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Ptipojte se k Seanu M Carrollovi, ktery zkouma hluboké otazky o vesmiru a vymezuje ramec
klasicke fyziky od Euklida a Galilea po Newtona a Einsteina. Podivejte se na otazky a
odpovédi pro toto video zde: ¢ Otazky a odpoveédi: Nejvétsi napady ve vesmiru...

Seanova nejnovéjsi kniha ,,Nejvétsi napady ve vesmiru 1: Prostor, ¢as a pohyb® je nyni k
dispozici: https://geni.us/\VV30r

Ptihlaste se k odbéru pravidelnych vé€deckych videi: http://bit.ly/RiSubscRibe

Objevte myslenky, které zménily nas pohled na ptirodu a pomohly ndm ziskat hlubsi vhled do
fungovani vesmiru. V této pfednasce Sean diskutuje o fyzikalnich zdkonech, jak jste jim
nikdy piedtim nerozuméli.

Tento piimy pfenos byl nahran 6. fijna 2022.

(01)- Sean Carroll je Homewood profesorem ptirodni filozofie na Johns Hopkins University.
Za knihu o hled4ni nepolapitelného Higgsova bosonu ,,Céstice na konci vesmiru® a ,,Velky
obrazek* se stal mezindrodnim bestsellerem a ziskal Wintonovu cenu Royal Society. Sean Zije
v Baltimoru.thank you thank you very much Lisa and enormous thanks to the Royal
Institution my heart is breaking that I'm sitting here at my house in Baltimore as nice as it is |
would much rather be there in person in London but uh hopefully that will be able to happen
soon I've given a couple of talks there uh in the theater and I miss it very much so hopefully
before too long this talk is to help celebrate the appearance of this new book the biggest ideas
in the universe there are a lot of Big Ideas that | could choose from so | have to narrow it
down and the Criterion was that the characteristic of this book as you will very quickly
discover if you order it is that it is full of equations we did not shy away from including the
equations that underlie modern physics so | want to pick an idea illustrated by an equation and
what better equation to use than Einstein's equation now you might think that you know
you've been exposed to Einstein's equation famously E equals MC squared the energy of an
object is its mass times the speed of light squared if the object is is at rest but here's one secret
right away which is that two physicists this is not Einstein's equation this is a perfectly good
equation and Einstein is responsible for it but it's not his most or best or leadingly important
equation that's this equation this is the equation for the geometry of space time according to
general relativity Einstein's theory of gravity if you were to say it out loud it would be R mu
Nu minus one half r g mu Nu equals eight Pi g t mu nu my goal for the next hour is to explain
this equation to you in a way that you understand what all of the symbols mean there's a lot of
symbols here a lot more letters and numbers than there is in the little equation some of them
are in Greek for goodness sake they're all however completely understandable as long as you
are willing to just make a little bit of effort especially if you have an expert guide so think of
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you as Dante and me as Virgil and we're leading into these uh treacherous Waters the people
down here trying to climb on the boat those are the equations don't worry about them we'll
handle them we we know what we're doing here it's actually going to be a much more
rewarding and transparent Journey than you might think so a good place to start talking about
Einstein's equation is what it was sort of replacing and that was gravity in the context of
classical mechanics classical mechanics was a theory put together over the course of a long
time but it really culminated in Isaac Newton's work in principia Mathematica in the 1600s
and if he had a single equation that he should be most proud of it's what we call Newton's
second law of motion the first law just says if nothing is acting on you you go in a straight
line to constant velocity the second law says if something does act on you if a force nudges
you then you will accelerate you will not go to constant velocity you will be pushed around a
little bit and the second law is a quantum vacation of that it says f equals m a force equals
mass times acceleration so in some sense it's an even simpler question equation than E equals
m c¢ squared right just three symbols there's a tiny complication because F and a have little
arrows over them that's indicating that these are actually Vector quantities they have both a
magnitude and a direction or if you like you can think of each one of these quantities the force
and the acceleration as three numbers the force in the X Direction the force in the y direction
the force in the Z Direction the components of the vector if you like but for right now we're
going to get into that later but for right now we're just going to bundle it up as scientists like
to do put a little arrow over the symbol and call it a single thing the force Vector is mass of
the object times the acceleration vector so what is so great about this equation and there's
many great things but let me highlight two of them one is the Precision so the idea of this
equation in words might be the more Force you exert on something the faster you accelerate
or the more dramatically you accelerate and The more mass something has the more Force
you have to put on it to accelerate it but it's not just those words it is a very precise statement
of proportionality between force and acceleration this equation implies that if you give twice
the force to an object it will accelerate by exactly twice as much and it's that kind of Quantic

(01)- Sean Carroll je Homewood profesorem ptirodni filozofie na Johns Hopkins University.
Za knihu o hledani nepolapitelného Higgsova bosonu ,,Céstice na konci vesmiru® a ,,Velky
obrazek* se stal mezinarodnim bestsellerem a ziskal Wintonovu cenu Royal Society. Sean zije
v Baltimoru. Dékuji moc dékuji Liso a obrovské diky Kralovské instituci mi trha srdce, ze
sedim tady ve svém dom¢ v Baltimoru tak hezky, jak je, mnohem rad&ji bych tam byl osobné
v Londyné, ale doufejme, Ze se to brzy podaii, mé¢l jsem tam par pfednasek v divadle a moc
mi to chybi, takZe doufam, Ze zanedlouho tato prednasSka pomiZze oslavit vznik této nové
knihy. Vesmir existuje spousta velkych napadi, ze kterych jsem si mohl vybrat, takze jsem to
musel zazit a kritériem bylo, Ze charakteristikou této knihy, jak velmi rychle zjistite, pokud si
Jji objednate, je to, Ze je plna rovnic, které jsme neméli vyhybejte se zahrnuti rovnic, které jsou
zakladem moderni fyziky, takze chci vybrat mySlenku ilustrovanou rovnici a jakou lepsi
rovnici pouzit nez Einsteinovu rovnici, ted’ si mozna myslite, Ze vite, Ze jste byli vystaveni
Einsteinove rovnici, E se rovnd MC na druhou energie objektu je jeho hmotnost krat druhé
mocnina rychlosti svétla, pokud je objekt v klidu, ale tady je hned jedno tajemstvi, které je, ze
dva fyzici, to neni Einsteinova rovnice, je to dokonale dobré rovnice a Einstein je za ni
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rovnice toto je rovnice pro geometrii ¢asoprostoru podle obecné teorie relativity Einsteinova
teorie gravitace, kdybyste to fekli nahlas, bylo by to R mu Nu minus jedna polovina r g mu
Nu se rovna osmi Pi g t mu nu mym cilem pro p#isti hodinu je vysvétlit vam tuto rovnici tak,
abyste pochopili, co vS§echny symboly znamenaji, je zde mnoho symboli mnohem vice
pismen a Cislic, nez je v malém rovnice nékteré z nich jsou v fecting, proboha, v§echny jsou
vSak naprosto srozumitelné, pokud jste ochotni vyvinout trochu usili, zvlasté pokud mate
odborného pritvodce, takze si o vas povazujte Danteho a mé jako Virgila a my vedou do
téchto zradnych vod, lidé tady dole se snazi vylézt na lod’, to jsou rovnice nebojte se 0 né my
si s nimi poradime vime, co tady délame, ve skute¢nosti to bude mnohem vic obohacujici a
transparentni Journey, nez si mozna myslite, dobré misto, kde zacit mluvit o Einsteinové
rovnici, je to, co svym zpusobem nahradila, a to byla gravitace v kontextu klasické mechaniky
klasicka mechanika byla teorie sestavena v prubéhu dlouhé doby, ale skutec¢né to vyvrcholilo
praci Isaaca Newtona v principia Mathematica v 17. stoleti, a pokud mél jedinou rovnici, na
kterou by mél byt nejvice hrdy, je to to, cemu fikdme druhy Newtonliv pohybovy zdkon,
fikd, Ze pokud na vés nic nepiisobi, jdete dovniti piimka na konstantni rychlost,
m . v = const. iika, Ze pokud na vas néco plisobi, kdyZ do vas Stouchne sila, pak
zrychlite neptlijdete na konstantni rychlost, budete trochu tlaceni a druhy zakon je kvantovou
dovolenou toho fika, ze f se rovna m sila se rovna hmotnost krat zrychleni, F = m . a takze v
uréitém smyslu je to jesté jednodussi rovnice otazky neZ E se rovna m ¢ na druhou, E =m . ¢?
jen tfi symboly je tu mald komplikace, protoze F a a maji nad sebou malé Sipky, které
oznaduji, Ze se ve skutegnosti jedn4 o vektorové veliciny maji jvelikost i smei, nebo chcete-li,
muzete si kazdou z téchto veli¢in piedstavit sila a zrychleni jako tii Cisla sila ve sméru X sila
ve sméru y sila ve sméru Z slozky vektor, chcete-li, ale pro tuto chvili se do toho pustime
pozdé¢ji, ale ted’ to jen seskupime, protoze védci radi umisti na symbol malou Sipku a nazvou
to jedinou véci vektor sily je hmotnost objektu krat vektor zrychleni, takZe co je na této
rovnici tak skvé€lé a je tu mnoho skvélych véci, ale dovolte mi zdiiraznit dvé z nich, jedna je
ptesnost, takZe mySlenka této rovnice ve slovech miiZe byt tim vétsi silou, kterou vynaloZite
néco, tim veEtsi silu na to musite vyvinout, abyste to zrychlili, ale nejsou to jen ta slova, je to
velmi pfesné vyjadieni imérnosti mezi silou a zrychlenim tato rovnice znamena, ze pokud
date objektu dvojnasobnou silu, zrychli se pfesné dvakrat tolik a je to takovy kvantovy

(02)- quantification and precision that is necessary if you want to for example fly a rocket to
the moon and this equation was behind exactly that so it's an idea that sort of sneaked into
physics relatively late in the game the idea that we should discuss laws of physics the patterns
that govern the real world in terms of these highly quantifiable relationships perfectly precise
and rigorous but then the other thing that is very important about it because it's not just a
mathematical expression it's a law of physics and what that means means is that it's Universal
it's not just saying that some particular force is accelerating some particular object it's saying
any time you exert a force on any object with any mass in the universe it will accelerate in a
way that obeys this equation the very existence of relationships like that is kind of amazing all
by itself and they are captured in a little tiny concrete poem in the form of equations like this
here's another equation that you might be familiar with this is slightly more complicated but
in spirit it's very similar this is the law of gravity the Newton put forward if you think about



his law of motion says Force equals mass times acceleration that's great but you can't actually
do anything with it until you know what the force is so the law of gravity tells us what the
force do to gravity is if you have two objects let's say a heavy one with mass capital m a little
one with mass Little M so the heavy one is pulling the little one their distance R apart then
Isaac Newton says that the force between them is proportional to the mass of the big one
times the mass of the little one divided by the distance between them squared it is the so-
called inverse Square law and the constant of proportionality big g capital G is Newton's
constant of gravity the idea that Newton discovered gravity by watching an apple fall from a
tree was actually one that was promulgated by Newton himself but the importance of that
story is not that no one had noticed gravity before the importance is that what Newton
realized is that the same phenomenon and indeed the same equations can be used to explain
apples falling from trees as also explains the Motions of planets around the Sun that's why it's
important that this is a universal law of gravity it's doing the work everywhere and already
just from these two equations f equals m a and the inverse Square law here we learn
something very profound about gravity namely that if you say f equals m a and f equals g Big
M Little M over r squared times a unit Vector you can do math to this equation you can divide
by Little M on both sides they cancel out and what you get is an equation for the acceleration
of an object in a gravitational field caused by another object in which the mass of the object
being accelerated doesn't appear anywhere so if you take a a hammer and a feather and you
drop them Isaac Newton says that they will be accelerated by the force of gravity by exactly
the same amount it doesn't matter that one is heavier than the other now in the real world you
can do this experiment it's not true they do not fall at exactly the same rate but Galileo and
Newton and others were able to explain that's only because of air resistance if you were up on
the moon and dropped a hammer and a feather they would fall at the same rate and indeed
Apollo 15 astronauts actually did this experiment this is a painting of it not a photograph
because the photographs they took were not very high resolution but Newton was right when
he actually did the experiment so this is a profound feature of gravity that we're going to take
advantage of very very quickly but this fact that it doesn't matter what the mass is Everything
feels the same acceleration due to gravity is very very deep it wouldn't be true for the
electrical force for example under electricity positive charges and negative charges react
differently whereas under Gravity everything reacts in the same way gravity is universal in a
very deep way okay that was the Triumph of Newton time passes that's the late 1600s we skip
ahead to 1905. in 1905 this is Albert Einstein's miraculous year where he writes a series piece
of papers on many different subjects quantum mechanics and molecular motion and of course
special relativity special relativity is a theory that again we had been creeping up on but it was
Einstein who really figured it out once and for all in 1905 and what he says is motion is
relative not absolute again this is a pre-existing idea that people had but the new idea is that
the speed of light is absolute so motion is absolute you could not say how fast you're going in
the world except relative to some other object with the exception that everyone agrees on the

(02)- kvantifikace a ptesnost, ktera je nezbytna, pokud chcete naptiklad letét raketou na
Mg¢sic a pfesné za tim stdla tato rovnice, takze je to napad, ktery se do fyziky vkradl pomérné
pozdé ve hie, myslenka, o které bychom méli diskutovat zdkony fyziky vzory, které tidi
skute¢ny svét z hlediska téchto vysoce kvantifikovatelnych vztahtl, jsou dokonale pfesné a
rigorozni, ale dalsi véc, ktera je na tom velmi dalezita, protoZze to neni jen matematicky vyraz,
je to fyzikélni zakon a to, co to znamena, je Ze je univerzalni, neni to jen tim, ze se fika, ze



néjaka konkrétni sila urychluje né&jaky konkrétni objekt, ale fika se, ze kdykoli pusobite silou
na jakykoli objekt s jakoukoli hmotnosti ve vesmiru, zrychli se zplisobem, ktery se fidi touto
rovnici samotnou existenci takovych vztaht je tak trochu sama o sob¢ izasna a jsou
zachycena v malé mali¢ké konkrétni basni ve formé rovnic, jako je tato, zde je dalsi rovnice,
Newton piedlozeny, pokud pifemyslite o jeho zakonu pohybu fika, Zze Sila se rovna hmotnost
krat zrychleni, to je skvélé, ale ve skutecnosti s tim nemuizete nic délat, dokud nezjistite, co je
to sila, takze zdkon gravitace nam ftika, co sila d€la s gravitaci pokud mate dva objekty,
feknéme tézky s velkym hmotnostnim m, maly s hmotnosti Maly M, takze ten tézky tdhne
maly od sebe o vzdalenost R, pak Isaac Newton fik4, ze sila mezi nimi je umérna hmotnosti
objektu. Velky jeden krat hmotnost malého délena vzdalenosti mezi nimi na druhou je to
takzvany inverzni ¢tvercovy zdkon a konstanta umérnosti velké g velké G je Newtonova
gravitacni konstanta myslenka, ze Newton objevil gravitaci sledovanim padu jablka ze stromu
byl ve skute¢nosti ten, ktery byl vyhlaSen samotnym Newtonem, ale dllezitost tohoto ptibéhu
nespociva v tom, Ze si nikdo nev§iml gravitace diive, dllezité je, Ze si Newton uvédomil, ze
stejny jev a skutecné stejné rovnice lze pouzit k vysvétleni jablek. Pad ze stromd, jak také
vysvétluje pohyby planet kolem Slunce, proto je diileZité, Ze se jedna o univerzalni gravitacni
zakon, funguje to vSude a uz jen z téchto dvou rovnic f se rovna m a a inverzniho ¢tvercového
zakona se zde dozvime néco velmi hluboké o gravitaci, konkrétné to, ze kdyz teknete, Ze f se
rovnd ma a f se rovna g Velké M Malé M nad r na druhou krat jednotka Vektor, mizete s
touto rovnici pocitat, mizete vydélit malym M na obé¢ strany, které se vyrusi a dostanete je
rovnice pro zrychleni objektu v gravitatnim poli zpisobeném jinym objektem, ve kterém se
hmota urychlovaného objektu nikde neobjevuje, takze kdyz vezmete kladivo a pero a pustite
je, Isaac Newton tika, ze budou zrychleny gravitacni silou piesné o stejnou hodnotu nezalezi
na tom, ze jeden je téz8i nez druhy, nyni v realném svété mizete provést tento experiment,
neni pravda, Ze nepadaji presné stejnou rychlosti, ale Galileo a Newton a jini byli schopni
vysvétlit, Ze je to jen kvuli odporu vzduchu, pokud byste byli nahote na Mésici a upustili
byste kladivo a pero, dopadaly by stejnou rychlosti a astronauti z Apolla 15 skutecné tento
experiment provedli, toto je jeho malba, nikoli fotografie protoze fotografie, které potidili,
nem¢ély pfili§ vysoké rozliseni, ale Newton mél pravdu, kdyz experiment skutecné provedl,
takZe toto je hluboka vlastnost gravitace, kterou velmi rychle vyuzijeme, ale tato skutecnost,
7e nezalezi na tom, co hmotnost je. VSe pocit'uje stejné zrychleni vlivem gravitace je velmi
velmi hluboké to by neplatilo pro elektrickou silu, napfiklad pod elektfinou reaguji kladné
naboje a zdporné naboje odlisnég, zatimco pii gravitaci vSe reaguje stejnym zplisobem
gravitace je univerzalni v velmi hluboko v poradku, to byl triumf Newtona, ¢as plyne, to je
konec 17. stoleti, pfesko¢ime do roku 1905. V roce 1905 je to zdzracny rok Alberta Einsteina,
kdy piSe sérii ¢lankd o mnoha riznych pfedmétech kvantova mechanika a molekularni pohyb
a samoziejme specidlni teorie relativity specialni teorie relativity je teorie, ke které jsme se
op¢t plizili, ale byl to Einstein, kdo na to skute¢né jednou provzdy pftisel v roce 1905 a to, co
iika, je pohyb je relativni, nikoli opét absolutni, to je jiz dfive existujici myslenka, ze lidé
meél, ale novou myslenkou je, ze ‘rychlost svétla je absolutnﬂ, takze pohyb je absolutni, takze
nemuzete fict, jak rychle jdete na svété, s vyjimkou relativniho k néjakému jinému objektu, s
vyjimkou, Ze vSichni souhlasi




(03)- speed of light even if two objects or two observers are moving relative to each other if
a beam of light passes them they would measure that light Ray going at the same speed this is
kind of counter-intuitive and it boggles your mind like why don't the speeds add together in
the normal way and what Einstein was able to explain is it all makes perfect sense all you
have to do is revise your intuitive conceptions of space and time okay and this leads to all of
the fun aspects of special relativity like length contraction time dilation all of those things it
can get a little bit confusing but it all does hang together very nicely and in fact | would say
that the final word in special relativity wasn't even given by Einstein in 1905 it was given by
Herman minkowski in 1907. minkowski it turns out had been one of Einstein's professors
back at the University he was a mathematics professor unlike Einstein who is a physicist
minkowski is more mathematically inclined than it was minkowski who realized that he could
take Einstein's theory and say the right way to think about this theory is as a unification of
space and time into a single thing called space-time and the differences between space and
time arise because there's a novel geometry on SpaceTime so his famous quote is that
henceforth Space by itself and Time by itself are doomed to fade away into mere shadows and
only a kind of Union of the two will preserve an independent reality so he's not changing
Einstein's theory he's just giving you a more elegant way of thinking about it one person who
is not that impressed by this elegant way of thinking about it was Albert Einstein soon
thereafter Einstein wrote a paper in which he complains about minkowski's formulation
saying that it makes rather great demands on the reader in its mathematical aspects so Einstein
for all his Brilliance he was a physicist physicist at heart he was not really a mathematician he
was able to do the math that was required but he didn't do math for the sake of doing math and
he worried that minkowski's space-time idea was just an example of mathematicians doing
math for the sake of doing math that it didn't really add any physical Insight he later realized
that was wrong and he would be very very uh accepting of the space-time idea so let's dig into
this a little bit more if minkowski is right and there's only one thing called space time why are
we interested in unifying it | mean Isaac Newton could have talked about space-time right
when you want to meet someone for coffee you have to tell them where you're going to meet
them a location in space and when you're going to meet them a moment in time but you were
never tempted to combine them together | mean Kelsey says there's a good reason why maybe
you should and the reason is that time is kind of like space in a very down-to-earth way what |
mean by that so let's say you travel along some distance right you go for a walk you have a
pedometer that is keeping track of your steps you can figure out more or less the distance you
travel or you can use an equation to figure out the distance you traveled if you have a
coordinate system like maybe you have a grid on a street or something like that in a city so
you have X and Y coordinates and you walk in a direction that is neither exactly long X or Y
you can use these coordinates to build a right triangle right here's the amount you traveled in
X here's the amount you traveled in y and then you know how to calculate the distance along
that straight line connecting the two points it's Pythagoras's Theorem when you have a right
triangle the distance of the hypotenuse the long side squared is the sum of the squares of the
two shorter sides D Squared is x squared plus y squared that's how distances work in space
this is the heart of what we would call euclidean geometry the geometry you learn in school
minkowski says that time is like that but with a slightly different kind of geometry so you and
| are used to thinking of time as something absolute and out there in the universe everyone
agrees on it that's the way it would have been had Isaac Newton been right but minkowski
says there is coordinates like X where you are in space and there's a coordinate T the label
that we put on different moments in the universe eight o'clock we will have dinner tonight



right at the restaurant that's a coordinate label that helps us find things in the universe but the
time that we personally measure as we evolve through the universe is different from that and
he proposes a an equation for it if you call Tau this is the Greek letter Tau and this is
supposed to be literally the amount of time that you would measure on your wristwatch or

(03)- rychlost svétla, i kdyz se dva objekty nebo dva pozorovatelé pohybuji vici sobé
navzajem, pokud kolem nich projde paprsek svétla, zméfili by paprsek svétla, ktery jde
stejnou rychlosti, je to trochu kontraintuitivni [a vrta vam to hlavou| jako proé se rychlosti
nescitaji normélnim zptisobem a to, co Einstein dokézal vysvétlit, je, ze to vSechno dava
dokonaly smysl, v§e, co musite udélat, je revidovat své intuitivni pfedstavy o prostoru a
¢ase, v poradku a to vede ke v§em zabavnym aspektim specialni teorie relativity, jako je
kontrakce délky, dilatace ¢asu, vSechny ty véci to mize byt trochu matouci, ale v§echno to
spolu velmi pékné ladi a ve skutecnosti bych fekl, ze posledni slovo ve speciélni teorii
relativity nedal ani Einstein v roce 1905. Bylo uvedeno Hermanem Minkowskim v roce
1907. minkowski, jak se ukazalo, byl jednim z Einsteinovych profesort na univerzité, byl
profesorem matematiky, na rozdil od Einsteina, ktery je fyzikem, minkowski je vice naklonén
matematice, nez to byl minkowski, kdo si uvédomil, Ze mlze pfijmout Einsteinovu teorii a
fici, Ze spravny zpiisob, jak o této teorii pfemyslet, je sjednoceni prostoru a ¢asu do jediné
véci zvané Easoprostor a rozdily mezi prostorem a ¢asem vznikaji, protoze na Casoprostoru
existuje nova geometrie, takze jeho slavny citat je, Ze od nyné&jika Space by sam i Cas jsou
odsouzeny k tomu, aby zmizely v pouhych stinech a pouze jakési Sjednoceni dvou zachova
nezavislou realitu, takZe neméni Einsteinovu teorii, jen vam dava elegantnéjsi zptisob
uvazovani o jedné osob¢, ktera neni na koho tento elegantni zpiisob uvazovani zaplisobil
Albert Einstein, brzy poté Einstein napsal ¢lanek, ve kterém si st¢Zuje na Minkowského
formulaci, Ze klade na ¢tenafe pomérné velké naroky ve svych matematickych aspektech,
takze Einstein byl pfes vSechnu svou brilantnost fyzik v jadru fyzik, nebyl ve skute¢nosti
matematikem, dokéazal ud€lat matematiku, ktera byla pozadovana, ale ned¢lal matematiku,
protoze délal matematiku, a obéaval se, ze Minkowského myslenka Casoprostoru je jen
ptikladem matematikt, kteti matematiku délaji kvtili matematice, ktera ve skutecnosti
neptidala zadny fyzicky vhled, si pozd¢ji uvédomil, Ze to bylo Spatné, a velmi by piijal
mySlenku ¢asoprostoru, takze pojd'me se do toho ponofit trochu vic, pokud ma minkowski
pravdu a existuje jen jedna véc se nazyva casoprostor, pro¢ se zajimame o jeho sjednoceni
Myslim tim Isaac Newton mohl mluvit o ¢asoprostoru, pravé kdyz se chcete s nékym setkat
na kave¢, musite mu fict, kde se s nim setkate, misto ve vesmiru a kdyz se s nimi na chvili
setkate, ale nikdy jste nebyli v pokusSeni je spojit dohromady, myslim tim Kelsey, ze existuje
dobry divod, pro¢ byste mozna méli, a divodem je, ze €as je néco jako prostor ve velmi doli-
k Zemi, co tim myslim, takZe feknéme, ze cestujete na urcitou vzdalenost, hned se vydate na
prochdzku, mate krokomeér, ktery sleduje vase kroky, muzete vice ¢i mén¢ zjistit vzdalenost,
kterou urazite, nebo muzete pouzit rovnice k ur€eni vzdalenosti, kterou jste urazili, pokud
mate soufadnicovy systém, no jistg, ale kdo vam mit tfi délkové dimenze (pro
soufadnicovy systém) a mit tfi Casové dimenze (pro soufadnicovy systém) ????
http://www.hypothesis-of-universe.com/docs/c/c_012.jpg ; http://www.hypothesis-of-
universe.com/docs/c/c_435.jpg ; http://www.hypothesis-of-universe.com/docs/c/c_486.jpg ;
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http://www.hypothesis-of-universe.com/docs/eng/eng_137.pdf ; http://www.hypothesis-of-
universe.com/docs/eng/eng_094.pdf ; jako tfeba mate mfizku na ulici nebo néco podobného
ve meésté, takze mate soufadnice X a Y a jdete ve sméru, ktery neni pfesné dlouhy X ani Y
muzete pomoci téchto soutadnic sestavit pravouhly trojuhelnik, zde je mnozstvi, které jste
ujeli za X, zde je mnozstvi, které jste urazili za y, a pak vite, jak vypocitat vzdalenost podél
této piimky spojujici dva body, je to Pythagorova véta, kdyz mate pravouhly trojuhelnik
vzdalenost pfepony dlouhd strana na druhou je soucet druhych mocnin dvou kratsich stran D
na druhou je x na druhou plus y na druhou takto funguji vzdalenosti v prostoru toto je srdce
toho, co bychom nazvali |euk|idovské geometrie| geometrie, kterou vy Ucte se ve skole
Minkowski fika, ze Cas je takovy, ale s trochu jinym druhem geometrie, a ja navic fikam, ze 1
¢as ma své dimnenze a tvrdim, ze (fyzikalni) Casoprostor je 3+3D, nikoliv 3+1D , takze vy i ja
jsme zvykli myslet na ¢as jako na néco absolutniho a tam venku ve vesmiru se na tom vSichni
22?2 Opravdu vichni ? VSICHNI minus j4, shodnou, takhle by to bylo, kdyby Isaac Newton
m¢l pravdu, ale Minkowski fikd, Ze tam jsou soutradnice jako X, kde jste ve vesmiru, a je tam
soutadnice T $titek, ktery ddvame na rizné okamziky ve vesmiru, v osm hodin vecer budeme
mit vecefi pfimo v restauraci, coz je Stitek souradnic, ktery pomaha nam najit véci ve vesmiru,
ale ¢as, ktery osobné¢ métime, my nemefime ,,Cas®, my métime tempo plynuti ¢asu a to
pomoci zvoleného intervalu na ¢asové dimenzi (kterému fikame pak ¢asovy etalon) jak se
vyvijime vesmirem, se od toho li$i a on pro to navrhuje rovnici, pokud fikate Tau, toto je
fecké pismeno Tau a toto ma byt doslova mnozstvi ¢asu, které byste naméfili na svych
naramkovych hodinkéach kdyz si ve vesmiru, napfi¢ celym vesmirem >vyhlasime stop-stav< a
budeme ve vybranych lokalitdch zjis§ tovat a) stafi vesmiru (v oné lokalité) a tempo plynuti
Casu v té lokalité ( napf. v galaxii malé, pak velké, nebo u ¢erné diry...), tak v§Suce v dany
,,stop-stav* naméfite svymi naramkovymi hodinkami néco jiné€ho..., miliony lokalit a vSude
to budee ,,jiny Cas, jiné tempo* a...a pak si domyslete, Ze udélate takovy ,,stop-stav smérem
do minulosti...kdykoliv a kdekoliv az dojdete k reliktnimu sttafi nebo na horizont
pozorovatelnosti a stale stejnymi hodinkami naméfite ,,jiny ¢as“, vSude, kdekoliv. — A to mi
chcete fici, ze takovy vesmir nemuze a nema 3 dimenze pro L,CAS*“ 22 ale ma od
Minkowského Cas ,,t“ ktery se méni v raketé podle STR na ,,tau* a to podle ,,jakéhosi
principu“relativity ????ano?, ale nesmi mit 3 dimenze pro souradnicovy systém ???
nebo

(04)- some other device that you're carrying around with you and minkowski says that Tau
does not equal this T this coordinate time that is floating in the background of your minds
instead it's an equation that is much like Pythagoras's equation but with a minus sign so this is
Tau squared is t squared minus x squared so what minkowski is saying is that if you don't
really move in space that much and in fact what does it mean to move in space if you're
moving close to the speed of light all of this matters if you're moving slowly compared to the
speed of light it doesn't that's why no one noticed it before the 20th century but if you move
rapidly in the space then the amount of time that you will experience is this background
coordinate time squared minus the distance squared in space so moving in space always
means that you experience less personal time this is what leads to for example the twin
paradox in special relativity one twin stays behind and experiences some time another zooms
off near the speed of light zooms back when the Twin that zoomed off comes back they are
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younger than the twin that stayed behind because they have moved in space and the twin who
stayed behind did not moving in space always means you experience less time and there's a
formula for it just like Pythagoras okay that's minkowski's idea how to think about relativity
and space time and it was going pretty well right I mean Einstein was doing very very well
with his papers he became famous and so forth but there was a problem remember when Isaac
Newton proposed his theory of classical Mechanics for Which special relativity is supposed to
be a replacement the very first thing he did was explain how planets move around the Sun due
to the force of gravity and how apples fall from trees so Einstein and other people for that
matter they sat down and tried to ask how does gravity work in a way that is compatible with
this new knowledge we have about relativity and the answer is that Newtonian gravity and
relativity are simply incompatible one of them has to go and they just invented special
relativity they were very proud of it so Einstein says can we come up with a new theory of
gravity that is compatible with our new insights about special relativity and reproduces the
successes of Newtonian gravity as long as we're moving very slow compared to the speed of
light and it was very difficult to do but being Einstein he had a very smart idea and that smart
idea goes back to this feature of gravity that Isaac Newton himself had commented on namely
its universality right you drop two objects the rate at which they accelerate due to gravity
doesn't depend on their mass and Einstein was thinking about he says in fact it doesn't depend
on anything there's really no way of knowing how much gravity you are feeling because look
maybe you're sealed in a room so you can't see the outside world and you think that there's
gravity beneath you because you drop things and they fall okay and maybe you're right but if
you were in a rocket ship that is accelerating and it's very very quiet so you can't hear the
engine it's accelerating at 1G the acceleration due to gravity if you let two objects go a
hammer and a feather they will also appear to fall to the bottom of the spaceship and
Einstein's idea is to extend the universality of the rate of things falling to a principle the
principle of equivalence he says that motion in an accelerated frame of reference like an
accelerating rocket is indistinguishable from sitting on the surface of a planet in a
gravitational field and again you and | would think of that if we did think of it and go huh
that's a cute little insight I'm very proud of myself and then we'd go on and do something else
but Einstein being Einstein he took it much further than that he says how can it be that gravity
is in some sense undetectable other forces are detectable like we said a positive and negative
charge would easily detect the existence of an electric field or a magnetic field so Einstein
says it must be the case that gravity is not a conventional Force living within the space-time
the reason why it's Universal he says is because gravity is a feature of space-time itself what
feature could it be well his former professor minkowski says that space-time has a geometry
maybe what we think of as gravity is a feature of the geometry of space-time the curvature in
particular in some very real sense even though minkowski modified Pythagoras's Theorem the
geometry of minkowski's space-time is still flat there's no curvature to it Einstein said maybe
the real world has curvature and you and | experience that as gravity so what he needs is to
understand the mathematical tools necessary for describing the curvature of space-time

(04)- n&jaké jiné zatizeni, které nosite s sebou, atomové hodinky... @& tika, ze
Tau se tomuto nerovna T tento soufadnicovy ¢as, ktery se vznasi v pozadi vasich mysli, misto
toho je to rovnice, ktera je hodné podobna Pythagorove rovnici, ale se znaméenkem minus,
takze toto je [Tau na druhou je [t na druhou minus x na druhoul, takze minkowski Fika, Ze




pokud se ve skutecnosti tolik nepohybujete v prostoru, a co to vlastné znamena pohybovat se
v prostoru, kdyz se pohybujete blizko rychlost svétla na tom vSem zalezi, pokud se
pohybujete pomalu ve srovnéni s rychlosti svétla, neni to tak, proto si toho nikdo nevsiml pred
20. stoletim, ale pokud se pohybujete rychle v prostoru, pak mnozstvi ¢asu, které zaZijete je
tato soufadnice pozadi na druhou mocninu ¢asu minus vzdalenost na druhou v prostoru, takze
pohyb v prostoru vzdy znamena, Ze zaZivate méné osobniho ¢asu, a to je ta blbost, ktera tu
panuje stale, uz 100 let, od doby kdy ji Einstein vynalezl. On vynalezl STR dobfe, ale my,
potomci, ji si vykladame a chapeme chybné! Cas (tempo ¢asu) se neméni nam, tady, ani

v raketé, (ve stap-stavu), ale z diivodl pootaceni soustav (nasi soustavy a soustavy rakety) P
O ZO R UIJE ME jiné intervaly ¢asu z rakety (které k ndm z rakety dorazily ,,poslem*) a
tyto pootocené intervaly = prodlouZené intervaly Casu, pak pokladdme za zménu tempa
plynuti Casu na raketé...; bohuzel za 100 let fyzikove ,,umysIné* nepochopili, Ze soustava
rakety se poota¢i a my na své pozorovaci platno snimame z té rakety jiné intervaly nez jeké
jsou ,,na ni“... coz vede napiiklad k paradoxu dvojcat ve specialni relativité, © pravé jsem to
popsal jedno dvojce ziistane pozadu a zazije néjakou dobu, kdy se druhé ptiblizi blizko
rychlost svétla se ptibliZi, kdyz se dvojce, které se pfiblizilo, vrati, jsou mladsi neZ dvojce,
které ztstalo vzadu, Neni to pravda, protoZe se pohybovalo v prostoru a dvojce, které zustalo
vzadu, se nepohybovalo v prostoru vzdy znamena, ze zazijete méné ¢asu a existuje vzorec pro
je to stejné jako Pythagoras, ano, to je Minkowskeho napad, tak to slysim poprvé, ze
,pootaceni soustav dle Pythagora™ vymyslel Minkowski jak uvazovat o relativité a
casoprostoru a $lo to docela dobte, myslim tim, Ze Einsteinovi se dafilo velmi dobte se svymi
papiry, stal se slavnym a tak déle, ale vyskytl se problém, pamatujte si, kdyz to Isaac Newton
navrhl jeho teorie klasické mechaniky, pro kterou ma byt specialni teorie relativity nahradou,
uplné prvni véc, kterou udélal, bylo vysvétlit, jak se planety pohybuji kolem Slunce vlivem
gravitacni sily a jak jablka padaji ze stromu, takze Einstein a dalsi lidé, posadil se a pokusil se
zeptat, jak funguje gravitace zptisobem, ktery je kompatibilni s t€mito novymi poznatky, které
mame o a odpovéd’ zni, Ze newtonovska gravitace a teorie relativity jsou prosté
neslucitelné, jeden z nich musi pry¢ a pravé vynalezli specialni relativitu. Jsme na to velmi
hrdi, takZe Einstein fikd, Ze miZeme pfijit s novou teorii gravitace, ktera je kompatibilni s
nasimi novymi poznatky o specidlni relativit€ a reprodukuje Gspéchy newtonovské gravitace,
pokud se pohybujeme velmi pomalu ve srovnani s rychlosti svétla a bylo to velmi obtizné, ale
jako Einstein mél velmi chytry napad a tento chytry napad saha aZ k této vlastnosti gravitace,
kterou komentoval sdm Isaac Newton, totiZ jeji univerzalnosti, kdyZ pustite dva objekty
rychlosti, jakou se vlivem gravitace zrychluji. nezavisi na jejich hmotnosti a Einstein o tom
premyslel, fika ve skute¢nosti to nezavisi na ni¢em, opravdu neexistuje zpusob, jak zjistit, jak
velkou gravitaci citite, protoze koukejte, mozna jste uzavieni v mistnosti, takze nemtizete
vidis vnéjsi svét a myslis si, Ze je pod tebou gravitace, protoze veci upustis a ony padnou v
potadku a moznéa mas pravdu, ale kdybys byl v raketové lodi, kterd zrychluje a je velmi ticha,
takze nesly$i§ motor zrychluje se na 1G zrychleni zptisobené gravitaci, pokud nechate dva
piredméty jit kladivem a perem, budou také vypadat, jako by spadly na dno vesmirné lodi a
Einsteinova myslenka je rozsifit univerzalnost rychlosti padu véci na princip
iké, ze pohyb ve zrychlené vztazné soustave jako urychlujici raketa je k
nerozeznani od sezeni na povrchu planety v gravitaénim poli a znovu bychom si to vy a ja
mysleli, kdybychom na to mysleli a §li, no to je roztomily maly poznatek Jsem na sebe velmi
hrdy a pak bychom pokracovali a d€lali néco jiného, ale Einstein jako Einstein to dot4hl
mnohem dal, nez Ze tik4, jak je mozné, Ze gravitace je v ur¢itém smyslu nedetekovatelna, jiné




sily jsou zjistitelné jak jsme tekli, kladny a zdporny néboj by snadno detekoval existenci
elektrického pole nebo magnetického pole, takze Einstein fika, Ze to musi byt tak, Ze gravitace
neni konvencni Sila zijici v ¢asoprostoru, diivod, proc¢ je univerzalni, jak tika, je protoze
gravitace je rysem samotného casoprostoru, jeho byvaly profesor Minkowski tika, ze
Casoprostor ma geometrii, mozna to, co si predstavujeme jako gravitaci, je rysem geometrie
Casoprostoru, konkrétné zaktiveni v n&jaky velmi skute¢ny smysl, i kdyz minkowski upravil
Pythagorovu vétu, geometrie minkowského casoprostoru je stale plocha, neni v ném zadné
zaktiveni ?? Einstein fekl, Ze mozna skuteCny svét ma zaktiveni a vy a ja to zazivame jako
gravitaci, takZe to, co potiebujeme, je pochopit matematické nastroje nezbytné pro popis
zaktiveni ¢asoprostoru

(05)- Einstein in 1910 or whatever had no idea about the mathematical tools but they had
been developed in the 1850s relatively not long before happily once again Einstein was very
good friends with a mathematician friend Marshall Grossman one of his old school buddies
and Grossman had become an expert mathematician in the years since so Einstein went to
Grossman and said can you please teach me about the curvature and the geometry of arbitrary
kinds of spaces and he said yes and general relativists to this day are very thankful to Marshall
Grossman for doing this without Grossman Einstein maybe never would have invented
general relativity so basically the reason I'm telling you the story is even Einstein needed to
get tutoring in order to learn the mathematics necessary to understand his own ideas this is an
inspirational motivational story for young prospective physicists out there or maybe even
other people okay so what is the answer what is what does Grossman have to teach Einstein
about well it was in the 19th century that scientists and mathematicians | should say first
really started thinking about what we call non-euclidean geometry euclidean geometry as we
said is high school geometry it's tabletop geometry you draw a triangle the angles inside add
up to 180 degrees that is a feature of euclidean geometry the area of a circle is pi r squared
and if you go back into the history what Euclid actually did was to axiomatize Geometry he
derived a bunch of results many of which had already been known but he derived them
starting from a set of axioms and the axioms are all pretty trivial and obvious and standard
except one always stood out the so-called parallel postulate the idea that if you start with a
little line segment and you shoot out two lines at right angles so they're initially parallel with
each other Euclid hypothesizes he makes an axiom or a postulate that says they will always be
exactly parallel they will always maintain a constant distance from one another for a long time
mathematicians thought that you know this sounded correct but it seems like a little bit
specific it sounds like it should be a theorem not an axiom and so they really tried to prove it
and they were never able to do so in the 1930s they finally learned why they had not been able
to prove it because it might not be true you can replace the parallel postulate by an alternative
you can say well maybe these these initially parallel lines that shoot out from your line
segment will diverge we'll get further away or maybe they will converge they will get closer
and these alternative axioms are just as good you can build geometric systems on the basis of
them you can have a positively curved geometry like a sphere or you could have a negatively
curved geometry like the surface of a saddle or a potato chip all of these are possibilities and
so mathematicians thought this was great full employment for mathematicians they love it but
in fact this was just the beginning because these geometries are very very simple if you think
about the geometry of a sphere it's curved it's not flat but it's simple because it's exactly the
same everywhere no matter where you are on the sphere no matter what direction you go in



the kind of curvature the kind of geometry you're experiencing is exactly the same so what we
needed was a more powerful set of tools to think about lumpy surfaces right surfaces or even
higher dimensional objects three-dimensional spaces four-dimensional spaces like
mathematicians don't care how many dimensions space has in the real world they're going to
invent whatever they're going to invent so this task fell to Bernard Riemann in the 1850s who
was a student under Carl Friedrich Gauss one of the greatest mathematicians of all time and
Riemann needed to pass yet another exam in the German system to get a license to teach in
universities and he presented Gauss his advisor with a list of possible exam topics and Gauss
chose the one that Riemann thought was the most boring the foundations of geometry and you
read riemann's paper and you know just like Einstein was fetching about minkowski Riemann
is complaining that yeah he's not really very good at this it's not really his thing he did it very
very well so the challenge posed Riemann is how do you talk about the geometry of a space if
you're inside that space you're not allowed to think about standing outside and looking at it
okay you have to say just from intrinsic information from experiments I can do if I live inside
some curved space how could | convey say to you the information about what that curvature
is and riemann's genius was he said let's focus in on a simple quantity the length of a curve in
fact the length of every possible curve it might make sense to you if I say if you know the

(05)- Einstein v roce 1910 nebo cokoli jiného nemélo o matematickych nastrojich ponéti, ale
byly vyvinuty v 50. letech 19. stoleti relativné nedlouho pfedtim, nezZ se nastésti Einstein opét
velmi pratelil s pritelem matematikem Marshallem Grossmanem, jednim z jeho kamarada
ze staré Skoly a Grossmanem se stal expertnim matematikem v letech, kdy Einstein Sel za
Grossmanem a fekl, jmiiZete mé prosim poucit o zakiiveni a geometrii libovolnych druhi
iprostorii a on fekl ano| a obecni relativisté jsou dodnes Marshallu Grossmanovi za to velmi
vd&eni bez Grossmana Einsteina by to mozna nikdy nevynalezlo jobecnou relativitul, takze v
podstaté diivod, pro¢ vam tento ptibéh vypravim, je, ze Einstein dokonce potieboval
doucovani, aby se naucil matematiku potfebnou k pochopeni svych vlastnich myslenek, toto
je inspirativni motivaéni ptibéh pro mladé potencidlni fyzici tam venku nebo mozna i jini lidé
jsou v potadku, takze jaka je odpoved’, co je to, o Cem musi Grossman ucit Einsteina dobfe,
bylo to v 19. stoleti, kdy védci a matematici, fekl bych, zacali nejprve skutecné premyslet o
tom, ¢emu fikdme neeuklidovska geometrie, euklidovskd geometrie, jak jsme fekli, je
geometrie na stfedni Skole, je to stolni geometrie, nakreslite trojihelnik, uhly uvnitf se s¢itaji
az o 180 stupnill, coz je vlastnost euklidovské geometrie, plocha kruhu je pi r na druhou a
pokud se vratite do historie, co Euklides vlastné axiomatizoval geometrii, odvodil spoustu
vysledkl, z nichz mnohé jiz byly zndmeé, ale odvodil je pocinaje sadou axiomil a vSechny
axiomy jsou docela trivialni a zfejmé a standardni, kromé jednoho vzdy vy¢nival z takzvané
paralely. Postulujte myslenku, ze kdyz zacnete s malym segmentem Cary a vystrelite dvé ¢ary
v pravych thlech, takZe budou zpocatku vzajemné rovnobézné, Euklides predpoklada, ze
vytvoii axiom nebo postulat, ktery fikd, Ze budou vzdy ptfesné rovnobézné, vzdy budou
udrzovat konstantni vzdalenost jeden od druhého po dlouhou dobu, matematici si mysleli, Ze
vite, Ze to zni spravné, ale zda se to byt trochu specifické, zni to, jako by to méla byt véta, ne
axiom, a tak se to opravdu snazili dokazat a nikdy nebyli kdyz to dokazali ve 30. letech 20.
stoleti, kone¢né zjistili, pro¢ to nemohli dokdzat, protoZe to nemusi byt pravda, mizete
paralelni postulat nahradit alternativou, muzete dobfe fici, mozna tyto ptivodné paralelni linie,
které vybihaji z vasi linie segment se bude rozchazet dostaneme se dale nebo mozné se budou




sblizovat budou se pfiblizovat a tyto alternativni axiomy jsou stejné dobré, mtiZete na nich
stavét geometrické systémy, miizete mit pozitivné zakiivenou geometrii jako kouli nebo
muzete mit negativné zakfivena geometrie, jako je povrch sedla nebo bramborové lupinky, to
vse jsou moznosti, a tak si matematici mysleli, ze je to skvélé plné vyuziti pro matematiky,
které to miluji, ale ve skutecnosti to byl jen zacatek, protoze tyto geometrie jsou velmi
jednoduché, pokud piremyslejte o geometrii koule, je zakiivend, neni ploch4, ale je to
jednoduché, protoze je vSude piesné stejnd, bez ohledu na to, kde se na kouli nachazite, bez
ohledu na to, jakym smérem se vydate v druhu zakftiveni, druh geometrie, kterou zazivate, je
presné totéz, takze to, co jsme potiebovali, byla vykonnéjsi sada néstroji k ptemysleni o
hrudkovitych plochach, pravych plochach nebo dokonce objektech s vyssi dimenzi
trojrozmérné prostory Ctyfrozmérné prostory, jako jsou matematici se nestaraji o to, kolik
rozmeérti ma prostor v redlném svéte, ze vymysli, co vymysli, takze tento ukol ptipadl v 50.
letech 19. stoleti Bernardu Riemannovi, ktery byl studentem Carla Friedricha Gausse,
jednoho z nejvétSich matematikti vSech dob, a Riemann potieboval slozit dalsi zkousku z
némeckého systému, aby ziskal licenci k vyuce na univerzitach a predlozil Gaussovi svému
poradci seznam moznych témat zkouSek a Gauss vybral to, o kterém si Riemann myslel, Ze je
nejnudnéjsi ze zaklad geometrie, a vy si pfectete Riemannovu praci a vite stejné€ jako
Einstein minkowski Riemann si stéZuje, Ze ano, v tomhle opravdu neni moc dobry, ve
skute¢nosti to neni jeho véc, udélal to velmi dobfe, takZze Riemann pfedstavuje vyzvu, jak
mluvit o geometrii prostoru, kdyZ jste uvnitt tohoto prostoru neni dovoleno myslet na to, ze
stojite venku a divate se na to dobfe, musite fict jen z vnitinich informaci z experimentt, které
mohu udélat, kdyz ziji v néjakém zaktiveném prostoru, jak bych vdm mohl sdélit informace o
tom, co je to zakfiveni a jaky byl Riemanntiv génius Fekl, pojd'me se zaméfit na jednoduchou
veli¢inu délka kfivky ve skutecnosti délka kazdé mozné kiivky, kterd by vdm mohla davat
smysl, kdyz feknu, jestli znate

(06)- geometry of a space then there's a way to calculate the length of every curve within
that space riemann's brilliant idea was to go the other way around if you know the length of
every possible curve within a space you know everything there is to know about the geometry
that sounds like a challenge like how could you list the length of every possible curve there's
an infinite number of Curves but Riemann happily knew a little trick called calculus which
was invented by Isaac Newton and leibniz and other people the trick of calculus is you can
zoom in on a curvy line and that curvy line will look straight so in fact even if you have an
arbitrary curve in some arbitrary space you don't have to give me the length of every curve in
its entirety you just need to zoom in and say for a little tiny segment of that curve along which
it looks pretty straight how do I calculate the length of that little tiny segment if we're in flat
space if we're in a euclidean geometry you know the answer to that it's Pythagoras's Theorem
right D Squared here would be x squared plus y squared plus Z squared but Riemann says |
want to be in an arbitrary kind of space | want to be on a sphere on a saddle or on a five-
dimensional loop-de-loop kind of thing | want to generalize once again this idea of calculating
the distance using Pythagoras's Theorem so we already know two examples right here is the
distance formula in euclidean space it's just Pythagoras but in three dimensions here is the
distance formula in minkowski space time it looks kind of like Pythagoras but there's some
minus signs what Riemann realized is that the most General wacky arbitrary thing has this
pattern of you see it's t squared x squared y squared Z squared you take a coordinate and you
square it but you could also take one coordinate and multiply it by another one right T times



X or ttimes Y in an arbitrary geometry that could contribute to the length of a curve so the
pattern that he suggested is you calculate the square of the interval D Squared or Tau squared
or Whatever It Is by saying there's one coordinate times another coordinate times a number
and | sum that up with possibly different numbers for every possible coordinate so here is 1
times x squared plus 0 times x y plus 0 times x z plus 1 times y squared Etc and likewise for
minkowski space time so in general and this is where it gets a little bit hairy but hang in there
will all come together pretty soon in general you'll have an ugly looking formula like this
okay interval squared whether I'm writing interval because maybe it's space maybe it's time
who knows some number times t squared in space time some number times T times x some
number times T times y Etc and in fact these numbers capital A B C D and so on might be
different from point to point that would be reflecting the fact that we could have a geometry a
space geometry could be changing and shifting maybe it's flat in some regions curved in other
regions okay so what Riemann is saying is if you want to tell me the complete 100 faithful
geometry of some four-dimensional space you have to give me these numbers as a function of
where you are a b ¢ d 16 numbers in all if you're in four-dimensional space because there's
four coordinates and they're all the coordinates squared so 4 times 4 is 16 okay if you're only
in three dimensions it would be three times three is nine and so forth you can get you can see
why this is a little bit intimidating | mean there's a lot going on here there's a lot of numbers a
lot of things and so what mathematicians always do in this case is they invent a nice notation
that makes things look more compact than they really are so let's indulge ourselves and and
think about this nice notation that they invent they're gonna be interested in cases where
sometimes it's space sometimes it's space time sometimes it's a 10-dimensional space-time
right in string theory the modern theory of quantum gravity they think that space time really is
10 dimensional so rather than just listing X y z or txyz or whatever let's write X mu where mu
is a Greek letter that is an index mu goes over 01 2 3 such that x0is T X1is X X2 isy X3 is z
so these are not exponents this is not x squared x cubed this is X 0 x 1 x 2 x 3 just numerical
values telling us which coordinate we're looking at and you could keep going Y is T the
zeroth coordinate well maybe you have more dimensions of space but you never have more
dimensions of time so it's safer to label t as the zeroth coordinate and then you have these
multiplications of all the different coordinates with all these coefficients a b ¢ d so whenever
the rules is whenever you multiply X mu times x Nu one of these coordinates times another

(06)- geometrie prostoru, pak existuje zpusob, jak vypocitat délku kazdé kiivky v tomto
prostoru. Riemannovym skvélym ndpadem bylo jit opacnym smérem, pokud znate délku
kazdé moZzné kiivky v prostoru, vite vSechno védét o geometrii, ktera zni jako vyzva, jako jak
byste mohli uvést délku kazdé mozné kiivky, existuje nekonecny pocet kiivek, ale Riemann
Stastné znal maly trik zvany kalkul, ktery vynalezli Isaac Newton a leibniz a dalsi lidé trik
kalkulu mtzete piiblizit kiivku a ta kiivka bude vypadat rovné, takze ve skuteCnosti, 1 kdyz
mate libovolnou kiivku v néjakém libovolném prostoru, nemusite mi udavat délku kazdé
kiivky jako celku, staci priblizte se a feknéte o0 malém malém segmentu této kiivky, podél
které vypada docela rovné, jak vypocitdm délku toho malého malého segmentu, pokud jsme v
plochém prostoru, pokud jsme v euklidovské geometrii, znate na to odpoved’ je to
Pythagorova véta spravn¢ D Na druhou by zde bylo x na druhou plus y na druhou plus Z na
druhou, ale Riemann fika, Ze chci byt v libovolném druhu prostoru Chci byt na kouli na sedle

.....

vypoctu vzdalenosti pomoci Pythagorovy véty, takZe uz zname dva ptiklady, tady je vzorec



vzdalenosti v euklidovském prostoru, je to jen Pythagoras, ale ve tfech rozmérech je zde
vzorec vzdalenosti v minkowského ¢asoprostoru vypada to trochu jako Pythagoras, ale jsou tu
ma tento vzor vidite, je to t na druhou x na druhou y na druhou Z na druhou vezmete
soufadnici a odmocnite ji, ale mtizete také vzit jedna soutfadnice a vyndsobte ji druhou jednou
vpravo T krat X nebo t krat Y v libovolné geometrii, kterd by mohla pfispét k délce kiivky,
takze vzor, ktery navrhl, je, Ze vypocitate druhou mocninu intervalu D na druhou nebo Tau na
druhou nebo cokoliv Je to tim, ze fikam, Ze existuje jedna soutadnice krat druha soutadnice
krat ¢islo a shrnu to s mozna riznymi ¢isly pro kazdou moznou soufadnici, takze zde je 1 krat
x na druhou plus |0 krét x y| plus 0 krét x Z| plus 1 krat y na druhou atd. a podobné& pro
minkowski ¢asoprostoru tak obecné a tady se to trochu chlupati, ale vydrzte, vSechno se to
brzy sejde obecné, budete mit oskliveé vypadajici vzorec, jako je tento, dobry interval na
druhou, at’ uz pisu interval, protoZe mozna je to prostor mozna je ¢as, kdo zna néjake Cislo
krat t na druhou v Casoprostoru n¢jaké Cislo krat T krat x néjaké ¢islo krat T krat y atd. a ve
skute¢nosti se tato Cisla velkd A B C D a tak dale mohou lisit bod od bodu, coz by odrazelo
skute¢nost ze bychom mohli mit geometrii, geometrie prostoru by se mohla ménit a posouvat,
mozna je plocha v nékterych oblastech zaktivena v jinych oblastech, takze Riemann tika, ze
pokud mi chcete fict kompletni 100 vérnou geometrii né¢jakého Ctyfrozmérného prostoru,
ktery mate abys mi dal tato ¢isla jako funkci toho, kde jsi, a b ¢ d Celkem 16 ¢isel, pokud jsi
ve Ctyfrozmérném prostoru, protoze tam jsou Ctyfi soufadnice a vSechny jsou soufadnice na
druhou, takze 4 krat 4 je 16 v poradku, pokud jsi pouze ve tiech dimenzich by to bylo tfikrat
ti1 je devét a tak dale, mizete pochopit, proc je to trochu zastrasujici Chei fict, Ze se toho tady
hodné déje, je tu hodné ¢isel, hodné véci a tak to, co matematici vzdy dé€laji v tomto ptipadé
vymysleli péknou notaci, diky které véci vypadaji kompaktnéji, nez ve skutecnosti jsou, takze
si dopfejme a premyslejme o této pekné notaci, kterou vymysleli, budou se zajimat o ptipady,
kdy je to n€kdy prostor, jindy prostorocas, nékdy je to 10-dimenzionalni ¢asoprostor pfimo v
teorii strun, moderni teorii kvantové gravitace, mysli si, Ze ¢asoprostor je opravdu 10-
rozmérny, takze misto toho, aby jen vypisovali X y Z nebo txyz nebo cokoli, napisme X mu,
kde mu je fecké pismeno, které je index mu jde pies 0 1 2 3 tak, Ze x0 je T X1 je X X2 je y
X3 je z takZe to nejsou exponenty toto neni x na druhou x krychle toto je X 0 x 1 x 2 x 3 jen
¢iselné hodnoty, které nam fikaji, které souradnice, na kterou se divame, a mohli byste
pokracovat Y je T nulova soutfadnice dobfe, moZna mate vice rozmérl prostoru, ale nikdy
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tyto nasobeni v§echny rtizné soutadnice se vSemi témito koeficienty a b ¢ d, takZze kdykoli
plati pravidla, kdykoli vynasobite X mu krat x Nu jednu z t€chto soutadnic krat druhou

(07)- coordinate you label the coefficient as G mu Nu so G mu Nu even though it's just three
little letters is actually a four by four array of quantities there's G 0 0 g 0 1 Etc g00 multiplies
t squared gox multiplies T times x and so forth so you're replacing this somewhat ugly looking
formula with this 1 would argue prettier looking formula why is it prettier because it's
perfectly General it extends to any number of Dimensions any coordinates you have maybe
you're in elliptical coordinates or polar coordinates or whatever you can still use this formula
okay so that's now we can catch our breath we sort of did a little homework we're proud of
ourselves what do we have going on we have Bernard Riemann telling us that if you want to
describe the mathematical geometry of an arbitrary curved space the way that you describe it



is you give me these components of what we call the metric tensor this 4x4 array of numbers
goo Qo1 go2 you give them to me at every point in space that tells me the geometry so we can
see this at work right here's minkowski space uh the metric is what we call a tensor so it's not
just a number it's not just a vector it's something with two indices which we can write as a
little Matrix okay gtt GTX Etc we've already written that the interval the time interval in
minkowski space time is t squared minus x squared minus y squared minus Z squared to turn
that into an expression for the metric we say well what is the what is the coefficient of t
squared that's g t t and that's plus one coefficient of x squared is g X x is minus one likewise
for y squared Z squared and then in this formula there is no appearance of T times x so g t X is
zero and all these other ones are also zero this seems like Overkill I mean this this equation
was simple enough why are we working so hard the reason is because in a more complicated
space time in the Big Bang or black holes or gravitational waves we're going to use all of the
power of the metric tensor in fact we can sort of interpret what the metric is trying to tell us
this spatial part so xxxyx Z Etc this is just a souped-up version of Pythagoras's theorem in
space okay for a sphere or a pringle or whatever you want that's where that information is
contained the g00 component the gtt component what is that telling you it's telling you how
much time you measure in terms of the time coordinate that is telling you where you are in the
universe so in a very real sense it's telling you the rate at which time flows with respect to that
background coordinate so you see that it's not just some abstract thing it has a real tangible
physical expression for people living in this kind of space time and then you have these weird
things that sort of mix time into space GTX gty gtz Etc and you might say that's crazy I've
never experienced time mixing into space but you have if you've seen the movie Interstellar
so this famous image is an artist's impression a simulation of light rays around a spinning
black hole this was created for the movie Interstellar directed by Christopher Nolan but first
the idea was first from Kip Thorne who's a Nobel prize-winning physicist at Caltech and
Linda Oaks who's a Hollywood producer and so Kip Thorne who's the world's expert in
general relativity worked very closely with the special effects team in interstellar to make sure
that this is really what a spinning black hole will look like and they even wrote a paper that
appeared in a referee Journal classical and quantum gravity and it's written by Kip Thorne but
also these folks who work for the special effects company in London so this is a California
London collaboration and it's a wonderful thing because the twisting of space into time is a
crucially important feature when you have spinning black holes that's exactly what spinning
black holes do they Bend space and time together so those parts of the metric tensor turn out
to be really important and that was necessary for creating this image okay so it's all going to
be necessary how we're going to make use of it the metric is telling us the distance along
curves and riemann's insight was that in principle that's all you need to know from knowing
the distances along curves you can figure out everything you want to know still that might be
work you still have to do the work of taking the metric and turning it into what you want to
know so what Einstein proposed was that gravity reflects the curvature of space-time so what
you really want to do is use the metric to discuss the curvature of space-time how do you do
that well remember Pythagoras sorry Euclid's parallel postulate says | shoot off two initially
parallel lines and they stay parallel the invention of non-euclidean geometry suggested maybe
they don't and it said either they converge or diverge but in this much more General context
not only can they converge or diverge but maybe if they're initially pointed in One Direction



(07)- soutadnice, kterou oznacite koeficientem jako G mu Nu, takze G mu Nu, i kdyZ jsou
to jen tfi mald pismena, je ve skutecnosti pole Ctyt krat ctyii mnozstvi, kde je GO0 g0 1 Atd
g00 nésobi t na druhou g01 nésobi T krat x a tak dale, takze nahrazujete tento ponckud
oskliveé vypadajici vzorec timto, fekl bych, ze hez¢i vzorec, proc€ je hez¢i, protoze je dokonale
obecny, vztahuje se na libovolny pocet dimenzi jakékoli soufadnice, které mate, mozna jste v
eliptickych nebo polarnich soufadnicich nebo cokoli, stdle miizete pouzit tento vzorec dobfe,
takze ted’ miizeme popadnout dech udélali jsme maly domaci ukol jsme na sebe hrdi, co se
déje, mame Bernarda Riemanna, ktery nam tika, ze pokud chcete popsat matematicky
geometrie libovoln¢ zakiiveného prostoru tak, jak to popisujete, date mi tyto soucasti toho,
¢emu fikdme metricky tenzor, toto pole ¢isel 4x4 goo Qo1 goz davate mi je v kazdém bodé
prostoru, ktery mi fika geometrii, takze miZzete to vidét pfi praci pifimo tady je minkowski
prostor uh metrika je to, ¢emu fikdme tenzor, takze to neni jen Cislo, neni to jen vektor, je to
néco se dvéma indexy, které miizeme napsat jako maly Matrix v poradku gtt GTX atd.
napsano, ze interval ¢asovy interval v minkowského ¢asoprostoru je t na druhou minus x na
druhou minus y na druhou minus Z na druhou, abychom to pfevedli na vyraz pro metriku,
fekneme dobfte, co je to, jaky je koeficient t na druhou to je g tt a to je plus jeden koeficient x
na druhou je g X X je minus jedna podobné pro y na druhou Z na druhou a pak se v tomto
vzorci neobjevi T krat x, takze g t X je nula a vSechny tyto ostatni jsou také nulové, vypada to
jako Overkill Myslim tim tuto rovnici bylo dost jednoduché, pro¢ pracujeme tak tvrdé,
diivodem je to, Ze v komplikovanéjSim ¢asoprostoru ve Velkém tfesku nebo ¢ernych dirach
nebo gravitacnich vlnach vyuzijeme veskerou silu metrického tenzoru, ve skute¢nosti to
muizeme né¢jak interpretovat co se nam metrika snazi sdélit tato prostorova cast, takze xxxyx Z
Atd. toto je jen vylepSena verze Pythagorovy véty ve vesmiru, v pofddku pro kouli nebo
prangle nebo cokoli chcete, tam je tato informace obsazena slozka goo gt slozka co je to, ze
vam to fika, Ze vam to fika, kolik ¢asu méfite z hlediska ¢asové soufadnice, ktera vam fika,
kde se ve vesmiru nachazite, takze ve velmi redlném smyslu vam to fiké rychlost, jakou ¢as
plyne vzhledem k tomuto pozadi koordinujte, abyste vidé€li, Ze to neni jen néjaka abstraktni
véc, ale ma skute¢ny hmatatelny fyzicky vyraz pro lidi zijici v tomto druhu ¢asoprostoru, a
pak mate tyto podivné véci, které jakoby misi ¢as do prostoru GTX gty gt atd. a mizete fici,
ze je to Silené Nikdy jsem nezaZzil miseni ¢asu do vesmiru, ale mate, pokud jste vidéli film
Interstellar, tak tento slavny obrazek je umélcova imprese simulace svételnych paprski kolem
rotujici Cerné diry to bylo vytvoteno pro film Interstellar v rezii Christophera Nolana ale prvni
napad byl nejprve od Kipa Thorna, ktery je nositelem Nobelovy ceny za fyziku na Caltech, a
Lindy Oaks, které je hollywoodskou producentkou, a tak Kip Thorne, ktery je svétovym
expertem na obecnou relativitu, velmi uzce spolupracoval s tymem specidlnich efektii v
mezihv€zdném prostiedi, aby zajistil, Ze takhle opravdu bude vypadat rotujici erna dira a
dokonce napsali ¢lanek, ktery se objevil v odborném c¢asopise o klasické a kvantové gravitaci
a napsal ho Kip Thorne, ale také tito lidé, kteti pracuji pro spolecnost se specidlnimi efekty v
Londyné, takze tohle je Spoluprace s Kalifornii a Londynem je Gizasna véc, protoze krouceni
prostoru do ¢asu je velmi dulezitym rysem, kdyz rotujete Cerné diry, presné to délaji rotujici
cerné diry ohybaji prostor a ¢as dohromady, takze se tyto ¢asti metrického tenzoru ukazi jako
opravdu dulezité a to bylo nutné pro vytvoreni tohoto obrazku, dobfe, takze to vSechno bude
nutné, jak to vyuZzijeme metrika nam tikd vzdalenost podél kiivek a Riemanntv ndhled byl, Ze
v zasadé je to vSe, co potiebujete veédét ze znalosti vzdalenosti podél kiivek miZete zjistit vse,
co chcete veédét, stale to miize byt prace, stale musite udélat praci s tim, Ze vezmete metriku a
pievedete ji na to, co chcete védét, takze Einstein navrhl, Ze gravitace odrazi zaktiveni
casoprostoru, takze to, co opravdu chcete ud€lat, je pouzit metriku k diskusi o zakiiveni



casoprostoru, jak to délate, dobfe si pamatujte Pythagora, promiiite, Euklidiiv paralelni
postulat fika, ze vystielim dvé plivodné rovnobézné cary a ty zlistanou rovnobézné vynalez
neeuklidovské geometrie naznacovala, Ze mozna ne, a fikala, ze bud’ konverguji, nebo
diverguji, ale v tomto mnohem obecnéjsim kontextu nejenze mohou konvergovat nebo
divergovat, ale mozna, pokud jsou zpocatku zaméfeny v jeden smér

(08)- they will converge and in another Direction they will diverge maybe they will
converge or diverge at different rates or at different points in space and maybe they won't only
converge or diverge but they might twist around each other as they go all of these things are
possible so we invent what is now called the Riemann curvature tensor it is labeled R Lambda
row munu or some set of Greek indices the important thing is there are four indices so it's
kind of like the metric which had two indices G mu Nu the Riemann tensor just carries a lot of
information it's asking it's answering rather a very complicated question you give me a point
in space an initial line segment and a direction in which you're shooting out parallel lines you
feed that into the Riemann tensor and it tells you how they converge or diverge or twist
around each other a tremendous amount of information so you need not a four by four array of
numbers you have four indices on the Riemann tensor so it is a four by four by four by four
array of numbers so just to drive that home a vector in space time just like a vector in space
has three components a vector in space time has four here's the momentum Vector there's a
momentum in the time Direction the X Direction the y direction the Z Direction a little
column of four numbers not that hard metric tensor which we just showed you a 4x4 array of
numbers you thought that was hard two slides ago now you think it's easy because now we're
faced with the Riemann tensor which you can think of as a four by four array of four by four
matrices now this is only put up here to intimidate you this is not actually very useful right
there's so many components here clearly you're either going to have some simplifications or
some relationships between them or you just have a computer do the work and in the real
world of modern physics all of those things are true you either look at very simple metrics
where you can calculate the Riemann tensor and it's not that hard or you just let a computer do
it for you | was basically a member of the last generation of graduate students would have to
calculate these things by hand these days it's all done by computers but that's where we are we
have invented or we've been told we've been taught by Marshall Grossman what are the
mathematical tools that we use for describing the curvature of space-time the metric tells us
what the geometry is from the metric we can calculate the Riemann tensor which tells me how
much curvature there is at every point and now Einstein needs to put this to work to create an
equation for Gravity okay so we go back to Newton's equation for gravity and we say how are
we going to come up with an alternative so Newton's equation involves the acceleration
remember we canceled out the little mass of the object being pushed around the acceleration
is proportional to the mass of the thing pulling us and inversely proportional to the distance so
conceptually the acceleration is going to be replaced by some measure of space-time
curvature and the mass that is doing the gravity well we already know that mass has a slightly
different status in relativity because we know E equals m ¢ squared right the way to think
about that formula is that mass is just one kind of energy there's lots of different kinds of
energy there's kinetic energy potential energy things like that mass is one kind of energy
they're unified together in fact they're unified more deeply than that energy itself in relativity
gets unified with momentum and other kinds of energy and momentum kinds of things heat
and pressure and all that stuff okay so skipping some steps guess what the replacement for the



number mass in Newtonian mechanics is going to be a tensor in relativity it has the name the
energy momentum tensor or sometimes called the stress energy tensor it is written T mu Nu
and it has components just like the metric does and once again these components have
different physical meanings so the TT component or the zero zero component of the energy
momentum tensor is the energy and that includes the mass so if you just have an object like
the Sun or the Earth moving slowly compared to the speed of light then this component of the
energy momentum tensor is doing all the work this one will be big all the other entries will be
very small and you can ignore it but you have situations like in cosmology where you have
dark energy or radiation filling the universe and then these other components will matter these
diagonal components are telling you the pressure in different directions txx is how much
pressure in a fluid is being pushed in the X Direction tyy pressure in the y direction TZ
pressure in the Z Direction and then all these off diagonal elements have to do with the flow
of energy the flow the changes of momentum from one place to another the stress if you twist
a rubber uh brick or something like that you make strain in there that also shows up in the

(08)- budou se sblizovat a v jiném Sméru se budou rozchazet, mozna se budou sblizovat
nebo rozchazet riiznymi rychlostmi nebo v rtiznych bodech prostoru a mozna se nejen sblizi
nebo rozchazeji, ale mohou se kroutit kolem sebe, jak jdou vSichni z té€chto véci jsou mozné,
takze vynalézame to, co se nyni nazyva Riemanniv tenzor kiivosti, je to oznaceno R Lambda
row munu nebo néjaka sada feckych indexii, dilezité je, ze existuji Ctyfi indexy, takze je to
néco jako metrika, ktera méla dva indexy G mu Nu, Riemanniv tenzor prosté nese spoustu
informaci, pta se ho, odpovida spiSe na velmi komplikovanou otazku, date mi bod v prostoru
pocatecni usecku a smér, ve kterém sttilite rovnobézné Cary, vlozite to do Riemannova
tenzoru a fikéd vam, jak se sbihaji, rozbihaji nebo se to¢i kolem sebe, obrovské mnozstvi
informaci, takZe nepotiebujete pole Cisel Ctyfi krat Ctyfi, mate ¢tyfi indexy na Riemannové
tenzoru, takZe je to pole Ctyfi krat ¢tyfi krat Ctyfi krat Ctyfi. Cisla, takZe jen pro fizeni toho
domova vektor v ¢asoprostoru stejné jako vektor ve vesmiru ma tii slozky vektor v
Casoprostoru ma Ctyfi tady je hybnost Vektor je hybnost v ¢ase Smér X Smér Smér Y Smér Z
trochu sloupec ¢tyf €isel neni tak tvrdy metricky tenzor, ktery jsme vam prave ukézali pole
Cisel 4x4, o kterém jste si mysleli, ze je t€Zké pred dvéma snimky, ted’ si myslite, Ze je to
snadné, protoze ted’ stojime tvafi v tvaf Riemannovu tenzoru, ktery si miiZete predstavit jako
¢tytku Ctyti pole ¢ty na Ctyfi matice, nyni je to zde jen proto, abychom vés zastrasili, ve
skutec¢nosti to neni piili§ uzitecné, je zde tolik komponent, jasné€, Ze bud’ budete mit néjaka
zjednoduSeni nebo né&jaké vztahy mezi nimi, nebo prosté¢ mate pocita¢ odvede praci a v
realném svété moderni fyziky jsou vSechny tyto véci pravdivé, bud’ se podivate na velmi
jednoduché metriky, kde mtizete vypocitat Riemanniv tenzor a neni to tak tézké, nebo prosté
nechate pocitac, aby to ud¢€lal za vas Byl jsem v podstaté piislusnik posledni generace
postgradualnich studentli by dnes musel tyto véci spocitat rucné, vSechno to délaji pocitace,
ale to je misto, kde jsme, vynalezli jsme nebo nam bylo feceno, ze nas ucil Marshall
Grossman, co je to matematika nastroje, které pouzivame k popisu zakiiveni casoprostoru,
metrika nam tika, jaka je geometrie, z metriky miizeme vypocitat Riemanntiv tenzor, ktery mi
iika, jak velké zakfiveni je v kazdém bodg¢, a ted’ to Einstein musi uvést do praxe vytvoite
rovnici pro gravitaci, dobte, takze se vratime k Newtonové rovnici pro gravitaci a fekneme si,
jak vymyslime alternativu, aby Newtonova rovnice zahrnovala zrychleni, nezapomerite, ze
jsme zrusili malou hmotnost objektu, ktery je tlaceny kolem zrychleni imérné hmotnosti véci,
kter4 nas tahne a neptimo imérné vzdalenosti, takze koncepéné bude zrychleni nahrazeno



n¢jakou mirou zaktiveni Casoprostoru a hmotnosti, ktera ptisobi gravitaci, dobfe uz vime, ze
hmotnost ma trochu jinou stav v relativite, protoze vime, ze E se rovna m ¢ na druhou
Spravny zptisob, jak o tomto vzorci piemyslet, je, ze hmotnost je jen jeden druh energie,
existuje mnoho riznych druhti energie, existuje kineticka energie, potencidlni energie véci
jako tato hmotnost je jeden druh energie, kterou oni' jsou sjednoceny dohromady ve
skute¢nosti jsou sjednoceny hloubéji nez samotna energie v relativité se sjednocuje s hybnosti
a jinymi druhy energie a hybnosti, druhy véci teplo a tlak a vSechny ty véci v potfadku, takze
preskakovani nekterych krokt hadejte, jaka je nahrada za ¢islo hmota v newtonské mechanice
bude tenzorem v relativit¢ ma nazev tenzor hybnosti energie nebo nékdy nazyvan tenzor
energie napéti, piSe se T mu Nu a ma slozky stejn¢ jako metrika a opét tyto slozky maji riizné
fyzikalni vlastnosti to znamena, ze slozka TT nebo nulova nulova slozka tenzoru hybnosti
energie je energie a to zahrnuje hmotnost, takze pokud mate pouze objekt jako Slunce nebo
Zemg, ktery se pohybuje pomalu ve srovnani s rychlosti svétla, pak tato slozka energie Tenzor
hybnosti déla veskerou praci, tento bude velky, vSechny ostatni polozky budou velmi malé a
muzete to ignorovat, ale mate situace jako v kosmologii, kdy méte temnou energii nebo zafeni
vypliujici vesmir a pak na téchto ostatnich slozkach bude zalezet. Diagonalni komponenty
vam fikaji tlak v riznych smérech txXx je, kolik tlaku v tekuting je tlaéeno ve sméru X tyy tlak
ve sméru 'y TZ tlak ve sméru Z a pak vSechny tyto mimodiagondlni prvky maji co do ¢inéni s
prutokem energie proudéni zmény hybnosti z jednoho mista na druhé stres, pokud zkroutite
gumovou cihlu nebo néco podobného, vytvofite tam napéti, které se také projevi v

(09)- energy momentum tensor but we don't need to worry about that the point is that
whatever energy like stuff you have we have a way of talking about it in relativity this is the
way the energy momentum tensor that is what's going to replace the mass in Newton's
equation so this is what Einstein learned by talking to Grossman and by using his own brain
cells he says okay we have a metric on space time the metric tells us distances we can use the
metric there's a well-defined procedure that lets us calculate the Riemann tensor which tells us
curvature and we think that curvature is gravity we want to set curvature equal to some way of
talking about mass and energy the right way of doing that is clearly the energy momentum
tensor team you knew so to replace Newton's equation the acceleration is proportional to the
mass we're going to want to somehow relate the Riemann curvature tensor to the energy
mentum tensor on this side we have the curvature of space time on this side we have stuff
planets and stars and dark matter and what have you okay all of that stuff we're so close we're
almost there but the problem is these tensors have different numbers of indices so literally
team you knew is a 4x4 Matrix R Lambda rho mu Nu is a four by four by four by four Matrix
they can't be equal to each other they can't even be proportional to each other they're different
kinds of beasts okay they're they're different geometric objects different kinds of quantities if
only there is some way to sort of boil down the Riemann tensor to something smaller that we
could set proportional to the energy momentum tensor than we would be in luck of course I'm
telling you this because there is a way to do exactly that this was figured out by the pioneers
of differential geometry christophel Richie levitivada and so forth so they figured out ways to
take the Riemann tensor and distill it down to define a tensor with two indices which we now
call the Richie tensor and you can distill that down even more to something called the
curvature scalar so what do I mean by distilling down | mean that there are ways to combine
certain components of the Riemann tensor in a way to still have a well-defined tensor but with
fewer indices you lose information by doing that there's more information contained in the



Riemann tensor than in the Richie tensor than the curvature scaler so that's why the arrows go
this way from Riemann you can calculate Richie from Richie you can calculate the curvature
scalar but you can't go backwards okay the point is that these are the tools that we have to put
together a tensor that might be proportional to the energy momentum tensor and as soon as
you look at this schema you say well look there it is there's the Richie tensor it has two
indices let's just make that proportional to the energy momentum tensor and in fact good for
you if you had that thought because that's exactly the thought that Albert Einstein had he
proposed that as the right equation for general relativity it turns out not to work it turns out
not to work because basically there would not be any solutions to that equations unless you
violated energy conservation in some subtle way so he really lies that very quickly he was
smart he was Einstein back to the drawing board he said maybe there's some combination of
these things that I can that | can put together that would work and indeed you know the right
answer because we showed it to you on the second slide this is the right combination of
tensors to set proportional to the energy momentum tensor are mu Nu minus one half r g mu
Nu is eight Pi g t munu the Richie tensor minus a half times the curvature scalar times a copy
of the metric is 8 Pi G where G is Newton's constant of gravity 8 and Pi are famous numbers
that you know and team you knew is the energy momentum tensor so this is really Einstein's
equation this is the equation they won't tell you in most popular treatments for obvious
reasons we just went through a lot of work to explain what it is but it's not beyond our
comprehension by any stretch it's a four by four array of numbers that we can calculate
calculate given the metric we could figure out what was going on here and what we actually
do as scientists as physicists is we solve this equation for the metric so you say well | have a
certain distribution of energy and and radiation and pressure and whatever I'm going to figure
out what how that curve space time by solving for the metric tensor now we have to confess
it's going to be complicated okay I didn't tell you the formula for the Riemann tensor in terms
of the metric here it is in a particularly unhelpful form this is one component of the Riemann

(09)- tenzor hybnosti energie, ale o to se nemusime starat, jde o to, Ze at’ uz mate jakoukoli
energii podobnou véci, mame zpiisob, jak o ni mluvit v relativité, toto je zplisob, jakym bude
tenzor hybnosti energie nahradit hmotu v Newtonové rovnici, takZe to je to, co se Einstein
naucil tim, Ze mluvil s Grossmanem a pomoci svych vlastnich mozkovych bunék tekl, Ze
dobte, mame metriku ¢asoprostoru metrika nam fiké vzdalenosti, kterou miiZzeme pouZit,
existuje dobfe definovany postup, ktery dovolte ndm vypocitat Riemanniiv tenzor, ktery ndm
iika zakfiveni, a my si myslime, Ze zakfiveni je gravitace, chceme nastavit zakiiveni rovnajici
se n¢jakému zplisobu mluveni o hmot¢ a energii spravny zpiisob, jak to udélat, je jasné tym
tenzorl energie hybnosti, o kterém jste véd¢li, ze ho nahradit Newtonova rovnice, zrychleni je
umérné hmotnosti, kterou budeme chtit néjak propojit Riemanniiv tenzor kiivosti s tenzorem
energie mentum na této strané¢ mame zakiiveni ¢asoprostoru na této stran€, mame hmotu
planet a hvézd a temnou hmotu a co mas v potfadku, vSechny ty véci jsme tak blizko, Ze jsme
skoro tam, ale problém je v tom, Ze tyto tenzory maji riizné pocty indexd, takze doslova tym,
o kterém jste v&déli, je 4x4 Matrix R Lambda rho mu Nu je ¢tyfi na ¢tyfi na Ctyfi Ctyfmi
Matrixy se nemohou navzajem rovnat, nemohou byt ani proporcionalni, jsou to rizné druhy
zvitat, jsou to rizné geometrické objekty, rizné druhy veli¢in, pokud existuje néjaky zpusob,
jak tak né&jak zredukovat Riemanntiv tenzor na néco mensiho, co bychom mohli nastavit
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existuje zpusob, jak piesné to udélat, ze na to ptisli prikopnici diferencialni geometrie
Christophel Richie Ricci levitivada ?? a tak dale, takze ptisli na zptsoby, jak vzit
Riemanntiv tenzor a destilovat jej dolii, aby definovali tenzor se dvéma indexy, které nyni
nazyvame Richieho tenzor, a vy to mizete destilovat jesté vice na néco, Cemu se fika
zaktiveni skaldrni, takze co madm na mysli destilaci, myslim tim, ze existuji zptisoby, jak
zkombinovat urcité komponenty Riemannova tenzoru tak, abyste méli stale dobfe definovany
tenzor, ale s mensim poc¢tem indexi ztratite informace, protoze v ném je obsazeno vice
informaci. Riemannliv tenzor nez v Richieho tenzoru nez skalovac kiivosti, proto jdou Sipky
timto smérem od Riemanna miiZete vypocitat Richieho z Richiecho mizete vypocitat skalarni
ktivosti, ale nemtzete jit zp¢t, jde o to, Ze toto jsou nastroje, které musime dat dohromady
tenzor, ktery by mohl byt umérny tenzoru hybnosti energie, a jakmile se podivate na toto
schéma, feknete dobfe, podivejte se tam, je tam Richieho tenzor, mé dva indexy, udélejme to
umeérné tenzoru hybnosti energie a ve skutecnosti je pro vas dobré, kdybyste méli tuto
mysSlenku, protoze to je pfesné ta myslenka, kterou navrhl Albert Einstein, ze jako spravna
rovnice pro obecnou relativitu se ukéaze, ze nefunguje, ukéaze se, ze nefunguje, protoze v
podstaté by neexistovala zadné feSeni k tém rovnicim, pokud jste néjakym rafinovanym
zpusobem neporusili Usporu energie, takze opravdu 1Ze, ze velmi rychle byl chytry, byl
Einstein zpatky na rysovacim prkné, fekl, Ze mozna existuje néjakd kombinace téchto véci,
kterou dokazu, kterou mohu sestavit a kterd by fungovala a skute¢n¢ znate spravnou odpoved,
protoZe jsme vam ji ukdzali na druhém snimku, toto je spravna kombinace tenzori k nastaveni
umérné energetickému tenzoru hybnosti jsou mu Nu minus jedna polovina r g mu Nu je osm
Pi g t munu Richieho tenzor minus poloviéni zakfiveni skalarni krat kopie metriky je 8 P1 G
kde G je Newtonova gravitaéni konstanta 8 a Pi jsou slavna ¢isla, ktera znate a tym, o kterém
jste védéli, je tenzor hybnosti energie, takze toto je skute¢né¢ Einsteinova rovnice, toto je
rovnice, kterou vam ze ziejmych diivodi nefeknou u vétsiny popularnich 1é¢ebnych postupi,
prave jsme si dali hodné prace, abychom vysvétlili, co to je, ale v Zzadném piipad¢ to neni nad
nase chapani, je to pole Cisel ¢tyfi krat Ctyfi, které mizeme spocitat, metrikou, kterou bychom
mohli zjistit, co se tady d€lo a co vlastn¢ délame jako védci jako fyzici, je, Ze feSime tuto
rovnici pro metriku, takze fikate dobte, Ze mam urcité rozloZzeni energie a zateni a tlaku a at’
uz jdu cokoli abychom pfisli na to, jak je ta kiivka ¢asoprostoru vyieSenim pro metricky
tenzor, ted’ musime pfiznat, ze to bude slozité, dobte, netekl jsem vam vzorec pro Riemanniiv
tenzor z hlediska metriky, tady je to zvIast’ neuZite¢né forma toto je jedna slozka Riemanna

(10)- tensor are 01 02 in terms of components of the metric and their derivatives and as you
see you can tell if you're very clever and look closely at this picture just from the font you can
tell that | didn't type this in this was generated by a computer and honestly this is just showing
off because this is just to drive home the fact that even though in principle the Riemann tensor
depends on the metric in practice the formulas get very very complicated conceptually a
human being can wrap their brains around it but calculationally you better hope for some
simplifications where you won't be able to solve it so Einstein in particular thought that his
own equation was so complicated that nobody would ever be able to solve it and so he just
used approximation schemes to do it but Einstein gave a talk that the German at the Prussian
Academy of Sciences sorry and in the audience was this guy Carl shortshield he was on leave
from the German Army it's literally the middle of World War One schwartzhield was a
physicist in Germany who was uh in in the German Army put to work calculating the
trajectories of artillery shells but on his leave he went to Electro by Einstein and became



fascinated by general relativity and he said I can solve this equation so short Shield tackled an
especially important but relatively simple problem spherically symmetric distribution of
matter like the sun and empty space outside okay so of course in the real world we had the
Earth the planets Etc but they're tiny we can ignore them let's just imagine that team you knew
equals zero that there is no energy and momentum outside the Sun and everything spherically
symmetric can we solve Einstein's equation in that case and Schwartz Shield says yes and
here it is this is the celebrated short Shield solution you see it is kind of like minkowski's base
remember minkowski was plus one minus one minus one minus one these components here
have an r squared and a sine squared theta just because we're using spherical coordinates
rather than rectangular coordinates nothing really crazy about that the important action is
going up here in the top left you see that there's a plus one and a minus one so there's a
resemblance to minkowski space but there's also this thing that depends on R depends on the
distance you are from the Star and in fact you can use this and you can use this to calculate
the procession of mercury the deflection of light all of these real world phenomena but as
soon as short Shield put this this is the the last thing | want to say in the talk because this is
sort of the payoff the reward that you get for following this this far this short Shield metric is
a solution to Einstein's equation it come came after the equation okay so Einstein says here's
my equation short Shield says here | solved it and you have to sort of learn to live with the
consequences right so you notice what's going on here physically as R gets big as you're very
very far away from the object 2gm over R goes to zero as some constant over R and R gets
big so this is just plus one likewise this is just minus one and you're just back in minkowski
space so this is just saying far away from the Star there's no gravity which is more or less true
but what about when R gets close to this number 2 times G times M two times Newton's
constant times the mass well this 2gm over R goes to one so the zero zero component of the
metric goes to zero which is a little scary and weird and this is minus one over that so it's one
over zero which is infinity that sounds very bad neither short Shield nor Einstein nor anyone
else knew what to do about this this equation seems to go crazy when R approaches the
quantity to GM and they honestly didn't know how to deal with it so they kind of lived in
denial about it what's going on what's going on is there's a black hole there the radius R equals
2gm is what we call the Event Horizon of a black hole and you can even think about this
physically remember the zero zero component of the metric is the rate of passage of time of
your personal time compared to the T coordinate in the background so it goes to zero as you
go close to R equals 2gm so here is this quantity g00 versus R and when it's at 2gm that
quantity is zero that's the Event Horizon of a black hole and this is telling you that if you visit
a black hole and just hang out just outside okay then you come back it's just like being the
twin in the twin paradox that zooms out near the speed of light you will have experienced
much less time than someone who stayed home no one has ever done this except Matthew
McConaughey in the movie Interstellar that's why when he comes back his daughter is now
much older than him and all of this was you know no one knew what to make of this Einstein
and Churchill went to their graves not understanding this black holes first were talked about in

(10)- tenzory jsou 01 02, pokud jde o slozky metriky a jejich derivaty, a jak vidite, poznate,
ze jste velmi chytii a pozorn¢ se podivate na tento obrazek, jen z pisma poznate, Ze jsem
nepsal, toto bylo vygenerovano pocitatem a upfimné, je to jen predvadéni, protoze to je jen



pro vyvraceni skute¢nosti, ze i kdyz v zasadé Riemanntiv tenzor zavisi na metrice, v praxi
jsou vzorce velmi komplikované koncepcné, lidska bytost miize zabalit jejich mozky kolem
toho, ale vypoctove radéji doufejte v néjaka zjednoduseni, kde to nebudete schopni vyfesit,
takze zv1asté Einstein si myslel, Ze jeho vlastni rovnice je tak slozita, ze ji nikdo nikdy nebude
schopen vyfesit, a tak pouzil pouze aproximacni schémata aby to ud¢lal, ale Einstein
promluvil, Ze se Némci z Pruské akademie véd omlouvam a v publiku byl ten chlap Carl
Shortshield byl na dovolené z némecké armady je doslova uprosted prvni svétové valky
Schwartzhield byl fyzik v Némecku, ktery byl v némecké armadeé zaméstnan vypoctem
trajektorii délostieleckych granati, ale na dovolené Sel do Electro by Einstein a zacala ho
fascinovat obecna teorie relativity a fekl, Ze dokazu vyiesit tuto rovnici tak kratce, Shield se
vyportadal s obzvlasté dalezitou, ale relativné jednoduchou problém sféricky symetrické
rozlozeni hmoty jako slunce a prazdny prostor venku v potadku, takze samoziejme v redlném
svéte jsme méli Zemi, planety, atd. energii a hybnost mimo Slunce a vSe sféricky symetrické,
muzeme v tom piipad¢ vyiesit Einsteinovu rovnici a Schwartzshield tika, ano a tady je to to
oslavované feSeni kratkého $titu, vidite, je to néco jako Minkowskiho zaklad pamatujte, Ze
Minkowski byl plus jedna minus jedna minus jedna minus jedna (47:46h) tyto komponenty
zde maji r2 na druhou a sinustku na druhou theta jen proto, Ze pouzivame spise sférické
souradnice nez pravouhlé souradnice, nic opravdu blaznivého na tom, ze dilezita akce
probihé zde vlevo nahote, vidite, Ze je tu plus jedna a minus jedna, takZe je tu podobnost s
minkowskym prostorem, ale je tu také tato véc, kterd zavisi na R zavisi na vzdalenosti, ve
které jste od hvézdy, a ve skutecnosti to mizete pouzit a mizete to pouzit k vypoctu procesi
rtuti a vychyleni svétla vSechny tyto fenomény realného svéta, ale jakmile kratky Shield uved]
toto, toto je posledni véc, kterou chci v pfedndsce fici, protoze toto je druh odmény, kterou
dostanete za to, ze budete nasledovat tuto kratkou metriku Shield je feSeni Einsteinovy
rovnice, pfislo po rovnici v poradku, takze Einstein fika, tady je moje rovnice kratka Shield
fika, ze jsem to vyfesil a musite se tak trochu naudit zit s dusledky, abyste si v§imli, €0 se tady
fyzicky dé¢je, kdyz R dostane velky, protoze jsi velmi velmi daleko od objektu 2gm nad R jde
na nulu, protoZe néjaka konstanta nad R a R se zvétSuje, takze toto je jen plus jedna, stejné tak
toto je jen minus jedna a pravée jsi zpét v minkowském prostoru, takze tohle jen fika, ze daleko
od hvézdy neni Zadna gravitace, coz je viceméné pravda, ale co kdyZ se R piiblizi k tomuto
¢islu 2 krat G krat M 2 krat Newtonova konstanta krat hmotnost dobte tyto 2gm pies R jde na
jednicku, takZe nula nulova slozka metriky jde na nulu, coz je trochu désivé a divné, a tohle je
oproti tomu minus jedna, takze je to jedna nad nulou, coZ je nekone¢no, to zni velmi $patné,
ani kratky Shield, ani Einstein ani nikdo jiny nevédél, co s touto rovnici délat. Zd4 se, Ze se
zblaznili, kdyZ se R piibliZzi mnoZstvi ke GM a upfimné nevédéli, jak se s tim vypofadat, takze
tak trochu Zili v popirani toho, co se d¢je, co se d&je, je tam ¢erna dira, polomér R se rovna
2gm je ¢emu fikame horizont udalosti ¢erné diry a mizete o tom dokonce piemyslet, fyzicky
si pamatujte, ze nulova nulova slozka metriky je rychlost plynuti ¢asu vaseho osobniho ¢asu
ve srovnani s T soufadnici v pozadi, takZe jde na nulu kdyZ se pfibliZite k R rovna se 2gm,
takZe zde je toto mnoZstvi goo oproti R, a kdyZ je to na 2gm, toto mnozstvi je nula, to je
horizont udalosti cerné diry a to vam tik4, ze kdyz navstivite ¢ernou diru a jen se poflakujete
venku dobfe, pak se vratis, je to jako byt dvojcetem v paradoxu dvojcete, ktery se oddaluje
blizko rychlosti svétla, zaZije§ mnohem méné ¢asu nez né€kdo, kdo zlstal doma, nikdo to
nikdy neud¢lal kromé Matthewa McConaugheyho ve filmu Interstellar to je pro¢, kdyz se
vrati, jeho dcera je nyni mnohem star$i neZ on a tohle vSechno bylo, vite, nikdo nevédél, co si
o tom myslet Einstein a Churchill §li do hrobu, nechapali, ze se o ¢ernych diradch mluvilo
poprvé v roce 1950



(11)- aserious way in the 1950s it was until the 60s and 70s that most scientists thought oh
yeah these are really important and now we're taking pictures of them this is an image from
the Event Horizon telescope of light around the black hole at the center of our Milky Way
galaxy it's a black hole four million times the mass of the sun this is the payoff the payoff is
we go to all this effort to write down equations and think about them and solve them and the
equations are smarter than we are the reason why we put so much effort in these equations is
because we can use them to make predictions that our brains would not have been up to the
task of making it's not just black holes it's gravitational waves and the creation of gravitational
Waves by spiraling black holes it is the evolution of the universe it is the existence of
invisible matter like dark matter it is the Big Bang itself all of these ideas these phenomena
these Concepts were implicit in Einstein's equation even though they were not anywhere in
the mind of Einstein and so understanding these phenomena both illuminates the world
around us and understanding the equation not only helps us do that project but points us
toward even better equations the great thing about physics is we're nowhere near done yet
we're not finished coming up with the equations the next generation will come up with even
better equations that are still smarter than they are and will tell us yet more fascinating secrets
of the universe thank you very much

52:31
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(11)- vazny zputsob, jak v 50. letech 20. stoleti to bylo az do 60. a 70. let, kdy si vétSina védci
myslela, ano, jsou opravdu dilezité, a ted’ je fotime, toto je snimek ze svételné¢ho dalekohledu
Horizont udélosti kolem Cerné dira ve stiedu nasi galaxie M1é¢na dréha je to cerna dira Ctyti
milionykrat vét$i nez Slunce, toto je odména, odmeéna je, Ze jsme se snazili napsat rovnice,
premyslet o nich a fesit je a rovnice jsou chytiej$i nez my jsme diivodem, pro¢ vynakladame
tolik usili na tyto rovnice, je to, ze je miizeme pouzit k predpovédi, Zze na§ mozek by nebyl
schopen zajistit, aby to nebyly jen ¢erné diry, ale gravita¢ni viny a vytvoreni gravitac¢nich vin
spiralovitymi ¢ernymi dirami je to evoluce vesmiru je to existence neviditelné hmoty jako
temna hmota je to samotny Velky tfesk vSechny tyto mySlenky tyto jevy tyto pojmy byly
implicitni v Einsteinové rovnici, i kdyz nebyly nikde v mysli Einstein a tak pochopeni téchto
jevu osvétluje svet kolem nas a porozuméni rovnici ndm nejen pomahé uskutecnit tento
projekt, ale ukazuje nas k jeste lepSim rovnicim, skvéla véc na fyzice je, Ze jeste zdaleka
nekoncime, a jesté jsme neskoncili. S rovnicemi pfisti generace ptijde s jeste lepSimi
rovnicemi, které jsou stale chytiejSi nez oni, a prozradi ndm jesté vice fascinujicich tajemstvi
vesmiru, dékujeme moc 52:31 [Potlesk]

Newtonuv gravita¢ni zakon (neplati vzdycky a vSude) -

Fg =G . -mmmmmm- ; vzdalenost dvou hvézd Hi a Hz neni v galaxii rovna tsecka ,,d*, ale
d? usecka v oblouku ,,d*.

Modifikovany Newton. ->
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