U



T hermal Historg:
E_Pisodc by ]:_:_Pisodc

-

Radiation [ ra )

M 9
L t>1min; | <5x107 K y

o T heradiation era begins at the moment of annihilation of clectron~Positron
Pairs.

o Afterthis event, the contents of the universe is a P]asma of Pl‘lotons and
neutrinos, and matter {after nucicosgnthesis mainly protons, electrons and
helium nuclci, and of course the unknown “dark matter?).

. DUring this era, also called “Plasma E_Poch”, the Pl‘notons and Baryonic matter
are glued together. The Protons and electrons are strongly couPled by
Coulomb interactions, and theg have the same tempcraturc. The electrons are

couPlcc] to the radiation bg means of Compton scattering, Hence, baryons and
radiation are in thermal cquilibrium.



T hermal Historg:
E_Pisodc bg EPisoch

-

\_

Radiation [ ra )

t>1min; | <5x109K

J

e | wo cosmic key events mark the Plasma era:

O

¢

Radiation-Matter transition

(cquivalcncc matter-radiation)

Recombination & Dccoupling

Zeg~2 X 1o*

z~1089; t~ 279,000 yrs




R adiation-Matter E_qualitg

Zoq ~ 2 x 10

® | he time of matter-radiation cqualitg represents a crucial dgnamical transition of the
universe.

o Peforez__the c!gnamics of the universe is dominated by Radiation. After cquivalcnce
Matter takes over as the dominant component of the universe.

z > Leq - Prad > Pm
z < Leq Prad < Pm

e Pecausethe energy clcnsitg of radiation diminishes with the fourth power of the
cxpansion of the universe, while the clcnsitg of matter does so with the third power, the

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

1o pp oo oa(t)?

Y

. 1
Pm — 4.3 %10 Q, K2
Prad 1 + z

Prad X a(t)




R adiation-Matter E_qualitg

® T heredshiftz, qat which the radiation and matter dcnsitg are cqual to each other can
then be inferred:

1+ 2o, = 4.0 x 10* ,,h°

o Pecause of the different cquation of state for matter and radiation {and hence their
different c]cnsitg evolution), the universe changcs its cxpansion behaviour:

1/2
e radiation-dominated z > Zeq - a(t) X t /
e matter-dominated z < Zeq - a(t) X t2/3

e | his has dramatic consequences forvarious (cosmic structure formation) processes, and
we can find back the imprint of this cosmic transition in various Pl‘:cnomcna.

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

transition, the “Mattcr~Dark Encr53 Equalitg” marks the cpoc['n at which dark energy

took over from matter as dynamicauy dominant component of the universe.



R ecombination E_Poc'a

Z 4..=1089

T ~ 3000 K

(Az,..=195); t4..=379.000 yrs

o Pefore this time, radiation and
bremsstraHung:

matter are tightlg cou Plccl th rough

[6_—|—"}/ — 6_—|—’}/]

Because of the continuing scattering of Photons, the universe is a “{:og”.

e A radical changc of this situation occurs once the temperature starts to clroP
below T~3000K.. and electrons. T hermod namica"g it becomes favorable to

form neutral (hgdrogen) atoms

“1 (because the Photons can no longcr clcstorg

the atoms):
P -

—e_eH]

o T histransitionis usually marked by the word “recombination?, somewhat of a
9 Y
misnomer, as of course hydrogcn atoms combincjust for the first time in cosmic

historg. |t marks a radical transition Point in the universe’s history.



R ecombination E_Poch

o This happcncd 279,000 years after the Big Bang, according to the
impressively accurate determination bg the WMAF satellite (200%).

. Major consequence of recombination:

~N

g Dccoupling of

gadiation & Mattcr)

e \Vith the electrons and protons
absorbed into hyc{rogcn atoms, the
FPhotons decou le from the Plasma, their

mean free path ecoming of the order of R
the HUHJE: radius. | he cosmic “Fog” lifts: | UNIVETrSEC trarlSPa l“cnt

o T he Photons assume their |ong travel along the dcpths of the cosmos. (Intil some
of them, Gigaparsecs further on and Gigagcars later, are detected bg telcscopcs

on and around a sma" Planct in some {:arawag corner OF tl"lC COsSmos ...



R ecombination & Dccoupiing

e |n summary, the recombination transition and the related c]ecouPling of matter
and radiation defines one of the most crucial events in cosmo]ogg. ln a rather
sudden transition, the universe changes from

bcforc ZYecr 222 ]

* universe fu"g ionized
J Photons inccssantly scattered
* pressure dominated bg

radiation:

1
— —aT"
D 3(1

Aﬁ:cr Z4ecr 252,

* universe Practica“g neutral

. Photons Propagatc Frcclg
* pressure onlg !33
Baryons:
p=nkl
. (Fhoton pressure ncgligiblc)




R ecombination & Dccoupling

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

The cosmological situation is highlg cxccftional. (nder more common circumstances the
(re)combination transition would alrcac]g ave taken Placc at a temperature of T~io* K

PDue to the enormous amount of Pl’:otons in the universe, significc] bg the abnormaﬂg higl':
cosmic entropy, 4 )
T
7 ~ 10’
T
\_ 5 J
even long after the temperature dro Pcc] below T~ 10* K there are still sufficient Photons
to ‘(ccp the hgdrogcn ionized (j.e. there are still Plcntg of Pl‘:otons in the Wien part of the
sPcctrUm).

Recombination therefore Procccds viaa 2-step transition, not dircct[g to the grOUndstatc
of Bgclrogen. The process is therefore dictated bg the rate at which Lgoc Photons redshift
out of the Lgoc rest wavclenght. For n, /p~1 09 this occurs at

[TNSOOOK]




R ecombination E_Pocln

° Thc Photons that are currcnt]g
rcaching us, emanate from the

[ Surfaceof
J__ast Scattcring)

located at a redshift of z~108 9.

. Tl‘:c WM AF measurement of the

redshift of last scattering confirms the
theoretical Prcdictions (Jones &
Wgsc 1985) of a sharplg defined last mcsir:f::éy;efhe

scattcring surface. PRESENT cloud where light
13.7 Billion Years was last scattered
after the Big Bang

ME Big Bang Teyp

Zud yi luitasiyy

er.
5 80p) %

v

MB S

— 1] R

‘- V) 000Y™ | et Scattering Zy,‘.
6yrs Reionization

. 4 4 v’
TI"IC laSt SCattcrmg sur‘:acc 1S 10 FaCt The cosmic microwave background Radiation’s
somewhat fuzzy, the photons arrive e s
{: « . l_' h » P h eye on a cloudy day.
rom a “cosmic p otosP ere” with a

narrow redshift width of Az~195.



R ecombination E_Pocla

The Photons emanating from the last scattering 5urf:ace, frcclg Propagating
througl'u our universe, define a near isotropic sea of radiation.

Shortlg after thcg were created at the time of electron-positron annihilation,

z~109, the Photon bath was thoroughlg thermalized. |t thus defines a most
Pcrf:cct blackbody radiation field:

-
2hv? 1
L,(T) — 9

hv
€ exp(}—)-— 1
\ kT y,
Due to the cosmic cxpansion, the radiation field has in the meantime cooled

down to a temperature of T=2.725 K (+/~-0.002 K, WMAPD).

T his cosmic radiation we observe as the

[ (Cosmic Microwave bac‘(grouncl ]

~N




R ecombination E_Pocln
[Cosmi’c Microwave bac‘(ground J

e first discovered scrcnclipitouslg
133 Penzias & Wilsonin 1965, and
rcPorl:cc[ in their Publication “..an
excess measurement ...?, without
doubt should be regardcc{ as one
of the Princi]:)al scientific
discoveries of the 20tk century.

o lts almost Pcrfcct blackbody
spectrum is the ultimate Proo{: of a
hot and dense carlg Phasc:

[thc HOt B'g Bang] ... the Nobel Pizc for o the |
CMD followedin 1978 ...




R ecombination E_Poch
[Cosmic Microwave bac‘tgrouncl ]

o The amazing]g recise blackbocly

nature of the ME) was
Cl emonstrat CC] bﬂ the COBE CosmiC MICROWAVE BACKGROUND SPECTRUM FROM COBE
satellite (1992). ~

THEORY AND OBSERVATION AGREE

o T he spectral energy distribution
in the ggurc Is sO accurately fit bg
a Flanckian spectrum that the
error bars are smaller than the
thickness of the solid (bluc) curve
(see {:igu re) !

E
Q
;
7]
5
P
H
=
g
(7]
§
B

e Note that the corresponding
CMB Photon number dcnsitg iS:

¥

S - 10
[ nf'},f g 4]_0 Cm 3-] Waves / centimeter




(osmic Microwave bac‘cgrounc]

OPcning View onto the

Frimordial ( Jniverse

Penzias and
Wilson

(Simulated)

The CMBis a {:abulously

rich treasure trove o
information on the
Primorclial universe.

In the accomPanPing {:igurc

you see three milestones of

CMbB research:

1) The cliscoverg of the
MbB bg Penzias &

Wilsonin 1965.

2) Thc’: COE)E_ satellite

(1 99 2), first cliscovcry of
Primorclial Pcrturbations.

3) WMAF (2003),

detailed tcmPcraturc
Pcrturi:ations «“fix? the
universe’s Paramctcrs.




T hermal Historg:
E_Pisodc by [:_Pisodc

\_

4 N
FPost-Recombination [ ra

t>279,000yrs; | <3000 K y

After recombination/ c]ecoupling, while the universe cxPancls it gradua“y cools down
(bargonic matter faster than radiation once theg are entirelg clecoul:>|ccl). We can idcnti{g
various major processes and transitions during these long-—lasting eons ...

Y

Y
Y
Y

Structure & Galaxg Formation

Dark Agcs

K eionization

Matter-Dark E_ncr59 transition

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

z~0.%




Fost-Kecombination [ ra:
T]nc last ﬁvc blllnon 3cars

qocl é{'acceleratecl exponentlal ex .ansmn

Yo f

| ntQSE

as it cam rk ncngg stars and galax:es Procc%:‘_ Jo with
i r "r&‘ncd ones arose outomcthe ashes. Alon rside
the newbibrn stare pidnets emergedss - - e ot )
- R
BT s
e . 4 T'Ea_‘two hunc}ﬁd billion dcmzens of
a rathéﬂcommon Sb\f’f’lra a] x"" a _f-" f a ” harbourcda lanctary
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Fost-Rccombination [ ra:

Tl'nc last five billion years B
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