E = Mc4. The Sun energy




In this well-known formula, valid locally, oneeasilyunderstands
that thema t t emergy[s is proportionalto its mass,but one
may be surprisedoy thefactorincludingthe celerity of light.

Per the high value of the celerity of light, this showsthat this
energyof matter,whichis a potentialenergy,is huge,something
thatnobodyexpectedeforethetwentiethcentury

This equation, implied by the special relativity, will be
laboriously establishedoy Einsteinin this framework His first
controversialdemonstrationin 1905 suffers from only being
valid in thecaseof avelocityv suchthatv/c << 1.



Shortly after the publication of his first

article in 1905o0n specialrelativity that few

people had understood,in the sameyear,
Einsteinpublisheda seconaarticle wherehe

proposeda demonstrationof this equation
disputedby some Seereferencedor these
articles His demonstrationsee references
[3] [4], Is reproducedn appendixA-1

He will give severalothers We will presenta demonstratiorof
Yves (1952, seereferencq 7], cited by [1] and[8], which is
not by Einstein,butwhich is generalandsimpler



This demonstratiowill showthatthe presencef thetermin

c2 (speedof light squared)is indeeda consequencef the
theory of specialrelativity, in particularof its fundamental
principle which is that all the laws of physicsmust be the
samein all inertial frames,also called Galilean frames,In

homageo Galilea

But, for that, we must start by consideringthe guantities
which appeairn the equationbecauself we haveanintuitive

iIdeaof whatis massandenergy,whenwe look moreclosely,
we notethatit is notassimpleasit sounds



WHAT IS MASS :

This concept which seems familiar to us is not &
simple as it seem

Indeed, there are three types of ma




Gravitational mass

Thegravitationalmasss dividedinto 2 categories

1 - Passivegravitational mass

Commonly called weighty mass,a term that we will adopt,we
will considerit briefly, althoughit doesnot intervenein the
developmenbf the equationE = Mc?, becausat playedarolein
our appreciatiorof theconceptof mass

2 - The active gravitational mass

The active gravitationalmassgenerateshe gravitationalfield. It
IS at this active massof the Earth,for example thatthe weighty
massof anobjectcouplesfor generatingts weight



Passive gravitational mass

This propertyis exhibitedin an obviousway by the "weight" of
materialobjects On Earth,to lift anobjectlying ontheground,it
IS necessaryto make an effort proportional to the quantity,
dependingnits volume,of matter(of the samekind).

But this weight, for a given volume of matter,dependson the

matter Wood, iron, lead, etc obviously have different weights
for thesamevolume

This masss thereforea propertyof mattersinceit dependsnit.



REUEIRNERSS

In a more subtle way, another charactercorrespondingto a
differentphenomenologexists It is the "resistance'df bodiesto
the changeof theirrelativevelocity to agivenreference

Thuson Earth,on a smoothhorizontalsurfaceto setin motiona
massivespherefor examplejt is necessaryo applyan effort and
this, duringatime dependingon the desireachangeof velocity.

If the sphere,of the samematerial,is twice aslarge, it will be
necessaryo apply a force twice greater,to get the sameresult
Again the effort Is proportionalto the amountof matter of a
givennature



REUEIRNERSS

This property of massthat resiststo changeis called inertia
Thereforethis definesan "inertial mass" In the equationE =
Mc?, M is theinertial mass

The body setin motion keepsits velocity whenthe appliedforce
ceasesgneglectingriction).

Suchframe,with relative constantvelocity to a referencanertial
frame,is calledinertial. The conceptof inertiais a fundamental
concepin classicaimechanicandin relativity.

An essentialproperty of an inertial frame s that it Is a frame
whereno constraintis appliedon the extendedoodieswhich are
lying in it (freefall).



Equivalence principle

The conceptof weighty massand the conceptof
Inertial masswhich seendifferentarecloselylinked
by whatis calledthe principle of equivalencevhose

experim

entabbservations attributedto Galilea

From the top of the tower of Pisa,two bodies of
different massesfreleasedat the sametime, touch
thegroundatthe sametime.

The gravitationalfield of the Earthwould conferan
ade 50 acceleratiorto the more massivebody greaterthan

5 that of

the less massivebody, but this is exactly

compensated by their Inertial mass, whose
resistanceto change (acceleration)of the more

massIVve

nodyis strongerthantheother.



Equivalence principle

The fact that the movement,in free fall, doesnot dependon the
massof the objectshowsthatthe weighty massandtheinertial mass
areequa
This Is the Galileo equivalenceprinciple (for gravitation), which
Einsteinextendedo generakelativity.

A materialobjectsimultaneoushhasthe 3 massattributes It hasan
Inertial massa passivanassandanactivemass

As the strengthof the active massis very small, huge massesare
necessaryor beingnot neglectedWe will notconsident here

L e taddsthat in classicalmechanicsthe passivemassof a body
doesnot couplewith its own activemassunlike in generakelativity.



The principle of equivalence will give rise to a
"gravitational” interpretationof the inertial massby Mach
The inertial massof a body resultsfrom the interactionof
saldmasswith all themasse®f theuniverse

This is corroborategexperimentallyby the phenomenology
of Inertial equipment,like the pendulum,the gyroscope,
which do not seem(or very little) to dependon the close
masse$utindeedof thewholeuniverse

Thusa pendulumon Earth launchedin one direction will
keepit, notwithstandingthe rotation of the Earth and the
Influenceof the Sunandthe galaxy:.



Kinematics definition of mass

TheMa c hprnsiple would imply thatin an « empty» universethe
bodieswould have no inertial mass This botheredEinstein which
wasledto discardthis principlefrom his analysis

In Newtonian mechanics,the inertial massm is defined by the
equationf = m.o, wheref Is theforceanda theresultingacceleratior
of thebodyof massanm.

One may also define the inertial massm by the preservationof
momentumjn elasticcollisions(m,v; + m,v, = myv 0+ m,v § where
m, is the massof body 1 of velocity v, beforecollision andv Gafter
and m, the massof body 2 of velocity v, beforecollision andv £
after. Thisrelationshowsthattheratio of changan velocity (v, Tv
and (v,-v 0 Is inversely proportionalto the massesm,;, m,, this
allowing, from aknownmassto defineall the othermasses



What Is energy

Modern theories show that this concept whic
looks familiar is in fact the physical representatio
of time




Energyis a vital elementof which we have a fairly externalidea,
through the consumptionthat we make of it which resultsfrom a
transferfrom a sourcewith potentialenergy,to a destination,from
the power stationto the vacuumecleaner,for examplethroughthe
electricalnetworkandhouseholdutlet

Thereis a generaldistinction betweenpotential energyand kinetic
energy

In relativity, energy is the time componentof the 4-momentun
vector It Is thephysicalguantityassociateavith time.

In quantummechanicsthe energyE, in the Schrodingerequationis
associatedwvith the operatorihO tacting on the wave function y.
Energyis themeasuref its variationovertime (seeA-3).



This showsthat the equations,of the two fundamentaltheoriesof
modernscience relativity and guantummechanicsassociatenergy
with time.

The meaningof this is that without energytransfer,physicaltime
doesnotflow.

This energy transfer is involved, among other things, in our
metabolism,the flow of time that we perceiveis only possible
becausenergyin our bodyis consumed



The relativistic momentum

In classicalphysicsthe momentumnotedP is a spatialvectorequal
to the productof the massm of a body by its velocity vectorv, with
respecto theobservemwho measures:. P = mv.

The conservationaws of this quantityarelinked to the invarianceof
physicswith respectto the choice of a position, accordingto the
theoremof E. Noether(which alsoappliesin relativity):

An isolatedsystemhasa constanimomentum f internalforcessplit
It Into parts, the sum of the parts’' momentumequalsits initial
momentum

In relativity, spacetime theory,we cannotkeepthe Newtonianform,
we mustuseinstead P = 9 myYormula that we will use,where?,
Lorentz factor, introducesthe effect of time. See appendixA-4:
Proofof this formulaandanexample.



Momentum

Newton's pendulum illustrates the conservation of momentum



E = Mc2: A demonstration

In the contextof specialrelativity, let us describea demonstration.
givenby Yvesin 1954 basedon the samethoughtexperimentthat
Einsteinusedin hisarticleof 1905

A body of massm is hangednto a box by a non-conductivewire.
Suddenlyit emitstwo light pulses(photons)of energykE = L/2 in
two oppositedirections First, let us considerthe point of view of
anobserverQ, locatedin the referencdrame R,, wherethe box is

located
Let usrecallthatin relativity themassmis aninvariant4-scalar
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E = Mc2: A demonstration
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The momentunot the photonemittedto therightis p = L / 2c, that
of the photonemittedto theleft is -L / 2c. The momentumP of a

photon of energyE= L I1s P = L/c This was demonstratedy

Maxwell (andlaterPoincare)

The conservationof the total momentumP implies that the body

remainsat restin thebox, therefore

In R,, beforetheemission P-ymv=0 because =20

1

2
[F)
1=z

Where y =

IS the wellknown Lorentz factar



E = Mc2: A demonstration
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In R,, after the emission , we get

P=mo+ L/2c-L/2c=0
Becauses =0.

Where the mass of the body, aftiee emissionis denotedn 0

The idea, for linking mass to energy, will be to evaluate the loss
massméem = o&ine massn,when it loses an enerdy



E = Mc2: A demonstration

The laws of physics must have the same form in all inertial
frames! This does not mean that everyonewill get the same
results, this is not the case,but that theseresults will obey the
samelaws. Here the law Is the conservationof total momentum.

In a 2nd step, let's take the point of view of an observerO, in an
other Galileanframe R; moving at constantcelerity v, to the left,
relativeto thebox

We will useanequationgivenby Einsteinin 1905which describe!
therelativistictransformatiorof the energyk of light rays,whichis
written:

1— cos(@)%

1?2
\/1_6_2

E' = E( )




E = Mc2: A demonstration

Where E Is the energyof the light ray in the inertial frame of

referenceR, whereit is emittedand E as the energymeasuredn

theframeof referenceR, movingwith a constantvelocity v relative
to R, and making an angleof d with R,. This is simply deduced
from the relativistic Doppler effect, the energyof a photonbeing
proportionalo its frequency

In the Galilean frameR,, the total momentum conservation of th:
system can be written:

' 1—2(308?1' _ 1—E
muv m v -I—L - . L -

2 02 2c 2 2c . v*
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E = Mc2: A demonstration
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In the abovefigure, d = °, for the photon emitted to the right
(direction of the photonoppositeto v) andd = O for the photon
emittedto theleft (samedirectionthanv).



E = Mc2: A demonstration

As the symmetricalemissionof photonsleavesthe box atrestin R,
its relativevelocity vin R, doesnotvary andascos( ) = -1, we get




E = Mc2: A demonstration

Symplifying last equation yields:
(mmo) = a&em = L/ c|

As the total energft emitted by the 2 photons is/l2 x 2= L, the
missing energy corresponding to thes of the massems :

E = &m c|
We notethatit is becausehe phenomenomustsatisfythe rulesof
specialrelativity (the laws of physicsare the samein all inertial

frames)thatthetermc?, appearsn theformula

Of coursethis resultof specialrelativity is alsoapplicable locally,
In generarelativity.



E = Mc2: A demonstration

This demonstrationhas the advantageof relying on a thought
experiment Therearesomeof this type, but this oneis the simplest
andaboveall the mostexplicit.

Todaywe do not demonstratéhis formulain this way. The general
form of whichis:

E2 —_ m2c}4 +p2c2

Which reducedo E = mc2whenp = 0 which occurswhenv = 0,
perthedefinition of p.

A moderndemonstratioms givenin annexA-2



The Sun Is a star as these that we can see In th
night, but far more close than them.

It is a huge ball of gaz (mainly hydrogene) whose hart is in nucl
fusion. Its size is gigantjats radius is 100 time larger than that of
Earth.




The mystery of the energy o

the Sun

Whatis the powerof the Sun?

How long will it shinebeforeit runsout of fuel?
Whatfuel doesit use?

How long hasit beenshining?

At the beginningof the 19th century,coalwasnaturallyconsidered,
butthatwould only providesuchenergyfor afew thousand/ears

The first to seriously consider these questionswas the great
Germanphysicist Hermannvon Helmholtz who emphasizedjn
1854 that the Sun's gravity, alone, could provide such energy
duringabout20 millions of years



The mystery of the energy o

the Sun

Radioactivity wasthen discovered

Radioactivitymadelt possibleto estimatethatthe Earthis severa
billion yearsold, a muchgreateragethanthat given by Helmholtz,
and that this sourceof internal energyin the nucleusof the atom,
newly discoveredcould supplythe energyof the Sun

Fissionwas consideredirst, but later, the chemicalcompositionof
the Sunledto considerthefusion



Nucleus
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Schematicrepresentatiorof an atom with its nucleusand its

electrons the scaleis not respectedthe size of the atom being
100000timeslargerthanthatof nucleons



At omOS nudc

Protonsand neutrons,genericallycalled nucleons form an atomic
nucleusof femtometricdimension, 101°m

As the protonsare positively charged,they encountera repulsior
within the nucleus put the intensity of this electrostatiaepulsionis
less than that of the attraction betweennucleonsinducedby the
N n u c foeeatrdstancedessthan2.5fm.

As neutronsare not charged,they do not encountera repulsion
within the nucleus,but just the attractioninducedby thein n u c
force Thereforethey will improvethe cohesionof the nucleusfor
all atoms,otherthanhydrogen

Note that it Is not directly the strong interactionthat is at work
becausat Is exertedbetweerthe quarks,but likely aresidualeffect
calledthenn n u ¢ foeeawhichis notafundamentalnteraction



Cohesi on of >

Before discoveringquarks,this interactionthat links nucleonswas
called nuclearforce It is not a fundamentalinteraction It can be
Interpretedn termsof exchange®f light mesonslike pions,unlike
the strong interaction between quarks which is interpreted by
exchangesf gluons

The cohesionof the nucleusthereforeresultsfrom a binding energy
betweenthe nucleons Energy must be supplied to separatethe
component®f thenucleus Converselywhenwe aregoingto merge
nucleonsto form a heavier nucleus,this binding energy will be
releasedTo be stable,the nucleusmusthavean energylower than
thatof the sumof theseunboundfree) constituents

Thenuclearfusionenergyis not the energyof the nucleonmatter(kE
= Mc?), butit is thebindingenergybetweemucleons



(Thermo)Nuclear fusion

Nuclearfusion,sometimesalledthermonucleafusion,is a proces:
In which two atomic nuclel come togetherto form a heaviel
nucleus

This reactionis atwork in a naturalandlong stableway, in the Sun
andmostof the starsof theuniverse

The fusion of light nuclei gives off enormousamountsof energy
from the binding of nucleonsdueto what hasbeencalled "nucleat
force".

It Is, with fission, one of the two main typesof nuclearreaction:
applied Oneof its advantagess to be ableto theoreticallyproduce
muchmoreenergy(from 3 to 4 timesmore),with an equalmassof
"fuel”, thanfission



The nuclear fusion source of
energy of the Sun

The Sun generates many nuclear reactions of fusion



Internal structure of the Sun
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Nuclear reactions In the Sun

o | el | @
The weak interaction allows the The Carbo_nnltro_genoxygen
protonproton  fusion  which Cyclepredominates starswith

predominatesn starsof the same mass greater than that of the
sizeor smallerthanthatof theSun Sun




Nuclear reactions In the Sun

Interaction between protons

A very high temperature,i.e. a very high kinetic energy, is
neededbecausahesereactionsonly can occur, in the reaction
above,when?2 protonsarecloseenoughto merge For doingthat
they mustbe ableto crossa very high potentialbarrier, because
theyrepeleachother,beingbothpositivelycharged

Indeed if the "nuclear force" is at short distancegreaterthan
electromagnetiaepulsion this differenceis not very large, as
evidencedy thefactthatHelium 2 (2 protonsonly) is not stable



Nuclear reactions In the Sun

repulsive Coulomb potential o 1/r
i
| Potential energy versus nuclei
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aftractive strong nuclear potential

To merge,two positive chargesmustcrossthe potentialbarrier of
the electricfield of infinite range,whoserepulsiveforce increases
In 1/r2, to reachthe borderof the potentialwell, wherethe nuclear
forcedominatedqtypically 3.101°m, whichis 3 timesthesizeof the
nucleus)



Nuclear force

Thenuclearforce,which is exertedbetweemucleons)s responsible
for the binding of protonsand neutronsin atomic nuclel It canbe
Interpretedn termsof exchangesf light mesonslike pions

Even If its existence has been demonstratedsince the 1930k,
scientistshavenot succeededh establishinga law allowing its value
to becalculatedrom known parameters

It Is sometimescalled residualstrong force, to distinguishit from
stronginteraction

This formulation was introducedin the 1970 due to a changeof
paradigm

Previously, the strong nuclearforce designatedhe force betweer
nucleons



Nuclear force

After the introduction of the quark model, the strong interactior
designatedhe forcesdefined by quantumchromodynamicswhich
Interactwith quarks,dueto their color charge
Sincenucleonshaveno color chargenhuclearforcethereforedoesnot
directly involve gluons,the mediatorsof the stronginteraction,but
ratherotherprocesses

Basicproperties

Nuclearforceonly involve hadrons

At typical separationdistancesof nucleons(1.3 fm), it Is a very
Intenseattractiveforce

At these distances,the nuclear force is more intense than the
Coulomb force It can therefore overcomethe repulsion betweel
protonsproducedoy the Coulombforceinsideatomicnuclel



Nuclear force

However,the Coulombforce betweenprotonshasa greaterrange
andbecomeghe only significantforce betweenprotonswhenthey
are separatedy morethan 3 fm. On the otherhand,at very short
distances,the nuclear force becomeshighly repulsive, which

maintainsarealseparatiorbetweemucleons

Thenuclearforce (NN force)is practicallyindependenof thetype

of nucleons(neutronsor protons) This propertyis called charge
iIndependence

The NN forcedepend®n therelativeorientationof the spinsof the

nucleonsvhich canbe parallelor antiparallel

The force NN hasa non-centralor tensorialcomponent This part
of theforce doesnotretainthe orbital angularmomentumwhich s

a constanbf the movemenproducedy a centralforce



Nuclear reactions In the Sun

The essential role of neutrons

On the otherhand,the captureof a neutrondoesnot undergothis
repulsion and on the contrary it is favored for low energy
neutrons

Neutronsplay the role of glue betweenthe nucleons Without
them there would be no nucleusother than hydrogenand no
chemistry especiallyorganic,sowe would notbehere

It wastherescuejn extremis,of 1 neutronout of 7, after 200s of
carnage,during the primordial nucleosynthesiswhich allowed
theadventurdo continueup to humanbeing.



Cosmological recall

This thermonuclearfusion In the starsis possible becausethe
primordial nucleosynthesiswhere it was the whole universe
which was in fusion, left enoughhydrogenso that the starscan,
muchlater, locally andmore modestly finish the job up to human
beings

If the nucleosynthesiBadgonewell, all the hydrogenwould have
beenburntupto iron : Endof story!

Nucleosynthesi€ould have startedaroundt a 1s, (all times are
givenin cosmologicatime), wherethe energyof the universewas
1 Mev (1019 AK), becausehe binding energyof the nucleonss of
this magnitude This wasnotthe casefor severakeasons



An upset nucleosynthesis

1-The universewas expandingvery quickly: Not easyto meetin an
environmenthatis fleeingapartin all directions.
2-Deuterium,which is an essentiallink in the chain, hasa fragile
core It can be easily destroyedby photons This Is called the
deuteriumchicane

3- Preciselyphotonsthereareonebillion pernucleon following the
annihilationof matter- antimatterwhich occurredat atemperaturd
=1 GeV (att = 10° s) whereonly 1 billionth of matterin excessjn
violation of thelawsof physics hassurvived

At t = 1s,thethermalequilibriumat 1 MeV follows a statisticwhere
therearemorephotonswith energyover1 MeV, thannucleonsThis
allows them to massively destroy the deuterium nuclei, whose
bindingenergyis only 1 MeV.



t = 100s, the deuteriun Is stal

It will be necessaryto wait until 100 seconds before
nucleosynthesizan be effective The temperatureis then 100
KeV, the universeexpandanoreslowly, andthe photonsareless
energetic Deuterium is no longer massively destroyed The
fusionof hydrogeno heliumbecomesffective

But it Is very late,and,at this temperaturethe fusionof hydrogen
becomessluggishand finally, att = 200s, this fusion will stop
Theresultis roughly 10% of helium synthesizedBut this helium
will Incorporateand saveall the neutronsthat survived(1 out of
/) from previousepisodes

After primordial nucleosynthesighe universeis madeup of 90%
hydrogennuclei and 10% helium nuclei and traces(<107) of
otherlight elements



The cosmos did the job

By leaving 90% hydrogen,the universe preservesthe future
Large structureggeneratingstarswith their procession®f planets
will exist

By fusingthe neutronan the heliumnucleiwhich stabilizesthem,
It savedthe surviving neutronswhich allows complexandvaried
chemistry(All nucleiexcepthydrogenrequireneutrons)

Notethatit is theasymmetryof probability of thereactiongA =p
Y n+e+3 and(B=nY p+ e +3) whichbecomedargewhen
the temperaturaropsbelow a few MeV, becausdhe neutronis
heavier, by a few MeV, than the proton, it Is then very
disadvantagea@ndreactionB becomegreponderanin regardof
reactionA, whereasat1 GeV it wasnotnoticeable




The big fear of neutrons

Already att = 1s therewasonly 1 neutronleft for 3 protonsandthe
carnagecontinueduntil 1 neutronfor 7 protonsatt = 200 s. In
addition,a free neutronis unstablewith a periodof approximatelyl5
minutes A hugethreatfor neutrons!

L e t aoldsthat the excessof 1 billionth of matter which seem:
arbitrary is a sensitivecriterion If the gap had been notoriously
smaller,there would have beenno nucleosynthesishe even more
populatedohotonseawould havetoo delayedthe efficiency starting
time for being productive If the difference had been notoriously
larger, the nucleosynthesisvould have beentoo efficient and the
hydrogenfuel would have beenlargely burnt, leaving too little for
thefuture

Notealsothe existenceof the deuteriumchicanetheweaklink in the
fusionreactionwhichis acritical elementof the process!



A beneficial scenario

In short, this nucleosynthesisvhich seemsto havebeenaborted

was in fact very fruitful, becausat did exactly what had to be
donefor us

- Keeping 90% of hydrogenwhich will be the matterof large
structuresandthefuel for the starscreatedoy thesestructures

- Saveneutronsby incorporatingtheminto helium nuclei which
themselvedy thermonucleafusionwill synthetizeelementsuch

as carbon,oxygen, nitrogen, etc, this allowing a very complex
chemistry

This shows once again the sensitivity to the values of the
parameters,a significant variation of which would have
profoundlychangedur destiny
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In helium,the binding energyis 7 MeV pernucleon,.e. 28 MeV for

the nucleus It Is this energythat will be releasec

uring the fusion

| t absut 10 million times more than a chemical combustior

reaction



Hydrostatic equilibrium

The Sun,like any star,is a ball of gasin hydrostaticequilibrium At
eachpoint, the pressureof the gaswhich tendsto expandit exactly
compensatethe gravity which, onthe contrarytendsto contractit.

This stateof equilibriumexplainsthe sphericashapeof the Sun
Thetemperatures the highestin the centerof the Sun 15.5 million
degreesKelvin. The pressurereaches340 billion times the Earth's

atmospheripressureThedensityis 158000kg percubicmeter

Thetemperatur@raduallydecreaseasyou getcloserto the surface



Hydrostatic equilibrium

In the 500 km thick photospherewhereall visible light comes
from, thetemperatures 5800K.

Then the temperaturerises to around 100,000 K in the first
layer of the, 2,500 km thick, rarefiedatmosphereof the Sun,
calledthechromosphere

The temperaturaeachesl to 2 million degreesKelvin in the
upperatmospher®f the Sun,the crown, which extendsover a

few million km.
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A difficult combustion

How with sucha low temperatureghe Suncanshine The answers
given by its formationandthe hydrostaticequilibrium that occurred
whenthe nuclearreactionggnited, correspondindo the statewe see
today.

It IS Its enormousmass,which compensatefor the low probabillity
of occurrencef athermonucleafusionreaction

The energyper kilogram of the Sunis 0.2 mW per kg (4.10°°W /
2.10°%q). Thatof the humanbodyis around1W perkg. We seethat
we shine5000timesmorethanthe Sun!

This illustratesthe previousargumenbf theimportanceof mass
Note that the fact that it burnsslowly iIs ratheran advantagdor us,
becausen doingso,it will still burnfor averylongtime!!!



Energy balance of the Sun

It Is the almost exclusive supplier of energy for the Ear t
surface This huge gas ball consistsmainly of hydrogen The
temperatureat its centerrises to 15,5 million degrees,which
makesthefusionvery slow.

The transformationof hydrogeninto helium by nuclearfusionis
accompaniety a colossakeleasaf energypersecond

3.83 1@° watts,

Approximately4.10'” modernl GW nuclearreactors

The Earth,dueto the distanceof its star (150 million kilometers
onaverage)yeceivennly 1 billionth of this energy However this
energy is sufficient to maintain the dynamicsof life and the
climate



Energy balance of the Sun

To give an idea of the phenomenaknergyof the Sun, suppose
that we captureits energyjust for 1 secondandstoreit in alarge
capacitybattery

This seconaf energycontains
3.83 13°joules,

This energywould be enoughto powerthe Earthfor 32 yearsin
exactlythesameway asthe Sundoes!



Energy balance of the Sun

The formula E = M.c2 shows us that the Sun transformsinto
energy(it becomedighter) everysecond.26 billion kg.

It burnsapproximately600 billion kg of hydrogen,becausdahe
yield is approximately0.7% of the massenergygivenby E = Mc?
of hydrogen,sinceit Is the binding energywhich is releasedor
thefusionof 4 protonsin He.

Theenergyof high energyphotons(X ando rays)releasedluring
the fusion reactions takes a considerabletime to cross the
radiationandconvectionzonesbeforereachingthe surfaceof the
Sun It I1s estimatedhatthe transittime of the heartto the surface
IS betweenl0,000and170000years



Energy balance of the Sun

After passingthrough the convection layer and reachingthe
photospherephotonsescapento space,largely in the form of
light. Each gammaray producedin the center of the Sunis
ultimately transformedinto severalmillion of light rays which
escapento space

Neutrinos are also releasedby fusion reactions, but unlike

photonsthey interactlittle with matterand arethereforereleased
Immediately For years,the numberof neutrinosproducedby the
Sunwas measuredne third lower than the theoreticalvalue it

was the problem of solar neutrinos,which was solvedin 1998
thanks to a better understandingof the neutrino oscillation
phenomenon




Energy balance of the Sun

Since its birth (approximately 4.5 billion years ago) it has
transformednto helium8.5.10 %8 kg of hydrogenon its 2.10°° kg
(approximately),or approximatelythe massof 10,000 Earths
(Earthweighs6.10°%kQ)!

It thereforetransformednto energylessthan0.035% of its mass
(it probablylost more than that in ejection of matter) and this
concernedabout 6.7% of its hydrogen(Recall that its massis
composemf 75% of hydrogenand25% helium).



Energy distribution
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Sun and Earth

Solar plant in California



Sun, tan and life

It is because, on
Earth, the flow of
photonsis weak, the
atomsof our body hit
by  photons, in
relation to the

A neighboring atoms
Q‘*—"ﬂ'—“ will transmitto them
. most of their energy
f%?g':'f-"fwhlch will lead to

It is pleasant to
sunbathen the Sun
But if we knew that
most of the rays
(photons) are at
5600 A K, (more
than 10 OOK for &%
UV) maybe that *
would cool some! k&
How come we are: =~ ¢

w J'“ fr,.‘_' ;( ,; .-.f i~ .1 ‘_ - .
not Immedlately . '“" S ~ thermal equilibrium
charred? ,. " at a more reasonable

- temperature

s 7 = -L. s.“.c'?

But if we concentratethesephotonsby a spherlcalconcavemlrror which increaseghe flux,
then there is to fear! This high photon temperatureexplains the high temperaturesn the
thermospherand the terrestrialionospherewhich is a very rarefied gas where the thermal
equilibrium of the gaswhich resultsfrom collisions betweenatomsis not very efficient This
also explainsthe high temperatureof the Sun'sthin gaslayer where,nearthe Sun,evenmore
energeticphotons(UV, X) up to millions of degreeshavea flux equalto 25,000 times that
receivedon Earth
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Origin and destiny of the Sun

.....
° a o =
p @ 82

Four and a half billion yearsagoe a star explodkedin the vicinity (in
the cosmaggiaasanse d <10 al) of the region wherethe Suim (our
staf) was going to form. It has se=iiddthis regiom in various
chanidlelemw@niswhich we willl find in the sumn amndl the plamats’
andl the shadk wave of the explasonwill causea collapse (over
hundixeldof millions of yearg)of the gas, leadiimgto the formadiom of
the solar system




Origin and destiny of the Sun
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Chemical elements In the Su

Abundance of chemicalatoms in Sun.
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Hydrogenandhelium, mainly comefrom
the primordial nucleosynthesis, even
though the fusion, at work in the Sun,
addedarelativesmallpartof helium

The abundancef otherelementsjn the
Sun,inheritedfrom a, undoubtedlysmall
part of the cloud, generatedby the
explosivefusion of the supernovaooks
relatively low. But per the huge massof
the Sun, this represents mass far more
greater than all the mass of these
elementsin all the planetsof the solar
system



Chemical elements In solar

system including humans

In the solar system, the abundance in chemical elemer
IS very different. A synthesis of this abundance for the
Earth, its crust, and humans, given in the next slide,
shows that it is not hydrogen and helium which are
dominant but rather oxygen, iron, and also carbon for
human.



Chemicalatoms-synthesis

Element Universe Sun Earth crust

Hydrogen 75% 73,5% <1% <1% 10%
Hélium <0,001% <0,001% <0,001%
Iron 0,16% 32,1% 5% 0,1%
Oxygene 0,77% 48,6% 65%
Carbon 0,029% <1% <1%

Nitrogen 0,09% <1% <1% 3%
Silicium 0,07% 15,1% <0,1%
Calcium <0,01% 1,5% 3,6% 1,5%
Magnesium 0,05% 13,9% 0,1%

Percentages in mass (ré€dbrange =%, green= 93, blue 4







