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Galileo Galilei (1564-1642)

GALILEO DESCRIBES HIS DISCOVERIES
TO THE CHURCH



Most Screnc Prince.
Galileo Galilei most humbly prostrates himself
4 A before Your Highness, watching carefully, and with
6 all spirit of willingness, not only to satisfy what
" ﬂ" aonoerns the readi of mathematios in the stu of
ng dy
um‘n /@‘ ‘ﬁm Padun, but to write of having decided to present to
Your Highness a telescope that will be a great help
Al in maritime and land enterprises. I assure you I
e 61‘ shall keep this new invention a great sccret and
f'--L_ /17 95““"‘ M show it only to Your Mighness. The telescope was
//.‘M “/{? ,,,,RQ, mm&/ made for the most accurate study of distances. This
| i @ ¢ G 9. telescope has the advantage of discovering the ships
"fj‘“‘“ n 2rcs Al H & h of the enemy two hours before they can be seen with
/‘AJMMJ‘ZII e 7 Z”‘d‘k@a 9’ the natural vision and to diatinguish the number and
quality of the ships and to judge their strength and
9” _«y’é Q*CL J‘x M q | be ready to chase them, to fight them, or to flee
M‘“ aa' “"‘“' - /f '( .:4'9,1,,,,,‘, | from them; or, in the open country to sce all
L9 .t ‘l MM d details and to distinguish every movement and
preparation.”
""""’ dé{ .4r~.r p7 /«4
/"'1‘-& uh“( I(IMM {y" HIC AasT
Ao o34, :
/‘/ i :u ‘tre !4254’6.1/&'7 2"’/"‘
fﬂ”*"“@ On the Tth of January - TR z 10 1"
[ — Jupiter is seen thus . .
/ffi7 S)ﬁw i P upite _“.@ @ S .
}4“ = - et - :
Py ¥ oLt “.‘. On the 3th thus
; ik & & : F@+*" twas hecelors cirect and not covrograde
&~ ‘uwy Aredhe o6 n."‘m,,,"), et ' i
Ql« 8%, pw..m.m,q *'&"‘ On the 12th day # iz seen in Tis arangomoent -9
.Sgw 'valu’ A}JM 4M & v s "‘ AR LA
,é 3 ‘*,. 1 The 13th are seen very ciose 0 Jupller d slars @) +* e ofbdlu..o
/ 4 or On the 14th 2 is cloudy e
/I/ P *A/M/“Za.hunvafm -
.
- ke 7 j%;, D, e | Tmersm@ 20t e nearest 10 Aipiter wis smasest Mo éth was
%, wrt 9 " i distant fFom the 3ad about doubia. @ = s
/,2““)‘“’-‘””":"““* S 3 el Y
‘ ot b NG, The spacng of tha 3 10 b W was (¢
’ 919' }{ @ Q* : graater han the diameder of Jupdar and & o° - =
: * 1“'7 "VM H\ B oy wérs it & SLEINL e, o Zlng 7138 1Y

r‘i‘fm.‘_ AT i 2
It was on this page that Galileo ﬁrst noted an observation of the moons of
Jupiter. This observation upset the notion that all celestial bodies must revolve

around the Earth. N IEFTHE £ E B4 E 1 EREE - Galileo published a full
description in Sidereus Nuncius in March 1610 °
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As for Galileo's interest in disproving Aristotle's
Theory about falling objects, years later he said
that he had first thought about this during a
hailstorm, when he notice that both large and
small hailstones hit the ground at the same time. If
Aristotle were right, this could only happen if the
larger stones dropped from a higher point in the
clouds -- but at virtually the same time -- or that
the lighter ones started falling earlier than the
heavier ones -- neither of which seemed very
probable to Galileo. Instead, the simplest
explanation was simply that heavy or light, all
hailstones fell simultaneously with the same speed.



GALILEO GALILEI LINCEO
MATEMATICO SOPRAORDINARIO
DELLO STVDIO DI PISA.

E Filofofo, ¢ Matematico primario del
SERENISSIMO

GR.DVCA DITOSCANA.

Douenei congrcﬂ'l di quattro giornate fi difcorre
foprai due

MASSIMI SISTEMI DEL MONDO
TOLEMAICO, E COPERNICANO;

Proponendo indeterminat te le ragioni Filofofiche, ¢ Natural
santo per 'una , quanto per Ualtra parte .
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CON LICENZA DR SVPER'IORI.

R FTEYIRG - S EE S Ry A [E]



Whether or not Galileo ever performed his famous experiment on the
leaning tower hardly seems to matter -- a similar experiment-
demonstration had already been published by Benedetti Giambattista in
1553, and the test had also been made and published by the Flemish
engineer Simon Stevin in 1586.



"the most beautiful thought experiment ever devised."
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Strobe of a Falling Ball
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Position
Velocity

Slope varies
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(a)
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Slope =0
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x  Position graph is a
straight line. The slope
of the line is v,

—

Equal
displacements
— e r —¢




M e U IOE % ~ —fF— A RS A= R

olesW-rio2iboh noz1sed 26 grieilduq a0l ,n0itsaubd noz16e B00S O Jigygod

Cycloid path followed
by the point on the rim

Object rolls one revolution
without slipping.

Ax,, = v, At = 27R

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.



Molecular bonds
are modeled as
rigid, massless

rods.

e Atoms are
modeled as
particles.

Size and shap
F

*.... do not change

A rigid body the object moy
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size in atoms and in meters

-10
1 10

1 14
R S 10
10,000
1 15
10

100,000 (
1

) - -18
100000000 I € s

LEFAMFARTEAAVE R E |

5 AraYEENE LA AR/ TATRERE © BASHL T |



Positionat; = 1.0 s
START |

Position at 1, = 4.0 s
' FINISH

P = |
T & 0O -0 - " i |
: Displacement from #; to 1, |
| : X-axis : ///
O, yx;=19m X, =277 m
O Ax = (x, — x,) = 258 m >

i “x-coordinate of
dragster at 1.0 s

BN TR e Mt E—R e Ex
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x(t) E(HEBRNEIE I IR R E H AT

x-coordinate of
dragster at 4.0 s



x (m) For a displacement along the x-axis, an object’s average x-velocity

U,y €quals the slope of a line connecting the corresponding points

Dragster track on a graph of position (x)
(not to scale) versus time (7).

P,

Ax =Xy — X

Slope = rise over run = %—J;

1(s)
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Ax  x(t + At) — x(t)
At At
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At >0 2 Ax—> 0
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(a) (b) (9)

x (m) x (m) x (m)
400 - 400 400 -
Ar=20s At=10s 160 m
L - N L _ 160 n
300 Ax=150m 0 Ax=55m WO &S e 8
Ui — 1D m/\ Vyyy = 55 m/.\ i 40 \‘\\f‘\oC“
200 - : B 200 ) 200 i <
% |
|
100 100 100 1 160 m
/ |
— 1 ' L—1(s) L t(s) —==—T 1L T T L 1(s)
o, 1 2 3 4 s o”" 1 2 3 4 s or 1 2 3 4 5
As the average x-velocity v,,_, 1s calculated ... its value v,,_, = Ax/At approaches the The instantaneous x-velocity v, at any
over shorter and shorter time intervals ... instantaneous x-velocity. given point equals the slope of the tangent

to the x-f curve at that point.
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Ax x(t + At) — x(t) dx ‘ ,
= |i — =i B g D 1
AI%I_I)‘IO . Al%r_r)l0 P = = x T8 EZEE Derivative

F—F e A — 5 E - eI SRR
dx
v(t) = I (t)
AL - B H—{E RS2 55— ch B = - §8 Ry {77 Differentiation o

(b) Particle’s motion

EFR - Bk

(a) x-t graph

Slope zero: v, = 0
% C 6 (=0 UiS l 'he particle is at x < 0 and moving
A A 0 in the +x- dnulmn
L S]u pe negative: 7
240 L"‘. v "o, ) .
1y 3 » x From t, to 15 it speeds up, ...
_ 0 Ty g ,
— ¢ £ [ v o 0 o and from 5 to 1, it slows down,
0 then halts momentarily at 7.
P . T : .
0 lg o i hmnA/( u? Ip it speeds up in the
0 —x-direction, ...
......... QPO L, v, R . .
" Slope positive: tg L U x - and from 7, to #; it slows down
v, >0 T 0 in the —x-direction.

Y -

The steeper the slope (positive or negative) of an object’s x-f graph, the

greater 1s the object’s speed in the positive or negative x-direction.
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x(t) =

v = lim — = lim

CASTREpEs: p2t)iN) s

1
th

Ax o ox(t+ At) — x(t)

At—0 At At—0 At

= lim
At—-0

= lim
At—-0

= lim
At—-0
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v =gt

2

(1 g(t + At)? — gt?

At

g (t? + 2tAt + At?) — t?

2
(g 2tAt + At?
2

At

AL 1%1_1)10 [2 (2t + At)]

»
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(a) An x-t graph for an object moving with
positive constant x-acceleration

The graph with constant x-acceleration:
X paes 1 o)
X =X T Ut + 74,17
~The effect of
 X-acceleration:

1 )
?(1\[—

—

-
—

The graph we would get
- with zero x-acceleration:
X = Xp T Ugyt
t
0

© 2012 Pearson Education, Inc.

X0

. If a particle moves in a
¥ J straight line with constant

x-acceleration a, ...

... the x-velocity changes
by equal amounts in equal

g time intervals.
v ...‘ H "
t=Ar L—eopt x
0 a
v p'.
r=2Ar o x
0 a
U %
t = 3At I @ ;—-— X
0 (l H
U ¥
t = 4At (I),f- T f 3 > X

However, the position changes by different
amounts in equal time intervals because the
velocity is changing.

2012 Pearson Education, Inc.
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Speed v, Speed v,
x-velocity v, x-velocity v,
# * o 1 o ﬂl
P, P,

-

0
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- Av_l_ v(t+At) —v(t) _dv d dx\ _d*x
T As0 AL Ato0 At T dt de\de) T dez
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(@) v,-t graph for an object (b) Object’s position, velocity, and acceleration on the x-axis
moving on the x-axis

v, A sesssseresenaan,
X J e =0 — ettt e, % ) % &
Slope zero: a, = 0 e D) il Vs [ ¢ * Object is at x < 0, moving in the —x-direction (v, < 0),
"'-,C A o 0 ~ and slowing down (v, and a, have opposite signs).
o T o P ) ) )
/ \ A I " Object is at x < 0, instantaneously at rest (v, = 0), and
—e % 2 N
B D ' v=0 0 about to move in the +x-direction (a, > 0).
0 ‘.". .“. !
.'. > = T s . . . . . .
; \ t Ia Py OU Object is at x > 0, moving in the +x-direction (v, > 0);
alf .'Slopc positive: H E c 0 its speed is instantaneously not changing (a, = 0).
e a.>0 P v
/ Slope n;wlli\'r \ | &7 Object is at x > 0, instantaneously at rest (v, = 0), and
" _7‘0 . N ’p 0 v=0 * about to move in the —x-direction (a, <0).
. F a PTTT TN
e . e o [ R " Object is at x > 0, moving in the —x-direction (v, < 0),
The steeper the slope (positive or negative) of an ¢ < L X ; :
: 0 and speeding up (v, and a, have the same sign).

object’s vt graph, the greater is the object’s
acceleration in the positive or negative x-direction.

© 2012 Pearson Education, Inc.
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x(t) = —%gt2 v(t) = gt

Av v(t + At) — v(t)

B= M = AL
gt + At) — gt gAt
= lim = lim [—
At—0 At At—0 | At

a=Jg
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(a) An x-t graph for an object moving with
positive constant x-acceleration

The graph with constant x-acceleration:

x 1
X =xg+ vgt + 7a,t?

~The effect of
.~ x-acceleration:

1 )
?((\l*

- The graph we would get
. with zero x-acceleration:

X0
o \\'(] & U()\,[
t
)
© 2012 Pearson Education, Inc.
. If a particle moves in a
& straight line with constant
a x-acceleration a, ...

... the x-velocity changes
by equal amounts in equal

a time intervals.

t=At L—ept : X

0 a : :

v

t=2At I ® X

0 a

V. s

t = 3Ar o g o

0 a }

v i

t = 4At (I),{‘ > % n ® P )

However, the position changes by different
amounts in equal time intervals because the

velocity is changing.



x (m)

a, (mfs?) x-t graph curves
§ i upward before
.= X-acceleration is + =908,
. positive before r = 20 s. :

: : : x-t graph curves
x-velocity 3 x-velocity dtiwnward after
increases before | decreases after t=20s.
5 10

15 20
x-acceleration is

negative after 7 = 20 s. S 10 15 20 25 30 10 15 20 25 30
© 2012 Pearson Education, Inc.

t=20s. t=20s.
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df Af fx+Ax) = f(x)

2 ) = lim - = lim e

i ELAEFS x ZhEILUES -
BT By — LB S AT -
BB ERIE x BEAETAR .

'\"‘n@ 2
20 |-
60 — \‘ \
2 2.8 20 (-
7 \ ®
0l 4 // ,@ —40 |-
N ® B
® | | | | B | | | | l
0 10 2() 30 4() 50 0 10 20 A0 40

RO X



f Af . fle+Ax) - f(x)

dx (x) B AanE - Alalcr—r}o Ax

DL _EHYEGER S B R B 57 Differentiation
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f'lx 4+ Ax) — f'(x)

= = Ty W= = Ax

= 2

d“f _ d (d"‘1f>

dx™  dx\dxn1



af _

f(x)=c Af=0 —

0

EEHIWT RE

SEHG

A(f +g) =Af +Ag
f+9)'=f+4g

A(cf) = cAf
(cf) = cf



2 VAR AT

flx)=xm
;o fa+ M) - f) (x4 A" —x"
= Alﬁlcr—r}O Ax B AlalcTo Ax

(x + Ax)™ = x™ + nx"™ 1. Ax + 0(Ax?)

n-—1

(e AT —x" . nx™1.Ax + 0(Ax?)
f' = lim lim —

nx
Ax—0 Ax Ax—0 Ax

= nx
dx



dv

dt

—x" = nxn1

dx
(cf)' = cf

1 d

d 1 d d
— = —(——gt2 + vyt + xo) 59 (t%) + Vo (t) T (x0) = gt + vy

(a) An x- graph for an object moving with
positive constant x-acceleration

d d
= (gt +v) = (t)+—(vo) =9
dt dt - 4 .

['he graph with constant x-acceleration:

Y R=a + Vg, + %u t2

X

The effect of
x-acceleration:

h
> A, 1-

-

['he graph we would get

.. with zero x-acceleration:

X = Xo T Uyl

= — (BN EE | 0 ,



= If a particle moves in a
" straight line with constant
x-acceleration a, ...

... the x-velocity changes
by equal amounts in equal
time intervals.

4

g

.
"
-
-
1
-
-
K
-
-
A
d

.
R
.
.
o+

.
O ..
DL T TN R s

<
Y.

Y=

."-.) L —l
..")1
=

<
<

'-..}—-——____

a
.

However, the position changes by different
amounts in equal time intervals because the
velocity is changing.

© 2012 Pearson Education, Inc.

(a) An x-t graph for an object moving with
positive constant x-acceleration

The graph with constant x-acceleration:
X = Xo Ut + 5a,t?

«~The effect of
Jf-acceleration:
Eaxtz

% "I'he graph we would get
" with zero x-acceleration:
*o =
X = xg+ Vgt
0 i
© 2012 Poarson Education, Inc.

Constant During time

x-acceleration: interval 7, the

vetgraphisa  xvelocity changes
* straight line. by v, — vy, = ay.

&
Total area under v - graph = x — x
= change in x-coordinate from time 0 to time z.

© 2012 Pearson Educaion, Inc.

ax
Constant x-acceleration: a,-f graph

g t
Area under a -t graph = v, — v,
= change in x-velocity from time O to time 7.

& 2012 Pearson Education, inc.




Slope varies

=

g
2
£
L
g
<

<




H %A

y() = —= gt* + v,




g‘e bi‘r“ ,act::‘zlly i lsl“aigh‘ g and. (@) y- graph (curvature is (b) v, graph (straight line with
€n strai own; wWe€ SNOW  ==e...,, _— "
- N =0 downward because a, = —g negative slope because a, = —g

a U-shaped path for clarity. 3 ) ) y . ;
: . is negative) is constant and negative)

t=1.00s,vy=? =

t=?,vy=?* { y (m) Before t = 1.53 s the
: 15 = ball moves upward. 15
10k : Aftert = 1.53s

the ball moves
downward.

vy (m/s)
Beforer =1.53s
¥ the y-velocity is
positive.

5

L £(s)
' "1 t(s) 3 4

|
1 2 3 Aftert=153s
the y-velocity is
negative.







WOoTHIZE(EA AR

R d[lj __g

e (f(0)g)'=f'(x)glx) + f(x)g'(x)

A(fg)

(£ = Jim =

A(fg)= f(x+Ax)g(x+Ax) - f(x)g(x) = (f +Af)- (g + Ag)- f2
=f-Ag+Af-g+Af -Ag= f-Ag+Af-g

Afe)~ f-Ag+Af g

im 208 _ o Y g+11m E f=flo+f

(£ ()= lim S~ fim 2 g+ fim 28



B (SRR ROT)

) =T ()2 = ()0
dy dx

R y (BRREED WMoy

fO+AD) - f((x)) _
Ax

£ F(r) = lim
X —0
JO+A) - ()

I by ¥ x iy

y(x+Ax)—y(x) _

lim x Iim
Ax—0 Ay Ax—0 A)C
i LT =) y(x+Ax) — y(x)
Ay—0 Ay Ax—0 Ax
L= )y
X

dy

f(y(x))

yx)  f()
FIF :
f(r(x)=A+ax*)"

y(x)=l+ax’ f(y)=)"



f(y(x))

B

X y
f(r(x))=(1+ax")"
y(x)=1+ax> f(y)=)" y(x) ()

_YdW)
dy dx

=ny"" x2ax =n(1+ax’>)"" - 2ax

f!



Motion in 2-3 Dimensions

© 2012 Pearson Education, Inc
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Position P of a particle
at a given time has
coordinates x, y, z.

~

~
\\V

Position vector of point P
has components x, y, z:
r=uxi+yj+ zk.

© 2012 Pearson Education, Inc.




BB EREGREIEEEE 7)) = (@), y (), 2(t)
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HooEmaEERESTENE | BV il i= -
AT =7, — 7 = (Ax, Ay, Az) = (X3 — X1, Y2 — V1,22 — Z1)

TR - SR B R TER(LR - SRR AR -

!

, _Ar
Vave = E
y Position at time 7,
Y , >
2 5 = AF
At
\
Displacement
v.!....vector Ar points
/ from P, to P,.
> Pl -
O ” »”

”

Re - Position at time ¢,
I \
|

X
Particle’s path



Bty 222 [ 5 Vector > e (1L . [A) S ARy B2
l—; - -
,% L, dar I Ar
. V=—= lim —
Py dt At-0 At
The instantaneous \
velocity vector U is “ / — lim (Ax Ay AZ) (llm ﬁc s &7 e A_Z)
tangent to the‘palh v "~ At—>0 \At ' At At At—0 At At—0 At At—0 At
at each point. ™., 1
b (dx dy dZ) ( )
-, = ) ) = \V,, Uy, VU
///\ dt dt dt x y z

Particle’s path

dx dy dz
UxZE = UZZE

The instantaneous velocity vector U
1s always tangent to the path.

. N ERAVEERE v
y ‘ Particle’s path in ﬁmv ;‘L PL%}JE@@J %jj_ﬁ :

the xy-plane
A e AN =20 s

'y v
i

>
S

— X
O| vy and v, are the x- and y-
X ) .
components of v

/\



This car accelerates by slowing

while rounding a curve. (Its
instantaneous velocity changes in
_ A5
At

To find the car’s average acceleration between
P, and P,, we first find the change in velocity
AU by subtracting U, from U,. (Notice that

l_;l + A3 = 32)

The average acceleration has the same direction
as the change in velocity, Av.

© 2012 Pearson Education, Inc.
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Path ~

X

0
R AV (Av, Avy Av, d*x d?y d*z
a=11m——11m( , , )= , ,
At—0 At At-0 \ At ~ At At dt?’ dt?’ dt?

d?x _d%y d?z

T e AT AT



Fangent -

p —

al )
a
‘ "v
<) ,y'

Path -

X ()

dox dy dz d*x d?y d’z
— = v Ay

dt? Y dt? Z dt?

=1
. 3 3 3
., dr d d dr; |
V== d_tz r;é; = Zd_t(r‘e‘) = Zd_t é;
=1 =1 =1
2P e 6, Fo A BRI R -
dez ~ Ladez



34 -
by[f = [(0.280 m/s)r + (0.0360 m/s?)2]i + (0.0190 m/s*)¢].
(a) What are v,(¢) and v,(¢), the x- and y-components of the
velocity of the squirrel, as functions of time? (b) At ¢ = 5.00 s,
how far is the squirrel from its initial position? (¢) Atz = 5.00 s,
what are the magnitude and direction of the squirrel’s

velocity?

3.44 <+ CALC The position of a dragonfly that is flying
parallel to the ground is given as a function of time by

r=1[2.90m + (0.0900 m/s*)r’]i — (0.0150 m/s*)£]. |(a) At

what value ol 7 does the velocity vector of the insect make an angle
of 30.0” clockwise from the +x-axis? (b) At the time calculated in
part (a). what are the magnitude and direction of the acceleration
vector of the insect?



(a) A particle moves a distance As at
constant speed along a circular path

b

"-
.
Y
;¥
.
B3
s

(b) The corresponding change in veloclty and
average acceleration

These twc; triangles

The instantaneous acceleration

-** in uniform circular motion

R always points toward the

\centel’ of the circle.

(9]
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r = (rcoswt,rsinwt) =717

7 = (cos wt, sin wt)

dx N

Uy = E 0 =wt @ﬁé\g_{i
d = A cos 6 AO

=g (cosw= im0

. A cos 6 . AO d(cos@) do

A5 A0 AS0Ar | de dt

= —r sinea (wt) = —rw sin wt
, dar (dx dy)
VT dt ' dt

= (—rw sin wt, rw cos wt)
= rw(— sin wt, cos wt) = rw?d

UV =1Tw T-U=0
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v = (—rw sin wt, rw cos wt)

*—dv—( (sin wt) t)
a = = T‘a)dt Sin w ,ra)dtcosw

B d sin 8 d( 0 d cos 8 d( 0
“\ 7" Tas @ g @
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rw? cos wt, —rw? sin wt)

2f

= —rw?(cos wt,sinwt) = —rw
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(cos wt, sin wt)
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(@) Uniform circular motion

Acceleration has
constant magni-
tude but varying
dlrectlon

U
/’elomty and

*.acceleration
are always
perpendicular.
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Nature 1s exceedingly simple and comfortable to herself.

Whatever reasoning holds for greater motions, should hold for lesser ones as well!

Newton “Conclusio”



