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8.01 Physics I: Classical Mechanics, Fall 1999
Transcript — Lecture 4

Today, we're going to take it quite easy.
HOm nay, ching ta sé hoc rat thodi mai.

I also have to take it a little easy because my voice may be petering out, if I'm not
careful.
I cling khdéng lam viéc qud cang thdng vi toi bi tat tién roi, néu t6i khdng can than.

We're going to apply today what we have learned, so there is nothing new but its
applications.

HOm nay chung ta sé ap dung nhirng gi ching ta da hoc, vi vay khong cé gi méi ma
chi la cac Ung dung.

And that's important—
Va chung rat quan trong - -

things that... you can let it sink in.
nhung cac ban thudng bo qua né.

We have here a trajectory of a golf ball or a tennis ball in 26.100.

O day chlng ta cé quy dao cla mot qua bdng gdn hodc qua bdng tennis trong
26.100.

We shoot it up at an angle alpha.

Chang ta ban né 1én véi moét goc alpha nao do.

The horizontal component in the x direction is v zero cosine alpha and the vertical
component is v zero sine alpha.

Thanh phan ngang theo hudng x la v khdng cos alpha va thanh phan thang ding la v
khdéng sin alpha.

It reaches the highest point at P and it returns to the ground at point S.

NS dat dén diém cao nhat P va nd roi xudng dét tai S.

This is the increasing y direction and this is the increasing x direction.

Day la chiéu tang trén truc y va day la chiéu tang trén truc x.

We're going to use, very heavily, the equations that you see here that are so familiar
with us.

Chung ta sé dung rat nhiéu nhirng phuong trinh nay, ching rat quen thudc.

These are the one-dimensional equations in x direction where there is no
acceleration and the one-dimensional equations in the y direction where there is
acceleration.

bay la nhitng phuadng tring mot chiéu theo hudng x khong cé gia téc va nhiing
phuong trinh mét chiéu theo hudng y, hudng nay co gia toc.
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In order to use these equations we need all these constants—
Dé& dung nhitng phuong trinh nay chidng ta cén tat ca nhiing hang sé nay - -

X zero, v zero x and v zero y.

x khéng, v khéng x va v khong y.

We have seen those last time.

Chung ta da thay nhirng cai nay lan trudc.

I choose for x zero...
Toi chon x khong ...

I choose zero arbitrarily.

Toi chon khéng tuy y.

Also for y zero.

Tudng tu déi véi y khong.

The velocity in the x direction will never change.

Van téc theo hudng x sé& khdng bao gid thay déi.



This v zero x will always remain v zero cosine alpha.

v khdng x nay sé& ludn ludn bang v khéng cos alpha.

The velocity in the y direction, however, in the beginning at t equals zero is v zero
sine alpha.

Tuy nhién, van t6c theo hudng vy, tai thdi diém t=0 1a v khéng sin alpha.

And that one will change, because there is here this t and that's why the velocity is
going to change.

Va né sé thay ddi, bai vi 8 day cd t nay va dé la i do tai sao van t6c sé thay déi.

This t will do it.
t nay s& lam cho ndé thay dai.

And the acceleration in the y direction—
Va gia t6c theo huéng vy - -

since this is increasing value of y—

bdi vi day la chiéu tang ctia y - -

is going to be negative 9.8.
sé la -9.8.

Since I call always 9.8 plus...
B&i vi toi luon ludn goi 9.8 cobng ...

since I always call g "plus 9.8," this is minus g.
B&i vi t6i ludn ludn goi g la “+9.8,”nén day phai la -g.

I now want to ask first the question that you may never have seen answered: what
is the shape of this? Well, we can go to equation number three there and we can
write down this equation number three: That y, as a function of time, equals v zero
yt so it is v zero sine alpha times t minus one-half gt squared.

Bay gid toi hoi cau héi dau tién ma cé 1€ ban chua bao gid tra IGi: Hinh dang cta quy
dao nay 1a gi? O, chiing ta c6 thé xét phuang trinh s6 3 dé va chiing ta c6 thé viét ra
phuong trinh s 3 nay: y nhu ham theo thdgi gian, bang v khéng yt vi vy né la v
khdéng sin alpha nhan t -1/2 gt binh.

That's the equation in vy.

D6 la phuadng trinh cla vy.

I go to equation number one and I write down x—

Toi xét phudng trinh sé 1 va t6éi phuong trinh cla x

theo t - -

at any moment in time—

Tai bt ki thdi diém nao - -



equals v zero z times t so that is v zero cosine alpha times t.
bang v khong x nhan t vi vay né la v khong cos alpha nhan t.

Now I eliminate t, and the best way to do that is to do it here—

Bay gid, tdi khir t, va cach t6t nhit dé lam diéu dé la lam né & day - -

to write for t, x divided by v zero cosine alpha.

Viét theo t, x chia v khéng cos alpha.

Now I can drop all subindexes t because we're how going to see x versus y.

Bay gid tdi co thé bd tat ca cac chi s6 dudi t béi vi bdy gid ching ta s& thdy x theo y
We're going to eliminate t.

Chung ta sé khtr t.

So this time here, I'm going to substitute in here and in there and so I'm going to
get y equals...

Vi vay G day lac nay, toi s& thé vao day va trong d6 va vi vay tbi s& cd y bang ...

There's a v zero here and there's a v zero there that cancels.
Co6 v khong & day va cé v khong & d6 nén ching sé triét tiéu nhau.

There's a sine alpha here and a cosine alpha there that makes it a tangent of alpha.
C6 sin alpha & day va cos alpha & d6 nén ta sé cé tang alpha.

And then I have here the x and I get minus one-half g times this squared—

Va do dé & day t6i cé x va toi cé -1/2 g nhan cai nay binh phuadng - -

x squared divided by v zero cosine alpha squared.
x binh chia v khéng cos alpha binh.

And now look very carefully.

Va by gid hdy xem xét can théan.



Y is a constant times x minus another constant times x squared.
y bang hang s6 nhén x trir hdng s6 khac nhén x binh.

That is a parabola.
D6 la moét parabon.

It's a second-order equation in X, and is a parabola and a parabola has this shape.
N6 la phuang trinh bac hai theo x, va la parabon va parabon cé hinh dang nay.

So you so see now, by eliminating the time that we have here a parabola.

Vi vay bay gid ban sé& thdy, bang cach khir t chiing ta cé & day moét parabon.

Now I want to massage this quite a bit further today.
HOm nay téi mudn tim hiéu thém vé chuyén déng nay.

I would like to know at what time the object here comes to a halt to its highest
point.

Tdi mudn biét tai thdi di€ém nao thi vat thé dén diém cao nhét trén quy dao chuyén
doéng parabon.

It comes to a halt in the y direction.

dén diém cao nhéat theo trucy.
It comes to a highest point and I want to know how high that is.
N6 dén diém cao nhat va téi mudn biét cdi do cao bao nhiéu.

Well, the best way to do is to go to equation four and you say, to equation four,
"When are you zero?" Because that is the moment that the velocity in the y direction
becomes zero.

Céch t6t nhat dé€ 1am 1a dén phuong trinh 4 va ban ndi, & phuong trinh 4, “may = 0 &
dau?” Vi dé la lic véan tbc theo hudng y bang 0.

It must be at its highest point, then.
VAt thé sé& & di€m cao nhét.

So in order to find, for us, the position of the highest point P we first ask ourselves
the question from equation number four: when is the velocity in the y direction zero?
And that then becomes v zero y which is v zero sine alpha minus gt and out pops
that t at point P is going to be v zero sine alpha divided by g.
Vi vy d6i v8i ching ta, d€ tim vj tri diém cao nhat P dau tién ching ta phai tu hoi tir
phuong trinh sd 4: Khi nao van téc bang 0 theo hudng y? va do dé v khdng y la v khéng
sin alpha trir gt b&ng 0 tuong duong t P s& bdng v khéng sin alpha chia cho g.
That's the time that it takes for the object to reach the highest point.
D6 1a thai gian can thiét d€ vat thé dén vi tri cao nhat.

Where is it, then? What is the highest point above the ground? Well, now we have to
go to equation number three and you have to substitute this time in there so that
highest point h, which is y at the time t of P equals v zero yt—

Vay lUc dé né & dau? Vi tri cao nhat cdch mat dat 13 bao nhiéu? O, bay gid chlng ta phai
dén phudng trinh s 3 va thé& thdi gian nay vao dé vi thé diém cao nhat dé h la y tai thdi
diém t P bang v khéng yt - -

that is v zero times the sine of alpha.
D6 la v khéng nhan sin alpha.



But you have to multiply it by this time and so I get another v zero sine alpha and I
get a g here minus gt mi...

Nhung ban phai nhan né vdi thGi gian nay va vi vay toi cé v khdng sin alpha khac va
t6i c6 g G day trir gt mi

oh, no, no, this equa...

oh, ko, ko, phuong trinh nay..........

minus half gt squared, minus one-half g times this one squared which is v zero sine
alpha squared, divided by g...

trir 2 gt binh ,trr 2 g nhén cdi nay binh, bang v khdng sin alpha binh chia cho g.
divided by g squared because there is a g here, you see? So you square the whole
thing if it's t squared.

Chia cho g binh bdi vi & day cé g, ban hiéu khéng? Vi vdy ban binh phudng toan bé
cdi nay néu t clia né binh phuong.

You lose one g and you will find, then, that the highest point—

Ban mat mét cai g va roi ban sé tim dugc diém cao nhit dé - -

let's write it down here so that we don't block that blackboard—

Vi vay chiling ta viét ra 6 day dé cho ching ta khéng lam trd ngai bang dé

the highest point in the sky equals v zero sine alpha squared divided by 2g.

Diém cao nhat bdng v khéng sin alpha binh chia cho 2g.



That is the highest point.
D6 la diém cao nhat.

Let's give that some color because we may want to keep that.
Chung ta hday cho n6 mét mau nao dé bdi vi ching ta sé con dung no.

Is it reasonable that the point, the highest point in the sky gets higher when v zero
is higher? Of course.

C6 phai dém cao nhét trong quy dao chuyén ddng sé& cang cao han néu v khéng cang
I6n hgn? Tat nhién.

If I shoot it up at a higher speed of course it will get higher.

Né&u téi ban né Ié€n véi van tdc I8n hon thi tat nhién nd sé di cao hon

So that's completely intuitive that v zero is upstairs.

Vay diéu dé la hoan toan truc gidc v khong & tur s6.

If I increase the angle from a small angle to larger and larger and larger is it
reasonable that it will get higher? Of course.

NEu tbi tang goc tir nhé dén I8n han , 16n dan thi nd sé cang di Ién cao dung

khéng? Tat nhién.

You all feel in your stomach that the highest possible value you can get is when you
make alpha 90 degrees for a given velocity.

T&t ca cac ban nghi trong bung minh rdng gid tri cao nhat ma ban cé thé cé |a khi ban ném
véat véi gbc alpha bang 90 d6 ddi véi mdt van téc cho trudec.

That's the highest it will go in the sky.

Do la vi tri cao nhat nd sé dén trén trai.

So clearly, this is also very pleasing.

Qua rd rang, cai nay cling rat dé chiu.

If you did the experiment on the moon with the same initial speed, it will go much
higher so you are also happy to see that this g here is downstairs.

Néu ban lam thi nghiém trén mat trang va&i cung van toc ban dau, né sé di 1én cao han
vi vdy ban ciing vui vé thdy réng & day g nay la mau s6.

So that makes sense.

Vay diéu dé dung.

At what time will the object be at point S? Now, there are two ways that you can do
t/héa;'luc nao vat thé sé& & tai diém S? Bay gid cb hai cach dé tim né.

You either go to this equation, number three and you ask equation number three,
"When are you zero?" It will give you two answers.

Hoac la ban xét phudng trinh nay, phuadng trinh sé 3 va ban hdi phuadng trinh s6 3, “
khi nao may bang 0?” N6 sé& cho ban hai cau tra |di.



It will say, "I am zero here at this time" and "I am zero at that time." And those are
the two times that you want and this is the one you pick.

N6 sé& noi, “T6i bang 0 & day vao lic nay” va * tdi bang 0 tai lic d6.” Va day la hai lac
ma ban mudn va day la cai ma ban thu dudc.

That's perfectly fine.
Diéu do6 qua hoan hao.

I think there's a faster way to do it, and that's the following.
T6i nghi cé cach nhanh hon dé lam nd, va céch dé nhu sau.

This is a parabola, so it's completely symmetric about the vertical, about P.
DAy la parabon va ndé hoan toan d6i x{rng qua truc thdng dirng va qua P

So to climb up from O to P must take the same amount of time as to go down from P
to S and so I claim that the time to reach point S must be twice the time to reach
point P and therefore it's going to be two v zero sine alpha divided by g.

Vi vay dé di tir O dén P phai méat cung khoang thdi gian khi di xudng tir P dén S va vi
vy t6i khdng dinh rang thdi gian dé dén diém S 16n gdp hai Ian thdi gian dé dén P va
do doé nd sé la 2 v khdng sin alpha chia cho g.

But now we want to look again whether the v zeros and the sine alphas have the
right place.
Bay gi& ching ta mudn nhin lai v khéng va sin alpha cé dat ding chd khdng.

Indeed, if I increase the speed, I would expect it to take longer before it reaches S.
Qua thuc, néu toi tang van tdc, toi sé nghi nd mat nhiéu thdi gian han trudc khi dén S.

If I give it a larger speed, it will come out farther and obviously, the time will take
longer.

Né&u tdi cho nd téc d6 18n hon, nd sé di xa hon va hién nhién, thdi gian s& dai hon.



If I do it at a higher angle, it will also take longer and if I do it on the moon, it will
also take longer.
Néu téi ném nd véi goc I16n han, thai gian bay cling sé 1au han va néu t6i ném nd trén mat
trang, thai gian sé lau han.
So this makes sense—
Vi vay biéu thirc th&i gian d6 dung - -
these equations are pleasing in terms of the rate that v zero and sine alpha appear in
the equations.
Nhirng phuong trinh nay bién ddi ti I& v3i v khéng va sin alpha trong ching.
But now comes an important point which I am going to use throughout this lecture.
Nhung bay gid dén mot diém quan trong ma tdi sé& dung trong suét chuong nay.
I want to know what OS is.
T6i mudn biét OS bang bao nhiéu.
The distance OS... I shoot it up and it hits the floor again What is that distance that
it travels? Well, for that, I need equation number one.
Khoang cach OS....T6i ban né 1&€n va n6é cham san nha trd lai, khoang cach ma né da di
chuyén la bao nhiéu? O, dé€ tim nd, tdi cdn phuang trinh sé 1.
It is v zero x times the time and v zero x is v zero cosine alpha.
N6 la v khong x nhan t va v khdng x la v khong cos alpha.
We got v zero cosine alpha times the time to hit it—
Chung ta cd v khong cos alpha nhan thgi gian cham n6 - -

that is two v zero sine alpha.
bé la 2 v khdng sin alpha.

So I get a two here, I get a sine alpha, and I get a g here and I have another v zero
there, and so the answer is a v zero squared times the sine of the double angle—

Vi vay téi c6 2 & day, toi cé sin alpha, va toi cé g & day va t6i cé v khong khac 6 do, va
vi vay két qua la v khong binh nhan sin ctia géc nhan 2 - -

remember, two cosine alpha sine alpha is the sine of two alpha--

divided by g.

H&8y nhd rang, 2 cos alpha sin alpha la sin 2 alpha - -

Chia cho g.

And this is OS, and I'm going to need this a lot.

Va day la 0OS, va t6i sé can no nhiéu.

This reminds me not to remove it.

Su danh d&u nay nhéc téi khdng bo né.

Now, I sort of wonder, and you should too why is it that the highest point in the sky
has a v zero squared and why is the farthest point also...

T6i cé phan ngac nhién, va cé thé ban ciing vay tai sao diém cao nhat dé c6 v khdng
binh va tai sao diém xa nhét cling c6 ..........



why does it also have a v zero squared? There must be a way that you can reason
that.

Tai sao no cling c6 v khdng binh? Phai c6 mot cach dé ban Ii giai né.

Why is it not just v zero? Why is it v zero squared? Well, I'll let you argue about the
highest points, and I'll give you a good reason for the distance, OS.
Tai sao n6 khdéng phai la v khong? Tai sao lai la v khéng binh? O, t6i sé chi cho ban bién
ludn diém cao nhét, va téi sé i giai cho ban vé khoang cach OS.

Don't look at the equations.

bUng nhin nhitng phuong trinh.

You simply...

Pan gian ban chi ....

Think for a change.
Nghi vé su thay déi.

Don't look at the equations.
bung nhin nhitng phuong trinh.

I double the speed.

T6i nhan do6i téc do.



If I double the speed, then it's quite reasonable that the time that it takes for the
object to reach the ground will double, but while the time that it flies has doubled the
horizontal velocity has also doubled.

Né&u toi nhan déi téc dd thi thdi gian cadn dé vat thé cham dat sé& tang gép hai, nhung
trong khi th&i gian ma n6 bay da nhan déi, van t6éc theo phuaong ngang ciing nhan doi.

And so the distance that it will travel in horizontal direction is four times that—
Va khoang cach ma nd sé di chuyén theo huéng nam ngang tang 4 lan - -

twice because the time has doubled and another factor of two because the horizontal
component has also doubled.

2 lan vi thdi gian nhan doi va 2 Ian vi thanh phan ngang cling dugc nhan déi.
So that's why you see v zero squared there—

Vi vay do la li do tai sao ban thay v khéng binh & dé

completely pleasing.

Hoan toan hai long.

This tells you immediately that the...
Ngay |&p tlrc, nd cho ban biét réng ...

if you want to throw a ball as far as possible—

Néu ban mubén ném qua bdong xa nhat - -

people who play baseball know that—

nhitng ngudi chai bédng chuyén biét diéu do - -

you should do it at 45 degrees.
Ban nén ném nd vdéi géc 45 do.

Because if you throw it at 45 degrees then this angle, 90 degrees, and that is one.
Bd&i vi n€u ban ném né vai géc 45 do6 thi géc nay 90 do, va do la 1.

Of course, in reality, the baseball player knows better.

Tat nhién, trong thuc té, nhitng nguGi chai bdng chuyén biét diéu nay ro han.

They give effect to the ball, they deal with air drag they spin the ball, and then these
equations are not valid.

Ho tédc dong dén qua bdéng, ching gap luc cdn khéng khi ho xoay qua bdéng, va do dé

nhitng phuadng trinh nay khéng con gia tri.

This is only in case we deal with... with vacuum.
bay chi la trudng hgp ma ching ta xét trong chan khong.

I now would like to test some of the results that we have here...
Bay gi& tdi mudn ki€m tra moét vai két qua ma ching ta cé & day ....
we have worked out here.

Chung ta lam viéc ngoai day.



I am going to shoot a pellet...

T6i s& ban moét vién dan.....

a metal ball.

MOt qua bdéng kim loai.

I'm going to shoot it at various angles: 30 degrees, 60 degrees, 45 degrees and I'm
going to make a prediction if I shoot it up from there, where it will hit the table.

Toi s& thay dbi goc bén: 30 dd, 60 dd, 45 dd va tdi sé tién doan (ng véi cac géc d6 nd
sé cham ban & dau Ung véi cac géc do.

A measurement is meaningless without knowing the uncertainties.

Mot phép do la vé nghia néu khéng cé kién thirc vé sai sé.

So that's the first thing we have to deal with.

Vi vay chung ta phai xét n6 dau tién.

The first thing I want to know is what is the velocity of this bullet when it comes out
of the spring and does it vary if I do it three, five, six times in a row? It's not a
$20,000 spring gun, so it is likely to vary.

Diéu dau tién téi mudn biét la van téc cua vién dan nay la gi khi n6 ra khoi 10 xo va né
cb bién ddi khéng néu tdi badn mét chubi 3, 5, 6 1an? N& khdng phai la cdy sing bay 20
nghin dd, vi vy no cé thé thay dai.

And the way I am going to do that is as follows.

Va cach téi lam diéu do la nhu sau

If I shoot an object vertically up--

Né&u tdi bdn mdt vat Ién cao theo phuong thang

dung - -



that is, the maximum value that it can go—
nghia la, gid tri cuc dai ma nd cé thé dén - -

and with an alpha equals 90 degrees then the sine of alpha is one and the heightis v
zero squared divided by two g.
Va véi alpha b&ng 90 dd thi sin alpha bang 1 va dé cao la v khéng binh chia cho 2g.

In other words, if I measure the height if I shoot it up vertically and you can
measure that for me—

Hay nodi cach khéac, néu téi do dd cao, néu téi bédn né thang ding I1én va ban co
thé do né cho téi - -

you will see how I am asking you to do that—

Ban sé thay toi bao ban lam diéu dé nhu thé nao - -
then we can calculate v zero squared.

Sau d6 ching ta cé thé tinh v khéng binh

So the first thing I want to do is to shoot it up vertically and how are you going to
help me to calculate...

Vi vy diéu dau tién téi mudn lam I1a ban nd 1&én theo phuong thang dirng va ban sé&
gilp toi tinh toan nhu thé nao.....

to tell me how high it is? That comes easier than you think.
The top part...

DE& t6i bao ban nd cao nhu thé& ndo? Pidu dé dé hon ban nghi.
Phan dinh.....

oh, we'll remove this.
Chung ta sé di chuyén céi nay di.

The top part of this stick is three meters, the top mark.
Phan dinh cua thanh nay la 3m, diém cao nhét.

That very top mark is three meters and all I want you to tell me whether it is yay
much above or yay much below and then we'll estimate that yay much and then we'll
make a guess.

Diém rét cao d6 1a 3 m va tat ca nhitng gi t6i mudn ban cho téi biét 1a & trén bao nhiéu
hodc & dudi bao nhiéu va sau d6 ching ta sé udc tinh cai dé la bao nhiéu va roi chidng ta
sé& doan.

And I'll do it twice.
Va toi sé lam hai lan.

So if you are ready? Make sure that you can distinguish between above and below—
Vay néu ban san sang? Hay chdc chdn rang ban cé thé phan biét gilta trén va dudi - -

it makes a big difference, yeah?
No tao ra su khac biét 16n, phai
khéng?

Okay? Three, two, one, zero.
R6i phai khong? Ba, hai, mot,
khong.

[ball whooshes]



Okay, was it higher or lower? CLASS: Higher.
Vang, no la cao hon hay thap hon? Lép: cao han.

LEWIN: How much? This much? Do we agree? Let's say five centimeters, right?
Lewin: bao nhiéu? Cai nay bao nhiéu? Ching ta déng y khong? Khoang 5 centimet,
dung khéng?

We're going to allow for an uncertainty.

Chulng ta sé cé mot sai s0.

I'll do it again.
Toi sé lam lai lan nira.

I want to see how well it reproduces.
T6i mudn thay ndé 1ap lai tét nhu thé nao.
Three, two, one, zero.

Ba, hai, mo6t, khong.

[ball whooshes]

[students shout out answers]

Lower? STUDENT: Higher.

Thép hon ha? SV: cao han.



LEWIN: Higher! So it was 10 centimeters, five centimeters higher so we'll take
seven.

Lewin: cao hon! Vi vay né la 10 centimet, cao han 5 centimet vay ching ta sé lay
7

So we'll make seven and we'll have to allow for an uncertainty.

Vi vay chung ta ldy 7 va ching ta sé cé mot sai s6

So h max... is about 3.07.
Vay h max............ khoang 3.07.

I've done this this morning 20 times and there were times that the heights differed
by more than 10 centimeters, sometimes even 15 centimeters.

HGi sang nay t6i da lam thi nghiém nay 20 lan va cé nhiéu lan dd cao chénh nhau haon
10 centimet, thinh thoadng dén 15 centimet.

I therefore would feel most comfortable if you allow me an uncertainty of 15
centimeters in that height.

Do do t6i sé cAm thay rat thoai mai n€u ban cho tdi sai sé la 15 centimet trong do cao
do.

Remember, once we start shooting at 30 degrees, there is no way that we can
evaluate the velocity anymore.

H&8y nhd rang, moét khi ching ta bt ddu ban véi mot goc 30 dd, khdng cb cach

nao dé ching ta danh gia van téc nita.

We have to just take this value at face value.
Chung ta phai lay gia tri nay ngay tai géc 90 do.

This is the way we've measured v zero, and that's it.
Pay la cach ma ching to do v khong, va dé la né.
This is a five percent error, five percent.

bay la sai s6 5 phan tram, 5 %.

So what now is v zero squared? Well, that's easy to calculate now.
Vi vay bay gid v khong binh la bao nhiéu? 0, rat dé tinh.
V zero squared equals 3.07 times 2 times 9.8...

V khéng binh bdng 3.07 nhan 2 nhén 9.8.........

Oh, my calculator was off; that's a detail.

Oh, may tinh cla téi tat; chuyén nho

Um, 3.07 times 2 times 9.8—

Uh 3.07 nhéan 2 nhan 9.8

that is 60.17.

béng 60.17.

I'd like you to chec’k that.
T6i mudn cac ban kiém tra nd.

60.17 plus an error of five percent.
60.17 vdi sai s6 5 %



That is an error of three so you might as well make this 60.2.
D4 la sai s6 tuyét dbi 3 vi vay ban ciling cé thé cho cai nay bang 60.2.

Would you please confirm that, that I didn't make a mistake? 3.07 is h max—
Ban cé vui 1dng xac nhén diéu dd, xem tdi cb sai ché nao khéng? 3.07 l1a h max - -

I multiplied by two, by 9.9, and 60.2 There's a five percent error and a five percent
error is indeed three.

To6i nhén 2, bang 9.9, va 60.2.Cé sai s6 tuong ddi 5% va sai s tudng d6i 5% Ung vdi
sai sO tuyét déi la 3

This is meters squared per second squared.
bay la mét binh trén giay binh.

I don't care what v zero is because if we are going to measure OS all I need is v zero
squared.

T6i khdng quan tdm v khdng b&ng bao nhiéu vi néu téi do OS tat ca nhirng gi toi can la v
khéng binh.

And if you at home are going to calculate what the height will be at the various
angles all you need is v zero squared.

Va néu vé nha ban tinh d6 cao bang bao nhiéu 'ng véi cac géc khac nhau, tat ca
nhifng gi ban can ciing chi la v khéng binh.

So I am not even interested in v zero.

Vi vay t6i khong quan tam dén v khong.



I'll just stick to v zero squared and v zero squared will have exactly the same
uncertainty.

Toi s& chi gan bd vai v khdng binh va v khéng binh sé& c6 cung sai s6.

It will have an uncertainty of five percent because it comes immediately from h.
Sé cb sai s6 khoang 5 % do h

We are not going to change that.

Chung ta sé& khdng thay ddi diéu do.

Okay, so, so much for the uncertainty in v zero squared.
Vang, qua, qua nhiéu sai so trong v khong binh.

Now I'm going to set the angle at 45 degrees but how accurately can I do that? I
don't think I can do that any better than one degree.

Bay gid toi s& thiét 1ap géc bang 45 dd nhung toi cé thé Iam diéu dé chinh xac nhu
thé& nao? Toi nghi tdi khdng thé diéu chinh chinh xac hon 1 dd.

I'll try to do the best I can.

T6i sé c6 lam hét kha nang.

I can't really guarantee you that I'm accurate to one degree.
To6i that sy khong thé ddm bao véi cac ban téi cé thé chinh chinh xac hon 1 dé

So now comes the question what happens with the sine of two alpha because we're
going to measure 0OS? What happens with the sine of two alpha? The sine of 90
degrees is 1.0000.

Vay bay gid dén cau hoi diéu gi xay ra vdi sin 2 alpha vi chling ta sé do OS? biéu gi
Xay ra vdi sin 2 alpha? Sin 90 d6 la 1.0000.

But what would be the sine of 88 degrees? That is the value that I cannot exclude if
I'm off by one degree.

Nhung sin 88 d6 sé& la bao nhiéu? D6 1a gia tri ma téi khéng thé loai trir vi sai s8 trong
phép diéu chinh alpha la 1 do.

And that value is 0.9994.

Va gia tri dé la 0.9994.

That is so close to one that it is only off by 0.6%... 0.06 percent.
Gia tri do6 cling gén bang 1, chi chénh léch khoang 0.6%....... 0.06%

And that is so low, compared to five percent, forget it.
Va né qua nhd so véi 5%, vay hay bé qua no.

Forget the error in alpha.

B& qua sai s6 trong phép diéu chinh alpha.

We can completely forget it.



Chung ta cé thé hoan toan bd qua né.

There's a reason for that.
C6 mot li do cho diéu do.

When alpha is 45 degrees, then 2 alpha is 90 degrees and the sine curve goes like
this at 90 degrees.

Khi alpha bdng 45 d6, thi 2 alpha bang 90 dd va dudng cong hinh sin giéng nhu thé
nay tai 90 do.

It's almost flat here.
N6 gan nhu phang & day.

So even if you're off an angle by a little bit you're still very close to one--
that's the reason.

Vi vdy cho du ban léch mdt géc nhd, nhung ban van con rat gan 1 -

Do la li do

So all we have to worry about is the uncertainty in v zero squared.

VI vay t4t ca chiing ta chi cdn quan tdm dén sai s& cla v khong binh.

And so now comes my big prediction.

Va bay gid dén tién doan quan trong cua toi.

I'm going to make a prediction now: for 45 degrees, OS equals v zero squared.
Bay gid, tdi s& tién dodn: ddi véi géc 45 dd, OS bang v khdng binh.

We have that.

Chung ta c6 diéu do

That is 60.2.

Dbé la 60.2.



And we have the sine of twobalpha is one and we divide by 9.8.
Va ching ta c6 sin 2 alpha bang 1 va ching ta chia cho 9.8.

That is 6.14 meters with an uncertainty of five percent, right? Because that is the
uncertainty in v zero squared and so there is an uncertainty of 30 centimeters,
actually 31 centimeters.

K&t qua 1a 6.14 mét véi sai s& 5 %, ding khdng? VI dé 1a sai s ctia v khong binh va
vi vay nd Ung véi 30 centimet, thuc su la 31 centimet.

This is my prediction for an angle of 45 degrees.
Pay la tién doan cula téi vé mot goc 45 dé.

This will only hold if there is no air drag or if the air drag is negligible, and of course,
equally important, that that spring gun—

Diéu nay chi duing néu khong cd luc can ctia khéng khi hodc luc can khong khi bi bo qua,
va tat nhién, cling quan trong khong kém, 1a cay sing bay dé - -

when the ball comes out—
khi qua bdng di ra

that the velocity squared is indeed within the range that we have assumed and that
it doesn't have bad days and good days.

Van téc binh phugng ndm trong khoang ma ching ta gia s chr khdng phai lic nay
lUc khac
There's no way I can check that anymore.
Khéng con cach nao dé téi ki€m tra diéu do6 nira.
All right, so we're going to mark the .614.
bugc roi, vay ching ta sé danh dau .614.
This is one meter, two meters, three meters, four meters five meters, six meters,
6.14.
baylaim,2m,3m,4m,5m6m,6.14
One four... 14 centimeters.

Mot bon......14 centimet

Boy, God, it's all the way here.
Trdi, cac ban adi, no la tat ca dudng & day.

And then I allow for an error of about 30 centimeters.
Va do dé toi cho phép sai s6 khoang 30 centimet.

Did I do that right? That is correct, 45 degrees with 30 centimeter uncertainty.
T6i lam diéu dé phai khong? Chinh xac, 45 d6 véi sai s6 30 centimet.

That is all the way up to here.

D6 la tat ca dudng I1én dén day.

And then the next one, roughly 30 centimeters.
Va sau dé cai ti€p theo, khoang 30 centimet.



So that's where, if our calculations make sense that's where the ball should hit.
Vi vay doé la nai, néu tinh toan cua ching ta ding dé la ngi ma qua bong sé cham.
Now I would like you to come here, if you don't mind.

Bay gid t6i mudn mot ban Ién day, néu ban khéng phién.

Stand here, and the moment that that ball hits...
blng day, va liuc ma qua béong cham.........

[whooshes]

point your finger at it.
Chi ngdn tay cua ban vao né.

Don't do it before I shoot, but just after I shoot.

Plrng lam nd trude khi tdi bdn, ma chi sau khi téi bén

And then we'll hope for the best, yeah? Okay.

Va sau dé ching ta hi vong diéu tot dep, phai khéng? Vang

You're not nervous, right? Where... what happened with that ball that I had? Did I

put it in my pocket?

Oh, it's here.

Ban khdng cdng théng, ding khéng? O dau......... Diéu gi xay ra vdi qua bong ma téi c6? Toi

dat no trong tui cua toi phai khéng?
Oh, n¢ day.



Thank you.
Cam on.

So I'm going to set it now, to the best I can, at 45 degrees.
Vi vay t6i sé diéu chinh ngay bay gid dén muc tét nhat ma toi
cé thé, gbc 45 do.

And so I can never shoot it any further, this is the angle...
Va vi vay tbi cé thé ban nd xa hon nita, day la géc............

this is the maximum possible distance.

bay la khoang cach cuc dai kha di.

You ready? You are? Don't look at me, look there.

Ban sdn sang chua? Ban sdn sang phai khdng? BUng nhin tdi, nhin vao dé
It goes fast.

N6 di nhanh day.

Three, two, one, zero.
Ba, hai , mot, khong.

[gun clicks]

LEWIN: Put your finger there!
Lewin: dat ngoén tay ban G do!

[class laughs]

Isn't that fantastic? Isn't that amazing? Do you see now how important it is that you
have uncertainties in your measurements? In high school, you would have said it has
to hit there.

NG khéng la phai khdng? N6 khéng vui phai khéng? Bay gid, ban co6 thdy d ugc sai s6 trong
phép do la quan trong nhu thé& nado chua ? O phd thdng, ban s& ndi rang ndé cham diém dé.
Boom, man, it has an error.

Bum, cac ban, n6 co sai so.

[class laughs]

And the error has to be taken into account.

Va sai s6 phai dudc tinh dén

Where's my ball, by the way?

Tién day t6i hoi cac ban, qua bong cua téi 6

dau?

Boy...

Céac ban.........

Oh, I have it, ooh, here.



Oh, t6i co6 rodi, oh ,day

[grunts]

Okay, you can sit down now.
Vang, bay gid, ban cé thé vé ché
You did great.

Ban lam t&t 13m.

It worked just because you were there.
N6 dung chi vi ban & dé.

[class applauds]

Now I wonder what happens if I fire the ball at 30 degrees? If I do it at 30 degrees,
then my v zero squared is the same.

Bay gid té6i mudn biét diéu gi sé& xay ra néu tdi bdn qua bdng véi géc 30 dd? NEu toi
b&n nd vdi géc 30 dd thi v khdng binh cla téi tusng tu

I don't have to worry about that, I hope.
T6i ko phai lo 1dang vé diéu dé, téi hi vong vay

However, I cannot be certain about the angle to better than one degree.
Tuy nhién, t6i khong thé chdc chén vé sai s6 cua goc tét hon 1 d6.



So you will say, "Well, come on now, don't be decadent.
VI vay ban s& néi, * Théi nao, dirng cé sa sut”

"I mean, here we had an error of only 0.06 percent "because of this one degree...
“ t6i mudn noi la, & day ching ta chi cé sai s6 0.06%"” vi mot géc nay.........

possible one degree offset.

C6 thé c6 mdt dd dich goc

Let's just ignore this error, too." Ooh,... that is risky.
Hay bd qua sai s6 nay. O, ...... mao hiém.

That is risky, now because the sine of 60 degrees—

Diéu dd 1a mao hiém bdi vi bay gid sin cliia 60 do - -

that's what you deal with—

D6 la nhitng gi ban dang xét - -

the sine of 60 degrees, I think, is 0.866.

sin cla 60 do la 0.866.

That's right.

bung roi.

But the sine of 58 degrees which is possible if I'm one degree under ~is 0.848, and
that is substantially lower.

Nhung sin ctia 58 dd cling c6 thé cé vi co sai s6 1 dd, bang 0.848, va vé cén ban dod la
thap haon.

And therefore I must allow for an uncertainty in the sine of the angle by roughly, oh,
maybe something like 17 or 18 units—

Va do dé toi phai cho phép sai sb trong sin ciia géc khoang , oh, co |Ié khoang 17 hoac

18 don vi - -

0... what is this difference? 0.018.

0.
0.0.......... Su khac nhau nay la gi? 0.018.

If you want to check what the sine of 62 degrees is you will see that that is about
this much higher than this so we must allow for this error

Né&u ban mudn kiém tra sin cua géc 62 dd la gi ban sé thiy réng né 16n hon nhiéu so
v@i cdi nay vi vay ching ta phai cho phép sai s6 nay.

And that is an error which is by nho means negligible anymore.

Va dd |a sai s6 tuyét nhién khdng thé bé qua.

There's no point here.

Khéng c6 cham & day.



That is an error which is 18 divided by 866.
D6 la sai s6 = 18 chia cho 866

That is a two percent error.
PO la sai s6 2%

So now we're dealing, all of a sudden with a two percent error in the sine of two
alpha even though there is only one degree of uncertainty in the angle.

Vi vay bay gid ching ta cd sai s6 2% trong sin 2 alpha cho du chi cé sai s6 1 d6 cua
goc.

And the reason is that a sine curve is like so.

Va do la li do ma do thi ham sin gibng nhu vay.
So a small angle change here makes no difference but a small angle change here
makes a lot of difference.
VI vy mdt su thay ddi géc nho & day khdng tao ra su khac biét nhung mot su thay
d6i géc nhd & day tao ra nhiéu su khac biét.
And that's the reason and you can see that it is the slope of the sine curve that gives
you a much larger error if you are off by a teeny-weeny, little bit.
Va dd 1a li do va ban cé thé thdy rdng hé sé gbc cla dudng hinh sin 1am cho ban sai s6
nhiéu han néu ban Iéch nho.
So now we are ready to make a prediction.
Vi vdy bay gid¥ chiing ta sdn sang tién doan.
So here comes the prediction.

Vi vay bay gid dén mot su tién doan.

OS now for 30 degrees...
Bay gidg, doi vaGi goc 30 do, OS la..........

So I have to go through v zero squared--

Vi vay t6i phai hoan thanh v khéng binh - -



I have that, 60.2 and then I have to multiply by the sine of two alpha that is, the
sine of 60...

TOi c6 60.2 va sau dé toi phai nhan véi sin goc 2 alpha nghia la, sin 60 do0 .............. .

multiply...

and then I think I have to divide by g.
va sau do to6i chia cho g.

That is right, 9.8, and I find 5.31, plus or minus.
bung roi, 9.8, va téi tim ra dugc 5.31, cong tru.

Now, two percent error in the sine of two alpha five percent error in v zero squared
that gives me—
Bay gid, sai s6 hai phan tram trong sin 2 alpha 5 % trong v khéng binh cho t6i

I can't help it—
T6i khéng thé tranh nod - -

a seven percent error.
Sai s6 7%

So I have a seven percent uncertainty, multiply by .07 so I cannot trust this any
better than 37 centimeters.
Vi vay to6i c6 sai s6 7%, nhan .07 vi vay sai s6 tuyét déi la 37 cm.

And so now I'm going to put the markers out at five meters and 31 centimeters.
Va vi vay bay gidg toi sé dat vat ghi bén ngoai tai 5m va 31 cm.

T_his is the five-meter mark, 31 centimeters and I allow for 37 centimeters on either
nglé danh ddu 5m, 31 cm va t6i cho phép 37 cm & ca hai phia.

It's here... and 37 centimeters on this side, that is here.

N6 & day.......... va 37 cm & phia nay, & day.

I'm going to set the angle to 30 degrees.

TOi sé quay goc nay téi 30 do.

Yeah, yeah, come here.
Vang, vang, dén day.

We need woman power here.
Chlng ta can moét ngudi phu nir manh mé & day.

[class laughs]
Stay here.
blng tai day.

Stay out of the fire line, and when that ball hits you jump on it, yeah, you jump on



it.

& ngoai dudng bén, va khi qua béng dé cham ban chinh nd, vang, ban chinh né.
Okay, everything under control Five... make sure I marked it right, five meters,
three one, that looks about okay.

ROi, moi thr d& san sang 5......phai bao dam rang t6i d& danh ddu n6 ding, 5 m, 3
1, cé vé gan dudc.

And now I have to change)the angle to 30 degrees.
Va bay gid toi phai thay doi goc dén 30 do.

[grunts]
Okay, this is as close as I can do it.
Okay, you ready? You are? Three, two, one...

ROi, cac ban sdn sang chua? Ban sdn sang rdi phai khéng? Ba, hai, mot.......... .

[ball whooshes]



[Lewin shouts]

Lewin: Hit the jackpot!
Lewin: Thanh cong Ién!

[class cheers and applauds]
Incredible.
Khéng thé tin dugc.

What you can argue now, and successfully—
NH{rng gi ban cé thé tranh luén bay gid, va thanh cong - -

you could say perhaps you have been a little too conservative on your errors, and I
admit that.

C6 18 ban cé thé ndi ban khéng qua thén trong véi sai sé cua ban, va téi chdp nhéan diéu
do.

But believe me when I did this morning this five, six times that the error in v zero
was quite substantial.

nhung hay tin t6i vi khi t6i lam cdi nay vao sang nay 5, 6 |an ma sai s6 cua v khong
hoan toan dang ké

The high differences were sometimes 15 centimeters and so I had no choice.
Thinh thoang su chénh Iéch nhiéu cd 15 cm va vi vay t6i khong cé chon lua.

But it looked like we were a bit on the conservative side.

Nhung cé vé ching ta can than trong.

Suppose, now, I repeated this experiment at 60 degrees.

Gia sur bay gid to6i lap lai thi nghiém nay tai géc 60 d6.

What will change?

Cadi gi sé thay déi?

What will change? Will OS change? No, because the sine of 120 degrees is the same
as the sine of 60 degrees.

Céi gi s& thay dGi? OS sé thay ddi phai khdng? Khdng, vi sin 120 dé gidng nhu sin 60
do.

You have two alpha here.
Ban c6 2 alpha & day.

The sine of 60 is the same as the sine of 120.
Sin 60 d6 giéng nhu sin 120 d0.

If you allow for an uncertainty of one degree on either side you will find exactly
these same numbers because of the symmetry of the sine curve.

Néu ban cho phép sai s6 mot d6 & ca hai phia ban sé tim dugc chinh xac nhirng sé
giong nhu thé nay vi su déi xirng ctia d6 thi ham sin.

So again, you are off by two percent—
Vi vay moét lan nira, ban léch 2 % - -

no difference.



Khoéng co gi khac biét.

And so this prediction is unchanged.
Va vi vay tién dodn nay khdng thay daéi.

However, I want to ask you one question to see whether you are half-alert or half-
asleep.
Tuy nhién, tdi mudn hoi ban mdt cau hoi d& xem ban cé nira tinh nra mé hay khong.

At 30 degrees, you saw this.
Tai géc 30 d6, ban thady nhu thé nay.

At 60 degrees, giving it the same initial speed you will see this.
Tai goc 60 do, cho nd van t6c ban dau ban sé thdy nhu thé nay.

It will have to hit here within the uncertainty of our measurements at the same
location.
NO sé phai cham vao day trong sai sé clia phép do cua chung ta tai cung vi tri.

It will, of course, go much higher.

T&t nhién, nd sé di cao han nhiéu.



You can calculate that because you will have to use this for the equation for the
height and that goes with the sine of alpha.

Ban cé thé tinh todn cai dé vi ban s& phai dung cdi nay cho phuong trinh dé cao va
cai dé di vdi sin alpha.

The sine of alpha for 60 degrees is way higher than 30 degrees.
Sin alpha géc 60 d6 la dudng cao han 30 do.

But now comes a question—

Nhung bay gid dén mét cau héi - -

will this trajectory take longer than this one or will they take the same amount of
time? Who is for the same amount of time?

QuY dao nay cé thdi gian chuyén dong dai hon quy dao nay hay chidng sé& chuyén
dong cung mét lugng thdi gian? Ai tra IGi la cing moét khoang thdi gian?

Who is for longer? Who is for shorter?

Ai tra Igi dai hon? Ai tra 18i ngdn hon?

Okay.

Vang

I am happy with one set of figures and unhappy with another set of figures.
T6i vui v8i mot s6 ngudi va khéng vui v8i mot sé ngudi.

What is the horizontal velocity of the golf ball when it takes off? If the velocity is the
same in both cases can't you see that this horizontal component is way larger than
this horizontal component? And if they travel the same distance then this trip must
take longer because it's the horizontal component in the x direction that determines
how long it will take to go from here to there.

Véan t6c theo phudng ngang clia qua béong gén |a bao nhiéu khi né bat dau chuyén
ddng? Néu van t8c gidng nhau & ca hai trudng hgp, ban sé thdy rdng thanh phan ndm
ngang nay Idn han thanh phdn ndm ngang nay, ding khdng? Va néu ching di chuyén
v@i cung khoang cach thi chuyén di nay sé mat thdgi gian lau han vi thanh phan ngang
cla chung theo hudng x xac dinh né di tir day dén dé mat bao lau.

Suppose I shot it straight up.
Gia sUr téi ban nd theo phuadng thang ding.

How long do you think it will take to hit here?

Ban nghi n6 s& mé4t bao 1du d& cham vao day?

It has no horizontal component, all right? So think about this—

N6 khéng c6 thanh phan ndm ngang didng khéng? Vi vay hdy xét cai nay - -

this trajectory will take longer but it ends up at the same point.

QuY dao nay s& méat nhiéu thdi gian hon nhung ching két thic tai cuing mét diém.
All right, number three.

bung, s6 3.

Can you come here? So I don't have to change these markers.
Ban co thé dén day khdng? VI vay tdi khéng thay d6i nhitng vat danh ddu nay.

They're all perfect provided that nature is willing to reproduce itself.



T4t ca chiing hoan hao mién 13 thién nhién tu tao lai.

60 degrees...
60 do

So he'll go way higher, but if all goes well, it should hit within the same marks.

VAy né sé di theo dudng cao han, nhung néu tat ca di t6t, nd s& cham clng chd danh
dau.

Ready? Three, two, one, zero.

S&n sang chua? Ba, hai, méot, khong.

[ball whooshes]

[ball whacks table]

LEWIN: Here, man.

Lewin: day, cac

ban.

Yeah, here, right? Thank you very much.
Vang, & day, dung khéng? Cam on.

Wonderful! Look! Maybe my uncertainties were not so dumb.
Tuyén v&i! Nhin nay! Cé I& sai sb cua téi s& khéng qua ngd ngan.
We were just lucky here with the jackpot.

Chung ta vira may man & day vdi thanh cong.

It's comfortably within the error, but close to this one so I am quite happy that I
took the uncertainties the way I did.

Rat thoai mai trong sai s6, nhung gan vdi cai nay vi vay toi hoan toan hai long vdi sai s6
theo cach ma t6i chon.



Can we recover the ball? Did someone see it take off? Oh, yeah.
Chulng ta cé thé lay lai qua bong khdong? Co ai dé thdy nd xuat phat khéng? Oh, vang.

All right, now we will enter a different part of this lecture.
R6i, bay giG chung ta sé di vao phan khac cta chudng nay.
which is actually a very... a very sad part.

N6 that su la mét phan rat rat toi.

You know that people in Africa shoot monkeys.

Ban biét rdng ngudi chdu My hay ban khi.

There is a monkey here in a tree—

O day c6 mot con khi trén cay - -

very happy.
Rat hanh phuc.

[class laughs]

LEWIN: And here is a hunter...
Lewin: va day la mot thg san.......... .

who never took 801 and he has a gun, which is a golf ball gun and he aims that gun
right at the monkey.

Anh ta khéng bao gig 1ay 801 va anh ta co6 sling, nd la cay sung c6 qua béng gbén va
anh 8y nham slng vao ngay con khi.

He shoots it with a certain velocity, the golf ball.
Anh &y ban qua bdéng gon vdi mét van téc nao do.

Let this be speed v zero, so the horizontal component—

bat cai nay la v khéng, vi vay thanh phan ngang - -

you're going to see that again and again—

Ban sé thay diéu dé mot Ian nira va moét 1an nira - -

v zero cosine alpha and the vertical component equals v zero sine alpha.
v khéng cos alpha va thanh phan thdng dirng b&ng v khéng sin alpha.

Let this be my increasing value of y and this be my increasing value of x.
Chon cai nay la chiéu tang cla y va cai nay la chiéu tang cua x.

This golf ball...

Qua bong gon nay........

this... this golf gun, is really not first-class, thank goodness.



Cai nay......cay sung gon nay, thuc su khong phai la loai tét nhat, an chuda
And so when the hunter shoots this golf ball, this happens.

Va vi vay khi thg sdn bdn qua bdong gon nay, diéu nay xay ra.

And it ends up here at point p.

Va no két thic & day tai diém p.

Lucky monkey, so far.
Lac nay, con khi may man.

Now, it is very tragic but true that when the monkey sees the flash of the gun, it lets
go.
Bay gid nd rat bi tham nhung su that la khi con khi thdy déen nhay cua cay sung, né sé
di.

[class laughs]
And now comes the question--
Va bay gid toi cé cau hdi - -
is the monkey safe or is this the last day of the monkey?
Con khi an toan hay day la ngay cudi cung cua né?
[class laughs]

I ask the following question.
To6i trd I8i cdu hoi nhu sau.



This would be trajectory with no gravity and this is the trajectory with gravity.
bay sé la quy dao khi khdng co trong luc va day la quy dao khi co trong luc.

We can both agree on that.

Tat ca chung ta déu dong y vé diéu do.

At a certain moment, t1, let us assume that the golf ball would have been here
without gravity.

Tai thdi diém t 1 nao do6, hay gia s réng qua bong gén sé& & day ma khong cé
trong luc.

Then I know exactly where it is with gravity.
Thi t6i biét chinh xac n6 & dau khi cé trong luc.

It must be exactly here because the x position, xt1, is the same because the
horizontal velocity is the same.

N6 phai chinh xac & day vi vi tri x, xtl la gibng nhau vi van téc theo phudng ngang
giéng nhau.

That's independent of whether there is gravity or not.

biéu d6 khong phu thudc vao viéc cé hay khéng cé

trong luc.

There is no acceleration in the x direction.

Khoéng c6 gia toc theo hudng x.

And so they are both exactly at the same x position.

Va vi vay ching dong thgi & cung vi tri x.

What is this difference? Well, that is the difference between the equation with gravity
and without gravity.

Su khac nhau 13 gi? O, d6 1a su khac nhau giifa phuong trinh cé trong luc va phuong
trinh khéng c6 trong luc.

And y as a function of time—
Va y la ham theo thdi gian - -

you can look at equation number three there if you can still see it—
ban cé thé nhin phudng trinh s 3 néu ban van con thay no --

equals v zero y, which is v zero sine alpha time t minus one-half gt squared.
Bang v khdng y, bdng v khdng sin alpha nhan t trir Y2 gt binh.

Well, if there is no gravity, this term doesn't exist because that's this straight line.
O, néu khéng cé trong luc, s6 hang nay khdng tén tai vi dé [a dudng thang nay.

[whooshes]
With gravity, it's the same thing but you have to subtract this.
Khi ¢ trong luc, né giéng nhu vay nhung ban phai trir cai nay.

Therefore, this distance is one-half g t1 squared.



Do doé , khoang cach nay la 2 gtl binh.

That is this distance so this curve is lower by this amount.
Do la khoang cach nay vi vay dudng cong nay thap han mot lugng nay.

Now comes the time that the golf ball hits point p.
Bay gi& dén thdi gian ma qua béng gén cham diém p.

When its position is x t2 and the time here is t2 that means if there had been no
gravity the golf ball would have been there.

Khi vi tri cla nd la x t2 va thdi gian & day la t2 diéu d6 cé nghia la néu khong co
trong luc qua béng gon sé & do.

They must have the same position in x at this catastrophic moment.

Chulng phai cé cung vi tri theo x tai th&i diém tham khéc nay.

So what now is the distance between the monkey and the golf ball—

Vay bay gic khoang cach gilra con khi va qua béng gbn la bao nhiéu - -

the distance between the two trajectories—

Khoang cach gilra hai quy dao - -

one trajectory, no gravity; the other with gravity? This distance equals one-half g t2
squared for that same reason.

M6t quy dao khéng cé trong luc; cdi con lai cé trong luc? Khodng cach nay bdng 2 gt2
binh vi cung li do dé.



And we all know that if the monkey at time t equals zero let go that in t2 seconds it
will have fallen exactly over a distance one-half g t2 squared—

Va t&t ca chlng ta biét rang tai thai di€m t =0, néu con khi bat dau di trong t 2 gidy nd
sé rgi chinh xac trén khoang cach 2 gt2 binh

exactly.
Chinh xac.

This couldn't be more tragic.

NS khdng thé tranh dugc bi kich.

And he will be killed.

Va né sé bi giét.

You may say, "Well, yeah, but you have manipulated the speed of that gun just so
nicely." Oh, no. Oh, no.

Ban cé thé& ndi, "6, vang, nhung ban da diéu khién van téc cia khdu siing qua tét.”
Oh, khéng. Oh, khdng.

I can shoot that with a higher speed at the same angle alpha and the trajectory
would be this and the monkey would be killed there.

Tbi c6 thé bdn cdi d6 véi van téc cao haon tai ciing gbc alpha va quy dao la cai nay
va con khi sé bi giét & do.

I can do it with a lower speed and the monkey would be killed here.
Toi cling cé thé bén véi van t8c nho hon va con khi sé bi giét ¢ day.

It's independent of the speed of the bullet because always this part here—
biéu dé khong phu thubc vao van téc ciia vién dan vi phan nay ludn luén &
day - -

it's always exactly the distance that the monkey falls in that time.

N6 luén chinh xac bdng khoang cach ma con khi rai trong thaGi gian do.

However, if the speed is very low—
Tuy nhién, néu van toc rat thap - -

that it hits the ground before the monkey hits the ground—
nghia la né cham dat trudc khi con khi cham dat - -

well, okay, then the monkey is safe.

O, vang, con khi s& an toan.

So the only thing that is very, very critical is alpha.

Vi vay th(r duy nhat rat, rat then chét la géc alpha.

It must be precisely aimed at the monkey.

Né phai dugc nham chinh xac dén con khi.



If that's not the case, then the monkey will be safe.
Né&u khéng nhdm ding alpha thi con khi s& an toan.

Now before we will witnhess this classic and rather tragic drama, I want to look at this

from a somewhat different point of view namely from the point of view of the

monkey.
By giG trudc khi chiing ta chiing kién vd kich c6 dién va hai bi kich nay, t6i muén nhin
lai diéu nay tUr quan diém hgi khac cé tén la nhin tir quan diém cla con khi.

The monkey sits there, looks at the gun and the golf ball comes to the monkey.
Con khi ng6i dé, nhin siing va qua béong gon dén nd.

And I will put them both in a room which is an elevator and the elevator is in free fall
and they don't even know that.

Va tbi sé dat tat ca chdng vao bubng thang may va thang may rdi tu do va ching khéng
hé biét diéu do.

They both fall with the acceleration g.
Tat cad chung cé gia téc g.

Here is the monkey, free and here is the gun.

bay la con khi, tu do va day la cay sung.

The velocity of that bullet is v zero.

Van téc cla vién dan la v khong.

And so the monkey will see that bullet come straight at him.
Va vi vay con khi s& nhin vién dan dé di thdng t&i nd.

There's no such thing as an arc.

Khéng phai la mét quy dao vong.

They both fall in this falling grav...

Tat ca chung rgi trong trudng trong luc.......



in this falling elevator.
Trong thang may nay.
And so the bullet comes...
Va vi vay vién dan dén..........
[kisses]
The monkey happens to be a very intelligent monkey and the monkey says to
himself, "How long do I have to live?" And the monkey makes the following
calculation.
Con khi rat théng minh va con khi tu néi” Ta con séng bao lau nira day?” Va con
khi lam phép tinh nhu sau.
[class laughs]
LEWIN: If this distance is d, and this is h, then the monkey says "Aha, this is the
square root of d squared plus h squared." So from the monkey point of view, the
time for the Kill will be the square root of d squared plus h squared divided by v zero.
Lewin: Néu khoang cach nay la d, va day la h, thi con khi ndi “Aha, day la can bac hai
cta d binh cdng h binh.” VI vay tir quan diém cta con khi, thdi gian ma cai chét sé& dén
v@i nd la can bac hai cta d binh + h binh chia cho v khéng.
That's how many seconds he has to live.
D6 la thdi gian ma nd con séng.
Well, you people are also quite smart and you look at this diagram and you said,
"No, no way." If this distance is D then the speed to reach this point is v zero cosine
alpha.
O, ban con ngudi cling ludn ludn théng minh va ban nhin sd d nay va ban noéi, “khéng,
khoéng hdn.” Néu khoang cach nay la D thi téc d6 dén diém nay Ia v khdng cos alpha.
In other words, the time that it takes for this object to reach this value of x...
Hay nodi cach khac, thdi gian dé vat thé nay dén gia tri x nay........
So, for 26.100 MIT students t kill equals D divided by v zero cosine alpha.
Vi vay, dbi v8i 26.100 nhirng Sinh vién ctia MIT viét t kill bdng D chia cho v
khéng cos alpha.
But what is the cosine of alpha? That is D divided by the square root of D squared
plus h squared.
Nhung cos alpha la bao nhiéu? N6 la D chia can bac hai ctia D binh cdng h binh.
So I can replace this cosine alpha by D divided by the square root.

VI vay tdi ¢ thé thay cos alpha nay b&ng D chia cho cin bac hai.

So I can replace this cosine alpha by D divided by the square root.

And you and the monkey agree exactly on the amount of time that the monkey has



to live.
Va ban va con khi thoa thuan chinh xac vé khoang thdi gian ma con khi con séng.

It bet'_cer be that way, because this could not depend on which reference frame you
'Ivyc‘”J)trllf\cli:_lé cach dé, vi cdi nay khong phu thubc vao hé quy chiéu ma ban lam lam viéc.
the falling reference frame or, for that matter the reference frame of 26.100.

hé quy chiéu rgi hoac hay hé quy chiéu cta 26.100.

The monkey will be placed at about three meters above the table.

Con khi ndm cach ban khoang 3 m & phia trén.

We all know that it takes about 0.8 seconds.
T&t ca ching ta déu biét rang mat khoang 0.8 giay.

We have done many experiments at three meters.
CHUNg ta da thuc hién nhiéu thi nghiém tai 3 m.

It takes about 0.8 seconds.

Mat khoang 0.8 giay.

So the whole thing will go very fast.
Vi vay toan bo su viéc sé dién ra rat nhanh.

We are going to put a monkey up there.

Chulng ta sé dat con khi [én do.



I want you to first see the trajectory of that golf ball before we bring the monkey in.
Pau tién té6i mudn thay quy dao clua qua béng gon dé trudc khi ching ta mang con khi
tai.

It is already so painful for this monkey.
N6 sé lam con khi dau dén.

You don't want him to pre-experience what's going to happen.
Ban khong mudén né thay nhitng gi xay ra trudc khi thuc nghiém.

So we will do this in the absence of the monkey and we will let you...
Vi vay chung t6i sé lam diéu nay khi khéng cé con khi va ching toi sé chi cho ban.

I will let you see what roughly the trajectory of that bullet will be.

T6i sé cho ban biét quy dao cua vién dan cé dang nhu thé nao.

Three, two, one, zero.

Ba, hai, mo6t, khong.

[gun claps]

[ball bouncing]

So it will hit somewhere here.

Vi vay no sé cham dau dé

quanh day.

That's that point p.

Do Ia diém p do.

So when you're going to see the drama in action this is where the monkey will reach
when the two hit each other.

Vi vay khi ban thdy vé& kich dién ra day la nagi con khi sé dén khi né va vién dan cham
nhau.

Now you can imagine that this is a very painful day for the monkey.

Bay gi¥, ban cé thé tudng tugng day la ngay rat dau dén cha con khi.

And I'm going to get the monkey.

Va toi sé lay mot con khi.

It's behind here and I hope that you would pay some respect to Robert.
Né & phia sau day va téi hi vong rang ban sé& thanh todn mot s& tién cho Robert.

His name is Robert, and it may take me a minute.
Tén nd la Robert, va cac ban chdg téi mét phut.

[class murmurs]

[class cheers and laughs]



LEWIN: Here is Robert.
Lewin: day la Robert.
[laughter continues]

I thought...

Toi nghi

[class applauds]

LEWIN: I thought it was appropriate to change for the occasion.
Lewin: Tdi nghi ddy la IGc thich hgp dé thay dGi su kién

I don't go on monkey hunts too often but when I do it, I'd like to do it in style.
T6i khong di san khi thudng xuyén nhung khi téi lam viéc dé , t6i mudn lam theo mot
phong cach

[class laughs]

Here is Robert, and we're going to put Robert up here.

bay la Robert, va toi sé dat Robert |én day.



Robert has in his head a metal plate...
Robert cé mot miéng kim loai trén dau

so that when we activate the electromagnet that we can stick him on there and
when we take the current off, then Robert will fall.

Sao cho khi ching téi kich hoat nam chdm dién thi cé thé lam dinh né trén dé va
khi chdng t6i ngét dién, thi Robert sé rai.

So this is the activation of the electromagnet.

bay la su kich hoat nam cham dién.

So here we go.

bay rb6i cac ban.

I can see Robert is nervous.
Toi cb thé thdy Robert cdng thang.

[class laughs]

And you can't blame him.
Va ban khdng thé trach anh &y.

This is not the greatest day of his life.
Pay khoéng phai la ngay tuyét vai trong cudc dGi anh ay.

[class laughs]

Oh, by the way, I want you to know we are not cruel here.
Oh, du sao di nita, t6i muén ban biét rang & day ching ta
khong doc ac.

He's wearing a bulletproof vest.

Anh @y dang mac bo vec chéng dan

[class laughs]

Oh, boy, I can... I can feel him shaking all over his body.
Oh, cac ban, t6i cé thé........ tdi c6 thé cam thdy anh 8y rung
toan thén

He's very nervous.

Anh &y rat cdng thang.

Robert, don't let go yet! Oh, let me show you.
Robert, dirng chua di! Oh, hdy dé tdi chi cho ban.

It's important that you know that we have done everything we can to aim this gun as
accurately as we can at Robert.
Ban can biét rédng ching ta da Iam moi th{ ching ta cé thé nhdm cay sing nay chinh xac



hét mirc dén Robert

Robert, don't let go yet.
Robert, dirng voi di

We've got to first cock the gun.
Pau tién, ching ta phai lén co
sung.

Hold it, now, hold it, Robert!
Bay gid gilf nd, gilr no, Robert
[class laughs]

This happens always with Robert.
Diéu nay lubén luén xay ra véi Robert

[laughter]

[Lewin admonishes Robert in whispers]

[class laughs]



Okay, he just promised me that he will not let go again.

Vang, anh ay vira hra véi t6i anh ay sé khong voi di nita.

When I cock the gun—

Khi t6i 1én co slng

if I can find the golf ball, it's here--

Né&u t6i cb thé tim qua béng gbén, né day - -

then the electric circuit takes over and now the current will be disconnected when
the gun is fired.

Thi mach dién nglrng hoat ddng va bay gid dong dién bi ngdt khi sing nd.

Even I... even I'm nervous.
Tham chi téi cling rat cdng thing

I admit it, you know, this is a terrible thing to do.
T6i thira nhan diéu dd, day la th& khung khiép dé
lam.

Terrible thing to do.

Th{& khing khiép dé lam.

[sighs]

You [eady? Three, two, one, zero.
Ban san sang ch? Ba, hai, mét, khong.

[gun clicks]

[class exclaims]

[loud echo reverberates]

LEWIN: Poor monkey.

Con khi toi nghiép

See you Friday.

Hen gap vao thir sau.



