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(01)- I was certainly not the only one but it became fairly clear that these things we were
calling hadrons look at spell it out protons neutrons and all their various relatives meons
things to which today we think of this composite Quark systems that by at that time quarks
were already being taught about but only talk about it was pretty obvious to me that hadrons
were some sort of composite structures which could spin about their axis which could vibrate
and so forth and that was experimental data that you could take a proton and spin it up and
make a thing called the Delta 3 halves out of it or you could cause it to vibrate unlike
electrons electrons are really Point particles it doesn't make any sense to cause them to vibrate
internally so | had been thinking about how to repres and this composits of whatever of
whatever what was what was what was going on um | had some ideas but the Turning Point
the pivotal uh event was a friend of Yaki ranov who was very close to we had worked on
Quant mechanics together now on not on particle physics this young physicist at whitesman
Institute by the name of veneziano had invented a solution to the bootstrap problem as it was
called bootstrap problem was the problem of the hron SM Matrix or whatever that means and
| didn't know what he was talking about he jumped up and down he ran back and forth and he
finally wrote a formula in the Blackboard which meant nothing to Yak here it had two gamma
functions in the numerator and one gamma function in the denominator very famous formula
today at least among the small group of physicists who know what it means the vsan formula
and I looked at it | said that's it that's very simple | must be able to figure out what that means
| know what a gamma function was it was a good mathematician and | knew that gamma
functions had sequences of poles those poles would represent excited rotational vibrating
States of whatever it was they were describing I looked at it and | said my God the thing is a
harmonic oscillator it's a harmonic oscillator for God's sakes it's got equally spaced levels |
had also worked on like what's today called LCB quantization May haveed the the part of it
and so | knew how to think about the hamiltonian version of it | said this thing is a harmonic
oscillator and | went home and | probably spent a good month fiddling around | did some
problems of scattering things off harmonic isolators you know you take a spring you attach it
to the ceiling you put an electron on the end of the spring and then you scatter a photon off it |
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got things which looked awfully much like the veneziano amplitude although not quite |
wrote a paper that was called the harmonic oscillator analogy for it had the basis of of those
ideas and while I was writing it | suddenly realized that the get it to come out right to really
look like the veneziano amplitude did not have to be a spring but it had to be what we would
Now call a string a string is just a lot of little harmonic oscillators connected together to form
a chain so I wrote that in as a comment comment added in proof that the right structure seems
to be a I don't think | called it a string | think I called it a rubber band or harmonic Continuum
or something I thought I was the only one in the world who knew that | was sort of flying
thinking my God I'm the only human being in the world who knows this it turned out that
there was one more human being who knew it you probably know who it was lembo in some
sense when | found out that nambo knew it | was let down | was disappointed on the other
hand to be in the same league with the great manoo wow let's now hypothesize or postulate
that we can think of particles as strings using fthe two diim using the two-dimensional| analogy
with non-relativistic physics to explore those strings as if they were conventional non-
relativistic not shoelaces but something closer to rubber R bands
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stretchable uh they can move they can flap they can do all the things that a rubber band and
ideal rubber band can do what uh what's the mathematical description of a two-dimensional
rubber band which is moving around in two Dimensions let's take our rubber band to be an
open rubber band that means somebody took a scissor cut it and uh opened it up let's begin
with open string open strings mean strings with two ends there may or may not be something
interesting attached to the ends but we're interested more in the strings let's write the physics
of a uh of a string what is the what is the energy what is the energy stored in a string all right
we can think of the string as a collection of points Point particles which later on we will take
limits one of the things we will do when we take a limit is we we let the mass of each point go

(01)- Urcité jsem nebyl jediny, ale bylo docela jasné, Ze tyto véci, kterym fikame hadrony, to
vysvétluji protony neutrony a vSechny jejich riizné ptibuzné mezony véci, ke kterym dnes
myslime tyto sloZené kvarkové systémy, které v dob¢, kdy se o kvarcich jiz ucilo, ale jen se o
nich mluvilo, bylo mi docela zfejmé, Ze hadrony jsou jakési slozené struktury, které se mohou
otacet kolem své osy, které mohou vibrovat a tak dale, a to byla experimentalni data, ktera si
muZzete vzit proton a roztocte ho a vytvoite z n€j véc zvanou Delta 3 poloviny, jinak byste
mohli zpisobit, Ze bude vibrovat, na rozdil od elektront, elektrony jsou \ve skute¢nostil ??
bodové ¢astice, nedava Zadny smysl zplisobovat jejich vnitini vibrace, takZe jsem o tom
pfemyslel jak ztvarnit a toto skladat z ¢ehokoli, co bylo, co se délo, mél jsem né&jaké napady,
ale zlomovy bod, klicova udalost, byl ptitel Yakiho Ranova, ktery byl velmi blizko,
pracovali jsme na Quantové mechanice spolu ted’ ne o fyzice ¢astic tento mlady fyzik z
Whitesman Institute jménem Veneziano vynalezl feSeni problému bootstrap, ?? jak se tomu
fikalo bootstrap problém byl problém hron SM Matrix nebo co to znamena a j& ne v&dél, o
¢em mluvil, skakal nahoru a dold, b&hal tam a zpét a nakonec napsal na tabuli vzorec, ktery
pro Yaka nic neznamenal, zde mél dvé gama funkce v Citateli a jednu gama funkce ve
jmenovateli dnes velmi slavny vzorec alespoil mezi malou skupinou fyzikd, ktefi védi, co to
znamena, vzorec vsan a podival jsem se na to, Rekl jsem, Ze to je to, co je velmi jednoduché,
musim byt schopen pfijit na to, co to znamena, vim co gama funkce to byl dobry matematik a
veédél jsem, Ze gama funkce maji sekvence polu, tyto poly by predstavovaly vzrusené rotacni




vibraéni stavy ¢ehokoli, pokud slova v této vété nejsou v preneseném vyznamu néco jiného
nez slovnik tikd, pak ,,cokoliv* mize byt o bali¢ek smotanych dimenzi, pro¢ ne ???? !!!! co
popisovaly, podival jsem se na to a fekl jsem své Boze, ta véc je harmonicky oscilator, na
papife je to néco jin¢ho nez v realité¢ kosmu... proboha, je to harmonicky oscilator, ma stejné
rozmisténé trovné, také jsem na tom pracoval, jako je to, cemu se dnes fika LCB kvantizace.
Ma to Cast, a tak jsem véde¢l, jak premyslet o jeho hamiltonovské verzi. Na papiie
,.harmonicky oscilator v hamiltonovské verzi“ je co ? A ve vesmiru je to co?? Rekl jsem, Ze
tato véc je harmonicky oscilator a Sel jsem domu a pravdépodobné jsem stravil dobry mésic
Smejdénim, udélal jsem né&jaké problémy s rozptylovanim véci z harmonickych izolatorq, vite,
ze si vezmete pruzinu, pripevnéte ji ke stropu, na konec pruziny umistite elektron coz je a
poté z n¢&j rozptylite foton. Jak?? Rovnici znam. https://www.hypothesis-of-
universe.com/docs/eb/eb _022.pdf a v dokumentu str. 11 example 7.

Skoda, Ze jsem si neopsal zdrojovou adresu, ale doufam Ze mi &tenaf véii ze fyzika uvadi ¢
elektron a pozitron daji foton a graviton

e—+ e+ = y— +T
dosadim tam sv¢ ,,vzorecky* —>
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skoda ze jsem si neopsal zdrojovou adresu, ale doufam ze mi Ctenar véri ze fyzika uvadi -
elektron a pozitron daji foton a graviton

e” + e” = y- + T
dosadim tam své ,,vzorecky" -
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Mam véci, které se strasné podobaly venezianovi amplitudé, i kdyz ne tak docela jsem napsal
¢lanek, kterému se fikalo analogie harmonického oscilatoru mél zaklad téchto myslenek, a
kdyZ jsem to psal, najednou jsem si uvédomil, Ze to, aby to vypadalo spravnég, aby to opravdu
vypadalo jako venezianova amplituda, nemusi byt pruzina, ale muselo to byt to, co bychom
nyni nazvali struna. Struna je jen spousta malych harmonickych oscilatorti spojenych
dohromady, aby vytvorily fetézec,
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takZe jsem to napsal jako komentar pfidany jako dikaz, Ze spravna struktura se zda byt a
nemyslim si, Ze jsem to nazval struna, myslim, Ze ano. Rikal jsem tomu gumicka nebo
harmonické kontinuum nebo tak néco. https://www.hypothesis-of-
universe.com/docs/c/c_426.jpg Myslel jsem si, ze jsem jediny na svété, kdo vi, Ze tak trochu
1étdm a myslel jsem si, mtj Boze, jsem jedina lidska bytost na svéte, ktera to vi, ukazalo se, ze
existuje dalsi lidska bytost, ktera to znala, pravdépodobné vite, kdo to byl Lembo v ur¢itém
smyslu, kdyZ jsem zjistil, ze to Nambo vi, byl jsem zklamany, ja ne. Ja jsem stéle jediny na
svéte ktery vi ,,jak se vyrabi elementarni ¢éastice™ = bali¢kovanim dimenzi, na druhou stranu
jsem byl zklamany, Ze jsem ve stejné lize s velkym manoo, @, pojd'me nyni
predpokladejme nebo postulujme, ze ¢astice miizeme povazovat za struny pomoci téchto dvou
diim pomoci dvourozmérné analogie s nerelativistickou fyzikou k prozkoumani téchto strun,
jako by to byly konvenc¢ni nerelativistické ne tkanicky, ale néco bliz§iho gumickam R
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roztazitelné uh mohou se pohybovat mohou klopit mohou délat vSechny véci, které umi
gumicka a idedlni gumicka to, co uh jaky je matematicky popis dvourozmérné gumicky, ktera
se pohybuje ve dvou dimenzich, vezméme si nasi gumicku byt oteviend gumicka, coz
znamena, ze nékdo vzal nizky, prestiihl to a oteviel to, zacnéme otevienym provazkem,
otevfené struny znamenaji struny se dvéma konci, na koncich miize nebo nemusi byt néco
zajimavého, ale my jsme zajimame se vice o struny pojd’'me napsat fyziku uh struny co je to
lco je to energie co je to energie ulozena ve strund v potadku, mizeme si strunu
Jjako soubor bodli. Bodové Castice, které pozdé¢ji budeme vzit limity jednou z véci, které
udélame, kdyZ vezmeme limit, je, Ze nechame hmotnost kazdého bodu jit

(02)- to zero that's because uh we're going to have an the whole string has a has a finite Mass
we're going to think of it as being a collection of a virtual Infinity of Point masses it had better
be that in taking the limit we let the mass of each point go to zero all right but what's uh
what's the energy of this the energy is going to be proportional the kinetic energy it'll be the
sum of all the points of X | do sared these are two-dimensional now so we could write this as
X +Y do” 2 that's the I point ided by two and we might put here in a mass of the | particle
which later on we're going to let go to zero but let's let's not be too uh I'll just tell you how to
do the the Continuum limit I'll show you how to do it I'll just tell you how to do it all right
what are we missing out of this formula interaction interactions yeah uh these points are
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attracting each other if they weren't attracting each other they would just fly apart they're
forming a string they are in addition to the points we have to put in the little springs that
connect them so think of it as a chain of little balls and little Springs can you see the Springs
all right little balls and little Springs um let's just call this x of i* 2 x of i* s now stands for X
x2 X do2 + Y do” 2 okay what is the potential energy between the points the potential energy
is a sum also over all neighboring pairs so there's another sum of | here there's a spring
constant let's just call it K all the mass points have the same mass there's a spring constant
there and what is the potential energy between a pair of points it'll be proportional to the
distance between them x i - x i + 1 squared probably a two there this is Hook's law this is
Hook's law the energy stored in a stretched spring is proportional to the distance of stretching
squared that's the hooks law uh formula for the now what happens when you go to the
Continuum limit in other words you let the points get denser and denser and denser more and
more of them you have to do two things you have to let the mass of each one go to zero and
you have to also let the spring constant what it is you want the spring constant to get big or
small big big can you you know why supposing you take a rubber band and you take a rubber
band uh a big long piece of rubber band and you stretch it it's easy to stretch now take two
points very close to each other and try to stretch them that same distance much harder okay so
the spring constant gets big and the mass gets small but in the end what you get just take it
from me what you get is of course an integral represent uh uh an integral replacing the sum
the integral is over a parameter along the string you have to introduce a mathematical
parameter along the string we can call that parameter we'll give it a name Sigma Sigma goes
from one end of the string where we can arbitrarily say it's zero so Sigma is zero at this end
and at
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the other end we can arbitrarily say Sigma is equal to Pi | could have taken it to be one I could
have taken it to be seven it doesn't matter uh it will be useful to think to call it Pi the reason is
later on we're going to study closed strings which go all the ways around in a loop and it's
nice to say they go from Zer to 2 pi that's all but uh they go from zero to Pi so this sum over
the mass points is going to be an integral from 0 to Pi D Sigma this is adding them all up and
we're going to have the kinetic energy of the little element of string at Point Sigma have a
continuous string now we take a little element at Point Sigma we take it velocity squared and
divide by two and what about this term over here uh I've I've I've chosen the mass to go in the
appropriate way I'm dropping the mass here by the time you finished um you can absorb the
mass into something else doesn't matter what it's just X do squ it's clearly kinetic energy all
right what about this term here what's that going to look like how about x; - xi + 1 what you
replace that with derivative derivative this is like the derivative of x with respect to Sigma
squared so the other term here will be derivative of x with respect to Sigma this is derivative
of x with respect to time this is derivative of x with respect to Sigma squared this is the energy
of the string if | wanted to write the Iran you all remember what a Iran is energy is kinetic
energy plus potential energy Iran is kinetic energy minus so if | wanted the Iran it would be
this if | wanted the energy it would be with a plus sign okay I'll write the energy we'll write
the energy hamiltonian plus let's focus for a little bit on a string which happens to have no
overall Center of mass Motion in the two dimensions in the XY plane we're coming back now

(02)- nanulu. Je to proto, Ze uh, budeme mit cely fetézec ma kone¢nou hmotnost, budeme o
tom uvazovat jako o sbirce virtudlnich hmotnosti nekone¢na bodl, mélo by byt lepsi, ze v



vezmeme-li limit, nechéme |hmotnost kazdého bodu jit na nulu, Neni nutné aby elementarni
castice byl bod!..!! Neni to bod, je to Casoprostorova lokalita, je to >bali¢ek< svinutych
dimenzi... ale jaka je energie tohoto? Hmotnost je balicki* tedy elementarnich
castic a tak pro¢ by nemohla byt i energie ,,vlastnost™ hmoty?? energie bude imérna kinetické
energii, bude to soucet vSech bodu X, které udélam, ale tyto jsou nyni dvourozmérné, jenze
mohou byt 3+3 rozmérné a az 9+8 rozmérné, pro¢ ne?!! takze to miizeme napsat jako X +Y
do” 2 to je bod. Uz 25 let vedu nahlas nazor, ze Teorie strun je kousi¢ek od mé HDV, ze
pokud tito védci strunafi zméni nazor a nebudou trvat na tom, ze struny jsou ,,z Niceho* a
budou koneéné uvazovat jako ja Ze struny jsou — vlastné — dimenze, fyzikalni dimenze,
artefakty ,,z masa a kosti*, pak moje HDV bude logicky Teorii strun, anebo Teorie strun moji
HDV — to spis protoze ja feSim pii HDV dalsi otazky kosmologie. A j& jsem mohutné vpiedu
se svou myslenkou, modelem, https://www.hypothesis-of-universe.com/index.php?nav=e nez
jsou strunafi, ktefi 40let tapou = pieslapuji na miste, je téch borcti 10 milioni, co na TS
pracuji, maji vybavené kancelaie a laboratote, elektiinu + dalsi ndklady, maji mzdu a né
ledajakou (ja za 43 let své diiny jhedostal ani patnact korun...naopak), maji studium zdarma, a
dal8i pomocné¢ aparaty, piekladatele, mohou mezi sebou konzultovat, a bith vi co a...a pfitom
jsou pozadu o 3 mile, nez jsem ja. A ja..!! jsem jesté pronasledovan urdzkami, poniZovanim a
nahanénim do psychiatrickych muciren. To je tristni. I identifikovan dvéma a mohli bychom
sem vlozit hmotnost ¢astice I, kterou pozd¢ji nechame jit na nulu, ale pojd'me, nebud’ ptilis
uh, jen ti feknu, jak udé€lat limit kontinua. Ukézu ti, jak to udélat, feknu ti, jak to udélat
vSechno spravné, co nam chybi z tohoto vzorce interakce, interakce yeah uh tyto -
ptitahuji jeden druhého, kdyby se navzajem nepfitahovali, prosté by se rozletéli od sebe tvoii
provazek jsou navic k bodiim, které musime vlozit do malych pruzin, které je spojuji, takze
jako fetéz malych kuli¢ek a proc si uz od r. 2000 kdy ja dal HDV na internet,
nechcete predstavovat ideudvouveli¢inového vesmiru. To, Ze hmota je odvozena
veli¢ina, protoze je postavena z dimenzi hlavnich nezadatelnych realnych velicin, a Little
Springs vidiS Springs v pofadku malé koule a malé Springs ehm, fikejme tomu x z1* 2 x z 1" s
nyni znamena X x2 X do2 + Y do” 2 dobie, < to cumim jaky oooobrovsky je to vydobytek
pro védu za 40 let jaka je potencialni energie mezi body a potencialni energie je soucet i pies
vSechny sousedni pary, takze je tu dalsi soucet. I tady je konstanta pruziny nazvéme to K
vSechny hmotné body maji stejnou hmotnost?? je tam pruzinova konstanta a jaka je
potencialni energie mezi dvojici bodi bude to imémé vzdalenosti mezi nimi x i - X i + 12 na
druhou, pravdépodobné dvojku toto je Hooklv zakon, toto je Hooklv zakon, energie uloZzena
v natazené pruziné je umeérna vzdalenosti natazeni na druhou tiizasna to véda a vydobytek
za 40 let... to je zakon o hacich uh vzorec pro ted’, , kdyz prejdete na limit
kontinua, jinymi slovy nechate body, aby byly hustsi a hustsi a stale hustsi, stale vice z nich
musite udélat dve véci, musite nechat hmotnost kazdého z nich jedna jdi na nulu a musis také
nechat konstantu pruziny co to je chces, aby konstanta pruziny byla velka nebo malé velka
velka vis proc, kdyz si vezme$ gumicku a vezmes gumicku uh velky dlouhy kus z gumicky a
vy natahnout to je snadné natahnout ted’ vezméte dva body velmi blizko u sebe a pokuste se je
natdhnout na stejnou vzdalenost mnohem tvrdéji, dobfte, takze konstanta pruziny se zvétsi a
hmotnost se zmens$i, ale nakonec to, co ziskate, vezméte si to ode m¢, dostanete je
samoziejme integral predstavuje uh uh integral nahrazujici soucet integral je nad parametrem
podél fetézce musite zavést matematicky parametr podél fetézce miizeme tento parametr
nazvat, ddme mu jméno Sigma. uttzasna to véda a vydobytek za 40 let... Sigma pochazi
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jeden konec provazku, kde mizeme libovolné fici, Ze je to nula, takze Sigma je na tomto
konci a na nule
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na druhém konci mizeme libovolné fici, Zze Sigma se rovnd Pi.Mohl jsem to vzit za jednicku
Mohl jsem to vzit za sedm, na tom nezalezi uh, bude uzite¢né pfemyslet o tom, ze tomu
budeme tikat Pi, diivod je pozdéji. Budu studovat uzaviené struny, které se ve smycce
pohybuji dokola, a je hezké fici, ze jdou od nuly k 2 pi, , to je hodn¢ malo (za 40 let)
ale jdou od nuly k pi, takZe tento soucet nad hmotnostnimi body bude integral od 0 k Pi D
Sigma je to secteno vSechny a budeme mit kinetickou energii malého prvku struny v bodé
Sigma mit souvislou strunu nyni vezmeme maly prvek v bod¢ Sigma vezmeme jej na druhou,
rychlost a vydélime dva a co tenhle termin tady uh, mam, vybral jsem si hmotu tak, aby Sla
vhodnym zpiisobem, upustim hmotu sem, nez skoncite, mizete hmotu absorbovat do néceho
jiného. Je jedno co je to jen X do squ je to jasné kineticka energie v pofadku co tento termin

zde jak to bude vypadat co takhle Xj - Xj + 1 co nahradi$ derivaci derivaci je to jako derivace x
vzhledem k Sigmé na druhou, takZe jiny ¢len zde bude derivace x vzhledem k Sigmé toto je
derivace x vzhledem k ¢asu toto je derivace x vzhledem k Sigmé na druhou toto je energie
struny, kdybych chtél napsat Iran you vSichni si pamatujte, co Iran je energie je kineticka
energie plus potencidlni energie lran je kineticka energie minus, takze kdybych chtél Iran,
bylo by to toto, kdybych chtél energii, bylo by to se znaménkem plus dobte, napiSu energii,
kterou napiSeme napiste hamiltonovskou energii a zaméfme se na chvili na strunu, ktera

A%

(03)- to here what we're going to do is use a model for a relativistic string which is simply
based on this kind of infinite momentum thinking but in which there are only two x's the two
X's moving in the uh in the direction perpendicular to the motion so this could be called X and
Y but I'll just call it x. squ it really consists of X do s +y do” s this one consists of DX by D
Sigma squ plus DX plus d y by D Sigma squ oh sorry there is a two two is important uh |
chose K in such a way to make sure that when | got to the final Continuum limit the
coefficient was one remember it's something that has to that has to vary as you vary the
spacing and uh it can be chosen uh in such a way as to make this uh and this is the
conventional energy of a vibrating string it has two terms kinetic and potential potential
proportional to the stretching this is this the XD Sigma is the stretching of the string okay |
want to point out one interesting fact this hamiltonian here or this expression for energy is the
generalization of this expression here for a system of particles which also has a interaction
between them but the whole thing the whole object it may be V vibrating and doing things but
the whole object is an object we can call it a particle who's to say it's not a particle uh protons
and neutrons have spin they rotate there's all sorts of internal motions in particles we know
there are internal motions of particles internal motions of atoms internal motions of quirks
inside protons and neutrons uh the best bet would be there are all sorts of internal motions in
every particle so this stringy
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vibrations and internal motions and so forth that perhaps not perhaps but would add up to all
the internal Motion in the particle all the internal energy in the particle the internal energy
would be the contributions to the energy from the potential stretching and from the relative
motion of the different parts the overall motion was separate that out soon enough but the



overall motion of the string the center of mass of it that would just be treated as the as the
position of the particle but the relative stretching and the relative vibration that's internal
energy so when we calculate the internal energy of this particle what should we relate it to we
should relate it not to the mass but to the mass squared in this correspondence it's not an
analogy it's an exact statement about the properties of uh relativity there a a very precise
mathematical statement which | won't make now but there was a uh there was an exact sense
in which fast moving systems are completely relative non-relativistic in the two-dimensional
sense what would the internal energy correspond to it would correspond not to the mass of the
particle but to the mass squared so for for a string at rest think of a string which has no
Motion in the uh in the XY plane all it's doing is vibrating and it has internal energy that
internal energy has to be identified with the square of the mass of the entire assembly of
constituents of the string if the constituents of the string are adding up something that we want
to call a particle then that particle has a mass squared which is the sum of all of the internal
energies inside the particle now this is an interesting fact we get Mass squared for the energy
of a particle in this framework this is interesting this is exciting another fact another fact is
that a string is not so different than a spring if you look at the Spectrum of energies of a string
but the basic fact about the quantization of it is that the string is a collection of Springs and
springs have quantized energy and what's the formula for the energy of a quantum mechanical
oscillator an integer multiple of something each time you increase the energy of of a spring or
a string the internal energy by one unit increases the mass squared by one unit for the moment
it's just the mass of the entire string the entire including its internal energy including its
stretching energy all of the energies that you would normally add up to find MC square to find
the rest Mass that's what this is here right in fact if we increase the angular momentum by one
Quantum then the quantized energy the Quantum of energy that would be introduced would
be a Quantum of m squ not a Quantum of M there's another interesting fact here um
supposing you took a string which was not moving but which you stretched out which you
stretched out to a certain uh length Okay how much energy would it have well then all of its
energy would be potential energy not kinetic energy let's calculate what it would be how big
is the XD Sigma well if you stretched that out uniformly then the change in X along the
length of it would just be the length of the string L would just be we stretching it out to a
physical distance L we stretch it out to a physical distance L over a distance from 0 to PI right

(03)- k tomu pouzijeme model pro relativisticky fetézec, ktery je jednoduse zaloZen na tomto
druhu mysleni s nekone¢nou hybnosti, ale ve kterém jsou pouze dvé x a dvé x se pohybuji v
uh ve sméru kolmo na pohyb, takZe by se to dalo nazvat X a Y, ale ja tomu budu fikat x. squ
opravdu se sklada z X do s +y do” s tohle se sklada z DX od D Sigma squ plus DX plus dy
od D Sigma squ oh promii, ze jsou dvé dv¢, je diilezité uh. Zvolil jsem K takovym zplisobem,
abych se ujistil ze kdyZ jsem se dostal ke koneénému limitu kontinua, koeficient byl jeden,
pamatujte si, Ze je to néco, co se musi ménit, jak ménite rozestupy a uh, l1ze to vybrat tak, aby
tohle je konvencni energie vibrujici struny mé dva pojmy kineticky a potencidlni potencial
umérny natazeni tohle je XD Sigma je natahovani struny v pofadku chci upozornit na jeden
zajimavy fakt tenhle hamiltonsky tady nebo tady vyraz pro energii je zobecnéni tohoto vyrazu
zde pro systém ¢astic, ktery mezi sebou také interaguje, ale cela véc cely objekt to mize byt V
vibrujici a délat véci, ale cely objekt je objekt, miizeme mu fikat ¢astice kdo by fekl, ze to
neni ¢astice uh protony a neutrony se otaceji, rotuji, v ¢asticich jsou nejriznéjsi vnitini
pohyby, o kterych vime, Ze existuji vnitini pohyby ¢astic vnitini pohyby atomi vnitini



pohyby vtipkil uvniti protonii a neutronti uh nejlepsi sazka by byla tam jsou vSechny druhy
vnitinich pohybil v kazdé castici, takze je to vldknité
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vibraci a vnitinich pohybti a tak déle, Ze mozna ne, ale s¢italy by se s veSkerym vnitinim
pohybem c¢éstice vSechna vnitini energie ¢astice, vnitini energie by byla ptispévky k energii z
potencialniho roztazeni a z relativniho pohybu ¢astice. Rlizné ¢asti celkovy pohyb byl
oddéleny, ze ven dost brzy, ale celkovy pohyb struny jeji tézisté, které by bylo povazovano za
polohu ¢astice, ale relativni natazeni a relativni vibrace, coz je vnitini energie, takze kdyz
vypocitame vnitini energii této ¢astice k ¢emu bychom to méli vztdhnout, méli bychom to
vztahnout ne k hmotnosti, ale ke druhé mocniné v této korespondenci, neni to analogie, je to
presné tvrzeni o vlastnostech relativity, velmi pfesné matematické tvrzeni, které ted’ nebudu,
ha, ha...ale Existoval pfesny smysl, ve kterém jsou rychle se pohybujici systémy zcela
relativni nerelativistické ve dvourozmérném smyslu, cemu by odpovidala vnitini energie,
neodpovidala by hmotnosti ¢astice, ale hmotnosti na druhou. Pro strunu v klidu ?? Ze by
existovala strunaq v klidu?? Hagq, ha...si pfedstavte strunu, ktera nema zadny pohyb v uh v
roving XY [ve, co dé&la, je vibrace a ma vnitini energii, kterou je tfeba ztotoznit s druhou
mocninou hmotnosti celé sestavy slozek struna, pokud slozky struny s¢itaji néco, co chceme
nazvat Castici, pak tato ¢astice ma hmotnost na druhou, coz je soucet vSech vnitinich energii
uvnitf ¢astice, nyni je to zajimavy fakt, dostaneme hmotnost na druhou energie a ¢astice v
tomto ramci je to zajimavé, to je vzrusujici dalsi fakt, dalsi fakt je, Ze struna neni tak odlisna
od pruziny, kdyZz se podivate na spektrum energii struny, ale zakladni fakt o jeji kvantizaci je,
Ze struna je sbirka pruzin a pruzin ma kvantovanou energii © a jaky je vzorec pro energii
kvantového mechanického oscilatoru celo¢iselny nasobek nééeho pokazdé, kdyz zvysite
energii h)ruiiny nebo stru ny\ vnitini energie o jednu jednotku zvysi hmotnost na druhou jedna
jednotka v tuto chvili je to jen hmotnost celé struny, celku vCetné jeji vnitini energie véetné
jeji napinaci energie vSechny energie, které byste normalné secetli, abyste nasli MC Ctverec,
abyste nasli zbytek Hmotnost, to je to, co tady ve skute¢nosti je pokud zvySime moment
hybnosti o jedno kvantum, pak kvantovana energie, kvantum energie, které

by bylo kvantum m squ ne kvantum M, je tu dalsi zajimavy fakt um
predpokladejme vzal jsi provazek, ktery se nehybal, ale ktery jsi natahl, ktery jsi natahl na
urcitou uh délku. Dobie, kolik energie by mél, dobie, pak By veskera jeho energie byla
potencialni energie, ne kineticka energie.?? Pojd’'me spocitat, jaka by byla, jak velka je XD
Sigma, dobte, kdybyste ji natahli rovhomérné, pak By zména v X po jeji délce byla pouze
délkou struny L by jen bylo, kdybychom ji natahli na fyzickou vzdalenost L, natahli bychom
ji na fyzickou vzdalenost L na dalku od 0 do Pl vpravo

(04)- all right so the derivative of x with respect to Sigma would be something like L / Pi |
don't care about the pies right now they're not what's what's interesting dx by D Sigma would
just be proportional to the length of the string okay if you stretched It Out by distance L and
divided it by the range of Sigma from 0 to Pi that would give you Dx by D Sigma and so we
can say that d x by the sigma is proportional to the length of the string and the X by the sigma
squar would just be the square of the length of the string right this is
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Hook's law this is Hook's law for a string if you stretch it out the distance L the energy stored
in it nonrelativistically will be | s but that's what has to equal the mass squared now we know



something interesting about how about the energetics of the string if we were to study it in the
rest frame in the rest frame of the string the energy of the string is the mass we got from Mass
to mass squared by boosting the string but if we went back now and we said look wait a
minute we know eal mc”2 that's rest Mass what is the rest mass of the string and the answer is
that the rest mass is proportional to this is a proportionality Factor proportional to its length in
other words this string has the property that the energy if you think about it in its rest frame if
you stretch it out the distance L it will have an energy which will grow with L and be
proportional to L in the rest frame it doesn't look like a hooks law string at all it looks like a
different kind of string whose energy is proportional to its length well that's very interesting
because it fits with another picture it fits with the picture which | described before of lines of
flux connecting quirks and antiquarks lines of flux would produce I slice them through like
this they would produce a patch of electric or magnetic field here it doesn't matter whether it's
electric or magnetic lines of flux in a tube like this would produce a magnetic or an electric
field in here electric Fields have energy and the energy density in them depends on the field
the energy density along this long tube of flux would be uniform if the number of flux lines
passing through this little area is the same as number passing through this little area and so
forth the field strength would be uniform along this tube of flux here this is in fact a property
of tubes of magnetic flux and superconductors and so forth in superconductors uh in
superconductors you don't have of course monopoles in superconductors but you can have
long lines of magnetic flux and they have the property that the magnetic field is uniform along
them and therefore the energy density is uniform along them that means that the energy is
proportional to their L this is a common thing in uh in field Theory and condensed matter
physics and a variety of different context where where field energy in a field forming a long
string is proportional to the length of the string not the length Square it's a different kind of
string another way to think about it is that the string is made up of a lot of little particles but as
you pull on it and separate the distances here no particles form in between so as to keep the
number of particles per unit length fixed that's another way to think about these long flux lines
that they're uniform along their length and as you pull them apart more particles form to fill
the gaps then in that situation it would also be true that the energy per unit length would be
fixed and the energy would be proportional to the length this is by now actually an
experimental fact about uh about hadrons that you can spin them up you can stretch them and
they have the property that the energy per unit length is fixed they have a it's called a string
tension the string tension is a constant that would not be the case in an ordinary hooks law if
you stretch them but that but this is the picture in the rest frame in the rest frame the energy of
the string is proportional to its length in the infinite momentum frame where the physics is all
non-relativistic the energy is proportional to the square of the length like hooks law so these
two kinds of strings hooks law and flux tube are related to each other some sense they're just
the same object being described in two different reference frames one at rest and one uh just if
you had an ordinary rubber band
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and it was vibrating in with almost relativistic speeds in one no no no wait ordinary rubber
bands if they vibrate with relativistic speed we haven't got the vaguest idea how to describe
them we don't want to do that no uh We've we've we've made an indirect deduction we've
made an indirect deduction first first half of the deduction was in the infinite momentum



(04)- , takze derivace x vzhledem k Sigmé by byla néco jako L / Pi Kolace mé ted’
nezajimaji, nejsou to, co je zajimavé dx by D Sigma by byla tmérna délce struny je M
, pokud ji natdhnete vzdalenosti L a vyd¢lite ji rozsahem Sigma od 0 do Pi, coz vam
da Dx x D Sigma, takze muzeme Fici, ze dx sigma je imérné délce struny a X u sigma Ctverce
by bylo jen druhou mocninou délky struny, spravng,
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Hookilv zakon toto je Hooklv zakon pro strunu, ji natahnete na vzdalenost L, energie
v ni ulozena nerelativisticky bude 1 s, ale to je to, co se musi rovnat hmotnosti na druhou, nyni
vime néco zajimavého o energetice struny, kdybychom to studovali v klidovém ramci
ve zbyvajicim rdmci struny, energie struny je hmotnost, kterou jsme dostali z hmoty na
druhou, hmotu umocnénou zesilenim struny, ale kdybychom se ted’ vratili a fekli bychom,
podivej se, pockejte minutu, vime eal mc”2 to je klidova hmotnost co je klidova hmotnost
struny a odpovéd’ je, ze klidova hmotnost je imérnd tomu je umérnost. Faktor imérny jeji
délce jinymi slovy tato struna ma vlastnost, Ze energie, se nad tim zamyslite kdyz ji
natahnete na vzdalenost L, bude mit energii, kterd poroste s L a bude imérné L v klidovém
ramu, vibec to nevypada jako provazek zakona o hacich, vypada to jako jiny druh struny,
jejiz energie je tmérné jeho délce, [dobie, to je velmi zajimavé, protoze se hodi k jinému
obrazku, hodi se k obrazku, ktery jsem popsal diive o ¢arach toku spojujicich zvlastnosti a
antikvarky, které by vytvorily ¢ary toku, takto bych je profizl, vytvofily by zaplatu
elektrického nebo magnetické pole zde nezalezi na tom, zda se jedna o elektrické nebo
magnetické ¢ary toku v trubici, jako je tato, vytvorily by zde magnetické nebo elektrické pole
elektrické pole maji energii a hustota energie v nich zavisi na poli hustota energie podél této
dlouho trubice toku by byla stejnomérna, kdyby pocet silocar prochazejicich touto malou
oblasti byl stejny jako pocet prochazejicich touto malou oblasti a tak dale by intenzita pole
byla stejnomérna podél této trubice toku, zde je to ve skutecnosti vlastnost trubic
magnetického toku a supravodicii a tak dale v supravodicich uh v supravodicich samoziejmé
nemate monopoly v supravodi¢ich, ale miZete mit dlouhé ¢ary magnetického toku a maji tu
vlastnost, Ze magnetické pole je podél nich rovnomérné a proto je hustota energie podél nich
stejnomérnd, coZ znamena, Ze energie je umerna jejich L, to je béZna véc v teorii pole a fyzice
kondenzovanych latek a v fadé riiznych souvislosti, kde je energie pole v poli tvoficim dlouhy
fetézec umérné délce struny ne délce. Ctverec je to jiny druh struny jiny zptsob, jak o tom
piemyslet, je, Ze [struna se sklada z mnoha malych &astid| ale kdyz za ni tahte a oddélujete
vzdalenosti, zadné ¢astice se netvoti mezi tim, aby cCislo zistalo zachovano pevnych ¢astic na
jednotku délky, to je dal$i zptisob, jak si o téchto dlouhych ¢arach toku myslet, Ze jsou
stejnomérné po své délce a jak je od sebe odtahujete, tvoii se dalsi ¢astice, aby zaplnily
mezery, pak by v této situaci také platilo, Ze energie na jednotkova délka by byla pevna a
energie by byla umérna délce, to je nyni ve skutecnosti experimentalni fakt o hadronech, Ze je
muzete roztoCit, mizete je natdhnout a maji tu vlastnost, ze energie na jednotku délky je
pevna. Maji to se nazyva fetézec napéti napnuti tétivy je konstanta, ktera by v bézném zakoné
0 hacich nenastala, je natahnes, ale to je obrazek v rdmecku v odpocivadle energie
tétivy je imérna jeji délce v nekonecnu ramec hybnosti, kde je cela fyzika nerelativisticka,
energie je um&rnd druhé mocniné délky jako zakon hacki, takze tyto dva druhy strun, zdkon
hacktl a indukéni trubice spolu souviseji v ur€itém smyslu, jsou to jen stejny objekt, ktery je
popsan ve dvou ruznych odkazech ramy jeden v klidu a jeden uh jen kdybys mél obycejnou
gumicku

25:02




a vibrovalo to tém¢f relativistickymi rychlostmi v jednom ne ne ne ¢ekat obycejné gumicky
pokud vibruji relativistickou rychlosti nemame ani tuSeni, jak je popsat, nechceme to délat ne
uh. Mame. Provedli jsme nepiimy odpocet provedli jsme nepiimy odpocet prvni prvni
polovina odpoctu byla v nekone¢né hybnosti

(05)- frame everything is non-relativistic at least in two dimensions ions we use that to
discover the fact that the stretched energy of a string which is L squar because it's described
nonrelativistically like a hooks law like a hooks Law Spring is I s that is to be related to m"2
indirectly from that we conclude that if we were in the rest frame the energy of the string
would be proportional to its length and that's interesting because there's a wide variety of
interesting uh string-like objects that occur in field Theory uh not made out of atoms but made
out of field uh field configurations which have exactly the same property um all right let's uh
let's come back in a few minutes | think uh | think | probably exhausted uh your attention for
today but let me well let me summarize let me summarize let me summarize experimental
properties of uh of hadrons indicated this kind of uh excitations along a line had we been
smart at the time we probably would have realized that this pattern here is the appropriate
pattern for Strings whose potential energy is proportional to their length that's something we
actually could have deduced directly from here that in fact why am | saying we could have |
did uh that uh that the energy grew as the length of such a string that was the consequence of
uh of this relationship here all right that was one fact next fact non-relative or relativistic
physics in a frame in which everything is moving fast is the same as non-relativistic physics
except in one less dimension uh in one less Dimension and so we can try to build a simple
theory of relativistic strings by going to such a frame and just using non-relativistic physics
but one less Dimension here it is here's the non-relativistic string in two-dimensional space
the only thing we have to remember is that wherever we saw energy we have to think of it or
internal energy in particular internal energy should be really identified with the square of the
mass not the mass okay that if you remember came from the two different expansions if you
like one of them was an expansion in which this was the big term and then the whole thing is
approximately of Order MC squared square root of this thing in here the other expansion was
a term in which this was big and and then the excess energy was proportional to M2 not M so
when you do that and you go through this little exercise your conclusion is that the hooks law
energy of the effective non-relativistic string should be identified with a mass squared which
indirectly tells you that the that the rest mass of the string is proportional to its length and
finally there are lots and lots of field theory in condensed matter systems which have the same
property so that was uh something
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encouraging if you like Am I the only human being in the world who knows this? | Inventing
String Theory ©

(05)- zardmovat vse je nerelativistické alespon ve dvourozmérnych iontech, které pouzijeme
k odhaleni skute¢nosti, Ze napnutéa energie struny je L? kvadrat, protoze je popsana
nerelativisticky jako jako zakon hackii. Zakon pruziny je 1 5,22 které ma
souviset s m"2.?? Nepiimo, z toho vyvozujeme, ze kdybychom byli v klidovém ramci,



energie struny by byla umérna jeji délce a to je zajimavé, protoze existuje Siroka Skala
zajimavych uh objekti podobnych strunédm, ? Zasnu a premyslim, jaké by to mohly byt
objekty (?) které se vyskytuji v poli. uh, nejsou vytvoreny , ale vytvoreny

z pole Rekapitulace: Teorie nejsou vytvoieny z atomd, ale jsou vytvofeny z pole. To jsem
neveédél. .. uh konfigurace pole, které maji presné stejnou vlastnost um, dobie, pojd'me se
vratit za par minut. Myslim, uh, myslim, Ze jsem Jpravd&podobné verim...ehm,
vasi dnesni pozornost, ale dovolte mi to shrnout dovolte mi to shrnout dovolte mi shrnout
experimentalni vlastnosti uh hadronii naznac¢ovaly tento druh uh excitaci podél linie,
kdybychom byli v té dob¢ chytii, pravdépodobné bychom si uvédomili, ze tento Vzorec je
vhodny pro struny, jejichz potencialni energie je umérna jejich délce, coz je néco, co jsme @
skutecnosti mohli odvodit piimo odtud], Ze vlastn& pro¢ ¥ikam, Ze jsme to mohli udélat, uh, Ze
energie rostla s délkou takova struna, kterd byla disledkem uh tohoto vztahu zde v potadku,
to byla jedna skute¢nost [dalsi skutednost nerelativni nebo relativistické fyzika v ramci, ve
kterém se vSe rychle pohybuje, je stejna jako nerelativisticka fyzika, kromé jedné mensi
dimenze uh v o jednu dimenzi méné, a tak se miizeme pokusit sestavit jednoduchou teorii
relativistickych strun tim, a tak Ze pijdeme do takového ramce kde pouZijeme jen
nerelativistickou fyziku, uttzasny ale o jednu dimenzi méné¢, tady jen nerelativisticky
fetézec ve dvourozmérném prostoru. Jedind véc musime si pamatovat, ze kdekoli jsme vidéeli
energii, musime na ni myslet nebo vnitini energie, zejména vnitini energie by méla m
skute¢né ztotoznéna s druhou mocninou hmotnosti, nikoli s hmotnosti, ano, pokud si
pamatujete, pochazi ze dvou riznych expanzi, chcete-li jedena z nich byla expanze, ve které
toto byl velky pojem a pak cela véc je pfiblizné fddu MC ? odmocnina této véci ? zde, dalsi
expanze byla vyraz, ve kterém toto bylo velké a pak prebytek energie byl imérny M2 ne M,
takZe kdyZ to udélate a projdete toto malé cvideni, vas zaveér je, Ze nergie hakového zakond
co to je ? efektivni nerelativistické struny by méla byﬂ identifikovana s druhou mocninou
hmotnosti, ktera vam nepiimo fika, [ze zbyvajici hmotnost struny je\ umérna jeho délce a
koneéné fexistuje spousta a spousta teorie pole v systémech kondenzovanych latek, které
maji stejnou vlastnost, nepochopil jsem takze to bylo néco
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povzbuzujiciho, chcete-li jsem jedina lidska bytost na svété, ktera to vi? | Vynalézani teorie
strun.
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