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THE FIRST
CONCEPT WE WANT

To UNDERSTAND 15
MOTION : &iRos FLING,
PLANETS WHIRLING, TREES
FALLING. ALL THE UNWERSE
15 IN MOTION!!

HERE 15 A GTRAGHMT-LINE
COURSE MARKED OFF WITH
POSTIVE PISTANCES IN THE
FORWARD DIRECTION AND
NEGATIVE DISTANCES IN THE
REVERSE DIRECTION-




LETS WATCH MY FELLow AsTRONALT RINGO AS
WE DRIVES A CAR OM THIS LOURSE. THE (AR 15
MOVING WITH CONSTANT SPEEp. THEN IT
COVERS THE SANME DISTANCE v EACH INTERVAL
OF TIME, NND WE WRITE:

b15TANCE @ EQUALS SPEED V
TIMES TIME . |F THE SPEED
I$ 10 METERS/SEC -, THEN

IN EARCH SECOND RINGO
TRMNELS 10 METERS.

IN TWO SECONDS HE
(0B 20 METERS,
IN THREE SECONDS
20 METERS, IN
ONE MINUTE
bOO METERS

L]
-

BND N ONE
HoUR (3600 )
Ue GoLs

7600 4 x 10 M5 = 35,000 M =

26 kM.



IN AN ORDINARY TRIP, YOk ARE th.a,gs
4PEEDING UP RND SLOWING DN * JOUR
GPEED 16 NOT CONSTANT. THEN WHAT
UAPRENS To THE EQUITION d=v-t ? F
V 16 GANGING, WHICK VALUE OF V
D0 YoW WSE ?

THI.S 15 mwbE
Tn Con- mm gE AN
‘FUS-IHE. lLl.uSuw,

you CouLD SOLVE THE

? Eﬂumm R v To GET
v=d, 40
[K% Fluu. mmt mglum
il.h?sEb TIME

Tuis Gives e AVERAGE sregp For
THE TRIP. T TOOK THE oLD NKTURAL
THILOSOPHERS B LONG TIME

TO REALIZE THAT AN

OBJECT ALS0 HAS AW

glgpAﬁTANEOES :
. M peRD AT

EAGH MOMENT. —=F

THAT 16 THE NUMBER
YoUR SPEEDOMETER
MEASURES.




PHYSILI5TS HAVE FOUND THAT THE
PIRECTION 0F MOTION |6 M |MPORTANT
A6 THE 4PEED. THEY USE THE WORD

To REPRESENT BOTH $PEED AND DIRECTION.

(" F RINGo TEAELS IN THE NEGATWE DIRECTION, B4 BACKING UP |
OR TURNING AROUND, WE SAY THAT HE HAS NEGATIVE

VELOCITY.
THIS EXPLAINS WH
| WAVE NEGATIVE wauﬁﬂi
ON MY SPEEDOMETER!

YOU CAM TyiNK OF VELOCTTY AS AN ARROW POINTING IN THE DIRECTION
OF MOTION, WITH \Té LENGTH PROPORTIONAL TO THE SPEED. J

MORE GENERALLY, 1®
RINGO DRIVES I pNY
PIRECTION, WE REPRESENT /£
WS VELoO\TY BY AN ]
ARROW — FOR EXAMPLE,

V=32 m/sec AT /
26° EMST OF NORTH. 2%




WE DEFINE ACCELERATION AS
THE CHANGE N VELOO\TY

PER UN'T TIME-
a - cubnGE n 'V
.t

THIS 15 SIMILAR TO THE
DEFINTION OF SPEED, IS
THE CHBNGE IN DISTANCE

PER UNIT TIME.

LETS RIDE WITH RINGo AGAIN. W15 AR WAS A LINEAR
ZPECDOMETER . WITH NEGKTWE READINGS FOR BACKING UP —
A "VELOCITOMETER." THeN ACCELERATION S NOTHING BUT THE

VELOCITY OF TUE INDICATOR NEEDLE I%*

*Fyus NG TUE
UNiTs OF
VELDCITY READ
OFF TUE
VELDOTOMETER




1 )
I| 4 |F THE VELOC\TY |5 GIANGING
-0 o 10 2/0 %0 RAPIDLY, WE HMWE A BiG
ACCELERATION.
B
IF THE VELOLITY CHUANGES
~1j0 |0 16 iln zluﬁ SLOWNLY, ACCELERATION
16 SMALL.
=
AND |F RINGD MAINTAINS A
do lo oo 0l crpou sreeo, o
B W cCeerron s ZeRo.

- e

NOW WATCH AS RINGO
ACCELERATES SMOOTHLY
FROM O To 50 km/ hn.

IN B SEC. THRE SPEEDOMETER
INDICATOR MOVES WATH

CONSTANT SPEED, <
tere ACCELERATION
IS A CONSTANT,

AND WE CALCULATE:

FINAL SPEED — IWITIAL $PEED 50 km/u

A= — i e = 5 5
_ Sokmm 1K ( {nmn\j__. e
s “(mﬁ)”x )= 278 m/e
BOTH Tk o e NoTE TUAT THE UNITS of
mﬁﬁ"‘ - TDT&E; To ACCELERKTION ARE M/4* —
CONVEEY MOURSTo SecoNDs MeTeRs PER SEcomp PER
AD METERS To K/LOMETERS. SECOND |



PIp YOU NOTICE ANOTHER EFFECT
WHEN RINGO WAS ACCELERATING 7
WHENEVER THE CAR ACCELERATED
FORWARD, RINGO WAS PUSHED
BACK INTO HIS SEAT-

ST ARTUVRRRY
L L AR

LR e
LR T e LS,
v -

THE CAR SLOWS DowN, AND RiNGo

FEELS A FORCE P Hm
FORWRRD . USHING

S\TUATION, THE SPEEDOME TER
INDICATOR MOVES To THE LEFT—

1€ [T5 VELOATY 15 NEGATIVE

IN THiS BRAKING, OR PECELERATION

| %0 THE Che. HAS NEGATUE
Eﬁﬁ; “Lmﬂmw WHEN T Slows




Plo NOTICE THAT TRE THE CAR HAS NEGATIVE ACCELERP-
ACCELERATION 15 OPPOSITE To T | | TION IF IT 1S SLOWING POWN
DIRECTION OF THE FORCE You FegL| | FROM A P04ITIVE VELOCITY, OR

IF 1T SPEERING LP IN Ty
s 5

NEGATIVE DIRECTION.

EITHER WAY, THE X" 1. 2lo 3k 41
SHete il o A S0
WE CAN USE THE ACCELERATION

IS5 MOVING TO
FORCES To MAKE AN |NpiCATOR

r

THE LEFT!

WHEN HE ACCELERATES FORWARPD,

THE MASS SWINGS BACK To AN
i& ACCELERATION — AW ANGLE FRoM THE EERTl{AL.

ER. WE SiMeLY

SUSPEND A MASS BM A STRING
FROM RINGO's RoOLL BAR.

D —
WITH NEGATIVE AZZELERATION, | [ THE MA%% MOVES [N A DIRECTION
TUE MASS MOVES o A FORWARD | | OPPOYUTE To THE ACCELERATION,
ANGLE . AND TUE AMGLE EVEN GivEs A

MEMSURE OF THE ACCELERATION.




(;RE [5 ANOTHER =)

Ef:%mhm SITURTION :
DRIVES AT A e,
CONSTANT SPEED OF 20 WM/uk ""“::”_"*7%
AROUND k CIRCULAR TRACK.

ALTHOUGH THE SPEEDOMETER ISN'
CHANGING, RINGO CERLS N FORCE
PUSHING AiM TO THE OUTSIDE OF THE
CURVE  AID THE ACCELEROMETER
RANGS O THE OUTSIDE oF THE

: \:um.

WERE THE “SPEED OF THE SPEEPOMETER™
TEST FAILS. EVEN THOUGH RINGO'S
SPEED 1SN'T CHANGING, HIS
VELOCITY !5 — Beehse 11s
DIRECTION 16 CHANGING S KE
TRNELS AROUND .-

.~ AND WE HAVE RV ACCELERATION

PERPENDICULAR T Tue
MOTION, OFPPOSITE TO THE
FORCES HE FEELS. THE
ACCELEROMETER MEASURES
v  THE ACCELERATON
CORRECTLY. SO: WHER
AN OBRJECT MovES N A
CIRCLE, WATH CONSTANT
5PEED, 115 ACCELERRTION
6 TowaRp THE

OF THE CIRCLE.

£ >




ACCELERATION 1S NOT AN EASY (ONCEPT,
BUT IT |5 A BASIC ONE N PHYSICS.

MOST MOTIONS (N THE WORLD DIRECTION. CONSTAN
ARE NOT 4MPLE : THE SFEEP SPEED CHANGING L
AN DIRECTION ARE ALWAMS -
CHANGING. IN OTHER WORY,

THeY ARE ACCELERATING ¥ ,ﬂ/’y
g ¥ ;
v ] (e "j/
o < e
v

-

VELOAITY |5 GNEN BY THE EASIC
EQUATION

v=94

VELOCITY |5 THE RATE OF CHANGE
OF DITANCE. ACCCLERATION 15
THE RATE OF (WANGE OF VELOCITY,
EVEN ACCELERATION CAN BE
CHANGANG !

1L



BUT IN BEGINNING PHYSICS,
WE USUALLY 5TicK TO

CONSTANT ACCELERATION
SITURTIONS.

st il eron | el THe promace Tea
T PND UNDER i
ACCELERATION B FOR A cjn b mﬁntvsgwgk«ap
PERIOD OF TiMe t. HOW 1 )
FAR DO You 60 N THIS =1lat-
TIME 2 d zut t
o Nag FOR EXAMPLE, SUPROSE RINGD
= ACCELERATES FROM O TO 50 %%
WELL, YOUR IN G %e(. LET'S SEE HOW
mmﬂL SPEED FAR UE GOES, THIS PROBLEM
v 7o e | Hbe o STERS FIRST, N6
IT INCREASED MUST FIND THE ACELERATION.
UNIFORMLY . TS WE ALREADY DID O PAGE B,
t To v=at FINDING @ = 2.78m [sec?, SO
v TiME €. %0 YouR :
BVERAGE svee> DURING d= Lat?
THIS INTERVAL WAS: |
=1(2.78"4% )-(55)
v = O+at_ igt
Z Wt = 24.7 veters

1%




TRY DROPPING L @
ﬁanETHINb; E
5 ANOTHER COMMON fa'f'ﬂgmmm'“ q N (1564 -1642)
KIND OF MOTION- | pi {1 NovE pLeo
5PEEDY IT
PROBABLY Froslem
HAPPENED
50 FrGT, Yo
CONPN'T TELL.

GALILED FIGURED OUT A WAY TO
6LOW DOWN THE FALLING MoTioy,
50 IT CouLD BE STUDIED AT
LEISURE. W16 APPARATUS? AN
INCLINED PLANE,

GALILED ROLLED MANY OBJECTS
DOWN [NCLINED PLANES, USING
Ui OWN PULSE NS A CLOCK.

HOW Do WE KNOW
TUAT ROLLING
DOWN A SLOPE |5
Like FALLING,
ONWY SLOWeR1
AU, THERE 15
GALILED'S GENWSY
S UE TILTS
THE PLANE
STEEPER MND
STEEPER, THE
MoTioN BECOMES
FREE FALL!*

it

i

GALILED FDUND THAT THE
mr,-urgc% awe.#u EELLS
N{RE T T
LQum; OF Tie ELAPSED
TiMg — FITTING THE




EALILED AlL%0 WONDERED HOW MM
OBJELT's RATE OF FALLING 15

APFELTED BY 1T5 MASS. "EviFiog
KNOWS" THAT A BRICK FALLS FRSTER
TuaN h FEATHER.

So Tuis FEATHER
= SHOULD SLol
M FALLY

BUT GALILEC'S EXPERIMENTS
PUCEP A SURPRISE :
NEGLECTING BIR RESISTANCE,

A FEXTUER HAS A LOT OF MR
RESISTANCE, AND NORMALLY
FLUTTERS sLowLY, BuT (v A
VACUUM, AS ON THE MOON, 1T
PROP% LiIKE A BRICK.

FROM (DREFUL MEASUREMENT, WE
HAVE PETCRMINED THis RATE OF
ACLELERATION: NEAR THE SURFACE
OF THE EARTH, ALL OBJECTS FALL
WITU A CONSTANT ALCELERATION
EQUAL To

32 ft/sec
= 9.8 m/;ec*

TWE CAN DUPLICATE THE BXPERI-
MENT UERE ON ERRTH, IN4IDE
k CONTAINER WITH THE AIR

(waoenraLrs, EINSTEIN
[1879-1955] RersoNED THAT BECAUSE
ALL 0BlEcTS MOVE THE SAME W

A GRAVITATIONAL FIELD, {'Rp;ur[j'
MusT BE A PROFERTY OF
SPACE AN TIME RATHER

THAN of THE OBLECTS THEMSELVES,

(NEBLECTING MR RESISTANCE).

1%

NSO T T




('rfp MRKE THIS MORE CONCRETE,
LET'> DROP A BLOCK OF |T
(CONCRETE, THAT 15 )

THi6 RooFTOP.

FROM

TS 15 MOTON WWTH )
CONSTANT ALCELERATION g

50 VELOCITY INCREASES
PROFORTIONALLY To TIME:.

v = g-t
AFTER OVE SECOND OF
FALLING, IT I$ 6O|NG
(ogmis2 )-(15) =987

MFTER 2 SECONDS, ITS
SPEED 15

(28 miz X25) =19.bmk

ETC.-

J

How FAR DoES IT * v d
FALL IN TIME £ ? 0 ) 0
APPLY OUR FORMULA T 05 | 49 m/fs 12 m
d =*1§9't1 :Il 1| 98 wis 49w
I
AFTER ONE SECOND, IT I
HAS FALLEN Ig| 2 | 196w 19-b
; 2
5(08me+ )-(1 5) [
= 49 meters ;:
3 | 294 ms 44.1 m
AFTER 2 SECONDS, ol
THE DISTANCE 15 i
2
508 mst Y25) .
= 19.b meters. % 4 | 392 ms 18 4w




WATCH
AS |\
THi6 ROCK
vermmu? NTO

TRe AR!

- aﬂ;.

(XON LETS SEND A BALL UP GALILE'S “6RAVTY DILUTON" DEVIE: )
THE BALL STARTS FAST, SLOWS DOWN, £TOPS
MOMENTARILY, AND ROLLS BRCK VOWN,

FAGTER DD FASTER.

WHATS THE VELOCITY T
THe Tor? ZERO:

K MOMENTARILY. ./

BUT WUpT's Tue ACCELERATION
AT THE Top? NoTt ZERD! THE
ACCELERATION 15 LONSTANT
TURoVGou™ THE WHOLE
%- THE ACCELERATION

5 THE BALL DOWN A (T

ROLLS P BNp &PEEDS LT P "
Ao 1T RoLLS POWN- SIMILARLY, ;
THE ROk TUROWN WTO THe
AR PUWME, Wi ACLELERATION l

g POWNWARD.

NEGLECTING
R
?Eimﬁhﬂﬁ !

\7




» CUADTER 2 o 3

B AR 48 Merd

(N ORDER TO UNDERSTAND

THE MOON'S MOTION, AND = . e
ALL THE OTHER MOTION = <

AROUND U5, WE FIRST K g o~

THe RUESTION: WHAT Do Z
0BJECTS PO WHEN = -

FOR CENTURIES,
PHYSIL SLEPT IN
THE 2HAPOW OF

ARISTONEE

(384-322 8.L).
ARTOTLE BELIEVED THAT
THE “NATURAL" MOTiON
oF CELESTIAL 0BJecrs
(Mooy, STARS) WS
CIRCULAR, WHiLE
TERRESTRIAL OBJECTS
(APPLES, RoCKG, Yo) TEND
“NATURALLY " To

FALL.



MOVES N A QRCLE, WE DON'T
NEED ANY ERWFH To EXPLAIN

TS MOTION.
TR
N @\Eg’\
N a‘}\ \‘

@

\
NOTICE THAT |F THE MCON NKTURALY

|

AS For EARTHLY DBJECTS,
ARISTOTLE THOUGHT 'mrnr hﬂ‘ﬁt
FALLING, THEY COME Ty
UNLESS SOME FORCE
| THEM SIDEWAYS.

AND WE INSTINCTIVELY AGREE WITH
RM! 1T pOES SEEM THAT A FoRee
5 NEEDED To MAINTRIN MOToN,

LIKE A moToR PRnFELuuc, K CAR.

IT TOOK THE GEwLs oF
GALILES To CLAIM THAT

N9 [% .

WHEN THE ENGINE 1$ CUT OFF,
THE CAR G‘Rhwhug Rots.,
TO-- A <o HALT..

CWRF ¢ °
CLANK  pweeT ™




GALILEY'S BRAINSTORM
WAS To SEE THAT FORCES

CHANGE THE MOTION

OF OBJE(TS. LEFT

ALONE, THINGS WOULLD
TRAVEL |N A STRAIGHT
LING FOREVER. T 15
THE FORCE oF FRICTION
TUAT SLOWS THEM Doln.

WE CAN CONVINCE OURSELNES OF THI% DEA WITH A 4IMPLE
APPARATUS CONGISTING OF A FLEXIBLE RUBBER MAT:

HEIGUT ON THE
OTHER SIDE ...
AND [F THERE
IERE NO OTHER
L ]
[F NoT FoR v
FRICTION:

20



1GARC Ni WT N (1642-1727) SUMMARIZED GALILEOS
o MERIOR, S e

AN OBJECT AT REST
TENDS To STM AT
REST- AN OBJECT
IN MOT(ON TENDS
TO CONTINUE (N
MOTION AT
CONSTANT SPEED
IN A STRAIGHT
LINE .

(ke LSO SMD: 1€ 1
HAVE SEEP FAR, T (5
BECAUSE | HAVE

$TOOD ON THE SHOULDERS
OF GIMNTS, " MEANWG

GALILED oF (OURSE...)

IN THE TERMINOLOGY WE DeVELOPED [N CUAPTER ONE
D S THAT WHEN THERE ARE No FORCE,

O6abcre Move wite CONSTANT VELOCITY.

ZIP :




THE PROPERTY OF OBJECTS THAT | | THE AMouNT OF INERTIA A Bopy
MAKES THEM “TEND™ To OBEY | | UAS IS MEASURED BY ITS
NEWTON'S FIRST LAW, WECALL | | MASS. MASSWE THINGS Have

ﬂ[ﬁl@[ﬁ‘ﬁ‘[}ﬁh INERTIA 15 LoTs OF INERTIA) NEAVIN
RNCE To CHANGES THAT A LARGE FORCC |5 REQUIRED
ﬁ%@ 70! CHANGES e To CUANGE THEIR MOTION.

WHATEVER “BRT"
15, I'M (M4 LT!

lje 4MD PREVIOUSLY THAT WHEN | | THESE ARE THE FORCES THE |

RINGO BipEs M k (AR THAT CAR HAS To EXERT ON RINGO
ACCELERATES, HE FEELS FORCES. To OVERCOME HI$ INERTIA
AND ACCELERATE HIM.

BREAKER OME.NINE:
FORCE OVERCOMES
IMERTIA KND
ODUCES ACCELERATE.
You ReEAD?




NEWToN PUT THi$ RELATIONSHIP AMONG FORCE, MASS, AND
ACCELERATION INTO MATREMATICAL FORM WITH NEWTON'S

SECOND LAW:

F=ma

THE NORE

T ACCELERNTES.
BUT THE
MORE
MASSIVE

IT 15,

THE MCRE

IT Resists
NCELERATION.



NOW LETS LoOK AT THE
MOON AGAIN. IT GOES

IN A CIRCLE AROUND ‘; 3
THE EARTH, OR NEARLY :
50. Ao WE HMVE SERN,

THINGS THAT MOVE IN A

CRELE ARE MCELERATING. F
THEREFORE, \T HAS A « 7

FORCE ACTING ON LT
IT MUST BE TUAT

THE EARTH 1%
PULLING ON
THE MOON.

WE KNOW THAT THE EPRTH | TuE SAME FoR¢e, GRAVITY

PULS OM OBJECTS NEAR LTS OM THE NMOON, PULLING
IT5 SURFACE. CAUSING : T MOM TROM THE STRAIGHT
THEW TO ACELERATE : LINE IT WODLD HAVE TAKeN

DOWNWARD - ;N THE AGSOWCE oF GRNTY




WHEN RELEASED
IN MID-AIR AN ( gty
PPPLE WOULD MY pAR'

HAVE REMAINED
AT REST (115
*NATURAL® MOTiON),
IF NoT FoR THE

EFFecT oF
BRAITY MAKING
IT FALL.

Gmmm, IN THE ABSENCE OF GRAVITY (0R OER FORCES), ThE HmD
WoULD CONTINVE ALOMZ A STRMEHT LINE AT UMFORM SPEED.

BUT GRAITY DOES PULL T, ACCELERATING TUE MOON

TowpRo Tue EARTH. THE MOON 15 FALLING —
FALLING AWAY FRoM (T4 NATURAL “FIRST LAW" STRAIGHT-
LINE MOTION.

(N ONE $8C., THE MOON JRRaE -
FALS MBOUT 1 mw huhy C TS
FROM K STRMIGHT-LINE 4

PATH

1N OME SEC., AW APPLE
FALLS 4.9 m. NERR @ I_.
THE EARTH'S SURFACE.

THE MOON POESHT FALL
A MUCR bS THE
APPLE, peChuse THE
EARTHS GRAVITY 14
WEAKER OuT THERE,
iﬁuﬂ Rom TUE EARTY.

25



STOP FOR A MOMENT AND CONSIDER WHAT NEWTDN
ACCOMPLISHED. TWE MOTION OF THE APPLE AND THE MOON
OFEY THE SAME LAWS. WEAVENLY BODIES BEWAVE NO

DIFFERENTLY FROM EARTHLY ONES. NEWTON'S LAWS ARE—

ONTWVERSAL?

BEY! M
KTTRACTED TD

EVERYTHING!

LAWS SUCHAS.. .




— I

THE GRAWVITATIONAL- FORCE BETWEEN
TWO MASSES M ND M |5
PROPORTIONAL To THE PRoDUCT OF
THE MASSES AND |NVERSEL
TROFORTIONAL To THE ARE OF
THE DISTANCE ¥* BETWEEN THEM.

EVERYTHING IN TUE OF COURSE, IF TRE
UNIVERSE ATTRACTS MASSES ARE PS SMALL
EVERYTHING ELSE! THE AS Youns AND MNE,
EARTH ATTRACTS THE Tug FORCE IS SMALL.

MOON . THE MOON ATTRACTS
T EARTH, You ATTRACT

THAT NUMBER G ¥ THE FORMULA 15 A
CONSTANT OF NATURE THAT IMDICATES
HOW STRONG THE GRRVITATIONAL FORCE
1. To REMVRE G, You WOULD HME
To PERFORM AN EXPERIMENT To MEASURE
Tee ATTRACTioN BETWEEN Two KNOWw




LRAVITY (ETS WEAKER WITH DISTANCE = WE SAW THAT THE
DISTANT MOON FALLS SLOWER THAN AN EARTAROUND \PPLE -
aNOTHER EFFECT OF THIS INVERSE-SQUARE LAW 15 THe
TIDE, The TWICE DALY RiSE P> FALL ofF OCEAN WRTER.

)

) e - =

e WATER DIRECTLY UNDER THE MOON 15 CLOSER To THE
MOON THWN THE CENTER OF THE CARTH 1S..- SO THE MOONS
GRAVITY PULLS HARDER ON THE WATCR, AND THE WATER
YMEAPS UP” UNDER THE MOON. ANP SINCE THE CENTER
oF THE CARTH 16 CLOSER To THE MOOV THAN THE WATER
ON THE OPPOSITE 4$IPE Of THE EARTH, THE MOON

PULLS THE EARTH AWM FROM THAT WATER, €0 IT
HEAPS LP Too!

THIS WATER s PULLED
MORE STRONGLY THAN
THE EARTH THE EARTH 15 PULLEP

MORE STRONGLY THAN
THIS WATER

~

[ij

AANANT~~  THE TIDES OCCUR FECMISE
3

.
T GRAVITY 6ETS WEAK
Sie~"  WITH DISTANCE. K

2%




AND THE EARTH.
PROPUCE EXTRA-

THE SUN ALSO CAUSES TIDES [N THE SAME WAY
BuT LESS 60, BECAUSE OF THE SUN'S GREATER
DISTANCE. AT FULL MOON AND NEW MOON EACH
MONTH, THE SUN 5 IN LINE WITH THE MOOM

THEN THE SUN AND MOON TOCETHER

KK ANp EXTRA-LOW TIpDES. THESE ARe

THE Twice -MoNTuY SPRING TIDES.*

I FuLL MOON F

WATER

&

EARTH

|—

=T

-

-
—
—

-

-~
-~

-

bt

r

7,
"’

= ] NEW MoON T~ +
= “
|
E)eo

==

AT FIRST QUARTER AND LAST GUARTER, THE SUN AND
MOON ARE AT RIGHT ANGLES. TRE SUN'S TIDE 1S
SUBTRACTED FROM THE MOON'S, AMD THe VARIATION (b TIDES

15 LESS. THEsE ARE THe NEAP TIDES.

FIRST QUARTER

o (M L

#T QUARTER F=
- \
s

I
e Qi (_'elgr-r-mrﬂ

* These UAVE NOTHING To Do WITH THE SPRIVG SEASOM.
29




NOW LETS THINK ABOUT GRAVITY'S
EFFECTS ON THINGS NENE THE EARTH,
You, FoR EXAMRLE. THE
RINITATIONM. FORCE ON You

5 JOUR WEIGHT .

TUE EARTH HAD
LESS MASS (OR
You WERE ON TE
MOON).

You WERE FARTHER
FROM THE BARTH,
Up oM THE ROOF, You
ACTopLLY WEIGH
ALIGHTLY LESS.

NOW You JUMP OFf THE Rook — WHAT (S yaup

ACLELERATION? NOTE THAT WE NOW Hpve

TWO WhYS To EXPREDS Tue GRAVITATIONAL (5

FORCE OK You:
FRoM NEWTDISS FROM UNIVERSAL
SECOMD LAW: Gﬂ.ﬁwfmﬁu_-
" ~GMm
F = mej F=6 =

8% T THE FUNDAMENTAL
3 ColSTANT G AND THE
o EARTH'S MASS AND

RADIUS. WOTE THAT W,

SETTING THESE EQUAL, WE FluD -

mg=GNE, s 4=6T%

YouR MA%, CMICELS
OUT. I?P Ooesy T 1
DEPEND ON YouR MB‘S‘.‘L

FORMULA SHOWS
HoWw g 15 RELATED




(Tug FORCE THE EARTH EXERTS A
MASS . 15 THE
oNYou W = mg ANTITY' OF
| %aﬁ“‘ PISTINCTION 64 ) Og}rgfk 1’: @;
i
WEGHT MEASURES
AND (1) How MucH GRNITY
MASS. IT EXERTS ON
HTHER OBJECTS
AND (2) HOW MuCH
l IT RESISTS
MCELERWTIUN'r
kOW MuCH
INERTIA (T HAS.
B =
WelohT, W, 15 THE
AMOUNT OF
ORMITETIONAL PULL
ON THE OBJECT.
WEIGHT VARIES
ACCORDING TO
WHERE You ARE -
N DEEP SPACE
YoUR EIGKT MIGHT B
g€ ZERO, BUT
YoUR MASS IS THE
SAME WHEREVER
You GO




WE EVEN MEASURE
WEIGHT AND MASS

IN DAFFERENT ONITS.
N THE METRIC SYSTEM,

™ KILOGRAM

6 THE
UNIT OF MASS,
WHILE THE

NEWTON «

THE UNIT OF
WEIGHT. A PERSON

"MASSING™ 50 Ky
RS K WEIGHT

W=mg
=(50%6)0 8 m/s)
= 400 Hewross

-
IT 19 TEGINICALLY INCORRECT TO SNy THAT SOMETHING “WEIGHS™
50 kgv WEILHT |4 4TATED IN UNITS OF FORCE, NEWTONS. ? 1

CONFUSING? LISTEN TO
THS - IN THE ENGLISH
SUSTEM, THE UNIT OF
Force 15 THE [FOIUNID,
WHILE THE UNIT OF
MASS 15 THE

A PERSON INEIGHING
100 POUNDS HAS B MAsS
me Y ded Pounos

§ - ffsect

=5 4LUGS.

KT LAST,

B UNIT WILT
N BEAUTIFOL

e




= CHAPTER 3+ A
PRSIECTILES

$0 FAR, WE HAVE
BEEN WEIGHING

AND DROPPNG NoW LET'S IN ORPER To UNTANGLE
THINGS, SHOOT SoMe! HORIZONTAL AND
VERTICAL MOTiONZ"

THE SiMpLEST PROJECTILE MOTION |5 To PRoOJECT SOMETHING
SIDENMYS: DRIVING A CAR OFF A CLIFF OR SHOOTING A

BULLET HORIZONTALLY. THE KEY To UNDERSTANDING
TUI$ MOTION 16 TO REALIZE THAT GRAVITY ACTS ONLY
VERTICALLY. T arrEcTs ony T DOWNWARD

PART OF THE MOTION.

—
-

g& FORCE AND 'I
ACCELERATION
ARE DOWNWARD

R e J

el

EX



TUIS FACT IMMEDIATELY
ANSWERS A FAMOLS
QUESTION: F RINGO
DROPS A BULLET AT
THE SAME MOMENT AS .
| SHOOT A BULLET
RORIZONTALLY, WHICH
BULLET HITS THE
GROUND FIRST? (WE
START AT THE SAME
HEIGHT.)

THEY REAGH THE GROUND AT THE| | EXAMPLE: SUPPOSE \ FIRE THE
SAME TIME "I‘HBEC% EHE.‘-j EFEL‘EE ggp:Fn swuugfea
FALL AT RATE. g
THE memvemfu HAS NO | | DISTANCE FALLEN 15

L I
EFFECT ON THE VERTICAL MOTION! = ‘I:'. 5":'1: o

44t - 5320t /se0) t*
%0 t:iserr/q =Lse.

- e

-

SAME Dok -==eff---To-.
MCCELE Tmﬁp @ 2
Mip VELOCGITY.

IF THE BULLET'S HORIZONTAL NowW HERE'S ANOTHER

SPEED 15 1000 ft/sec, THEN VESTION: WHAT

T GOES 00 FEET IN 4 sec APPENS IF THE
GUN 16 HRep
UPWARD BT

ST s AN
T’ ~~o__ | [Av6LE?
f——500 #t ——
. o
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o )
THE ABSENCE OF GRAVITY, ) s WHICK BRINGS US To
e BuLLeT WOuLD | K Thovgr-Bxeemmen:

AGRT LI : i
e 7| MONKEY
GrMTY, 1T FALLS & é} de )

HUNTER.

AWAY From /@
<
- WATH
PNIMAL
ExPERIMENTS !

Line! ACCELER KTION

1 %

A RUNTER MIM$ His GUN PIRECTLY
AT A MONKEY HANGING FROM A TREE -

THKT STRAIGUT
@

TfHE MoNKRY CLEVERLY RELEASES WS GRIP AT
THE EXACT MOMENT THE HUNTER ARES THE CUN-
WAKT UapPENS”




POOR Moniceyl 1T DogsN'T
UNDERSTAND TyE INDEPENDENCE
OF FALLING AND FORWARD
MoTion!  BOT Yol Dy —

40 You CpN SEE THAT
Tug BOLET WILL

ALWMYS WT THE MONKRY!

[\ CA% THe BuLLeT Gogs FAST,
THE BULLET AVD MOVKRY FALL OMLY =
A LITTLE Whﬂ :

IF “THE BULLET 1% SLOW, THEY FhLL FARTHER,
BUT THEY STILL BOTH FALL THE SAME
pioTANCe d = Lgt™ FROM THE SAME
STRAIGKT LINE.




e

NOW WERE ON THE MOON, WHERE THERE'S NO
AIR RESISTANCE. WATCH As | FIRE BULLETS
HORIZONTALLY WITH GREATER AND (REPMTER
SPEED. EACH BULLET FALLS TO THE
GROUND [N THE $AME TIME — THE HORRONTAL
MOTioN DOESN'T BFFECT THE FALLING RATE—
BUT TUE FASTER BULLETS GO FARTHER
BEFORE PLOWING INTO THE MOON-

'&?_:E*“'-L::'--;-‘-.:_.

L

THE GUM 15 4 FEET OFf THE
GROUND. ON EARTH, THE BULLET
FALLS IN & $EC., BUT HERE, WHERE
GRAVITY 15 WEAKER, IT TAKES
1.2 sgC. (AS LONG AS THE
(GROLND 1S LEVEL).

BUT AS THE BULLETS (o FARTHER,
SOMETHING NEW HAPPENS: THe
MOoN 16W'T FLAT, IT's ROUND ¥
THE GROUND STARTS JURVING
DOWN UNDER THE BULLET AMND
AWARY From IT.

EVENTUALLY, AS | FIRE FASTER
AND FASTER, BY THE TIME THE
BULLET HAS FALLEN 4 FT, THE
GRouNp HAS CURVED 4 FT. DowN
AND THE BULLET 15 $TILL
4 FT. RIGH! BY THE TIME (T
< FALLS ANOTHER
4 FT., 50
HAS THE
GRoUND!

i
=4

THE BULLET |5 NOW N A 4-Foor-
H6GR ORBIT AROUND THE MOON.
[T 16 FALLING CONTINUALLY, BUT
THE GRoUND (& STEADILY
CURVING AWAY BEMEATH \T.




OF COURSE, THS WORKS ONYY WHEN THERE 15 NO AR
RESISTANCE (AND No 4-FT-HiH OBSTACLES!) TO SLoW THE
BULLET, BUT THE EXPER/MENT ILLUSTRATES THE PRINCIPLE
OF SATELLITE MOTION. TROM EARTH WE LAUNCH SKTELLITES
ABOVE THE ATMOSPHERE W\TH ROCKETS, THEN TILT THEM
OVER MWD GIve THEM EwouGh HORIZONTAL SPEED 50 THAT
THE EARTH CURVES AWAY FRom THEM hS THEY FALL.

5IMILARLY, OUR NATURAL SATELLITE, THE MOON, FALLS
CONTINUALLY, BUT ITS FORWARD MoTion CARRIES \T ALoné
50 |T REMAINS TRE SAME HEIGHT hBovE EARTH, (THE
MOON'S ORBIT 19 (IRCULAR, OR WEARLY 40.)

3%



rg;m LETS Go UP
IN THE SPACE
LUDTTLE. A WE
REACH ORBITAL
“Pe MND | CUT
OFF THE FNGNGS,
THE ONLY FoRCE
ON V5 )
GRANITY;
AND WE faLL
TowpRD
EPRTH.

, S

RUT THE SAME (6 TRUE OF THE SHUTTLE [TSELF \TS
ALS0 FALLING, BND WITH THE SAME ACCELERATION

YoRK
YoRK

Tokk

r_Bﬂ THERE (5 NO

No RELATIVE MOTioN
BETWEEN DS AND
THE SHIP, A¥D
WE FLONT FREELY
INSIDE,
WEIGHTLESS I




-
\F youv RELEASE
AN APPLE NTHE & 7
FALLING SWUTILE, b
IT HANGS IN
MID-AIR. GWE \T
A NUDGE AND T

TRAVELS IN A
STRAIGHT LINE- IT
gﬂgﬁgﬂs NEWTON's o ?\‘
|
\F! T LAW!

’%\f

WHENEVER THE ONLY FORCE ON THE CRAFT (5 GRATY,
WHETHER IT'S COMSTING UP, FALLING DOWN, OR (N
ORBIT, OBJECTS INGIDE ARE WEIGHTLE§




WE CAN DUPLICATE THE

EFFeECT HERE ON EARTH.

JUST STEP INTO THIS
ELEVATOR, BND V'LL
CUT THE CPBLE !

THUS, ALTHOUGH GRAVITY
PRODUCES ACCELERATION,

Yo ACCELERATION
F@@@E@ ARE FELT

WITH THE FALLING SYSTEM.

S

ot e i
2
LA, s,
Twie WAS ANOTHER HINTTTU
CINSTEIN THRT GRAVITY 15 A
PROPERTY OF 4PACE, RATHER
THAN OBJECTS.




= o CHAPTER 5o
E&THER (©RBITS

D FAR WE'VE $EEN ONLY CIRCULAR ORBiTS: A

SATELLITE 16 PROJECTED HORIZONTALLY WITH
JUST ENOUGH SPEED %0 THAT IT FALLS AWAY FRoM
STRMGUT-LINE MOTION TO MATCH THE CURVATURE
OF A CIRCLE. RBUT WHAT WOULD WAPPEN IF WE
PROJECTED IT WITH A DIFFERENT STEED, OR AT
ANOTHER ANGLE?

/ BV
-5 iy :@:
’

AlSo kNoww
AS VLY
MATH."

ONE WAY Ty WORK
0UT THE ORRIT 1S
WITH A TIME -
HoNORED MATHEMATIGAL
TEGHNIQUE KNOwN
M “BRUTE

PORCeE. "




THE BRUTE-FORCE METHOP
LTARTS WITH THE GRAVITATIONAL
FORMULA

=GM
F'G-—g‘*-

(M= MASS OF EARTH] M=MASH
OF 4KTELUTE, ¥ = DISTANCE
BETWEEN THER, G = COMSTANT- )
Tuis FORMULA GIVES THE FoRCE
ON THE SATELLITE, 50 WE CA¥
COMPUTE 1TS ALELERKTION BY
NEWTOWS SECOUD LAW

&= Vm THEN WE CAN
CoMpure HpWw MU s Vaouty
CHANGES , OWING To THIS ACCELERATION -

(Ut ALAS — FTER IT HAS MOVED A LITTLE, ¥ IS
DIFFERENT, 50 THE GRAVITATIONAL FORCE ON THE
BoDY MAS (HANGED ! 50 WE NEED To RE-CALQULATE
THE ACCELERATION AND NEW VELOCITY FOR THE NEXT
FEW MOMENTS... AND THEN RECALCULATE AGAIN..
AND AGAIN... AND AGKIN.... AND AGAIN... THOUSANDS oF
TIMNES W

AT EACH STEP, LOMPUTE -

NEW FORCE

=" NEW ACCELERATION
u.?} {} - MEW VELOUTY
H J?Q NEW PoS\TioN
ﬂs’“q”“ﬁﬁ ¥\, MW FoRCE
& ®y <« NEW ACCELERATION
1 =9
¥
s > FCY
Q. . @ L X
®-0-@-@°

L

43



(" (INCIDENTALLY, THIS
4TEP-BY-STEP PROCEDURE

15 CALLED "“NUMERICALLY
INTEGRATING A DIFFERENTAL

EQUATION.™)

"UbLY mMATH"
1S MUCH moRE
beSCRIPTIVE...

BODIES PRESENT, CALCULYS MORE THAN TWO
ALLOwS U5 TO DERIVE BODIES, BRUTE FoRCE -

FORMULAS FOR THESE ORBITS. AND TRE COMPUTER —
WE FIND TRAT THE ONLYy Powigg  ARE OUR ONY Prope!

ORB\TS IN NEWTONS RN Fok EXAMPLE, THE MooN
ARE (IRCLES, ELLIPSES i FoLLOWS A CoRrkSCRAW

PARABOLA, AND HYPERBoLAS. PATH ARDUND THE SUM!

ELLIPTIEAL Y
PLANETAR ThRAGOLIC © -
oG @HEEy




FORTUNATELY,

THE SUN |§
So MASSNE
Tum“:ﬁj

- AVIT
ggumhm
THE SOLAR

~  SYSTEM,
AND

~  FPLANE™RY

-  ORRTS
NEARLY
E%lT

=~ ELLIPSES.

& THE FIRST TO $How ELLIPTIAL OR8ITS

wrs MEPLER (51-16%0), wio
PROVEP THAT THE ORBIT OF MARS
WAS AN ELLIPSE. LATER, NEWTON |
SHOWED HOW ELLIPTICAL ORBITS
RESULT FROM AN INVERSE- SQUARE
LAW OF FORCE.

2 OL) Ri-.. S0T ELLIPSES ARE ONLY
S S APPROXIMATE | AND
o E BRUTE-FORCE MATH IS

0 : , wua'r ?Ecgs; g;i SEF'D
o (] -1 w ..E-ql nu g
22" To THE PLANETS.

2 it .o &

=




THE EQUATIONS ARE SIMPLE. THEY DESCRIBE THE 6ENERAL =)

D OF MOTION, BUT THE ACTUAL MOTION DEPENDS ON
THE INITIAL POSITIONS AND VELOCITIES OF ALL THE
BODIES. THE SOLAR $YSTEM 16 GOVERNED BY

F=GAm Ao F=ma, BUT T0 LAUNCG THAT
(PACE PROBE, WE MUST DO AN IMMENSE CALCULATIOP.

- . .
. —_— - b =]

MUCH 0fF TUUSICS 15 LIKE THIS: FIND THE GENCRAL
ERUATIONS AWD SoLVE THEM FOR THE SPECIFIC CASE
AT HAND. 16 IT PoSsiBLE, WE WONDER, T0 DESCRIBE ALL
THE Pngqe':{cs OF THE UNIVERSE WITH A SMALL LIST
OF EQUATIONS S$TRRTING FROM THE (MTIAL CONDITIOMS

DF\THE BANG z
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~
SO FAR,WE WAVE LoOKeD
AT NEWTON'S FIRST TWO
LAWS: NOW LET'S
LOOK BT HIS THIRD LAW-
IT 15
. e
NEWTON'S THIRD LAW: WHEN ONE
OBJECT EXERTS A FORCE ON A
SLCOND OBJECT, THE SECOND
- OBJECT EXERTS AN EQUAL BUT
S OFPOSITE FORCE ON THE FIRST. j

IN OTHER WORDS,

ACTION EQUALS
REACTION.

FOR EXAMPLE, WHEN 1 PuSH ON A WALL, THE WALL
PUSUES BACK WITH EQUAL FORCE. THE EARTH'S
GRAITATIONAL PULL ON THE MoON EQUALS THE
MooN's PULL ON THE EARTH.

]
\TE




THE EARTH'S PULL ON THE MOON KEEPS THE MOON [N
A (NEPRLY) CIRCULAR ORRIT. BUT WHAT ABoUT THe

MOON'S PULL ON THE EARTH?

7
LY \
(o
r"*"\.
MooN sV
ORCE ON
ROLLo T AWAY ‘——@
FROM STRAIGHT: o
L“JE HUTIGN { . “‘
53

IN FACT, THE MOON PULLING BACK WITH EQUAL FORCE
DOES ChusC THE EARTH TO EXECUTE A SMALL ORGvt!
THE CARTH MOVES (€$5 THAN THE MOON — ACCELERATES

165~ BECAUSE \T (S MUCH MORE MASSIVE.

EARTHS

¢ ORB\T
5 "} el Fo15 ey D
\ L
.-i INTo CURVED
’ ORB\T

EVEN JBTIRICIAL
SETELLITES MOVE
THE EARTH
sUsuTLy!



{ WERE 15 A BOOK ON A )
TABLE. WHAT (5 THE
FORCE OPPOSITE To THE
Book's WEIGHT W 2
THE SUPPORT
FoRCE FROM THE TABLE!

\ W )

g:ﬁ(,sﬁfﬂh BoDY W

(N> THE FORCE

ON THE BOOK 16 — OO e o
The EARTH' THE

EARTH PuLLS THE BOOK W
WITH FoRCE W, S0 THE

BOOIC PULLS P ON THE

ENTIRE EARTH WITH EARTH ;
FORCE W !

(BUT DOESK'T THE TABLE PUSK UP ON THE BOOK? YES, [N )
THIS CASE- THE BOOK IS NOT ACCELERATING, %o, BY
NEWTONS $ECOND LAW, THE TOTAL FORCE ON T (S ZERO.
SINCE THE EARTH PULLS DOWN ON THE BOok, SOMETHING
ELSE MUST BE PUSHING IT UP—NAMELY THE TABLE,

MWD F=W. BUT THIS

6 k SPECIAL Casg F
|F THE TABLE F :W
WASN'T STRONG

%ﬂm‘ %F'HFEURT FORCES oN BoOF
UP-PuSH WOULD BE

F—
LESS THAN W, AND A
THE BOOK WouLD f@ﬂ F<

BREAK THE TABLE £ 18
(Wi FALLY l 9 gz =)

go




AND ANOTHER EXAMPLE - HOW CAN A HORSE PULL A CART, |¢
THE CART PULLS BACK WITH AN EQUAL FORCE 22 TO ANALY2E
Tiis, WE HAVE To LOOK AT EACH OBIECT ALONE AND THE
FORCES ACTING ON \T.

FRttTioN

o sm

WHAT FORCES ACT DN THE CART® THE HORSE PULLS (T FORWNHD,
AND THERE 16 A BACKNARD FORCE FRom THE GROUND :
ERICTION. I THE HORSE'S PULL EXCEEDS THE FRICTION,

THE CART WILL ACCELERATE.

| : M“
Mt oF CAM C‘Z@ l . A v

Vi, ©

NOW THE HORSE: THE CART PULLS IT BACKWARD, By NEWTOW'S
THIRD LAW. WHAT PUSHES THE HORSE FORWARD? IT'S THE
GROUND !/ THE HORSE PUSHES BACKWARD ON THE GROUND,
40 THE GROUND Puslies FORWARD WITH AN ERQUAL FORCE.

|F THE HORSE CAM Push BACK ABAINST The GRopvp WITH A
FORCE GREATER THAN THE CARTY RESISTING FORCE, THEN
THE HoRGE WILL ACCELERATE !

Ei



YET ANOTHER
EXAMPLE: A ROCKET
ENGINE. THE RocCkET
EXERTS A DOWNWARD
PUSH ON THE
ERHAUST GASES.
THE GASES PUSH

TUE WEIGHT OF
THE VERICLE,

UP WE Go! A N hE

BACK, BY NEWTON'S

THIRD LAW- |71
|F THiS UPWARD

THRUST EXCEEDS -

FORCES ARe
ON THE

oNLY L

TURWT

WEIGHT
OF

AR

ﬁlm-_ [T 15 NOT NECESSARY
PUSK AGAINGT AIR. W FACT,

CJFN’: ON THE ROCKET.

FOR THE ESCARING (GASES To
AR JusT ACTS AS A FRICTIONAL

YES. |
voTiCEp
THAT.

52



o CHAPTER 7 ¢
MORE ABOUT
FORCES

EWTON'S LAwS CAN BE THOUGHT of
Es%emrsmb wHAT FORCES DO

W THOUT ANY FORCES, DBIECTS
MANTAIN ColsTANT yELOUTY.

Qs A FORCE PRODUCES A ACCELERToN
PROPORTIONAL T0 THE FORCE (AND
INVERSELY PROFORTIONAL To THE
MASS.)

, 0BJECTS EXERT EQUAL BUT
0Pe0siTE FORCES ON EAGH
OTHER. )

oW, I'VE GoT
TLENTY OF
VEWTON.--

FORCE 15 A "VECTOR QUANTITY." LIKE VELDCITY AND ACCELERATION,
IT HAS NoT ONY A MAGNITUPE BuT ALso A DIRECTION. i
THIS PILTURE, FORCES PULL IN SEVERAL DIFFERENT DIRECTINS.




BuT IN THiS {ASE, THE SUM
OF ALL THE FORCES, THE
NFT FURCE. Ils ERDI
BECAUSE THE MASS |5 NOT
ACCELERATING. (NEWTONS
SECOND LAW AGAIN!)

('_

CONSIDER THE
FORCES ON A
SKIER MoVING
DOWN A WLL
AT CONSTRNT
LPEeD. THERE ARE
HER WEIGHT, THE
S0PpoRT OF
THE GROUND,
o 2

0
FRICTION . BUT
AGRIN, THE
TOTAL Fowe

MyST BE
Zero.

Do jr,uu SEC
iy THESE
FORCES MO
To 72£R0?




NOW IMAGINE A TUG OF WAR IN WHICH EACH TEAM PULLS
WITH A FORCE OF 980 NEWTONS. WHAT IS THE TENSION
IN THE ROPE? 'S \T 2x 980 = 1960 HEWTONS ?

THE TENSION 15 DEFINED AS THE VALUE A SPRING 5CALE WU
READ |F THE ROPE WERE CUT AND THE SCALE INSERTED:

= Q
o

Yoy MIGHT WANT TO © THE MASS PULLS DOWN ON THE

COMPARE THIS SITUKTION  ©  SCALE WITH A FORCE OF

To WEIGHING A 100-kq t 080 NEWTONS, %0 THE SCALE
MAsS WITH A SPRING * PULLS UP ON THE MASS WITH
GCALE. THE MNs5 HAS A :  THE SAME FORCE. THEN THE

* THE CEILING, AND THE CEILING
PULLS BACK wiTk 980 NBWToWS
ForCe'

9%




IN EFFECT, THE STRING

TRANSIITS THE S L
oyl

MASS T THE

SCALE TO THE CEILING- FORCES lﬁ 280N

THE MASS AND THE s
STRING PULL ON EACH
OTHER EQUALLY, BY
NEWTON'S THIRD LAW,
AND THE TENSION ON
THE STRING - THE SCME
READING— S 980
NBEWTONS.

( DOES THIS CONVINGE You THAT THE TENSION IV THE TUL-OF-Wig
Rope 15 ALEG 960 WOWTDIK 2 THE RoPE TRANSMITS Twg
FORCE FROM ONE TEAM TO TE OTHER -

IF You TiEP
ONg END OF
THE RoPE To



ONG FORCE THAT WE ENGOONTER [N\
EVERY DM 1S FRICTION. IF ‘
You PUSH k BoOK ACRO% THE
TABLE , You FIND THAT FRICTION
REGISTS, WHATEVER DIRECT(ON
40U PUSH. IF You START RUSHING
GENTLY, You'LL FIND THAT THE
FRICTION FORCE 15 VARIABLE.

IT RESKSTS To A
POINT, AND THEN
BREAKS FRee!

CAN You FEEL THAT FRICTION PECREASES SLIGRTLY AS THE
BooK STARTS To MOVEZ Wg Y TUAT THE STATIC ercrioN,
WHEN THE SURFACES ARE STATIONARY, VARIES P T0 A MAKIMUM
VALUE. THE KINETIC FRICTION, WHEN THEY ARE MOVING, 15
LESS THAN THE MAXIMUM STATIC FRICTON. THATS WHY A

SKIDDING CAR TAKES LONGER TO 4TOP THAN ONE WHOSE
WHEELS ARE ROLLING.

SKIDDING TIRE SLOWED RoTATING TIRES POINT oF

BY KINETIC FRILTION CONTACT 1S MOMENTARILY
STATON hﬂ%“}’ 50 THE TIRE
15 $LOWED gy STATIC FRICTioN.

77



ANOTHER EXAMPLE OF FRICTION
15 MR FRICTION.

AN EXCITING WAY To EXPERIENCE AR FRICTION
16 T0 00 SKYDIVING.  WHEN Y0u FIRST JUMP,
THE ONLY FORCE ON You 16 GRANITY, AND
Upul ACCELERATE AT A RATE 0F G-

AS You Pick UP SPEED, AR
FRICTION INCRERSES, AWp
YOUR ACCELERATION SLOWS.

EVENTUMLLY, AT 100-150 mPH,
THE MR FRICTION EQUALS YOUR
WEIGHT, AND YOUR SPEED

INCREASES NO FURTHER. WE h
CALL THIS NATURAL SPEED LIMIT W
o0k TERIINAL

RLOCITY:

MR FRICTION MO DEPENDS DN THE
AREA “FRONTING THE WIND," WHcH
15 WHY A PARACHUTE CAN SLow
UouR TERMINAL VELOCITY TO
15 MPH OR 50.

e




PN TR L T i

HCTITOUS

. L Ty |l|.l|-r"|'I|I i) s

[T RECALL THE ACCELEROMETER BALL WE
HUNG FROM RINGD's RoLL BAR? 1T WANGS
Wﬁkﬁwﬁtp WHEN HE ACCCLERATES, BUT
WHY ?

THERE ARE ONUY TWO
REAL FORCES ON THE
BALL: GRAVITY, WHICH
PULLS DOWNWARP NiTH
MHHTUEE mg"q. ANp
THE TENSION T On THE

GTRING. WHEN RINGO @

ACGCELERATES, ThE
ToTAL OF THESE TwO
MUST POINT FORWARD
WITH MAGNITUDE
ma, By NEWTON'S
S D
MuST
R ANGee. w3

BUT RINGD, [N THE (AR,
IMAGINES b STRANGE

T "ACCELERATION FORCE
UNE EVERYTHING
BACKWARDS !
----- >
ma

BUT THERE |6 NOTHING
DOING THE PUSHING. THE
“FORCE" 16 FCTITIOUS , B
EFFECT OF INERTIA
RESISTING THE CAR'S
ACCELERPTON.-

xf’%‘
{ ‘-'.E ‘ g !H!

| ALL THE SDEpMIS AND BACK-AND- FORTY
FoRCgs Yo i

WuLe DRWING M6
FICTMOUS, THE ResULT OF YouR INERTIA
RESISTING ACCELERATION .




WHEN | SWING A BALL
ON A STRING, AROUND
MY HEAD, MpNY PEOPLE
WOULP SPY THAT
“(INTRRUGAL TORCE™
KEEPS THE $TRING
TAUT. BUT THERE 15
ACTUALLY NO FoRCE
PULLING THE BALL OuT:
THERE 15 NOTHING Our
THERE PULLING THE
BALL!

"CENTRIFUGAL FORCE™ 15
FICTITIOUS ! The ONY
FORCE PULLING ON THE BALL
15 TAAT OF THE STRING,
PULLING TOWMRD THE CENTER
OF ME CIRCLE = A

CENTRIPETAL vorce.
THS Foree 15 NON-2ERO,
50 THE BALL MUST
BE ACCELERETING -

AND INDEED \T 1921 1T 16 ACELERATING
TowkR0S THE CENTER OF THE CIRCLE, AS
ALV DRJECTS IN (IRCULAR MOTION DO -

WUAT KEEPS THE STRING TRUTY Tie BALL'S
INERTIA. THS INERTA WouLp MAKE IT
FL4 TANGENTIRLLY AWAY, BUT THE STRIG
PULLS T CoNTINUALLY NWARD — JusT LIKE The
EPRTH PULLING THE MOON IN k CIRCULAR ORET.

o



(ﬁv AMUSEMENT
PARK OFFERS
SEVERAL FICTITIOUS
FORCES. LODK AT
THE [ROTOIR S
PEOPLE ENTER A
CYLINDER, WHICH
ROTATES, PRESSING  \
THEM AGAINST
THE WALL —THEN
THE FLOOR
DRoPS AWAY,
LEAVING THEM
PINNED To

THE WALL!

=

THE PEOPLE \NSIDE THE RoToR FEEL
THE FiLTiTIouS CENTRIFUGAL
FORGE PUSMING THEM OUTWARD.
BUT OUTSIDE OBSERVERG KNOW
THERE 15 oNLY A CENTRIPETAL
FORCE FRom THE WAL, PusHING
THE RIDERS INWARD INTO
CIRCULAR MOTION.

IN AN ACCELERATING
SMSTEM (ROTATING HeRE )
FICTITiovS FORCES
APPEAR. M NON-
ACCELERATING 0BSERVER
CAN DESCRIBE THE
MOTION WITH REAL

FORCES AND NEWTON'S
LAws.




WE SEE SUcH A VARIETY OF FORCES, THAT IT MAY SEEM HOPELESS
T TRY MND ORGANIZE THEM. NEVERTHELESS, PHYZICISTH HAVE
BEEN MBLE TO SHOW THAT Al THE KNOWN EFPECTS N

THE UNWERSE ARE THE RESULT OF THESE

5 BASIC oReEs:

ELECTROMAGRETISM (THE
&3 RTTRACTION 2 REPULSDM OF
ELECTRICALLY CHARGEp BODIES):

THE STRONG FoRCE WOLPNG THE
KTOMIC NUCLEVS TOGE THER :

BY THE WAY, TUE ONLY DNE OF THE BASIC FORCES YouE EVER FELT 15
ELECTROMAGNETISMY  WHEN You PUSH THE WALL (WD \T
PUSHES BMCK) YoURE FEELING ELECTRIC RERUISON BETWEEN
ATOMS. You WAL NEVER FELT GRAVITY —ONLY THE
Eéléiﬁﬁlg FORCES OF TUE FLOOR TUAT SuPPORT Yo AOAINST

Hen BRAVITY

NE PcTS
Ty
€€ pALL
A FEEL
NO FoRcCEs
REMEMEER ?




THE "CENTRIPUGAL FORCE"
RESEMBLES GRAVITY IN TyAT
IT PRODUCES MCCELERATIONS
INDEPENDENT OF THE
MASSES INVOLVED. THATS
WHY WE CAN SIMULATE
GRAITY WiTH THiS BIG
CENTRIFUGE USED IN
NSTRONMIT TRANING -

(| Somgohd, WE MM BEN QLD )
A RoTATING $PPLE STATION
Witk THE "CeNTRIFUGAL
FORCE" PROVIDING AN
ARTIFICIAL BRMITY.




g= : CHAPTER § +

MOMENHUME RIS

LET'S GO BACK TO
et sugwom FORCE =

WCEERMON I T maes x (time rate of

o % change of velocity)
THE EQUATION s :

BUT NEWTON BELIEVED THE CORRECT EQUATION SHoulD BE :

FORCE =
time rate of change of (mass x velocity) :

WHICH (S THE SAME ONLY ¢ MASs DOESN'T CHANGE !
4



WE CALL THE QUANTITY

MAGS x VELOCUITY THE HOW MuCH ’
TIME DO

MOMENTUM. ‘\wvwew: D

THE EQUATION $h¥S THAT L

FORCE DEPENDS ON THE RATE ’ '

OF CHANGE OF MOMENTUM.

p
AN OBJECT WITH SMALL i
| W65 Mo MODERNTE SPEED,

LIKE A RUNMWAY RPBY -

CARRIAGE, HAS ONL
MODERATE MOMENTUM.
IT DOEGN'T REQUIRE MUCH
FORCE To CUMNGE TS
MOMENTUM TO ZERO
(L€, To 5P (T).

A RUNNUN MACK TRUAK
O THE OHER RAND-

MOMENTUM OF A
BhgY CARRIPGE
Bo[NG A MILLION
MLES> AN HOUR !




LET'S THINK FOR A MOMENT ABOyT
THE PERIOD OF TIME \T TAKES
To 4LoW THE TRUCK To 2€RO .
OUR EQUATION 15

FORCE » RATE OF CHANGE OF
MOMENTUIA,

R
e HANGE [N MoMENTUM

vewoe ¥ TIME

of

TiME = CHAMGE (M
FORCE % TIM g

you COULD 51oP THE RUNAWY TRUCK
WITH YoUR RELATIVELY PUNY FORCE—
IF Vou EXERT IT OVER A
LONG PeRioD OF TTIME.

WE CaLL TRE Q‘lil‘?PTlT'j
FURCE x TIME THE

IMPULSE. 4

0. IMPULSE = CHANGE OF MOMENTUM.
A SMALL FORCE OVER A LONG PERIOD OF TIME
CBV PRODUCE THE JAME CHANGE [N MOMENTUM
Ao A LARGE TORCE OVER A SHORT FEROD

o 4; .,
\:é.; I_." ] / ”|
t"‘r;/‘;.-'f

b
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USUALLY e THINK OF
IMPULSE AS A LARGE
FORCE ACTING OVER A
SHORT TIME, LIKE A
BAT RITTING A BALL.

THE BATTERS JoB |5 To
CHANGE THE BALL'S
MOMENTUM FROM MEDIUM
IN ONE DIRECTION TO
HIGH IN THE OFFOSITE
DIRECTION. SINCE THE
BAT MEETS THE BALL
FOR ONLY A 4PLIT
SECOND, THE FORCe
MUST B VERY LARGE.

OMET(MES WE WANT

TO MIMMIZE THE

FORCE NEEDED To
CHANGE MOMENTUM- A
SKJDIVER, EVEW WITH A
PARACRUTE, STILL HITS
THE GROUND WITH
MODERATE MOMENTUM.

IF SME LANDS WITH
KNERS [OJKED, HER
MOMENTUM DROPS

To Z€RO SUNDENLY-
Lug FEELS WUBE

FORCES [N HER
Lees! pw!

RETTER TO pO T WITH KNEes
BeNT, ROLUNG To PROLONG THE
TiME OF IMPACT,
REUCING THE
FORCES.

{ erdh



CONVERVATION oF
MOMENTUM

Let's Look For M
MWUTE kv COLLISIONS

AND EXPLOSIONS. BY 2 mﬁ@g =
THIS WE MEAN pNY D s

SITUKTION NHERE

THINGS ARE COMING COLLISION ABOUT To HAPPEN
TOLETHER 0R 2

FLYING BPART. 82,

EXpLOSIoN ABouT
To WAPPEN

¢ -

FoR EXAMPLE, CoNSIDER SHOOTING A GUN. THIS 15 AN EXPLOSION,
IN THE GENERAL SENSE THAT THE BULLET GOES ONE WAY ANp THE
GUN RECOILS THE OTHER. SUPPDSE, R THE SAKE OF SIMPLIFYING
THE ARGUMENT, THAT THE BULLET 15 EJECTED BY MEANS OF A
SPRING ¢

SMALL M
5::.:“ ¢=ZF CD._—_-.—-._,}F::‘,,
v

WHEN THE SPRING 15 RELEASED, IT EXERTS A FORCE oM THE BULLET,
BY NEWTON'S THIRD LAW, THE BULLET EXERTS AN EQUAL BUT
OPPOSATE FORCE ON THE <PRING/GUN S4STEM. THESE FORCES
PRODUCE EQUAL BUT OPPOSITE CHANGES (N MOMENTUM. SINCE THg
GUN 15 MORE MpSSIVE THAN THE BULLET, |7 RECOILS AT A
VELOC'TY MUCH SMALLER THAN THE BULLETYS VELoaTy,

b8



[m i (ASE, TUERE == ey

WAS NO NET CHANGE W
MOMENTOM . \F THE GuN
AND BULLET WERE [MTALY
KT REST, TUE MOMENTUM
WA Z€RO KT ARST.
4LINCE THE HPRING RELEASE 1/ —m
P10 NOT (BANGE THE
ToTAL MOMENTUM | THE o s —
FIMAL MOMENTUM 15 o Vialiet
Flﬁ;o 2ERO - THE BULLET e S
© 5 TH
L:bm %ﬁ?gﬂo G&M- LAME BEFORE ND AFTER FIRING
>,

MOMENTUM
V F\mﬁ HGFENT UM

AFTER A LITTLE DISLUs4ioN, SCIENTISTS
FOUND h PROPERLY SCIENTIFIC WAY T
5M4, “MOMENTUM DOBSN'T CHANGE."

MOMENTUM K




CONSERVATION OF MOMENTUM (5 A CONSEQUENCE OF NEWTOM'S
THIRD LAW. CONSIDER A FLYING PROJECTILE TUAT EXPLODES
INTO SEVERAL PIECES, LIKE THIS MULTIPLE- IWARKEAD MISSILE :

Wi T
AR 2 ?
L - (= o ] f"“*‘ e I~
1. = Y o
Q

THE ForCES BETWEEN THE Pleces we catt INTERNAL forees.
(THERE MAY ALS0 BE EXTERNAL FORCES, SUCH AS GRAVITY, )

BY NEWTON'S THIRD LAW, THE INTERNAL FORCES ACT IN EQUAL
BUT OPPOSITE PAIRS. ANY FORCE ON ONE PIECE 1% OFFSET BY

AN EQUAL AND OPPOSITE FORCE QN ANOTHER PIECE.

%Q Y, Y THESE FoRCES
e
=of JIT ) SO0 a™™
Q A
Y

éﬁéﬂﬁé‘%ﬁ@?&wmum Emmg]czs cwn?acég;éié IEN(?’ NET

CONSERVE MOMENTUM.
WARS ™
=T B B dHew=m=

THE SAME ARGUMENT HOLD9 FOR. COLLISIONS, WHICK M
BE CALLEp EXPLOSIONS |N REVERSE. ‘ MIGHT

Te



WE USED A ROCKET TO ILLUSTRATE NEWTON'S THIRD LAW, AND IT
AL9D ILLUSTRATES CONSERVATION OF MOMENTUM. TO ACCELERATE
IV SPACE, Yol MUST BJECT SOMETRING THE OTHER WRY —
NAMELY, THE EXHAVST GAsES. IF 1M SPACEWALKING, AND NY
PROPELLANT 4HsTEMS FAIL, HOW CAN | GET BACK? BY TRRoWNG
SOMETHING, 5N ONE OF MY TODLS, [N THE DFPOSITE DIRECTION.

\WILL “THE FAN BLOWING
ON THE SPIL M(NE
TS ShILBOAT? No!
(NOT UNLESS SOME OF
THE WIND FRom THE
FAN MISSES THE SPIC,
OR BOUNCES pfF (T
OUT THE OTHER wpy.)

SOMETHING MUST Move Awky FROM THE SNLBOAT ONE WhY FOR
\'T To BE @45Hep THE OTHER WhY.

E@.‘M:J“%_
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MOMENTUM CONGERVATION Whé FIRST DERIVED FROM
NEWTON'S TwRD LAW. BUT WE HRVE CoME To BELieve
THAT CoNSGRUATION OF MOMENTUM 15 THE MORE
FUNDAMENTAL LAW, AND NEWTON'S LAW 15 A CONSEQUENG
OF IT. IN AWY CLOSED 444TEM | By DEFNITION, THERE
DRE NO EXTERNAL FORCES, 40 MOMENTUM |5
COoNSeRIED.

THI$ 1& TRUE OF THE k
UNIVERSE AS A WHOLE. Q
THERE ARG OBUOVSLY ND

ToTAL MORENTUM

0N THE UNIVERSE
15 CON) [N]Eifm

&



oCHAPTER 9o

ENERGY

¢ NEWTON ALMOST
.a'.;.?ﬁt:w-umww INyENTED
THE 4CENCE OF MECHANICS,
BUT THERE 15 ONG CONCEPT
He Mis%D: ENERGY-
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ENERGY COMES IN P

THE BASIC DEFINITION THE LOATH-
15 IN TERMS oF SoME IpgA!

WORK.

f'wr: ALL HAVE A CONCEPT OF WORK, BUT [N PHUSICS, THE “\
DEFINITION 1% VERY PRECISE: WE SAY THAT WORK [¢ powne
WHEN A FORCE F movES A BopY THROUGH A pisTANCE d.

WORK 15 DEFINED ps FOREE TIMES PISTANCE.

IT' ALMoST
ToO PAINFUL

IN THIS DERNITION,
ONLY THE FORCE IN The
DIRECTION OF MOTION
CoUNTS. |F | uLL A
WAGON AT AN ANGLE,

gi‘i—gﬂ THe iDR:ZDEThL F. mﬁﬂ e d”‘
T OF THE PULL -
DOES AN NORK: R, Rl
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~

WHEN A WAITRESS
CARRIES A TRAY
KROUND, HER
SUFPORT ToR(E
No WoRK ,
BECAUSE \T U
PERPENDICUL AR

W | WAEL

A BALLON A
STRING AT

(COMSTANT SPEED, MoAIN
NO WORK 15
oRCe (6 ALW
TRe CTANGENTIN
BAML .
SOME
IN THE FRST PLACE.)

0 MUCK
TioN, 50

LITTLE poRK:

-;L'IT[aN

NE- THC NN
1?05 PERPEND (CUL AL TO

veloGry OF THE

To TE
MOTION .

(BUT | Do HAVE To De
WoRK To 5T (T WrRUNG

Tuls SHONS
THET, INSOFAR AS THE
MOON'S ORBIT 5 CIRCULAR,
THe EARTH TOES ND WORK
ON THE MOON!l THe
GRAVITATIONAL FORCE ¢
PERPENDICULAR TO THE
MOTION.

INCIOENTALLY,
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B ERG——

To ™ WORK. THE RELEASE OF ENERGY POEs WORK —
ANP DoING WORK ON SOMETUING APDS ENERGY To IT
50 — ENERGY ANP WORK ARE ACTUALLY EQUIVALENT
CONCEP TS, AND WE WRITE :

gaw 2 @g

'rm TUE ENGLISH

SITEM, TUE UNIT
OF ENERGY 15 THE
FOOT - POUND
(FEET x POUNDS),
AND N THE METRIC
AY5TEM IT'S THE

NEWTON - METER,

WHICH 17 ALSO CALLEy

™ JOULE.

50 ONE JOULE = THE ABILITY TO EXERT b FORCE
oNe NEWTON OVER A DISTANCE OF oNe METEI?,:

Jou TELL 'EM ABOUT THE
JouLe — ' GoNG To TRY
UNPING BeET...




RINETIC & PoTENTIA) ENERGY

50PP05E | THROW N BALL.
@ | Do WNORK GETTING THE
gALL MOVING: | EXERT A
FORCE P OVER A DiSTAMCE
d. THE BNL THEW WAS
NQUIRED SOME ENERGY,
Tug EWEREH OF MOTION, OR
ENERGY-

A SIMPLE MATHEMATICAL-
DERIVATION® SO\ TWAT

KE =1mv?

AERE M 15 THE BALL'S MASS, AND V 1517 VELCSC\TY.

(o0 THE OTHER HAMD, 5UPROSE
| LIFT RINGO To A KEIGHT h.
AS | EXERT A FORCE W =
RINGO'S WEIGHT OVER A
DISTANCE h, | DD WORK

Wh = M h RINGD 1SN'T
MoVING KT THE EWD, BUT HE
ZTILL KAS AN pppep ENERGY
OF mgh, JUST BECNSE OF
WHERE U 16 [V THE EPRTS
CRMNITATIONAL F(ELD. TWS
ENRGY 16 QALLED IS

POTENTALETE
| PE.=mgh.
% MSUME B CowsTANT- F=ma, S0 KE = Fd = mad. BUT d:4nmt? so

KE= Lm(at)*. BUT V=at, S0 KE=zmv™.
77




rri’crrr-‘t«!‘Tllh-'.. ENEREY

15 POTENTIAL -
BECAUSE IT (AN ((cong L
BE GOTTEN ON'
BACK AS "REAL"
KINETIC ENERGY.
ALL 1 HAVE TO
Do & LET

RINGO FALLL R e .
R Can=

A6 HE FALLS FASTER AND FASTER, His POTENTIAL ENERGY
16 GRAPUALLY CONVERTED INTO KNETIC ENERGY. AT WE
BOTOM, JUST BEFORE [MPACT, HIS POTENTIAL ENERGY 15

ZERD, AND H(5 ORIGINAL POTENTIAL ENERGY HAS BECOME

ENTIREL'-,I KINETIC. THAT 15,

12
> mv -mgh

FROM THIS Yoo CAN SolVE oR V, His VELOAITY UfON
IMPAT. v =4/2gh

gou ThiNg
KAS
I'STU.‘.




THiG LAST EQUALITY Zmv* = mgh 15 AN EXAMPLE OF
& QANGERVATIEN] o ENERE %

W {1 NS THe CONCEPT OF ENERGY WAS «
DEVELOPED, PHYSICISTS (GRADUALLY s
REALIZED THAT ENERGY, LIKC :
MoMENTUM, 15 CONSERVED.
(THe CoNFUSING PART WAS THAT ENERSY, UNHIKE MOMENTUM.
NPPEARS IN MANY DISGIISES, S0CK AS HEAT, AS WE'LL See. )

UERES AN APPLICATION OF ENERGY COMSERVATION. IF Vo 16 THE
INCT(AL SPEED OF TWS RoLLER COMSTER, WE Chw CoMpuTE

\TS SPEED AT ANY POINT, JUST FROM KNOWING
:;;, How FAR IT HAS DESCeWDep! LET h BE
THE DISTANCE DESCENDED, AND V, \TS FINAL

VELOUTY. THEN:

- =

INCTIAL ENERGY =5 w2+ Mgl L Lmve = 4w +mgh | 50

FINAL ENERGY = L my.* :
TESE ARS BQUAL, BY L V=V Vi+2gh
CONSERVATION OF TWERGY.

%




(" CoNSERVATION OF ENEREH) TELLS US THAT THE TOTAL ENEREH
OF THE SYSTEM DOES NOT CHMNGE — BUT THE ENERGY MAY

BE CONVERTED |NTO OTHER
FORMS . WHAT HAPPENS T
RINGO's ENEREM WHEN HE

En‘s THE FLOOR Nfuwp

OTR THE KINETIC

POTENTIAL ENERGIES ::% i
|16 Bone: = =2 ey o)

LET's LooK AT THC |MPACT ITSELF. SOME oF THE ENERGY 16
CONVERTED |NTo SEUTN])o SOME G0B5 INTO DISTORTING
THE FLOOR —AND pisTORTING RINGD, TOR THAT MKTTER.
AND SOME, EVEN MST, Gogs o [IFANT. RiN6o AND
THE FLOOR ARE BOTH A LITTLE WARMER AFTER THE
COLLISION. THE IMPACT JIGGLES THER MOLECULES —AND

HEAT |S NOTHING BUT THE IKINETIC ENERGH OF BiLLioNS
OF MoLecuLes I




Rud |

VARIQUS FORMS OF ENERGY ) \

CHMNGE INTO EACH OTHER ¢ e

CONGTANTLY. IN THE SCIENCE CONVERTING

o UTENOARIANGY — b
ARN THAT 1T 14 EASY e

‘% CLEWGP.T KINETIC ENERGY

| [NTo HEKT, BUT MU HARDER

To ConVERT {ehT INTD
KINGTIC. ENERSY.-

o

CAR CNGINES (ONVERT
HEAT INTo MOVEMENT,
BUT NOT LFRCIENTLY .
Your CAR NEEDS A

o eevees.
%w&g&g 15 AwhkYS COWSERUED — W OTHER WORDS :

bR CONVGATING
PEVIce FoR CO
MERT [RTo MOVEMENT

WORK PRODUCED
+

WEAT COMING OUT

HEAT
GOING =
N



WHEN | LIFT RINGD, !

PUT ENERGY INTO piM-
WHERE DID THAT ENERGY
CoME FROMm 1

T
s

TS MUSCULAR ENERGM,
WHICK [N TURN |5
RELEASED CHEMICAL
ENERGY CAUSED BY FOOP
WY BopY -

CHEMICAL ENER®Y 15 A |
FORM OF POTENTIAL
ENERGY, DWING TO THE
POS\TIONS bF ELECTRONS
IN MOLECULES ' ELECTRIGK

PIELDS -
Rl
A
N\

.' _\I
-

THE CHEMICAL ENERGY

CAME FROM A PLANT
TUAT | ATE.("m A 1
VEGETARINN )

THE PLANT CONVERTED
THE RADIANT ENEREY OF
SUNLIGHT |WTo CHEMICAL
ENEREY VIk PHOTOSN-
THESS .

AND THE SUMS HYOROGEN
HUﬁLE[mH;ERE g&h;&p
FROM THE ENE

THE (REATION BVENT OF
THE UNWERSS, THE

BIGEANG

-
L~

i '
AINLE

77777777}

THE SUNLIGRT CAME
FROM NUCLEPR FUSION
IN THE SUN.

Byp THE ENERSY MONING
THE CARTOONIST'S PEN
CAN BE TRACED BACK
W TS WAY To THE
BI6 BANG If




*CHAPTER 10°

COLLISIONS




COLLISIONS PROVIDE GOOD ILLUSTRATIONS OF THE CONSERVATON
OF MOMENTUM AND ENERGY. LET'S START BY LETTING
SOME THINGS COLLIDE WITH THE GROUNp. I'LL DROP SOME
BALLS MADE OF VARIOUS MATERIALS, AND SEE HOW HIGH
THEY BOUNCE. AS MoU CAN SEE, SOME BOUMCE HIGHER
THAN OTHERS.

W -

_.,-—"@
-
= — e e e m m mm wE e m

_ -2

e I

&

-
-
T
-s

WET SiLd
BA Woop STEEL  RUBBER m&?

IF A BALL BOUNCES BACK To THE ORIGINAL HEIGHT, WE
M IT 16

TOTALY =g



COLLISIONS RANGE FROM

TOTALLY ELASTIC TO . l.
TOTALLY INELASTIC. N . $
A TOTALLY INELASTIC : :
COLLISION, THE BALL L4 @
DOESN'T BOUNCE BACK i

b
{
T
™ M
E‘-EDFD; L'.;ETD?%UE~ Motk ELMSnY i,

IN A TOTALLY ELASTIC COLLISION, NO K(NETIC ENEREY 15 LOST
7S HEAT ON IMPACT. THE UPWARD sPEEp WFTER THE BOUNCE
14 THE SAME DS THE DOWNWARD SPEED JUST BEFORE. IN AN

INELASTIC COLL\SION,

I . i
' AV : - SOME OR ALL OF
. : | TuHE OBJECTS
: 1 : ; 1‘ KINETIC ENERGY
e @ 9 Ve 1% LO&T.
v 1 v J’
ELASTIC INELASTIC mgﬂ;%g
—
Yoo MIGKT THINK THAT =)
NO REAL OBJECTS ARE
ABSOLUTELY ELASTIC, &
RUT COLLISIONS BETwWeEN :
KTOMS CAN BE . SINCE ©
HEAT (6 THE RANDOM i
KINETC ENEREH OF MANY AN,
ATOMS, WERT poes NOT oy
EXGT AT THE LEVEL L
OF ONE OR TWO KToms! 4 \
N : >

€7




—

&

100,000 k&

3 m/‘a’&tzl

|

-
=

SOl

____—_/@:

("WERE 15 A TOTALLY INELASTIC COLLISION- A LOADED
FREIGUT CAR, MA%% 100,000 kg, ROLLS AT 3 m/sec
[NTO A STATIONARY CAR OF MA% 90,000 kg- WHEN
THEY HiT, THE COUPLER ENGAGES. (THIS MAKES IT
WNELPST(C.) THEN WHAT QPPPENT 9

~

|

@ (e

é/UHUUL[ Eti\l\\k\bj

40LUTION: WE WANT To AND THE VELOCITY OF THE
CouPLED CARS. CALLIT W. THeN:

UlJmM MOMENTUM = 100,000 ko ® 3 M [sEc
[B1NAL MOMENTUM = 150,000 Kb % V

5INCE MOMENTUM 15 CONSERVED, THESE TWO ARE EQUAL:
150,000ke-v = 300000 M-Ké/ggc .




qr._RE‘S A 2-DIMENSIONML

EXAMPLE : AN BO-K6

FOOTRALL PLAYER GOING
NORTH AT 3 M[6 15 TACKLED
BY A 100-K& PLRJER GOING

EMsT AT 2 Mgec.

AFTER TRE [MPACT, WHIGL

Wiy ARE THEY GOING,

LWD HoW FAST 2

LET'S VIEW \T TUM = mﬂn'ﬂ"

FROM PABOVE - @ EASTWRARD MOMEN —ﬁh
/ NORTUWARD MOMENTUM =20 77
' L MiSS = {go &

\© e ToTk q

50
FINNL EMST- - 200 _ {{ mfsec

| —

WD VeLodT

FINM. NORTH- _ 24O _
R Vaten = g T

2
M[sE- 2 M/sec

i siiiidds

rTbE FINAL DIRECTION |5 Tug LENGTH OF TS ARROW & \

THE VECTOR S0M: “THE FINM. SPEED:

ey =\l(m" +(133)}
. 1.7 wrsec

B7




Gme "EXECUTIVE To4" OF
UANGING BALLS ILLUSTRATES
AN ELASTIC COLLISION

\\lllhT WoN'r
Ere(WTES
00 Nexr? é ?
J
(| LeT ONE BALL FALC... f _AND ONE BALL FLICS OFF !
fin
BINK
KINETIC ENER&Y [§ (ONSERVED,

o J\ P CoLLISION 1S ELASTIC.

(‘;ﬂ'ﬁ DON'T TWo BALLS FLY OUT WITH mr THE SPEEPY THAT
\WouLD CONSERE Mouzumm AS MV = LMV 3 V.

| U odfee”

KINETIc ENEREY. THE
IHCOMINB BALL HAS
KE = imvZ Two
BALLS '.uml PALF THE
CPEED HME
KE.= Lw(kv P bn(v)"
= fwmv?

1 p 5
'.1:-{ mv

e




Gn-ru JUST Two BALLS,
WE CAN SEE AN ELASTIC
COLLISION BETWEEN TWO
EQUAL MMSSES:

G

=

)

THE INCOM(NG BRLL “STOPS
DEAD;  TRANSFERRING
ALL TS KINETIC
ENE AND MOMENT(M

To TRE OUTGOING
BALL.

You SEE THE SAME
SITUATION, APRRONMATELY,
IN THE HEAD-ON
CoLLISION OF BILLIARD
BALLS — BUT WITH
BILLIARD BALLS, SoME
OF THE KINETIC ENERGY
15 IV THE BALL'S

ROTATION

WRICK BRINDS LS
TO THE NEXT
SECTION. ..




£ Wk see ALL AWARE THKT A MASSIVE OBJECT, LIKE W

THi6 *WHEEL OF FORTUNE,” WAS Aﬁ'

U[}«l] RT' IT's WARD To START MOVING, AND ONCE
IS GOMe, T RuNS A LONO TIME BEFORE FRICTION BRINGS
IT To A HALT. JUST AS ORDINARY INERTIA RESISTS

ACCELCRATIONG, ROTATIONAL INERTIA RESISTS ROTATIONAL

ACCELERATION.




r;ﬂ You REALIZE
;.rt:l;gnﬁ DE‘E‘;E:&LNW HIGH ROTATIOMAL
ONLY ON MAS4, BUT e s
ALSO ON HOw MAGS
15 DISTRIBUTED?
MASS ON THE OUTSIDE,
AWAY FRoMm THE
ROTATIONAL INERTIA INGRTW:
THAN MASS (LDSER BASER TO 0\0
Uo THE CeNTER! START MOVING ‘)

LET's RACE A “RIM -LOADED" wHEEL ASPINST A MASS-
CENTERED WHEEL DOWN AN INCLINED PLANE - Tue
MASS - CENTERED WHEEL QUICKLY TAKES THE LEMD,
BECMNUSE 1T 16 EMSIER To GET ROTRTING THAR THE
RIM-LOKDED WHEESL .

J 'i,'-_. _‘_,':.
i

OF H'FS‘;-
”“IItnmllH”mm

! i

W

|

d




(£ ROTATIONAL INERTIA 16
ANALOGOUS TO MASS,

WHAT 1© THE ROTATIONAL
a6 oF FORCE 2
WERE RINGO OPENS A
MASSINE DOOR, BY
PUSHING AS FAR FRoM
THE HINGES kS
EO?E&LE F%;FI':D His

v 5 ENDI
To THE POOR. i

L%"ﬁ- K

THE SAME PRINCIPLE APPLIES W

You UsE k WRENCH To Rmmﬂ
NUT. YouU ORASP THE WRENCK AS
FAR OUT KS POSSIBLE AND PUSH
OR PULL PERPENDICULAR To THE
WRENCH -

92



WE CALL 1| ("R-PERP' "), THE PERPEMDICULAR DISTAMCE FRoM
THE PIVOT POWNT To THE LING OF FORCE, THE

LEVER ARM.

__—-—'-"-"_

F

THE PRODUCT OF FORCE
AND LEVER ARM |5 THE
TWISTING FORCE, OR

ROROUES

Torque =F-r,.

TORQUE |3 THE ROTATIONAL ANALOG OF TORCE.

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

NOTE HOW MAKING F PERPENDICULAR To THE
RADIVS (THE WRENCH) MAXIMIZES K . N OTHER
Mo WORDS, A PERPENDICULAR
N PO (6 THE MOST
> EFFECTIVE PUSH !




" OUR FINAL ROTATIONRL ANALOG 1S v

MOMENTUMS

BY AMALOGY WITH LINEAR
MOMENTUM (MASS TIMES

VELOCITY ), ANGULAR MOMENTUM
16 DEFINED AS

ROTATIONAL INERTIA
| K
ANGULAR VELOCITY.

(ANBULAR VELOCITY 15 JUST THE TURNING RETE. \TCPN BE
EXPRESSED W REVOLUTIONS PER SE(OND. )

UNLIKE MASS, THE AMOUNT OF ROTATIONBL (NERTIA CAN BE
CUANGED *IN MID-FLIGHT" BY REARRANGING THE MASS .
Tus MMKES ROTATIONKL MOTION MO COMPLICATED TR
LINEA® MOTiON.
TRE, FOR EXAMPLE,
THE CpsE OF
THE SPINNWG
|CE SKMTER...

-



REMEMBER THAT MOMENTUM 15 CONSERVED ¥ THE ABSENCE OF
EXTERNAL FORCES. LIKEWISE, /2\N[GU[4a\a) MOMENTUM 15

CONSERVED IN THE ABSENCE OF EXTERNAL T@R&u R Jo

THE SKATER BEGINS SPINNING
WITH HER ARMS EXTENDED.

o
O W

e 1]

% .

==

O .=

BUT WHEN SHE PULLS |V HER RARMS,
HER ROTATIONAL INERTIA GOES
DOWN. HER ANGULAR MOMENTUM
REMAING CONSTANT =50 HER
ANGULAR VELoCITY |NCREMNE |

mﬂy_ﬁ,

IV THiS RESPECT, AN ICE SKATER RESEMBLES A COLLAPSING STAR.
THEY BOTH CONSERVE ANGULAR MOMENTUN !

WHeN A ROTETING STRR
Dies, \T BEGING TO

COLLAPSE FROM THE FORCE
OF ITS OWN GRMITY.

174 SPIN |NCREASES
TO CONSERVE
ANGULAR MOMENTUM.

AND IT ENDS UP S A
SUPER-DENSE BLOB
OF STUFF, SPINNING

MANY ‘rmis PER
SECOND .

LARGE ROTATIONAL INERTA x SMALL SPIN RATE
4MALL ROTATIONAL INERTIA ¥ LARGE SPIn RATE
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(" ROTATIONAL MOTION HOLDS
SOME SURPRISES |N STORE.
HERE'S A BICY(LE WHEEL
UANGING BY ONE END oF
176 AXLE. NATURALLY, \T
FLOPS DNER QN \TS SIDE .-

BUT NOT IF 11’ SPINNING
FAsT! b SPINNING (NHEEL
DDESN'T FALL —IT
PRECESSESS. AT
16, \T% RXIS
ROTARTES IN A
HORIZONTAL
PLANE !

A Tov ToP 1S A MORE
FAMILIAR EXAMPLE.
GRANITY DOESN'T
MAKE T FALL —\T
PRECESSES. AND THE
CAUSED BY THE MOONS
GRAVITY, MAKES THE
EARTH'S AX1S PRECESS
ONE REVOLUTION EVERY
z.btm %hR’g‘

9%




Yow LET'S PUT OUR MECHANICS
KNOWLEDGE TO THE
ULTIMATE TEST:

(NO... LET'S SEE IF WE CAN UNDERSTAND PRECESSION.... BUT Fm-r,\‘
AN OPSERVATION AGOUT LINEAR MOTION: SUPPOSE AN OBUECT (5
AT REST, AND p FORCE ACTS ON \T. THEN THE OBJECT STARTS

To ACCELERMTE IN THE DIRECTION OF THE FORCE.

OBJE

< M FORLE e L REASING
3 (M) s veoury
o ACTS :

15 W THE
PIRECTION

E 0OF THE
FORCE .
--’ﬂ
OWEVER, |F THE 0BIECT (5 ALREADY =
MOVING, AMD THE FORCE

ALWRS ACTS BT
RIGHT ANGLES TO THE MOT

N, We 6eT UNIFORM CIRCULAR

MOTION. THE FORCE CURVES THE
) N VELOCITY AROUND, BUT
DBJECT HAS DiRec THE Tﬁf’i‘év
| TION i
VELoaTy T
TJ mubf-’:

FORCE ACTS \
PERPENDICULAR

To MOTION
FORCE CONTIMNLES
PERPEN DAL

To MoTIOM / '
k ETc. \

=
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SOMETHING SIMILAR z
WAPPENS WITH

ROTATION - WHEN ThE

WHEEL 15 NOT

4PINNING, THE TORQUE [‘
FROM THe WEIGHT

ACCELERMTES THE

WHEEL ANGULARLY

AROUND THE TORGUE X

BS, IN THIS
tksé THE - RXIS. Wewnr

(BUT IF THE WHEEL 16 z ﬂ

GPINMNG, IT ALREADY SPIN 15 AROUND
HAS ANGULAR MOMENTUM X- At
AROUND THE X-Axis. )
THE TORQUE ADDS

SOME 4PIN AROUND > b
THE y A5, 7
?ERF'E'HDmh?- T'D /HEN
THE ORIGINAL SPIN. 7SN XIS
THE RESULTING SPIN

AXI% 15 TuRNED A mw*?g

LITTLE [N THE ¥ XIS

kxy PLANE .

THE TORQUE CONTINUES
TO ACT PERPENDICULAR
TO THE SPIN AXIS, 40
THE PRECESSION
CONTINUES. ANMWO

TO THE LINEAR CASE,
THE DIRECTION, BUT NOT
THE SZE OF THE 4PIN
HAS CUANGED.

0




THE ARGUMENT ON THE

LAST PAGE WAS BASED

ON THE CONCEPTS OF
TORQUE AND ANGULAR
MOMENTUM. BUT THESE
CONCEPTS ARE ULTIMATELY
BASED ON NEWTON' SECOND
LAW, F=ma. LET'S SEE

IF WE (AN UNDERSTAND
PRECESSIoM Jyst FROM F=ma.

FIRST: THE TORRUE EXERTED BY
GRMWITY TENDS To MAKE THE NHEEL
FLOP OVER . %0 THERE'S AN
OUTWARD FORCE ON THE Top HALF
OF THE WHEEL, AND AN INWARD
FORCE ON THE BoTTOM HALF.

FORCES ON WHEEL

Now LOOK AT A SMALL PIECE OF
THE WHEEL AS IT SPINS. A5 1T
PASSES THROUGH THE UPPER HALF,
[T EXPERIENCES (DNTINUAL
OUTWARD TORCE.

THEREFORE, \T ACCELERATES
OUTWARD, REACHING MAXIMUM
OUTWARD VELOCITY WHEN IT 15
KT THE SIDEWAYS POoSITION, pfour
To ENTER THE WHEEL'S BOTTOM
HALF.

WAL AWM,
QUTWARD
MOVEMENT

SIMILARLY, EACH PIECE OF THE
WHEEL HAS MAXIMUM INWARD
VELOUITY AT THE "HORIZONTAL -
MCENDING" 4POT.

¥

50 -5 YOU SEE, THE WHEEL
PRECESSES INSTEAD OF FLOPPING!



WELL, | SPENT SO MUH TIME EXPLAINING PRECEZSION To
You |N OROER TO SHOW HOW (CpMPLICATED THING CAN
CET, JusT STARTING FROM THAT SIMPLE EQUATION
F=ma. Puysics 16 AMAZING THET WAY.-.. WHO KNows?
MAYeE WE WILL ReDuCE THE PHY4ICS OF THE ENTIRE
UNIVERSE TO A PAGE FULL OF EQUATIONS !

foo
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+PART TWO:

ELECTRICITY
AND

MAGHNETISM




i % CHAPTER 12¢. =
- CHARGE *.+
P o £ o b‘tﬁ =

e

=

WE NOW TURY FRomM MEQAANILS TO ELECTRILITY APD
MAONETISM. [N MECUANICS WE USED THE BMSIC PROPCRTY

OF MATTER CALLED MASS. IV ELECTRICTY, THE
Bhsic Coneert 14 CHARGE.

I

i L S : i B
*’ _‘\ e @ @ @-
@ p
lo kg ® @ %
= o
)
n\gﬁlg«gﬁ‘ft ELECTRICAL CONCEPT

NOTICE THAT MECHANICS NEVER TOLD US WHAT MASS
YREALLY 15," BUT ONLY HOW \T BEHAVES- IN THE SAME
WhY, CLAICAL EZM TELLS US HoW (HARGE BEHAVES,

BUT NOT WHAT IT [5.




IT 16 EASY TO PRODUCE A LITTLE - PLACE THE CHARGED ROD N
QUARGE — JUST RUN A R\BE’ER A HANGING 4TIRRUP AND
COMB THROUGH YOUR HAIR,OR : phing ANOTHER, $IMILARLY
RuB A RUBBER Rop WITH 5 CUARGED ROP HE&R — THEY

ANIMAL  FUR- I}%EPELn

BUT IF | RUB A PLASTIC ?ob FROM EXPERIMENTS LIKE
WITH 4lLK-.- © THESE WE LEARN THAT

- UNLIKE
- CHARGES
: KTTRACT U/

? LIKE CHARGES @
- REPEL, AND ;
AN ‘l'




RENIANNG ERANKUN

(\Tob- 1790) NAMED THE TWO_KINDS
urrees POSITIVE AN NEGATIVE
WE NOW KNOWN TUAT ALL MATTER 1S
MADE OF KTOMS, WHIZK ARE CoMPSEy
0f NEGATIVEL CUARGED ELECTRONS,
mummb mzom» A NU/LRUG OF
?oemuu (uArGer VROTONS, avp
Rg WG HAE No
CHMZ&G

& ELECTRONG AND PROTONS WME EQUAL RND ofROSITE W
CUARGES . NORMAL NToMs UAVE EXACTLY ENOUGH
CLECTRONS TO BALANCE THE PROTONS I THE NOCLEUS,

MAKING THE KTOM OVERALL NEVUTRAL .

f"'n"\

&
&
Y gt
(f 4@ \. o
’ 308 :
\ ) ya
B Ak = uw WHEN AN ELECTRON
SN 15 REMOVED FROM AN
O=—= " s e c%hgﬁkgf;n Tveu
e o \

e >




A CHARGED OBJECT WILL ALSO ATTRACT
NEVTRAL OBXECTS. THIS RURRBER (OMB,
CUARGED NEGATIVELY BY RINGO'S UNE,
WILL PILK UP BiTS OF PAPER.

'rn DOES S0 BECAUSE THE PAPER
BECOMES ELECTRICALLY

POLARIZED:
THE NCGATIVE COMB
REPELS ELECTRONS

IN THE PAPER AND
ATTRACTS THE PosrTive
NUCLEI OF TuE KoMS ... THE POSITIVE CHARGE
IN THE PAPER. N THE PAPER 15 (LOSER
THERE 15 A CHARGE @ To THE COMB THAN THE

SHIET N THE ‘?;7 NEGATIVE CHARGE. THE
PAPER' EVEN POAITIVE CHARGE 15 THEY

TROUGH 1T 15 ATTRACTED MORE STRONGLY

OVE THAN TRE NEGKTIVE
LNEWML e cum&;ir © REPELLED! =
FROM vi«j;’-l-l“é e .
Im |‘D g g lay
DEDUCE TUAT TiE <,
ELECTRICAL FORCE {
GROWS WEAKER " > =

WITH DISTANCE.




r‘HHEN You Rus THE RuggeR RoD W\TH
FUR, S0ME ELECTRONS PRE RUBBED
OFF -THE FUR AND ONTO THE RUBBER,
60 THE RUBBER ROD ACQUIRES A
NET NEGITIVE CURRGE (LEAVING

THE FUR POS\TIVE) .

SIMILARLY, SILK RUS ELECTRONS OFF THE PLASTIC,
LEAVING THE PLASTIC WiTH A NET POSITIVE CHARGE .

‘1"++++ f;’;i-}

2

ELECTRONS ARE ELEMENTARY UNITS OF CHARGE, AND ARE

EPSILY TRANSFCRRED FROM ONE OBJECT To ANOTHER. THEY
MAY ALSO BE PA%ED ALONG THE SAME OBIECT — LiKKE A CoPPeR




MATERIALS LIKE RUBBER, 6LAS,
AND PLASTIC ARE ELECTRICAL

INSUPATORSE:

CUPRGE (AN B RUBBED ON OR
OFF THEIR SURFACES, BUT IT
TENDS To STICK THERE AND
WILL NOT MOVE EASILY

THROUGH THE MATERIALS. CORK

BUT IN METALS, LIKE COPPER, SILNER,
AND ALUMINUM, TUE ELECTRONS (AN
MOVE ARDUND FREELY AND EMSILY.
METALS ARE ELECTRICAL

CONPUCTORY.

WHAT WE CALL "ELECTRICITY" |
JUST A FLOW OF ELE&TR:E. 2

- O— S —-» @

10




CARERUL MEASUREMENTS 8Y CHARLES

4 : [L@ME (173b-106) ESTABLISHED

TUAT THe ELECTRIC FORCE DECREPSES
WITH THE SQUARE DF THE PISTANCE,
) LIKE GRMNITY - COLLOMB'S Liw FOR
Q9 ELecTROSTATICY FORCES 16 VERY MG
LIKE NEWTONS Lhw OF GRMITY:

k‘*l’:l.ﬁcl'méﬂmc MCANS TukT THE CHARGES ARE STATIONARY, %,

IN Coutomgs EQUETION, (Y awp g ARE THE VALUES OF
THE CUARGES, ¥ 16 THE DISTRNCE BETWEEN THEM, AD
K 15 A ConSTANT, LiKe G FOR GRAITY. N STANDARD
umts, K=9x109.

TRE UMT OF

CHARGE 15 The

COULENE.

A 4INGLE ELECTRON

UPS A (MARGE OF

—e =1bx107?

(oULOMES.
Just How
SIMLAR ARE
THE
GRM\TATIONAL
AND
gLecRoSTATIC

FORGES?

!




ALTHOUGH THE LAW OF ELECTROSTATIC FORCES SEEMS VERY
SIMILAR TO THE LAW OF GRINITY, THERE ARE MAJOR DIFFERENCES
BETWEEN THEM. FOR
EXAMPLE, GRMITY

ALWAYS ATTRACTS, F:;a
BUT ELECTRICAL NEVER
FORCES (AN EITHER REPELS
KTTRACT OR REPEL .

e 0

ALSO, ELECTRICAL FORCES ARE VASTLY STRONGER THAN
GRAVITATIONAL FORCES. F A (MeRe!) HUNDRED BILLION
ELECTRONS WERE MOVED FROM A PLASTIC RoD To A RuBBER
ONE, THUERE |5 A PERCEPTIBLE ATTRACTION BETWEEN THEM .

("BuT EVEN WITH ALL 0™ (=10 BitLion) BTONS N THE ROD
PULLING GRPNITATIONALLY, THE MOST SENSITIVE INSTRUMENTS
WoULD WAVE TROUBLE DETECTING IT!




CUARGE 15 (ONSERVED — \
THE NET CHARGE, THE
5UM OF THE NEGATIVE
PND POSITINE CHARGES IN
AN |SOLATED SYSTEM
CANNOT CHANGE.

|

(WHEN THE NEUTRAL RUBBER WAS X |
| CUARGED BY THE ANIMAL FUR, The SR g

PoaTIE CHARGE ON THE FUR MATCHES T
| THE NegATive CUARGE oM THE RUBICR ) I\

; = IT IS POSSIBLE TO
CREATE PAIRS OF

h CHARGES PR
£S FROM

\\3



(_'DM'S 1% DONE B PosmroN ‘\

b GYAMMA
M VERY WOH-CNRG MMM TR
PhR'nc?.rz OF LIGHT. /\/\M /'
WHEN A GAMMA RAY
PRSSES NEAR AN
MoMIC NOCLEVS, v
MAY (REATE TWO
PARTICLES — A
NEGETIWE ELECTRON
AND i 70OSITWE
POSITRON. THEE
TWo MeM LATER
ANNIHILATE EACH
OTRER, PRODUCING
MORE GAMMA

k RS,

BUT No KNOWN PHYSIcAL PRoCEZS CAM CREATE OR
ESTROY A SINGLE CHARGE!




h CE OF ELECTROSTATIC APPARATUS You CAN MAKE FOR
SELF 15 AN

ELECT ROFHORUS

You'LL NEED A PLASTIC PLATE FOR THE BASE AND A METAL
PIE PLATE WITH AN INSULATING HANDLE, 5py A STYROTOAM
¢ue, GLVED TO (T

2UB THE BASE WITH SILK, FUR. | | Now PLACE TRAE METAL PLATE
OR WoOL, TO CHARGE IT- ON THE BPSE, AND ToucH THE
PLATE WITH YoUR FINGER .

LIFT TRE TLATE OFF THE NOW Yoy CAN DRAW A SPARK
BASE BY THE [NSULATING OFF THE PLATE WITH YOUR

HANDLE. KMUCKLE .
2 s

Jou CAN PRODUCE A

OR
FLAGH "IN Pu Pl.uuaescswr
LIGKT

B\ s
, ﬁ ’fl‘ﬂ“'




Gﬂ INTERESTING FEATURE OF THIS EXPERIMENT 1S THAT You ¢An )
RECUPRGE THE PLATE BY TOUCHING IT WITH YoUR FINGER
REFPEATEDLY, WITHOUT FURTHER RUBRING OF THE BASE-

K e O s

How DOES Tiis WORK 7 WHERE DOES THE ENEREH OF THE SPARK
COME FROM IF THE CHARGE ON THE Bpse 15 NOT 0SED ve9

5

A FON PLACES !
PLATE SHERIH RUILE

B e e

4INCE THE BASE 15 AW INSULKTOR,
VERY LITTLE CHARGE FLOWS-
BUT WHEN You TOUCH THE
METAL, ELECTRONS IN YOUR
BO0H, ATTRACTED BY TuE
POATIVE BASE, FLow ONTO Tk

e TLATE
g CUARGING IT
g | Ne(oATE.

o

e =
THE BASE 15 CUARGED POATIVE YOUR BoDy SERVES AS PR
BY RUBBING. WHEN THE PLATE (ELE(TRKAI. GROUND,
15 PLACED ON THE BASE, IT A RESERVOIR OF PoGiTIVE
ACTUALLY TOUCHES 1T IN ONWY AND NEGRTIE CHARGES .

SNCE THe (HARGE ON THE
PLATE CoMES> FROM You,
THE EXPLRIMENT

CAN B

EPEATED
\NDEFNITELY

AND WHERE DOES THE SPARKS
ENERGY COME FROM? \T CoMES
FROM THE EXTRA FORCE
You MUST EXERT TO LIFT
THE NELRTWE
PLATE AWAY
FROM THE
PoaTive

W i
ey
s
Y iy

i

A

wah

ﬂ
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3 BLECTRIC m@ﬂ:@s\@é-

|l /,/{f
& [/ / ) \.\

———

THE EARTH EXERTS A FORCE

ON THE MOoN, A BODY
THOUSBNDS OF MILES AWM.
SIMILARLY, ONE ELECTRIC
CUMRGE Eﬂ;ms FORCES DN
OTHER CUMRGES WHICH ARE
CEPARATED TROM IT IN SPACE .

v3il (( ?_"c.

HOW CAN ONg OBJECT EXERT A FORCE ON MNCTHER
WHICK 1T 1S NOT TOUCHING? HOW (AN THE TORCE GET
ACROSS SPACET HOw EASTDOES (T BET THERE ?

FASTER TR “er { o

A SPEEDING ? ',

CAFFEINE _:};\_“T;‘N—) s
~—— = (. &

w7




(A BEGINNING OF THE ANSWER FIELDY WHUTZ barr )
& To IMAGANE THAT THE FIELDT |
EARTH FILLS SPACE WITH ” s

A GRAVITATIONAL
BIELD, s - .;::'--ﬁ"r;-:s

FlELD (WWATEVER (T 161) TRAT
CAUSES THE FORCES ON
(MPAES WITRIN 1T =

HIMILARLY, A (PARGE FILLS SPACE WITH AN

a i

CHARGE 15 IN THE
ELECTRIC FIELD,

ELECTRIC FORCE
ACT ON IT!

f WE Ch VISUPLIZE THE ELECTRIC FIELD BY |MAGINING TH#T_\
WE ARE CARRYING A SMALL POSITNE TEST CHARGE AROUND
AND MAPPING THE DIRECTION OF THE FORCE O IT. HeRe RiNo

HAS A 5INGLE POSITIVE CHARGE, AND I'M Mou(N
(HARGE AROUND - t o i




I e Dxbw ARRoWs N tuc DIReCo 1 (VD IF WE LOMNECT Tie
Rk PRoPORT ARROWS W

To 115 STRENGTH, WE GET A PICTURE oF I.mwéf ol FEl!.EmIEE
THE ELECTRIC FIELD OF RINGO'S CHAREE: i P

*,\ { /,." A

1/ =
I

= 4-—-——@—-——1» N~ Gy = & PR
FIELD LINES GIVE B VERY CONVINCING PICTURE OF ELECTRIC

Rl l -
/ “a
/ 4 %
FIELDS: FOR EXAMPLE, FOR TWO ATTRACTING CHARGES :

'( I

REMEMBER:
EACH CURVE

THE FIELD LINES BEGIN AT THE POSTNE CHARGE AND END AT
THE NEGATIVE CHARGE: THE NEGATIVE GHARGE PULLS A
POSITIVE TEST CHARGE [N FROM ANY DIRELTION.

9



GINCE THE ELECTRIC FIELD EXERTS FORCES ON CUARGES, THERE
16 ENERGY ASSOCIATED WITH THE POSITION OF A PARTICLE
THE FIELD. HERE RINGOD HOLDS A POSITWE CHARGE, AND,
STARTING FAR AWAY, | BRING A SMALL POSITIVE TEST
CUARGE IN CLO4 To I\T.

AS | MOVE IN, THE CHARGE 14 REPELLED, “ HAVE TO
EXERT FORCE TO PULH IT (LOSER. FORCE TIMES DISTANCE

BQUALS W@Rk — | DO WORK ON THE TEST (HARGE.

(" WE 5AY THAT THE WORK 3

GOES INTO THE

RONENIAE
ENERGYe

OfF THE TEST CHARGE.
IF | RELEASE THE CHARGE, IT
FLIES AWRY, AND POTENTIAL ENERGY

15 CONVERTED WTO KINETIC ENERGY,

— —

120




WE WOULD LIKE To ATTRIBUTE THE

POTENTIAL ENER(H SOLELY B

THE CLECTRIC FItLD OF RINGO'S CHARGE, 40 WE DWIDE OUT my

TEST CHARGE AND WRITE:

PereiEiAL ENEREY

Potentidal = RS

EQUR DEFINES A NEW UMTITY, THE
e ;g‘!lEﬂ'ﬂN_." POTENTIAL MEASURES

ELECTRC

NERGY PER (HARGE. 1T UNITS ARE
EDULEE- PER COULOMB, WHICH WE Glvg A
NAME ALL 15 OWN, THE T o

1 Volt = Tl

UNDERSTAND THE BASIC CONCEPT:

(36 WITH ANY NEW DEFRITION 8 PRYSILS, 1T 15 IMPORTANT To \

IF A BATTERY 15 RATED
AT 6 VOLTS, THAT
MEANS 1T 15 PREPARED
To GIVE b JOULES
OF ENERGY To EVERY
CoULoMB THAT 15
MoVED FROM ONE
TERMINAL TO THE

OTHER.

=

¥ TWERE (5 ALSD A GRAUTATIONAL POTENTIAL. ¥ PE- = mzf;, THeN
PE _ f- 16 THE ABILITY OF THE GRAUTATIONAL FIELD To “TRANSMT

1o ANY MASS BT HEIGHT -

m
ENEREM
12\



0.K-. 50 WERE'S A
CHARGE - BT | STILL

122

\NURT [B A CHARGE,
?

AN 77 | MEpN, \T

MUST BE SOMETRING —

MUSH'T T

sgreY, RINGO, OLD §OY, BY
You HME K {POINT?EH '
CLASS(CAL E2 M NEER
ANSWERS TUDSE (YUESTIONS,
(I:‘ﬁ p.%’% EE%?I?ES Kow
BEMAVE ... THI,EFLD';
e B o ~\
F

THE BOOK. 'LL :
EETL‘:"L ou A
WHAT mﬁu

5&24 CHARGET //
AND FIELD i 8
“REALLY ARE...



'CUAPTER {4 ¢

= CAPACITORE——

A CAPACITOR CONSISTS OF
TWO CONDUCTORS SEPARKTED
BY AN INSULATOR, FOR
EXAMPLE, TWD METAL PLATES
WITH AR BETWEEN THEM.

A CARACITOR 1S CHMRGED 84 REMOVING SOME CHARGE
FRoM ONE PLATE AND PLACING IT O THE OTHER.

THE EASIEST | |
WAY TO DO THiS |l
16 To CONNECT
THE ChPALITOR
BREFLY To A /
BN'['ER"L THE SWITCH
BATERY PUMPS
CHARGE FROM

ONE PLATE TO . ‘ '
THE OTHER. ——{ | l iy

1.5




WREN THE SWITCH |4 (LOSED, ELECTRICIT
FLows, MD CHARGE 15 FUHPEP ONTo Th
csmnoa THE AMOUNT OF CHARGE

PUMPED 15 PRB?DR‘T
VOLTAGE . %0 e

-V

\_CMARGE = COWSTANT » +NOLTAGE

4
AL To THE BATTERY'S k
ITE' *+
TaE CoNSTANT oF PROPORTIONALITY
C 15 A humger DEPENDING OV

TUE CHARACTERISTICS OF THE
CIRMCTOR- 1T 15 CALLED THE

CAPACITANCE.

=

CAPACITANCE 1S MEASURED IN
FARADS, AFTER MickheL

(1701 -1867) - THE WiGHeR
THE CAPACITANCE TUE
MORE CHARGE THE
CPZACTOR CpM STORE -

[ CaRMCITANCE, 1h Tog,

15 DIRecTL ?Ro?omonm,
T T ok
MD INUERSEL
PROPORTIONML

CLOSER THE PLATE
TAE MORE CHARGE
They WiLL HOLD.

e




A CAPACITOR VSED M
ELECTRONILS, FOR

EXAMPLE, MIHT BE

WO
ALUMINUM
GiEETS
CEPARKTED
A TN
TASTAICE

Fean

CHEMICALS....

AFTER THE CAPAUITOR 15 CHARGED, \T
0 CAN BE DISCONNECTED FROM The
@ BATTERY, ANp IT WILL REMAIN
JUARGED FOR MINUTES, OR EVEN
HOURS, ALTHOUGH CUARGE WILL
LWL LEAK W10 THE AR.
/7739

Flowé AROUND
THE WIRES

AD NEUTRALIZES
THE PLATES.

Tw 15 ChLLED
DISLUARGING THE
CreACITOR.

s

125



"r-mp; SHOWS HOW CAPACITORS CAN BE USED To STORE \

CHARGE AND EMERGY-
FOR EXAMPLE: A

PHOTOGRAPHER'S
ELECTRONIC FLASH
UNCT HAS A LARGE
CAPACTTOR To STORE
ENERGY FOR THE
FLASH TUBE. TUE
BATERY TAKES
ABouT %0 SECONDS
To CUBRGE 1T WP

THEN, WHER THE CUARGE 16 WEEDED, ALL OF 1T |
DUMPED THROUGH THE FLASK TUBE [ AN tRSTANT!

WHEN THE CAPACITOR ¥ CUARGED, POSITIVE AND NEGATIVE
CUARGES FACE EACH OTHER AND HOLD EACK OTHER N
PLACE ACRO% THE INSULATOR —AND OF COURSE THERE
|5 AN ELECTRIC FIED!

—

£,
|

R | B 2

it

HIRIAEANY

@

ol
>



ELECTRIC FIELD WILL ACCELERATE IT TOWARD THE PosiTiVE
PLATE- IN FACT, F WE MAKE A SMALL HOLE IN THE
POSTIVE PLATE, THE ELECTRON WILL ZIP THROUGH:

O 7 = R R

HERE WE MAKE UP A NEW
ENERGY UNIT: THE

ELECTRON
VOLT (ev).

IT'% THE ENERGY OF ONE

ELECTRON |F THE PLATES ARE
CHARGED To ONE VOLT. \F THE
PLATES HAVE 100 VOLTS, THE
ELECTRON WiLL HAVE {00eV...

To CON:RT eV To JouLg4, WE
USE THE DEFINITION

POTENTIAL = ENERGY / CHARGE :

1 eV = CHARGE OF ELECTRON
A
1 VOLT
=1bxio™e x 1 J/C

= 1.6 x10™ Toutes
(THAT . 00000000000000000016 *)

UGING MoDERN HI-TEQH, We CAM
ACCELCRATE (UARGES TO MILLIONS OF
ELECTROM VOLTSH, BUT AT THESE
ENERGIES, ELECTRONS ARE GOING
(LOSE To THE $PEED OF LIGHT, AND

RELATIVITY THEORY MUST BE U
To DEBS!-IHEE THEM. @

127



i CHAPTER 15 ¢
VBLECTRIC CURRENTS

THE GREATEST ACHIEVEMENT
OF TWE \TALIAN PHYSICIST
ALESSANDRD GIUSEPPE
ANTONID ANASTRSIO

V@&Cﬁ‘@? ASIDE

FROM REMEMBERING Hi$
OWN NAME, WAS TUE
\NVENTION OF THE
ELECTRIC BATTERY IN 1764

- —3
——
'E

I

VOLTA FOUND TUAT IF You DIP = THIS MEANS TUAT CUARGE
TWD DIFFERENT METALS IN A 1 "WANTS TO* MovE FRoM
CUEMICAL BATH, A PIFRERENCE : ONE METAL TERMINAL TO
N POTENTIAL WILL APPEAR S TUE OTUER. 'F You CoNNECTED
BETWEEN THEM. T THEM WiTH A WIRE, {HARGE

QOTENT[AL

WOULD FLOW THROUGH Ir.

128



(UERC'S A SIMPLE

“WolTAlc CELL®

WITH ALMOST ONE
FULL VOLT OF
POTENTIAL: A
LEMON WITH TW
NhlLs!

VOLTA ALso FOUND TUAT By CONNECTING CELLS N SERIEE,
ADD UP T0 GNE LARGE VOLTAGES:

1 voLT 1 Vo1 1 voiT { VoLT

C—-————”‘“‘*‘"4 YOLTS TOTAL ~————>
>

D FLMULIGUT "BATTIRY"

19 ACTUALLY A 4INGLE
CUEMICAL CELL. A TRUE -—|‘—-‘-
BATTERY, LIKE TUE ONE SINGLE CELL

IN YOUR CBR, CONSISTS

OF %VERML CELLS
CONNECTED N 4ERIES, AS _‘ | |
MPOE. THTR ELECRICAL

54MBOLS  ARE BATTERY

119



[LET'S HOOK UP A SIMPLE THE BATTERY CONTINGALLY
CIRCUIT+ A BATERY WIRED "PUMPS" CHARGE AROUND THE
TO A LIGUT BULE. CIRCUIT, LIGHTING THE BULR.
” ' '\‘
e |1k
LTH[‘E- FLoW OF
CIH\R THE l"

CUHRENT

CURRENT 5 MCASURED [N (pULOMBS PER SETOND, M5O KNWN #6:

amperes.

("WE OFTRN DRAW AN BRROW

=
ALONG THE WIRE, LEADING s
FROM THE BKTTERY'S POSTIVE |

TERMINAL TO THE NEGRTIVE

AS IF POATIVE C&P«RE:E
FLOWED TRAT waY.

16 CALLED "@HUEKTIQ&L
CURRRNT, IS OPPOSED TO
REAL CURRENT, Wk 5

A FLOW OF NEE&'nUF.
ELECTRONS N THE ng:ma
TRECTION . IN MOST ELECTRICAL

EFFECTS, THERE 15 NO WAY To __|||“|
DISTGUISH BETWERY Thege Two = e
k ABITE,

Smgor
—+

J




—

To KEWP ALL THESE CONCEPTS
N MIND, 1T HELPS TO HME
A MECHANAL pNALOGY:

e

IMAGINE THAT ELECTRIC CURRENT 15 LIKe WATER FLOWING THROUGH
A PIPE. THEN WE HAVE THESE CORRESPONDENCES *

ELECTRICITY WATER
CoULOMB oF CHARGE | LITER OF WATER
LiTeR [56
AMPERE ore, L /
BETTERY PUMP
VOLTAGE PUNP PRESSURE

k WIRE PIPE

TR

I J'-Fr"I

THE LAMP FILAMENT 15
LIKE A SECTION OF PIPE
FILLED WITH GRAVEL
Tt RESISTS Tve
Flow OF WRATER. IN FACT,
THE FRICTION OF FLOWING
WATER EVEN HEATS THE

GRAVEL! ‘/

To GET A LARGE Flow,

OR CURRENT, A Hi6H

PREZAURE, OR VOLTPGE,
GepRoE

G (790-1659
SUMMARLZED THIS

(oRM'S LAw 1$ NoT UNIVERS #

CORRENT, [, EQUALS
VoLTAA, ¥, DIVIDED
BY RBBISTANCE R.
THE HGHER THE

VOLTAGE, THE MORE

CURRENT Flows
THROUGH A GIEN
RBIcTANCE -

I PWH
TRVE, Likr Coutoues Law, But 1S

APPROXIMATELY TRUE IN MANY SITUATIDNS.)

v



etsisrance 16 mepswreo 1 QHMS.
|T DEPENDS ON THE MATERIAL, THE

AREA THROUGH WHICH (URRENT
FLOWS, AND THE LENGTH

IT 6T TRAVEL.

CoNE,
LITTLE :
ELECTRONS .

ﬂr_nmrc AGAIN OF WATER FLOWING THROUGH A PIPEFUL OF &maﬁ
A SELTION OF PIPE TWICE AS LONG KpS TWICE THE RESKTANCE..
A WIDER PIPE WAS LESS RESISTANCE, BECAUSE ITOFFERS MORE
GPACES FOR WATER TO FLOW... AND RESISTANCE DEPENDS ON

THUE TYPE OF GRAVEL.

Loné PIPE.
HIGH RESISTANCE

- HIGH
Wine PIPE, RESISTANCE
Low RECISTANCE

SMOOTH GRAVEL, LOW RESISTANCE
CIKEHI‘.SE, AN ELECTRIC WIRES RESISTANCE | PROPORTIONRL To (TS

LENGTH PND INVERSELY PRoPORTIONAL To 1S CRo%6-SECTIONM. ARCH . J
%2




A LAMP FILAMENT [$

L

L, DIFFERENT MATERIALS =
VITY. 6000 COMDUCTORS

[ ANp, LIKE DIFFERENT T9
WAVE DIFFERENT INTRINIC
Uhve LOW RESISTIVITY !

LIKELY To BE MPOE OF

TUNGSTEN, whas s

A MOCE WGHER RESISTVITY
TUAN COPPER — HENCE A
HRENTER REGISTANCGE THAY
TUE SAME Shze COPRER WIRE -

fook CoNpyCTLS

(You WANT
Hibu RESIS

N A LIGHT
BULB, 40
THAT |IT
“DISSIPATES”
ELECTRIC
ENCRGY AS
LIGHT!)

J

Eﬂmmanidﬁo CHANGES
(NiTH TEMPERRTURE.
FoR MOST METERIMS, T
RIGES 4LOWLY WITH
TEMPERRTURE, AS
VIBRATING MOLECULES
INTERFERE WITH THE
FLOW OF JUARGE.



FOR 40ME MATERIALS, LIKE
MERCURY RAND hLumuuH,
THE ResisTiviTy FALLS To

15RO

kT VERY COLD TEMPERKTURES.
NEMZ PBSOLUTE 2ERO
(—27%° CENTIGRADE ), THESE
MATERIALS CONDUCT
ELECTRICITY WITHOUT AVY
RESIST AT ALL. THEN TEMPERATVRE
THEY ARE CALLED

EE‘HSTF- NCEL gf
ElTCI"f folD ? N:'j‘
:Hn-': 1 ::a:.c:

RESISTIVITY

rt

THE WONDERAL TOING ABOUT SUPERGOWWICTORS 16 TUAT )
Thgy CAN CARRY HUbE CURRENTS WITHOUT ANY Logs To
HEAT. TUBSE CURRENTS (AN BUEY PERSIST FoR YEARS
WITROUT  L0%% OF ENER SUPERCONDUCTORS, THOUGH EX-
zé#wg ARE USED IN PARTICLE ACCELTRATORS, (WHERe SUPER:
NG ‘GLECTROMAAG TS RE@wRE GIANT ELECTRIC CURRENTS.




r[_[l 1986, SCIENTISTS
DISCOVERED SEVERAL
THEIR RESISTIITY AT
MuCk HIGHER

| TEMPERATURES, AROUND
-180° €. THIZ MM
S0uN (oLD, BUT

IT% b WhRM BATH
CONPARED WITH A
 ABOLUTE ZERO.

THESE COMPOUNDS CAN BE CHILLED WITH INEXPENSINE
oo NUTROGEN.. 50 WE MAY 4EE SoME AMKZING
COMMERCIAL RPPLICKTIONS I\ THE COMING YBARS, S0CK
A LEVITRTING TRRINS..

Y




NOow BACK T0 OUR $IMPLE
GRCUIT, A 4MALL L|GHT BULR
CONNECTED BY COPPER WIRE
To A 6-VOLT BRTERY.

r:'l'HF, LAMP FILAMENT MIZRT WAVE & OpM% OF RESIYTANCE \

IN WHICR CDSE, BY OHM'S LAW, TUE ZURRENT WOULD BE
e N,/ _ bNots _

(CoPPER WIRES
Tﬁ?gﬁﬂm > RESILTANCE 15 NELL\GIBLE -
OF THE 107 125 T o, ol —
WIRE . CONTRIGUTING LITTLE
To The OVERALL
REZISTRICE ®) !

THE QUELTION 15, HOW NOULD
Jou MEASURE Tygst QUANTITIER

. REMoVE Burg.

N TRE \RLUIT? 1. INSERT FINGER
IN SOCKET.
3. MEMVURE
RESULTANT -
RMR QURL.. !
N
“UNLES THE WIRE 15 VERY oG OR VERY THW. - )

1%b



rr"_
( For p5 LITTLE A5 aD Yo $ 70952 You

CAv B0y A D AW -FM EASETE (
MULTIMETER

THar WILL MEASURE
VOLTAGE, CURRENT,
AND RE4I6TPNCE.

fo MERSURS OLTAGE , TOUH THE METER's LEADS ACRO%S
TUE LAMP OR BATTERY. TOUHING IT MR0% TUE LAMP
mepsures Tue VOLTAGE PROP OF THE LaMP.

{HE VOLTAGE "PROY REFERS To THE
4 PER CUARGE THAT V%
HONG o KERT PND LIGUT.

=




I You Toucugp THE s
rl-'% To THE WIRE E”m“s‘? mm)
ON TUE SBME 4iDE 5TeP-UP 0f

OF UL LAME, You'D BATTERY

EET A NERR- Z[Ro . M.

READNG . 1T TAKES - -

ALMDST NO VpLTAGE To

PUSH CORRENT TURAULH

A COPPER WIRE .

AND  MEPSURING AZRDSS HERE
TUE BATTERY GIVER YT¢ Er ri?&su%
VOLTASE "4TEP-UP" TUE @ ﬁmwr
Pumbep INTo THE (IR
ﬂ‘[ﬂ}f BATTERY.

To MEASURE CURRENT vou musr

BREAK TUE CIRCOIT PND WSIRT THE :
AMMETER .

THE SAME CURRENT 15 FLOWING EVERYIDHERE 1M T SiMpee
CIRCUIT, AND WE MUST MAKE IT FLOW THROUM Tie
AMMETER TO BE MEMSURED . _

= A
'J

liin)




R

you COULD oR Yol

\ggr?tmm"_ % - : ?C%u g:‘-,1:; USE THE

B i
: CURRENT

%ﬁﬁm 9= READINGS TU
The LR REHCTINGE
AND TESTNG -
(T WU TG DUTH OUMS
OUMMETER LMW,
SETTING OF THE:

MULTIMETER.
THESE Two MESUREMENTS WOULP ACTUNLLY GNE SOMETOVAT
DIFFRENT REAULTS, SINCE (WHEN TRE BB 16 (N CIRCULT,
TUE FILAMENT 1 AT WIGH TEMPERATURE (AND UIGHER

RESISTANCE ), WHEREAS WHEN IT (5 MERSURED WITH THE
METER, THE FILAMENT 5 COOL.




("PNOTHER FAMILIAR ELECTRICAL UNIT 16 THE =\
WATT THE UMIT OF

fOWER 16 DEFINGD RS
ENERG‘Y PER WNIT OF
TIME, \T MERGURES

Wow FAST ENERGY 15
PRODUCED DR CoMSUMED.
PoWweR pPPLKS ALLO T
MECHANCR, SY5TENS,

N I A POWERFUL R
WHICk CW BLELERITE
RIIDLY . A HILN-P00ERe)
LIGKT BuLg Pums our

k LOT OF LIGWT

G PER SE0)\D. el

gy peewiion, A WATT 15 oe
JOULE PER SECOND — 40 e
CAN RELATE WKTTS To VOLTS
AND AMES -

JOULES .
Powek = TS - = o

Joues | COULOMES _
CoULoma SECO ND

VOLTS x AMPS$

4o



Tue Propuct of VOLTAGE
T'Hiﬁ (URRF.NT 15

PVl

= JOLTS x AMPS

’/; THE CME OF
OUR &-OUM BULS
NTTRCHED To A

é 'HDLT E»FTTBR%
WE YAE- ONE AME
OF CURRENT, PND
TG PpweR 15

P = bvours x { ame

= b WATTS,

o

%]



T e CUARPTER 168

1 NoWw PUT THREE x o w R LB R
EQUAL L\GHT BuBS N - i ‘

EERIES e

BATTERY. THIS
MEANS TupY ARE
WIR® ToGETUER
ONG AFTER THE
OTHER.

& BY OUR MECHANICAL RNALOGY,

EACH LAMP FILAMENT |5 LIkE

A GRAVEL-FILLED SECTION OF PIPE. TUREE
NOW THE CURRENT WA THUREE TIMES TIMES THe
AS MUCH GRAVEL To FLOW THROUGH — RESISTANCE!

#WE ARE ASSUMING TUAT A LAMPS REMSTANCE 1§ INDEPENDENT
OF CURRENT THRoUGH THE LAME, WHICH 1§ REAUY NoT THE CASE,
SINCE TEMPERATURE CF THG TILAMENT DEPENDS STRoN6Ly ON CURRENT,

14



TRIPLING THE RESISTANCE
MEANS THAT ONLY ONE TRQD
THE CURRENT (AN FLOW.
THE CURRENT MUST BE
Tue SAME IN EACH L\GAT,
OF COURSE: THERE 16
NOWUERE ELSE FOR THE
CHARGE TO GO, MWD \T
DOESN'T ACCUMULATE N
THE (IRCUIT-

WHEN | Toulk THE LEADS OF
A VoLTmeTER ACRogs ONE
TWE LAMPS, THE VOLTAGE DROF
ACROSS THE LAMP 15

ONE THIRD 0¢ THE BATTERY
VOLTAGE -

THE BATERY VOLTAGE.

V =

TUE LAMPS DIVIDE UP THE VOLTAGE, AMD THE SUM OF THE
VOLTAGE DROPS ACROSS THE SERES CoMPONENTS MusT EQUAL

V/3 Vi3 V/3
(—H. B e iy
R R

4%



¢V
R,

\J

— )

e

(W THE MORE GENERAL CASE, WITH UNEQUAL RESISTANCES [N SERIER, )

Vo
R.

——

THE VOLTAGE
A DROPS V,,V, , AND
V, RepReSeNT
R, ENERGY CONSUMED
BY THE LAMPS *
ENERGY CONVERTED
FRom ELECTRIC

THE ToTAL ENERGY COMSUMED By TUE LAMPS MUST EQUAL THE
ENERGY PRODUCED B4 THE BRTERY, 50 THESE VOLTAGE
DROPS MUST ADD TO THE BATERY VOLTAGE. THIS |5 CALLED
THE LooP TUEOREM, OR KIRKHHOFF's FIRST LAW:

EN INTo
LG HERT

\VERVERVLaVA
(o Y =iR, ex)

IN SERIES, EACH OF THE TUREE ECQUAL
LAMPS GETS ONE-THIRD Tug CURRENT
THAT A SINGLE LAMP WouldD GET
WHEN CONMECTED ALOME To THE

BATTERY, AND AT ONE-THIED THE

VOLTAGE, $INCE POWER 16 VOLTAGE
TIMES CURRENT, EACH BULB (S
ONE-NINTH AS BRIGHT AS

ONE BULB CollN&cTED Atowe!!

@

¥ REMEMBER, VOLTAGE 15 ENERGY PER CHMRGE.

m



(" yow LETS CONNECT THE BULBS 1N PARALLEL:

EAG! LAMP 16
(ONNECTED
DIRECTLY To THE
BRTERY, WiTH
No OTHER BuLR
INTERVENING.

Twis WY EVERY BULB GETS A FULL DOSE OF VOLTAGE, AND

SHINGS WITH [T5 NORMAL BRIGHTNESS. THIS 15 THE WAY
L WOUSE WOULD NORMALLY BE WIRED %0 THAT EVERY
L.t.l.mmr. FIXTURE 6ETS FOLL HOUSE VOLTAGE.

BUT THE IN THE PRRALLEL QRCUIT,

CURRENT? e CURRENT ws
To DNIOE T&}JD&%
RRANCHES.

i

BuT TuE TotAL RESISTANCE OF THE CIRCUIT 1S ONE TUIRD
THAT OF ONE BULB — THERE |6 THREE TIMES AS MUCH
"AREA OF GRWEL" To FLOW THROUGH. THIS MRYES IT EPSIER!

WHERE DIP
THAT OCToRYS |\ UNIVERSE?
CoME FRoM” J

)




To UM UP, IN PARALLEL EACH COMPONENT GETS THE SANE

VOLTAGE, AND DRAWS A CURRENT i ‘IWERSEM PRCCORTIONAL
" /

T \T$ R :'f;ts'rhucc %Y OHMS LAN i

THE CURRENT FLOWING |KTD
JUNCTION EGQUALS THE m”‘?

THE CLNZENE FLOWING OuT.

(~ WHAT 16 THE CURRENT N DIFFERENT PARTS OF THE CIRCUIT?
THE CURRENT FLOWING WTO ANY JUNCTION I TME CIRCOIT

MUST EQUAL THE SUM OF THE CURRENTS FLOWING OUT-

CURRENT 15 THE FLOW OF CHARGE, WHKH 15 CONSERVED -

THE RESULT 1S CMUED
THE JUNCTION
THEQREM, or
KIRCHHOFF'S
SECOND LAw:

146




G_ER‘E 16 AN INTERESTING

PARADBX'

I'M GOING TO HOOK up A
GO -WATT BULB AND A
100-WAT ByLe N SERIES.

THE 60 WKTT
BULR 15
BRIGHTERY
WHATS 6DING
ON RERE™

.

FIRGT, REMEMBER THAT THE WATT RATINGS ARE 6000 ORLY
IF THE BULBG ARE PLUGGED IN ALONE, NOT (N SERIES.

HOW MUCH YOLTAGE
DOES EACH BULB N
LERIES GET? BOTH
BULBS GET THE
SAME CORRENT i,
50 OAM'S LAW

V=iR o

THE VOLTAGE DRR
ACRo% EACH BULE.

IN SERI,
THEY DIVive

147



(’"

NOW THE THE 100-
60-WATT BULE WAT BULB,

HAS GREATER WITH LESS
RESIGTANCE = RESISTANCE,

WHEN PLUGGED DRIWS

N ALONE, MORE

IT DRAWS CURRENT

LESS CORRENT WHEN PLUGGED

AND GLOWS IN ALONE-

LESS

BRIGUTLY.

ot IN SERIES, ° 4 —-
THE GO-wWitT

BULB, WITH

HIGHER

RESISTANCE, GETS

MORE

o Tue AcTuAL Power P=Vi Druycrep TO EACH LAMP
16 HIGHER FOR TUE ¢O- WATT BULR THAN FOR TUE 100!




/o CHAPTER 17 ¢

(ZEVERIL THOUSMND JERRS AGO, THE GREEKS DISCOVERED TWAT
CERTAN METALLIC ROCKS FRoM THE DISTRICT OF

MAGNESIA 1 ASIA MNOR WOULD KTTRRCT [ROM B
ATTRACT OR REPEL. SIMILAR ROCKS. HENCE THE NAME "MAGNET..

£
\U



(Fuﬁuek 5TU09 . w
ESTABLIGHEY THAT
MAENETS ALWp4S

HAVE TWO

POLES,

caLLEr NORTH
AND 500TH.

IF YOA ALLOW A MAGWET To PIVOT, IT5 NORTH FPoLk 15
“&ﬁ_{nw THAT TOINTS TOWPRD THE EARTH'S (CEOLRKPHIC) j
'

A COMPAZ 14
JUST A MABNETIC
NEEOLE ON A
FIVOT.

We Also NOTE THRT UNLKE PolES PTTRACT, WRILE
LIKE Poles REPEL -

&\




NOW [MAGINE THAT WE HAD
SCATTERED TINY COMPMSS NEEDLES
ol & SHEET OF PAPER AND
BROUGHT A BAR MAGHET
UNDERNEATH THEM -

= H—__'_:'E.-:,-_ﬂ::'h
i T T T TR

THE NEEDLES WILL LINE UP,
REVEALING THE BAR MAGNET'S

MAGNETIC FIELD.

Mo WITH THE ELECTRIL FIELD, WE
CONNELT THE LIMES ALONG THE
PIRECTION OF THE ARROWS AND
4EE THE RESULTING MAGRETIC

FIELP Ll.

=

vou WOULD FIND THAT BREAKING
THE MAGNET GENERRTES TWO NEW
PoLES! YOU Chn NEVER 150LKTE
A POLE FROM T OPPOSITE-

A

BY CoNVENTION, WE MGREE TUAT

THE RELD LINES EMERGE FROM
THe NORTH MAGNETIC POLE
AND POWT TowWsRw TuE SOUTH

MABNETI. POLE -

(MOTE THAT THS

% MBKES THE
EARTH'S SOUTH
MAGNETIC
BE THE OME
BEcoReHIC

€& Y : NorTal)
Es ==

AL5O, THE

FIELD LINES N

DoN'T SToP OR

END, But

Phes

THROUGH THE

MAGNET EROM

50Ut TO

NORTH

FORMING

CLOSED

CURIES -



[ up ONTIL THE YERR &y

1620

EVERYONE THOUGHT ELECTRICYTY?

MAGNETISM AND MAGNETIS 4y 1
ELECTRICITY WERE To pol! Wity
COMPLETELY e
SEPARATE. WA HA HA HA

BUT IN THAT YEAR, THE
DANISK PHY4IClsT UBNS

D (n1-185) Piscovered

THAT A COMPASS NEEDLE WAS
DEFLECTED 8Y AN ELECTRIC
CURRENT.




FIRST, IF THE CHARGE 15 NOT
MOVING, THERE 15 NO

FORCE.

«.AND THERE 15 NO FORCE

\E THE CHARGE 15 MOVING
ILON]@ h FIELD LINE..

A

...BUT \F THE CHARGE |6

MOVING ' {3 THE
FIELD [ A R 1,_5'.

SOMETRING!

THE FORCE ON
TUE CHARGE 1%
A “SIDEWAYS" FORCE —
PERPENDICULAR TO
BOTH THE FIELD
LINE AND THE
CHARGE's VELOCITY:

153



MAGNETIC FIELDS
PRODPUCE FORCES ON
MOVING CHARGED
PARTICLES . THE
FORCES ARE PER-

PENDICULPAR To BoTh
THE VELOOTY OF
THE PARTICLE AND
THE DIRECTION OF
THE MAGNETIC
FIELD.

/" THE GIZE OF THE FORCE 16 PROPORTIONAL TO THE WTEN'Y
OF TUE. FIELD AND THE Spep WITH WHCH TUE PARTICLE 15
CUTTING ACRD% IT. WERE

ARE S0ME EXANPLES To £
PONDER. THIS "S106WMS", // NELOUTY
THREE- DINENSIONN. FORCE, o

MORE THAN ANYTHING, Q

MAKES ELECTRICITY AND ) 1
MAGNETIOM SEEM (ORPLICATED- j}\ S

FIELD
5
FORCE
= i v WELOCITY
[
FoRCe T 2
v FORCE

NOTE: THE DIRECTIONS OF THE FIELD AND THE VELOCITY
DETERMWE A PLANE. THE FORCE 1S PERPENDICULAR TD
THAT PLANE.

e

1

=

194



KRERE 15 A MAGNETIC FIELY
THAT WILL MAKE CHARGED
PARTICLES CIRCLE
INVEFINITELY BETWEEN

TWO NEARBY OPPOSITE
POLE FACES:
(" THE MAGNETIC FIELD BETWEEN THE FACES 15 ALWays 1\
PERPENDICULAR To THE PARTICLE'S VFLD(ET&’: %0 THE
2 N - J 7 FORCE,
il PERPENDICULAR
T BOTH,
POINTS
TO THE
CENTER
= 0 OF THE
el gt |1 ClRCLe!
THIS PROVIDES JusT THE THIS (5 THE BpSIS
CENTRIPCTAL FORCE FOR THE LARGE
NEEDED TO KELP THE PARTICLE
PARTICLE [N CIRCULAR ACCELERBTORS PND
AN B STORAGE RINGS
ABOVE, I'T LoOKS Like
THG FAMLIAR PrcTURE
T v =

175



MAGNETS EXERT FORCES ON
MOVING TARTICLES — AND,
pS OERSTED SHOWED,
MOVING CHARGES ALSO
CREATE MAGNETIC FIELDS.
Tukt's WHAT DEFLECTED

OERSTED's COMPRSS...

(o EXAMING THE SIMPLEST CASE, LET US PASS A CURRENT- =\
CPRRY|NG WIRE STRPGKT THROUGH B TLANE COVERED WiTH

CoOMPPASS NEEDLES:

ICURRENT

THE NEEDLES LINE UP W CIRCLES AROUND THE WIRE .

FIELD OF A CURRENT

|6 CIRCLEL CENTERED

ON THE WIRE AND

L4WNG 1N The PLANE

PERPENDICUL AR

To e CURRENT.
156




You CAN FIND THE
DIRECTION OF THE MAGNETIC

FIELD BY POINTNG THE

THUMB OF YOUR RIGHT
WAND ALONG THE DIRECTION

OF Tue FLOW OF PoStTIVE
CHARGES. JOUR FANGERS
CURL IN THE DIRECTION

0F THE MAGNETIC FlELWD.

THIS 15 KNOWN bS THE

right-hand
Lrule.

TWO PARALLEL CURRENTS NTTRACT

@ EACH OTHER. THE MAGMETIC FIELD
CRCLNG ERCH WIRE CRUSE FORCES

ON THE CURRENT IN THE O THER
WIRE,, PULLING |T CLOSER,
l { SEE IF Jou CAN CONVINCE YOURSELF
) THAT THIS 15 THE RIGHT DIRECTION,
USING THE RIGHT. HAND RULE!

AMPERE,
Dlscoyerer

BETW
vwﬁi‘f
{14

d_» o

OF THE FoRce



ﬁv WE BEND A CURRENT- CARRYING WIRE INTO \
A CIRCLE, WE GET THIS H‘.ﬁl'.J'HETlC EIELD

|

NOTICE THAT ONE 4IDE LOQOKS JUsT
Like A NORTH poLe —The
FIELD LINES ARE COMING OUT.— AND
THE OTHER St LoOKS LIKE A
SOUT]Y Pote, WiTH FiELD

LINES GOING WN-..

BY WINDING MANY TURNY,

THE MAGNETIC FIELD 16 MADE
PROPORTIONALLY LARGER. BY

WINDING TURNS ALONG K
CYLINDER , WE GET A

SOLENOINICOILE

WITH A MAGNETIC FIELD
JUST LIKE A BAR MAGNET!

=0

e

——

I\

L

)
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BAR INTO THE ColL
CONCENTRRTES AND
STRENGTHENS THE
MAGNETIC FIELD,
AND THE RESULT 16 AN

ELECTRO"
MAGHET.

fm—#me Jou'ee BETTNG CoNwu Sep
WiTH ALL TUESE MAGNETC AND

ELECTRIC FIELDS. SUROSE

THE Room WERE FILLED

WITH THeM — HoW WNOyLD

YU KNOW, AND HowW WOyLD

You KNow icH e
WricH?

A

N FACT, THE ROOM [§
FILLED WITH THEM. THERES
THE EARTH'S MAGNETIC FIELD,
AND TUE ELECTRIC AND
MAGNETIC FIELDS OF RADID
WAVES TUAT YOu (AN Pik
UP With AN ANTENNA.

(THE ELECTRIC FIELD OF RADIO
Whves MOVES THE CRARGES
(N THE ANTENNA.)

You CAN TEST FOR MMGNETIC
FIELDS WITW A CoMrAss,

OR BY 5TUDY(NG THE SIDEWNg
FORCES ON MOVING CHARGES.

&9



CqueTER 18

ALL KNOWN
MAGNETIC FIELDS

RESULT FROM
MOVING ELECTRUL
CAARGES.

e S

WHERE ARE THE CUARGES THAT CREATE THE MAGNETIC
FIELD OF AN [RON MAGNET? THEY ARk THE ELECTRONS W

THE IRON ATOMS THEMSELVES!

%)@’N

AN ELECTRON ORBITING THE &

N
AToMIC NUCLEUS 16 Likke A R
SMALL CIRCULAR CURRENT, @; LS
%0 T PRDDUC%NAN i
ORBITAL MAGNETIC %
FIELD. ALSO, THE ELECTRON
ﬂéﬁ%@ Ew i

SPIN MAGNETIC FIELP ot e

[N}



-

hTOM
CANCE

Mo4 T ELECTRONS IN \
4 Ve THEIR
hb!#‘ﬂc FIELP‘;
THe MI‘\GNETtL FIEL%
OF OTHER ELEC

gur i MAGNETIC maTeRdLS — LIKE THE METALS

IRON, NICKEL, a0 COBALT — THERE A

LONE ELECTRONS, THRT CONTRIBUTE A NET MAGNETIC
FELD TO EALH ATOM.

N TUESE “EERROMAGNETIC' ELEMENTS, THE KTOMS TURMSELVES
LINE LP 40 THAT THEIR MAGNETIC FIELDS ALL POINT IN THE
SAME DIRECTION. RESULT: A BIG MAGNETIC HELD!




BUT IF ALL THE
ATOMS ARE LINED
UP, WHY AREN'T
ALL PIECES OF

IRON MAGNETIC?

ALL THE KTOMS IN MICROSCOPIC REGIONS OF THE MATERIAL,
catep POMAINS, Do LINE UP, BUT IN UNMAGNET|2ED
IRON, THE DOMAING ARE RANDDMLY ORIENTED. WHEN THE
IRON 16 PLACED |N A MAGNETIC FIELD, THE DOMAINS TEND
TO LWWE UP WITH THE FIELD, AND THE \RoN BECOMES

MAGNETIZED,

) W= L25T N SLSEOA
s (R
A *—" APAq s"’ .:?&é:eﬁeao'heﬁ

UNMAGNETIZED MAGNET(2ED

bl



(ome. WETAL ALLOS ARE MAGKETICALLY “NARD." T TAKES A
G TRONG EXTERNAL MAGNETIC FIELD TO ORIENT THEIR DOMAING —
BUT DNCE ORIENTED, THE DOMAING TEND To ST LINED UP.

IAUNICORY

AN ALLOY OF ALUMIRUM, NICKEL,
COBALT, 1RoN, AND COPPER, 15 -
VERY MAGNETICALLY WARD:. .
PURE \RON, ON THE OTHER 7/«
HAND 15 MAGNETICALY “50FT:
EMGILY MAGNETIZED, BUT
EASILY DEMAGNETIED BY
| REMOVING THE EXTERNAL FIELD-

THE FERROMAGNETIC EFFECT OPERRATES oMy BELOW A CRTCAL
TEMPERKTURE , T70°C FOR IRON. HENTING DISRUPTS

MAONETIEM.

(anmui. THE EARTH'S MAGNETIGM
16 CAUSED BY CIRCULATING
ELECTRKC FIELDS IN THE EARTHS
CORE. THE EXACT MECHANISM
REMAINS h MysTERY. Do You
FIND 1T RATUER AMUSING TUKRT
THE FIRST MAGNETIC EFFECTS
EVER DISCOVERED ARE STILL
NOT SATISFACTORILY EXPLANED?.

= J
b3




o BAPTRR 19¢

FARADAY
INPUCTICWM

FOR TWELVE YEARS AFTER
OERSTED'S DISCOVERY,
"ELECTRIC/ANS" LODKED
FOR THE COMPLEMENTARY
EFFECT: HOW To MAKE

A MAGNETIC FIELD PRODUCE
A CURRENT? AT LAST, IN
1832, MICUAEL FARPOMY
MROE A SUGGESTION —
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HERE RINGO THRUSTS A MAGNET
INTO A LOOP OF WIRE CONNECTED
To A SENSITIVE CURRENT METER,
A GALVANOMETER - THE GALVANO-
METER NEEDLE DEFLELTS!

ANOTHER WAY TO INDUCE CURRENT
1% To PLACE A SECOND LOOP NEARSY
AND EMERGIZE \T WITH h BATTERY.
WHEN CURRENT IN THE <ECOND LOOR
16 $WITCHED ON DR OFF, A CURRENT
PULSE 15 WDUCEP N ‘mE ARsT!

SWITCH

-
s

EATCRY

IN'T 1T MIRACULOVS, ENERGY Fh
INVISIBLY GETTING ACROSY

WHEN THE MAGNET 15 HELD
STILL, TUE METER REGISTERS

NO CURRENT.

[ BUT WHGH TWE CURRENT |N THE
SEcoWD Loot 16 STEMM, NO
CURRENT (& INDUCED i THE
FRST Look.

CURRENT Flows (v 1.
BUT Mot IV 1.

DEsCRIBED THIS

RADNY
Sp4[NG_THAT
dL5ewo-

pRE e.atmrn?l} IN
THE WIRE WHENEVER
MAGNETIC FIELD
LINES CUT ACRO%
THE WIRE.

W5




- 2
[T DOCSN'T MATTER WHETHER m
THE MAGNETIC FIELD MOVES {{ —
OR THE WIRE MOVES WITH .
RESPECT T0O THE MAGNET. S N
. b !

15 EQUIVALENT T

't &gw
+—
\H.I..'..'._-—--
S 2
WHEN THE MAGNET 16 THRUST : IN TUE CASE OF Two WIRE LooRs,
INTO THE LODP, 1T FIELD  : WHEN CURRENT 15 FIRST TURNED

LINES CUT ACR0% THE WIRE, : ON IN ONE LOOP MAGNETIC
GENERATING AV EMF Tuar : FIELD Lives Buip v, CuTive

3 © ACRD% THE OTHER LOOP AND
PRODUCES A CURRENT. . PRODUGING AN EMF-

D\'TTo WHEN THE LOOP 14 :
MOVED ONER THE MAGNET. : SWATH

: WUEN THE CURRENT 15 SWITCHED
* OFF, THE FIELD LINES COLLAPSE,

AGNN CUTTING ACRDSS
THE LOOP,




YESS-.NoW LET'S
GET ON WITH THE

A MILDLY
AMVSING
BUT HARDLY
USEFUL

RESEARCH... How

REALLY [MPoRTANT

LuMPS N THE SEULL
AFFECT CRIMINAL
TENDENCIES...

m:rﬂuu&ﬂ FARMDPM'S PISCOVERY Whs AT FIRST RECEIVED WITH

INDIFFERENCE, TODRY ALL OUR ELECTRIC POWER 15 GENERATED

BY MONING GIWT COILS OF WIRE NEAR MAGNETS !

Sy ==
e = .
. ¢ i T
‘_1' _:. ..._. - -
| ..-:..' -.r

0
[T 16 ASTOMISHING THAT JUST BY ARRANGING ﬂ""'ﬁ:

COPPER AND STEEL IN A HYDRDELECTRIC PLANT; =
FALLING WATER CAM ROTATE TURBINES WHICK
GENCRATE ENOUGH ELECTRICITY TO POWER

CITIES HUNDREDS OF MILES AwkY Y
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LET's 4TUDY FARADAY'S EXPERIMENT FURTHER. WHEN WE MOVE THD

MAGNET NCAR THE LOOP, GENERATING CURRENT. WHERE DOLS THE
E[EEEQ@Y CoME FROM TO MOVE THE GALVANOMETER NEEDLE?

Ml WHEN THE |NDUCED CURREMT FLOWS
IN THE WIRE, IT MAKES A MAGNETIC
A FIELD. THi5 MAGNETIC FIELD MUST
e RESIST THE MAGNET'S MOTION, %0
WORK 15 DONE IN MOVING IT.
CLRRENT 'S
WHEN RINGO THRUSTS THE MAHS NORTH
NORTH POLE OF THE MAGNET e wees
INTo TUE LOOP, TUE CURRENT \

MUST FLOW N A DIRECTION N] N
TO MAKE A NORTH POLE
LREPELLING TUE MAGNET. w—

TWI% 19 KNOWN AS

LENZS LAW:

INDUCED CURRENT FLOWS
IN A DIRECTION To
OPPOSC THE CHANGE THAT
PRODUCED IT.

(LENZ'S LAW 16 A CONSERUENCE oF
TNERGY CONSERVATION. A
USERUL RPPLICATION 15 THE

MAGNETIC BRAKE useo

IN TROLLEYS- AN ELECTROMAGNET

16 PLACED NEAR THE TRACK.

THEN THE CURRENT IN THE

ELECTROMAGNET INpuCES

b e o,
: THE TRoLLE.

e &y
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RELATTVITY
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LETS THINK THROUGH THE FARADAY THIS 1§ EPSILY YNDERSTOOD.
EXPERIMENT AGAIN. | HOLD

THE WIRE WAS CUARGES. WHEM
THE LooP,  RINGO THE MAGNET. THEY MOVE, ‘[Hﬁy FEEL THE
WHEN | MoVe, 40 DoEs THE LIDEWAYS MAGNETIC FORCE
GALVANOMETER NEEDLE. WHICH DRIVES THEM ARoyNp

THE LOoOP.

: rﬂi&#!m
FlELD Lines

MOTION ==h

BUT WHAT ABoUT WHEN RINGO ' WE KNOW TUAT
IOVES N9 1 STap STILL CURRENT 15 INDuceD,
BUT BY WUAT?
THE CHARGES ARE
NOT INITIALLY

IF ONLY MABNETIC AMD

RINGO HAS DEDUCED WHAT
ELECTRIC FIELDS CAN

IT TOOK EINSTEIN TO
b G s ) e
H HAT, O
ELECTRIC F_I_ELD, Too ? WPS MOVING , THE CURRENT

'

15 SOMETIMES PUE To A

MAGNETIC FIELD AND SOME-
TIMES To AN ELE(CTRIC FIELD.

CHANGING
W MAGNETIC
HELDS CAUSE
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NOW AbAR... ONE
BUT TUIS TIME N

| THINK | AM GTATIONARY, AND
RINGO 15 MOVING. | DETECT A
MAGNETIC FIELD, BUT IT CANT
MOVE THE CHARGES, 50 THUERE
MUST BE AN ELECTRIC FIELD ALS0,

CAUSED BY THE CHANGING
MhMHchlELU. PN

MORE TIME - WELL pp THE FARADAY EXPCRIMENT...

OUTER SPAGE,

WREALLY" MOVING. WE KNOW ONLY THAT

@E%Tm To EACH OTHER.

50 WE (ANT TELL WHO [$
WE PRE MOVING

RINGD TUINKS HE 15
4TATIONARY AND | AM MOVING.
HE DETECTS ONLY A MAGNETI
FIELD AND MOVING CUARGES
WHICK ACCOUNT FOR THE
INDUCED CURRENT.

P'Mj 4EE5 TWO FsELmr/%

%’ﬁf SEES HNLY A MABNETIC F
B

-

-

1
L
. -
v e €
1

{ LY

\h‘
L L T
2

-
-

& :r\"/—"\
Nk

LY

PHYSICISTS USE B FoR MASNETIC FIELDS

AND Dot
RELATIVITY!




Tulo 15 THE WALLMARK OF RELATIVITY THCORY: TWD OBSERVERY
LIKE RINGO AND ME, IF TUEY ARE MOVING WiTlk RESPECT To
EACH OTUER, WILL DISAGREE ON TUEIR MCASUREMENTS OF

KEY PUYLICAL QUANTITIES OF THE UNIVERSE!

UERE'S AN EVEN SIMPLER ILLUSTRATION: A 4INGLE CHARGE
Z\WP5 TUROUGH APACE PAST RINGO:

RINGD SEE5 A MOVING CAARGE - BUT I\F | AM MONING WITH
A CURRENT TUAT GENERATES THE CHARGE, | 4EE \T AS
A MAGNETIC FIELD. TUE Neghtt STATIONARY- TUERE 15 NO

OF RG0S CoMppeh DEFLECTS ! MAGNETIC FIELD, AND M
| (OS5 16 NOT hEFECTED
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HERE'S TUE FINAL DEMONSTRATION: THEY REPEL EMCH OTHER
WATCH CAREFULLY! | NOW CARRY ELECTRICALLY — BUT RINGO
TWO (uRees S\DE BY 5I0E %EES THEM MOVING : Two
PAST RINGD- PARALLEL CURRENTS, WHicH
KTTRACT MAGNETICALLY!

BUT TO ME, THE CHARGES ARE NOW | LET 6O OF THE CHARGES.
STATIONARY, 90 | SEE ONLY THEY FLY APART
THE REPULSION.

Now THE STRANGL PART: RGO GoT THAT? RINGD, WHO 1S

SEES AN MTTRRCTIVE MAGNETIC MOVING WITH RESPECT TC ME,

ﬁzﬁ EE;TMENG‘FTEE cu#g&tz& MEASURES THE CHARGES' oUTWARD
4 ETS THE VELOCITY To BE

50 RINGD SEES THE (UARGES
MOVE APART MORE SLOWLY
THAN 1| poO!




HERE 16 AN APPARATUS FOR MEASURING WOW FAST THE CHARGES
FLY APART.

PULLING TRIGGER A RELEASES BLoCks B, STARTING Clock €
AND ALLOWING CUARGES @ To FLY RPART. CHARGES STRIE
Cues P, sTorpinG Clock €.

WITH THE TUING AT REST W & BUT, AS WE JUST Spw, THE
FRONT OF ME, THE CHARGES : 4PEEDING RINGO 5EC5 A

FLy APART QuUICKLY, SAY IN : MAGNETIC KTRACTION THAT
0.01 4ETONDS - ; i%;;f THE CUARGES' FLYING

ru6o nemsores b LOTIGER TWHE

TUBN | DO—5AY D.0L SEC, FOR
Te CHARGES o FLy RPART !

HE ALSO NOTICES THAT MY LLOCK
TICKs OFF OMY O.01 4EC. 10 TuE
TME 1T ToOK WS ok To ,
REACH 0.02 SEWONDS, DRCLSION!
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uAT 15 RINGO To THINK? EITHER THAT, OR
'f.; | $PEED BY, HE SEES My MY SeACESYIT

S 2pm
CLOCK TICK OFF 0.01 SECONDS, Picosaady

WHILE HIS TicKs OFE TWICE AS
MUCH. THERE 15 0Ny ONE
THING HE CAN CoNCLUDE.
RINGO DECIDER THRT—

MY RAPID MOTICHK
CAUSED MYy TIME TO
CLow DOWN K

[Tulrr 6 JUST ONE OF THE WEIRD CONCLUSIONS OF ﬁ
RELATWVITY THEORY. AND THERE ARE MORE. AUORDING

TO EINSTEIN, A STATIONARY OBSERVER SCB5 THE
FOLLOWING EFFECTS ON RAPIDLY MOVING OBJELTS:

* TIME SLOWS
* LENGTHS DECREASE

(JN THE DIRECT/ION OF MOTION)
« MASSES TINCREASE

(N OTHER WORDS —

SOME OF OUR MOST
CHERISHED IDEAS ABOUT
SPACE AND TIME ARE

RELATIVE, NOT AB4OLUTE!
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WE SAW THAT THE EFFECT OF TIME
DILATION 14 DERWED FROM
BASIC, OBSERVED FACTS ABOUT
ELECTRICITY AND MAGNETISM .
THE PHY4ILI16TS OF THE LATE
NINETCENTH CENTURY ALREADY
KNEW THAT THEIR E.M. EQUATIONS
DIp MOT AGREE WITH NEWTONY
MECUANILS, AND MOST OF THRM
THOUGHT THE ANSWER Whs To
MODIFY TUE EQUATIONS N
S0ME WY .

\

... BUT DOWY EINSTEIN SAW
THAT THE ANZWER WAS TO
REVISE THE VERY CONCERTS
OF SPAE AND TIME...




/> EuAPTER 2

INDUCTORS™

08

AN WNDUCTOR 1% 4iMPLY A QoI OF WIRE.
LONETIMES \T MY SURRDUND BN [RON CORE,
To INCREPSE MAONETIC EFFECTS. TS

ELECTRIC SYMBOL 15

B R ) I

wouetor L INDUCTOR L \WITH
IRON CORE .

1777



\F A CURRENT FLOWS THROUM
AN INDUCTOR, A MAGNETIC

FIELD WILL SURRDUND 1T,
Ao WE'VE SEEN.

h mes
AL ME) |
S W=

I THE CURRENT 15 QLANGED,
MAGNETIC FIELD LINES QUT
ACR0%% THE TURNS OF Tug
oL, PRODUCING A

%&[@uﬂ

i

BY LENT'S LAW, THE INQUCED
EMF OPPOSES THE CHANGE THAT
PRODUCED 1T |F Yoy TRY TO
TURN ON THE CURRENT IN THE
(L. THE 4eLf-1Npucep EMF
RESISTS | AND THE CURREMT CAM
ONLY BUILD UP SLOWLY. ¢ You
TRY To TURN IT OFF, THE
SUF-INDUGD ENF TRES T
KEEP THE CURRENT FLOWING -

TUZE EMFs JpN BUILD VP T
TupushlpS OF VOLTS. FoR
EXAMELE, WHEN You OFEN A
Swten, Twis EME Cpn SHooT
A 4PARK THROUGH THe AR,
KEEPING THE CURRENT
FLOW[NG FOR h MOMENT,
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Tut gFEECT 19 EXTLOITED
N TUE 1GNTION CIRCUT

OF PN AUTOMOEILE .

—

TUE “Coll” WRG TWO WINDINGS,

A PRIMARY WINDING oF, 5hY,

A WUNORED TURNS OF MEDIUM 51280
WIRE, BN A SECONDPRY WINDING
OF TUOUSANDS OF TURNS 0F FINE
WIRE- TUE PRIMARY 15 "

CNERGIZED TURoUGH THE PO BY THE 12-VOLT BATTERY.
WUEK TUE POWTS OPEN, SWITCUING OFF THE CORRENT I
THE PRIMARY, THE COLLARSNG MAGNETIC FIELD INDUCES
(URRENT N THE SECONDARY. THE My TURNS ANRLIFY THE
INDUCE) EMF, AMD GENCRETE b MONENTARY PULSE OF NERRLY

VeV CAVOLTIIH

e TuS 15 PIRECTED B The

T
BaTERY
o DISTRIBUTOR TO THE
P TREUDR LPARK PLUGS, PRODUCING A
i 4RI WHCH 16NITES THE

P i GhooLINE- N TRS WhY, A
12 VoLt BATTERY 19 AMCLIRED
T0 b HIGA-VOLTAGE SPRRK.

|

¥ MopERN 1GNITION SYSTEMS LsE ELHgnnmc SWITCHES .
\7




V g @APTER 238

60 AR WEVE BEEN LOOKING ONLY AT DC — birecT
iuavt}uén K ELOW OF CHARGE IN ONE DIRECTION DOWN
IRE.

—

Ay . Qe | GIEP, =9
Gen e

guT WE USUALLY USE AC —ALTERNATING CURRENT, IN

WHICH TUE FLOW 15 CONSTANTLY CUANGING DIRECTION.
1N YOUR HOUSE WIRING, WHICH (6 AL, 1T REVERSES

PIRECTION 120 TIMES EVERY SECOND!




/rcm GENERATE AN ALTERNATING

CURRENT BY APINNING THIS
EGHBEATER-LIKE INDUCTOR N A
PERMANENT MAGNETIC FIELD- IT
DEVELOPS A CURRENT AS [T {uTs
M&o&s Tue MAGNETIC FIELD
LINES.

\

(THE CURRENT ALTERNATES \
BECAUSE THE LOOP CUTS THE
FIELD LINES FIRST ONE WAY ...

~

AND THEN THE OTHER, )
A HALE TURN LATER.

CAN BE TAKEY
OFF BY

5LIF RING
“BROSpES."
THi5 15 HOW




(fmaf.\ms AND INDUCTORS
WANDLE AC DC
DIFFERENTLY. THE INDUCED EMF
IN AN INDUCTOR OPPO%ES
CUANGES IN CURRENT FLOWING
IN IT. AINCE AC 15 ALWAYS
CHANGING, THE INDUCTOR
RE415TS THE FLOW OF AC.

\&

SToP! OTHER HAND,
oN TE O i
THROUGH AN INDUCTOR.
_/

DC, OF COURGE, WON'T FLOW THROUGH A CAPACITOR — THERE
15 NO CONNECTION BETWEEN THE CAPACITOR PLATES. BUT

AC CAN “GET THROUGH" A CAPACITOR!

IT WORKS LIKE TUI6: CHARGE MoVES BACK AYD FORTU N THE
CIRCUIT, ALTERNATELY CHARGING A PLATE, DWCHARGING IT, AND
RECUARGING I'T THE OPPOSITE WAY. THE CURRENT APPEARS To

(Ro% TUE GIP.
+ —
TR« €F e ; 5 S o
O ==
1. 2.
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AN INPUCTOR'S
RESI1STANCE TO
AC GIVES 1T A
KIND OF INERTIA.
IN FALT, AN
INDUCTOR 15 AN

ELECTRICPL
ANDLOG OF B
MRGG o~

"’f;m INDUCTOR 15 mpSSLIKE, A CAPALTOR 1S SPEIN&E.W

WHEN You TRY To PUMP CUARGE To AN ALRENDY CHARGED
PLNTE, IT PUSHES BALK —LIKE A SPRING.
+ -
e U = = CAPACITOR
i w1 1= = REPELS AODED
G + = = CHARGE
o 4PRING REPELS
Mﬁm AUDE> PREBAURE
e -
\ >
CONNECT AN
INDUCTOR AND A l
CAPAUTDR IN AN C
AC CGRLOLT, PND
You UAJE TUE L
ELECTRICAL GQUIVALENT
OF —A mp%s =
ON Kk 5PR\N( ¢ S

18%



LIKE A 4PRING AND MpGS, THERL
LC CRCITS TEND TO VIGRATE
AT A PREFERRED (“RESONANT®) PREQUENCY.

= 0:&&,) 356653‘ == TiME

SPRING #1 b e
SHRING #9 Kbk PREQUEMY

réucu A CRCOIT OpN

B Lotp (WiTH An ENERGY
L00RE) To GENERKTE A

SPECIFIC FREGQUENCY, OR

To TUNE ONE 1INy R
N YOUR RKDIO.

HELLD, AMD WELCOmMC
To ANOTHER BoRinG
TRe6RAM FRom

M 0gs0lETE

MEDIUM ...




FROM THE FARADMY EXPERIMENT
(oR FRom YOUuR (AR STARTER).
CURRENT WAS INDUCED IN COIL #2
ONUj WHEN TUE CURRENT Tp
oL 1 WhS TURNED Ov OR OFF -
ONLY CUANGING CURRENT CAN
31 |NDUCE CURRENT.

RECALL THE TWOD INDUCTION €oIL$

| EETIT: AC

ALWRYS INDUCES
CURRENT. S0 RAT?

5 (URR Eﬁ]-

WA‘JS
ING.

N CoIL#2! WIGH
‘ VOLTAGE

THE BEST PART 15 THIS: THE VoLTAGE
NDUCED \OLTAGE 15

TURNS RATIO

TUE MORE TURNS IN CoIL A2,

M CoppIRED To COIL #1, The

HIGHER THE VOLTAGE (NDUCED



Ty |T 16 NOT HARD TO SEE WKY: W
\f THE SCCONDARY, THE MORE WIRE 15
CUT BY THE CUBNGING MAGNETIC
FIELD LINES, THE MORE ENF 15

.. GEVERATED . 1F
/ L < N, = NUMBER OF TURNS IN PRUMARY
5 VOLT AGE
paTg o YO N.., - NUMBER oF TURNS N SECONDIRY

QTEFPmb DOWN VoLTACE i Np

THE RESULTING DEVICE, FOR STEPAING
-m@E 0P OR. DOWN, 15 CALLED A

AND T WORKS ONLY
FOR AC.

h TRONSFORMER “TRANSFORMS ™ NOLTAGES

P OR POWN —RND 8O, You CAN'T
GLT SOMETHING FOR NOTHING. THE
OUTPUT m THE ﬂmmq v

I < " &

colL CAN Nor EXCEED
INPUT OF THE mw«m\i N e OTHer

el S T o
v T
k CURRENT, . = ENE“M"'
J




THI%, TUEN, 16 THE
GREAT ADVANTAGE OF
ALTERNATING CURRENT :
[T VOLTAGE CAN BE
ERSILY STEPPED UP
OR COWN.

THIS 15 ESPRCIALLY IMPORTANT BETWEEN POWER GENERATING
STATIONS AND THE CUSTOMERS THEY 4ERVE:

TUE TRANSMISSION WIRES WAVE A RESISTANCE ¥, 50 THERE 15 A
VOLTAGE DRoP V=i AND POWER LO% P= {V = i2r ALoNG The

LINE. AT WIGH CURRENT {, ENORMOUS A
WASTED. 1 MOUNTS OF POWER ARE

£ TAT's wiges\  BY STEPPING UP To VERY
: TRANSFoRMERs |  HIGH VOLTAGE ( MORE TuAN
) \Come (! 100,000 VoLTS!) AT THE
ZOURCE, CURRENT 15

REDU/ED 1N THE WIRES, AND
THE POWER L0% 15 MIMMITED .
THEN, KT THE USER'S END,
VOLTAGE 15 £TERED DOWN

To A RELKTNGLY 4ARc

220 OR O VoLTs.

VOLTAGE

Low CURRENT, HIGH VOLTAGE
187



DUR HUGE ELECTRIC
POWER SY5TEM 14

ALL pUE To THE
HUMBLE TRANSFORMER.

LTpP... WIT... |
ONLY WANT To
KILL Youl...

WITH THE INVENTION OF HIGH- TEMPERATURL

SUPERCONDUCTORS

AND HIGH-TECH DEVICES FOR TRANSFORMING

DC voLtaGEs, WE MAY SEE 0ME
DC POWER LINEZ IN ComiNG DECADES-




0 CHAPTER 23¢

RMAIWELLS EQUATIONS
%@ M@‘%T (MWD Hou')

L
R ﬁﬁ'{?,:rﬁ) =i
IR,
24 5N SN 9Y % Y
J.% 33 Y X Y %
& $ Y
% 'j_.-,l':‘ F-ﬁ"’ {PJ %
wy 7 ¢
SOPES oy coum, o szcme o

L 53;7 FIELPS WiITH A MAGNTUDE AND PIRECTION
AT EVERZ PoT. To DESCRIBE A VECTOR FELD,
Jou MUST $PECIFY HOW THE FIELD SPREADS OUT 02 DIVERSES,
AND HOW 1T CIRCLEE AROUNP, OR CURLS. (PDIVERGENCE
AND ZURL ARE MATHEMATICAL TERMS.)

IN 1873, JAMES ZLERK

MANWELL

WROTE DowN

FOUR EQUATIONS
WHICH PECIHY Tie
CURL AND DIVERGENCE
OF THE ELECTRIC MWD
MAGNETIC FIELDS .




MAXWELL'S FIRST EczUﬁmON 1%
GAULES LAW. IT 9p4o THAT
ELECTRIC FIELD LINES
PIVERGE FROM PO5ITIVE
CHiRGE AND CONVERGE

TO NEGKT\VE CHARGES .
&= g
é@{i =c>=\§@{‘==
R/
o

THE $ECOND EQUATION 14
FARADAY'S LAW: ELECTRIC
FIELD LINES CURL AROUND
CHANGING MAGNETIC FIELDS.
CHANGING MAGNETIC FIELDS
INDUCE ELECTRIC FELDS.

TUE TURD EQUATION 4pY6 TURT
MAGNETIC FIELDS NEVER
PIVERGE OR CONVERGE. TH
MWAYS 60 IN CLOSED CURVES.

190

FINALLY, THE LAST EQUATION
506 THET MAGNETIC RELD
LiNES QURL AROUND ELECTRIC
CURRENTS. WE HAVE 4BEN
THAT M MAGNETIC FIELD QIRCLES
AROUND A CONDUCTING WIRE.

56056

~.ANp HERE
MAYWELL HAD
A CRITICAL
BRMNSTORM!
(AN ELECTRICAL
STORM, OF
(ouRee")




A5 Jou 4EE, THE EQUATION?
EXPRESS LAWS TUAT LAME To
MAXWELL FROM OTHUER ZOURCES.
BUT MAXWELL'S GENIUS WAS

T0 4EE TUAT LAW #4 WAS
INCOMPLETE-

CONSIDER A CAPACITOR BEING
CUARGED. A9 THE CURRENT FLOWS
TO THE (APACITOR PLATES, A
MPONETIC FELD RINGS THE WIRE.

BUT WHAT ABOUT BETW
PLATE ? A eEN The

61, I

No MAGNETIC FIELD HERE?

DOES THE FIELD
5TOP ABRUPTLY
BETWEEN THE
PLATES, \NHERE
THE CURRENT 4Tops”
MAXWELL 40D —

MMXWELL FBT THAT WATURE
PISLIKES PISCONTINUITIES. Al9o,
HE REASONED TUAT IF CHANGING
MIGNETIC FIELDS INDUCE
ELECTRL FIELP% (P ), THEN,
SYMMETRICALLY, CUMNGING ELECTRIC
FIELDS MILHT INpUCE MAGNETIC
FIELDS. THERE WA NO EVIDENCE
FOR U9, OF LOUR4, BUT...

THUS, MAXWELL ADDED AN EXTRA
TERM TO Hi4 FOURTH ECAUATION,
SAUING TUAT MAGNETIC FiELDe
AL50 CURL. AROUND CUANGING
ELECTRIC FIELDZ. THI TERM
GENERATES A MAGNETIC FIELD
BETWEEN THE CAPAUTOR PLATES
AS THE ELECTRIC FIELD BUILDS P,

e ] =

S0ME YEARS LATER, THIS
MAGNETIC FIELD \WAS DETECTED.




50, WITHOUT FURTHER ADD, HERE ARE

[RANRIE'S ROBATIONS

IN FULL-BLOWN MATHEMATICAL NOTATION
T0 TURILL AND INTIMIDATE You!

E
AC S B = 4mp (o o o
o2 \:::_,@\ DENATY ; %u =r:qr.§a mF FIELD) Emg E
DIVERGES OUTWARD From PLU
/Urj AND INWARD To MidUS (HPRGES .

VX E=- 1;_‘ 3% (B - macneTic FEWY)

bpas B CORLS ARoND CHpNGING B FIELDS.
(c = SPEED OF LIGHT)

V-B=0 645 B nevek

DIVERGES, ALY LOORS RRoUND.

- |
VxB -4%3- + E%E
66 B CURLS AROUND CURRENTS

(T = CORRENT DENSATY) AND
CHANGING E FIELDS .

B
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THAT ONE LITTLE TERM
APDED TO MAXWELL'S FOURTH
EQUATION HAD AN UNE‘&PEETEP

PAYOFF —AND A BIG
"jmﬁme A 5INGLE ELECTRIC CUARGE BEING VIBRATED: =)
e IN THE SPACE NEAR THE
VIBRATING CHARGE, THE
CHARGE'S ELELTRIC l‘-rELi.'.%I 1
{{® )) (o B CHANGING, 40 | T INDUCES A
MAGNETIC FIELD CURLING
AROUND 1T
BUT THE MAGNETIC FIELD
16 ALSO (HANGING —4%0
IT INPUCES MORE ELECTRIC
FIG'»D WHiZH INDUCES l'
MORE MALNETIC HIEWD...
B
THE RESULT 15 A A

WAAE

OF FIELDS RIPPLING
VERKTING
CHARGE —AT THE «— - /\
SPEED OF LIGHT,
ACCORDING TO
MACNELL'S
CALCULATIONS! "
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MAXWELL HAD
A FLASH OF
ILLUMINKTION!

LIGHT

0 () 0 O
ITSEF, HE
HYRTHE $1220,
@ 6 SUCH AN

=% TR
WAVE.

500N NPTERWARD, HERTZ AND OTUERS DD INDEED PRODLCE
LONG ELECTROMAGNETIC WAVES FRoM WIGELING CHARGES —
AND DETECTED THEM AT A DISTANCE FROM THE S0OURCE!

S16H - AND |

WhS ROPING ok
ToP 40 RApIO-

IT WASN'T LONG BEFORE A
WHOLE 4PECTRUM OF THESE WAIES
WA FOUND — FRoM RADIO WhVES
To MICROWIES To INFRARED To
VISBLE LIGHT To ULTRAVIOLET T
¥%-RA44 BND NUCLEAR SAMMA
RAD(ETION- W FOUR EQUKTIONG ,

NOT ONLM SOMMAR\IED
E%‘r{ut\g AND ETISM, BT
kLo EN LIGLT AND
OPTILS! MoT &l




Vo QUAPTER 24 ¢

QUANTUM
RLRCTRODY NANICS

NOW WERE GONG To
FIND OUT WHAT
CUARGE "REALLY 15,




WE SAW TuhT ELECTROMAANENE
THEORY ALREADY CONTAING
RELATIVTY (4EE P.176).
WUEN QUANTUM MECHRNLS (5
ADDED, THE THEORY BECOMES
KNOWN RS

QUANTUM
ELECTRO*
DYNAMICS

(» QED).

I--\.

T0 Pibluss T, WE LMNE To
GM A LITTLE ABOLT
QURNTUM MECHANILS, THE
STRANGE SUSTEM TUAT PYsice
NOW USes To DESCRIBE Tug
WORLD. AMONG |TS

5TRANGER |DEPS ARE TUESE:

196

% LIGHT 15 mpoe v of
Mrs4LE% PARTILE CAULED
PHOTONS. Twis 15 0.,
BECAKE DARTULS CAN
ACT LIKE Whves.

¥ NETURE 1S NHERENTLY
UNCERTAIN. N PARTICWAR,
IT & [APD4SELE TO
é?Euz‘l k PARTICLE'S
PRELI ENTUM AND

W04Tion AT THE 4NE

TME.



40 LETS G0 BACK TO THE POINT WHERE TWO POSITIVE
(HARGES WERE REPELLING EMCH OTHER. WE WONDERED wow
THE ELECTRIC FORCE GETS ACRD% LHPPCRT

® > O

QUANTUM ELECTRODUNAMICS SMS TUNT TUE FORE 15 CAUSED 39
PM?TMLB W‘Nﬁ BETWEEN THE CHARGES — PARTICLES
o LGHT, Ok PHOTONS. THZE THOTONS RAVE ENERGY BT
NO MAS%, AND THEY TRAVEL AT THE SPEED OF LIGHT.

®©—0

PRoTon

TuE 4TRANGE PART 19 TUAT THEBE ARE NOT “REAL PHOTONS
LIKE THE ONES You SEE WITH JouR E4ES, BUT VIRTUA
PHOTONS — A SORT OF GHOSTLIKE PARTICLE THAT VIOLATES
THE CONSERVATION OF ENERGY AND “exis™" FOR oMLY A
LIMITED TIME.

5 1% WERD § 8 0%,
W Qg0
ENOUGH f[ET? L o ©

J

ANKLOGY 16 THAT WHEN ONE CHARGE EJECTS A PHOTON, IT RECOLLS
GLIGNTLY. WHEN THE OTHER CHBRBGE CATOIES IT, 1T Plso RECOILS.
THE NET EFFECT OF MaNd Suct EXCURNGES 1o A REPULSIVE FORCE!

LIKE Two
TEvPLE ol RolLLER
SKATES, PASSING
A BASKETBALL!
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@M ABOUT THESE “VIRTUBL PUOTONS? EVEN M SINGLE CUMRGE
HES A LLOUR OF VIRTURL PUOTONS AROUND IT. THE /UARGE
CONSTANTLY (RENTES, EJECTS, AND ABSORBS VIRTUAL PROTONS.

O
-

: " AND THIS 15 THE

WHOLE QED PICTURE
L (ALMOST ).

e

JUST Tue
ABILITY To
MAKE VIRTUA-
PHOTONS !

R
Anp TuE ELECTRIC
FIELD 1S NoTHING
BUT THE VIRTUAL
ProTON (LOYD!

T X Y

THE STRANGEST PART OF THIS, OF RIS
COURSE, 15 THAT THE VIRTUAL PHOTONG w

CoME "PROM NOWWERE." THAT 15, L3
AFTER A VIRTUAL PHOTON 1$ CREATED,
THERE 15 MORE TOTAL ENERGY THAN

THERE WAS € IT EXISTED: THE
ENEREY OF THE ORIGINAL PARTICLE

PLUS THE ENEREY OF THE PHOTOHN.

19¢




OF CONSERUATION
OF ENERGY'

THIS 19 WHERE QUPNTUM
‘.:NCEFTNHTH (OMES
W

GHE FORM OF THE

UNCERTAINTY
PRINCIPLE

hNv TmE SIMULTRMEOVSLY .

@D S5 42

tmm o 2
Tl

SN

TUIS MEANS TUAT THE ENERGY ACCOUNT
¢MN BE UNBALAMCED —BUT OMLy FOR
A TIME. A LARGE ENERGY DERICIT
MUST BE MADE UP IN A VERY SHORT
TIME, WHILE A SMALL DEFILIT (AN
4T FOR A \WHILE. (MATHEMATICALLY,
AE- &t > b : THE PRopuCT OF THE

EN VIOLATION TIMES THE TIME OF
THE VIOLATION CAN'T BE LESS THAN A
L\C’ERTMH SMALL WMEER h.)

b TIS: You CANNOT MAKE AN EXACT DETERMINATION OF ENERSY
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(" oTHER WoRDS, A =
VERY ENERGETC VIRTUAL

GE "
e, AT QT FAR, EVEN @ ‘©

AT THE SPEED QF LIGHT,

BUT MUST BE REABSOREED <
QUICKLY To BALPNCE THE O
ENERGY - R

WHEREAS A LOW-ENERGY PHOTOM (AN TRAVEL FARTUER.

@E SMALL ENERGY VIOLATION CAN BE TOLERKTED LONGER.
TUi6 EXPLAING WHY THE ELECTRIC FORCE

GROWS WEAKER WITH DISTANCE!

©———0@

PHOTONS WITH A BIG KICk CAN'T GET FAR To DELNER THER
ENERGY. WHEN THE MATH 15 WORKED OUT, WE GET THE
FAMILIAR NVERSE -SQUARE LAW OF CLASSICAL PRYSICS.
AND THEREYS MO LOWER LIMIT OW THE ENERGY OF A
VIRTUAL PHOTON. A VERY LOW-ENERGY ONE CAN LAST FOR
YEARS, pOp TRAVEL LIGKT gpsnns. THE RANGE OF THE
ELECTRIC FORCE 16 UNLIMITED !
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THi6 THEORY 4p{5 THAT
ELECTRIC FlGLOS PRE
ClLoUpSs OF VIRTUPL PHOTONS -
OARTICLER  TUKT AREN'T EVEN
wREALI™ \F pLL THESE
GROSTS Do 146 EXPLAN NHAT
WE ALREADY KNOW, THEN
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ARE “REMLLY THEREL
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THERE |5 A WAY To MAKE
VIRTUAL PHoTONS REAL '
HERE'S A CHARGE (M ITS
CLOUP OF VIRTUAL PHOTONS:

QIPPOSE WE KNOLK THE
CHARGE Awpy FRom \T4
VIRTUAL THOTONS, SPY By
HITTING IT WITH ANOTHER
PARTICLE -
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THE VIRTUAL PHOTONS ARE
ORPHANED, WITHOUT THEIR

S0URCE CRARGE To REARSORB
THEM !

40 THRY BGCOME REAL  FLYNG |
MNAY Wik THE ENERGY
?tct:t'b UP FROM THE ﬁoLle

©s Q.LLJ
09500 Wl L
AL ‘
2076 o Fq =
oo sﬁ -
UOEBQQ @ 06 f \ :
i) 3 ]1
O O
IF 'ﬂE SUAKE OR THIS 15 HolWd X-RMYS ARE
MONE A CHARGE, | MMDE: SHOOT ELECTRONS MM
REAL PHoTong | A HEAVY METAL  WHERE Twey
SHOWLD cor&z ARE JERKED TO A $Top.
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OUT kS REAL X-RRYS.




AP X RAY4 BRE
REAL ENOUGH!

TUC PiornG NEEDN'T BE X- RAYS. h RADIO TRANSMITTER JIGHES
ELECTRONG  HHAR(NG

: OFE PHOTONS, WHict You Prek LE WITH YouR
RECENER. ‘| A LIGHT BULB, ELECTRONS I\ THE Hor FILAMENT
SUAKE OFF VISIBLE LIGhT PHoToKS . M

NE HAVE SEEN FROM THE
[LASSICAL THEORY, WHENEVER A CHARGE 15 MLELERATED, M

[RTUPL PHOTONS MADE REAL —

RADIKTE OUT. MO5T OF TUE FAMILIAR S0URCES OF RADIKTICN

LUAKE TUER PHOTONS OMT

OF THE VIRTUAL CLOUDS OF CPARGES .
: @1
S H RIS IREEL
= FIREFLY e
~
; fi =
" LY
MICROWANES TaE BoME

203



IF THE QUANTUM THEDRY
PREDICTED ONLY
FAMILIAR EFFECTS, IT
WOULDN'T BE MUCH TO
GET EXLUITED ABOUT .
BUT IT DOES MORE:

IT ALo0 PREDICTS

NEN REBULTS.

( FOR EXAMPLE, [T IMPLIES TINY DISCREPANCIES FROM THE CLASHICAL
THEORY: DEVIATIONS FROM TUE INVERSE -SQUARE LAW AT VERY
SHORT RANGE, DIFFERENCES Il THE MAGNETIC FIELD OF THE
ELECTRON, AND MORE. THe4E EFFECTS HAVE BEEN CONFIRMED
BY DELI(ATE EXPERIMENTS, GINING US CONFIDENCE THAT WE

%ﬁmf THE CORRELT THEORY OF THE BLECTROMAGNETIC
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r"—".'u.l; WUOLE \DEA OF FORCES BEING CARRIED BY “EXCUANGE N

PARTICLES" LIKE PUOTONS HWAS BEEN BROADLY EXTENDED IN
PUY4ICS. THE PUYSIAST'S MOTO -

1T WoORKS, |
ONCE, TRY IT l%lpw
N."NH... ?ﬁ} Pbllﬁ.r

THE STRONG NOCLEAR FORCE,
WHICH BINDS PROTONS TOGETHER

IN TRE MUCLEUS, 15 NOW DeeLRIBED
By AN EXCHANGE OF PARTICLES
CALLED MESONS. THe WEAK
NUCLEAR FORCE HAS BERN UNIFiE>
To THE ELECTROMAGNETIC FORCE

BY THEORIZING, AND THEN FINDING GRNERIC “FRyNMAN
"BROTHERS' OF THe PHOTON DIAGRAM" OF PARTICLE
TUBT CARRY TUE TORCE. EXCHANGE

NOTE - THESE
EXZHANGRL CAN
MTRACT RS well
P REPEL'

THE FORCC BETWEEN TUE GUARKS WHIK MAKE UP THE NEVTRONS
AND PROTONS 16 AL%0 THEORiZED TO COME FROM THUE EXCHANGE
OF PARTICLES CALLED GLUONS.

AND GRAVITY..?
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AW, GRAVITY... BRAVITY SHOULD BE CAVSED BY Tig
EXCUPNGE OF GRAVITONS - BUT We DON'T
EXPECT TO 466 MY GRAVITONS SO0N- THE
GRANITATIONAL  FORCE 15 JUST Too WEAK. [T TAKES
A WHOLE MOON OR PLANET To BXERT AN APPRECIABLE
@RMVTATIONA, FORCE-  BUT WE'RE CONFIDENT THE

GRAMNTONG ARE “ THERE. ~
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PRUS(LI6TS TILL BELIEVE “THT ALL THE FORCES
0F NKTURE RESOLT FROM THE EXCHANGE OF
WRTICLE. BY RELATING THAZG PARTICLED,
WE HOPE To DRVELOP A UN(FIED PILTURE OF
ALL FORCE WiITH A SMALL LIST OF RULES
WHICH Ll DEsCRIge e Bls OF —
BVERYTHING -




LARRY GONICK 15 mue
AUTHOR OR COAUTHOR OF A
NUMBER oF Non-FICTion CARTooN
BopKS. HE DOES THE BIMONTHLY
"SCIENCE CLASSICS" IN DISCoVER
MAGAZINE. WE HAp A HARDER
TIME WTH PHs1cs THAN ANYTHING
[N COLLEGE EXCEPT HIS FIRST
GIRLFRIEND, ANp W(LL BE
CTERNALLY GRATEFUL To ART
RUFEMAN FOR GIVING WM THE
ORPORTUNTTY To MPKE SENSE
OF THE SUBJECT. HE Lwves

Iy SAN ERANCISCo WITH HIS
WIFE ANp TWo LHILDREN.

AUTHORS

ART HUFFMAN ruxs

TUE PUYSICS LECTURE DEMONSTRA-
TioN PROGRAM AT UCLA . HE
ALGo TEACUES PuYsics MD
ASTROMOMY, LEADS Skv-GAZING
TRIPS, FL\GS PLANES, CLIMBS
MOUNTAING, AND HIKES, HE
RECEIVED Hi$ Ph.D. FROM THE
UNIVERSITY oF WASHINGTON AND
RAS PuBLISHED PAPERS ON
THEORETICAL NUCLEAR PRYSKS
AND ASTROPHYSICS. HE AND RIS
WIFE LINDA RAVE TWO YoUNe
CHILDREM, ANDROMEDA AND
TARAM,
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If you think a negative charge is something that shows up on your credit
card bill—if you imagine that Ohm's Law dictates how long to meditate—if
you believe that Newtonian mechanics will fix your car—you need
The Cartoon Guide to Physics to set you straight.

You don’t have to be a scientist to grasp these and many other complex
ideas, because The Cartoon Guide to Physics explains them all:
velocity, acceleration, explosions, electricity and magnetism, circuits—
even a taste of relativity theory—and much more, in simple, clear, and,
yes, funny illustrations. Physics will never be the same!

“I really like your books as pure entertainment, but have
found them to be helpful teaching tools as well. | give them
out as ‘thank-yous’ on a reqular basis.”

—Amo Penzias, Nobel Laureate in physics for discovering the
cosmic background radiation left over from the Big Bang
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