0o CUAPTER 24

QUANTUM
ELRCTRODYMARICS

NOW WERE GONG To
FIND OUT WHAT
CHARGE. "REALLY 15.

WEIRD. TupT's Y (S
Wkt T 6., ) K




WE SAW TuAT ELECTROMMANENE
THEORY ALREADY CONTRING
RELATIVITY (SEE P.176).
WHEN QUANTUM MECHANKS 1S
BODED, THE TUEORY BECOMES
KNOWN AS

QUANTUM

TeLL ME
Moot
\T!

TO PIsCuss Tills, WE UG To
SN A LITTLE ABODT
QUANTUM MELUANICS, THE
STRANGE SYSTEM TUAT PIYsics
NOW USES To DESCRIBE Tve
WORLD. AMONG TS

STRANGER |DEPS AREC TUESE:

% LIGHT 1 moe.ve oF
MAALES PARTICLES CAULD
PHOTONS. Tws 15 0.,
BECASE PARTCLE, CAN
AT LIKE WAES.

¥ NETURE 15 NKERENTLY
UNCERTAIN. IN PARTIGWAR,
1T 16 [NGOAHRE TO

SPURY ke PARTICLE'S
TRECIE HONERad 2hD

ATion AT THE SANE
TMe. wN

196



50 LETS 6o BACK To THE POINT WHERE TWO POSITIVE
(WRGES WERE REPELLING EMCH OTHER. WE WONDERED How
THE ELECTRIC FORCE GETS ACRO% 4PACE?

® O

QUANTUM ELECTRODMNAMICS SMS TURT THE Forec 16 CAOSED BY
PARTICLES PROSING BET WEEN THE CHARGES — PARTICLES

oF LGHT, 0R PHOTONS. THIBE THOTONS WANE ENERGY Gur
NO MA%5, AND TUEY TRAVEL AT THE SPCED OF LIGKT.

WV
)

ProToN

TUE STRANGE PART 15 TWAT TUIBE ARE NOT “REAL’ PROTONS
LIKE THE ONES You SEE WITH Jour evES, BYT VIRT UAL
PHOTONS — A ORT OF GHOSTLIKE PARTICLE THAT \IOLATES
THE CONSERVATON OF ENERGY AND "EXIST" FOR ONLY A
LIMITED TIME.

UK - DR~ N e P
¥ 1T WERD ‘;% L gua S
ENOUOH YET? &%D Co @

TUE FORCE 15 QUANTUM MECUANICAL 1N NATURE, BUT A CLASSIAL

ANDLOGY 16 TUAT WUEN ONE CUARGE EJECTS A PHOTON, IT RECOILS
LLIGHTLY. WHEN THE OTHER CUPRGE CATONES IT, 1T AlSo RECOILS.
THE NET EFFECT OF Mand Suat EXCUANGES 19 A REPULSIVE FoRCE!

LIKE TWo

YeofLe oV RoCLLER
SATER, PASSING
N BASKETBALL!
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(WHKT ABOUT THESE VIRTUAL PUOTONS?  EVEN M SINGLE CHARGE )
HAS A LLOUD OF VIRTUN. PUOTONS AROUND IT. THE JUARGE
(ONSTANTLY CRENTES, EJECTS, AND ABSORES VIRTUM. PAGTOMS.

"o DND TUIS 16 THE
wHoLE QED PICTURE

L (ALMOST).

ABILITY To
MAKE VIRTOA
PHOTONS !

¥ Fe Ak Kk K a
ANp THE ELECTRIC
FIELD 1S NOTHING
BUT THE VIRTUAL
pProTov (LOUD!

PR R L S

THE STRANGEST PART OF TS, OF (
COURSE, (S THAT THE VIRTUAL PHOTONS OUTRAOENYS.
CoME "FROM NOWWERE." TRAT 15, :
AFTER A VIRTUAL PuoTON 15 CREATED,

THERE 15 MORE TOTAL ENERGY THAW

THERE WAS BEFORE [T EXISTED: THE

ENERGY OF THE ORIGINAL PARTICLE

PLLS THE ENEREY OF THE PHOTON.
19¢




THts VIOLATES
THE

OF CONSERUATION
OF ENERGY!

THIS 19 WHERE QUMNTVM
K{NCERTNNTU QOMES
N

GNE FORM OF THE
UNCERTAINT Y 3

PRINCIPLE

b THis: You CANNOT MAKE AN EXACT DETERMINATION oF ENERGY
AND TIME SIMOLTRNEOVSLY .

g:@') G

TUIS MEANS TUAT THE ENERGY ACCOUNT
CAN BE UNBALANCED —BUT ONLY FOR ‘g&%”
A TIME. A LARGE ENEREY DERICIT INTEREST?
MUST BE MADE UP IN A VERY SHORT
TIME, WHILE A SMALL DEFIAIT (AN N
ST FOR A WHILE. (MATHEMATICALLY,
AE- At > : THE PRopuCT OF THE
ENERGY VIOLBTION TIMES THE TIME OF

THE VIOLATION CAN'T BE LESS THAN A
kcemm SMMLL WOMEER h.) .
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mmﬂea WORD4, A
VERY ENERGETC VIRTUAL

(op?)
PHOTON, ONE WITH A LARGE @ ,,
i
-

KICK, CAN'T GET FAR EVEN
AT THE SPEED OF L\GHT,

BUT MUST BE REABSOREED
QUICKLY To BALPNCE T &
ENERGY - VERE !

WHEREAS B LOW-ENERGY PHOTON (AN TRAVEL FARTHER.

@' ((H_

KIHE 4MALL ENERGY VIOLATION CAN BE TOLERKTED LONGER. )
THIS EXPLAING WHY THE BLECTRIC FORCE

GROWS WEAKER WrTH DISTANCE!
O ————0

PHOTONS WITH A BIG KiCk CAN'T GET FAR To DELINER THER
ENERGY. WHEN THE MATH 15 WORKED OUT, WE GET THE
FAMILIAR INVERSE - SQUARE LAW OF CLASSICAL PRYSICS.
AWD THERE'S NO LOWER LIMIT ON THE ENERGY OF A
VIRTUAL PHOTON. A VERy LOW-ENEREY OFe CAN LAST R
YEARS, AND TRAVEL LIGHT- YEARS. THE RANGE OF THE
ELECTRIC FORCE 16 UNLIMITED !




wht!l
Tute THEORY 45p44 THAT
ELECTRIC FlgL0s PARE
Cloups OF VIRTUML PHoTonG -
PARTICLES  TUAT AREN'T BUEN
wWREAL (™ \F PLL THESE
GHOSTS Do 16 EXTLAN WRAT
WE ALREADY KNOW, THEN

WKT 600D
N ey T

YOW Do WE KNOW THEY
MRE *REMLY THEREL




THERE 19 A WAY To MAKE QIPPOSE WE WKNOLK THE

VIRTUPL PHOTONS REAL! CHARGE Awpy FRoM \TS

WERE'S A CHARGE N 1TS VIRTUAL PHOTONS, $PY BY

CLOUP OF VIRTUAL PHOTONS: ngme T WiTH ANOTHER
PARTICLE -

THE VIRTUAL PHOTONS ARE 40 THRY BGeOMe REML, FLYING
ORPRANED, WITHOUT THEIR ANAY VITH THE ENERGY

H0URCE CUARGE To REABSORE PICKED UP FROM -THE LolLISioN.
THEM !

IF WE SUAKE OR | TWS 15 HoW X-RAyS pRE
MOVE A CUARGE, | MADE: SROOT ELECTRONS 1N
REAL PHOTONS A UEAVY METAL , WHERE THEY
SHOLD COME MRE JERKED TO A $ToP.

THEIR VIRTUM PHOTONS FL
FL"'N& out! 0UT k6 ReAL X-RAY6 . L
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MNP X-RRY4 ARE
REAL ENOUGH!

TUC PHOTRS NEEDN'T BE X- RAYS. h RADO TRANSMITTER JWGLLER

ELECTRONG  SHAK(NG OFE PHOTONS, WHicH You Pick Up Wittt YouR

RECENER. ‘I A LIGHT BULB, ELECTRONS N THE HOT FILAMENT
SRAKE OFF VISIBLE

LIGHT DHOTONG . M NE HAVE SEEN FROM. THE
AASSICAL THERY, WHENEVER A CHARGE 16 MCELERATED, b
ELECIROMAGNETIC. WAVE — VIRTUAL THOTONS MADE REAL —
RADIXTE OUT. MOST OF TUE FAMILIAR 20URCES OF RADIATION

SUAKE TUER PHOTONS OUT OF THE VIRTUAL CLOUDS OF CHARGES .

TG RIS ¢IREEL
FIRE g X-RRYS
-
(1 1
N \ o
MICROWAVES ThE BoMB
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It THE QUANTUM THEORY
PREDICTED ONLY
FAMILIAR EFFECTS, 1T
WOULDN'T B MOCH TO
GET EXUTED ABOUT -
BUT 1T D0 MORE:

IT AL50 PREDXCTS

NEN RIBULTS.

( FOR EXAMPLE, IT \MPLIES TINY DISCREPANCIES FROM THE CLA%(CAL\
THEORY: DEVIATIONS FROM TUE INVERSE -SQUARE LAW AT VERY
SHORT RANGE, DIFFERENCES W THE MAGNETIC FIELD OF THE
ELECTRON, AND MORE. THesE EFFECTS HAVC BEEN CONFIRMED
BY DELICATE EXPERWENTS, GIING U5 CONFIDENCE THAT WE
l&k!c HAVE THE CORRECT THEORY OF THE ELECTROMAGNETIC

E.
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(THE WHOLE \DEA OF FORCES BEING CARRIED BY “EXCHANGE

PARTICLES" LIKE PUOTONS WA BEEN BROADLY EXTENDED IN
PUYSICS. THE PHYSIOSTS MOTO:-

1F 1T WORKS,
ONCE, TRY 1T pp A6MP
AGAIN %@:f for(s

THE STRONG NOCLEAR FORCE,
WHICH BINDS PROTONS TOGETHER

IN THE NUCLEUS, 15 Now DeEXRigeD
BY A EXCHANGE OF PARTICLES
CALLED MESONS. Tie WEAK

1 NUCLEAR FORCE HAS BERN UNiFiED
TO THE ELECTROMAGNETIC FORCE

BERTHBoRmu@, AND THEN FINDING, gle&ig‘\c“;fgwwmw
"BROTHERS" OF Tue PHOTON 7
TUAT CARRY TUE FORCE. \ - EXCRANGE

NOTE- TUESE
EXCHANGES eAN
KTRACT AS well
hs REPERL!

TUE FORCC BETWEEN TUE GUARKS Wik MAKE UP THE NEVTRONS
AND PROTONS 15 AL50 THEORIZED TO COME FROM THE EXCHANGE
OF PARTICLES CALLED GLUONS.

ey, well,
THE NAMES
ARE GETTING
BeTTER!

P GLUE
)l AND 6RAVITY..?




A, GRAVITY... GROVITY SHOULD BE CAUSED By Tig
EXCUPNGE OF 6KAVI TONS ... BUT We DON'T

EXPECT T0 465 WY GRAVITONS 00N THE
LRINITRTIONM,  FORCE 15 JUST T0O WEAK. 1T TAKES
WHOLE MOON OR PLANET TO EXERT AN APPRECIABLE

CRIVITATIONA, FORCE-  BUT WE'RE CONFIDENT THE
GRATONG ARE ™ THERE .~

= >
X By

&
B

GRmM &Ton\‘
CENARGED)
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PHYSILI6TS HTILL BELIEVE THAT ALL THE FoRCes
OF NKTURE RES0LT FROM TG EXCHANGE OF
OARTICLES. BY RELATING TUAG PARTICLES,
We HOPE To DRLOP A UN(FIED PILTURE oF
ALL FORCEL WITH A SMALL LIST OF RULES
WHICH [NLL DESCRIBE THE BMIS OF —
ERYTHING -







