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Space-Time: The Biggest Problem in Physics
Casoprostor: Nejvétsi problém ve fyzice
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(01)- This is the Planck length. It’s a trillion trillion times smaller than an atom. It’s also
the biggest problem in physics. Because when we try to ponder what's happening near 10 to
the minus 33 centimeters, the laws of nature break down. The stage of our universe — space-
time — seems to dissolve, and we can't make sense of the awful chaos underneath. Decades of
investigations have converged on a haunting conclusion: Our best descriptions of nature,
guantum mechanics and general relativity, are failing us. To dig into the deepest layers of
reality, we’re going to need new physics. In this video, we’ll build the stage of space-time
from the ground up. And then we’ll see how we have no choice but to tear it all down again.
And in the wreckage, we’ll look for clues to paths forward — towards a quantum theory of
gravity. During our journey, we’ll be forced to challenge our basic assumptions. Is space-time
real, or simply a large-scale illusion? At the fundamental level of nature, do questions like
“where?” and “when?” even have answers?

Descartes and Newton investigate space and time

In 1637, the French mathematician Rene Descartes imagined a hidden mathematical
framework for space. He invented the Cartesian grid, which labels points in space using x-, y-
, and z- coordinates. He thought of this grid as the backdrop of our stag e of reality. A few
decades later, Isaac Newton described time in a similar way, as an absolute and rigid part of
the stage. But for Descartes and Newton, space and time existed independently of each other.
Then, in 1905, Albert Einstein entered the scene with his theory of special relativity.
Einstein's special relativity

Einstein’s first revelation was that time is relative: an observer’s measurement of the time
between events depends on their motion in space. This was a clue that we should think of
space and time as a single entity: the physical fabric of our universe, with three dimensions of
space and a fourth of time.

The geometry of space-time and the manifold

With this picture of space-time as a unified continuum, Einstein began to wonder about its
shape. To get a sense for the mathematical model of space-time, let’s begin with one flat grid.
Now, let’s take another one, and another, and another. When we stitch them together, we
create a mathematical object called a manifold. Let’s imagine we’re a cat walking on the
surface of this manifold. Locally, the grid looks flat, with straight-line coordinate axes
everywhere. But if we zoom out, the manifold turns out to be made up of curved coordinate
axes.

Einstein's general relativity: space-time in four dimensions

Einstein’s big revelation, in his general theory of relativity, is that space-time is a manifold
that bends and curves in the presence of matter or energy. The effects of this curvature
produce what we experience as gravity.


https://www.youtube.com/watch?v=RIqVnFtOSr4

The mathematical curvature of space-time

To measure this curvature, let’s return to our flat space. Thanks to Pythagoras, we know that
if you have a triangle with sides x and y and diagonal s, then s”2 = x"2 + y”2. Now,
suppose you make the triangle really small, and call the displacements in the x and y
directions along the two sides dx and dy. Then the diagonal ds satisfies this formula. But this
is also simply the distance between the endpoints of the diagonal. So we can think of this
formula as giving us a ruler for 2D space. What happens when we put these coordinates on a
rubber sheet and stretch it? They’re still separated by the same number of grid spacings, but
their physical distances have changed. Now, we need a new ruler that tells us how much
stretching and skewing is happening on our manifold. This is the metric: our modified ruler
for curved 2D space-time. Einstein expanded on this ruler, creating a metric for how space-
time curves in a 4D universe like ours.

Einstein’s field equation

To describe the geometry of space-time, you have to calculate where and by how much
matter tells our manifold to curve, producing the effects of gravity. This brings us to the
crown jewel of general relativity: Einstein’s field equation for how the distribution of matter
and energy curves space-time. This is the Einstein tensor, which describes the curvature of
space-time. It’s a function of the metric — our ruler for 4D space-time. This next part accounts
for the cosmological constant, which is the energy intrinsic in space. This part is the stress-
energy tensor. It describes the energy density, momentum density, and pressures of matter and
energy at each location in space. In other words, it tells us where stuff is and how much there
is of it. You can think of this equation as matter and energy telling space-time how to bend.
Singularities: where general relativity fails

In a simpler world, this would be the end of physics: an elegant theory of distances in space

(01)- Toto je Planckova délka. Je to bilion bilionkrat mensi nez atom. Je to také nejvetsi
problém ve fyzice. Protoze kdyz se snazime premyslet o tom, co se déje v blizkosti 10 az
minus 33 centimetrl, pfirodni zdkony se hrouti. Zakony se asi nehrouti, ale hrouti se ,,volena
velikost jednotek®... (pro délku i ¢as). Zda se, ze jevisté naseho vesmiru — ¢asoprostor — se
rozpousti a my nedokazeme pochopit ten hrozny chaos pod nim. Desetileti vyzkumti dospéla
k désivému zavéru: Nase nejlepsi popisy piirody, kvantové mechaniky a obecné teorie
relativity nam selhavaji. Abychom se dostali do nejhlubSich vrstev reality, budeme
potiebovat novou fyziku. > HDV. V tomto videu postavime jevisté casoprostoru od
zakladi. A pak uvidime, jak ndm nezbyva nic jiného, nez to vSechno znovu strhnout. A v
troskéch budeme hledat voditka pro cesty vpied — ke kvantové teorii gravitacel Bshem nasi
cesty budeme nuceni zpochybnit nase zakladni pfedpoklady. Je ¢asoprostor skute¢ny, nebo je
to jen iluze velkého rozsahu? Ehm .., pokud bychom vitbec méli néco zpochybnovat ve
fyzice, pak je to vSechno !!! kromé casoprostoru (!) Na zdkladni trovni ptirody kladou
otazky typu ,,kde?* a "kdy?" mate dokonce odpoveédi? Descartes a Newton zkoumayji prostor a
¢as V roce 1637 si francouzsky matematik René Descartes predstavil skryty matematicky
ramec pro vesmir. Vynalezl kartézskou mtizku, ktera oznacuje body v prostoru pomoci
souradnic x, y, a z. Uvazoval o této miizce jako o pozadi nasi reality. O n¢kolik desetileti
pozdé&ji Isaac Newton popsal ¢as podobnym zptisobem jako absolutni a rigidni soucast jeviste.
Pro Descarta a Newtona vSak prostor a ¢as existovaly nezévisle na sobé. Poté, v roce 1905,
vstoupil na scénu Albert Einstein se svou teorii specialni relativity. Einsteinova specialni
teorie relativity Prvnim Einsteinovym odhalenim bylo, Ze Cas je relativni: pozorovatelovo




mefeni ¢asu mezi udalostmi zavisi na jejich pohybu v prostoru. To bylo voditko, Ze bychom
m¢éli uvazovat o prostoru a ¢ase jako o jediné entité: o fyzické strukture naseho vesmiru se
ttemi rozmé&ry prostoru a ¢tvrtou ¢asu. Geometrie ¢asoprostoru a rozmanitosti S timto
obrazem Casoprostoru jako jednotného kontinua zacal Einstein pfemyslet o jeho tvaru.
Abychom ziskali smysl pro matematicky model ¢asoprostoru, zacnéme s jednou plochou
miizkou. Nyni si vezméme dalsi a dalsi a dalsi. Kdyz je spojime dohromady, vytvotime
matematicky objekt zvany manifold. Pfedstavme si, Ze jsme kocka kracejici po povrchu
tohoto potrubi. Mistn¢ vypada mtizka plocha, vSude jsou rovné soutadnicové osy. Ale pokud
oddalime, ukaze se, ze potrubi je tvofeno zaktivenymi souradnymi osami. Einsteinova obecna
teorie relativity: Gasoprostor ve &tyfech dimenzich. [Einsteinovo velké odhaleni |v jeho obecné
teorii relativity fje, 7e dasoprostor je rozmanitost, ktera se ohybé a zakfivuje v pfitomnosti
\hmoty nebo energie.\ (*) Ja jsem zase odhalil, Ze kiiveni dimenzi ¢asoprostoru je hmototvorné,
kiivenim dimenzi vyrabi Vesmir elementrarni ¢astice hmoty a fyzikalni pole... Uéinky tohoto
zakiiveni vytvareji to, co zazivame jako gravitaci.

Matematické zakiiveni ¢asoprostoru.

Abychom toto zaktiveni zméfili, vratme se do naseho plochého prostoru. 3+3D plochého
casoprostoru. Diky Pythagorovi vime, ze pokud mate trojihelnik se stranami x ay a
uhlopftic¢kou s, pak s"2 = x*2 + y*2. Nyni predpokladejme, ze udélate trojuhelnik opravdu
maly a zavolate posunuti ve smérech x a y podél dvou stran dx a dy. Potom thlopticka ds
splituje tento vzorec. Ale to je také jednoduse vzdalenost mezi koncovymi body thlopticky.
Muzeme si tedy myslet, Ze tento vzorec nam déava pravitko pro 2D prostor. Co se stane, kdyz
tyto soutradnice polozime na gumovou plachtu a roztdhneme ji? Znamena to, ze gumova
plachta je pravé onim 3+3D casoprostorem (néé éterem), ve kterém plavou vSechny
moozné geometrické stavy kiivosti téchto dimenzi (pole) jakoz i kiivosti zabalenych dimenzi
do balick presentujici v kiivém poli 3+3D elementarni ¢astice. Prosté: fyzikalni pole spolu

s bali¢ky zabalenych dimenzi coby hmota = elementarni ¢astice ,,plavou* v nezakiiveném
rastru, predivu, siti plochého Casoprostoru, ktery existuje i pied big-bangem i po big-bangu.
Stale jsou od sebe oddéleny stejnym poctem matematickych mrizkovych vzdalenosti,
miizkové vzdalenosti Casoprostoroveého rastru jsou volbou ,,jednotky vzdalenosti..., Ize to
vyjadrit i ,,zapisem® ¢ = Im /1t. ale jejich fyzické vzdalenosti se zménily. Ano, protoze

Vv rastru doslo ke kiiveni dimenzi (natahovani anebo smrst'ovani). Matice
rychlosti http://www.hypothesis-of-universe.com/docs/c/c_486.jpg ; http://www.hypothesis-
of-universe.com/docs/c/c_038.jpg ; Nyni potfebujeme nové pravitko, které nam fekne, jak
moc se na naSem potrubi déje natahovani a zkoseni. Toto je metrika: nase upravené pravitko
pro zakiiveny 2D Casoprostor. Einstein rozsifil toto pravitko a vytvofil metriku pro to, jak se
Casoprostor zakiivuje ve 4D vesmiru, jako je ten nas. Einsteinova rovnice pole Chcete-li
popsat geometrii Casoprostoru, musite vypocitat, kde a o kolik hmota fika nasemu
rozdé€lovaci, aby se zakfivil, ¢imzZ se vytvofi ucinky gravitace. To nds ptivadi ke
korunova¢nimu klenotu obecné teorie relativity: Einsteinové rovnici pole pro to, jak
distribuce hmoty a energie zakiivuje ¢asoprostor. Jedna se o Einsteintiv tenzor, ktery popisuje
zakfiveni Casoprostoru. Je to funkce metriky — naseho pravitka pro 4D ¢asoprostor. Tato dalsi
¢ast odpovida za kosmologickou konstantu, coz je energie vlastni v prostoru. Tato ¢ast je
tenzor napéti-energie. Popisuje hustotu energie, hustotu hybnosti a tlaky hmoty a energie v
kazdém misté ve vesmiru. Jinymi slovy, fikd ndm, kde véci jsou a kolik jich je. Tuto rovnici si
miZzete pfedstavit jako hmotu a energii, které fika ¢asoprostoru, jak se ohybat. Singularity:
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kde obecna teorie relativity selhava V jednodussim svété by to byl konec fyziky: elegantni
teorie vzdalenosti ve vesmiru

(02)- and time, described geometrically by the manifold. But buried in Einstein’s blueprints
are places where the theory describes its own demise. In places called singularities, such as
at the moment of the Big Bang and at the center of black holes, matter becomes so dense that
it squeezes infinitely — forcing space-time to curve infinitely, too. In physics, when you
encounter infinities in your equations, it’s a signal they’ve broken down. So we have to
conclude that general relativity fails to describe physics at these singularities.

Quantum mechanics (amplitudes, entanglement, Schrédinger equation)

Einstein’s theory is also ignorant of physics at the subatomic level, where particles are too
light to noticeably curve space-time and physics is quantum mechanical. To investigate
space-time at the fundamental level — to really start to ask questions about what it’s made of
—we need to look at it from a quantum point of view. This is the quantum stage. In this
probabilistic universe, subatomic particles don’t have fixed positions in space. Instead, they
have “amplitudes.” Amplitudes are like probabilities. But unlike probabilities, they can be
complex numbers, which means that amplitudes can cancel each other out. Quantum
mechanics says that to go from here to there, a particle can take many different paths, each
with an amplitude. These amplitudes must be summed up to find the total amplitude of that
transition. So, on our quantum stage, physics is not described by saying where things are and
how they move, but how amplitudes for different possibilities change over time. This
evolution is described by the famous Schrodinger equation. And then there’s quantum
entanglement. When two particles are entangled, their amplitudes become contingent. If you
measure either particle, the outcome is uncertain, but, if you measure one, it appears to
collapse the state of the other, so that the outcome of the second measurement is suddenly
completely determined.

The problem of quantum gravity

Ever since physicists realized that quantum mechanics is the underlying language of our
universe, we’ve been trying to fit everything we know about nature into its strange laws. The
result of these efforts is Quantum Field Theory, a more sophisticated version of quantum
mechanics. It’s the framework that allows us to apply quantum principles, or “quantize,” all
of the matter and force fields that fill the universe — except one — gravity. That’s because in
all quantum field theories, the matter and force fields are described as lying on top of a
smooth, fixed, continuous grid of space-time — the special relativity stage. But to describe
gravity, we have to quantize the space-time stage itself. How are we supposed to do this,
without a stage to stand on? This is the problem of quantum gravity. It brings us to the

edge of our understanding of physical reality — to the end of space-time as we know it.
Applying quantum mechanics to our manifold

Let’s see what happens when we apply quantum mechanics directly to our manifold. Just like
particles, the manifold should behave quantumly. This means it can’t be fixed. It must have a
probability of being in many different states. There is even some probability for space-time
to start shredding itself, resulting in an awful soup of quantum uncertainty, where bits of
spacetime pop in and out of existence. All of this happens at the Planck length, because here,
gravity is quantum. At these short distances, the notions of “here” and “there” become



murky. If we try to place coordinates on our manifold, they quickly lose meaning. Our metric
dissolves in the chaos of quantum uncertainty.

Why particle accelerators can't test quantum gravity

In the quest to understand what happens at very small distances, experimental physicists have
built powerful particle accelerators. Today, the Large Hadron Collider at CERN can probe
physics at 10-17 cm. But to see what’s happening at the Planck length, you'd need a particle
collider 1,000-trillion-times more powerful — one about as big as our entire Milky Way
galaxy. And even if we could build one, the collisions it would produce would put so much
energy into such a tiny region of space that the region would collapse into a black hole.
There's simply no operational way of probing space-time below this length. That suggests
that space-time below the Planck length doesn't have meaning.

Is there something deeper than space-time?

Something deeper is happening here. We might be tempted to ask: What if space-time isn’t
the base layer of reality? What if there is a more fundamental description of physics that
produces what looks like space-time?

Hawking and Bekenstein discover black holes have entropy

In the 1970s, Jacob Bekenstein and Stephen Hawking stumbled on a compelling clue about

(02)- a cas, popsany geometricky riznou. Ale v Einsteinovych planech jsou pohibena mista,
kde teorie popisuje svij vlastni zadnik. V mistech zvanych singularity, jako naptiklad v
okamziku velkého tfesku a v centru cernych dér, hmota zhustne tak, Ze se nekonecné stlacuje
—anutii Casoprostor, aby se nekonecné zakiivoval. KdyZ ve fyzice narazite na
nekonecna ve svych rovnicich, je to signal, ze se rozpadly. Musime tedy dojit k zavéru, ze
obecna teorie relativity nedokaze popsat fyziku na té€chto singularitach. Jisté. Big-bang neni
singularita a singularita neni big-bang... Big-bang je ktivych dimenzi, které ,,plavou*
ve vesmiru pred BB, a tato lokalita se stane ,,nasim Vesmirem®... pii rozbalovani téch
nekonecné (matematicky nekonecné) kiivych dimenzich. Kvantova mechanika (amplitudy,
zapleteni, Schrodingerova rovnice) Einsteinova teorie také nezna fyziku na subatomarni
urovni, kde jsou ¢astice pfilis lehké na to, aby znatelné€ zaktivily Casoprostor, a fyzika je
kvantové mechanickd. Abychom prozkoumali ¢asoprostor na zakladni irovni — abychom
si skutecné zacali klast otazky o tom, z ¢eho se sklada — musime se na néj podivat z
kvantového hlediska. Na makrourovni bude ¢asoprostor hladky a spojity a na mikdoturovni
bude Casoprostor kvantovany, coz znamena, ze bude pokrouceny, bude ,,balickovany*, coz se
projevi jako nespojitost dimenzi... nespojitost nevylucuje vyrobu balicka, které budou
presentovat elementarni ¢astice s vlastnostmi hmioty. Toto je kvantova faze. V tomto
pravdépodobnostnim vesmiru nemaji subatomarni ¢astice pevné pozice v prostoru. Misto toho
maji ,,amplitudy." Amplitudy jsou jako pravdépodobnosti. Ale na rozdil od pravdépodobnosti
to mohou byt komplexni ¢isla, coZ znamena, Ze se amplitudy mohou navzijem rusit.
Kvantova mechanika tikd, Ze aby se ¢astice dostala odsud tam, miiZe trvat mnoho riznych
drahy, kazda s amplitudou. Tyto amplitudy je nutné secist, abychom nasli celkovou amplitudu
tohoto pfechodu. TakZe na naSem kvantovém jevisti se fyzika nepopisuje tim, kde se véci
nachézeji a jak se pohybuji, ale jak se méni amplitudy pro rlizné moznosti. V pribéhu ¢asu je
tento vyvoj popsan slavnou Schrodingerovou rovnici a pak je tu kvantové zapleteni, kdyz se
propletou dvé Castice, jejich amplitudy se stanou zavislymi ke zhrouceni stavu druhého, takze
vysledek druhého méfeni je néhle zcela urcen.



Problem kvantové gravitace.

Od t¢ doby, co si fyzici uvédomili, ze kvantova mechanika je zékladnim jazykem naSeho
vesmiru, snazime se vS§e, co vime o piirodé, viméstnat do jejich podivnych zakond. Vysledkem
téchto snah je kvantova teorie pole, sofistikovanéjsi verze kvantové mechaniky. Je to ramec,
ktery nam umoznuje aplikovat kvantové principy neboli ,.kvantovat™ veskerou hmotu
balickovat dimenze, ¢imz se ,,vynofi* v poli elementy s vlastnostmi typicky potiebnymi pro
hmotu... a silova pole, ktera vypliuji vesmir — kromé jednoho — gravitaci. Je to proto, Ze ve
vSech kvantovych pole jsou hmota a silova pole popisovana jako lezici na
hladké, pevné, souvislé miiZce ¢asoprostoru — ve fazi specialni relativity. Ale abychom
popsali gravitaci, musime kvantovat samotné Casoprostorové stadium. Jak to mame udélat,
kdyz nemame podium, na kterém bychom mohli stat? To podium mame, je to 3+3
dimenzionalni plochy (nekiivy) ¢asoprostor... ve kterém ,,plavou’ stavy hladkych kiivosti
jakoZto gravitace. Stavy ,.kvantovych kiivosti® jsou pak pole se strukturou linearnich interakci
v mikrosvéte na planckovskych skalach. Gravitace je prechodovy (geomentricky) stav mezi
hladkym (nekiivym) prostfedim 3+3D Casoprostoru a stavem nehladkym tj. kvantovanych
interakci v mikrosvété. Nevim presné, jak bych to sptavné popsal. To je problém kvantové
gravitace. Pfivadi nas na okraj naSeho chapani fyzické reality — na konec ¢asoprostoru, jak ho
zname. Aplikovani kvantové mechaniky na nas rizny druh. Podivejme se, co se stane, kdyz
aplikujeme kvantovou mechaniku pfimo na nase potrubi. Stejné jako ¢astice by se manifold
m¢él chovat kvantoveé. To znamenad, Ze to nelze opravit. Musi mit pravdépodobnost, ze bude v
mnoha riznych stavech. Existuje dokonce urcita pravdépodobnost, ze se Casoprostor zacne
drtit, coz ma za nasledek hroznou polévku kvantové nejistoty, kde kousky ¢asoprostoru
vyskakuji a zanikaji. To vSe se déje na Planckové délce, protoze zde je gravitace kvantova.
Myslim, ze v mém vykladu je nékde chyba, ale také Ze je chyba i v tomto popisu >zde na
papife< Na téchto kratkych vzdalenostech se pojmy ,,tady* a ,,tam* stavaji nejasnymi. Toto
kmitani ,,jednotkovych intervalti“ nebude jen v oblasti délek, ale i v oblasti ¢ast. I ¢asu tu
bude kmitat na pojmech ,.tady* a ,,tam*... Pokud se pokusime umistit soufadnice na nase
potrubi, rychle ztrati vyznam. NaSe metrika se rozpousti v chaosu kvantové nejistoty. Proc
urychlovace ¢astic nemohou testovat kvantovou gravitaci. Ve snaze porozumét tomu, co se
dé&je na velmi malych vzdalenostech, sestrojili experimentalni fyzikové vykonné urychlovace
¢astic. Dnes miize Velky hadronovy urychlovaé v CERNu sondovat fyziku na 102" cm. Ale
abyste vidéli, co se d¢je na Planckové délce, potiebovali byste urychlovac¢ ¢astic 1 000
bilionkrat vykonngjsi — takovy, jaky je pfiblizné€ stejné velky jako celd nase galaxie - M1é€na
dréha. A 1 kdybychom jej dokézali postavit, kolize, které by vyvolal, by vloZily tolik energie
do tak mal¢ oblasti vesmiru, Ze by se oblast zhroutila do ¢erné diry. Jednoduse neexistuje
zadny operacni zpiisob, jak sondovat Casoprostor pod touto délkou. To naznacuje, Ze
casoprostor pod Planckovou délkou nemd vyznam. Existuje néco hlubSiho nez ¢asoprostor?
Tady se d¢je néco hlubsiho. Mizeme byt v pokuSeni zeptat se: Co kdyz casoprostor neni
zékladni vrstvou reality? Co kdyz existuje zasadnéjsi popis fyziky, ktery vytvaii to, co vypada
jako casoprostor? Hawking a Bekenstein objevili, ze ¢erné diry maji entropii V 70. letech
minulého stoleti Jacob Bekenstein a Stephen Hawking narazili na presvédcivé voditko o

(03)- the nature of quantum gravity. To appreciate the profound implications of what they
discovered, we need to first review the laws of thermodynamics and their origin in statistical
physics. Suppose you have a system with large numbers of atoms or molecules and
macroscopic properties, like temperature. The entropy of such a system measures the



number of different possible molecular arrangements, or microstates, that produce a
macroscopic system at this temperature. While using the equations of general relativity to
explore black holes, Bekenstein and Hawking discovered that black holes act as if they have
an entropy, and that quantum mechanics causes them to radiate particles in a particular way
that gives them a temperature. But black holes, like everything else, need to comply with the
laws of thermodynamics. So if black holes have an entropy, they must be made of more
primitive parts: quantum micro-states that can be thought of as the “atoms” of space-time.
Usually, the entropy of a system is related to its volume, because it depends on how many
ways you can arrange all the microstates inside. But Bekenstein and Hawking showed that
with black holes, something surprising happens:a black hole’s entropy is proportional to

its area — more specifically, the area of its event horizon, or boundary. It’s as if we can know
all of the possible microstates of a black hole’s interior structure just by counting the ways of
arranging things on its surface. But how could a surface know everything about an interior
volume? This strange finding is the best clue we have about the quantum nature of space-
time.

The holographic principle

If a 3D object like a black hole is best understood using only two dimensions, could the same
be true for the entire universe? In the 1990s, these questions coalesced into a compelling idea
called the holographic principle.The holographic principle says that space-time is like a
hologram “projected” from the information available on some lower-dimensional surface like
the boundary of the universe. On the holographic stage, the fabric of our reality — space-
time and gravity — actually emerges from a quantum description in a lower dimension. If the
holographic principle is true, the math describing gravity and the geometry of

spacetime should be equivalent to the math of quantum physics in a space of one fewer
dimension.

AdS/CFT duality

In the last few decades, physicists have searched for these mathematical equivalences with
the goal of creating a dictionary of physics that bridges the dual descriptions. The best
example so far is something called the AdS/CFT duality. This (CFT) is a well-understood
quantum theory known as a conformal field theory, or CFT. It has no gravity in it. Let’s
consider a CFT in two spatial dimensions, and of course time. This is a kind of space-time
permitted in general relativity known as anti—de Sitter space, or AdS. It has gravity. Let’s
consider an AdS space with three spatial dimensions, and time. The AdS/CFT duality is a
dictionary that relates the math of the two theories. You can use it to calculate anything in
one theory in the language of the other. We might describe this situation by saying that the
AdS spacetime is “emergent” from the CFT, because some of its dimensions appear out of
the dynamics of the lower-dimensional CFT.

Space-time may emerge from entanglement

But if space-time is emergent, what are the quantum processes that produce it? Here,
AdS/CFT gives us a compelling hint. The AdS space-time geometry, along with Einstein’s
equations of general relativity, emerge from entanglement — a sort of quantum inseparability
between the states of the particles of the CFT. The idea is that if two things are entangled in
one description, they become physically connected in the other. So, at the deepest level of
reality, it’s possible that quantum entanglement is knitting space-time together in this way,
giving rise to the geometry of the space-time manifold — and our universe. If space-time is
emergent in this way, entanglement doesn't happen in space-time-- entanglement CREATES
space-time. Below the Planck length, it’s entirely possible that the quantum



entanglement knitting spacetime fluctuates wildly. This would mean that things are
connecting and disconnecting all the time in such a way that distance as we understand it may
cease to exist. Maybe this is why we can’t measure distances below the Planck length.

The path to quantum gravity

The holographic principle is one place where we’ve made lots of progress toward a theory of
quantum gravity. There’s a catch, though. The AdS universe has a different space-time
geometry than our own. So while the AdS/CFT duality is remarkable in its own right, it’s not

(03)- povaze kvantové gravitace. Abychom ocenili hluboké dusledky toho, co objevili,
musime si nejprve prohlédnout zakony termodynamiky a jejich pivod ve statistické fyzice.
Ptedpokladejme, Ze mate systém s velkym poctem atomil nebo molekul a makroskopickymi
vlastnostmi, jako je teplota. Entropie takového systému méti pocet riiznych moznych
molekularnich uspofadéni nebo mikrostavi, které vytvareji makroskopicky systém pfi této
teploté. Pii pouziti rovnic obecné relativity k prizkumu ¢ernych dér Bekenstein a Hawking
zjistili, ze erné diry se chovaji, jako by mély entropii, a Ze kvantova mechanika zptsobuje, ze
vyzaiuji ¢astice zvlaStnim zplisobem, ktery jim dava teplotu. Ale ¢erné diry, stejné jako
vSechno ostatni, musi spliiovat zdkony termodynamiky. Pokud tedy maji cerné diry entropii,
musi se skladat z primitivnéjSich ¢asti: kvantovych mikrostavi, které 1ze povazovat za
»atomy* ¢asoprostoru. Entropie systému obvykle souvisi s jeho objemem, protoze zalezi na
tom, kolika zplisoby mlZete uvnitf uspotfadat vSechny mikrostavy. Bekenstein a Hawking
vSak ukézali, Ze s Cernymi dirami se stane néco prekvapivého: entropie ¢erné diry je imérna
jeji plose — konkrétnégji plose jejiho horizontu udalosti neboli hranice. Je to, jako bychom
mohli znat vS§echny mozné mikrostavy vnitini struktury ¢erné diry pouhym pocitdnim
zpusobu usporadani véci na jejim povrchu. Ale jak mohl povrch védét vechno o vnitfnim
objemu? Toto podivné zjiSténi je nejlepSim voditkem, které médme o kvantové povaze
casoprostoru. Holograficky princip Pokud je 3D objekt, jako je ¢erna dira, nejlépe
pochopitelny pouze pomoci dvou rozmérti, mohlo by totéz platit pro cely vesmir? V 90. letech
se tyto otazky spojily do presvéd¢ivé myslenky zvané holograficky princip. Holograficky
princip tika, Ze Casoprostor je jako hologram ,,promitnuty* z informaci dostupnych na
néjakém povrchu nizsi dimenze, jako je hranice vesmiru. Na holografickém jevisti se latka
nasi reality — Casoprostor a gravitace — ve skute¢nosti vynotuje z kvantového popisu v nizsi
dimenzi. Pokud je holograficky princip pravdivy, matematika popisujici gravitaci a geometrii
Casoprostoru by méla byt ekvivalentni matematice kvantové fyziky v prostoru o jednu
dimenzi méng.

Dualita AdS/CFT.

V poslednich n€kolika desetiletich fyzici hledali tyto matematické ekvivalence s cilem
vytvofit slovnik fyziky, ktery pieklenuje dudlni popisy. Zatim nejlep$im piikladem je néco, co
se nazyva dualita AdS/CFT. Toto (CFT) je dobie pochopena kvantova teorie, znama jako
konformni teorie pole nebo CFT. Nema v sobé Zadnou gravitaci. Uvazujme CFT ve dvou
prostorovych dimenzich a samoziejmé v Case. Toto je druh ¢asoprostoru povoleny v obecné
relativité znamy jako anti—de Sittertiv prostor nebo AdS. M4 gravitaci. Uvazujme reklamni
prostor se tfemi prostorovymi dimenzemi a ¢asem. Dualita AdS/CFT je slovnik, ktery spojuje
matematiku obou teorii. MliZete jej pouzit k vypoctu ¢ehokoli v jedné teorii v jazyce druhém.
Tuto situaci bychom mohli popsat tak, ze Casoprostor AdS je ,,emergentni* z CFT, protoze
nékteré jeho dimenze se objevuji mimo dynamiku CFT s nizsi dimenzi. Ze zapleteni se mize
vynofit ¢asoprostor. Ale, pokud se objevuje ¢asoprostor, jaké jsou kvantové procesy, které jej



produkuji? Zde nam AdS/CFT dava piesvédgivy tip. Casoprostorova geometrie AdS spolu s
Einsteinovymi rovnicemi obecné relativity vychazeji ze zapleteni — jakési kvantové
neoddélitelnosti mezi stavy ¢astic CFT. Myslenka je takova, ze pokud se dvé véci zapletou do
jednoho popisu, stanou se fyzicky propojeny v druhém. TakZe na nejhlubsi urovni reality je
mozné, ze kvantova provazanost spojuje ¢asoprostor timto zpiisobem a dava vzniknout
geometrii ¢asoprostorové rozmanitosti — a naSeho vesmiru. Zatim témto tvaham rozumim jen
,hapul“... Pokud se ¢asoprostor vynofi timto zptisobem, k zapleteni v ¢asoprostoru nedochézi
— zapleteni VYTVARI ¢asoprostor. Pod Planckovou délkou je zcela mozné, Ze kvantovy
propletenec pleteny casoprostor divoce kolisa. To by znamenalo, Ze se véci neustéale spojuji a
odpojuji takovym zptisobem, ze vzdalenost, jak ji chapeme, mize prestat existovat. Mozna to
je davod, pro¢ nemtizeme métit vzdalenosti pod Planckovou délkou. Cesta ke kvantové
gravitaci. Holograficky princip je jednim z mist, kde jsme udé€lali velky pokrok smérem k
teorii kvantové gravitace. M4 to vSak hacek. Vesmir AdS ma4 jinou geometrii ¢asoprostoru nez
ten nas. I kdyZ je tedy dualita AdS/CFT pozoruhodnd sama o sobg&, neni tomu tak

(04)- proof that we live on a holographic stage. Instead, you can think of it as a toy model of
how space-time can emerge from entanglement. To make further progress, we have to find a
way to extend these ideas to a model describing our universe with its particular geometry,
particles, and peculiarities, like dark energy. Ideally, we should also find a way to test the
holographic principle experimentally. That’s going to require creative new ideas. To me,
space and time are the two of the most fundamental concepts in all of science. The very
language we use to describe nature depends on them. So if space and time are emergent -- in
some sense "not really there," we have to figure out what replaces these concepts. This is the
exciting quest for the next generation. There is
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hardly anything deeper and more inspiring to work on than that.

(04)- dukaz, ze Zijeme na holografickém jevisti. Misto toho si to muZete piedstavit jako
model hracky, jak se Casoprostor mize vynoftit ze zapleteni. Abychom doséhli dalSiho
pokroku, musime najit zplisob, jak rozsifit tyto myslenky na model popisujici na$ vesmir s
jeho konkrétni geometrii, Casticemi a zvlastnostmi, jako je temnd energie. V idealnim piipadé
bychom také méli najit zpisob, jak experimentalné otestovat holograficky princip. To bude
vyzadovat nové kreativni napady. Pro mé jsou prostor a ¢as dva nejzékladné;jsi pojmy v celé
véde. Pro mé taky. Zavisi na nich samotny jazyk, ktery pouzivame k popisu piirody. TakZe
pokud se objevi prostor a ¢as — v ur€itém smyslu ,,tam ve skute¢nosti ne*, musime pfijit na to,
co tyto koncepty nahradi. Toto je vzruSujici patrani pro pfisti generaci. Existuje
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sotva néco hlubsiho a inspirativngjsiho k praci, nez toto.

http://www.hypothesis-of-universe.com/docs/aa/aa 371.pdf
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