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A new way to visualize General
Relativity

Novy zpuasob vizualizace obecné relativity

1193 621 zhlédnuti « 3. 9. 2020 « How to faithfully represent general relativity ? Is the image

of the rubber sheet accurate ? What is the curvature of time ? All these answers in 11 minutes
!

(01)- The idea behind this new representation is to make the best possible use of the video
format and in particular its temporal dimension in order to faithfully reproduce what the
mathematics tell us in middle school and then high school we learned that free fall can be
modeled by a force it's the force of gravity this force allows us to predict the movement of
objects stating that they are attracted to each other and in particular to massive objects like the
earth however this description is merely an approximation and it fails when the pull is too
strong such as the path of mercury around the sun it was in 1915 that albert einstein proposed
a new theory a rigorous mathematical model which made it possible to describe freefall more
accurately for einstein there is no such thing as a force that would act at a distance it is the
fabric of the universe itself which gets distorted and drags objects into a fall in order to grasp
this very complex theory it is important to design visualizations that make it more intuitive the
representation that is most often used is that of a large elastic sheet on which massive objects
are placed by deforming the fabric under their weight the more massive objects pull
everything in their direction like marbles in a bowl at first this image seems to have two
advantages it is very simple and intuitive and it helps us understand that bodies attract each
other indirectly through an underlying fabric space-time whose geometry can be altered
however although it is extremely widespread this way of presenting general relativity has a
large number of problems which make it not very rigorous in this video we will try to improve
this image by making four major changes to begin with the image of the elastic sheet seems to
indicate that objects are placed on space-time like marbles while in reality space-time is the
fabric of the universe that contains them therefore one improvement that we can start with is
to flatten objects onto the surface so that it is clear that they are not exterior but contained
within space-time next one of the biggest problems with this representation is that it sort of
explains gravity by gravity to the question why does the apple fall on earth this visualization
seems to answer that it is because the apple is pulled downwards which causes it to fall like a
marble in a bowl [Music] but it is not acceptable to explain gravity inside space-time using
gravity outside space-time we hence have to find a better explanation in particular it is more
rigorous to say that if objects follow the well created by the earth it is because they move in a
straight line but within a curved geometry when they fall objects move straight ahead but the
curvature of space-time gives us the impression that these trajectories are deflected to
understand we can imagine the surface of a sphere on which two ants would head north at the
start the two paths are parallel and we might think that as they progress straight ahead the two
trajectories will never cross however the two ants end up meeting at the north pole this is
possible thanks to the curved geometry of the sphere on which straight lines tend to get closer


https://www.youtube.com/watch?v=wrwgIjBUYVc

to one another inside space-time the phenomenon is similar and objects seem to attract each
other when they are simply following the curve geometry in straight lines [Music] however
this picture of an elastic sheet is still misleading indeed one could think that if space-time can
bend it is due to the existence of a higher dimension here for example the two-dimensional
sheet seems to bend into a third dimension in reality this is not the case and the mathematics
of relativity do not require any higher dimension for the universe to bend it is therefore
preferable not to represent this sheet seen from the side but rather from the top with a grid to
illustrate the curvature while we're here this also allows us to restore the three dimensions of
space in which we live [Music] finally the most important issue with this representation

(01)- Myslenkou této nové reprezentace je co nejlepsi vyuziti formatu videa a zejména jeho
casove dimenze, abychom vérné reprodukovali to, co nam fikd matematika na stredni a poté
na stiedni skole, kde jsme se naucili, ze volny pad 1ze modelovat pomoci sily, je to sila
gravitace, ktera nam umoziuje piedvidat pohyb objektt, pficemz uvadi, Ze jsou pritahovany k
sobé& navzajem a zejmena k masivnim objektam, jako je Zemg, ale tento popis je pouze
piiblizny a selhava, kdyz je tah piili$ silny, napiiklad jako cesta rtuti kolem Slunce to bylo v
roce 1915, kdy Albert Einstein navrhl nové teorii ptisny matematicky model, ktery umoznil
piesnéji popsat volny pad. Pro Einsteina, neexistuje nic jako sila, ktera by pasobila na dalku
samotna struktura vesmiru, které se zdeformuje tou ,,strukturou® je co ?? Nemuze to byt nic
jiného nez Casoprostor a jeho dimenze veli¢in. a zatdhne objekty do padu, aby pochopila tuto
velmi slozitou teorii, je dulezité navrhnout vizualizace diky ¢emuz je intuitivnéj$i nejcastéji
pouzivana reprezentace je velka elasticka plachta, zkiiveny ¢asoprostor tedy jeho dimenze na
kterou jsou umistény masivni objekty deformovanim latky pod jejich hmotnosti, ¢im
masivnéjsi objekty nejprve tahnou vse svym smérem jako kulicky v misce. Zda se, ze ma dvé
vyhody, je velmi jednoduchy a intuitivni a pomaha nam pochopit, ze télesa se nepiimo
pritahuji prostiednictvim podkladového ¢asoprostoru, pro¢ se v trampoliné nekutali téleso od
stitedu dilku ? Tato otazka proto, ze sila = gravitace ,,neexistuje* a vznika az po zkiiveni
trampoliny, jenze ,,pro¢* v trampolin¢ ,,bézi t€leso do dillku a né opacné kdyz sila neexistuje
2?? Existuje jen trampolina a ta nenafizuje télesu aby se kutélelo do sttedu PROTOZE jesté
neexistuje sila....teprve az se téleso rozhodne samo se kutalet do stfedu, mtizeme prohlasovat
,,dostfedny* pohyb za silu jehoz geometrii 1ze zménit, ackoli je tento zpasob prezentace
obecné relativity velmi rozsifeny z problému, které v tomto videu nejsou piili§ piisné, se
pokusime vylepsit tento obrazek provedenim ¢tyt hlavnich zmén, které zacinaji obrazem
pruzného listu, coZ naznacuje, Ze objekty jsou umistény na ¢asoprostoru jako kulicky, zatimco
ve skutecnosti prostor- ¢as je struktura vesmiru, ktera je obsahuje, takze jedno vylepSeni, se
kterym muzeme zacit, je zplosténi objekt na povrch tak, aby je jasné, ze nejsou vnéjsi, ale
jsou obsazeny v ¢asoprostoru, dal$im z nejvétsich problému této reprezentace je, Ze vysvétluje
gravitaci gravitaci na otazku, pro¢ jablko pada na Zemi, tato vizualizace ziejmé odpovida, ze
je protoze jablko je tazeno dolt, coz zpusobi jeho pad jako mramor v misce jablko nemiize
byt ,,tazeno* kdyz chceme tikat Ze sila neexistuje a existuje jen kiivost ¢p. Méjmez libovolnou
kiivost ¢p a jak vime, Ze t€leso do této libovolné kiivosti umisténé, se bude ,,kutalet” prave
smérem k druhému télesu ?? neexistuje-li sila? [Hudba], ale je neptijatelné vysvétlovat
gravitaci uvniti ¢asoprostoru pomoci gravitace mimo ¢asoprostor, proto musime najit lepsi
vysvétleni, zejména ptisngjsi tici, Ze pokud objekty sleduji studnu vytvorenou Zemi, je to
proto, Ze se pohybuji v ptimce, ale v zakiivené geometrii, kdyz padaji, objekty se pohybuji
piimo vpied, ale zakfiveni ¢asoprostoru nam dava dojem, Ze tyto trajektorie jsou odklonéni k
pochopeni, mtzeme si predstavit povrch koule, na kterou by na zac¢atku dva mravenci mitili
na sever, ob¢ cesty jsou paralelni a mohli bychom si myslet, ze kdyz postupuji rovné
trajektorie nikdy nepiekroci, ale oba mravenci se nakonec setkaji na severnim poélu, coz je



mozné diky zakiivené geometrii koule, na které se pfimé cary ve vesmirném case priblizuji k
sobg, jev je podobny a zda se, Ze objekty ptitahuji navzajem, kdyz jednoduse sleduji
kiivkovou geometrii v ptimkach [Hudba], nicmeén¢ tento obrazek pruzného listu je stale
zavadgjici, dalo by se uvazovat, Ze pokud se ¢asoprostor mize ohybat, je to naptiklad kvili
existenci vy$si dimenze zda se, Ze dvourozmérny list se ohyba do tieti dimenze, ve
skute¢nosti tomu tak neni a matematika relativity nevyzaduje, aby se vesmir ohybal|, a kdyz to
nevyzaduje matematika, musi sam Vesmir smeknout a podfidit se matematice ...ze ??
takovou logiku neuznavam. proto je lepsi tento list nereprezentovat pii pohledu ze strany, ale
spise shora s mfizkou pro ilustraci zakfiveni, zatimco jsme tady, to nam také umoznuje
obnovit tii dimenze prostoru, ve kterém Zijeme [Hudba], kone¢né nejdulezitéjsi i usilujte s
timto zastoupenim

(02)- is the fact that our diagram completely ignores the time dimension space-time is an
object with four dimensions three dimensions of space but also one dimension of time which
can equally bend and curve faithfully rendering a four-dimensional geometry is strictly
impossible and we therefore have to find a trick a first idea would be to add small clocks to
our diagram at each point of the grid in this way the space grid becomes a space time grid and
we understand that time can flow differently depending on where we are [Music] that being
said adding clocks to our diagram doesn't give us much more intuition and in particular we
still don't really understand what causes objects to fall if we drop an apple for example why
does it start to move towards the earth to really understand it is necessary to remove one
dimension of space to represent the dimension of time in fact it is the time component of the
curvature which explains gravity with such a diagram we see that the apple is always in
motion even when it has no speed at the start of its full the apple is still moving in time it
progresses towards the future when no force is applied to the apple the curvature of space-
time will gradually bend its trajectory between a temporal speed towards the future and a
spatial speed towards the ground [Music] the apple moves in a straight line but the curvature
of space-time rotates the orientation of this straight line between time and space we therefore
understand that if the apple falls towards the ground it is because it started with a speed
through time the curvature of space-time generated by the earth has merely converted this
temporal speed into a spatial speed having said that as human beings we do not perceive the
temporal speed of objects when an apple is dropped it appears to us to be motionless we do
not perceive the fact that it has emotion through time from our point of view we experience
the world instant after instant and this diagram where objects form tubes over time world lines
IS not very intuitive [Music] our last step will therefore be to slice this diagram to cut it up
instant by instant in order to form an animation which includes time [Music] the curvature of
the universe which causes straight lines to dive into the earth becomes a movement of
contraction [Music] the rate of this contraction is constant and perpetual because the
curvature of space-time which depends only on the mass of the earth is always the same
[Music] however it is very important to understand that the geometry does not really contract
it's the fact that straight lines get closer together that gives this impression of contraction
[Music] the phenomenon is quite similar on the surface of a sphere the curvature is constant
on the sphere but the straight lines seem to be perpetually getting closer together [Music] it is
this representation which i find to be the most appealing for visualizing general relativity
earth because it is very massive deformed space-time giving it a curvature for us the curvature
of space-time appears as an endless contraction of the grid in technical terms we say that the
volume contained between geodesics shrinks over time because of the curvature this grid that
shrinks represents what we call inertial frames frames in freefall with respect to this grid a
body that is not subject to any force will conserve its movement thus if we drop the apple with



no initial velocity as no force acts upon it it will remain motionless relative to the grid but as
the grid contracts the apple will fall with this image of relativity it is also easy to see that the
surface of the planet is constantly accelerating upwards because it is always going against the
natural movement of the grid finally if we throw an object sideways with an initial velocity no
force is applied on it and it will therefore continue in a straight line within the grid but as the
grid contracts the object is constantly pulled back towards the earth that's exactly how the
moon orbits the earth and the earth orbits the sun

(02)- je skutecnost, ze nas diagram zcela ignoruje ¢asovou dimenzi ¢asoprostoru je objekt se
¢tyfmi dimenzemi, fiemi dimenzemi prostoru, ale také jednou dimenzi ¢asu, A tady je/bude
novy zacatek nového vyzkumu : zjistit, [zda i ¢as ma také své dimenze a objasnit ,,pro¢* je ma
J a uz od samého zacatku svych tvah do HDV predpokladam, ze i ¢as ma své
dimenze. A tyto jsou také stavebnimi kameny hmoty, ktera se mize stejné vérné ohybat a
kiivit, a kroutit = klubi¢kovat takze ¢tyFrozmérna geometrie je prisné nemozna, a proto
mame najit trik,. Zde stojime na prastaré otazce ,,0 geometrii*, ktera je jina pro fyzikalni
realitu nez pro matematickou realitu. Tady stojime v misté nastupu ,,novych tivah* o realité

universe.com/docs/c/c_012.jpg ; http://www.hypothesis-of-universe.com/docs/f/f 047.jpg ;
http://www.hypothesis-of-universe.com/docs/h/h_118.jpg je vidét, Zze dokonce je
pfirozenéjsi aby byl ép 3+3D nez aby byl 3+1D ...nutno vyzkoumat jen pravdu o ¢ase. prvni
myslenkou by bylo pfidat do naseho diagramu v kazdém bodé miizky malé hodiny, a to tak,
Ze se prostorova miizka stane ¢asoprostorovou miizkou 3+3D a chapeme, ze ¢as maze
plynout rizné ano, rizné znamena s riznym tempem, tedy ze bude i zakiiveny Cas se
,,rozbalovat® v zavislosti na tom, kde jsme [Hudba], Ze bylo fe¢eno, ze ptridani hodin do
naseho diagramu nam nedava mnohem vétsi intuici a zejména stale nechapeme, co zpusobi
pad objektd, kdyz upustime jablko, napiiklad pro¢ se zacne pohybovat smérem k Zemi, aby
tomu skute¢né porozumeélo je nutné odstranit jednu dimenzi prostoru, kterd piedstavuje
dimenzi ¢asu, ve skutec¢nosti je to ¢asova slozka zakiiveni, ktera vysvétluje gravitaci pomoci
takového diagramu, ktery vidime, Ze jablko je vzdy v pohyb, i kdyz na za¢atku neni plny
rychlosti, jablko se stale pohybuje v ¢ase, postupuje smérem k budoucnosti, kdyZ na jablko
neptisobi zadna sila, zakfiveni ¢asoprostoru postupné ohne jeho trajektorii mezi ¢asovou
rychlosti smérem k budoucnost a prostorova rychlost smérem k zemi [Hudba] jablko se
pohybuje v ptimce, ale zaktiveni ¢asoprostoru otaci orientaci této ptimky mezi ¢asem a
prostorem, proto chapeme, ze pokud jablko pada k zemi, je to proto, za¢alo to rychlosti v ¢ase
(¢ili zrychlenim ?) zaktiveni ¢asoprostoru generovaného Zemi pouze piemeénilo tuto ¢asovou
rychlost na prostorovou rychlost, kdyz jsme fekli, Ze jako lidé nevnimame ¢asovou rychlost (
¢ili ze nevnimame zrychleni ?) objektd, kdyz je jablko upusténo, zda se jako abychom byli
nehybni, nevnimame skutec¢nost, Ze ma emoce v ¢ase, z naSeho pohledu prozivame svét
okamzit¢ za okamzikem a tento diagram, kde objekty tvofi trubice o ¢asové linie svéta nejsou
prilis intuitivni [Hudba] ? Nasim poslednim krokem bude sestiihani tohoto diagramu a jeho
okamzité ofezani, aby se vytvorila animace, ktera zahrnuje ¢as [Hudba] ? zaktiveni vesmiru,
ktere bude rovné linky do ponoru do Zem¢ se stava pohybem kontrakce ? [Hudba], rychlost
této kontrakce je konstantni a vé¢nd, (neni mi ke komentari zcela jasné o ¢em tu je fec)
protoze zakiiveni ¢asoprostoru, které zavisi pouze na hmoté Zeme, je vzdy stejné [Hudba] Je
vsak velmi dulezité pochopit, Ze geometrie se ve skutecnosti nezkrati, je to skutecnost, ze
piimky se piiblizuji k sob¢, coz vytvaii tento dojem kontrakce [Hudba], tento jev je na
povrchu koule docela podobny, zakiiveni je na kouli konstantni, ale pfimky se zdaji neustale
se ptiblizovat [hudba], je to tato reprezentace, kterou povazuji za nejpfitazlivéjsi pro
vizualizaci obecné relativity Zemg, protoze je to velmi masivni deformovany prostor - t Dame
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to zaktiveni pro nas zakiiveni ¢asoprostoru se jevi jako nekonecna kontrakce miizky cili sit’
3+3D z technického hlediska fikame, ze objem obsaZeny mezi geodetikou se Casem zmensuje
kvili zakiiveni této miizky, ktera se zmensuje, piedstavuje to, co nazyvame setrvac¢né ramce
ve volném padu s ohledem na tuto miizku si télo, které neni vystaveno zadné sile, zachova
svij pohyb, takze pokud upustime jablko bez pocate¢ni rychlosti, protoze na néj nepusobi
7adna sila, zastane nehybné vzhledem k mtizce, ale jak miizka se smrst'uje jablko padne s
timto obrazem relativity, je také snadné vidét, Ze povrch planety se neustale zrychluje nahoru,
protoze vzdy jde proti ptirozenemu pohybu mtizky, kone¢né, pokud hodime objekt do strany
pocatecni rychlosti zadna sila neni aplikovan na néj a bude tedy pokracovat v piimce uvnit
miizky, ale jak se miizka smrst'uje, objekt je neustale tazen zpét k Zemi, kterd je piesna jak
meésic obiha kolem Zemé¢ a Zemé obiha kolem Slunce.

JN, kom 13.08.2021
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