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The Heisenberg Uncertainty Principle is one of the most non-intuitive concepts in all of
quantum mechanics. It says that it is impossible to precisely know both an object's location
and its motion. Know one well and you must know the other poorly. The origins of this are
deeply tied to the wave nature of matter and the connection between waves and momentum.
In this video, Fermilab’s Dr. Don Lincoln sorts it all out.

212 098 zhlednuti 16. 10. 2023

Heisenbergtliv princip nejistoty je jednim z nejvice neintuitivnich konceptl v celé kvantové
mechanice. Rik4, Ze je nemozné presné znat jak polohu objektu, tak jeho pohyb. Jednu znate
dobfe a druhou musite znat $patné. Pocatky tohoto jsou hluboce spjaty s vinovou povahou
hmoty a spojenim mezi vlnami a hybnosti. V tomto videu Dr. Don Lincoln z Fermilabu vse
vyftesi.
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(01)- In quantum physics, there are a lot of crazy sounding ideas, but the

Heisenberg Uncertainty Principle might just be one of the craziest. A lot of videos explain
what it means, but very few dig all the way down to the very bottom and see where it comes
from. So, strap in and hold on. This one is going to get a bit bumpy. (intro music) For those
of you who haven’t heard about the Heisenberg Uncertainty Principle, it was invented The
Heisenberg Uncertainty Principle back in 2012, when a disgruntled Albuquerque chemistry
teacher uttered the immortal words: Say my name. Heisenberg. Sorry... | had to go there. |
know it. You know it. Simply couldn’t be helped. Okay- moving on. The principle was really
devised back in 1927 by German physicist Werner Heisenberg. Basically, what it says is that
for a quantum system, you can’t simultaneously know a particle’s location and motion.
Measure one very well and you know nothing about the other and vice versa. If you know
where an electron is, you have no idea how fast or even if it’s moving. That’s the gist. In one
dimension, we can use X to represent a particle’s position and we can use that particle’s
momentum as a measure of its motion. You could use velocity, but given the oddities of
special relativity and quantum mechanics, it turns out that momentum is a better choice.
Physicists use the letter p to represent momentum. Mathematically, Heisenberg’s principle
says that if we call the uncertainty in a particle’s position Delta x and the uncertainty in a
particle’s momentum as Delta p, then the product of those two objects must be greater than a
constant called hbar, divided by two. By the way, hbar is the symbol we use for a quantity
called the reduced Planck constant. It's simple really. All it really says is that if you measure
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one variable well, you will measure the other one poorly. You can’t simultaneously measure
both well. To understand the fundamental origin of the Heisenberg Uncertainty Principle, we
need to go way back to 1807, when Jean-Baptiste Joseph Fourier submitted a manuscript
entitled “Theory of heat propagation in solids,” except, of course, in French. This is yet
another one of those cases when a physicist discovered something that was invented a
century ago by a European mathematician. Typical. Fors Insigh Okay. So, what was
Fourier’s insight? Basically, he realized that for any function that you can build it by adding
together the right amounts of sine and cosine waves. Don’t believe it? Take a look at this
very severe function. It’s all square and stuff. How can you possibly make it using sine and
cosine waves? Well, let’s see. We’ll start with a single sine wave. It kinda has the gross
features we’d like to see, meaning it goes up and down in the right places but it’s not very
square. Let’s see what happens if we add another sine wave, this one with three times as
many waves and with an amplitude that is also one third as high. Well, that’s looking a bit
better. What if we add yet another sine wave, this time with five times as many waves as the
original and also with an amplitude one fifth as high? This is starting to look promising. We
can do this over and over again, and as we do, we see that the curve looks more and more like
a square. Those little residual wiggles would go away if we did the process an infinite
number of times. Cool, huh? By the way, if you want to see the actual equations, take a look
at the links below. So that’s the first idea, which is that we can create any function using a
series of sines and cosines. The second idea is interesting. As | was adding more and more
graphs, 1 was making this other plot, which kept track of how many different sine waves were
added and how much amplitude each one contributed. The x-axis of this second plot is kind
of funny. It is basically the number of wiggles— the number of wavelengths—in a

fixed distance. There was one, then three, then five, and so on. For the purposes of this

video, I’'m going to write the number of wiggles as W, and it equals one over the wavelength.
Wavelength is written as the Greek letter lambda. Shorter wavelength means higher W—
that’s how it works. So, now | need to make a super important point. These two graphs— the
square one with position on the x axis and the one keeping track of how many sine waves
were added and their amplitudes, which has W on the x axis, represent exactly the

same information. The two plots are effectively the same thing, but one records the shape of
the function in position space, while the other records the number and amount of

waves, which we might call the function in W space. What Jean-Baptiste Fourier showed was

(01)- V kvantové fyzice existuje spousta blaznivé znéjicich napadu, ale Heisenbergiv princip
nejistoty neurcitosti miize byt jednim z nejblaznivéjsich. Mnoho videi vysvétluje, co to
znamena, ale jen velmi malo z nich se prohrabe az na samé dno a uvidi, odkud pochazi. Tak
se pripoutejte a vydrzte. Tohle bude trochu hrbolaté. (hudba ivodu) Pro ty z vés, ktefi jeste
neslySeli o Heisenbergoveé principu nejistoty, neurcitosti byl vynalezen Heisenbergiiv princip
nejistoty v roce 2012, kdy nespokojeny ucitel chemie v Albuquerque pronesl nesmrtelna
slova: Rekni moje jméno. Heisenberg. Promiii... musel jsem tam jit. Vim to. Ty to Vis.
Jednoduse se nedalo pomoci. Dobfe - pokracuj. Princip skute¢né vymyslel jiz v roce 1927
némecky fyzik Werner Heisenberg. V zdsad¢ se fikd, Ze pro kvantovy systém nemitiZete
soucasn¢ znat polohu a pohyb castice. Jedno velmi dobie zméite a o druhém nic nevite a
naopak. Pokud vite, kde se elektron nachazi, nemate ponéti, jak rychle a dokonce ani jestli se
pohybuje. To je podstata. V jedné dimenzi mizeme pouzit X k reprezentaci polohy ¢astice a
muzeme pouzit hybnost této Castice jako miru jejiho pohybu. Mohli byste pouzit rychlost, ale



vzhledem k zvlastnostem specialni teorie relativity a kvantové mechaniky se ukazuje, ze
hybnost je lepsi volbou. Fyzici pouzivaji pismeno P k vyjadfeni hybnosti. Matematicky
Heisenbergiv princip fika, ze nazyvame-li nejistotu polohy ¢astice Delta X a nejistotu
hybnosti ¢astice jako Delta p, pak soucin téchto dvou objektii musi byt vétsi nez konstanta
zvand hbar délend dvéma.
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Heisenberguv princip neurcitosti v jednoduchém vyjadreni. Prevedeno do filozofické roviny:
,kvalita krét kvantita jsou konstantnf! .............. |0 x nekoneéno = 1 x 1|
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Mimochodem, h-bar je symbol, ktery pouzivame pro veli¢inu nazyvanou redukovana
Planckova konstanta. Je to opravdu jednoduché. Ve skutecnosti to fika jen to, ze kdyz dobie
zméfite jednu proménnou, zmétite druhou Spatné. Nemizete dobfe métit oboji soucasné.
Abychom pochopili zékladni piivod Heisenbergova principu nejistoty, musime se vratit do
roku 1807, kdy Jean-Baptiste Joseph Fourier piedlozil rukopis nazvany ,, Teorie $ifeni tepla v
pevnych latkdch®, samoziejmé s vyjimkou francouzstiny. Toto je dalsi z téch piipadd, kdy
fyzik objevil néco, co pted stoletim vynalezl evropsky matematik. Typicky. Fors Insigh
Dobfe. Jaké byly tedy Fourierovy poznatky? V podstaté si uvédomil, Ze pro jakoukoli funkci
Ji miZete sestavit pfiddnim spravného mnozstvi sinusovych a kosinusovych vin. Nevétite
tomu? Podivejte se na tuto velmi pfisnou funkci. Je to vSechno hranaté a tak. Jak to mizete
udélat pomoci sinusovych a kosinusovych vIin? No, uvidime. Za¢neme jednou sinusovkou.
Ma tak trochu hrubé rysy, které¢ bychom radi vidéli, coz znamena, ze se pohybuje nahoru a
dolii na spravnych mistech, ale neni pfili§ hranaty. Podivejme se, co se stane, kdyZ pfidame
dalsi sinusovou vlnu, tuto s tfikrat vétSim po¢tem vin a s amplitudou, kterd je také o tretinu
vys$i. No, vypada to o néco Iépe. Co kdyz ptiddme dalsi sinusovku, tentokrat s pétinasobnym
poc¢tem vin nez piivodni a navic s pétindsobnou amplitudou vyssi? Zacina to vypadat slibng.
Muzeme to dé€lat znovu a znovu, a jak to délame, vidime, Ze kiivka vypada stale vice jako
¢tverec. Tyto malé zbytkové chvéni by zmizely, kdybychom tento proces provedli
nekonecnékrat. Super, co? Mimochodem, pokud chcete vidét skutecné rovnice, podivejte se
na odkazy nize. TakZze to je prvni myslenka, kterd spociva v tom, ze miizeme vytvofit
jakoukoli funkei pomoci fady sind a kosint. Druha myslenka je zajimava. Jak jsem piidaval
dalsi a dalsi grafy, délal jsem tento dalsi graf, ktery sledoval, kolik riznych sinusovych vin
bylo pfidano a jak velkou amplitudou kazda piispéla. Osa x této druhé zépletky je trochu
legracni. Je to v podstaté pocéet kmiti — pocet vinovych délek — v pevné vzdalenosti. Byl
jeden, pak tfi, pak pét a tak dale. Pro tGcely tohoto videa napisu pocet chvéni jako W a rovna
se jednomu na vinové délce. Vinova délka se piSe feckym pismenem lambda. Kratsi vinova
délka znamena vyssi W — tak to funguje. Takze ted’ musim udélat super dulezity bod. Tyto
dva grafy — ¢tvercovy s polohou na ose x a ten, ktery sleduje, kolik sinusovych vin bylo
pfidano a jejich amplitudy, ktery ma na ose x W, pfedstavuji uplné stejnou informaci. Tyto
dva grafy jsou ve skutecnosti totéz, ale jeden zaznamenava tvar funkce v pozi¢nim prostoru,
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zatimco druhy zaznamenava pocet a mnozstvi vin, které bychom mohli nazvat funkci ve W
prostoru. To, co ukézal Jean-Baptiste Fourier, bylo

(02)- that the two graphs contain exactly the same amount of information and

furthermore, how to transform from one to the other. The method is called a Fourier
Transform and it is used all the time in electrical engineering, signals processing, and, as it
happens, determining some deep truths about quantum mechanics. Now, remember in
quantum mechanics that Wave Function everything is governed by a thing called a wave
function. | made a video that goes into the wave function in more detail and, as always, the
link is in the description below. However, the bottom line is that the quantum world is
probabilistic. The mathematics tells you where something might be, but not where it is.
Basically, where the wave function— actually the square of the wave function- is large, the
particle is likely to be there. Conversely, where the square of the wave function is zero, the
particle can’t be there at all. The width of the wave function gives you a sense of the range of
possible locations where the particle can be, which is a way of saying the width is a measure
of your uncertainty of the position of the particle. So, let’s dig into a simple and somewhat
realistic wave function. This one is called a normal distribution— sometimes called a bell
curve, with a width we can call Delta x.This width is a measure of the places the particle
could be. Thus, Delta x is basically the uncertainty in x.We can do a Fourier transform and
find out what the shape of the curve will be in W space. It turns out that the Fourier transform
of a normal distribution is also a normal distribution. That’s just kind of weird, but that’s how
it goes. If you want to see the math, again, there’s a link in the description. Now here is the
most important point. It turns out that the width of the normal distribution in W space is
related to the width of the normal distribution position or x space. So, if you do the math, you
find that Delta X times Delta W is equal to one over two times pi. So, what does that mean?
It means that if Delta x gets small, then Delta W gets big and vice versa. They can’t both be
small at the same time. Okay- one last thing. You may not know this, Plank Constant but way
back in 1924 a man by the name of Louis De Broglie was working on inventing

quantum mechanics. He proposed in his PhD thesis that the momentum of a wave is equal to
a constant called the Planck constant, divided by its wavelength. We write Planck’s constant
as h, by the way. Since W equals one over the wavelength, that means that momentum is
equal to h times W. And that, of course, means that Delta p equals h times W. We can then
divide both sides by h and we have an equation for Delta W, which we can then put into the
equation we got from Fourier transforms of normal distributions and we get that Delta x
times Delta p equals h over two pi, which is the reduced Planck constant, which I remind
you, we write h bar.

Summary So, this looks a lot like the Heisenberg Uncertainty Principle, although it’s

missing that one-half factor, which means that I haven’t derived the uncertainty principle
here. It turns out that derivation is a little more complicated than the illustrative approach that
we've taken in this video, and I don’t want to get bogged down in the math. | put a link in the
description for those of you that want to dive into that. But the detailed math isn’t the point.
What | wanted to show you here is the underpinnings of the Heisenberg Uncertainty Principle.
So, let’s recap. One. A wave function tells you where a particle can be, and it has a range of
possible locations that's called Delta x. Two. Any wave function can be built out of a sum of
sine or cosine waves. Three. Fourier transforms show that the range of locations and the
range of waves are connected. Four. The momentum of a wave depends on its wavelength.



When you combine these four ideas, you have everything you need to see where the
Heisenberg Uncertainty Principle comes from. It’s tied deeply into the principles of
quantum mechanics and the fact that waves govern the quantum world, and you can’t get
around it. (moody blues guitar music) Okay, so that was a bit long and a bit deep, but some
topics are like that. If you enjoyed the video, please like, subscribe, and share. And tell all of
your friends. Perhaps most importantly, I hope that you’ll remember that while chemistry is
interesting, physics is everything.

9:30

(moody blues guitar music)

(02)- Ze dva grafy obsahuji pfesné stejné mnozstvi informaci a navic, jak se z jednoho na
druhy prevést. Metoda se nazyva Fourierova transformace a neustale se pouziva v
elektrotechnice, zpracovani signall a jak uz to tak byva, ur¢ovani nékterych hlubokych pravd
o kvantové mechanice. Nyni si pamatujte v kvantové mechanice, ze vinova funkce je vse
fizena véci zvanou vinova funkce. Natocil jsem video, které se podrobné&ji vénuje funkei viny
a jako vzdy je odkaz v popisu nize. Nicmén¢ podstatou je, ze kvantovy svét je
pravdépodobnostni. Matematika vam fekne, kde by néco mohlo byt, ale ne kde to je. V zdsad¢
plati, Ze tam, kde je vlnova funkce — ve skute¢nosti druha mocnina vinové funkce — velkd, tam
castice pravdépodobné bude. Naopak, kde je druhd mocnina vinové funkce nula, ¢astice tam
vilbec nemiize byt. Sitka vinové funkce vam dava predstavu o rozsahu moznych mist, kde se
Castice milZze nachazet, coz je zpusob, jak fici, Ze Sitka je mirou vasi nejistoty polohy ¢astice.
Pojd’'me se tedy ponofit do jednoduché a ponékud realistické vinové funkce. Toto se nazyva
normalni rozdéleni — nékdy se nazyva zvonova kiivka, jejiz Sitku miizeme nazvat Delta x.
Tato Sitka je mirou mist, kde by ¢astice mohla byt. Delta x je tedy v podstaté nejistota v x.
Muzeme provést Fourierovu transformaci a zjistit, jaky bude tvar kiivky ve W prostoru.
Ukazuje se, Ze Fourierova transformace normalniho rozdéleni je také normalni rozdéleni. Je
to prosté divné, ale tak to chodi. Pokud chcete vidét matematiku, opé€t je v popisu odkaz. Nyni
Sifkou pozice normalni distribuce neboli x prostoru. Takze kdyzZ to spocitate, zjistite, ze A X
krat A W se rovna jedné ku dvéma krat pi. TakZe, co to znamena? Znamena to, ze pokud se
Delta x zmensi, pak se Delta W zvétsi a naopak. co . 0=1.1 Nemohou byt oba malé
zaroven. Dobfe - posledni véc. MoZna to nevis, Planku Constant, ale v roce 1924 pracoval
muz jménem Louis De Broglie na vynalezeni kvantové mechaniky. Ve své disertacni praci
navrhl, Ze hybnost viny se rovna konstanté zvané Planckova konstanta, d€lené jeji vinovou
délkou. Mimochodem Planckovu konstantu piSeme jako h. ProtoZze W se rovna jedné na
vlnové délce, znamena to, ze hybnost se rovna h krat W. A to samoziejm¢ znamend, ze Delta
p se rovna h krat W. Pak miizeme ob¢ strany vyd¢lit h a mame rovnici pro AW , ktery pak
muzeme dosadit do rovnice, kterou jsme dostali z Fourierovych transformaci normélnich

rozdé€leni a dostaneme, ze |AX Krat A p| se rovna , o .0=1.1,cozje

redukovana Planckova konstanta, kterou pfipomindm, piSeme h bar.

(CZ) Shrnuti: TakzZe to vypada hodné jako Heisenberguiv princip neurcitosti, i kdyz v ném
chybi polovi¢ni faktor, coZ znamena, ze jsem zde neodvodil princip neur€itosti. Ukazuje se,

vvvvvv

nechci se utapét v matematice. Pro ty z vas, ktefi se do toho chtéji ponofit, ddvam odkaz do



popisu. Ale podrobna matematika neni smyslem. To, co jsem vam zde chtél ukazat, jsou
zéklady Heisenbergova principu nejistoty. Pojd’'me si to tedy zrekapitulovat. 01). VInovéa
funkce vam tika, kde se ¢astice miize nachazet, a ma fadu moznych umisténi, kterd se nazyva
Delta x. 02). Jakakoli vinova funkce mize byt postavena ze souétu sinusovych nebo
kosinovych vin. 03). Fourierovy transformace ukazuji, Ze rozsah umisténi a rozsah vin jsou
propojeny. 04), Hybnost viny zavisi na jeji vinové délce. Kdyz spojite tyto ¢tyfi myslenky,
mate vSe, co potiebujete, abyste vidéli, odkud pochazi Heisenbergtiv princip nejistoty.
Ne nemate vSe...Do spravné rovnovahy vam chybi

viz ony ¢tyti web-odkazy. (*) Je to hluboce svazano s principy kvantové mechaniky
a faktem, Ze vIny vlddnou kvantovému svétu a nemiizete to obejit,. (naladova bluesova
kytarova hudba) Dobfte, takze to bylo trochu dlouhé a trochu hluboké, ale néktera témata jsou
takova. Pokud se vam video libilo, dejte like, odbér a sdilejte. A fekni to vS§em svym pratelim.
Snad nejdulezitéjsi je, Ze doufam, Ze si pamatujete, ze zatimco chemie je zajimava, fyzika je
v§im. 2

< (A) Summary: So it looks a lot like Heisenberg's Uncertainty Principle, although it's
missing the half factor, which means | haven't derived the uncertainty principle here. The
derivation turns out to be a bit more complicated than the illustrative approach we took in this
video, and | don't want to get bogged down in the math. I'm putting a link in the description
for those of you who want to dive into it. But the detailed math is not the point. What |
wanted to show you here is the basics of the Heisenberg Uncertainty Principle. So let's recap.
01). The wave function tells you where the particle can be and has a range of possible
locations called Delta x. 02) Any wave function can be built from the sum of sine or cosine
waves. 03). Fourier transforms show that location range and wave range are linked. 04), The
momentum of a wave depends on its wavelength. When you combine these four ideas, you
have all you need to see where Heisenberg's Uncertainty-Uncertainty Principle comes
from. No you don't have it all...You lack the right balance see those four web-links.
(*) It is deeply tied to the principles of quantum mechanics and the fact that
\quantum world and you can't get around id. (moody blues guitar music) Okay, so this was a
little long and a little deep, but some themes are like that. If you liked the video, please like,
subscribe and share. And tell all your friends. Perhaps most importantly, I hope you remember
that while chemistry is interesting, physics is everything.
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