Stoleti kvantove teorie:
Porozumeni se nedostavuje a blaznovstvi nekonci

Zdenék Havlas

Ustav organické chemie a biochemie AV CR
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19. stoleti:

Neco je jinak, nez predvida klasicka (newtonovska) mechanika!

1801 — Thomas Young: svétlo se chova jako viny

1859 — Gustav Kirchhoff: emise cerného télesa zavisi pouze na jeho teploté

1860-1900 — Ludwig Eduard Boltzmann, James Clerk Maxwell: vyvoj statistické
mechaniky (entropie je mira neusporadanosti) \ f
1877 — Boltzmann: energetické hladiny by mohly byt diskrétni (zaloZzeno na /

statistické mechanice)
1887 — Heinrich Hertz: objevil fotoelektricky efekt

1888 — Hertz: experimentalni dikaz existence elektromagnetickych vin
(predikovanych Maxwellem)

1897 — Pieter Zeeman: prvni pozoroval Stépeni spektra v magnetickém poli
(predpovédél Faraday), potvrdil elektromagnetickou povahu svétla
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20. stoleti: 1900

Zareni ¢cerného telesa

RayleighGv-Jeanslv zdkon
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Achilles Zénodn z Eleje

5. stoleti pr. n. |. Démokritos: hmotu nelze délit do nekonecna -> atom
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20. stoleti: 1905
Fotoelektricky efekt

Albert Einstein

Llradicni ndzor, Ze energie svétla je rozlozena spojité v
oblasti timto svétlem ozdrené, plisobi pfi snaze o
objasnéni fotoelektrickych jevi popsanych v Lenardové
prukopnickém clanku velké potize.”

Ekth—WO
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stejné fyzikalni zakony)
* Rychlost svétla ve vakuu je ve vSech
inercialnich vztaznych soustavach stejna.
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20. stoleti: druha dekada

Noveé experimenty, model atomu, chemicka vazba, ...

* Anomalie spinu N (1 oproti Rutherfordové predpovédi % -> objev neutronu a neutrina)
e Urceni magnetického dipdlového momentu elektronu

e Bohrlv model atomu

* Presné zméreni naboje elektronu (a urceni Avogadrovy konstanty)

* Teoretické urceni magnetického momentu elektronu z Bohrova modelu atomu

* Srazka elektronu s Hg potvrdila kvantovani atomovych hladin energie

* Lewisova (dvojteckova) teorie chemické vazby a volnych elektronovych paru
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20. stoleti: 1924

Dualita ¢astice a vinéni

Louis Victor Pierre Raymond vévoda de Broglie

£ h E = hv = mc?

NTgR8 < X
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s = — E hv h
A LA FACULTE DES SCIENCES A - — —

DE L'UNIVERSITE DE PARIS mv p = mv = z — —C = /1
E i Uw:h"‘l““: ES PHYSIQUES

Louis de BROGLIE

Udajné nejkratsi dizertace (3-25 stran), v reedici 128 stran
Pry neobsahuje Zadné citace
Neobsahuje experimentalni dikazy (NE)

(1) La théorie du Rayonnement noir et les quanta, Réunion rapport de M. EINSTEIN, p. Les théories
| statistiques en thermodynarnique, Conférences de M. H.-A. LORENTZ au Collége de France, Teubner,
- 1916, pp. 70 et 1 14.
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20. stoleti: treti dekada

e 1924 — Wolfgang Pauli: Princip vylucnosti, fermiony nemuzou existovat ve stejném kvantovém
stavu (empiricky zakon)

e 1925 - George Uhlenbeck a Samuel Goudsmit: postulovaly existenci elektronového spinu

1925 - Werner Heisenberg, Max Born, Pascual Jordan: maticovd mechanika (formulace kvantové
mechaniky)

e 1926 — Enrici Fermi: spinova statistika
e 1926 — Paul Dirac: Fermi-Diracova statistika
1926 — Erwin Schrédinger: odvodil vinovou rovnici a zavedl Hamiltoniv operator Hip = E

* 1926-1932 - John von Neumann: vypracoval matematickeé zaklady kvantové mechaniky
(Hermitovské operatory v Hilbertové prostoru)
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20. stoleti: 1927

Princip neurcitosti

A
Mxlp, 2 -

)

AtAE = —
2

Werner Heisenberg

* Lze matematicky odvodit pomoci Cauchyho-Schwarzovy nerovnosti

« Predstava klasické fyziky, Ze muzeme predpovédét chovani systému,
pokud zname jeho pocCatecni stav, je v praxi nepouzitelna

« Pocatecni stav systému nikdy nemuzeme zjistit dostate¢né presné, protoze
nelze dostateCné presne zjistit oba tyto konjugované parametry
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Niels Henrik David Bohr
Werner Karl Heisenberg

Hustota pravdépodobnosti nalezeni Castice v bodé x,y,z v Case ¢ je rovna Ctverci
vinové funkce

p =Yy z1)*

Einstein:
Blih nehraje v kostky

[y = 1
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Paul Adrien Maurice Dirac

20. stoleti: 1927

Kvantova relativisticka rovnice

3

ihc z yH0, —mc® | =

pn=0

VInova funkce je ¢tyrkomponentni objekt = spinor

Carl David Anderson

1930: Dirac predpovida existenci pozitronu (anticastice, antihmota)
1932: Carl Anderson experimentalné potvrzuje existenci pozitronu
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Prispévky v ob ivity (y — zareni, uméla radioa
e Objev novych castic (mion)
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.. RINSTEIN ATTACK
20. stoleti: 1935 GUANTUR THAORT
EPR paradox Scientist and Two Colleagues

Find It Is Not ‘Complete’
Even Though ‘Correct.’

Zadna kvantova vlastnost neexistuje a priori,

pokud ji méricim zarizenim nezaznamename.

Superpozice StaVlol Believe a Whole Description of
‘ ‘the Physical Reality’ Can Be

SEE FULLER ONE POSSIBLE

Provided Eventually.

The New York Times, 5/4/1935

Myslenkovy experiment vedouci Source ‘
k zavéru: - : 5 %,
Kvantova mechanika nepodava o
uplny popis fyzikalni reality
Alice Bob

Pravdépodobnostni charakter kvantové teorie je disledkem existence skrytych
promeénnych, které nejsme schopni identifikovat
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g i =y i
stanovisteé Alice I . stanovisté Boba
fotond

detektor detektor
2 \\\ /// - \\\\
'// \\\\\\ ~

polarizaéni filtr polarizaéni filtr

John Steward Bell s

Alice | Bob Alice | Bob
e , _ 0 |1 0 |0
Lokalni teorie (skryté parametry): 5 5 0 5
[{AgBo) + (A¢B1) + (A1Bg) — (A1B1)| < 2 (1) 1 (1) (1)
1 0 1 1
Kvantova teorie: 1 1 1 1
(AgBo) + (AoBy) + (A1 Bo) — (A1By)| < 22 (1) g ; (1)

nezavislé provazané
Navod na ovéreni teorie, ne interpretace teorie. fotony fotony
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20. — 21. stoleti:

Testy Bellovy nerovnosti

¢ Freedman and Clauser, 1972. This was the first actual Bell test, using Freedman's inequality, a variant on the CH74 inequality.

¢ Aspect, 1981-2. A. Aspect and his team at Orsay, Paris, conducted three Bell tests using calcium cascade sources. The first and last used the CH74 inequality. The second was the first application of the
CHSH inequality. The third (and most famous) was arranged such that the choice between the two settings on each side was made during the flight of the photons (as originally suggested by John Bell).

o Tittel and the Geneva group, 1998. The Geneva 1998 Bell test experiments showed that distance did not destroy the "entanglement". Light was sent in fibre optic cables over distances of several
kilometers before it was analysed. As with almost all Bell tests since about 1985, a "parametric down-conversion" (PDC) source was used.

¢ Weihs' experiment under "strict Einstein locality" conditions 1998. G.Weihs and a team at Innsbruck, led by A. Zeilinger, conducted an ingenious experiment that closed the "locality" loophole, improving
on Aspect's of 1982. The choice of detector was made using a quantum process to ensure that it was random. This test violated the CHSH inequality by over 30 standard deviations, the coincidence curves
agreeing with those predicted by quantum theory.

¢ Pan et al.'s 2000 experiment on the GHZ state. This is the first of new Bell-type experiments on >2 particles; this one uses the so-called GHZ state of 3 particles.

¢ Rowe et al. 2001 are the first to close the detection loophole. The detection loophole was first closed in an experiment with two entangled trapped ions, carried out in the ion storage group of D.Wineland
at the NIST in Boulder. The experiment had detection efficiencies well over 90%.

* Groblacher et al. 2007 test of Leggett-type non-local realist theories. A specific class of non-local theories suggested by A.Leggett is ruled out. Based on this, the authors conclude that any possible non-
local hidden variable theory consistent with quantum mechanics must be highly counterintuitive.

e Salart et al. 2008 separation in a Bell Test. This experiment filled a loophole by providing an 18 km separation between detectors, which is sufficient to allow the completion of the quantum state
measurements before any information could have traveled between the two detectors.

e Ansmann et al. 2009 overcoming the detection loophole in solid state. This was the first experiment testing Bell inequalities with solid-state qubits (superconducting Josephson phase qubits were used).
This experiment surmounted the detection loophole using a pair of superconducting qubits in an entangled state. However, the experiment still suffered from the locality loophole because the qubits were
only separated by a few millimeters.

¢ Giustina et al. 2013, Larsson et al. 2014 overcoming the detection loophole for photons. The detection loophole for photons has been closed for the first time in a group by A.Zeilinger, using highly efficient
detectors. This makes photons the first system for which all of the main loopholes have been closed, albeit in different experiments.

¢ Christensen et al. 2013 overcoming the detection loophole for photons. Setup similar to that of Giustina et al., who did just four long runs with constant measurement settings (one for each of the four
pairs of settings). The present experiment was not pulsed so that formation of "pairs" from the two records of measurement results had to be done after the experiment which in fact exposes the
experiment to the coincidence loophole. This led to a reanalysis of the experimental data in a way which removed the coincidence loophole, and fortunately the new analysis still showed a violation of the
appropriate CHSH or CH inequality. The experiment was pulsed and measurement settings were reset in a random way, though only once every 1000 particle pairs, not every time.

¢ Hensen et al., Giustina et al., Shalm et al. 2015 loophole-free Bell tests. The first three significant-loophole-free Bell-tests were published within three months by independent groups in Delft, Vienna and
Illinois. All three tests simultaneously addressed the detection loophole, the locality loophole, and the memory loophole. This makes them “loophole-free” in the sense that all remaining conceivable
loopholes like superdeterminism require truly exotic hypotheses that might never get closed experimentally.
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21. stoleti:

Kvantoveé technologie

John F. Anton
Clauser Zeilinger

“for experiments with entangled photons,
establishing the violation of Bell inequalities
and pioneering quantum information science”

The first quantum-safe video conference was held T ——
between President Chunli Bai of the Chinese Academy

of Sciences in Beijing and President Anton Zeilinger of

the Austria Academy of Sciences in Vienna, as the first

real-world demonstration of intercontinental

quantum communication on September 29th. (2017)
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Kresba @ Spina ‘98

+ Kvantové pocitage & |

Funkcni kvantovy pocitac¢ nebude nikdy sestrojen
* Drtivou vétSinu ¢asu travi opravou chyb
* Potrebuje obrovské mnozstvi hradel

TEN PoiTAC JE UPLWE KvAUTOVE] .
JEN SE NA NEI PODIAS, 2U0LABuE.
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20 — 21. stoleti:

Kvantova teorie

1. Kazdému kvantovému systému prislusi komplexni separabilni Hilberttv prostor H (stavovy prostor)

2. Kazdému cCistému stavu odpovida jednorozmérny podprostor H reprezentovany jednotkovym
vektorem | W)

3. Kazdé pozorovatelné veliciné odpovida néjaky samozdruzeny operator na prostoru H

4. Muze-li se systém nachazet ve stavech reprezentovanych vektory |W¥;), |¥,), mlzZe se nachazet i jejich
libovolné linedrni kombinaci |¥) = a|¥;) + B|W¥,); (la?| + |B?| = 1) (princip superpozice)

5. Operatory A, B, které odpovidaji méfitelnym veli¢indm A4, B, splfiuji komutaéni relace
|4, B] = in{A, B}
[4,8] = AB - BA
dA 0B  0A OB
4B} =3(

dq;9p; 9p; 0q;
6. Moznym vysledkem pozorovatelné veli¢iny A je pouze hodnota ze spektra opertatoru A

) (Poissonova zavorka)
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