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EERARRLED JHODN

[N 0RDER TO UNDERSTAND
THE MOON'S MOTIoN, AND p
AL THE DTHER MOTION _ ﬁ Z 2 N
AROUND 1S, WE CGTILT pSK é%; -
T (QUESTION: WUKT Do =
0BJECTS PO WHEN - \:)’ ~

No FORCE 16 ACTING”

FOR CENTURIES,
PUYZIL6 SLEPT 1N
THE SHAPOW OF

ARISTOTUE

(384- 322 B.C.).
ARISTOTLE BELIEVED THAT
THE “NATURAL" MOTION
oF CELESTIAL O0BJECTS
(Moo, STARS) WAS
CIRCULAR, WhiLe
TERRESTRIAL OBJECTS
(KPPLES, RoCkS, You) TEND
NATURALL{J To

FALL.




NOMCE THAT \F THE MGON MATURRLLY
MOVES N A QRCLE, WE DON'T
NEED ANY GRANITY To EXPLAIN
1IT$ MOTION-

' AS FoR EARTHLY OBJECTS,
ARISTOTLE THOUGHT THAT APTER
FALLING, THEY (OME To ReEST,
UNLESS SOoME FORCE PuSHES
TREM SIDEWRYS .

- \..\\\\ ll'.\\ /r

AND WE MNSTINCTIVELY AGREE WITH
WML T pOES SEEM THAT A FoReE
15 NEEDED To MAINTAIN MoToN,

LIKE Ak MOTOR PROPELLING A CAR.

IT TOOK THE GEMLS oF
GALILES To CLAIM THAT

NONEORGE

5 NEEDED TO Keep
N OBJECT IN

i
A g
NOGIONE
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WHEN THE ENGINE 15 CUT OFF,
THE CAR GRADLALLY... RoLLs..
TOw A e HALTL L

CWFF S
CLANK  pyeeT ™
¢ TiNk Sty
Daék._
v A% Bl




i
i

e

. .

THE FORCE
OF MY DEAS
SToPPED
ARiSToTLE!

GALILEYS BRAINSTORM 6
WAG T0 SEE THAT FORCES @

CHANGE THE MOTION

OF 0BJECTS. LEPT ?,“f
ALONE, TRINGS WOULD
TRAVEL IN A STRAIGHT
LING FORENER. \T 15
THE FORCE OF FRICTION
TUAT SLOWS THEM Dolw.

WE CAN CONVINCE OURSELVES OF THI¢ \DER WITH A AIPLE
APPARATUS CONGISTING OF A FLEXIBLE RUBBER MKT:

A RoLLING BALL
TENDS To REACH
TUE SAME
WEIGUT ON TiHE
OTHER S\DE ...
pND {F THERE
WERE NO OTHER
40E, T Woullp
ROLL ON_FOREVER,
(¥ NoT YoR
FRICTION -




IGARC EWT@N (1642-1727) SUMMARIZED GALILEO
wed b NEWTON'S FIRST LAW:

O\, % ; 0 r
Ve 7% @JA REST- AN OBJECT
HERR YE il ks ¥ MOTION TENDS

9\ YL
2 > CONSTANT SPEED
41 ) IV A STRAIGHT
/ “f‘ ¢ Q&‘ LINE .
ﬁhod nag'
/A (He ALSo Ship: "1E 1
‘ y HAVE SEEP FAR, VT 15
; \: BECAUSE | HAVE
AN y 5T00D ON THE SHOULDERS
af\ | % d OF OIANTS, " MEANWG
Y GALILED oF COURSE...)

IN THE TERMNOLOGY WE DEVELOPED IR CHAPTER ONE,
\gouw S THAT WHEN THERE ARE NO FORCES,

OBJECTS MoVE Wk CONSTANT VELOCITY.

Zip ';
i —————— __—_—__— e -
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THE PROPERTY OF OBJIECTS TUAT
MAKES THEM “TEND"“ To OBEY
NEWTON'S FIRST LAW, WE CALL

ﬂm@m ﬂ&o INERT(A 15

RESISTANCE TO CHANGES IN

MOTION.

WHATEVER “ERT"
15, 1M tn tT!

- To CHANGE THEIR MOTION-

THE AMoyUNT OF INERTIA A Boty
UAS 1S, MEASURED BY 1TS
MASS. MASSVE THINGS HAVE
LOTS OF INERTIA, MEANING
THAT A LARGE FORCE |& REQUIRGD

WE SAD PREVIODSLY THAT (WHEN
RINGO RIDES IN K (AR TUAT
ACLELERATES, HE FEELS TORCES.

THESE ARE THE FORCES THE
CAR HAS To EXERT ON RINGO
To OVERCOME H{5 INERTIA
AND ACCELERATE UIM.

BeEAKER OMNE.NINE:
FORCE OVERCOMES
INERT(A KND
ODUCES ACCELERATN.
You READ"
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- THe NORE

NCELERATION.

NEWToN PUT Tiis RELATIONSHIP AMONG FORCE, MASS, AND
ACCELERNTION INTO MATHEMATICAL VORM MTH NEWTON'S

SECOND LAW:

Fma

FORCE ON

AN ORJgcT,
THE MORE

IT ACCELERATES.
BUT THE

MORE
MMSGSIVE

IT 16,

THE MCRE

IT Resistg

2%




NOW LET4 LooK AT THE
MOON AGRIN. I'T GOES

IN A QIRCLE AROUND
THE EARTH, OR NEARLY
50. Ny WE MAVE SERN,
THINGS TUAT MOVE INA

CIRCLE ARE NCCELERATING.

THEREFORE, \T HAS A
FORCE ACTING ON LT
IT MusT BE TUAT

THE EARTH 15
PULLING ON
THE MOON.

WE KNOW TUAT THE EARTH

PULLe QN 0BJECTS NEAR
1T SUREACE. CAUSING
THEM TO ACCELERPTE
POWNWARD -

: THE SAME FpRce, GRAVITY,
S ACTS ON THE MOON, PULLING

: (T MOMY TROM THE STRAIGHT
: LINE \T WOULD HAVE TAKEN

;W THE MBSENCE OF GRMNTY,

[




T

WUEN RELEASED

N MID-AIR AN ([ ASTTe) &
PPPLE NOULD my pmet) ( &

HAVE REMANED s

At REST (16

"NATURAL" MOTION),

IF NOT FOR THe

ErFecT oF
GRMITY MAKING
‘T FN—L~ iy oWt o .

-k,

GIMILARL‘_%, IN THE ABSENCE OF GRAITY (oR OTER TORCES), ThE Mooh
WouLD CoNTINVE ALONZ A STRMEHT LINE AT UNFORM SPEED.
BUT GRMNITY DoES PULL \T, ACCELERMTING TUE MOON

TowARp Tue EARTH. THE MOON 1S FALLING —
FALLING AWAY FRoM 115 NATURAL "FiRsT lfAv!N?rRAlef-
LINE MOTION.

' [N
‘N OHESK" Tl{e MOON 4.---- 'p“ n\--—-—m—
FALS MBOUT 1 mm Awhy oo T el
Fi;on h STRAIGHT-LING 4 3
PATH -

IN ONE SEC., A APPLE
VALLS 4.9wm NEPR @ I_
THE EARTH'S SURFRCE,

THE MOOY POESST FALL
Mo MUCH DS THE
ATPLE, pechuse TUE
EARTHS GRAVITY 15
WEMER OuT THERE,

FAR FRom THE CARTH.
N SR

25
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5TOP FOR A MOMENT AND CONSIDER WHAT NEWTDN
ACCOMPLISHED. THE MOTION OF THE APPLE AND THE MOpN
OFEq THE SAME LAWS. WEAVENLY BODIES BEUAVE NO

PIFFERENTLY FROM EARTHLY ONES- NEWTON'S LAMAS AQE —

ONTVERSAL!

REYL UM
ATTRACTED To

EVERYTHING! )

e




S I THE GRAVITATIONAL- FORCE RETWEEN f
J .E TWO MASSES M NDmM |5
PROPORTIONM. TO THE PRopUCT OF
THE MASSES AND |NVERSEL
PROPORTIONAL To THE SGUARE OF
THE DISTANCE ¥* BETWEEN TREM .
EVERYTHING IN THE 0F CoURSE, IF THE
UNIVERSE ATTRACTS MASSES ARE 86 SMALL
EKER'{\}“N(?AEL% U Tue AG Yours AND MINE,
TH AT TRACTS THE S SMALL.
MOON, THE MOON ATTRACTS The Tohce "
THE EARTH, You ATTRACT
ME... ,
S
]

TUAY NUMBER Q 1M THE FORMULA 1S A
CONSTANT OF NATURE THAT tNDICATES
HOW STRONG THE GRIVITATIONAL FoRCE
15. To MEASVRE G, You WoULD WAVE
To PERFORM AN EXPCRIMENT To MEASURE
THE ATTRACTON BETwERN Two KNowv




GRAVITY ETS WEAKER WITH DISTANCE - WE SAw -THAT THE
DISTANT MOON FALLS SLOWER THAN AN EARTHBOUND APPLE-
ANOTHER EFFECT OF THIS INVERSE-SQUARE LAW 15 THe
TIDE, THe TWICE-DILY RISE AD FALL oF 0cgAN WNTER.

THE WATER DIRECTLY UNDER THE MOON 16 CLOSER To THE |
MOON THAV THE CENTER OF THE GARTH 1S... SO THE MOONS

GRIVITY PULLS HARDER ON THE WATER, AND THE WATER
YHEAPZ UP" UNDER THE MOON. MNP 6INCE THE CENTER
OF TAE CARTH (& CLOSER To THE MOON THAN THC WRTER
ON THE OPPOSITE 410 Of THE EARTH, THE MOON

PULLS THE EARTH Awpy TROM THAT WATER, 01T
HEAPS UP Too! |

u;"

[0}
THIS WATER 16 PULLED
MORE STRONGLY THAN :
THE EARTH THE EARTH 15 POLLED
MORE STRONGLY THAN
THIS WATER
W THE TIOES OCCUR FECMISE )

< GRAVITY 6ETS WEAKER
_ WITH DISTANCE.

]
m

28
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THE SUN ALSO CAUSES TIDES 1N THE SAME Why
BUT LESS 60, BECAUSE OF THE SON'S GREATER
@ DISTANCE. AT FULL MOON AND NEW MOON EACH
MONTH, THE SUN (5 (N LINE WiTH THE MOOM
AND TUC EARTH. THEN THE SON AND MOON TOCETHER
PRODUCE EXTRA-HGOH ANp EXRA-LOW TiDES. THESE AR

THE TWICE -MONTHY SPRING TIDES.*

———

FuLL MODN= ~ | | NEW MooN F- \
= o L‘:_.— ‘_j \
g ©o

f
F 4

WATER

©

EARTH

-
o
-
—

AT FIRST QUARTER PND LAST QUARTER, THE SUN MWD
MOON ARE AT RIGUT ANGLES. THE SGUN'S TIDE IS
SUBTRACTED FROM THE MOON'S, MNp tHE VARIATION (b TIDES

15 LESS. THesE AR Tue NEAP TIDES.

FIRST QUARTER vl T LAST QUARTER F=

-
-

LA

\\\\fr,

’
I'e

—— \ ’
- \
4 @ b
7
‘71 ‘-
- ;-:=,ﬁ: ) (ot Toscuet!)
* These UAVE NOTHING To Do WiTH THE SPRING SEASOM.
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NOW LET's THINK ABOUT GRAVITY'S
EFFECTS ON THINGS NENE THE EMRTH,
You, FoR EXAMRLE. THE
RINITATIONM. FORCE ON You

> JOUR WEIGHT .

YoU WouLb WEIGH LESS IF-,

0l WENT OM A preT | | THE EMRTH HAD
ND LOST MASS. LESS MpSS (OR
Uou WERE ON THE
_ MOON).
/ 2

You NERE FARTHER
FRom THE BARTH;
Up oN Tue ROOF, You
ACTupLLY NE(bd
SLIGRTLY LESS.

NoW You JOMP OFf THE Rook — WiaT
ACCELERATION? NOTE THAT NENNowB HJouR

TWO WAYS To EXPREDS -Tue eamm%‘,’ﬁu

FORCE On You:
EWTONS FRom unNiveE
Fgéc'ow LAW: GRWITM’{RN%”L
- - m
F = mg F-6 =

SETTING THESE EQUAL, WE FIuD -

mg=GM®, 50 q=GM

Tikts LP«QTW
FORMULA SHowS

BE How g \s RELATED
B8 To THE FUNDAMENTAL
B CoNSTANT O AND THE
o EARTH'S MASS AND
BADIUG. WOTE THAT W,
YoUR MA%S, CANCELS
OuT. @ OOESHT i
DEPEND ON YouR MES)




(TUE FORCE THE EARTH EXERTS MASS )
m. 15 THE
onNou W =mg UANTITY' oF
SUoWG THE DISTINCTION Y PTTER IN AN
BETWEEN OBIECT. MASS
WEIGHT MEASURES
N.]DSS (1) How Muct GRMITY} .
, | [T EXERTS ON
MA OTHER OBIECTS
m AND (2) HOw MuCH
IT RESISTS
NCCELERNTION,
koW MUCH
INERTIA (T HAS.
L W,
WElGKT, W, 15 TUE
AMOUNT OF
GRMWITRTIONAL PuLL
On THE OBJECT.
WEIGHT VARIES
ACCORDING TO
WHERE You ME:
|8 DEEP SPACE,
WOUR (NEIGHT MGHT g
ge ZERO, BUT
YOUR MASS IS THE
SAME WHEREVER

You GO i
coulD
. 31




WE EVEN MEASURE
WEIGHT AND MASS

IN PIFFERENT ONITS.
I THE METRIC SYSTEM,

™ KILOGRAM

16 THE
UNIT OF MASS,
WHILE THE

NEWTON -

THE UNIT OF

WEIGHT. A PERSON

"MASSING 50 Kﬁ

KAS A WEIGHT

W=mg
=(50%6)0.8 m/e1)
= 400 Newtons

LONFUSING? LISTEN TO
T : INTHE ENGLISH

SYSTEM, THE UNIT OF
FoRCE 15 THE FOUNID,
WHILE THE UNIT OF
MASS 15 THE

A PERSON INEIGHING

160 POUNDS BAS A MAsS
m= w - 16o Poupps
3 32 H/sect

-5
L 5LUGS .

- ‘ _
T 15 TEGNICALLY INCORRECT TO SM) THAT SOMETHING “WEIGHS"
50 kq . WEIGHT 5 STATED IN UNITS OF FORCE, new'rone.bﬂf' '

KT LAST,

B UMIT Wity
A BEAUT?‘FUL




NOW WERE ON THE MOON, WHERE THERES No
AR RESISTANCE. WATCH Ag | FIRE BUCLETS
HORIZONTALLY WITH GREATER AND GREMTER
SPEED. EACH BULLET FALLS TO THE
GROUND IN TUE SAME TIME — THE HORZONTAL
MOTION DOESN'T PFFECT Tue FALLING RATE—
BUT THE FASTER BULLETS GO FARTHER
BEFORE PLOWING INTO THE MOON .

» CHAPTER 4~

Tl
gl

/€

AND
BlCHTLESS:
WeGT

L

THE GUN ' 4 FEET OFF THE
GROUND. ON EARTH, THE BULLET
FALLS IN & SEC., BUT HERE, WHERE
GRAVITY 15 WEAKER, IT TAKES
12 sgC. (AS LONG AS THE
GROLND |5 LEVEL ).

®
(-s)a‘?"—‘*" =T rrm--aa ‘

L]

BUT AS THE BULLETS Co FARTHER,
SOMETHING NEW HAPPENS: THE
MOON 16W'T FLAT, it's ROUND !/
“THE GROUND STARTS CURVING
DOWN UNDER THE BULLET AND
AWAY FrOM \T.

EVENTUALLY, AS \ FIRE FASTER
BND FASTER, BY THE TIME THE
BULLET WAS FALLEN 4 FT, THE

GROUND HAS CURVED 4 FT. DpwN

AND THE BULLET 5 $TILL
4 FT. WIGH! BY THE TIME |T
FALLS ANOTHER
4 FT., %0
UAS THE
GRouND!

A
& T

THE BULLET |5 Now (N A 4-Foor-
HGk ORBIT AROUND THE MOON.
(T 15 FALLING CONTINVALLY, BUT
THE GROUND [6 STEADILY
CURVING AWAY BEMEATH \T.




—

OF COURSE, THhs WORKS ONVY WHEN THERE 1S NO AR
RESISTANCE (AND No 4-FT-HIH OBSTACLES!) TO SLoW THE
BULLET, BUT THE EXPERMENT ILLUSTRATES THE PRINCIPLE
OF SATELLITE MOTION. TROM EARTH WE LAUNCR SKTELLITES
ABOVE THE ATMOSPHERE WITH RoCKETS, THEN TILT THEM
OVER PND GIVE THEM EwouGl MORIZONTAL SPEED 50 THAT
THE CARTH CURVES AWAY TROM THEM AS THEY FALL.

SIMILARLY, OUR NKTURAL SATELLITE, THE MCON, FALLS
CONTINUALLY, BUT IS FORWARD MOTION CARRIES \T ALoNG
60 1T REMAINS THE SAME HEIGHT MBovE EARTH, (THE
MOON'S ORBIT 15 (IRCULAR, OR WEARLY 50.)

38
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rN;bJ LeT's Go VP
N THE SPACE
LUUTTLE. A5 WE
REACR ORBITA
4% MND | LOT
OFF TUE BNGINGS,
THE ONLY foR(E
ON U5 15
GRNNITY,
Mp WE il
.
\

RUT THE SAME 16 TRUE OF THE SHUTTLE ITSELF
ALSO ERLLING, BND WITH THE SAME ACCELERATION

YoRK
YoRrK

N,

SHUTLE'S
PCCELERATION

\TS

VR
ACCELERATION

r‘;0 THERE [ NO

No RELATIVE MOToN |
BETWEEN S AND
THE SHiP, A¥D
WE FLOKT FREELY
INSIDE,
WEIGHTLESS I




—

rn:&ou RELEASE

AN APPLE W THE
FALLING SWUTLE,
IT WANGS N
MID-AIR. GWE T
A NUYDGE ANDIT
TRAVELS IN A
STRAIGWT LANE. LT
OBEYS NEWTON's "~ ?\
\_FIRST LaW! >\ A

WHENEVER THE ONLY FORCE ON THE CRAFT (5 GRAWTY,
WHETHER 1T CONSTING UF, FALLING DOWN, OR N
ORBIT, OBJECTS INGIDE ARE WEIGHTLESS .

THE SCALE
KEEPS FLOATING
AWAY...




WE CAN OUPLICATE THE )

) CFFECT HERE ON EARTH.
JUST STEP INTO THIS
ELEVATOR, BND I'LL
CUT THE CPBLE Y

THUS, ALTHOULH GRAWATY
PRODUCEZ ACCELERATION,

o ACRELERATION
BOREES axe reur

WITHI THE FALLING SYSTEM.

Tdio WS ANOTHER RINTTU
EINSTEIN THAT 6RAVITY 15 A
PROPERTY OF $PACE, RATHER
TUAN OBJECTS.
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(. )
SO FAR,WE HAVE LookeD

AT NEWTON'S FiRsT TWD

LAWS: NOW LET%

LOOK KT HiS THIRD LAW.
\T 15~

r o

. NEWTON'S THIRD LAW: WHEN ONE
OBJECT EXgRTS h FORCE ON A
SECOND OBJECT, THE SEOND

| OBJECT EXERTS AN EQUAL BUT
_ ORPOSITE FORCE ON THE FIRST. J

IN OTRER WORDS,

ACTION EQUALS
REACTION.

FOR EKAMPLE, WHEN T PUSH ON A WALL, THE WALL
PUSUES BACK WITH EQUAL FORCE. THE EARTH'S
GRAVITATIONAL PoLL ON THE MOON EQUALS THE
NooN's PULL ON THE EARTH.

(o
!
f




THE EARTH'S PULL ON THE MOON KEEPS THE MOON [N
A (NEPRLY) CIRCOLAR ORRIT. BUT WHAT Agout Tue
MOON'S PULL ON THE EARTH?

£ N
< \
-t
] “.\
£ORCE Op MoOM L
LLS \T AWRY ‘——
FROM STRAIGAT:
L‘NE MG“ON {'T \‘
+ r

IN FACT, THE MOON PULLING BACK WITH EQUAL FORCE
DOES CAuSC THE EARTH To EXECUTE A SMALL OR8u!
THE CARTH MOVES (€55 THAN THE MOON — ACCELERATES
LS5~ BECAUSE 1T (S MUCH MORE MASSIVE.

EARTHS

/ . ¢’ ORB\T
2 ) e O SR
\ U
A INTo CURVED
) ORR\T

EVEN ARTIFICIAL
SPYELLITES MOVE
THE EARTH
sUskTLy!




f HERE 16 A BOOK ON A )
TABLE. WHAT 5 THE
FORCE OPPOS|TE To TE
Book's WEIGHT W ?
THE SQPPORT
FoRCE FROM THE TABLE!

_ A\

THE SECoNp BoDY
CAUSING THE Force W
ON THe BOOK 16 —

The EARTH! e I
\"4

EARTH PULLS Tee BOOK
WITH FORCE W, S0 THE
BOOK PULLS P ON THE -
ENTIRB %R;FH WITH U EARTH ‘\\“

BUT DOESN'T THE TABLE PUSH up ON THE BOOK 7 YES, (N
THiS CASE. THE BOOK IS NOT ACCELERATING, 4o, BY
NEWTONS SECOND LAV, THE TOTAL FORCE ON \T IS ZERD.
SINCE THE EARTH PULLS DOWN ON TE Book,, SOMETHING
ELSE MUST RE PUSKING IT UP—NAMELY THE TABLE,

MWD F=W. BT TS

16 & SPECIAL CAsg! F

\F THE TABLE F :W
WASN'T STRONG

E_"_il\gugﬂoo 1‘2 ?F’HHE’ORT‘ FORCES oN 800K
UP-Pus WouLD BE

LESS THAN W, ANp ' <
THE BoOK WOULD 2

E&EA\;AIE&F TABLE
p !
\__ &_,J

=2




l\ YET ANOTHER
o) EXAMPLE: A ROCKET £
‘;1;1 . ENGINE. THE Rocker '
il ‘ExgﬁrsNA ogwnwnko /
| USH ON TH :

ERHAUST GASES. % ¥

THE (ASES PUSH A 7 /
1 BACK, BY NEWTON'S Mk _—
H THRD LAW. A0 1 L ronces e
i [F THis YPWARD | ON THE
1% THRUST EXCEEDS L/ | RoCKeT
| THE WEIGHT OF ; oNLY !
! The VERICLE, e |
UP WE o oL A
{
sl
o)

rNore-. [T 1§ NOT MECESSARY
FOR THE ESCARING GASES To
PUSR AGAINGT AIR. W BACT,
MR JUST ACTS AS A FkicnoNAL
DEAG ON THE ROCKET.

52
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WE SEE SUCH A VARIETY OF FORCES, THAT IT mAY SEEM HOPELESS
T TRY BND ORGANIZE TUEM. NEVERTUELESS, PHYZICI6TS HINE
BEEN MBLE TO SHOW THAT Al THE KNOWN LFPECTS (N

THE UNWERSE ARE THE RESULT OF THESE

4 BASIC HORGEs:

ELECTROMAGNETISM (THE

KT TRACTION 2 REPULSION OF
ELECTRICALLY CHARGED Bopies):

THE STRONG FoRCE WOLDING THE

KToMIC NOCLEVS TOGETHER :

F = HEN 6RAVIY

BY THE WAY, TUE ONLY ONE OF THE BAsic FORCES YouVE EVER FELT 15
ELECTROMAGNETISMY  WHEN You PUsH THE WALL (AND {1
PUSHES Ehek) agu'p.e FEELING LiECTRIC REWLSON BETWEEN
ATOMS . vou UMWE NEVER FELT GRAVITY —ONWY TuE

ELECTRIC FORCES OF THE FLOOR TWhT 4U A ANTT
GRMLTS FLOOR TWAT SuPPORT You Ab

LONE AcTs
You ARE N

B FREE pALL,

o Jouree:
@) ok
¢ / REMEMBER?

4 ~l




