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(01)- It’s time we talked about loop quantum gravity. What exactly is it? What are the loops?
And can it really defeat string theory in our quest for a Theory of Everything? The holy grail
of physics is to connect our understanding of the tiny scales of atoms and subatomic particles
with that of the vast scales of planets, galaxies, and the entire universe. To connect quantum
physics with Einstein’s general theory of relativity. Our search for a theory of quantum
gravity is a century old, and we’ve talked about it quite a bit already, including what’s
probably the lead contender - string theory. But string theory isn’t the only game in town - or
so some physicists believe. There may be another way to reconcile the physics of the tiny and
the gigantic - another way to a theory of quantum gravity that avoids a lot of conceptual
baggage like tiny wiggling strings made of coiled up extra dimensions. That other way would
be loop quantum gravity, and today we’re going to find out exactly what it is. Back in the day
we talked about why combining quantum mechanics with general relativity was so hard. For
example, there’s the fact that general relativity - or perhaps quantum mechanics breaks down
when we think about the extreme densities of the black hole or the big bang singularities. But



there are more fundamental conflicts: namely, background independence and the problem of
time. Now, I’ll mention the problem of time briefly in a little bit, but the real focus is going to
be on this background independence thing because this is what really inspired the invention of
loop quantum gravity. So what is it? Quantum mechanics, and indeed most theories in
physics, involve a set of equations describing how stuff moves around, exerts force, etc. on
some background coordinate system. Like actors on a stage, where the actors are particles and
wavefunctions and fields and the stage is the coordinates of space and time. In quantum
mechanics that stage is flat and static and isn’t influenced by the actors. It requires some giant
hacks to even attempt regular quantum calculations in a non-flat geometry. In short: quantum
mechanics is NOT background independent. General relativity, on the other hand, has to be
background independent - because that’s what its equations do - they change the background.
They describe how the presence of mass and energy warp the fabric of spacetime. Our
background coordinate system itself becomes a dynamic entity. More precisely, the metric -
the object encapsulating the geometry and causal structure of spacetime - evolves in the
equations of GR. So those equations need to work regardless of that background. In string
theory, a type of background independence emerges in an abstract space of moving strings
3:01

and with that comes a gravitational field. But for that to work first you need those strings to
exist - and we don’t know if they do. Loop quantum gravity tries to quantize general relativity
with no strings attached, while preserving the background independence already inherent to
GR. But why is quantizing general relativity so difficult in the first place? The challenge
really gets us to the fundamentals of what a quantum theory actually is. So just quickly, let’s
review all of quantum mechanics. In classical physics, we have variables like position, time,
momentum, energy - mathematical expressions that represent the observable properties of the
object or system that you’re trying to describe. Some of these - say, position and time - also
form our background coordinate system. But in quantum mechanics, things aren’t so
straightforward. Certain properties have an in-built uncertainty and only take concrete values
after measurement.
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Absent measurement, they exist in a fuzzy space of possibilities called a wavefunction. In the
first formulations of quantum mechanics, that wavefunction describes the distribution of
possible positions and momenta of, say, a particle. These can then be resolved into concrete,
measured values by acting on the wavefunction with so-called position and momentum
operators. The wavefunction and operators are fundamentally tied to the coordinate system.
After all, the position and momentum of quantum mechanics literally describes location on a
spatial coordinate system and the change in that location over time. That makes it highly
background dependent. There are other ways to formulate quantum mechanics, like quantum
field theory, but these ultimately have the same issue But it gets worse actually. In quantum
mechanics, time is treated completely separately to other variables - there is no “time
wavefunction” or “time operator”.
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This is completely at odds with general relativity, in which time is treated as just another
dimension. This is the “problem of time” that I mentioned, and it’s strongly connected to
background independence. A quantum theory of gravity needs to fix both of these issues — but



(01)- Je &as, abychom mluvili o [smy&kové kvantové gravitacil. Co to presné je? Jsem
opravdu zvédav na vysvétleni...Jaké jsou smycky? A muze skute¢né porazit teorii strun v
nasem patrani po teorii vieho? Svatym gralem fyziky je [propojit nase chapani malych
meéfitek atoml a subatomarnich ¢astic s tim, co se tyka obrovskych méfitek planet, galaxii a
celého vesmiru. Jesté vic jsem zvédav na propojeni nelinearni a linearni rovnice. ..
kvantovou fyziku s Einsteinovou obecnou teorii relativity. NaSe hledani teorie kvantové
gravitace je star¢ sto let a uz jsme o ni mluvili docela dost, v€etné¢ toho, co je pravdépodobné
hlavnim uchaze¢em — teorie strun. Ale teorie strun neni jedinou hrou ve mésté — nebo si to
alespon nekteti fyzici mysli. Miize existovat jiny zpusob, jak sladit fyziku malickosti a
gigantli — jiny zpusob k teorii kvantové gravitace, ktera se vyhyba spousté konceptualnich
zavazadel, jako jsou drobné tiesouci se struny vyrobené ze svinutych extra dimenzi. Jinym
zpusobem by byla smyCkova kvantova gravitace a dnes presn¢ zjistime, co to je. Kdysi jsme
mluvili o tom, pro¢ bylo spojeni kvantové mechaniky s obecnou teorii tak tézké. Naptiklad je
tu skutecnost, Ze obecna teorie relativity - nebo mozna kvantova mechanika se rozpada, kdyz
premyslime o extrémnich hustotach ¢erné diry nebo singularitach velkého tiesku. Existuji
vSak zasadnéjsi konflikty: totiz nezévislost na pozadi a problém ¢asu. Nyni se kratce zminim
o problému casu, ale skutecny diraz bude kladen na tuto véc nezavislosti na pozadi, protoze
to je to, co skutecné inspirovalo vynalez smyc¢kové kvantové gravitace. Tak co to je?
Kvantova mechanika a vlastné vétsSina teorii ve fyzice zahrnuje sadu rovnic popisujicich, jak
se veéci pohybuji, jak ptisobi silou atd. na néjaky souradnicovy systém pozadi. Jako herci na
jevisti, kde herci jsou ¢astice a vinové funkce a pole a jevisté jsou souradnicemi prostoru a
casu. V kvantové mechanice je toto jevisté ploché a statické a neni ovlivnéno herci. Vyzaduje
to n¢jaké obii hacky, aby se dokonce pokusily o pravidelné kvantové vypocty v neploché
geometrii. Struéné fedeno: kvantova mechanika NENI nezavisla na pozadi. Na druhou stranu
obecna teorie relativity musi byt nezévisla na pozadi - protoze to je to, co délaji jeji rovnice -
meéni pozadi. Popisuji, jak pfitomnost hmoty a energie deformuje strukturu ¢asoprostoru. Nas
soufadnicovy systém na pozadi se sam stavd dynamickou entitou. Pfesnéji feCeno, metrika -
objekt zapouzdiujici geometrii a kauzalni strukturu ¢asoprostoru - se vyviji v rovnicich GR.
Takze tyto rovnice musi fungovat bez ohledu na toto pozadi. V teorii strun se typ nezavislosti
na pozadi objevuje v abstraktnim prostoru pohybujicich se strun
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a s tim prichazi gravitacni pole. Ale aby to fungovalo nejprve, potiebujete, aby tyto fetézce
existovaly - a nevime, zda existuji. Smyckova kvantova gravitace se snazi kvantovat obecnou
relativitu bez ptipojenych fetézcu, pticemz zachovava nezavislost na pozadi, ktera je jiz
vlastni GR. Ale pro¢ je viibec kvantovani obecné teorie relativity tak obtizné? Tato vyzva nas
skutecné privadi k zakladiim toho, co kvantova teorie vlastné je. Takze rychle, pojd'me si
zopakovat celou kvantovou mechaniku. V klasické fyzice mame proménné jako poloha, cCas,
hybnost, energie — matematické vyrazy, které piedstavuji pozorovatelné vlastnosti objektu
nebo systému, ktery se snaZzite popsat. N&které z nich — feknéme poloha a ¢as — také tvofi nas
soufadnicovy systém pozadi. Ale v kvantové mechanice véci nejsou tak piimocaré. Urcité
vlastnosti maji vestavénou nejistotu a nabyvaji konkrétnich hodnot aZ po méfeni. Zatim je to
pro mé dost slozité, abych tomu plné€ chapal a rozumél...
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Bez méteni existuji ve fuzzy prostoru moznosti nazyvaném vilnova funkce. V prvnich
formulacich kvantové mechaniky tato vlnova funkce popisuje rozloZeni moznych poloh a
hybnosti, feknéme, ¢astice. Ty pak mohou byt pfevedeny na konkrétni namétené hodnoty




plusobenim na vlnovou funkci pomoci tzv. polohovych a hybnych operatort. Vinova funkce a
operatory jsou zasadné svazany se souradnicovym systémem. Koneckoncti, poloha a hybnost
kvantové mechaniky doslova popisuje umisténi v prostorovém souradnicovém systému a
zménu tohoto umisténi v pritbéhu casu. To je vysoce zavislé na pozadi. Existuji dalsi zptsoby,
jak formulovat kvantovou mechaniku, jako je kvantova teorie pole, ale tyto maji nakonec
stejny problém, ale ve skutecnosti se to zhorSuje. V kvantové mechanice se s ¢asem zachazi
zcela oddélené od ostatnich proménnych — neexistuje Zadna ,,6asova vlnova funkce nebo
,,Casovy operator*.
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To je zcela v rozporu s obecnou teorii relativity, ve které se s Casem zachazi jen jako s jinou
dimenzi. Toto je ,,problém ¢asu®, ktery jsem zminil, a je siln€ spojen s nezavislosti na pozadi.
Kvantova teorie gravitace potfebuje vyfesit oba tyto problémy — ale

(02)- we’re going to focus on background independence for now. The equations of quantum
mechanics let you calculate changing properties of a particle- - like its position or momentum
- relative to the background coordinate system. The equations of general relativity let you
calculate the changing shape of the coordinate system itself, encapsulated in the metric. So
maybe instead of thinking about the quantum fuzziness of position and momentum we can
think about the quantum fuzziness of the metric itself. And instead of an equation that
describes the quantum evolution of the properties of an object in spacetime, maybe there’s an
equation that describes the quantum evolution of the geometry of space. Well, there is - or at
least an attempt at one.
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It’s called the Wheeler-deWitt equation, based on something called the ADM Formalism.
ADM starts by defining this abstract space of spaces - 3-D spatial metrics, 3-D space slices
cut out of 4-D spacetime. It then gives a sort of equation of motion for how these metrics
evolve through time. You can imagine a funky coordinate system describing where you are in
this abstract space of metrics. As you move through this coordinate system, the geometry of
space changes. You can also imagine analogies of the position and momentum in this space of
metrics. So the Wheeler-deWitt equation quantizes these - turns them into quantum operators.
The result is a quantum equation for the fabric of space. A contender for a theory of quantum
gravity. The Wheeler-deWitt equation was promising, but turned out to be ... unsolvable.
Which makes it not so useful, and impossible to verify as correct. So perhaps this whole path
of using abstract coordinates is a dead end, or perhaps we just haven’t gone down it far
enough. That’s what loop quantum gravity does - it takes us down the abstraction rabbit hole -
past our space of metrics into a space of something called connections. And these connections
are going to give us our loops. Connections are mathematical functions that tell you how
something, like a vector, changes as it moves between two points in a space. We saw an
example way back in the day when we looked at parallel transport. As you move the base of a
vector along a path in curved space, the vector rotates. And the amount of rotation encodes
information about the changes in geometry along the path. If connections contain all the
information about spacetime, them maybe we can represent spacetime with these connections
instead of with regular coordinates. In the 1950s Einstein himself tried to rewrite general
relativity in terms of these parallel transport vector connections, but the result was a mess.
The breakthrough came in the 80s when Abey Ashketar tried a different type of connection:
one in which you parallel transport not a vector but something called a spinor - a vector-like



thing that also represents a quantum of angular momentum - or spin. Ashketar rewrote general
relativity in terms of these spin-connections - now known as Ashketar variables. In this
formalism, the “space of metrics” looks just like a space of fields in quantum field theory.
Quantized gravity suddenly looked to be in reach. And now we get to the loops of loop
quantum gravity. Lee Smolin and Carlo Rovelli realized they could fully solve the Wheeler-
deWitt equation by representing spatial metrics using Ashketar's spin connections. But they
needed one more trick - one layer deeper in abstraction. They evaluated these connections
over closed loops — so each point connected back to itself. They realized it was possible to
define any geometry of 3-D space out of a sort of weave of these closed loops, with each loop
like an elementary closed circuit of gravitational field. So now you have a space of loops with
which to construct the fabric of space - and that space of loops can be quantized rather neatly,
and in a background independent way. After all, there IS no background until these now-
quantum loop states build it.
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The result, of course, is loop quantum gravity. It’s general relativity — our modern theory of
gravity — cast in terms of very abstract building blocks. Not with chunks of spacetime but with
quantum circuits of gravitational field. 3-D space can be sort of woven from these loops into
something called a - which is a concept too abstract for even this episode. But
the resulting 3-D space looks normal on large scales - it looks like space. But on the tiniest of
scales — the Planck scale - it’s sort of pixelated. At the nexuses of this weave you have
quantized volume elements — irreducible grains of space - connected by quantized area faces
like facets. But even that description is too space-like - probably the underlying weave of the
fabric of space doesn't resemble anything intuitive at all. The big success of loop quantum

(02)- nyni se zamé&fime na nezavislost na pozadi. Rovnice kvantové mechaniky vam
umoznuji vypocitat ménici se vlastnosti ¢astice - jako je jeji poloha nebo hybnost - vzhledem
k systému soufadnic pozadi. Rovnice obecné teorie relativity umoziuji vypocitat ménici se
tvar samotného souradnicového systému, zapouzdieného v metrice. Jsem tu vedle.
Matematiku neumim... TakZe mozna misto pfemysleni o kvantové neostrosti polohy a
hybnosti mtizeme ptemyslet o kvantové neostrosti metriky samotné. Ax . A(m .v) A misto
rovnice, kterd popisuje kvantovy vyvoj vlastnosti objektu v ¢asoprostoru, mozna existuje
rovnice, ktera popisuje kvantovy vyvoj geometrie prostoru. Pokud to dobte chapu, mélo by
dochéazet ve vesmiru k proméné-preméné ,,geometrického chaosu dimenzi* (viici péna) na
uchopitelnou neproblemovou parabolu... No, existuje - nebo alespon pokus o jeden.
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Riké se tomu Wheeler-deWittova rovnice, zalozena na nééem, co se nazyva formalismus
ADM. ADM zacina definovanim tohoto abstraktniho prostoru prostorti — 3-D prostorové
metriky, 3-D prostorové fezy vystiizené ze 4-D prostorocasu. To pak dava jakousi pohybovou
rovnici pro to, jak se tyto metriky vyvijeji v Case. Muzete si predstavit funky soutadnicovy
systém popisujici, kde se nachazite v tomto abstraktnim prostoru metrik. Jak se pohybujete
timto soufadnicovym systémem, geometrie prostoru se méni. Muzete si také predstavit
analogie pozice a hybnosti v tomto prostoru metrik. Takze Wheeler-deWittova rovnice je
kvantuje - pfevadi je na kvantové operatory. Vysledkem je kvantova rovnice pro strukturu
prostoru. Uchaze¢ o teorii kvantové gravitace. Wheeler-deWittova rovnice byla slibn4, ale
ukézala se jako ... nefeSitelnd. Diky tomu neni tak uZzitecné a nelze jej ovéfit jako spravné.




Mozn4 je tedy celd tato cesta pouZivani abstraktnich soufadnid| slepou ulickou, nebo jsme ji
mozna nezasli dostate¢né daleko. To je to, co déla smyckova kvantova gravitace — vezme nas
dolii abstrakci krali¢i norou — ptes nas prostor metrik do prostoru né¢eho, cemu se fika
spojeni. A tato spojeni nam poskytnou smy¢ky.?? Spojeni jsou matematické funkce,
které vam feknou, jak se néco, napiiklad vektor, méni, kdyz se pohybuje mezi dvéma body v
prostoru. Piiklad jsme vid€li v dobé¢, kdy jsme se divali na paralelni dopravu. Kdyz
pohybujete zékladnou vektoru po cesté v zakiiveném prostoru, vektor se otaci. A mira rotace
zakoduje informace o zménach geometrie podél cesty.?? Pokud spoje obsahuji vSechny
informace o ¢asoprostoru, mozna je mizeme reprezentovat témito spoji misto s béznymi
soufadnicemi. V padesatych letech se sam Einstein pokusil pfepsat obecnou relativitu v
podminkach téchto paralelnich transportnich vektorovych spojeni, ale vysledkem byl
neporadek. Prulom nastal v 80. letech, kdy Abey Ashketar zkusil jiny typ spojeni: takovy, ve
kterém paralelné [nepienasite vektor, ale ndco, emu se fiké spinor] — v&c podobna vektoru,
ktera také piedstavuje \kvantum momentu hybnosti — neboli Spin.‘ Ashketar pfepsal obecnou
relativitu z hlediska téchto spinovych spojeni — nyni zndmych jako Ashketarské proménné. V
tomto formalismu vypada ,,prostor metrik* stejné€ jako prostor poli v kvantové teorii pole.
Kvantovana gravitace se nahle zdéala byt na dosah. A nyni se dostdvame ke smyckam
smyc¢kové kvantové gravitace. Lee Smolin a Carlo Rovelli si uvédomili, ze mohou plné
vytesit Wheeler-deWittovu rovnici reprezentaci prostorovych metrik pomoci Ashketarovych
spinovych spojeni. Potfebovali ale jesté jeden trik — jednu vrstvu hlubsi v abstrakei. Tato
spojeni vyhodnocovali pies uzaviené smyc¢ky — takie‘ kazdy bod se ptipojil zpét k sobé.‘
Uvédomili si, ze je mozné definovat jakoukoli geometrii 3-D prostoru z jakési vazby téchto
uzavienych smycek, pticemz kazda smycka je jako elementarni uzavieny okruh gravitaéniho
pole. TakZze nyni mate prostor smycek, se kterymi mizete konstruovat strukturu prostoru - a
tento prostor smycek 1ze kvantovat pomérné uhledné a zplisobem nezavislym na pozadi.
Koneckonci, neexistuje zadné pozadi, dokud to tyto stavy kvantové smycky nevybuduji.
10:01

Vysledkem je samoziejmé smy€kova kvantova gravitace. Nevedél jsem o LQG nic a ted’ uz
vim 0 10% vic © Je to obecna teorie relativity — nase moderni teorie gravitace — vytvoiena z
hlediska velmi abstraktnich stavebnich bloki. Ne s kusy ¢asoprostoru, ale s kvantovymi

obvody gravitacniho pole. [3-D prostor miize byt z téchto smycek do néceho, cemu

se fika [spin-networ

— coz je koncept pfili§ abstraktni i pro tuto epizodu. Ale
vysledny 3D prostor vypada ve velkych méfitkach normalné — vypada jako prostor. Ale na



https://upload.wikimedia.org/wikipedia/commons/5/52/Spin_network.svg

nejmensim méfitku - Planckové méfitku - je to trochu pixelované. Ano, je to jeste realnéjsi,
protoze ona ,,pixelova zrnka“ jsou ,,balicky* dimenzi, bali¢ky z dimenzi a pak v tomto tvaru
tojsou piimo elementarni Castice hmoty ( kvarky, leptony, pak bozony, pak mezony,
baryony, a pak atomy, a molekuly, a slouceniny jednoduché a pak slozitéjsi jako chemicke,
pak biologické a konci to u DNA. To vse jsou ,, balicky a superbalicky * dimenzi dvou velicin ).
https://www.hypothesis-of-universe.com/index.php?nav=e ; https://www.hypothesis-of-
universe.com/docs/a/g_041.pdf ; Na spojnicich této vazby mate kvantované objemove prvky
— neredukovatelna zrnka prostoru — spojena kvantovanymi plochami jako fasetami. Zrnka
prostoru jsou svinuté balicky dimenzi...Ale i tento popis je ptili§ vesmirny - pravdépodobné
zakladni vazba latky vesmiru nepfipomina viibec nic intuitivniho. Jo, jo jste 40 let pozadu.
Velky uspéch Ismyékového kvanta ‘tady mate priklad ,,smyckového kvanta®:
https://www.hypothesis-of-universe.com/docs/eb/eb_011.pdf ; https://www.hypothesis-of-
universe.com/docs/eb/eb_008.pdf ; https://www.hypothesis-of-
universe.com/docs/eb/eb_034.pdf

(03)- gravity is that it manages to combine general relativity and quantum mechanics in their
currently accepted forms, without taking away their most important foundational principles.
And without adding big assumptions — like the existence of strings or extra dimensions or
supersymmetry. The theory has some other successes, for example, the theory seems to
predict Hawking radiation and black hole entropy consistent with Hawking and Bekenstein’s
equations. However there are also many who identify serious, fundamental issues the theory.
While LQG has background independence in terms of different 3-D spatial geometries, it’s
not actually clear that this independence extends to 4-D spacetime. And connected to this,
LQG doesn’t solve the problem of time. More generally, for this theory to be successful it
needs give you the equations of good old general relativity on large, non-quantum scales - in
the so-called classical limit. But it’s not clear that it can do that. This is still a hotly debated
topic. Some researchers think that the method and foundations are sound and that the current
criticisms and shortcomings can be resolved with more research and extensions to the existing
formalism. Others argue that the problems are fundamental and that no amount of tinkering
and extending will resolve them. A lot more exploration is needed on the theoretical side. But
what about experiments? Surprisingly, some experiments have actually been proposed. Loop
quantum gravity seems to predict that the speed of light should depend very slightly on the
energy of the photon, with, for example, high-energy gamma rays travelling a wee bit slower
than low energy radio waves due to the way they propagate through the graininess of a loop
quantum gravity spacetime. This was tested in 2009 by looking for differences in the arrival
time of light from a gamma ray burst nearly a billion light years away. If there was any
difference it was barely measurable, and that doesn't look great for loop quantum gravity.
Loop quantum gravity is an intriguing alternative to the more popular string theory. Both
currently live deep in their respective theoretical rabbit-holes, not yet able to make
experimental contact with the real universe. But the mathematics have yielded intriguing clues
to the nature of the fabric of the universe — and that nature is very weird. One way or another,
we live in a seriously loopy space time. As always, a huge thanks to our Patreon contributors.
Your help makes an enormous difference. Today | want to give an extra special thanks to
David Barnholdt, a new Big Bang level supporter. David, we already spent all of your money
... on aspirin, after loop quantum gravity broke our brains. Honestly, we can't thank you
enough. Though it does still hurt a bit. Now, last time we talked about Black Hole Harmonics,
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let's see what you had to say. David Bennack likes the idea of gravitational lensing of
gravitational waves. Well so do I, David. But first the context: this year LIGO detected two
black hole merger signals within 20 minutes of each other and in similar patches of the sky.
Now, it's really really really hard to come up with a scenario for two actual black hole pairs to
colliding at the same time in the same general location. An alternative possibility is that it was
just one black hole merger, but the gravitational wave from it was deflected by a galaxy or
something on its way to us - it was gravitationally lensed so as to arrive via two separate paths
through space. If those paths were different lengths we'd see the same signal separated by a
small time delay. We do see this effect in the light from gravitationally lensed quasars and
supernovae. Gravitational waves should be lensed in the same way as light, so it's a plausible
explanation. But in the case of this particular example it's not really the favored explanation -
the signals don't look like they were from quite the same location after all, and they were
different enough not to have been the same source. Still, we'll probably see a lensed
gravitational wave at some point. | talked about the maximum rate of spin of a back hole, and
so Lucas rightly asks how fast is that maximum rate? So there's a limit to the rotation of a
black hole which comes from the fact that the outward centrifugal force of rotation partially
counters the gravitatinally attraction - if you'll forgive my crude Newtonian speak. If the black
hole rotates more than a certain amount then the event horizon evaporates, exposing the
singularity to the universe - or in the case of a rotating black hole, an infinite
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density ring. Such naked singularities are expected to be impossible, and so we expect a
maximum rotation rate for black holes. The details of all this need their own episode, so I'll

vvvvvv

A to bez pfidavani velkych predpokladt — jako je existence strun nebo extra dimenze nebo
supersymetrie. Tato teorie ma nékteré dalsi ispéchy, napiiklad se zda, Ze teorie piedpovida
Hawkingovo zafeni a entropii ¢ernych dér v souladu s Hawkingovymi a Bekensteinovymi
rovnicemi. Existuje vSak také mnoho téch, kteti identifikuji vdzné, zdkladni problémy teorie.
Zatimco LQG ma nezavislost na pozadi, pokud jde o rtizné 3D prostorové geometrie, neni ve
skutec¢nosti jasn€, ze se tato nezavislost vztahuje 1 na 4D prostoro€as. A v souvislosti s tim
LQG neftesi problém casu. Obecnéji feceno, aby byla tato teorie Gspésna, potiebuje vam dat
rovnice staré dobré obecné teorie relativity na velkych, nekvantovych métitcich — v takzvané
klasické limit€. Ale neni jasné, Ze to dokaze. Toto je stale velmi diskutované téma. Nékteti
badatelé se domnivaji, ze metoda a zaklady jsou zdravé a Ze soucasné vytky a nedostatky 1ze
vyfesit dalSim vyzkumem a roz$ifenim stavajiciho formalismu. Jini tvrdi, Ze problémy jsou
zasadni a ze Z4dné §touchani a roz§ifovani je nevyfesi. Po teoretické strance je zapotiebi
mnohem vice pruzkumu. Ale co experimenty? Piekvapivé byly skutecné navrzeny nckteré
experimenty. Zda se, Ze smyckova kvantova gravitace piedpovida, ze rychlost svétla by méla
velmi mirné zaviset na energii fotonu, pri¢emz naptiklad vysokoenergetické gama paprsky se
$ifi o néco pomaleji nez nizkoenergetické radiové viny kviili zplisobu, jakym se §ifi fotonu.
Zrnitost smyc¢ky kvantova gravitace prostorocas. To bylo testovano v roce 2009 pii hledani
rozdil v dobé ptichodu svétla z gama zablesku vzdéaleného téméf miliardu svételnych let.
Pokud tam byl néjaky rozdil, bylo to sotva méfitelné, a to nevypada skvéle pro smyckovou

kvantovou gravitaci. Smyckova kvantova gravitace je zajimavou glternativou| k popularnéjsi

ey

teorii strun. HDV neni alternativou? ... Oba v soucasné dobé Ziji hluboko ve svych



teoretickych krali¢ich norach a zatim nejsou schopni experimentalné navazat kontakt se
skuteCnym vesmirem. Ale matematika poskytla zajimava voditka k povaze struktury vesmiru
— a ta ptiroda je velmi zvlastni. Tak ¢i onak, zijeme ve vazné zacykleném Casoprostoru. Jako
vzdy obrovské diky naSim pfispévatelim Patreonu. Vase pomoc znamend obrovsky rozdil.
Dnes chci zvlast’ podékovat Davidu Barnholdtovi, novému podporovateli na urovni velkého
tiesku. Davide, uz jsme utratili vS§echny tvé penize ... za aspirin, poté, co ndm kvantova
gravitace zlomila mozek. Upiimné, nemizeme vam dostatecné podekovat. I kdyz to porad
trochu boli. Ted’, kdyz jsme minule mluvili o Black Hole Harmonics, podivejme se, co jsi
fekl. Davidu Bennackovi se libi mySlenka gravita¢ni ¢ocky gravitacnich vin. Ja taky, Davide.
Nejprve vsak kontext: letos LIGO detekovalo dva signaly slouceni ¢ernych dér ve vzdalenosti
20 minut od sebe a na podobnych mistech na obloze. Nyni je opravdu opravdu tézké pfijit se
scénafem, kdy by se dva skutecné pary ¢ernych dér srazily ve stejnou dobu ve stejném
obecném misté. Alternativni moZznosti je, ze to byla jen jedna slouceni Cerné diry, ale
gravitaéni vlna z ni byla na cesté k ndm odklonéna galaxii nebo né¢im podobnym - byla
gravitacné coCkovana tak, aby dorazila dvéma odd€lenymi cestami vesmirem. Pokud by tyto
cesty byly riizné délky, vidéli bychom stejny signél oddéleny malym ¢asovym zpozdénim.
Tento efekt vidime ve svétle z gravitacné ¢ockovanych kvasarli a supernov. Gravitacni viny
by mély byt ¢ockované stejnym zplsobem jako svétlo, takze je to piijatelné vysvétleni. Ale v
ptipadé tohoto konkrétniho piikladu to ve skute¢nosti neni oblibené vysvétleni - signaly
nakonec nevypadaji, jako by byly z uplné¢ stejného mista, a byly natolik odlisné, aby nebyly
stejnym zdrojem. Pfesto pravdépodobné v urcitém okamziku uvidime ¢ockovou gravitaéni
vinu. Mluvil jsem o maximalni rychlosti otd¢eni zadni diry, a tak se Lucas spravné pta, jak
rychld je tato maximalni rychlost? TakZe existuje omezeni rotace ¢erné diry, které pochazi ze
skute¢nosti, ze vnéjsi odstiediva rotacni sila ¢aste¢né plisobi proti gravitacni pritazlivosti -
pokud mi odpustite moje hrubé newtonovskeé feci. Pokud se ¢erné dira otaci o vice nez urcitou
hodnotu, pak se horizont udélosti vypafi a odkryje singularitu vesmiru — nebo v ptipade
rotujici cerné diry nekonecno. 16:01 hustotni krouzek. Ocekava se, Ze takové nahé singularity
jsou nemozné, a proto ocekdvame maximalni rychlost rotace pro ¢erné diry. Podrobnosti toho
vSeho potiebuji svou vlastni epizodu, takze ja

(04)- leave it at that. A few of you asked a really on-point question: if the fabric of space and
time can be stretched and if can have waves, that means it must have a sort of elasticity and
resistance to stretching. So just how resilient is the fabric of spacetime? Well, the answer lies
in the Einstein field equation of general relativity That equation says that the amount
stretching of spacetime is proportional to the mass and and energy contained by that
spacetime. The constant of proportionality can be thought of as the tensile strength of space -
the resistance to stretching. The smaller the number, the more energy is needed to stretch
spacetime. And that constant is very, very small - 2 by 107-43. Spacetime is a very, very stiff
fabric. A few of you noticed we missed a huge opportunity by not calling quasinormal modes
quasimodos. Especially given that | kept saying a struck black hole rings like a bell.
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| had a hunch someone would notice that. Notre Damn.

(04)- nechte to byt. Nékolik z vas si polozilo skute¢né vécnou otazku: muze-li byt tkanina
prostoru a ¢asu napnuta a zda mize mit vlny, znamena to, ze musi mit ur¢itou pruznost a



odolnost vii¢i roztahovani. Jak moc je tedy struktura Casoprostoru odolna? Odpoved’ spociva
v rovnici Einsteinova pole obecné teorie relativity. Tato rovnice fika, ze velikost roztazeni
Casoprostoru je umérna hmotnosti a energii obsazené v tomto ¢asoprostoru. Konstantu
imérnosti 1ze chapat jako pevnost v tahu prostoru - odolnost proti natazeni. Cim mensi &islo,
tim vice energie je potfeba k natazeni ¢asoprostoru. A ta konstanta je velmi, velmi malé - 2 X
107-43. Spacetime je velmi, velmi tuhd latka. Nékolik z vés si v§imlo, ze jsme propasli
obrovskou prilezitost tim, ze jsme nenazvali kvazinonormalni rezimy kvazimodos. Zv1ast
vzhledem k tomu, Ze jsem porad tikal, ze zasazena Cernd dira zvoni jako zvon. 17:12 Mél
jsem tuseni, ze si toho nékdo v§imne. Notre Damn.
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Smyc¢kova kvantova gravitace se snazi kvantovat obecnou relativitu bez ptipojenych fetézct



