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"The influence of the Sun on the Earth, from which all movement and all life, all order and all
ornament of nature derive, is such that the more we consider it, the more we find it wonderful.
Hencefor the philosopher the commitment to use all the resourcesof his mind, in order to rise
himself to a theory worth of suchsubject.άJohannesKepler(1571-1630).



E = Mc²

In this well-known formula,valid locally, oneeasilyunderstands

that thematterôsenergyE is proportionalto its mass,but one

maybesurprisedby thefactorincludingthecelerityof light.

Per the high value of the celerity of light, this showsthat this

energyof matter,which is a potentialenergy,is huge,something

thatnobodyexpectedbeforethetwentiethcentury.

This equation, implied by the special relativity, will be

laboriously establishedby Einstein in this framework His first

controversialdemonstrationin 1905, suffers from only being

valid in thecaseof a velocityv suchthatv/c << 1.



E = Mc²
Shortly after the publication of his first

article in 1905on specialrelativity that few

people had understood,in the sameyear,

Einsteinpublisheda secondarticlewherehe

proposeda demonstrationof this equation

disputedby some. Seereferencesfor these

articles. His demonstration,see references

[3] [4], is reproducedin appendixA-1

He will give severalothers. We will presenta demonstrationof

Yves (1952), seereference[7], cited by [1] and [8], which is

notby Einstein,butwhich is generalandsimpler.



E = Mc²

This demonstrationwill showthat thepresenceof thetermin

c² (speedof light squared)is indeeda consequenceof the

theory of specialrelativity, in particular of its fundamental

principle which is that all the laws of physicsmust be the

samein all inertial frames,also called Galilean frames,in

homageto Galileo.

But, for that, we must start by consideringthe quantities

which appearin theequationbecause,if we havean intuitive

ideaof what is massandenergy,whenwe look moreclosely,

we notethatit is notassimpleasit sounds.



WHAT IS MASS?

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

Indeed, there are three types of  mass



Gravitational mass
Thegravitationalmassis dividedinto 2 categories:

1 - Passivegravitational mass

Commonlycalled weighty mass,a term that we will adopt,we

will consider it briefly, although it does not intervenein the

developmentof theequationE = Mc², becauseit playeda role in

ourappreciationof theconceptof mass.

2 - The activegravitational mass

The activegravitationalmassgeneratesthe gravitationalfield. It

is at this activemassof the Earth,for example,that the weighty

massof anobjectcouplesfor generatingits weight.



Passive gravitational mass

This propertyis exhibitedin an obviousway by the "weight" of

materialobjects: On Earth,to lift anobjectlying on theground,it

is necessaryto make an effort proportional to the quantity,

dependingon its volume,of matter(of thesamekind).

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

matter. Wood, iron, lead, etc. obviously havedifferent weights

for thesamevolume.

This massis thereforea propertyof mattersinceit dependson it.



Inertial mass
In a more subtle way, another charactercorrespondingto a

differentphenomenologyexists: It is the"resistance"of bodiesto

thechangeof their relativevelocity to a givenreference.

Thuson Earth,on a smoothhorizontalsurface,to setin motiona

massivespherefor example,it is necessaryto applyaneffort and

this,duringa time dependingon thedesiredchangeof velocity.

If the sphere,of the samematerial, is twice as large, it will be

necessaryto apply a force twice greater,to get the sameresult.

Again the effort is proportional to the amount of matter of a

givennature.



Inertial mass
This property of massthat resiststo changeis called inertia.

Thereforethis definesan "inertial mass". In the equationE =

Mc², M is theinertialmass.

Thebodysetin motionkeepsits velocity whentheappliedforce

ceases(neglectingfriction).

Suchframe,with relativeconstantvelocity to a referenceinertial

frame,is called inertial. The conceptof inertia is a fundamental

conceptin classicalmechanicsandin relativity.

An essentialproperty of an inertial frame is that it is a frame

whereno constraintis appliedon the extendedbodieswhich are

lying in it (freefall).



Equivalence principle
The conceptof weighty massand the conceptof

inertial masswhich seemdifferentarecloselylinked

by what is calledtheprincipleof equivalencewhose

experimentalobservationis attributedto Galileo.

From the top of the tower of Pisa, two bodiesof

different masses,releasedat the sametime, touch

thegroundat thesametime.

Thegravitationalfield of theEarthwould conferan

accelerationto the moremassivebody greaterthan

that of the less massivebody, but this is exactly

compensated by their inertial mass, whose

resistanceto change (acceleration)of the more

massivebodyis strongerthantheother.



Equivalence principle
The fact that the movement,in free fall, doesnot dependon the

massof theobjectshowsthattheweightymassandtheinertial mass

areequal.

This is the Galileo equivalenceprinciple (for gravitation), which

Einsteinextendedto generalrelativity.

A materialobjectsimultaneouslyhasthe3 massattributes: It hasan

inertialmass,apassivemassandanactivemass.

As the strengthof the active massis very small, hugemassesare

necessaryfor beingnotneglected. We will not considerit here.

Letôsadd that in classicalmechanicsthe passivemassof a body

doesnot couplewith its own activemassunlike in generalrelativity.



Machós principle
The principle of equivalence will give rise to a

"gravitational"interpretationof the inertial massby Mach:

The inertial massof a body resultsfrom the interactionof

saidmasswith all themassesof theuniverse.

This is corroboratedexperimentallyby thephenomenology

of inertial equipment,like the pendulum,the gyroscope,

which do not seem(or very little) to dependon the close

massesbut indeedof thewholeuniverse.

Thus a pendulumon Earth launchedin one direction will

keep it, notwithstandingthe rotation of the Earth and the

influenceof theSunandthegalaxy.



Kinematics definition of mass
TheMachôsprinciplewould imply that in an« empty» universethe

bodieswould have no inertial mass. This botheredEinstein which

wasled to discardthisprinciplefrom hisanalysis.

In Newtonian mechanics,the inertial mass m is defined by the

equationf = m.ɔ, wheref is theforceandɔtheresultingacceleration

of thebodyof massem.

One may also define the inertial massm by the preservationof

momentum,in elasticcollisions(m1v1 + m2v2 = m1vô1 + m2vô2) where

m1 is themassof body 1 of velocity v1 beforecollision andvô1 after

and m2 the massof body 2 of velocity v2 beforecollision andvô2
after. This relationshowsthattheratio of changein velocity (v1ïvô1)

and (v2-vô2) is inversely proportional to the massesm1, m2, this

allowing, from aknownmass,to defineall theothermasses.



What is energy?
Modern theories show that this concept which 

looks familiar is in fact the physical representation 
of time



Energy
Energy is a vital elementof which we havea fairly externalidea,

through the consumptionthat we make of it which resultsfrom a

transferfrom a sourcewith potentialenergy,to a destination,from

the power station to the vacuumcleaner,for examplethrough the

electricalnetworkandhouseholdoutlet.

There is a generaldistinction betweenpotentialenergyand kinetic

energy.

In relativity, energy is the time componentof the 4-momentum

vector. It is thephysicalquantityassociatedwith time.

In quantummechanics,the energyE, in the Schrödingerequationis

associatedwith the operatorihÖtacting on the wave function ɣ.

Energyis themeasureof its variationovertime (seeA-3).



Energy

This showsthat the equations,of the two fundamentaltheoriesof

modernscience,relativity andquantummechanicsassociateenergy

with time.

The meaningof this is that without energytransfer,physical time

doesnot flow.

This energy transfer is involved, among other things, in our

metabolism,the flow of time that we perceive is only possible

becauseenergyin our bodyis consumed.



The relativistic momentum
In classicalphysicsthe momentumnotedP is a spatialvectorequal

to theproductof themassm of a bodyby its velocity vectorv, with

respectto theobserverwho measuresv: P = mv.

Theconservationlawsof this quantityarelinked to theinvarianceof

physicswith respectto the choice of a position, accordingto the

theoremof E. Noether(whichalsoappliesin relativity):

An isolatedsystemhasa constantmomentum. If internalforcessplit

it into parts, the sum of the parts' momentumequals its initial

momentum.

In relativity, space-time theory,we cannotkeeptheNewtonianform,

we must useinstead: P = ɔmv, formula that we will use,whereɔ,

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 thesamethoughtexperiment,that

Einsteinusedin hisarticleof 1905.

A body of massm is hangedinto a box by a non-conductivewire.

Suddenlyit emits two light pulses(photons)of energyE = L/2 in

two oppositedirections. First, let us considerthe point of view of

an observerO0 locatedin the referenceframeR0, wherethe box is

located.

Let usrecallthatin relativity themassm is aninvariant4-scalar.



E = Mc²: A demonstration

Themomentumof thephotonemittedto theright is p = L / 2c, that

of the photonemittedto the left is -L / 2c. The momentumP of a

photon of energy E= L is P = L/c This was demonstratedby

Maxwell (andlaterPoincaré).

The conservationof the total momentumP implies that the body

remainsat restin thebox, therefore:

In R0, beforetheemission: , becausev = 0

Where  is the well-known Lorentz factor.



E = Mc²: A demonstration

In R0, after the emission , we get:

P = môv + L/2c - L/2c = 0

Becausev =0. 

Where the mass of the body, afterthe emission is denoted mô.

The idea, for linking mass to energy, will be to evaluate the loss of 

mass mô-m = æm of the mass m,when it loses an energy L.



E = Mc²: A demonstration
The laws of physics must have the same form in all inertial

frames! This does not mean that everyone will 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 observerO1 in an

other Galileanframe R1 moving at constantcelerity v, to the left,

relativeto thebox.

We will useanequation,givenby Einsteinin 1905which describes

therelativistictransformationof theenergyE of light rays,which is

written:



E = Mc²: A demonstration

In the Galilean frame R1, the total momentum conservation  of the 

system can be written:

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

referenceR0 whereit is emittedandEôis the energymeasuredin

theframeof referenceR1 movingwith a constantvelocity v relative

to R0 and making an angleof ɗwith R0. This is simply deduced

from the relativistic Doppler effect, the energyof a photonbeing

proportionalto its frequency.

Momentum of the body 

before emission

Momentum of the body 

after emission

Momentum of the right 

emitted  photon

Momentum of the left 

emitted  photon



E = Mc²: A demonstration

In the above figure, ɗ= ,́ for the photon emitted to the right

(direction of the photonoppositeto v) andɗ= 0 for the photon

emittedto theleft (samedirectionthanv).



E = Mc²: A demonstration

As thesymmetricalemissionof photonsleavesthebox at restin R0,

its relativevelocityv in R1 doesnotvary andascos(́ ) = -1, we get:



Symplifying last equation yields: 

(m-mô) = æm = L/cĮ

As the total energyE emitted by the 2 photons is L/2 x 2 = L, the 

missing energy corresponding to the loss of the mass æmis :

E = æm cĮ

We notethat it is becausethephenomenonmustsatisfytherulesof

specialrelativity (the laws of physicsare the samein all inertial

frames)thatthetermc²,appearsin theformula.

Of coursethis resultof specialrelativity is alsoapplicable,locally,

in generalrelativity.

E = Mc²: A demonstration



E = Mc²: A demonstration

This demonstrationhas the advantageof relying on a thought

experiment. Therearesomeof this type,but this oneis thesimplest

andaboveall themostexplicit.

Todaywe do not demonstratethis formula in this way. Thegeneral

form of which is:

E² = m²c4 +p²c²

Which reducesto E = mc² whenp = 0 which occurswhenv = 0,

perthedefinitionof p.

.

A moderndemonstrationis givenin annexA-2



It is a huge ball of gaz (mainly hydrogene) whose hart is in nuclear 

fusion. Its size is gigantic, its radius is 100 time larger than that of 

Earth.

The Sun is a star as these that we can see in the 

night, but far more close than them.



Whatis thepowerof theSun?

How longwill it shinebeforeit runsoutof fuel?

Whatfuel doesit use?

How longhasit beenshining?

At thebeginningof the19th century,coalwasnaturallyconsidered,

but thatwouldonly providesuchenergyfor a few thousandyears.

The first to seriously consider these questionswas the great

Germanphysicist Hermannvon Helmholtz who emphasized,in

1854, that the Sun's gravity, alone, could provide such energy

duringabout20millions of years.

The mystery of the energy of 

the Sun



Radioactivity wasthen discovered:

Radioactivitymadeit possibleto estimate,that the Earth is several

billion yearsold, a muchgreateragethanthat given by Helmholtz,

and that this sourceof internal energyin the nucleusof the atom,

newly discovered,couldsupplytheenergyof theSun.

Fissionwasconsideredfirst, but later, the chemicalcompositionof

theSunled to considerthefusion.

The mystery of the energy of 

the Sun



Schematicrepresentationof an atom with its nucleusand its

electrons,the scaleis not respected,the size of the atom being

100,000timeslargerthanthatof nucleons.

Atoms

Nucleus

Scale in m Scale in 10-18 m



Protonsand neutrons,genericallycalled nucleons,form an atomic

nucleusof femtometricdimension,10-15m

As the protonsare positively charged,they encountera repulsion

within thenucleus,but the intensityof this electrostaticrepulsionis

less than that of the attractionbetweennucleonsinducedby the

ñnuclearòforceatdistanceslessthan2.5 fm.

As neutronsare not charged,they do not encountera repulsion

within the nucleus,but just the attractioninducedby theñnuclearò

force. Thereforethey will improvethe cohesionof the nucleusfor

all atoms,otherthanhydrogen.

Note that it is not directly the strong interaction that is at work

becauseit is exertedbetweenthequarks,but likely a residualeffect

calledtheñnuclearòforcewhich is nota fundamentalinteraction.

Atomôs nucleus



Before discoveringquarks,this interactionthat links nucleonswas

called nuclearforce. It is not a fundamentalinteraction. It can be

interpretedin termsof exchangesof light mesons,like pions,unlike

the strong interaction between quarks which is interpreted by

exchangesof gluons.

Thecohesionof thenucleusthereforeresultsfrom a bindingenergy

betweenthe nucleons. Energy must be supplied to separatethe

componentsof thenucleus. Conversely,whenwe aregoingto merge

nucleonsto form a heavier nucleus,this binding energy will be

released. To be stable,the nucleusmusthavean energylower than

thatof thesumof theseunbound(free)constituents.

Thenuclearfusionenergyis not theenergyof thenucleonmatter(E

= Mc²), but it is thebindingenergybetweennucleons.

Cohesion of atomôs nucleus



Nuclearfusion,sometimescalledthermonuclearfusion,is a process

in which two atomic nuclei come together to form a heavier

nucleus.

This reactionis at work in a naturalandlong stableway, in theSun

andmostof thestarsof theuniverse.

The fusion of light nuclei gives off enormousamountsof energy

from the binding of nucleonsdueto what hasbeencalled"nuclear

force".

It is, with fission, one of the two main typesof nuclearreactions

applied. Oneof its advantagesis to beableto theoreticallyproduce

muchmoreenergy(from 3 to 4 timesmore),with anequalmassof

"fuel", thanfission.

(Thermo)Nuclear fusion



The Sun generates many nuclear reactions of fusion. 

The nuclear fusion source of 

energy of the Sun



Internal structure of the Sun



The weak interaction allows the

proton-proton fusion which

predominatesin starsof the same

sizeor smallerthanthatof theSun.

Nuclear reactions in the Sun

The carbon-nitrogen-oxygen

cyclepredominatesin starswith

mass greater than that of the

Sun.

(W+) (W+)

(W+)

(W+)



Nuclear reactions in the Sun

Interaction between protons

A very high temperature,i.e. a very high kinetic energy, is

needed,becausethesereactionsonly can occur, in the reaction

above,when2 protonsarecloseenoughto merge. For doing that

they mustbe able to crossa very high potentialbarrier,because

theyrepeleachother,beingbothpositivelycharged.

Indeed if the "nuclear force" is at short distancegreater than

electromagneticrepulsion this difference is not very large, as

evidencedby thefact thatHelium2 (2 protonsonly) is not stable.



Nuclear reactions in the Sun

To merge,two positivechargesmustcrossthe potentialbarrierof

the electric field of infinite range,whoserepulsiveforce increases

in 1/r², to reachthe borderof the potentialwell, wherethe nuclear

forcedominates(typically 3.10-15m, which is 3 timesthesizeof the

nucleus).



Nuclear force
Thenuclearforce,which is exertedbetweennucleons,is responsible

for the binding of protonsand neutronsin atomic nuclei. It can be

interpretedin termsof exchangesof light mesons,like pions.

Even if its existence has been demonstratedsince the 1930s,

scientistshavenot succeededin establishinga law allowing its value

to becalculatedfrom knownparameters.

It is sometimescalled residualstrong force, to distinguishit from

stronginteraction.

This formulation was introducedin the 1970s due to a changeof

paradigm.

Previously, the strong nuclear force designatedthe force between

nucleons.



Nuclear force
After the introduction of the quark model, the strong interaction

designatedthe forcesdefinedby quantumchromodynamics,which

interactwith quarks,dueto their color charge.

Sincenucleonshavenocolor charge,nuclearforcethereforedoesnot

directly involve gluons,the mediatorsof the stronginteraction,but

ratherotherprocesses.

Basicproperties

Nuclearforceonly involvehadrons.

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 thereforeovercomethe repulsion between

protonsproducedby theCoulombforceinsideatomicnuclei.



Nuclear force
However,the Coulombforce betweenprotonshasa greaterrange

andbecomestheonly significantforce betweenprotonswhenthey

areseparatedby morethan3 fm. On the otherhand,at very short

distances,the nuclear force becomeshighly repulsive, which

maintainsa realseparationbetweennucleons.

Thenuclearforce(NN force) is practicallyindependentof the type

of nucleons(neutronsor protons). This property is called charge

independence.

TheNN forcedependson therelativeorientationof thespinsof the

nucleonswhich canbeparallelor antiparallel.

The force NN hasa non-centralor tensorialcomponent. This part

of theforcedoesnot retaintheorbital angularmomentum,which is

aconstantof themovementproducedby a centralforce.



Nuclear reactions in the Sun
The essential role of neutrons

On theotherhand,thecaptureof 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,sowewould notbehere.

It wastherescue,in extremis,of 1 neutronout of 7, after200s of

carnage,during the primordial nucleosynthesis,which allowed

theadventureto continueup to humanbeing.



Cosmological recall
This thermonuclearfusion in the stars is possiblebecausethe

primordial nucleosynthesis,where it was the whole universe

which was in fusion, left enoughhydrogenso that the starscan,

muchlater, locally andmoremodestly,finish the job up to human

beings.

If thenucleosynthesishadgonewell, all thehydrogenwould have

beenburntup to iron : Endof story!

Nucleosynthesiscould havestartedaroundt å1s, (all times are

givenin cosmologicaltime), wheretheenergyof theuniversewas

1 Mev (1010ÁK), becausethebindingenergyof thenucleonsis of

thismagnitude. This wasnot thecasefor severalreasons.



An upset nucleosynthesis
1-The universewasexpandingvery quickly: Not easyto meetin an

environmentthatis fleeingapartin all directions..

2-Deuterium,which is an essentiallink in the chain, has a fragile

core. It can be easily destroyedby photons: This is called the

deuteriumchicane.

3- Preciselyphotons,thereareonebillion pernucleon,following the

annihilationof matter- antimatter,which occurredat a temperatureT

= 1 GeV (at t = 10-6 s) whereonly 1 billionth of matterin excess,in

violationof thelawsof physics,hassurvived.

At t = 1s, thethermalequilibriumat 1 MeV follows a statisticwhere

therearemorephotonswith energyover1 MeV, thannucleons. This

allows them to massively destroy the deuterium nuclei, whose

bindingenergyis only 1 MeV.



t = 100s, the deuteriun is stable
It will be necessary to wait until 100 seconds before

nucleosynthesiscan be effective. The temperatureis then 100

KeV, theuniverseexpandsmoreslowly, andthephotonsareless

energetic. Deuterium is no longer massively destroyed: The

fusionof hydrogento heliumbecomeseffective.

But it is very late,and,at this temperature,thefusionof hydrogen

becomessluggishand finally, at t = 200s, this fusion will stop.

Theresultis roughly10% of heliumsynthesized. But this helium

will incorporateandsaveall the neutronsthat survived(1 out of

7) from previousepisodes.

After primordialnucleosynthesis,theuniverseis madeup of 90%

hydrogennuclei and 10% helium nuclei and traces(<10-7) of

otherlight elements.



The cosmos did the job
By leaving 90% hydrogen, the universe preservesthe future:

Largestructuresgeneratingstarswith their processionsof planets

will exist.

By fusingtheneutronsin theheliumnucleiwhich stabilizesthem,

it savedthe surviving neutronswhich allows complexandvaried

chemistry(All nucleiexcepthydrogenrequireneutrons).

Notethat it is theasymmetryof probabilityof thereactions(A = p

Ÿ n + e+ +ɜ)and(B = nŸ p + e- +ɜ) which becomeslargewhen

the temperaturedropsbelow a few MeV, becausethe neutronis

heavier, by a few MeV, than the proton, it is then very

disadvantagedandreactionB becomespreponderantin regardof

reactionA, whereasat1 GeV it wasnotnoticeable.



The big fear of neutrons
Already at t = 1s therewasonly 1 neutronleft for 3 protonsandthe

carnagecontinueduntil 1 neutron for 7 protons at t = 200 s. In

addition,a freeneutronis unstablewith a periodof approximately15

minutes. A hugethreatfor neutrons!

Letôsadd that the excessof 1 billionth of matter which seems

arbitrary is a sensitivecriterion. If the gap had been notoriously

smaller, therewould havebeenno nucleosynthesis,the evenmore

populatedphotonseawould havetoo delayedthe efficiency starting

time for being productive. If the difference had been notoriously

larger, the nucleosynthesiswould have been too efficient and the

hydrogenfuel would havebeenlargely burnt, leaving too little for

thefuture.

Notealsotheexistenceof thedeuteriumchicane,theweaklink in the

fusionreaction,which is acritical elementof theprocess!



A beneficial scenario
In short, this nucleosynthesiswhich seemsto havebeenaborted

was in fact very fruitful, becauseit did exactly what had to be

donefor us:

- Keeping 90% of hydrogenwhich will be the matter of large

structuresandthefuel for thestarscreatedby thesestructures.

- Saveneutronsby incorporatingtheminto helium nuclei which

themselvesby thermonuclearfusionwill synthetizeelementssuch

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

profoundlychangedourdestiny.



Mendeleïev periodic table



Binding energy of the nucleus

In helium,thebindingenergyis 7 MeV pernucleon,i.e. 28 MeV for

the nucleus. It is this energythat will be releasedduring the fusion.

Itôsabout 10 million times more than a chemical combustion

reaction.



Hydrostatic equilibrium

TheSun,like anystar,is a ball of gasin hydrostaticequilibrium. At

eachpoint, the pressureof the gaswhich tendsto expandit exactly

compensatesthegravitywhich,on thecontrarytendsto contractit.

This stateof equilibriumexplainsthesphericalshapeof theSun.

The temperatureis the highestin the centerof the Sun: 15.5 million

degreesKelvin. The pressurereaches340 billion times the Earth's

atmosphericpressure. Thedensityis 158000kg percubicmeter.

Thetemperaturegraduallydecreasesasyou getcloserto thesurface.



Hydrostatic equilibrium

.

In the 500 km thick photosphere,whereall visible light comes

from, thetemperatureis 5800K.

Then the temperaturerises to around100,000 K in the first

layer of the, 2,500 km thick, rarefiedatmosphere,of the Sun,

calledthechromosphere.

The temperaturereaches1 to 2 million degreesKelvin in the

upperatmosphereof the Sun,the crown,which extendsover a

few million km.



A difficult combustion
The energyrequiredto fuse

two protonsis 1 MeV (1010

K). As the temperaturein

the center of the Sun is

15.5.106Kå1.6KeV, nuclear

reactions are difficult to

occur. Without a tunneling

effect, the reactionswould

not have started. The

combination of the

distributionof Maxwell and

the tunnel effect described

by Gamow shows a

maximumaround6 KeV).

Maxwell 
probability

Tunnelling 
probability



A difficult combustion
How with sucha low temperaturethe Suncanshine. The answeris

given by its formationandthe hydrostaticequilibrium that occurred

whenthenuclearreactionsignited,correspondingto thestatewe see

today.

It is its enormousmass,which compensatesfor the low probability

of occurrenceof a thermonuclearfusionreaction.

The energyper kilogram of the Sun is 0.2 mW per kg (4.1026W /

2.1030kg). Thatof thehumanbodyis around1W perkg. We seethat

we shine5000timesmorethantheSun!

This illustratesthepreviousargumentof theimportanceof mass.

Note that the fact that it burnsslowly is ratheran advantagefor us,

becausein doingso,it will still burnfor avery long time !! !



Energy balance of the Sun
It is the almost exclusive supplier of energy for the Earthôs

surface. This huge gas ball consistsmainly of hydrogen. The

temperatureat its center rises to 15.5 million degrees,which

makesthefusionveryslow.

The transformationof hydrogeninto helium by nuclearfusion is

accompaniedby a colossalreleaseof energypersecond:

3.83 1026 watts,

Approximately4.1017 modern1 GW nuclearreactors.

The Earth,dueto the distanceof its star (150 million kilometers

on average)receivesonly 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 phenomenalenergyof the Sun, suppose

thatwe captureits energyjust for 1 secondandstoreit in a large

capacitybattery.

This secondof energycontains:

3.83 1026 joules,

This energywould be enoughto powerthe Earthfor 32 yearsin

exactlythesameway astheSundoes!



Energy balance of the Sun

The formula E = M.c² shows us that the Sun transformsinto

energy(it becomeslighter)everysecond4.26billion kg.

It burnsapproximately600 billion kg of hydrogen,becausethe

yield is approximately0.7% of themassenergygivenby E = Mc²

of hydrogen,sinceit is the binding energywhich is releasedfor

thefusionof 4 protonsin He.

Theenergyof high energyphotons(X andɔrays)releasedduring

the fusion reactions takes a considerabletime to cross the

radiationandconvectionzonesbeforereachingthesurfaceof the

Sun. It is estimatedthat thetransittime of theheartto thesurface

is between10,000and170,000years.



Energy balance of the Sun

After passing through the convection layer and reaching the

photosphere,photonsescapeinto space,largely in the form of

light. Each gammaray producedin the center of the Sun is

ultimately transformedinto severalmillion of light rays which

escapeinto space.

Neutrinos are also releasedby fusion reactions, but unlike

photonsthey interactlittle with matterandarethereforereleased

immediately. For years,thenumberof neutrinosproducedby the

Sun was measuredone third lower than the theoreticalvalue: it

was the problem of solar neutrinos,which was solved in 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

transformedinto helium8.5.10 28 kg of hydrogenon its 2.1030 kg

(approximately),or approximately the mass of 10,000 Earths

(Earthweighs6.1024kg)!

It thereforetransformedinto energylessthan0.035% of its mass

(it probably lost more than that in ejection of matter) and this

concernedabout 6.7% of its hydrogen(Recall that its massis

composedof 75% of hydrogenand25% helium).



Energy distribution

If we neglecttheabsorptionby theatmosphere,eachsquaremeterat

the level of the Earth'sorbit, facing the sun,receives,around1KW

maximum, the day, usableby an ideal sensor(100% efficiency)

perpendicularto the solar rays,and this representsonly 345 W per

m² of landonaverageover24hours.



Sun and Earth

Solar plant in California



Sun, tan and life
It is pleasant to

sunbathein theSun.

But if we knew that

most of the rays

(photons) are at

5600 Á K, (more

than 10 000K for

UV) maybe that

would cool some!

How come we are

not immediately

charred?

It is because, on

Earth, the flow of

photonsis weak, the

atomsof our bodyhit

by photons, in

relation to the

neighboring atoms

will transmit to them

most of their energy

which will lead to

thermal equilibrium

at a more reasonable

temperature.

But if we concentratethesephotonsby a sphericalconcavemirror, which increasesthe flux,

then there is to fear! This high photon temperatureexplains the high temperaturesin the

thermosphereand the terrestrial ionospherewhich is a very rarefied gas where the thermal

equilibrium of the gaswhich resultsfrom collisions betweenatomsis not very efficient. This

alsoexplainsthe high temperatureof the Sun'sthin gaslayer where,nearthe Sun,evenmore

energeticphotons(UV, X) up to millions of degrees,havea flux equal to 25,000 times that

receivedonEarth.



Star destiny



Origin and destiny of the Sun

Four anda half billion yearsagoa starexplodedin the vicinity (in

the cosmologicalsense: d <10 al) of the regionwherethe Sun(our

star) was going to form. It has seededthis region in various

chemicalelements(which we will find in the sun and the planets)

and the shock wave of the explosionwill causea collapse(over

hundredsof millions of years)of thegas,leadingto theformationof

thesolarsystem.



Origin and destiny of the Sun

Evolution of the solarbrightness,radiusandtemperature,compared

to thecurrentvaluesof theSun. After Ribas(2010)



Chemical elements in the Sun
Abundanceof chemicalatoms in Sun.

Hydrogenandhelium,mainly comefrom

the primordial nucleosynthesis,even

though the fusion, at work in the Sun,

addeda relativesmallpartof helium.

The abundanceof otherelements,in the

Sun,inheritedfrom a, undoubtedlysmall

part of the cloud, generatedby the

explosivefusion of the supernovalooks

relatively low. But per the hugemassof

the Sun,this representsa 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 elements 

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.



Chemical-atoms-synthesis
Element Universe Sun Earth Earth crust human

Hydrogen 75% 73,5% <1% <1% 10%

Hélium 25% 24,9% <0,001% <0,001% <0,001%

Iron 0,16% 32,1% 5% 0,1%

Oxygene 0,77% 30,1% 48,6% 65%

Carbon 0,029% <1% <1% 18%

Nitrogen 0,09% <1% <1% 3%

Silicium 0,07% 15,1% 27,7% <0,1%

Calcium <0,01% 1,5% 3,6% 1,5%

Magnesium 0,05% 13,9% 0,1%

Percentages in mass (red1st , orange = 2nd , green= 3th , blue 4th




