= CHAPTER 3= &

PRSTECTILES

S0 FAR, WE HAVE
BEEN WEILHING

AND DROPPNG Now LeT'S IN ORPER To UNTANGLE

THINGS. SHOOT SoMe ! HORIZONTAL AND
VERTICAL MOTIONZ"

© %1

THE SIMPLEST PROJECTILE MOTION 15 To PROJECT SOME THING
SIDEWMYS: DRIVING A (AR OFF A CLIEF OR SHOOTING A

BULLET HORIZONTALLY. THE KEY To UNDERSTANDING
THIS MOTION 16 To REALIZE THAT GRAVITY ACTS ONWY
VERTICALLY. (T aFrecTs ony THE DOWNWARD

PART OF THE MOTION.
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g@ FORCE AND
ACCELERATION

ARE DOWNWARD
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THIS FACT IMMEDIATELY
ANSWERS A FAMOULS
QUESTION = IF RINGO
DROPS A BULLET AT
THE SAME MOMENT AS .- -4
\ SROOT A BULLET
HORIZONTALLY, WHICH
BULLET RITS THE
GROUND FiRsT? (WE
START AT THE SAME
HEIGUT. )

THEY REACH THE GROUND AT TH—E‘.‘ EXAMPLE: SUPPOSE \ FIRE THE
%\AA& TIME )T ﬁEcAS&Asﬁn EHE'j B\)EL‘%’ET oFgo‘f}A A SgrOULDER

AT THE RATE. | | WelekT FT. THEN THe
THE HORIZONTAL MOTION HAS NO | | DISTANCE FALLEN 15

EFFECT ON THE VERTICAL MoTion! | | d-! g, %o
: “2JVH
‘ Aft =5 (328t /o)t
> % t-: [ sect/4 =%9&c.

el -me KRR~ - - = = = - - SAME DOWNWARD - - ~ - -[[- - - To.-.
4} \ K AccELDE%TcoﬁD @ ®
= / , ANp VELOCTY.

IF THE BULLET'S RORIZONTAL Now HERE'S ANOTHER
SPEED 15 1000 ft/sec, THEN QUESTION: WHAT

IT GOES %O FEET IN | sec WAPPENS [F THE
GUN 6 FiRep

UPWARD Ar

L AN
r ~.el ANGLE ?
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;
IN THE ABSENCE OF GRANITY, N\ < -WHICR BRINGS US To

THE BULLET WOULYV /° A THOUGHT- EXPERIMENT -
FOLLOW A STRA[GHT LINE 74 cALLED
FOREVER (NEWTON'G) /

-
FIRST Lhw). WITH Ja
GrAVITY, 1T FALLS & @ 1}
Y Frou ,'
THKT STRAIGHT !
Line!

ACCELERATION
DowN
WiTH
ANIMAL

EXPERIMENTS !

-

A NUNTER AIMS His QUN DiRECTU
AT A MONKEY UANGING FROM %T'RJEE-.

THe MoNx®y CLEVERLY RELBASES WS GRIP AT

THE EXACT MOMENT THE .
WAkt lfh NS HUNTER ARES THE CU:




POOR Monicey¥ 1T DopsH'T
UNDERGTAND TUE INDEPENDENCE
OF EALLING AND FORWARD
Motion ! BUT Yo o —

40 You ChN SEE THAT
Teg BLET WILL

ALWAYS WT THE MONKRY!

r\N CASL THE BULLET 60Es FMST
THE BULLET AND MONKey FALL ONLY o
A LITTLE WNY. ‘

WAVENT

Y REM
“RUY51C5
WoNieys?

IF THE BULLET 19 SLOW, TUEY FALL FARTHER,
BUT THEY STILL BOTH FALL THE SAME
piotANCE d = Lgt> FROM THE SAME
STRAIGHT LINE.
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NOW WE'RE ON THE MOON, WHERE THERES po
AIR RESISTANCE. WATCH Ag | FIRE BULLETS
HORIZONTALLY WITH GREATER AND GREMTER
SPEED. EACH BULLET FALLS TO THE
GROUND IN TUE SAME TIME — THE HORRONTAL
MOTioN DOESN'T PFFECT THE FALLING RATE—
BUT TUE FASTER BULLETS GO FARTHER
BEFORE PLOWING NTO THE MOON -

£,
"‘: ..:::.-~:’-_:--.
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TUE GUN \S 4 FEET OFF THE
GROUND. ON EARTH, THE BULLET
FALLS IN 4 6BC., BUT HERE, WHERE
GRAVITY 16 WEAKER, [T TAKES
12 sgC. (A5 LONG AS THE
GROUND |5 LEVEL).

BUT AS THE BULLETS Co FARTHER,
SOMETHING NEW HAPPENG: THe
MOON 6N'T FLAT, IT'5 ROUND ¥
THE GROUND STARTS CURVING
DOWN UNDER THE BULLET AND
AWAY FRom \T.

EVENTUALLY, AS \ FIRE FASTER
AND FASTER, BY THE TIME THE
BULLET HAS TALLEN 4 FT, THE
GRoUND HAS CURVED 4 FT. DoWN
AND THE BULLET 5 $TILL
4 ¢T. WGK! BY THE TIME IT
FALLS ANOTHER
4 FT., %0
HAS THE
\\ GROUND'

\

A

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




OF COURSE, THIS WORKS ONWY WHEN THERE 15 NO AR
RESISTANCE (AND No 4-FT-WiH OBSTACLES!) TO SLOW THE
BULLET, BUT THE EXPERIMENT ILLUSTRATES THE PRINCIPLE
OF SNTELLITE MOTION. FROM EMRTH WE LAUNCR SKTELLITES
ABOVE THE ATMOSPHERE WITH ROCKETS, THEN TILT THEM
OVER PVb Give THEM Ewonth HMORIZONTAL STEED 50 THRT
THE EARTH CURVES AWAY TROM THEM RS THEY FALL.

S
...

-

5IMLARLY, OUR NATURAL SATELLITE, THE NOON, FALLS
CONTINUALLY, BUT ITS FORWARD MOTION CARRiES \T ALONG
60 |T REMAINS THE SAME HEIGHT MRove EARTH, (THE
MOON'S ORBIT 15 (IRCULAR, OR WEARLY S0.)
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rﬂow LET's Go VP
IN TUE SPACE
GUUTTLE. AS WE
REACR ORBITAL
4% MND 1 (VT
OFF THE ENOINGS,
THE ONLY foRCE
ON V5 V5
GRAVITY;
AND WE fLL
TowpRpP
EARTH.

RUT THE SAME |5 TRUE OF THE SHUTTLE ITSELF.  \TS
AL50 EALLING, DND WITH THE SAME ACCELERATION

YoRK
YoRK

Yok k

SRUTLE'S bLR
NCELERRTION ACCELERNTION

rSo TueRe (3 NO

No RELATIVE MOTioN
BETWEEN (5 AND
THE SHIP, A¥D
WE FLOAT FREELY
INSIDE,
WEIGKTLESS I

\,




r\F—‘jou RELEASE

AV APPLE IN THE
FALLING SWUTILE,
T KANGS N
MD-MR. GWE \T
A NUDGE AND \T
TRAVELS IN A
STRAILWT LINE. (T
OBEYS NEWTON'S — ~~=- é\ 8
LFHZGT LAW! A =

WHENEVER THE ONLY FORCE ON THE CRAFT IS GRAVTY,
WHETHER [T's COPSTING VP, EALLING DOWN, OR N
ORBIT, OBJECTS INGIDE ARE WEIGHTLESS .

THE SCALE
KEEPs FLOATING

AWAY .. .




WE CAN DUPLICATE THE
EFFECT HWERE ON EARTY.
JUsT STEP INTO THIS
ELEVATOR, MND V'LL
CUT THE CPBLE !

ONLY BE
WEIGUTLESS

THUS, ALTHOUGH GRAITY
PRODOCEZ ACCELERATION,

%o ACCELERATION
F@E‘@@E@ ARE FELT

WITHIY THE FALLING SYSTEM.

o WAS ANOTHER MMINTTU
EINSTEIN TUAT GRAVITY 15 A
PROPERTY OF SPACE, RATHER
TUAN OBJECTS.



_ oCHAPTER 5+ i
&THER ©RBITES

80 EAR WE'VE SEEN ONLY CIRCULRR ORBITS: A
SATELLITE 16 PROJECTED HORIZONTALLY WITH
JUCT ENOUGH 4PEED 0 THAT IT FALLS AWAY FROM
STRAMOUT-LINE MOTION TO MATCH THE CURVATURE
OF A CIRCLE. BUT WHAT WOULD HAPPEN IF WE
PROJECTED IT WITH A DIFFERENT SPEED, OR AT
ANOTHER ANGLE?

ONE WAY To WORK
QUT THe OREIT 'S
WITH A TIME -
HoNORED MATHEMATIAAL
TEGHNQUE KNown &
IS “BRUTE
roRCe. "




TAE BRUTE-FORCE METHOP
5TARTS WITH THE GRPNITATIONAL
FORMULA

F=@t!£;_:!..

( M= MASS OF EPRTH; M =MASH
OF SKELUITE, ¥ = DISTANCE
BETWEEN THER, G = CONSTANT- )
Tuis FORMULA BIVES THE FORCE
ON THE HATELLITE , 50 WE CRY
COMPUTE [T5 ACLELERNTION BY
NEWTOWS SECOVWD LAW

Q= Fffy. Toew we CAN

CoMpure. ppWd MuGt LTS vaodty
CHANGES, OWIG To THIS ACELERTION -

(T ALAS — PFTER IT HAS MOVED A LITTLE, ¥ 15

DIFFERENT, 50 THE GRAVITATIONAL FORCE ON THE ‘

BoDY HAS CHANGED! S0 WE NEED TO RE-CALQULATE

The ACCELERATION AND NEW VELOCITY foR TRE NEXT

FEW MOMENTS... AND THEN RECALCULATE AGAIN...

&NXE é%""' AND AGAWN.. . AND AGAIN... THOUSANDS oF
IMES

AT EACH STEP, COMPUTE -
VEW FORCE

D-o_, NEW ACCELERATION
a.l‘] 4} L}[cz:\ NEW VELOC\TY
Q NEW PosS\TioN
.G“QQQQ M 2. NEW FoRCE
? ? NEW ACCELERATION

Q
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(('\NCIDENTALH, THIS )
STEP-BY- STEP PROCEDURE o

15 CALLED “NUMERICALLY
INTEGRATING A DIFFERENTIAL

EQUATION.™)

"U6LY MATH"
1S MUCH MORE
DESCRIPTIVE...

(. § 'R
IF THERE ARE ONWY TWO BUT WHEN THERE A
BODIES PREENT CALCULUS  MORE THBN TRO
ALlow$ U5 To DERIVE BODIES, BRUTE FORCE -

FORMULAS FOR THESE ORBITS. AND TRE COMPUTER —

WE FIND TWAT THE ONLY Posige ARE OUR ONY hove!
ORBYTS IN NEWTONS GRNWY FoR EXAMPLE, THE MooN
ARE (IRCLES, ELLIPSES FoLLoWS A CoRKSCRAW

PARMBOLAG, AND HYPERBOLAS. PATH AROUND THE SUM!

ELL\PTICAL
PLANETAR PARABOLC -
oRGT i Co METARY

oeg\wt




7% Like

A GIANT
BUG-LIGHT!

o

FORTUNATELY,
THE SUN ¢
S0 MASSNE
TUAT \TS
GRAV\TY
pomiINATES
THE SOL AR

ELLIPSES.

( THE FIRST TO SHow ELLIPTICAL OR8ITS

Whs MEPLER (51-16%0), who

PROVED THAT THE ORBIT OF MARS

SHOWED HOW ELLIPTICAL ORBITS
RESULT FROM AN INVERSE- SQUARE
LAW OF FORCE.

WAS AN ELLIPSE. LATER, NEWTON |

\_

/’@\\Q,-\ BUT ELLIPSES ARE ONLY

- . APPROXIMATE |, AND

B BRUTE-FORCE MATH 1§
(] ° '

- -

' T
' °, %% OURSPAC
27 To THE PLANETS.
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0F MOTION, BUT THE ACTUAL MOTION DEPENDS ON
THE INITIAL POSYTIONS AND VELOUTIES OF ALL THE
BODIES. THE SOLAR $YSTEM 15 GOVERNED BY
£= (-‘,LJ;Q ap F= Mm@, BUT TO LAUNCH THAT

4PACE PROBE, W&

ﬁKa'E EQUATIONS ARE 5IMPLE. THEY DESCRIBE THE GENERAL |
1

NMUST DO AN IMMENSE CALCULATION.

MUCA OfF TYSIcS 15 LIKE THIS: FIND T4 GENCRAL
EQUATIONS AWD SoLVE THEM FOR THE SPECIFIC CASE
AT HAND. 16 IT PoSSI6LE, WE WONDER, To DESCRIBE ALL
THE PRYSICS OF THE UNIVERSE WITH A SMALL LIST
OF EQUMTIONS STARTING FROM THE MITIAL CONDITiOMS

OF THE !*— BA z
N L
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