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00:12Helen Ma, Team OrionX (HM) Good morning, good afternoon, everyone, and welcome téelnmuary
event with TerryTerry, this is all yours

00:19 Terry Bollinger (TB): Thank you, Helen. This is a topic thahbroughlyenjoy. One of my favorite books
of all time is a book calle@ED: The Strange Theory of Light and Mattdrwas written by Richard Feynman, a
famous physicist

The delightful thing about this boak thathe had a goal, and the goal was:thle wanted to explain to some of
his friendshow he understood physids how hegot hisNobd Laureate statud and he wanted to do without
using mathHis idea washis: He didré want to make people havedalculatethe resultsHe wanted to show how
the result® how the calculation§ came from the logic
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So, it was alntriguing approach, and it wasdifficult approachlt& not something you could do to just everything
But Feynman realized that he couiid,this case come up with some fairly straightforward representations that
people could understand.

Now, the actual calculationd and gtting those calculations to worficiently, and applyinghemto large
problemsd those are muchigger issus His point was simplerHe wassaying that thdasics the operations
from which everythinggmergeshave a simplicity to them that needs tokbewn thatneeds to béalked about

And thats what his goal wago do this.
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Overview
. Who Is Feynman and What Is QED?

ll. Photons: Particles of Light

lll. The Mystery of Partial Reflection

IV. Feynman’s Particle-Based Approach

V. Using Experiments to Find Patterns
VI. Stopwatches and Particle Reflections
VII. The Colors of Bubbles

VIll. Conclusion: Bubbles Reveal Deep Physics
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01:4016ve goteightparts to this presentation. Originally, | was tryiagryunrealistically, to cover the whole book
quickly! But therds too much that needs to be covered on these b&sickjust went through the part where we
get through the interference effects with soap bubbles, which is the first one or two sections of thehtotok
began as a series of lectures in New Zealand.

So, you can see the outline hdren ¢ | u d i wagFeymél® atq give a little bit of background in case yoa
not already familiar with him.

And hiswhole book is aboythotonsd photonsandelectrons What il be covering today is only about thhoton
part to givearealistic coveageof that.

For today:Colorsd the colors of bubbléA remarkablenumberof thingsarecovered by the color of bubbles
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Part I.
Who Is Feynman and What Is QED?
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2:32Who is Feynman, and what is QED?
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Who Was Richard Feynman?

» A notoriously bright and irreverent theoretical physicist of the mid-
to-late 1900s. Born May 11, 1918, and died on February 15, 1988,
at age 69. “Proper respect” was a foreign concept to Feynman.

» He was the author of several books popularizing physics:

» Especially large, deep, and notable: The Feynman Lectures on Physics
Available free online at: https://www.feynmanlectures.caltech.edu/

» Notable books on Feynman’s irreverent approach include Ralph Leighton’s
collections of anecdotes, Surely You're Joking, Mr. Feynman! (1985), and
What Do You Care What Other People Think? (1988).

» His physics contributions included exceptionally precise methods
for predicting electron properties (Quantum Electrodynamics, QED)
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02:34Feynman wasotoriouslyirreverentlf you wanted Feynman wisrespecyou, it was very easy. All you had
to dowastell him,iYou need t oAnd (ehackle, ostantaneouistyyou would be at thbottomof his
list of people he ever listened to adain
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This was just amherent characteristiof Feynman probably something to do with his backgrouhdw re was
raised and his family. ks dad was a tailor when he was youRgynmanconsidered himself aordinary person
who had unusual interesHe wasnotbig onpomp, showanda number of other things, and he very nearly declined
getting his NobePrize

ltwa s thadihedi dnét | i lk wasiagwithedame.iHe mad no bHroblem at alith being entertaining and
being known by peopldut hewas justuncertain about whether a Nobel Priz&sa good ideaAnd in some ways,
he even regretted it later, becausedirectedhim away from his research.

So, in addition t@QED, youcanalso easilyget a copyf The Feynman Lecturem Physicswhich are aramazing
set of three books that cover just about every aspect of physics you can iHeglirezturesveresupposed to be
an introductory courséut theycovered so much that, to this day, people look at fdiouckle)far morethan just
thefreshman year of physic§heycover aot.

And thereareall these fascinatindetaild | love going through théectures, becausé@llfind things thatl never
noticed beforel look at some paragrapbhndsay,fil didn@ realize he hadaidthat.| didn& realize he hatboked
atitthatway ®r | didiid realize he had thamique perspectiviéhat he puts on this particular problen

So, there ardots of little goodiesandfindsin there They areavery goodset of bookghatareonline! You can get
them in theirentiretyonling, without any chargeSo, thats great!

He alsohad some books thaadbeen written about himA particularly famousone&Sur el'y Youdr e Jc
Feynmancaptures higreverence very nicel. h e r e 6 s offepant wheiddk went on a long road trip with a
well-known physicistwhose name | admit | forget at the momemntd theai own descriptions of their own trip were

just strikingly different The othefellow was saying t \Wals so great tgo on a tripwith this great mintd dwhile
Feynmarjust talkedabout amusing little anecdoter thetrip. He didnot consider what he had said to diethat

relevant.

Much later, healsomade a joke about his own QED theory in front of a bunch of Princeton mathematicians, and
he played his own theory for a laugHe said,ii ¥ah, ifs probably all wrong. Probably t jéstssomething like
checkers)

But how many Nobel laureates do you know who wouldke fun of their own work front of a crowd of
mathematicians to get a laiyjAnd hemeantt! He just saidfi ¥ah, ifs probably wrongHis pointwasthatwhile
thedetailsof whathe calculatedvereright, we still dorit understand whés reallygoing on

The particular theorfor which he got a Nobel Prize is called Quantum ElectrodynanBas.name, nicely
abbreviated to QEB which hasnothing to do with the mathematical use of the word QER.it is a way,n a
nutshell, of describing electrons and photdnghotons being pécles of light These are théwo particles that we
most often encounter in nature, because wéidae the nuclei of atomae just see the electrons.

So, those two particles covetaa of turf.
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What Is QED?

> In physics, QED stands for Richard Feynman’s theory |y
of Quantum Electrodynamics QED

» QED is an example of a Quantum Field Theory — a The Secange Theory of
theory of how fundamental particles interact at the Light and Matter
deeper, non-classical level of quantum mechanics Richard P. Feynman

» For QED, Feynman shared a 1965 Nobel Physics
Prize with Julian Schwinger & Shin’ichird Tomonaga

» QED is also the title of a Feynman book in which he
explains his QED theory without using math (!!)

» Full book is at: https://archive.org/details/153980862-
ged-the-strange-theory-of-light-and-matter-
1/mode/1up?view=theater

P
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06:18QED itself is an example of whatcalled sguantum field theoryTheregs amarvelousrony int hi s! That
because the premise that Feynman startedwéiththat everythings particlesd not fields.

You hear abouthe particlefield 8 particlewaved duality, butFeynman had wery unusuatake on thisA lot
of times people dof point this outd butité worth pointing outHe started from thether end He saidfi Wat
if itGs all particles? What if ifs justparticles andwe dorit really havea field? o

Now, at the same time, he hadproblem embracing field thearide hadno problem working with fieldsHe used
them in the mathandhe wasextremely pragmatiabout that But when he was trying to poke at something and
say, Wiiais really, really, reallyreally going on at theleepest lev@b d then he would back off. He would say,
i et see if we can make it even simpleetés just dispense with the fields and have just the particles.

And thatwas a pretty radical concept. In fact, it was so radiaimost of his fellow physicists did not understand
it at all atthattime.

As for the first edition book shown in this image, yaanfind it on the Internet ArchiveThe first edition is a
marvelous thinglt has thisbeautifulfront-coverpicture whichyou see over here on the rigbt anoil film. The
oil film has the ame kind of colors you see in a soap bubl$eo t h &hé doger othe first editionbook and
i tadysod resource that you can fimline There arelso less colorfwersions of ithatyou can buy oime from
any number of source#.you get thoseyou can get thenore recent intros. Thigrst editionhasonly the original
intros and the original preface.
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Part Il.
Photons: Particles of Light
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08:00Photons!Particles ofight! (Then, | make a strange throat noise | cannot explain! :)
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One Way to Tell Light Is a Particle (a “Photon”)

FIGURE 1. A photomultiplier can detect a
L single photon. When a photon strikes
. plate A, an electron is knocked loose and
k Amplifier Speaker attracted to positively charged plate B,

\ knocking more electrons loose. This
process continues until billions of
CK electrons strike the last plate, L, and
§ B produce an electric current, which is
\{/ amplified by a regular amplifier. If a
one photon speaker is connected to the amplifier,

clicks of uniform loudness are heard each
time a photon of a given color hits plate A.
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08:06 Whydo we think that light is particle?

Because our technologglls usités a particlé
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You can gointo a device, like a photomultiplier, something invented back in the 18@@s/ou can havene
photon onetiny little bit of lightgoinginto it, and itcauses an avalanchype reactionTheone photon releases a
couple of electrons, the electrons release more electrons, and back and forth it,gamess&gthe avalanchgust
crawls upthroughhere, in this columpAt the end of that, in Feynm@ntimed back in thel950sand 603 this
would have been sett a speakeso you would heaapulse Youd hear, like, a littlsnapfi t o o t kndowthata n d
you just got a photon.

It is a remarkable thing that when you make the light very dimcyaun 6t get awaYoujostkeep t hi
winding up and saying, liké @, below a certain point, thésgustnothind But up tothat point, | get a number of
photons thatremarkably is just proportionalto the energy thdt 6 putting into it. Sqités like the energy kind of

gets grabbed into a little bundle, and then it pops out.
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These Days You Can View Photon Flashes Directly

& =  FIGURE 1-Extra. More recent light-
| i amplifying technologies (e.g.,
“microchannel plates”) demonstrate
how scenes in very dim light break
down into individual photon-flash
detections.
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09:20You can see these things directly these days. You can go out and buy equipment right now. You can go on
the internet right now and find some devices where you can watch this yourself.

This is an actual little picturenamplifiedlight picture of a raccoon in the dark. Tliatunder very dim light, but

if you go everlesswith the same devic&Vhat happens eventually is you get this little sparkly effect. You start
seeing little bright points of light. See the little ears, see the little raccoon ears there? That is actually light images
coming from this guy. So the photons acefewandso far in betweethat you can just barely get that.

The technology is essentially the same as what Feynman described. This device was not available at that time, bu
these little channels just have those same little avalanches of electrons going back and forth and back and forth, an
then instead of hittingn audio connection, they wind up on a photo connectibarethey produce a little flash

of light. So,thesame technology, butit been turned into night vision goggléad,i t &ery useful technology

tohave  brte thals commercially availabl so you can find it out there. Bulsijustremarkable because if you

want to do this experiment, you can do it at hbome
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Even human eyea$ this has been found out statisticalywe can see photoné/e cardt see them well, and thég
kind of like the subconscious level. We @aguite get them to where you say, oh yeah @hestactly where it was.
But if you do a statistical analysis of peopleextremelydim light, it turns out humando statistically detect
photon$ We can sayfi ¥ah, there was one right tiéen a thete was another one tken

So even human eyes, when tlaeytrained for itand wéve been in the dark for a whjlean potentially see these
little flashes. Photondight, alwayscomein flashe$

And isr thatremarkabl® Because we ddrthink of light tha way! | know everybody hears the woiighotons 0
But to imagine lightas being these little particlésmkessomestretching and thads what @l be getting into in this.
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Einstein’s One and Only Nobel Prize Was For...
... Figuring out that photons behave like particles. (Surprised?)

“.. light [seems] better modeled by assuming that [its] energy ...
is not spread continuously over ever larger volumes, but consists
of a finite number of energy quanta that are spatially localized at
points of space. [They] move without dividing, and are absorbed
or generated only as whole [units].”

— A. Einstein, On a Heuristic Point of View about the Creation and Conversion of Light, Annalen der
Physik 17 (1905). https://www.academia.edu/43729969/The_Scientific Papers Of Albert Einstein

Einstein’s 1905 perspective was Feynman'’s starting point
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11:16The interesting thing about photo@s andagain, m not sure why this ishemphasized more, because |
think ités justfascinatingd is theidea that photons afarticles,period did notcome from Feynman. It came
from a fellow hamed Einstein

And not only did it come from Einsteibutités theonly thinghe ever got a Nobel Prize for

Consideringthat Einsteircould easily have gotten abdive Nobel Prizest h at 6 s sauhgve to go dowgy .
the list, right? Special RelativityzeneralRelativity, his work onthe existence odtoms from Brownian motion
bouncingp ar t i c | e sehadmomberaf i@sights that heasilycould have gotten a Nobel Prize for.

The onefor which Einsteingot a Nobel Prizavasthe oneabout photons being particlednd Einstein washard-
nosedabout thisif you read this quote her. glit §eems better modeled by assuming that its efrergé 006
now, look at that!d fi éspread continuously ovéarge volumesbut consists o& finite numberof energy quanta
that arespatially localized 6 Tateia gne little tiny spot Einsteinuses the worgp 0 i nt ey meve d
without dividing, and are absorbed and generatdglas whole units
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People often sallanckis the one who came up with thighe truth isPlanckdodgedhis untilyearsafter Einstein
brought it up Plarck did not want to go this route. Pldnwas very conservativéde was a brilliant marbut he

had to be forcedscreamingandhollering, to get to the point of coming up with the idea of Plaaatonstant. He
neverused theidea of photonsas units. He did& even use th@hoton quantizatiorquationthat we usually
associate witthim d thatcame later.

So, the real forcdor saying that photons are particles came figimstein. And Feynman picked up on that
Feynmarsaid,i Hyeldm goodwith that |&m gonnaollow that ideaand see where it gde
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How Did Physicists React to Einstein’s Idea?

» Einstein’s weird, upstart idea did not play well at all (at first...)

» Physicists at that time knew the wave properties of light very well,
and could not envision any reconciliation of wave light with photons

» Even when Einstein won the Nobel Prize for his paper on light
corpuscles, the announcement did not mention his photon idea.

» Instead, the announcement said he discovered the “photoelectric effect,” in
which light causes emission of electrons at precise energies

» The view seems to have been that Einstein somehow “got the math right,”
but had used a model that made no physical sense

» Ironically, when physicists finally accepted the quantization of light,
they gave most of the credit to Planck’s earlier work on emission
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13:26Einsteirts photon idealid not play wellchuckle) at firstThis ischaracteristicof the people who get Nobel
Prizes It doesnotmean that peopleve whatthey saywhen theycome out with it!

So, when Einstein camepwith his lightasparticlesidea, people just looked at it and sdidfiafs ridiculous That
is absolutely absurdWe knowthat light is a wavelt ¢ a rbé photoné andyou are point-blank saying 6tfs a
little particle traveling through spdced 0

Even the Nobehnnouncemerft o r E i n s tefidedtd talk alvoutrpkoton quanitastead, they talked about
fithe photoelectric effeciwhich was kind of a weaselordy way of saying fi Y eha foulnd somethingery
importantheree  he equationsall work. Ités extremelypredictivep d which isimportant andis why he got the
Nobel Prizefor it' & Sao, extremely predictive, and theathh works outright A But , yhe wayBinsta&nw é
phrasesté wedeé notso sure abouhat & because they just coul@rconceivethatlight quantization waa
real thing

And there argood reasonfor that confusiohBecausegto this day waveparticle duality remains thaost baffling

feature of quantum mechanid¢®oplecantell youtheydve figot it worked out theydre figot thisp or thattheybve
figotthat 0 b u thafling! It is stilkbaffling. It hasnever ceasetb be bafflind
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Einstein waswareof that Heknewthat. Buthesaid,fi We @atte look at whads happening with this quantization
if we want to understand dt.
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The Concern: Centuries of Proof That Light Is a Wave

Water Wave
Cancellation

Water Wave
Enhancement

Light Wave Cancellation & Enhancement
(“Destructive” & “Constructive” Interference)

! ! o
i s

Light Wave
L 2 Enhancement
Smooth! H ‘

Light Wave
Cancellation
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14:58Now, the emphasilere isthat sometimes physics gets dressethupo complicated fashion[So, here is
an example of simplifying an idea to match everyday phenomena we know well.]

If you have evedug a holeyou have noticed thaih the process aliggingthe hole, youalsowind up with apile.
Soyou have gile, and youhave aole

If you can understand the ideas difjging holesand making piles you understand the phenomenon called
interferencebecauseall interferencas, is themathematics ofligging holesandmaking pilesYou can dress it up

in all sortsof fancy ways, but thé reallyall it adds up to.

If you look at theleftmost box herewave cancellationimagine two thingsYou havetwo waves heading toward
each other. One of theimup-on-theleft and dowron-theright, and he other onés downon-theleft and upon-
theright. What do you get?

They cancel each other duthis is just like filling in holesThe uponthe-left side fills the hole on the left side,
and vice versa. And you wind up with a smosdinface

Thais calleddestructive interferencdt means the wavesncel each other out

Now, the other thing that can happen is §igot two piles thapile up on top of each otheSoyou wind up
digging the hole deepandmaking the pile higher

[ That 06nstuativelinkedferencdt means the wavesld to each othey
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The same thinghappens with lightln fact, with any kind of wave phenomenon.&t the same idegust more
dynamic

With your dirtpiles kind ofstayingthere for a while  easiér $0 visualizéhe situationwhen youre doing piles
and holes. But @& the same ideaith light and otherwaves t 6 s | ust tilkesgoesavobfasteiamdg t h e
they change a lot more quicklBgut itGs still the same idea

So, when yowshine a light through twe | i tlésmémlffying some details herehis would bea monochromatic
sourcehere;l want to be particular abotie frequency | usgBut if you take a source of light, and you run it
through two slitsyou get interference.Vérybodys heardof that one, right? The twslit experimenit Well, it
works with photonsBut for photons ités been known focenturies

So people knew that if you do thds if you putlight through two hole$ you wind up with thignarveloudittle
patternon the far side

(And by the way, this experiment idat harderto do than you might think. Theeesome goodlouTube videos
on how to do it, but it is trickier to d@ut it also has beedone and has beeknown for a very long time.

This isone ofthe reasoswhy peoplesaid i Watis this? What is thiparticle stuff? What?What are youalking
about Einstein? Whas wrongwith youd

Theyeventually came arountut agreementasnotthe reaction they gavem at first
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Addendum: Where Does the Cancelled Wave Energy Go?

» Simple wave figures overlook the fact that waves always travel

» When you account for wave motion, cancellation becomes a region
that forbids wave travel. Such regions are better known as mirrors:

“Keeping in mind the idea that waves always travel, here'’s what happens whenever
you figure out a way to build a region in which the energy of such a moving wave
cancels out fully: If you look closely, you will find that you have created a mirror,
and that the missing energy has simply bounced off the region you created.”

— https://physics.stackexchange.com/a/23953/7670, T.B., Apr 18, 2012

» In the photon model, they forbid photons from traveling in them
(no “digging holes” or “making piles” in that region of space)
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17:29This is somethingdn just going to mention in passing, becauskésmake a difference.

When you look at thatind you sayfi Wll, two waves cancel oudind you get nothing 0  ifB/autknow anything
about energy conservation, your brain should be saffiigit a minute, waia minuté HAat doesé sound right
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because you cdncancel out ton o t h ilf gog bddl them togethexonstructively you can sayii @, yeah, | just
added the energyd vEavesalwayshave energysowhat happened to the eneligythecancellationcase?

And thats actually avery good question brte that you need to look earefully.

When | reencountered thig/hile preparing these sliddswent on the interneand | looked for something about
that | found this quote by some guy namEketry Bollingegé | literally had forgotten my owiuote orthis! Sg,
this was just something in the Stack Exchafbga,t t h e p o i n forgatten my avh poidtk | e ) , | 6d

Thepointis very simple When you make a cancellation area in optics, whabagreally done iscreate a mirror

Youobr e amegigniinnMpichyoe andt fAdi g hSol eysoou davney ngookd diggecaming | i t t |
along there and sayinfj, want to dig holes heré! nétherés this fence that say8, ¥u maynotdig holes in this
ared We are dorbidden aredWe do not allowhole-diggingor pile-pushind Y ou mustgo somewhere elked

And you gg fAlrighté 6  Siehole-diggerbounces off and goes in another direction.

Thats pretty much what happens with sortsof phenomena. If you look at a peacock fegthvith thosebeautiful
colors in the peacock feather, tigatxactlywhais happeningThe peacock feathers creatditdle region where
essentiallythere isa signin front that saysfiNo holes allowed for this frequency of ligh8o the blue light just
bounces right off, or the red light, or whichefreuency it ighattheyhave forbidden.

So, is an interesting way to think about this cancellationtheé idea thaanyphenomenon that looks like a mirror
has some variation of this cancellation effeds fibrbiddingthe entry of photons into that area.
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Feynman’s Adamant Starting Point

» Feynman chose to take Einstein’s photons at face value
» His goal was always to take the particle view, at every scale

» At the same time, Feynman took the wave behaviors of photons
and other particles as absolutely beyond experimental doubt.

» Feynman also refused to add new “devices” (e.g., “pilot” waves)

» Instead, he sought to explain all wave-like behaviors in terms of a
particles-only model with direct particle interactions (no fields!)

> ltis this goal of using only particles that drove his entire approach
» His QED model worked better than even he expected for predicting values

» Feynman’s particles-only approach also enabled a more intuitive
approach to the complicated math needed to predict events

E Apabistia Notes 2026, 02211200 (2026} 13 apa.2026-02-21.1200.pdf

19:32Feynmaids starting pointvasexactly Einsteits viewpoint He t ook Ei ns sa@fldn@angv i e wy
to take it aface valué 1ém gonna look aparticles only andsee if it worksd
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To the best of my knowledgeo onehad done this beforédnd the fact that Feynmatid this, andat the same time
fully acknowledgdall of thewave behaviorsf light, was unique.

There is an easy thing to dorgsearch, whicls this: You lookata n i d e a, ahisdisimgodant Psotorys, @A T
areparticleso

Sofar, so goodThe troublethen, isif you then go on to the next stéghuckle), and start saying thinlkjee this:
fiScé everythingwhere itd o e doakdike a particlé must be bad experimentation!

And as sooras you go down that path, yie introuble! Sciencedoesi@ work that way Youéve got to look at the
full set of experiments arads k, fAWhatls ayd@&s it

Feynmarwas good atwo analyticalthings First, ke took an adamant viewpoint and said
A Mese things are particle

But he also said

fi éandevery single bloomingon-particle behaviorthat we see isxactlywhat we se@.

So when you see thieterferenceités theinterference Therdés neverbeen any deviation from thahe at any scale,
since wheryou take an individual photoit,still does it

So Feynmaiaid afelthenbothseriously 0hisTs what Feynman did that no one had done before. He took this
idea of saying thafi WlI, they areparticles as Einstein saidBut somethingstrangeis going on here to produce
thesewavebehaviors 0

Feynman alsoefused to adddevicesd An example of adding devicesifsyou look at something calletthe pilot
wave theoryThis is the idea thate Broglie originally came up withhe brokephoton behavioup into two parts

Most of the Copenhagerversion of quantum mechaniatso breaksphoton behavioup into two parts.Youb v e
eithergot awave or youd vget aparticle.

And thenin both modelsyou have sommix of the twodevices. Thegitheralternateor, in the case of pilot waves,
they actuallyexistat the same time

Feynman refused to do thate said,fi dé no. Ité got to beone or the other 6  Aerchibselthe particles.

So, in doing sohe avoidedthe concept of fieldsAnd thisgot one of his cavinners of the Nobel Prize a little
miffed at him(chuckle) becaus@ot everybody agreealith the idea that there were no fiel@ Feynmamook an
interesting perspectiven that.

What happenedwvhen he did thad when he simplifiedas much as he coujdand said il 8rticles, particles,
particles 0 ve(tially, he dropped evéineatomswhich he had used in his Ph.D. thesis, mstisaidfi Ectrons,
photons forget about everything else®) is he wound up gettingetter math

The math that he wound up wittould predict things thatobody else could predicAnd thaés becauseof the

simplicity. This is not acoincidence here. He went fromaximum simplicitybut takingeverythinginto account,
and saidfi Wat model takeall of that simplicity and therbuildsit into something new?And this is what he did.
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So he came up with this QED model that turned twuhis own surpriseto be extremely predictive.hEre are
recorded statements of him saying, Jikedidnd think that wouldwork!o So Feynmanwas just like, you know
(chuckle) fil thoughtit was agood ideabut | didri really think it would workhatwell! ©

But it did! And it started predicting things that then the experimentation steetéfging out to6, 7, 8, 9 decimal
placesSo, he was on to something, and it took a little while for that to be fully realized.
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Part lll.
The Mystery of Partial Reflection
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22:55S0, what was Feynman looking at?

Whatwas the logic behind howe explained particlethat,at the same time, does all the optical things that you
se&

And one of the paths for doing treat which, apparentlyis one of thepathsthat inspired him in some of this is
themystery ofpartial reflection
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S -
Specially coated glass surfaces (almost no glare)

\ N\ ' ‘ T\ =\ Joe Wolfe, UNSW Physclips
Kym Cox: Colour Cascade No. 6 (2020 British Photography Award) https://www.animations.physics.unsw.edu.au
http://www.kymcox.com/about-1 /iw/light/non-reflective-coatings.html

Photons behave very oddly when two reflective surfaces are
stacked close to each other and become equally available

N\
N Wil \
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23:17Whatis partial reflection?

If you haveno-glare glasses, you know thi§.you haveanold pair of glassegshey just glarderribly. And then
youbve got these newfangleglasse$ thais howold | am: @ Melvfangledy | a s guetsunqaote because
16m back from theera whermy original pairs of glasses didndo thig

With thenew ones, you can see the pefsayes better, and the person inside sees a lot les$rgtarthe outside
world. Thats amarveloudittle technology

And, doingthat requires a deeper understanding of lighirnsout the same phenomenon is very closely connected
to the effect that causelimmering colorsvhen you have a little bit of oil on top of watércauses very similar,
very similar shimmering colors from soap bubbles | scedtiglly #ne same effect, just in a slightly different form.
So, you have these examples of vibatalledpartial reflection And you also have versionshere you have
different colors popping upn mostof your naglare sunglassegpu can see a little bit of greein this example

this guys got a little bit of greem his no-glareglasses.

So, what is thé&ey characteristithat causes this to happemdwhy is it important?

| love this because that seems like such a simple quésiikay, then: \What makes these things happen, and @&hat
thekey thingyou have to have do to nake those things happzn

It turns out to be nothing more thiao reflective surfaces close to each othidrais pretty simpleTheres not a
whole lot to thatBut whats goingon with this?
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The Centuries-Old Mystery of Partial Reflection

FIGURE 2. An experiment to measure the

100 a partial reflection of light by a single

\ surface of glass. For every 100 photons

'\ that leave the light source, 4 are reflected
.\/ by the front surface and end up in the

photomultiplier at A, while the other 96
! are transmitted by the front surface and
B]96 end up in the photomultiplier at B.
GLASS
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25:00This effecthas been known since at least Nevisdime and longerThat glass has these odd characteristics
in how it reflects light. And the characteristics have to do with tiogk the glasss.

So, if you have glass of a certain thickness, and you send some photor@miagét whais calledpartial reflection
You get photons that come bagksmall numbesin most casesandyou have photons that just go through.
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One Theory: Partial Reflection Using Holes

| \f\ | \ \ '.‘". \ ) \f \
\ : \ | \ 'n' A | ", |'| ". '.‘

DU \,' \ k] \ \/ |I ‘. -
=4 TTEETIIERL)
GLASS

FIGURE 3. One theory to explain partial reflection by a single surface
involves a surface made up mainly of “holes” that let light through,
with a few “spots” that reflect the light.
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25:34 At the time of Newta, it wasfascinating because Isaac Newtadrd to understand this phenomenon. He
knewthat something strange was going on with tHis.was goinglike, ii Tisé thisis definitelyweird.d And he
lovedoptics sohe was trying to find ouis much as he coyldbouthow this phenomenaonorked.

He discountenanceall hediscarded one theorywhich was thathere are littlénolesin light-reflecting surfaces,
so that most of the light godzroughthe holes. There amecasionalittle spots where those spotgflectlight, and
t h awhéresyou get the partial reflection.

If you go through the full argumeét and Feynman covers this in his book niggljNewton was able to eliminate
that modeby sayingfiNo. Because | capolishclassd becauseé can make it arbitrarily smooih | canget rid
of whatever these littleeflecting areasire.So itc a rbé that simplé And thereare other reasons why Newton
realized it cad be that simple.

So whatare the characteristiés What makes glas®flect sometimesand sometimesnot, and what ar¢he
experimentahumberghat affect partial reflection?
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Isaac Newton Was Mystified By Partial Reflection

» Isaac Newton believed light was particles (!) and had a question:
What, exactly, determines which photons reflect and which do not?

» He was good with optical equipment and realized that:
» The selection of photons could not be a surface-only effect
» The number of reflected photons can vary widely, but predictably

» A remarkable point: Newton was asking quantum mechanics
questions centuries before quantum mechanics existed

» To this day, we don’t “really” know what determines photon paths

» Like Newton, we are still stuck with probabilities, not certainties
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26:38Photon selection in reflectiazould not be a surfacenly effect was whaiNewton realizedAnd it came up
later, as he looked deeper, thatre had to be some connection withdbtual structure of thglass itself

And for Newton to be asking these questimascinating. Andigain even nowwe have our little mysteries, and
sometimes we just ddnhave themechanismg¢o answerthem. Newton was asking questions about quantum
mechanicgenturiesbefore quantum mechanics exidtelé was sayingiil knowthat this is not just a simple surface
phenomenonl knowthat theré something very interesting going dércan characterizeomeof the features of
tha® o

But he couldd@ come up with anyproad mechanis@ he was unable to come up wahexplanation And even

to this day just asNewtonwas stuck on that point, ire still stuck in a way, because vgtill do probabilities, not
certaintieslt& one of the classic complaints about qguantum mechanics, that when you go down to this level, you
wind up withprobabilities but you justneverget thes@bsoluteghat you have in classical physics.
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Part IV.
Feynman’s Particle-Based Approach
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Feynman’s Photon Independence Assumption

» Feynman’s photon independence assumption:

Every photon determines its own path

» That, when determining the final destination of the photons in a
beam of light, it makes no difference whether the photons travel
together (e.g., all photons in one intense laser pulse) or strung out
over a potentially enormous time span (e.g., one photon per year)

» The value of this assumption is that if you can figure out the rules
for how one photon travels, you have everything you need to know

» This assumption has been rigorously validated experimentally
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27:49 Feynmaids particlebased approaah again, taken from Einstein.
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Hergs an importaninitial qualifier. When we go at a problem like thds and when Feynman went at a problem
like thisd you need to know your own assumptioAsd you need to know thewery wel| because @ so easy
to sort offigloss oved somethingandonly laterrealize you were actually thinking something a little bit different.

Feynmaids independence assumption was: thisery photon determines its own pathy would he say that? Why
would he think thatThe reason he would think that is becagesgerimentation backs it up

Feynman was adamant, adamattamantabout following experimentation Whiat does the experiment show
youd

And what experimentation shows you is tliflagou dim a lightthafs going to a surface that has this effect of partial
reflection andif you do the experimepand instead of putting gazillion photons all at once in a laser pyleea
weak wave whereds still just a wave [fiaWf you just keep thinning it down until finally yde just getting, like,
one particle, one photpfor someridiculouslylong period of timemaybe even gear? o

No reason why nbtOne photon per yeatwink!, goes to the little reflecting surfadaounces back up, and you
record the result®id the photon bounce? Did the photon go through? Did the photon follow a certain path?

Herd&s what experimentation sayst d o e s Qetphoto@mQ@nérdion photon® Someaunbelievable number
of photon® They all follow the same rule$his singlephoton has the ability to figure out that pathd figure out
the probabilitieson its ownas some enormous masspdfotons.

What does that mean? It means that if you talk about interferencd, gathéve to think about a whole bunch of
photons interfering with each other. You hawdocuson that one photari¥ou have to figure out whahat one
photon isdoing, anchowit is doing it And that leads you down\weeryinteresting path

So, this assumption is something teatery well validated experimentallBut ités easy taot recognize jtbecause
ités justsocounterintuitive!

Idl give a more extreme example. We have Einstein letsgsare millions ofight-yearsacross And, according

to this principle one photonfrom the other side of the universe, literalango through that lenghrough that
gravitational lensthrough theentire lens andcome overon this sideto give asingle focugoint on a telescope
here at EarthAnd ité all exactly the samas if it had been aimtense puls¢hat was bright enough to see across
the entire galaxy

Scé think about thadt How doesone photorknow thesame mathexactly, assomeenormousburst that would
illuminate theentireset of galaxie®

So thafs how strange this gétBut experimentally, including with lenses like that, teavhat wealwayssee
Individual photondhave the whole storif you can understand the photon, you can understand the underlying
physics.

Thatsremarkable T h a t h§ Beynwman was able simplify things.
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One Photon Reflects from Multiple Locations

FIGURE 4. An experiment to measure the partial
reflection of light by two surfaces of glass. Photons
can get to the photomultiplier at A by reflecting off

@ either the front surface or the back surface of the

SR 01016 sheet of glass; alternatively, they could go through
. %] both surfaces and end up hitting the photomultiplier at

100} [ B. Depending on the thickness of the glass, 0 to 16

[ v  photons out of every 100 get to the photomultiplier at

A. These results pose difficulties for any reasonable

100 to 84 . : . ;

8] o theory, including the one in Figure 3. It appears that
partial reflection can be “turned off” or “amplified”
by the presence of an additional surface.
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31:180ne photon multipliesé r efslwkatltwas sdyingoaboutitihaske suifageds.eso | o
you have two surfaces.

This is the key insightf you want to understand these partial reflections, if you want to understand these colors,
you have to recognize that the photon is bouncing difvotayersof a lightreflectingsurface

So the partial reflection is amplified, or turned off, one or the other, by the presence of the additional surface.

Now, if light is a particle, can you see th@ra problem here? Théseaproblemheré Therds areally interesting
problem herke
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Ponder This: Your Eyeglasses Are Messing with Time

» Think for a moment about a photon being a single particle

> If it is a single particle, how can it reflect from two surfaces?
» If two surfaces reflect one photon, it must “see” both of those surfaces
» However, it arrives at those two surfaces at different times
» With nothing more added, your no-glare glasses just played with time

» Feynman instead fully embraced this highly non-classical concept
» With Wheeler, he fully embraced photons moving backward in time

» Fully embracing standard quantum space and time uncertainty
ended up making his math more precise and easier to specify
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31:53 Your eyeglassed if you haveeyeglasses thdtave antiglare on them® those antglare coatings are
messing with time

And | dord meanthatin afigurative sensel mean in a quite literal sense, thatthoutambiguity of timeyour
fianti-glared would notbefiantiglare b would notbe able to stop the photeftom creating that glarélhe photon,
if itGs a particle, has to sbethof those surfacés

And this is where Feynmaefusedto back off. He saidfilan still going to stick with particleBut 1édm going to
look at the particles in terms of sayjnghéyTan do things thbendour usual definitions diowparticles traveb 0

Hets saying that 8dma sensén some waythisi s how you c adintantiomalyeaidfl Hondo
knowhow t hi s wor Kolow thg algarithin® 0 edsldot tryingacexplainit; hes sayingfiThisis how
you calculateit.0

And the calculation is that you show the photon goingott surfaces

So this is anon-classicalconcept. You cai do thiswith a baseballYou carit have a baseball bounce ¢ffo
surfacesand then come back and interact with itself
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Foot-thick No-Glare “Loses” Photons for 2 ns in Time (!)

1 foot (0.33 m)

AL 100%
- N pass
/—<100% never reflect) through

1 nanosecong (o i
n
individual {} & billionth of 5 second)

photons : =y _’Q

Wond (¥

Two nanoseconds after the photon hits the glass front, its reflection
from the far side of the glass cancels the existence of the reflection
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33:04This isso strangdhat | want to point this owvith an extended example.

If you havea no-glarelayer on your glassemostsuchno-glare layers are obviously extremely thin. But you can
make thenthick You have to be much more precise when you do this, by theTwasjis not aneasything to do,
but it absolutelyis doable, and @& been donenany timesYou can, for exampldjave a lengtisuch asan entire
foot, which, convenientlyis almost exactly 1 nanosecond of light travel tifftewill actually be a little slower on
the glass.

But, you can have thaine foofand you can have tlsameinterference effect, so that photons are guarameed
to glared that theyll go through theentire thingwith 100% certaintyBut theonly way you can calculate that is
to assumehat the photon ikst in timefor about 2 nanoseconds.

What do | meat y osfiith time®

Youc a rh@vé the noneflection effect until those 2 nanosecoadsup!

If you try tolookat things at one nanosecond, or fthation of a nanosecond, atsomeotherearlier time, photons
are hard to detethat way butyou can havesomething like an electron doing the same thiviych youcand if
you say, i N, 1Gn gonnacheat!l&n gonnalook earlyandask 6 \Werés the particleat® 6 Y o u fint but the
effectdisappears

So, you have to let thentire 2 nanoseconds by before you get the interference effect.

This isnotyour usual concept in classigatysicsof how particles workAnd the beauty of the Feynman diagrams
i s t ha tlén boing teassunuits a farticlé but Iém alsogoing to allow that particle to dbfferent pathways
0 totry different thing® and theradd them all together

So it was anarvelousnsight he hadBut it requiredbendingour usual definitions of time.
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I am amusegdsometimeswhen | see articles that talk abdutN e wantgm results have h o warmbiguity across
timeb It amusesne because th@talwaysbeen ther® and this is a good exampight here!

Just to do antglarerequiresan ambiguity in time for the quantum mechanic&tok. This is similar to the spatial
ambiguity, ité just working in the time domain.

I t 6s e vie@nptrateleoua lo nhave to have whole new experimertb get ambiguity in time, because
all of these selnterfering experiments do it. Bytime you use the woriselfinterference) youére playing with
time, space, or botfThe very facthata p a r tintederirg with #selfimeans ifs seeing different versioraf
itself, at different locationsand at different times.
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Part V.
Using Experiments to Find Patterns
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35:43Using experiments to find patterhgVedre got thisinterference effectités really interesting What does it
say abouteality? Can you find somethindeeperabout that?
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Reflection From Two Surfaces Is Bizarre!

Percentage
of
reflection

16% — — —

8% |— o \ —

0%

Thickness of glass —

FIGURE 5. The results of an experiment carefully measuring the
relationship between the thickness of a sheet of glass and patrtial
reflection demonstrate a phenomenon called “interference.” As the
thickness of the glass increases, partial reflection goes through a
repeating cycle of zero to 16%, with no signs of dying out.
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35:5 If you map this oud andthisis theimportance okexperimentationd You say,fi WIlI, okayé¢ if | cand
figure outhowthis works, and it doesfi make anysenseclassically can | at leastharacterizewhat the critical
circumstanceare®

And yes youcan And what you find out is probably evetranger!

Ités that as youncreasethe thickness of the glass, you stelnangingthe amount of reflection. It goes up to a
maximumin this case of about 16%nd it goes down to einimumof zero, theno-glarecase. Thdk the one that
they shoot for with your eyeglasses, althou@hntore complicated because you have many frequencies there.
So, yeaB Yougo, like Hdw? What3chuckle)How doesthis work?

And by the way, Newton waawareof this stuff, and he was likél dond know! 06 e cHuldr explain it But that
didn& keep himfrom notingit and sayingfi Tis isextremelyinteresting, whaks goingorh er e . 0

So whatis going on? SpFeynman used this kind of data to say®ay, Ién going tostick to the particle modél
stick, stick,stickto the particlenodel to Einsteirés particle moded andsee what | can do.
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Squaring an Arrow Length Gives Probability

FIGURE 6. The strange feature of partial
reflection by two surfaces has forced
A physicists away from making absolute
/ ‘\. predictions to merely calculating the
/" ~N probability of an event. Quantum
/ 04 / electrodynamics provides a method for
‘ doing this — drawing little arrows on a
\/O, 2  piece of paper. [©] The probability of an
0.2 ' event is represented by the area of the
square on an arrow. For example, an

arrow representing a probability of 0.04
(4%) has a length of 0.2.
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37:12 And what hdoundwas that ther@ alittle arrow associated with thi¥.ou have tare-representhe probability
as amrrow. And actually, as it turns guthe length of thatarrow is thesquare roobf whatever that probability is.

So, if you havea.04 8 a4% probability of the photon reflectiry Feynman saidj ldw do Itake careof this?
[édm gonn& draw a little arrow

And heeven jokes about itandsays,ii 8, this isreally profound folks! I&n gonnadraw little arrows on a piece of
paper. Thatis how Bm gonnasolve this problend!

But his point was seriolsie was saying that, yeah, thésra lot of math you can associate with thisdFeynman
hadno problemgoingvery deepn the math to do this as a workable probléongive actual probabilitieBBut he
would not back offrom the fact that the actual mechanism is nothing more than drawing little amagiece of

paper.

Now, the arrows have one propertjney can never be longer thanOneis the maximum length of these arrows
1 represents 100% probabilitfhen you go down tO, which represent8% probability. In betweenyou use a
square roqtso ités not directly proportional.

Whenl first madethese slides, | even made that mistdkéés easy to falinto that error.Thelengthof this arrow
he drawss notthe same thing as the probability. It is #tpiare roobf the probability.

So, for .@ (4%), you get a muclongerlength for this arrow, which is 0@ 0.2, alwaysout of a maximum length
of 1.

E Apsbigia Note20260222120IR2(2026 26 apa202602:22.120®2pdf


https://creativecommons.org/licenses/by/4.0/
https://sarxiv.org/apa
https://sarxiv.org/apa.2026-02-22.1200.02.pdf
https://apabistia.org/
https://youtu.be/ICGbvh0s2sI?t=37m12s

Terry Bollingec BY 4.0 An Easy Intro to Feynmands QED, February 22, 2(

Tenmy Bollinger CC BY 4.0 An Easy Intro to Feynman's Quantum ElectroDynamics (QED), Part 1: The Quantum Physics of Soap Bubbles February 21,2026

Figuring Out Arrow Lengths from Observed Data

9°/o 4
o —
03

FIGURE 7. Arrows representing probabilities from 0% to 16% have
lengths from 0 to 0.4. (A length of 1 represents 100% odds in favor.)
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38:%2 So, he found thahat allowed himto start representing all these probabilities using little arrows.

And the arrows have directib®o, you have differenainglesthat they can go ago, he started coming up with
these littlesquares and the squasagive you the probabilies. Thetotal sumof all of these probabilities for any
givenphoton isalways going to be 1.

So, essentially, I breakinghe probabilityof finding the photorup into these little areas. Theeasaddup to 1
But thelengthsof the arrowsl 0 mécessarily add up tb You have different combinations, but you always have
this relationship.

Sa you have this niceimplicityin how that goes.

E Apsbigia Note20260222120IR2(2026 27 apa202602:22.120®2pdf


https://creativecommons.org/licenses/by/4.0/
https://sarxiv.org/apa
https://sarxiv.org/apa.2026-02-22.1200.02.pdf
https://apabistia.org/
https://youtu.be/ICGbvh0s2sI?t=38m52s

Terry Bollingec BY 4.0 An Easy Intro to Feynmands QED, February 22, 2(

Tenmy Bollinger CC BY 4.0 An Easy Intro to Feynman's Quantum ElectroDynamics (QED), Part 1: The Quantum Physics of Soap Bubbles February 21,2026

Adding Arrows by Placing Them Head to Tail

X -
final arrow

FIGURE 8. Arrows that represent each possible way an event could
happen are drawn and then combined (“added”) in the following
manner: Attach the head of one arrow to the tail of another — without
changing the direction of either one — and draw a “final arrow” from
the tail of the first arrow to the head of the last one.

E Apabistia Notes 2026, 02211200 {2026) 28 apa.2026-02-21.1200.pdf

39:34Feynman addednotherrule to these little arrows.

Rememberl said thattwo different things were goingn with that photon going through the gla¥su have the
first reflection on thdirst surface, and you have teecondeflection on thesecondsurface.

What Feynman said waB, WiIl, each othose arrow$as one of theggrobabilitiesattached to it, which you can
actuallymeasureSaq, therds a probability of the photon reflecting from thattom and herds a probability of the
photon reflecting from th&op.

So he wouldaddthosearrowsand come up with final arrow. So thefinal arrow would then say) ®ay, if | add
thisonethisway, andhatonethatwayd and these ararrows these are not just suptkese are actudirections
& what is thedirection of the final arrow® And then from the length ofthat final arrow; | can get a final
probability.

So this is anoddly simpleway of doing math. His just sayingfi @ke the arrowsThearrows have directiorif
you gjuare the arrow, you get the probabili@r, if youtake the square root of probability, you get ligregth of
thearrow (but not the direction; that is losgither way, yowcan (partially)go back and forth between these two
forms

But when you put them into tterow form, and you start stringing theagowstogether, you just addne more
arrow by placing it at the end of the last arrow.

There are alsorts of nice mathematical ways of doing this, but the simple way, graphically, is judtahigist
shuffle the arrows around, put the X over hared puthe Y overthere The X arrowwould be the reflection from
the first surfaceand theY arrowwould be the reflection from the back surfaded then you wind up with this
final arrow.
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So, now, if yodre looking at thisthe other question yoshouldbe askingd that youneedto be askingd is,
i Waits determining théirection of these arrows¥Because a probability is just a number. It haslinectionto
it! So where are all thesirectionscoming from?
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You Can Add Any Number of Arrows by Chaining

FIGURE 9. Any number of arrows can be added in the manner
described in Figure 8.
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41:26But before | get into that, | shoufmbint out that you cankeep doing thisltés notjust aonetimething. You
can have avhole bunclof these arrows

You can havea reflection eventrom going through, for instance, largediffraction grding (such as a hologram),
or if youdre going throughayers You know howwhen you take ou roll of Mylar wrap, how it looksshiny; it
looks like amirror? T h datdgeingwn thereEach one of those littlayersof thatroll of wrappingis adding
its own little arrow. And by the time you get done withat, you can wind up with a pretty good mirygou can
wind up with something thdt reflect light quite wél.

Thats whatthis kind of arrowaddition,this kind of situationrepresents. You havest layer1, second layer 2,
third layer 3, 4, B on it goesand each othese would be different thicknessesadéyer. So you have this nice
little addition propertyd but you alwaysvind upwith just one final arrow

And what does that mean? It means you always wind up with one final prob@biliynber telling younow likely
it is for light to be reflected
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Why Atomically Thin Films Are Transparent

INCOMING FRONT BACK FINAL
photon reflected photon reflected photon reflected photon
0.5 0.5
» + [ ont
(NO photons
- : reflected)
(1in 4) (Lin 4)

“We need one more rule in order to compute the answer correctly:
When we are considering the path of a photon bouncing off the front
surface of the glass, we reverse the direction of the arrow. In other
words, whereas we draw the back reflection arrow pointing in the
same direction as the stopwatch hand, we draw the front reflection
arrow in the opposite direction.” —Feynman, shortly after Figure 9
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42:30Now, a dight tangentd though this is at so much a tangent, but justing to explain this point a little bit
better

Feynman notes that théeanadditionalrule, and this has to do with materidi§s not somethinthathe gets into,
and its not something you need to know the detailBof.ités very important for understanding getualexamples
of thin films, such as in your nrglare glassesThe rule is that the direction ohe of theseeflectionarrows gets
reversed

So, he just starts and safiye got an incoming photon. It doédsmatterwhereyou point that photais arrow
you can point in any way you want to. Tégathe arbitrary nature of what they call {ftease But once yoiset it
you have tetick with it. You have to say kayQl set my arrow at 3ock. And | have to stick with it, and then
| have to staralteringthat 3 d@clock according to certain ruléso

And the first rule is that when you reflect from finent surface, youeverse the directioof the arrow, as well as
reducingits length. Now, éve intentionally used .5 here instead of .2, just because it works out a little easier
graphically. I6s kind of hard to squish it down there to the .2, listthe same idea.

So, Feynmafs point, and he mentions it in all these slides, is thdirdt@ne goebackwards And then thesecond
one, when you reflect from th®cksurfaced because yolie going from adlensemedium(glass)into alighter
medium(air) 0 it turns out that the photaarrowkeeps the phagelirection). Soyou get the same phade the
same directio® as the original arrowf the photon thatame in.So that arrow pointthis way.

Okay. Well, now look at this. If | takehis arrow, thegreenone and | stick it overhere sogreengoesthis way,
and thenthe blue goesthis way & it doesrit matter which order you do, iin this caseyou come out witlzera
Therds no vectorTheycancel each other out

So, what this is saying if you add this rule that Feynman talks about shortly after Figue i that for an

atomically thin film even if ités ahighly reflective materiagly o u don 6t gdeyou darit geemudhafa t i o n
reflection.
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Why? Because tharrow that youstarted withis reversedfor the front reflection, and preservedfor the back
reflection and theyareso closé/ opposedhat they wind up canceling.

Have you ever lookethroughgold leafd throughvery thin films of gol@ If you do,you get this effect. You
actually can sethroughthem This is part of why you can do th@it least for some frequencies, mostly around
green) Sqg even ahighly reflectivematerial like goldieaf will lose its ability to reflect photons if you make it
extremelthin.

Gold leaf is fun stuff, becauséstsomalleable that you can jusguasht into layersso thinthat you actually start
seeing this quantum effect kicking in.
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Part VI.
Stopwatches and Particle Reflections
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45:32Stopwatches and particle reflections.
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45:3 StopwatchesHow do those arrows make their differehtangesn direction?

| gave you one example of how an arrow chamtijextion, wich is that if you reflegphotonsoff a front surface
from alower opticaldensitymedium(air) to ahigheropticatdensitymedium (glass)you get aeversalof arrow
direction

Okay, so thak one changelhais just a reversaHow do theytransformin genera) though?

Well, it turns out that what you need in this céseand again, Feynman is intentionally humorous abouté&his
you neeé@ astopwatt!

Thats the advanced mathematics that you need to understaralstopwatchYou need a dialvith an arrowthat
rotatesT h a t Yos doitt heedll sorts of fancy equations, integralou get the integrals later, but to understand
the basicsyou just need a stopwatckou just need a littlstopwatchwhose hand (the arrowovesandchanges

as the photon moves through space.

So,astraightforward ideldWedre gottwotransformations on the stopwat&teflectiorwill either keep the direction

of thearrow the same, ar will reverse the direction if & on the front surfac&ut when you arenoving through
spaceit simplyturns thehandd the arrowAnd thehandturns atdifferent ratedor different frequenciesf light.
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