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oo What Is Spacetime Really Made Of?

Spacetime may emerge from a more fundamental reality. Figuring out how could unlock the
most urgent goal in physics—a quantum theory of gravity
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(00)- Z ceho se Casoprostor skute¢né sklada?

Casoprostor se miize vynofit ze zasadn&ji reality. Zjistit, jak by bylo mozné odemknout
nejnaléhavéjsi cil ve fyzice — kvantovou teorii gravitace.
AUTOR Adam Becker je védeckym spisovatelem z Lawrence Berkeley National Laboratory
a autorem knihy Co je skutecné? o Spinavé, nevyicené historii kvantové fyziky. Jeho spisy se
objevily v New York Times, BBC a jinde. Ziskal titul Ph.D. v kosmologii z University of
Michigan. Kredit: Nick Higgins
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(01)- Natalie Paquette spends her time thinking about how to grow an extra dimension. Start
with little circles, scattered across every point in space and time—a curlicue dimension,
looped back onto itself. Then shrink those circles down, smaller and smaller, tightening the
loop, until a curious transformation occurs: the dimension stops seeming tiny and instead
becomes enormous, like when you realize something that looks small and nearby is actually
huge and distant. “We’re shrinking a spatial direction,” Paquette says. “But when we try to
shrink it past a certain point, a new, large spatial direction emerges instead.”

Paquette, a theoretical physicist at the University of Washington, is not alone in thinking
about this strange kind of dimensional transmutation. A growing number of physicists,
working in different areas of the discipline with different approaches, are increasingly
converging on a profound idea: space—and perhaps even time—is not fundamental. Instead
space and time may be emergent: they could arise from the structure and behavior of more
basic components of nature. At the deepest level of reality, questions like “Where?”” and
“When?” simply may not have answers at all. “We have a lot of hints from physics that
spacetime as we understand it isn’t the fundamental thing,” Paquette says.

These radical notions come from the latest twists in the century-long hunt for a theory of
quantum gravity. Physicists’ best theory of gravity is general relativity, Albert Einstein’s
famous conception of how matter warps space and time. Their best theory of everything else
is quantum physics, which is astonishingly accurate when it comes to the properties of matter,
energy and subatomic particles. Both theories have easily passed all the tests physicists have
been able to devise for the past century. Put them together, one might think, and you would
have a “theory of everything.”

But the two theories don’t play nicely. Ask general relativity what happens in the context of
quantum physics, and you’ll get contradictory answers, with untamed infinities breaking loose
across your calculations. Nature knows how to apply gravity in quantum contexts—it
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happened in the first moments of the big bang, and it still happens in the hearts of black
holes—but we humans are still struggling to understand how the trick is done. Part of the
problem lies in the ways the two theories deal with space and time. While quantum physics
treats space and time as immutable, general relativity warps them for breakfast.

Somehow a theory of quantum gravity would need to reconcile these ideas about space and
time. One way to do that would be to eliminate the problem at its source, spacetime itself, by
making space and time emerge from something more fundamental. In recent years several
different lines of inquiry have all suggested that, at the deepest level of reality, space and time
do not exist in the same way that they do in our everyday world. Over the past decade these
ideas have radically changed how physicists think about black holes. Now researchers are
using these concepts to elucidate the workings of something even more exotic: wormholes—
hypothetical tunnel-like connections between distant points in spacetime. These successes
have kept alive the hope of an even deeper breakthrough. If spacetime is emergent, then
figuring out where it comes from—and how it could arise from anything else—may just be
the missing key that finally unlocks the door to a theory of everything.

(01)- Natalie Paquette travi ¢as premyslenim o tom, jak ziskat dal$i dimenzi. Zaénéte s
malymi kruhy, rozptylenymi napti¢ kazdym bodem v prostoru a ¢ase — dimenzi kudrlinky,
ktera se vraci sama do sebe. Pak tyto kruhy zmensujte, zmensSujte a zmensujte, utahujte
smycku, dokud nenastane podivna transformace : dimenze se piestane zdat malink4 a misto
toho se stane obrovskou, jako kdyz si uvédomite, Ze néco, co vypada malé a pobliz, je ve
skute¢nosti obrovské a vzdalené. "ZmenSujeme prostorovy smér," iikd Paquette. "Ale kdyz
se to pokusime zmenSit za urcity bod, misto toho se objevi novy, velky prostorovy smér."
Paquette, teoreticky fyzik z Washingtonské univerzity, neni sam, kdo ptemysli o tomto
podivném druhu dimenzionalni transmutace. Rostouci pocet fyziki, kteti pracuji v riznych
oblastech discipliny s riznymi ptistupy, se stale vice pfiblizuje k hluboké myslence : prostor —
a mozna ani ¢as — nejsou zasadni. Misto toho se miize objevit prostor a ¢as : mohly by
vzniknout ze struktury a chovani vice zakladnich slozek pfirody. Na nejhlubsi urovni reality
jsou otazky jako ,,Kde?* a kdy?" prost¢ nemusi mit viilbec odpovédi. "Mame mnoho naznakt
z fyziky, Ze Casoprostor, jak jej chapeme, neni zékladni véci," fika Paquette. Tyto radikalni
nazory pochazeji z nejnovejsich zvratii ve stoleté honbé za teorii kvantové gravitace. Nejlepsi
teorii gravitace fyziki je obecna teorie relativity, slavnd koncepce Alberta Einsteina o tom,
jak hmota deformuje prostor a €as. Jejich nejlepsi teorii vSeho ostatniho je kvantova fyzika,
ktera je prekvapivé pfesnd, pokud jde o vlastnosti hmoty, energie a subatomarnich ¢astic. Obé
teorie snadno prosly vSemi testy, které byli fyzici schopni vymyslet za minul¢ stoleti. Dalo by
se dohromady, mohl by si myslet, a mé&li byste ,teorii vSeho*. Ale tyto dv¢ teorie nehraji
dobfe. Zeptejte se obecné teorie relativity, co se déje v kontextu kvantové fyziky, a dostanete
protichtidné odpovédi, pfi¢emz ve vaSich vypoctech se uvoliiuji nezkrotna nekonecna. Piiroda
vi, jak aplikovat gravitaci v kvantovych kontextech — stalo se to v prvnich okamzicich
velkého tiesku a stale se to déje v srdcich Cernych dér — ale my lidé se stale snazime pochopit,
jak se ten trik déla. Cast problému spo¢iva ve zptisobech, jak tyto dvé teorie nakladaji s
prostorem a ¢asem. Zatimco kvantova fyzika zachézi s prostorem a ¢asem jako s neménnymi,
obecna teorie relativity je u snidané zktivi. Néjakym zptisobem by teorie kvantové gravitace
potiebovala uvést tyto ptredstavy o prostoru a case do souladu. Jednim ze zpiisobtl, jak toho
dosahnout, by bylo odstranit problém u jeho zdroje, samotného Casoprostoru, tim, ze prostor a
¢as vzniknou z néceho zasadnéjsiho. V poslednich letech ne€kolik riznych sméri zkoumani
vSechny naznacovalo, Ze na nejhlubsi urovni reality prostor a ¢as neexistuji stejnym
zpusobem jako v naSem kazdodennim svété. Za poslednich deset let tyto myslenky radikalné
zménily zplsob, jakym fyzici pfemysleji o Cernych dirach. Nyni vyzkumnici pouZivaji tyto



koncepty k objasnéni fungovani néceho jesté exotictéjSiho: Cervich dér - hypotetickych
tunelovych spojeni mezi vzdalenymi body v ¢asoprostoru. Tyto Gispéchy udrzely pfi zivoté
nadé&ji na jesté hlubsi prialom. Pokud se ¢asoprostor vynofti, pak zjiSténi, odkud pochéazi — a jak
by mohl vzniknout z ¢ehokoli jiného — miize byt jen chybéjicim klicem, ktery kone¢né
odemkne dvete k teorii vSeho.

02- The World in a String Duet

Today the most popular candidate theory of quantum gravity among physicists is string
theory. According to this idea, its eponymous strings are the fundamental constituents of
matter and energy, giving rise to the myriad fundamental subatomic particles seen at particle
accelerators around the world. They are even responsible for gravity—a hypothetical particle
that carries the gravitational force, a “graviton,” is an inevitable consequence of the theory.
But string theory is difficult to understand—it lives in mathematical territory that has taken
physicists and mathematicians decades to explore. Much of the theory’s structure is still
uncharted, expeditions still planned and maps left to be made. Within this new realm, the
main technique for navigation is through mathematical dualities—correspondences between
one kind of system and another.

One example is the duality from the beginning of this article, between tiny dimensions and
big ones. Try to cram a dimension down into a little space, and string theory tells you that you
will end up with something mathematically identical to a world where that dimension is huge
instead. The two situations are the same, according to string theory—you can go back and
forth from one to the other freely and use techniques from one situation to understand how the
other one works. “If you carefully keep track of the fundamental building blocks of the
theory,” Paquette says, “you can naturally find sometimes that ... you might grow a new
spatial dimension.”

Credit: Elena Hartley

A similar duality suggests to many string theorists that space itself is emergent. The idea
began in 1997, when Juan Maldacena, a physicist at the Institute for Advanced Study,
uncovered a duality between a kind of well-understood quantum theory known as a conformal
field theory (CFT) and a special kind of spacetime from general relativity known as anti—de
Sitter space (AdS). The two seem to be wildly different theories—the CFT has no gravity in it
whatsoever, and the AdS space has all of Einstein’s theory of gravity thrown in. Yet the same
mathematics can describe both worlds. When it was discovered, this AdS/CFT
correspondence provided a tangible mathematical link between a quantum theory and a full
universe with gravity in it.

Curiously, the AdS space in the AdS/CFT correspondence had one more dimension in it than
the quantum CFT had. But physicists relished this mismatch because it was a fully worked-
out example of another kind of correspondence conceived a few years earlier, from physicists
Gerard ’t Hooft of Utrecht University in the Netherlands and Leonard Susskind of Stanford
University, known as the holographic principle. Based on some of the peculiar characteristics
of black holes, ’t Hooft and Susskind suspected that the properties of a region of space might
be fully “encoded” by its boundary. In other words, the two-dimensional surface of a black
hole would contain all the information needed to know what was in its three-dimensional
interior—like a hologram. “I think a lot of people thought we were nuts,” Susskind says.
“Two good physicists gone bad.”

Similarly, in the AdS/CFT correspondence, the four-dimensional CFT encodes everything
about the five-dimensional AdS space it is associated with. In this system, the entire region of
spacetime is built out of interactions between the components of the quantum system in the



conformal field theory. Maldacena likens this process to reading a novel. “If you are telling a
story in a book, there are the characters in the book that are doing something,” he says. “But
all there is is a line of text, right? What the characters are doing is inferred from this line of
text. The characters in the book would be like the bulk [AdS] theory. And the line of text is
the [CFT].”

But where does the space in the AdS space come from? If this space is emergent, what is it
emerging from? The answer is a special and strangely quantum kind of interaction in the CFT:
entanglement, a long-distance connection between objects, instantaneously correlating their
behavior in statistically improbable ways. Entanglement famously troubled Einstein, who
called it “spooky action at a distance.”

(02)- Svét ve smyCcovém duetu.

Dnes nejpopularnéjsi kandidatskou teorii kvantové gravitace mezi fyziky je teorie strun.
Podle této myslenky jsou jeho stejnojmenné struny zédkladnimi slozkami hmoty a energie,
které vedly ke vzniku nescetnych zakladnich subatomarnich ¢astic, které 1ze vidét na
urychlovacich ¢astic po celém svété. Jsou dokonce zodpovédné za gravitaci — hypoteticka
Castice, ktera prenasi gravitacni silu, ,,graviton®, je nevyhnutelnym dusledkem této teorie.
Teorii strun je ale t€zké porozumét — zije na matematickém uzemi, které fyzikiim a
matematiktim trvalo desetileti, nez je prozkoumali. Velka ¢ast struktury teorie je stale
nezmapovand, expedice jsou stale planované a zbyva vytvofit mapy. V této nové oblasti je
hlavni technika navigace prostfednictvim matematickych dualit — shody mezi jednim druhem
systému a druhym. Jednim z ptikladd je dualita ze zacatku tohoto ¢lanku, mezi malymi a
velkymi rozméry. Zkuste nacpat dimenzi do malého prostoru a teorie strun vam tekne, ze
skoncite s né¢im matematicky identickym se svétem, kde je tato dimenze misto toho
obrovska. Tyto dv¢ situace jsou podle teorie strun stejné — muzete se voln¢€ pohybovat tam a
zpét z jedné do druhé a pouzivat techniky z jedné situace, abyste pochopili, jak ta druha
funguje. ,,Pokud budete peclive sledovat zakladni stavebni kameny teorie,* fika Paquette,
,nEkdy piirozené zjistite, Ze... mizZete vyrist novy prostorovy rozmér.* Kredit: Elena Hartley
Podobna dualita naznacuje mnoha teoretikiim strun, Ze prostor sam o sobé vznika.Moje
myslenka je, ze se ,,rozbaluji“ kiivosti dimenzi, které byly po Ttesku ,,zmuchlané* do pény
Myslenka zacala v roce 1997, kdy Juan Maldacena, fyzik z Institutu pro pokrocila studia,
odhalil dualitu mezi jakousi dobfe chapanou kvantovou teorii zndmou jako konformni teorie
pole (CFT) a zvlastnim druhem casoprostoru ??? z obecné teorie relativity. jako anti—de
Sitteriv prostor (AdS). Zda se, Ze tyto dvé teorie jsou naprosto odlisné teorie — CFT v sobé
nema Zadnou gravitaci a prostor AdS obsahuje veSkerou Einsteinovu teorii gravitace. Presto
stejnd matematika miZe popsat oba svéty. Kdyz to bylo objeveno, tato korespondence
AdS/CFT poskytla hmatatelné matematické spojeni mezi kvantovou teorii a iplnym
vesmirem s gravitaci. Je zvlastni, Ze prostor AdS v korespondenci AdS/CFT mé¢l v sob¢ jeste
jeden rozmér, nez mél kvantovy CFT. Fyzikové si vSak tento nesoulad libovali, protoze to byl
plné propracovany piiklad jiného druhu korespondence vytvorené o nékolik let diive, od
fyzik Gerarda >t Hoofta z Utrechtské univerzity v Nizozemsku a Leonarda Susskinda ze
Stanfordské univerzity, znamé jako holograficky princip. Na zakladé nékterych zvlastnich
charakteristik ¢ernych dér méli ’t Hooft a Susskind podezieni, Ze vlastnosti oblasti vesmiru
mohou byt plné ,,zakodovany* jejimi hranicemi. Jinymi slovy, dvourozmérny povrch ¢erné
diry by obsahoval vSechny informace potiebné k tomu, abychom védéli, co je v jejim
trojrozmérném nitru — jako hologram. "Myslim, Ze mnoho lidi si myslelo, Ze jsme blazni,"
fika Susskind. "Dva dobfi fyzici se pokazili." Podobné v korespondenci AdS/CFT
ctyfrozmeérny CFT koduje vSe o pétirozmérném prostoru AdS, se kterym je spojen. V tomto
systému je cela oblast Casoprostoru postavena z interakci mezi slozkami kvantového systému



v konformni teorii pole. Maldacena tento proces pfirovnava ke ¢teni romanu. ,,Pokud v knize
vypravite ptibeh, jsou v knize postavy, které néco de€laji, fika. "Ale je tam jen fadek textu,
ze?" Co postavy délaji, je odvozeno z tohoto fadku textu. Postavy v knize by byly jako teorie
hromadné [AdS]. A tadek textu je [CFT].* Ale odkud pochézi prostor v prostoru AdS? Pokud
se tento prostor vynoiuje, z ¢eho se vynotuje? Odpovédi je zvlastni a podivne kvantovy druh
interakce v CFT: zapleteni, spojeni mezi objekty na velké vzdalenosti, okamzité korelujici
jejich chovani statisticky nepravdépodobnym zplisobem. Zapleteni skvéle znepokojovalo
Einsteina, ktery to nazval ,,straSidelnou akci na dalku®.

(03)- Will we ever know the real nature of space and time?

Yet despite its spookiness, entanglement is a core feature of quantum physics. When any two
objects interact in quantum mechanics, they generally become entangled and will stay
entangled so long as they remain isolated from the rest of the world—no matter how far apart
they may travel. In experiments, physicists have maintained entanglement between particles
more than 1,000 kilometers apart and even between particles on the ground and others sent to
orbiting satellites. In principle, two entangled particles could sustain their connection on
opposite sides of the galaxy or the universe. Distance simply does not seem to matter for
entanglement, a puzzle that has troubled many physicists for decades.

But if space is emergent, entanglement’s ability to persist over large distances might not be
terribly mysterious—after all, distance is a construct. According to studies of the AdS/CFT
correspondence by physicists Shinsei Ryu of Princeton University and Tadashi Takayanagi of
Kyoto University, entanglement is what produces distances in the AdS space in the first place.
Any two nearby regions of space on the AdS side of the duality correspond to two highly
entangled quantum components of the CFT. The more entangled they are, the closer together
the regions of space are.

In recent years physicists have come to suspect that this relation might apply to our universe
as well. “What is it that holds the space together and keeps it from falling apart into separate
subregions? The answer is the entanglement between two parts of space,” Susskind says. “The
continuity and the connectivity of space owes its existence to quantum-mechanical
entanglement.” Entanglement, then, may undergird the structure of space itself, forming the
warp and weft that give rise to the geometry of the world. “If you could somehow destroy the
entanglement between two parts [of space], the space would fall apart,” Susskind says. “It
would do the opposite of emerging. It would dis-emerge.”

If space is made of entanglement, then the puzzle of quantum gravity seems much easier to
solve: instead of trying to account for the warping of space in a quantum way, space itself
emerges out of a fundamentally quantum phenomenon. Susskind suspects this is why a theory
of quantum gravity has been so difficult to find in the first place. “I think the reason it never
worked very well is because it started with a picture of two different things, [general
relativity] and quantum mechanics, and put them together,” he says. “And I think the point is
really that they’re much too closely related to pull apart and then put back together again.
There’s no such thing as gravity without quantum mechanics.”

Yet accounting for emergent space is only half the job. With space and time so intimately
linked in relativity, any account of how space emerges must also explain time. “Time must
also emerge somehow,” says Mark van Raamsdonk, a physicist at the University of British
Columbia and a pioneer in the connection between entanglement and spacetime. “But this is
not well understood and is an active area of research.”

Another active area, he says, is using models of emergent spacetime to understand
wormholes. Previously many physicists had believed that sending objects through a wormhole
was impossible, even in theory. But in the past few years physicists working on the AdS/CFT



correspondence and similar models have found new ways to construct wormholes. “We don’t
know if we could do that in our universe,” van Raamsdonk says. “But what we now know is
that certain kinds of traversable wormholes are theoretically possible.” Two papers—one in
2016 and one in 2018—Ied to an ongoing flurry of work in the area. But even if traversable
wormholes could be built, they would not be much use for space travel. As Susskind points
out, “you can’t go through that wormhole faster than it would take for [light] to go the long
way around.”

(03)- Pozname né¢kdy skute¢nou povahu prostoru a casu?

Navzdory své strasidelnosti je zapleteni zakladnim rysem kvantové fyziky. Kdyz jakékoli
dva objekty interaguji v kvantové mechanice, obvykle se zapletou a zlistanou zapletené tak
dlouho, dokud ztistanou izolované od zbytku svéta — bez ohledu na to, jak daleko od sebe
mohou cestovat. V experimentech fyzici udrzovali propleteni mezi ¢asticemi vzdalenymi od
sebe vice nez 1000 kilometrti a dokonce 1 mezi ¢asticemi na zemi a ostatnimi ¢asticemi
vysilanymi na obihajici satelity. V zasad¢é by dvé propletené ¢astice mohly udrzet své spojeni
na opacnych strandch galaxie nebo vesmiru. Zda se, Ze vzdalenost prosté nehraje roli pro
zapleteni, hadanku, kterd trapi mnoho fyzika po cela desetileti. Ale pokud se objevi prostor,
schopnost zapleteni pretrvavat na velké vzdalenosti nemusi byt pfili§ zdhadna — koneckoncti
vzdalenost je konstrukt. Podle studii korespondence AdS/CFT fyzikti Shinsei Ryu z
Princetonské univerzity a Tadashi Takayanagiho z Kjotské univerzity
takayana@yukawa.kyoto-u.ac.jp je zapleteni to, co v prvé fadé vytvari vzdalenosti v
prostoru AdS. Jakékoli dvé blizké oblasti prostoru na strané AdS duality odpovidaji dvéma
vysoce provazanym kvantovym slozkam CFT. Cim vice jsou propletené, tim blize k sobé jsou
oblasti vesmiru. V poslednich letech fyzici ptisli k podezieni, Ze tento vztah by mohl platit i
pro nas vesmir. ,,Co drzi prostor pohromadé¢ a brani tomu, aby se rozpadl na samostatné
podoblasti? Odpovédi je propletenec mezi dvéma ¢astmi vesmiru,* fika Susskind. "Kontinuita
a konektivita vesmiru vdéci za svou existenci kvantové-mechanickému zapleteni." Zapleteni
tedy mlZe podepfit strukturu samotného prostoru a vytvofit osnovu a ttek, které davaji
vzniknout geometrii svéta. ,,Pokud byste mohli néjakym zptisobem znicit propletenec mezi
dvéma ¢astmi [vesmiru], prostor by se rozpadl,* fika Susskind. "Udé&lalo by to opak
vynofeni." Vynofilo by se to." Pokud se prostor sklada ze zapleteni, pak se zda, Ze je mnohem
snazs$i vyfesit hadanku kvantové gravitace: misto toho, abychom se snazili vysvétlit deformaci
prostoru kvantovym zpiisobem, prostor samotny se vynofi z principialné kvantového jevu.
Susskind se domniva, Ze prave to je diivod, pro¢ bylo tak obtiZzné najit teorii kvantové
gravitace. "Myslim, Ze diivod, pro¢ to nikdy nefungovalo dobfe, je ten, Ze to zac¢alo obrazem
dvou rliznych véci, [obecna teorie relativity] a kvantové mechaniky, a dal je dohromady,"
fik4. "A myslim, ze jde o to, Ze jsou opravdu pfili§ pfibuzni na to, aby se roztrhli a pak zase
dali dohromady." Neexistuje nic takového jako gravitace bez kvantové mechaniky." Uétovani
o naléhavém prostoru je vSak jen polovinou prace. Vzhledem k tomu, Ze prostor a ¢as jsou tak
uzce spjaty v relativité, jakykoli popis toho, jak prostor vznikd, musi také vysvétlovat Cas.
,,Cas se také musi néjak objevit,” fika Mark van Raamsdonk, mav@phas.ubc.ca fyzik z
University of British Columbia a prikopnik ve spojeni mezi propletenim a ¢asoprostorem.
"Ale toto neni dobie pochopeno a je to aktivni oblast vyzkumu." Dalsi aktivni oblasti, fika, je
pouzivani modelll vznikajiciho ¢asoprostoru k pochopeni ¢ervich dér. Diive mnoho fyzikt
vétilo, Ze posilani objektl ervi dirou je nemozné, dokonce i teoreticky. Ale v poslednich
nékolika letech fyzici pracujici na korespondenci AdS/CFT a podobnych modelech nasli nové
zpusoby, jak konstruovat Cervi diry. "Nevime, jestli bychom to dokdzali v naS§em vesmiru,"
fika van Raamsdonk. "Nyni vSak vime, Ze urcité druhy prichodnych Cervich dér jsou
teoreticky mozné." Dva dokumenty — jeden v roce 2016 a jeden v roce 2018 — vedly k
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pokracujicimu piivalu prace v této oblasti. Ale i kdyby se daly vybudovat pruchodné ¢ervi
diry, nebyly by pro cestovani vesmirem pfili§ pouzitelné. Jak zdaraziuje Susskind, ,,nemizete
projit tou Cervi dirou rychleji, nez by bylo zapottebi, aby [svétlo] obeslo dlouhou cestu
kolem."

04)- Space to Think

If the string theorists are correct, then space is built from quantum entanglement, and time
might be as well. But what would that really mean? How can space be “made of”
entanglement between objects unless those objects are themselves somewhere? How can
those objects become entangled unless they experience time and change? And what kind of
existence could things have without inhabiting a true space and time?

These are questions verging on philosophy—and indeed, philosophers of physics are taking
them seriously. “How the hell could spacetime be the kind of thing that could be emergent?”
asks Eleanor Knox, a philosopher of physics at King’s College London. Intuitively, she says,
that seems impossible. But Knox doesn’t think that is a problem. “Our intuitions are terrible
sometimes,” she says. They “evolved on the African savanna interacting with macro objects
and macro fluids and biological animals” and tend not to transfer to the world of quantum
mechanics. When it comes to quantum gravity, “ ‘Where’s the stuff?” and ‘Where does it
live?’ aren’t the right questions to be asking,” Knox concludes.

It is certainly true that objects live in places in everyday life. But as Knox and many others
point out, that does not mean that space and time have to be fundamental—just that they have
to reliably emerge from whatever is fundamental. Consider a liquid, says Christian Wiithrich,
a philosopher of physics at the University of Geneva. “Ultimately it’s elementary particles,
like electrons and protons and neutrons or, even more fundamental, quarks and leptons. Do
quarks and leptons have liquid properties? That just doesn’t make sense, right?...
Nevertheless, when these fundamental particles come together in sufficient numbers and show
a certain behavior together, collective behavior, then they will act in a way that is like a
liquid.”

Space and time, Wiithrich says, could work the same way in string theory and other theories
of quantum gravity. Specifically, spacetime might emerge from the materials we usually think
of as living in the universe—matter and energy itself. “It’s not [that] we first have space and
time and then we add in some matter,” Wiithrich says. “Rather something material may be a
necessary condition for there to be space and time. That’s still a very close connection, but it’s
just the other way from what you might have thought originally.”

But there are other ways to interpret the latest findings. The AdS/CFT correspondence is often
seen as an example of how spacetime might emerge from a quantum system, but that might
not actually be what it shows, according to Alyssa Ney, a philosopher of physics at the
University of California, Davis. “AdS/CFT gives you this ability to provide a translation
manual between facts about the spacetime and facts of the quantum theory,” Ney says.
“That’s compatible with the claim that spacetime is emergent, and some quantum theory is
fundamental.” But the reverse is also true, she says. The correspondence could mean that
quantum theory is emergent and spacetime is fundamental—or that neither is fundamental and
that there is some even deeper fundamental theory out there. Emergence is a strong claim to
make, Ney says, and she is open to the possibility that it is true. “But at least just looking at
AdS/CFT, I’m still not seeing a clear argument for emergence.”

An arguably bigger challenge to the string theory picture of emergent spacetime is hidden in
plain sight, right in the name of the AdS/CFT correspondence itself. “We don’t live in anti—de
Sitter space,” Susskind says. “We live in something much closer to de Sitter space.” De Sitter
space describes an accelerating and expanding universe much like our own. “We haven’t got



the vaguest idea how [holography] applies there,” Susskind concludes. Figuring out how to
set up this kind of correspondence for a space that more closely resembles the actual universe
is one of the most pressing problems for string theorists. “I think we’re going to be able to
understand better how to get into a cosmological version of this,” van Raamsdonk says.
Finally, there is the news—or lack thereof—from the latest particle accelerators, which have
not found any evidence for the extra particles predicted by supersymmetry, an idea that string
theory relies on. Supersymmetry dictates that all known particles would have their own
“superpartners,” doubling the number of fundamental particles. But CERN’s Large Hadron
Collider near Geneva, designed in part to search for superpartners, has seen no sign of them.
“All of the really precise versions of [emergent spacetime] that we have are in
supersymmetric theories,” Susskind says. “Once you don’t have supersymmetry, the ability to
mathematically follow the equations just evaporates out of your hands.”

(04)- Prostor k zamySleni

Pokud maji teoretici strun pravdu, pak je prostor vytvotren z kvantového zapleteni ceho
s ¢im ? a ¢as mlZe byt také. Zapleten ? Ale co by to ve skutecnosti znamenalo? Jak 1ze
prostor ,,vytvorfit* ze zapleteni mezi objekty, pokud tyto objekty samy n€kde nejsou? Ha-ha
Jak se mohou tyto objekty zamotat, pokud nezaziji ¢as a zménu? Ha-ha A jaky druh existence
by véci mohly mit, aniz by obyvaly skute¢ny prostor a ¢as? To jsou otdzky hrani¢ici s filozofii
— a filozofové fyziky je skute¢né berou vazné. To chce studovat HDV "Jak sakra mohl byt
Casoprostor tim druhem véci, které se mohou vynoftit?" pta se Eleanor Knoxova,
eleanor.knox(@kcl.ac.uk filozofka fyziky z King’s College London. Intuitivné se to podle ni
zda nemozné. Ale Knox si nemysli, ze to je problém. "Nase intuice jsou nékdy hrozné," tika.
,»Vyvinuli se na africké savané pfi interakci s makro objekty a makro tekutinami a
biologickymi zvifaty a nemaji tendenci se prenaset do svéta kvantové mechaniky. Pokud jde
o kvantovou gravitaci, ,,Kde jsou ty véci?* a ,,Kde to zije?* nejsou ty spravné otazky,” uzavira
Knox. Urcité plati, ze predméty ziji na mistech v kazdodennim zivoté. Ale jak zdlraziuje
Knox a mnoho dalsich, neznamena to, Ze prostor a ¢as musi byt zakladni — jen musi
spolehliveé vychazet z ¢ehokoli, co je zakladni. Omyl, zasadni omyl.Vezméme si kapalinu,
ik Christian Wiithrich, filozof fyziky na univerzité v Zenevé. .,V koneéném dasledku jsou
to elementarni ¢astice, jako jsou elektrony a protony a neutrony nebo jesté zasadnéjsi kvarky a
leptony. Maji kvarky a leptony kapalné vlastnosti? To prosté nedava smysl, Ze?... Nicméné
kdyz se tyto zakladni Castice sejdou v dostate¢ném poctu a projevi spolecné chovani,
kolektivni chovani, budou se chovat zpisobem, ktery je jako kapalina.* Prostor a ¢as, fika
Wiithrich, by mohly fungovat stejnym zptsobem v teorii strun a dalSich teoriich kvantové
gravitace. Konkrétné se Casoprostor miiZze objevit z materiald, o kterych si obvykle myslime,
Ze 7ziji ve vesmiru — hmoty a energie samotné. Zasadni omyl. Hmota je konstruovana
z ¢asoprostoru, nikoliv naopak."Neni to tak, Ze nejprve mame prostor a ¢as a pak pridame
n¢jakou hmotu," fika Wiithrich. Ne, nejprve mame casoprostor a z néj pak vyrobime hmotu.
,INéco hmotného miize byt spise nezbytnou podminkou pro existenci prostoru a casu. To je
stale velmi izké spojeni, ale je to jen jina cesta, nez jste si pivodné mysleli." Ale existuji 1
jiné zpisoby, jak interpretovat nejnovejsi poznatky. Korespondence AdS/CFT je Casto
povazovana za piiklad toho, jak by se Casoprostor mohl vynofit z kvantového systému, ale
podle Alyssy Ney, aney(@ucdavis.edu filozofky fyziky na University of California, Davis, to
ve skutecnosti nemusi byt to, co ukazuje. ,,AdS/CFT vam dédva moznost poskytnout
prekladovy manudl mezi fakty o ¢asoprostoru a fakty kvantové teorie, fikd Ney. "To je v
souladu s tvrzenim, Ze Casoprostor vznika a néjakd kvantova teorie je zasadni." Ale opak je
pravdou, fik4. Tato korespondence by mohla znamenat, Ze kvantova teorie vzniké a
prostorocas je fundamentalni — nebo Ze ani jedno neni fundamentélni a ze existuje jesté hlubsi
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fundamentalni teorie. HDV Emergence je silné tvrzeni, fika Ney, a je oteviend moznosti, ze je
to pravda. "Ale alespon pfi pohledu na AdS/CFT stale nevidim jasny argument pro vznik."
Pravdépodobné vétsi vyzva pro obraz teorie strun vznikajiciho ¢asoprostoru je skryta na
ocich, pfimo ve jménu samotné korespondence AdS/CFT. "Nezijeme v anti-de Sitterove
prostoru," fik4 Susskind. "Zijeme v né¢em mnohem bliz§im de Sitterové prostoru." De
Sittertiv prostor popisuje zrychlujici se a rozpinajici se vesmir podobné¢ jako ten nas.
,Nemame ani tu nejmlhavéjsi predstavu, jak tam [holografie] plati,” uzavira Susskind. Zjistit,
jak nastavit tento druh korespondence pro prostor, ktery se vice podoba skute¢nému vesmiru,
je jednim z nejnaléhavéjsich problémi pro teoretiky strun. ,,Myslim, ze budeme schopni 1épe
porozumét tomu, jak se dostat do kosmologické verze tohoto, fikd van Raamsdonk. Kone¢né
jsou tu zpravy — nebo jejich nedostatek — z nejnovéjSich urychlovacu ¢astic, které nenasly
zadné diikazy pro dalsi ¢astice predpovidané supersymetrii, coz je myslenka, o kterou se opira
teorie strun. Supersymetrie diktuje, ze vSechny znamé ¢astice budou mit své vlastni
,superpartnery*, ¢imz se zdvojnasobi pocet zakladnich castic. Ale velky hadronovy
urychlovaé CERNu pobliz Zenevy, z&asti uréeny k hledani superpartnerti, po nich
nezaznamenal zadnou stopu. ,,VSechny skute¢né piesné verze [vznikajiciho ¢asoprostoru],
které mame, jsou v supersymetrickych teoriich,* fika Susskind. "Jakmile nemate
supersymetrii, schopnost matematicky sledovat rovnice se vam prosté vypati z rukou."

05- Atoms of Spacetime

String theory is not the only idea that suggests spacetime is emergent. String theory has
“failed to live up to [its] promise as a way to unite gravity and quantum mechanics,” says
Abhay Ashtekar, a physicist at Pennsylvania State University. “The power of string theory
now is in providing an extremely rich set of tools, which has been used widely across the
whole spectrum of physics.” Ashtekar is one of the original pioneers of the most popular
alternative to string theory, known as loop quantum gravity. In loop quantum gravity, space
and time are not smooth and continuous the way they are in general relativity—instead they
are made of discrete components, what Ashtekar calls “chunks or atoms of spacetime.”

These atoms of spacetime are connected in a network, with one- and two-dimensional
surfaces joining them together into what practitioners of loop quantum gravity call a spin
foam. And despite that foam being limited to two dimensions, it gives rise to our four-
dimensional world, with three dimensions of space and one of time. Ashtekar likens it to a
piece of clothing. “If you look at your shirt, it looks like a two-dimensional surface,” he says.
“If you just take a magnifying glass, you will immediately see that it’s all one-dimensional
threads. It’s just that those threads are so densely packed that for all practical purposes, you
can think of the shirt as being a two-dimensional surface. So, similarly, the space around us
looks like a three-dimensional continuum. But there is really a crisscross by these [atoms of
spacetime].”

Although string theory and loop quantum gravity both suggest that spacetime is emergent, the
kind of emergence is different in the two theories. String theory suggests that spacetime (or at
least space) emerges from the behavior of a seemingly unrelated system, in the form of
entanglement. Think of how traffic jams emerge from the collective decisions of individual
drivers. The cars are not made of traffic—the cars make the traffic. In loop quantum gravity,
on the other hand, the emergence of spacetime is more like a sloping sand dune emerging
from the collective motion of sand grains in wind. The smooth familiar spacetime comes from
the collective behavior of tiny “grains” of spacetime; like the dunes, the grains are still sand,
even though the chunky crystalline grains do not look or act like the undulating dunes.
Despite these differences, both loop quantum gravity and string theory suggest spacetime
emerges from some underlying reality. Nor are they the only proposed theories of quantum
gravity that point in this direction. Causal set theory, another contender for a theory of



quantum gravity, posits that space and time are made of more fundamental components as
well. “It’s really striking that for most of the plausible theories of quantum gravity that we
have, in some sense their message is, yeah, general relativistic spacetime isn’t in there at the
fundamental level,” Knox says. “People get very excited when different theories of quantum
gravity agree on at least something.”

The Future of Space at the Edge of Time

Modern physics is a victim of its own success. Because quantum physics and general
relativity are both so phenomenally accurate, quantum gravity is needed only to describe
extreme situations, when enormous masses are stuffed into unfathomably tiny spaces. Those
conditions exist in only a few places in nature, such as the center of a black hole—and notably
not in physics laboratories, not even the largest and most powerful ones. It would take a
particle accelerator the size of a galaxy to directly test the behavior of nature under conditions
where quantum gravity reigns. This lack of direct experimental data is a large part of the
reason why scientists’ search for a theory of quantum gravity has been so long.
(05)- Atomy casoprostoru

Teorie strun neni jedinou myslenkou, kterd naznacuje, ze se objevuje Casoprostor. Teorie
strun ,,nedostala svému slibu, jak sjednotit gravitaci a kvantovou mechaniku,* fika Abhay
Ashtekar, fyzik z Pennsylvania State University. "Sila teorie strun je nyni v poskytovani
extrémngé bohaté sady nastroji, které byly Siroce pouzivany v celém spektru fyziky." Ashtekar
je jednim z ptivodnich pritkopnikl nejpopuldrngjsi alternativy k teorii strun, znamé jako
smyckova kvantova gravitace. Ve smyckové kvantové gravitaci nejsou prostor a ¢as plynulé a
spojité, jako je tomu v obecné relativité¢ — misto toho jsou vyrobeny z diskrétnich komponent,
a ty ,,komponenty* jsou co ? z ¢eho ? které Ashtekar nazyva , kousky nebo atomy
casoprostoru‘. Tyto atomy ¢asoprostoru jsou propojeny Vv siti, s jedno- a dvourozmérnymi
povrchy, které je spojuji do toho, co praktikujici smyckové kvantové gravitace nazyvaji
spinovou pénou. Balickovani dimenzi délek a casti A prestoze je tato péna omezena na dva
rozméry, dava vzniknout nasemu Ctyirozmérnému svétu se tfemi rozméry prostoru a jednim
rozmerem casu. Péna ¢p bude 3+3dimenzionalni a ony projevy ,,kvantovani* jsou svou
podstatou prave témi ,,balicky* co se budou presentovat svymi vlastnostmi a chovanim jako
elementarni castice hmoty. Ashtekar to pfirovnava ke kusu obleceni. ,,KdyZ se podivate na
svou kosili, vypadd jako dvourozmérny povrch,* fika. ,,Kdyz si vezmete lupu, okamzité
uvidite, Ze jsou to vSechno jednorozmérné vldkna. Jde jen o to, Ze tyto nité jsou tak husté
nacpané, ze pro vSechny praktické ucely si miizete kosili predstavit jako dvourozmérny
povrch. Podobné prostor kolem nas vypada jako trojrozmérné kontinuum. Ale tyto [atomy
casoprostoru] jsou skutecné kiizovany.*“ Ackoli teorie strun a smyckova kvantova gravitace
naznacuje, kazda teorie néco naznacuje, to neni vysada strunové teorie , a rozhodné uz né ten
vymysl se strunami z Niceho. Ze ¢asoprostor (nebo alesponi prostor) vznika z chovani zdanlivé
nesouvisejiciho systému ve formé zapleteni. Nesmysl. Pfemyslejte o tom, jak dopravni zacpy
vznikaji z kolektivnich rozhodnuti jednotlivych fidi¢h. Auta nejsou vyrobena z provozu — auta
vytvareji provoz. A proto ¢asoprostor neni vytvoren-vyroben z n¢jakého ,,zapeteni* ( ¢astic
hmotovych ), ale naopak : hmota je vyrobena ,,zapletenim* dimenzi ¢p. Na druhé stran€ ve
smyckové kvantové gravitaci je vznik casoprostoru spiSe jako svazujici se pise€na duna
vynoiujici se z kolektivniho pohybu zrnek pisku ve vétru. Nesmysl. Hladky znamy
Casoprostor pochazi z kolektivniho chovéani drobnych ,,zrnek* casoprostoru to jsou chybné
formulované koncepce. Samoziejmé, Ze hladké hladina mofe vidéna z letadla jako hladka je
siln€ zvInéna vidéni z blizkosti hladiny. Hladkost ,,nevznika“ ze zrnek ...!! Pro¢ by méla ? co
je to za blbost ?! http://www.hypothesis-of-universe.com/docs/c/c_425.jpg ;
http://www.hypothesis-of-universe.com/docs/c/c_418.jpg ; http://www.hypothesis-of-
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stejné jako duny jsou zrna stale piskem, i kdyz mohutna krystalickd zrna nevypadaji ani se
nechovaji jako zvinéné duny. Navzdory témto rozdiliim, jak smyckova kvantova gravitace,
tak teorie strun naznacuji, Ze prostorocas se vynoruje z néjakeé zakladni reality. To je chybna
uvaha, spis nesmysl. Naopak Casoprostor je ona zékladni realita a z ni se nasledn¢ realizuje-
vznikd hmota. Nejsou to ani jediné navrhované teorie kvantové gravitace, které ukazuji timto
smerem. Teorie kauzalnich mnozin, dalsi uchazec o teorii kvantové gravitace, predpoklada, ze
prostor a ¢as se také skladaji ze zakladnich slozek. Jakych, podle vas ? "Je opravdu zardzejici,
ze pro vétSinu vérohodnych teorii kvantové gravitace, které mame, v ur¢itém smyslu jejich
poselstvi zni, ano, obecny relativisticky prostoroc¢as tam na zakladni urovni neni," fika Knox.
"Lid¢ jsou velmi nadSeni, kdyz se rtizné teorie kvantové gravitace shodnou alespon na
nécem." Budoucnost vesmiru na hranici ¢asu Moderni fyzika je obéti vlastniho tispéchu.
Protoze kvantova fyzika a obecna teorie relativity jsou tak fenomenalné presné, je kvantova
gravitace potfebna pouze k popisu extrémnich situaci, kdy jsou obrovské masy nacpané do
neuveétitelné malych prostort. Tyto podminky existuji jen na né€kolika mistech v ptirodé, jako
je centrum Cerné diry — a zvIasté ne ve fyzikalnich laboratotich, dokonce ani v téch nejvétsich
a nejvykonnéjsich. K pfimému testovani chovani ptirody v podminkach, kde vladne kvantova
gravitace, by byl zapotiebi urychlovac ¢astic velikosti galaxie. Tento nedostatek pfimych

experimentalnich dat je velkou ¢asti diivodu, pro¢ védci hledali teorii kvantové gravitace tak
dlouho.

(06)- Faced with the lack of evidence, most physicists have pinned their hopes on the sky. In
the earliest moments of the big bang, the entire universe was phenomenally small and dense—
a situation that calls for quantum gravity to describe it. And echoes of that era may remain in
the sky today. “I think our best bet [for testing quantum gravity] is through cosmology,”
Maldacena says. “Maybe something in cosmology that we now think is unpredictable, that
maybe can be predicted once we understand the full theory, or some new thing that we didn’t
even think about.”

Laboratory experiments may come in handy, however, for testing string theory, at least
indirectly. Scientists hope to study the AdS/CFT correspondence not by probing spacetime
but by building highly entangled systems of atoms and seeing whether an analogue to
spacetime and gravity shows up in their behavior. Such experiments might “have some
features of gravity, though, perhaps not all the features,” Maldacena says. “It also depends on
exactly what you call gravity.”

Will we ever know the real nature of space and time? The observational data from the skies
may not be forthcoming any time soon. The lab experiments could be a bust. And as
philosophers know well, questions about the true nature of space and time are very old indeed.
What exists “is now all together, one, continuous,” said the philosopher Parmenides 2,500
years ago. “All is full of what is.” Parmenides insisted that time and change were illusions,
that everything everywhere was one and the same. His pupil Zeno created famous paradoxes
to prove his teacher’s point, purporting to show that motion over any distance was impossible.
Their work raised the question of whether time and space are somehow illusory, an unsettling
prospect that has haunted Western philosophy for over two millennia.

“The fact that the ancient Greeks asked things like, “What is space?’ ‘“What is time?’ ‘What is
change?’ and that we still ask versions of these questions today means that they were the right
questions to ask,” Wiithrich says. “It’s by thinking about these kinds of questions that we have
learned a lot about physics.”
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(06)- Tvari v tvar nedostatku diikazi vétSina fyziki upina své nadéje k nebi. V nejranéjSich
okamzicich velkého tfesku byl cely vesmir fenomenalné maly a husty — situace, ktera
vyzaduje kvantovou gravitaci, aby to popsala. A ozvény t¢ doby mohou na obloze zistat i
dnes. "Myslim, Ze nase nejlepsi feseni [pro testovani kvantové gravitace] je prosttednictvim
kosmologie, " fika Maldacena. "Mozna néco v kosmologii, o ¢em si nyni myslime, ze je
nepiedvidatelné, co mozna Ize predpovédet, jakmile pochopime celou teorii, nebo néjakou
novou vec, o které jsme ani nepifemysleli." Laboratorni experimenty se vSak mohou hodit pro
testovani teorie strun, alespon nepiimo. Védci doufaji, ze prostuduji korespondenci AdS/CFT
nikoli sondovénim Casoprostoru, ale budovanim vysoce propletenych systému atomu a
sledovanim, zda se v jejich chovani projevi analogie ¢asoprostoru a gravitace. Takové
experimenty mohou mit ,,nékteré rysy gravitace, ale mozna ne vSechny, fikd Maldacena.
"Zalezi také na tom, ¢emu presné tfikate gravitace." Pozname n¢kdy skute¢nou povahu
prostoru a ¢asu? Udaje z pozorovani z oblohy nemusi byt v dohledné dobé k dispozici.
Laboratorni experimenty by mohly zkrachovat. A jak filozofové dobfe védi, otazky o
skute¢né povaze prostoru a ¢asu jsou skute¢né velmi staré. To, co existuje, ,,je nyni vSe
pohromadg, jedno, spojité*, fekl filozof Parmenides pted 2500 lety. "VSechno je plné toho, co
je." Parmenides trval na tom, ze €as a zména jsou iluze, Ze v§echno vSude je jedno a totéz.
Jeho zak Zeno vytvofil slavné paradoxy, aby dokazal nazor svého ucitele a chtél ukazat, ze
pohyb na jakoukoli vzdalenost je nemoZny. Jejich prace nastolila otdzku, zda jsou ¢as a
prostor né&jak iluzorni, znepokojujici vyhlidka, ktera pronasleduje zapadni filozofii jiz vice nez
dvé tisicileti. ,,Skutenost, Ze se stafi Rekové ptali na véci jako: ,Co je prostor?* ,Co je ¢as?
,Co je to zmeéna?‘ a ze si dnes stale klademe verze téchto otdzek, znamena, ze to byly spravné
otazky, fikd Wiithrich. "Pfemyslenim o téchto typech otdzek jsme se toho o fyzice hodné
naudili."
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