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8.01 Physics I: Classical Mechanics, Fall 1999
Transcript — Lecture 1

I'm Walter Lewin.
Toi [awalter Lewin.
In physics, we explore the very small to the very large.
Trong vét |i, chling ta nghién ctiu nhitng d6i twong rat nhé varat Ién
The very small is a small fraction of a proton and the very large is the universe itself.

Nhitng d6i twong rdt nhd nhu la cac hat tao nén proton va nhitng doi tugng rat 16n nhu la chinh
v({i try cla ching ta.

They span 45 orders of magnitude—

Kich thwét ctia v tru 16n gdp 45 bac vé do 16n so voi kich thuét cac hat tao thanh proton.

al with 45 zeroes.
1va45s60

To express measurements quantitatively we have to introduce units.

Dé biéu dién phép do mat cach dinh lveng, chiing ta phai dwa vao don vi.
And we introduce for the unit of length, the meter;

Chung ta cd don vi do dai lamét

for the unit of time, the second;
Pon vi thoi gian lagidy

and for the unit of mass, the kilogram.
Pon vi khoi lvgng lakilégam

Now, you can read in your book how these are defined and how the definition evolved historically.

V& nha, cac em cd thé doc sach dé biét nhirng dai | vgng nay dwoc dinh nghTa nhu thé nao va nhitrng dinh nghia
nay c6 lién quan dén lich st nhu thé nao.

Now, there are many derived units which we use in our daily life for convenience and some are

tailored toward specific fields.

Hién nay, c6 nhiéu don vi dan xudt ma ching ta dung trong cudc séng hang ngay dé thuan tién va mot s6
hwéng dén nhitng ITnh virc chuyén mon.

We have centimeters, we have millimeters kilometers. We
have inches, feet, miles.

Chung ta c6 centimét, ching ta c6 milimét, kilomét. Ching ta
c6 inso, phat, dam.

Astronomers even use the astronomical unit which is the mean distance between the Earth and the sun and
they use light-years which is the distance that light travels in one year.
Tham chi, cac nha thién van st dung nhitng don vi thién van la khoang céach gilra Trai dat va mat troi va ho
dung ndm anh sang la khoang cach ma anh sang truyén di dwoc trong mot nam.
We have milliseconds, we have microseconds we have days, weeks, hours, centuries, months--
all derived units.

Chlmg ta c6 miligidy, chling ta c6 micro gidy, chlng ta co ngdy, tu an, gio, thé ki, thang, tat ca déu 1a don vi dan
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XUudt.
For the mass, we have milligrams, we have pounds we have metric tons. So lots of

derived units exist.
Doi v6i khoi lugng, ching ta cd miligam, chiing ta ¢6 pao chlng ta cé tan. Vi vay
¢ nhiéu don vi dan xuat dang ton tai.

Not all of them are very easy to work with.
C6 mot s6 hé don vi rat kho st dung.

| find it extremely difficult to work with inches and feet. It's
an extremely uncivilized system.

T6i thdy cuc ki kho dé lam viéc vai inse va phat. N6 1a mot
hé don vi qua hoang so.

| don't mean to insult you, but think about it—
Téi khéng c6 y xtc pham, nhwng hdy thit nghT xem

12 inchesin afoot, three feet in ayard.

12 inso bang mot phat, 3 phut bang mét thwot Anh.



Could drive you nuts.
N6 lam dau dc ban rdi tung 1én

I work almost exclusively decimal, and | hope you will do the same during this course but we may make some
exceptions.

T6i hau nhu chi lam viéc voi hé don vi SI, vatdi hi vong céac ban ciing sé dung né trong su6t khéa hoc nay
nhwng c6 thé c6 mot s6 ngoai l8.

I will now first show you a movie, which is called The Powers of Ten. It covers 40 orders of
magnitude.

Pau tién, t6i sé cho cac ban xem mdt doan phim c6 t én la Stic manh cla s6 10. N6 dé cap dén 40 bac vé

do 16n.

It was originally conceived by a Dutchman named Kees Boeke in the early '50s.
N6 bat ngudn tir y tuéng clia moét ngwdi Ban Mach tén la Kees Boeke vao dau nhitng nam 50.

This is the second-generation movie, and you will hear the voice of Professor Morrison, who is a professor at
MIT.
Pay la phim duoc tao lai, vaban sé nghe giong ctia gido sw Morrison, 6ng |a gido su tai dai hoc MIT.
The Power of Ten--40 Orders of Magnitude. Here we go.
Src manh cla s6 10 — 40 bac vé do lon. bBay roi.
| already introduced, as you see there length, time and mass and we call these the three fundamental
guantities in physics.
Nhu t6i d& gidi thiéu, ban thay do dai, thoi gian vakhdi lwgng la ba don vi co ban trong vat Ii.
I will give this the symbol capital L for length capital T for time, and capital M for mass.
Toi sB ki hiéu do dai laL, thoi gianlaT, vakhdi lvgng laM.
All other quantities in physics can be derived from these fundamental quantities.

Tét ca nhitng dai lwong khéc trong vat Ii c6 thé dwoc rit ra tir nhitng dai luvgng co ban nay.

I'll give you an example.
Toi sé cho ban mot vi du.

| put a bracket around here.
Toi dat dau ngodc quanh day.

| say [speed] and that means the dimensions of speed.
T6i néi [speed] c6 nghta lathr nguyén clia toc do.

The dimensions of speed is the dimension of length divided by the dimension of time. So | can
write for that: [L] divided by [T].

Thi nguyén clia téc do lathir nguyén clia do dai chia cho thtr nguyén cla thoi gian. Vi vay, téi cé
thé viét Ia[L] chiacho [T]

Whether it's meters per second or inches per year that's not what matters.
Cho du né la mét trén gidy hodc in so trén nam thi cing khéng cé véan dé gi.
It has the dimension length per time.

N6 cé thir nguyén la d6 dai trén thoi gian.

Volume would have the dimension of length to the power three.
Thé tich sé co thr nguyén la do dai Ity thira 3



Density would have the dimension of mass per unit volume so that means length to the power three.
Mat dd cé tht nguyén lakhdi lwvgng trén mdt don vi thé tich nghta lakhdi lwgng trén do dai Iy thira ba.
All-important in our course is acceleration.

Tat ca nhitng gi quan trong trong khéa hoc cla

ching talagiatéc.

We will deal alot with acceleration.

Chlng ta sé st dung khai niém giatoc nhiéu lan.

Acceleration, as you will see, is length per time squared. The

unit is meters per second squared.

Gia toc, nhu ban sé thdy, la do dai trén thoi gian binh phuong.

Bon vi lamét trén gidy binh phuong.

So you get length divided by time squared.
Vi vay ban lay d6 dai chia cho thoi gian binh phuong.

So all other quantities can be derived from these three fundamental.
V1 vy tat ca nhitng dai lwgng khac co thé dwoc rit ra tir ba dai lwvgng co ban nay

So now that we have agreed on the units--

Vay la ching ta dathao luan xong vé don vi



we have the meter, the second and the kilogram-- we

can start making measurements.

Ching ta c6 mét, gidy va kilogam — ching ta c6 thé bt

dau thuc hién do

Now, all-important in making measurements which is always ignored in every college book is the uncertainty
in your measurement.

Tat ca nhitng th(* quan trong nhat luén luén bi bd qua trong céac gido trinh dai hoc la sai s6 trong phép do clia

ban.

Any measurement that you make without any knowledge of the uncertainty is meaningless.
Bat ctr phép do nao ban thic hién makhong cé kién thirc vé sai sé 1avd nghia.

| will repeat this.
Toi <8 1dp lai diéu nay.

| want you to hear it tonight at 3:00 when you wake up.
T6i mudn ban nghe né toi nay ldc 3 gio khi ban thic day.

Any measurement that you make without the knowledge of its uncertainty is completely
meaningless.

Bét c* phép do nao ban thuc hién makhdng co kién thic vé sai s6 clia né |ahoan toan vo nghia.

My grandmother used to tell me that...

Bangoai cla toi thuong béo toi rang.....

at least she believed it...

it nhat bady tin rang.......

that someone who is lying in bed is longer than someone who stands up.

Khi ai d6 nam thi ho s& dai hon khi ding.

And in honor of my grandmother I'm going to bring this today to a test.

Vatrong sy kinh trong ngoai t6i, hdm nay t6i s& mang diéu n ay rakiém tra.

| have here a setup where | can measure a person standing up and a person lying down. It's not the
greatest bed, but lying down.

O day, t6i c6 mot hé théng c6 thé do mot ng udi dang dirng hodc dang ndm. N6 khong phai | & céi
giwdng tét nhat nhung cling ndm duoc.

| have to convince you about the uncertainty in my measurement because a measurement without
knowledge of the uncertainty is meaningless.

To6i phai lam cho céc ban thdy sai s6 trong phép do clia tdi bdi vi do ma khdong cé kién thirc vé sai s la
vO nghia.

And therefore, what | will do is the following.
Vado dé, nhitng gi toi sé lam la nhu sau.

| have here an aluminum bar and | make the reasonable, plausible assumption that when this aluminum
bar is sleeping--



O day t6i c6 mot thanh nhom va dé cho hop Ii tdi gia s& rng khi thanh nhém n ay dang ndm ngt --
when it is horizontal—
khi n6 ndm ngang--

that it is not longer than when it is standing up.
S8& khong dai hon khi né dat thang ding.

If you accept that, we can compare the length of this aluminum bar with this setup and with this setup.
NEu ban chdp nhan diéu dd, ching ta c6 thé so sanh d6 dai clia thanh nhém nay trong hé nay vatrong hé nay.

At least we have some kind of calibration to start with.
[t nhét, chlng ta cé vai loai phép do can thuc hién.

| will measure it.
Toi sé do no.

Y ou have to trust me.
Ban phai tin toi.

During these three months, we have to trust each other.
Trong su6t ba thang nay, ching ta phai tin nhau.

So | measure here, 149.9 centimeters.

T6i do & day, 149.9 centimet

However, | would think that the...

Tuy nhién, t6i s& nght rang.......

so thisis the aluminum bar.

Vi vay day la thanh nhom.



Thisisin vertical position.
Day la vi tri thing ding.
149.9.

But I would think that the uncertainty of my measurement is probably 1 millimeter.
Nhwng t6i sé nght rang sai s6 trong phép do cta t6i cé 1€ lamot milimet

| can't really guarantee you that | did it accurately any better.

Thuc su, toi khdng thé dam bao v&i cac ban rang tdi co thé thwe hién phép do chinh xac hon.
So that's the vertical one.

D6 1a cay thwdt dit thing ding.

Now we're going to measure the bar horizontally for which we have a setup here.

Bay gi& chling ta sé do thanh ndm ngang trong hé m a ching ta thiét 1ap & day.

Oop! The scaleis on your side.

Oh! Thu6t do & phia cac ban.

So now | measure the length of this bar.
Bay gi0 tdi do do dai cla thuwot nay.
150.0 horizontally.

150.0 ngang.

150.0, again, plus or minus 0.1 centimeter.
Lai mt Ian nira, 150.0 cOng trir 0.1 centimet.

So you would agree with me that | am capable of measuring plus or minus 1 millimeter.
Vi vay cac ban ddng y véi toi rang tdi c6 thé do chinh xéac dén cong trir 1 milimet.

That's the uncertainty of my measurement.

D6 la sai so trong phép do cla toi.

Now, if the difference in lengths between lying down and standing up if that were one foot we would
al know it, wouldn't we? You get out of bed in the morning you lie down and you get up and you go,
clunk! And you're one foot shorter.

Bay gi0, néu st khac nhau vé do dai gitra mot ngudi dang ding va dang nam lamdt phat thi tét ca ching
tasé biét, dlng khong ? Budi sang, ban thirc day, ban ndm nghi v aban di ra khdi givong, cop ! vaban lon
di mot phat

And we know that that's not the case.
Va chiing ta biét raing khong thé nhw thé duoc.

If the difference were only one millimeter we would never know.
Manéu su khac nhau chi la mot milimet thi chiing ta sé khong bao gio nhan thay dwoc.

Therefore, | suspect that if my grandmother was right then it's probably only a few centimeters, maybe an
inch.
Do d0, t6i cho rdng néu ba ngoai tdi dung thi c6 & chi vai centimet, c6 |18 1a mot inso

And so | would argue that if | can measure the length of a student to one millimeter accuracy that should
settle the issue.



Vavi vay, tdi If luan rang néu tdi co thé do chidu dai clia mdt sinh vién chinh xac dén moét milimet thi s dat duoc
chi tiéu dé ra.

So | need a volunteer.

Vi vay t6i can mot tinh nguyén vién.

You want to volunteer? You look like you're very tall.
Ban c6 mudn lam tinh nguyén vién khéng? Trong ban rét cao.

| hope that... yeah, | hope that we don't run out of, uh... i
Téi hi vong rang....vang. tdi hi vong rang ching ta sé khong tré gi¢

You're not taller than 178 or so? What is your name? STUDENT: Rick Ryder.
Ban khdng cao hon 178 ding khéng? Tén em la gi? SV: Rick Ryder

LEWIN: Rick--

Rick Ryder.

You're not nervous, right? RICK: No! LEWIN: Man!
Ban khdng cang thang?

[class laughs]

Sit down.

Vé chd



[class laughs]

| can't have tall guys here.

Oi anh dy qué cao

Come on.

Nao

We need someone more modest in size.
Chung ta can mdt ngudi cé chiéu cao khiém
ton hon.

Don't take it personal, Rick.

DPirng dé bung nhitng gi tdi néi nhé, Rick
Okay, what is your name? STUDENT: Zach.
ROi, ténem lagi?

LEWIN: Zach.

Nice day today, Zach, yeah? You feel al right? Your first lecture at MIT? | don't. Okay,
man.

M6t ngay t6t lanh nhé Zach? Em cam thdy 6n ch»? Day la khoa hoc dau tién cliaem & MIT
a? Da khong.

Uh, chang trai

Stand there, yeah.

Plng do6 nhé

Okay, 183.2.

Ah, 183.2.

Stay there, stay there.

O yén do, & yén do.

Don't move.

Khong di chuyén.

Zach...

Thisisvertical.
bay la khi diéng

What did | say? 1807 Only one person.
DE coi nao ? 1807



183? Come on.

O khong, 183
2--

Okay, 183.2.

Roi, 183.2

Y eah.

Vang

And an uncertainty of about one...
Vasai so chung quanh né la...........
Oh, thisis centimeters—

Oh, day la centimet - -

0.1 centimeters.

And now we're going to measure him horizontally.
Vabay gio chiing ta sé do anh &y khi nam.

Zach, | don't want you to break your bones so we have a little step for you here. Put your
feet there.

Zach, téi khéng mudn lam chan em dau vi vay ching ta cé mot bién phap nho & day. Dat
chan em & do.

Oh, let me remove the aluminum bar.

Oh, dé tdi 1ay thanh nhom ra chd khéc.

Watch out for the scale.

Chay toi cay thuét do.



That you don't break that, because then it's al over.
Pirng c6 dung vao né bdi vi nhu thé sé khdng do chinh xac dau

Okay, I'll come on your side.
RO0i, toi sé di qua phia em.

| have to do that—
Toi phai lam viéc dé
yeah, yeah.

Vang, vang

Relax.
Thu gidn nhé.

Think of this as asmall sacrifice for the sake of science, right? Okay, you good?

Hay nght rdng em dang hién minh cho muc dich khoa hoc, dung khong? Vang, em 6n ding
khéng?

ZACH: Yeah.

LEWIN: You comfortable?
Em thodi mai khéng?

[students laugh]
You'rereally comfortable, right?
Em that su thodi méai chi?
ZACH: Wonderful.

Tuyén voi

LEWIN: Okay.

Uh

You ready?

Em san sang chua ?

ZACH: Yes. LEWIN:

Okay.

Vang

Okay.
Vang

185.7.

Stay where you are.
O yén ch6 em nhé.



185.7.
I'm sure... | want to first make the subtraction, right? 185.7, plus or minus 0.1 centimeter. Oh, that is
five...

TOi dam bao.....Dau tién tdi mudn lam phép trir, ding khdéng? 185.7, cdng hodc trir 0.1 centimet. Oh,

that is 2.5 plus or minus 0.2 centimeters.
Bang 2.5 cong hodc trir 0.2 centimet.

Y ou're about one inch taller when you sleep than when you stand up.
Khi ban ngt thi sé cao hon khi ban dirng mét inch.

My grandmother was right.

Bangoai toi dung.

She's always right.
Bady ludn ludn dang

Can you get off here? | want you to appreciate that the accuracy...

Em c6 thé vé chd duoc roi? Toi mudn cac ban danh gia ddng mirc do chinh xac
Thank you very much, Zach.

Céam on nhiéu nhé Zach.

That the accuracy of one millimeter was more than sufficient to make the case.
Su chinh xac dén mot milimet l1a qua dd cho trudng hop nay.

If the accuracy of my measurements would have been much less this measurement would not have been
convincing at all.

NEu si chinh xéc trong phép do clia téi nhd h on nhiéu so v&i phép do nay thi sé khong thuyét phuc duoc ai ca.



So whenever you make a measurement you must know the uncertainty.
Vi vay bt cv khi nao ban do, ban phai biét sai s0
Otherwise, it is meaningless.

Ngugc lai, né hoan toan vé nghia.

Galileo Galilei asked himself the question: Why are mammals as large as they are and not much larger? He
had a very clever reasoning which I've never seen in print.
Galileo Galilei ty hoi rang: Tao sao déng vat c6 va chi I6n dén nh w thé chit khdng 16n hon nita? Anh &y c6 mot li 18
Sic sa0 matdi khéng thay noi trong sach vé.
But it comes down to the fact that he argued that if the mammal becomes too massive that the bones will
break and he thought that that was a limiting factor.
Nhung nguoi ta truyén lai réng anh dy Ii luan rdng néu mot dong vat ¢ v tré n én qué dd sd thi xuong sé gy va
anh dy nghi rang d6 1amdt yéu t6 han ché.
Even though I've never seen his reasoning in print | will try to reconstruct it what could have gone through his
head.

Cho du t6i chwa bao gi¢ thay cach Ii luan clia 6ng dy trong sach v& nhung tdi sé thi xay ding lai nhitng gi ma éng
ta danghf trong dau.
Hereis a mammal.
Pay la mot dong vat co va.
And thisis one of the four legs of the mammal.
Va day la mot trong bon chan cla no.
And this mammal has asize S.
Gia slr dong vat nay c6 kich thuét S.
And what | mean by that is amouse is yay big and acat is yay big.
Vanhing gi téi mudn noéi la mot con chudt 16n nhu thé d6 va mdt con meo
[&n nhu thé dé

That's what | mean by size--

very crudely defined.
Diéu téi mudn noi la kich thwét dugc dinh nghia rat so sai.

The mass of the mammal is M and this mammal has a thigh bone which we call the femur, which
is here.
Khoi lvgng clia dong vat laM vanoé cé mot xuong dui ¢ day.

And the femur of course carries the body, to a large extent.
Vatét nhién, trén mot pham vi réng, xwong dli mang co thé.

And let's assume that the femur has a length | and has a thickness d. Hereis a
femur.

Vaching tagia st rang xwong dui c6 d6 dai | va do day d. Day la xuong dui
This is what a femur approximately looks like.

Xuong dui tréng giong nhu vay do.

So thiswill be the length of the femur...



Vi vay, day sé la do dai cla xuong dui.

and this will be the thickness, d and this will be the cross-sectional area A.
va day sé la do day d va day sé latiét dién A.

&nbsp;

I'm now going to take you through what we call in physics a scaling argument.
T vi du nay, tdi mudn néi vdi cac ban vé doi so ti Ié trong vat Ii.

| would argue that the length of the femur must be proportional to the size of the animal. That's
completely plausible.

Tai & Ii luan réng do dai clia xwong doi sé ti 18 véi kich thuét cia con vat. Diéu d6 hoan toan hop Ii.

If an animal is four times larger than another you would need four times longer legs. And that's

al thisis saying.

Néu mdt con vat Ién hon con khéac 4 lan thi chan né phai dai hon 4 lan. Va dé la nhitng gi t6i mudn noéi.

It's very reasonable.
Diéu do rat hop Ii.

It is also very reasonable that the mass of an animal is proportional to the third power of the size because
that's related to its volume.

Ciing rat hop Ii khi n6i rang khéi lwong clia con vat ti 18 véi |y thiva ba clia kich thudt béi vi nd c6 lién quan dén
thé tich clia nd.



And so if it'srelated to the third power of the size it must also be proportional to the third power of
the length of the femur because of this relationship.

Vavi vay néu né Ién quan dén Ily thira ba clia kich thuét thi né cling phai ti 1€ voi Iy thira ba cta do d ai
Xuong dui bdi vi moi lién hé nay.

Okay, that's one.

Vang, d6 la déi s6 thir nhat.

Now comes the argument.
Bay gi¢ chlng ta di dén mot d6i s khéc.

Pressure on the femur is proportional to the weight of the animal divided by the cross-section A of the femur.

Ap luc dit trén xwong dui ti 18 véi trong lwong cla con vat chia cho tiét dién A clia x vong dli.
That's what pressureis.
b0 la dinh nghia ap luc

And that is the mass of the animal that's proportional to the mass of the animal divided by d squared
because we want the area here, it's proportional to d squared.

Vado vay ap luc ti 1é v6i khdi lugng cla con vat chia cho d binh phwong béi vi chdng ta mudn dién tich
& day, no ti 1é voi d binh phwong.

Now follow me closely.

Bay gi0 hdy theo ddi tdi chat ché hon.

If the pressure is higher than a certain level the bones will break.
Néu ap luc Ién hon mot mirc nao do, xwong sé gay.

Therefore, for an animal not to break its bones when the mass goes up by a certain factor let's say a
factor of four in order for the bones not to break d squared must also go up by a factor of four.

Do d6, mot con vat khdng bi gy xwong khi néu khéi luong clia né tang 1én mdt hé s6 nao dé, chang han
[a4 thi d binh phwong cung phai tang 1én 4.

That's akey argument in the scaling here.
D6 la doi s6 then chot trong ti 1€ & day.

You really have to think that through carefully.
Thuce sw, ban can phai nght diéu dé mot cach ki ¢ ang.

Therefore, | would argue that the mass must be proportional to d squared.
Do d6, tdi s& I luan rang khai lwong phai ti 18 véi d binh phuong.

This is the breaking argument.

bay la mot d6i so xen vao.

Now compare these two.
Bay gi0 so sanh hai cai nay.

The mass is proportional to the length of the femur to the power three and to the thickness of the femur to the
power two.
Khdi lugng ti Ié v&i do dai clia xwong dui Iy thira ba va chiéu day cta xuong dui Iy thira hai.

Therefore, the thickness of the femur to the power two must be proportional to the length | and therefore
the thickness of the femur must be proportional to | to the power three-halfs.
Do d6, chiéu day ctia xuong dui Iy thira hai phai ti 1€ v&i do dai | 10y thira ba va do d6 d6 day clia xwong dui phai ti



[& v&i | 1Ty thira 3/2
A very interesting result.
Mot két qua rat tha vi.

What is this result telling you? It tells you that if | have two animals and one is ten times larger than the
other then S is ten times larger that the lengths of the legs are ten times larger but that the thickness of the
femur is 30 times larger because it is| to the power three halves.

N6 cho ban biét digu gi? N6 cho ban biét rang néu t6i ¢ hai con vat va con ndy I6n gdp 10 1an con kia thi
chan con nay phai dai hon chan con kia 10 1an nhwng d6 day cla xwong dui phai 16n hon 30 1an béi vi né lal
mii 3/2

If | were to compare a mouse with an elephant an elephant is about a hundred times larger in size

so the length of the femur of the elephant would be a hundred times larger than that of a mouse but the
thickness of the femur would have to be 1,000 times larger.

Néu t6i so sdnh mdt con chudt véi mdt con voi Ién h on né kodng 100 lan vé kich thudt thi do dai xuwong dui
clia con voi sé 1én hon 100 1an con chudt nhuwng d6 day xwong dui sé phai [én hon 1000 lan.

And that may have convinced Galileo Galilei that that's the reason why the largest animals are as large as they
are.

Vaco |é diéu doé thuyét phuc Galileo Galilei do la Ii do tai sao con vat 1&¢n nhat chi dén moét mic d6 nao doé chi
khéng thé hon thé duoc.

Because clearly, if you increase the mass there comes a time that the thickness of the bones is the same as
the length of the bones.

Bai vi rd rang, néu ban tang khéi lvong dén mét IGc nao do thi dd day xuwong dli sé bing do dai.



You're all made of bones and that is biologically not feasible.
Nghta laban tao ra nhirng xwong vé mat sinh hoc lakhdng thé ton tai.
And so there is alimit somewhere set by this scaling law.

Vavi vay ¢cé mot han ché dwoc thiét 1ap bai quy luat ti 1€ nay.

Well, | wanted to bring this to a test.
T6i muén mang diéu nay rakiém tra.

After al | brought my grandmother's statement to a test so why not bring Galileo Galilei's statement to a
test? And so | went to Harvard where they have a beautiful collection of femurs and | asked them for the
femur of araccoon and a horse.

Sau khi t6i mang tét ca nhitng gi ba ngoai tdi noi ra kiém tra vay tai sao khéng mang ciu ndi cla Galileo

Galilei rakiém tra ? Vavi vay t6i dén dai hoc Harvard & dé hoc c6 mét bo s wu tap cac xwong dui dep va toi
bao ho cho tdi xuwong dui cla gau tric va ngua.

A raccoon is this big a horse is about four times bigger so the length of the femur of a horse must be about
four times the length of the raccoon.
M@t con ngua Ién hon con géu tric 4 1an vi vay do dai xwong dui cia con ngua phai dai hon 4 lan con gau tric.

Close.
Thé laxong.

So | was not surprised.
Vi vay t6i khdng ngac nhién.

Then | measured the thickness, and | said to myself, "Ahal" If the length is four times higher then the
thickness has to be eight times higher if this holds.

Sau d6 toi do chiéu day xwong dui, va toi ty néi mdt minh, “Ahal!” Néu do dai [6n hon 4 l1an thi chiéu day phai
[6n hon 8 1an néu quy luat nay dang.

And what 1'm going to plot for you you will see that shortly is d divided by I, versus | and that, of course,
must be proportional to | to the power one-half.
Vanhirtng gi tdi sap phat hoa cho ban, ban sé& thdy d trén | theo | t&t nhién phai ti 18 v&i | 10y thira %.

| bring one | here.
T6i mang mot cai | xudng day.

So, if | compare the horse and | compare the raccoon | would argue that the thickness divided by the length
of the femur for the horse must be the square root of four, twice as much as that of the raccoon.
V1 vay, néu tdi so sanh con ngura vatdi so sanh con gdu trdc t6i sé If luan réng chiu day chia cho dd dai xuong dui
clla con ngua phai la can bac hai clia bon, tic lati s6 nay [6n gap hai lan con gau tric.
And so | was very anxious to plot that, and | did that and I'll show you the result. Here is
my first result.
Vatéi rat lo l&ng khi tinh toan diéu do, va tdi dalam dieu dé vatéi sé chi cho ban két qua.
bay la két qua dau tién cla toi.
So we see there, d over .
Vivay chiing ta cé & d6, d trén |
| explained to you why | prefer that.
Toi s& gidi thich véi ban tai sao toi thich diéu d6 hon

And here you see the length.



Vad day ban nhin thay chiéu dai
Y ou see here the raccoon and you see the horse.
O day ban thay con géu trdc va con ngua.

And if you look carefully, then the d over | for the horse is only about one and a half times larger than the
raccoon.
Vanéu ban quan sat can than thi ti s6 d trén | clia con ngua chi Ién hon con géu tric 1,5 1an.

Well, | wasn't too disappointed.
Oh, t6i khong quathét vong.

One and a half is not two, but it isin the right direction.
1.5 cht khéng phai 2, nhung dé la hwéng di dang.

The horse clearly has alarger value for d over | than the raccoon.
R rang con ngwa c6 ti sé d trén | 1én hon con gdu tric.

| realized | ngeded more data, so | went back to Harvard.
T6i nhan ra rang t6i can thém di liéu, vi vay toi quay lai dai hoc Harvard.

| said, "Look, | need a smaller animal, an opossum maybe maybe a rat, maybe a mouse," and they said,
"okay." They gave me three more bones.

T6i ndi, “Oh, toi can mot con vat nho hon, mot loai thi co ti o thé 1a con bo, ¢ thé 1a chudt, ** va hoc noi
“dwgc” Ho cho toi thém ba cai xuong nira



They gave me an antelope which is actually a little larger than a raccoon and they gave me an opossum
and they gave me a mouse.

Ho cho tdi xwong cla linh dwong hoi 1én hon xuwong cla gau tric mét chat va hg cho t6i mot loai tha co thi
va ho cho tbi chuot.

Here is the bone of the antelope.

bay la xwong cua linh duong.

Here is the one of the raccoon.

bay la xuong cla gu tric.

Hereis the one of the opossum.

Pay la xwong dui cla mot loai tha cé

tai.

And now you won't believe this.

Vaban sé khong tin diéu nay.

This is so wonderful, so romantic.

Chung quaki |a, qua lang mang.

There is the mouse.

Cé chudt

[students laugh]

Isn't that beautiful ? Teeny, weeny little mouse? That's only a teeny, weeny little femur. And there
itis.

N6 khong dep phai khdng? Mot con chudt nhé? Bé chi | amot xwong dui rat nhd. Va né doé.

And | made the plot.
Vatoi vé do thi.

| was very curious what that plot would look like.

T6i rat muén tim hiéu xem do thi sé trong gidng nh thé nao
And...

va

hereitis.
N6 day roi

Whew! | was shocked.
Troi! Toi bi soc
| was really shocked.

TOi that su bi soc



Because |ook—

B&i vi nhin nay

the horse is 50 times larger in size than the mouse. The difference in d over | is only a factor of two.
Kich thuét con ngwa Ién hon con chuét 50 I1an. Sy khéac nhau clia ti so d trén |l chila2.

And | expected something more like a factor of seven.

Vay matbi tién doan lacd 7

And so, ind over |, where | expect afactor of seven | only see afactor of two.

Vavi vay, trong d trén |, chd ma téi mong doi 127 tdi chi thdy hé s6 2.

So | said to myself, "Oh, my goodness. Why didn't | ask them for an elephant?" The real clincher would be the
elephant because if that goes way off scale maybe we can still rescue the statement

by Galileo Galilei and so | went back and they said "Okay, we'll give you the femur of an

elephant.”

Vi vay tai ty noi, “Oh, chiia oi. Tai sao tdi khdng bao ho cho t6i mdt con voi? ” Li I& viing chéc thuc

sy s& 1a con voi b&i vi néu didu d6 khong dang thi cé 18 chiing ta van con co thé clru van cho phét

biéu cla galilei vavi vay tdi quay trd lai vaho bao “Duoc, chlng toi s& cho 6ng xwong clia con voi.”

They also gave me one of a moose, believe it or not.
Ho ciing cho t6i thém xuong clia con nai sirng nita, tin hay khong tty ban.

| think they wanted to get rid of me by that time to be frank with you.
T6i nght ho mudn toi dirng |am phién ho nira.

And here is the femur of an elephant.

Vad day toi c6 xuong dui clia con voi.

And | measured it.

Va t6i dado nd.



The length and the thickness.
Chiéu day va do dai.

And itisvery heavy.

Vané rat nang.

It weighs aton.

| plotted it, | was full of expectation.
T6i suy nght vé no, tdi tran day hi vong

| couldn't sleep all night.
Su6t dém t6i khong thé ngu
And there's the elephant.
Va do6 la mot con voi

There is no evidence whatsoever that d over | is really larger for the elephant than for the mouse.
Khéng c6 bang chiing nao chitng té d trén | clia con voi thuc sw 16n hon con chudt.

These vertical bars indicate my uncertainty in measurements of thickness and the horizontal scale, which
isalogarithmic scale...

Truc thdng dirng chi sai s& trong phép do chiéu dai vatruc ndm ngang lathang logarit
the uncertainty of the length measurements is in the thickness of the red pen so there's no need for me to
indicate that any further.
Sai sb trong phép do chiéu dai la dd day cla cay bGt mau dé vi vay khong can phai chi ra thém.

And here you have your measurements in case you want to check them.
Va o day ban cé thé do trong trwong hop ban muén kiém tra ching.
And look again at the mouse and look at the elephant.

Hay nhin lai con chudt vanhin lai con voi.

The mouse has indeed only one centimeter length of the femur and the elephant is, indeed, hundred
times longer.
Con chudt chi cé xwong dui dai khoang 1 cm trong khi xwong dui cla con voi dai hon hang tram lan.

So the first scaling argument that Sis proportional to | that is certainly what you would expect because an
elephant is about a hundred times larger in size.

Vi vay doi so ti Ié dau tién Sti 1é véi | tat nhién la nhitng gi ban mong doi béi vi con voi khodng 100 lan
[&n hon vé kich thuét.

But when you go to d over |, you seeiit's all over.
Nhung khi ban di dén ti s6 d trén |, ban sé thay no sai.

The d over | for the mouse is really not all that different from the elephant and you would have
expected that number to be with the square root of 100 so you expect it to be ten times larger instead of
about the same.

d trén | clia con chudt that sy khong khac cta con voi vaco 1€ ban s& mong dgi mot s6 nao do la can bac
2 clia 100 vi vay ban nghi sé& 1a10 Ian Ién hon ch* khéng phai gidng nhau.

I now want to discuss with you what we call in physics dimensional analysis.



Bay gio tdi muodn thdo luan véi ban vé phan tich thi nguy én trong vat Ii.
| want to ask myself the question: If | drop an apple from a certain height and | change that height what will
happen with the time for the apple to fall? Well, | drop the apple from aheight h and |
want to know what happened with the time when it falls. And | change h.

T6i ty hoi: Néu tdi tha qua tdo tlr mot do cao nao do va toi thay doi do cao thi thoi gian roi cla
qua tdo sé thay déi nhu thé nao? Oh, tdi tha qua tao tlr dd cao h vatdi mudn biét vé thoi gian roi
clia qua tao. Va toi thay dai h.

So | said to myself, "Well, the time that it takes must be proportional to the height to some power apha.
Completely reasonable.
Vi vay t6i twv n6i mot minh “Oh, thi gian qua tao roi phai ti 1€ voi d6 cao mi alpha nao d6.” Hoan toan hop Ii.

If I make the height larger we all know that it takes longer for the apple to fall. That's a

safe thing.

Néu dd cao Ién hon thi thoi gian roi cla qua tao sé 1au hon. Diéu dé rét ro rang.

| said to myself, "Well, if the apple has a mass m "it probably is also proportional to the mass of that apple
to the power beta" | said to myself, "Gee, yeah, if something is more massive it will probably take less
time." So maybe m to some power beta.

T6i lai tw néi véi minh, “ Oh, néu qua tao c6 khdi lvgng m “thoi gian roi cling cd thé ti 1é véi khoi lwvgng mi
beta nao d6.”’ Toi tu noéi, “dugc, ah, néu vat nao d6 nang hon thi né s& roi nhanh hon ch.”Vi vay c6 1€ [am

mii beta nao dé.

| don't know apha, | don't know beta.

T6i khong biét alpha, tdi khong biét beta.



And then | said, "Gee, there's also something like gravity that is the Earth's gravitational pull--

the gravitational acceleration of the Earth.” So let's introduce that, too and let's assume that that time is also
proportional to the gravitational acceleration--

Varoi toi ndi, “Pugc, cling ¢d thir gi do nhw la trong luc 1alyc hut cia trai dét—giatdc trong truong cla trai dat.”
Vi vay ching ta hdy dwa vao cdi dé, vagia st rang thoi gian cling ti Ié véi gia toc trong tr vong--

this is an acceleration; we will learn a lot more about that-- to the

power gamma.

Pay la gia tdc; ching ta sé hoc nhiéu vé né —mii gamma.

Having said this, we can now do what's called in physics adimensional analysis.
Nhu dandi tir dau, bay gio chiing ta c6 thé 1am nhitng gi matrong vat If dwgc goi la phan tich thé nguyén.

&nbsp;

On the left we have atime and if we have aleft...

O phia trai ching ta c6 thoi gian vanéu ching ta c6 phia tréi.............

on the left side a time on the right side we must also have time.

O V& tréi ching ta c6 thoi gian thi & vé phai ching ta ciing phai c6 thoi gian.

Y ou cannot have coconuts on one side and oranges on the other.
Chuing ta khong thé cé qua dira & mot bén va qua cam & bén con lai.

Y ou cannot have seconds on one side and meters per second on the other.
Ban khong thé c6 gidy & mot phia vamét trén gidy & vé con lai.
So the dimensions left and right have to be the same.

Vi vay thit nguyén & vé phai vavé trai phai giong nhau.

What is the dimension here? That is [T] to the power one.
O day thi nguyén lagi? D6 1a [T] mi mot.

That T... that must be the same as length to the power alpha times mass to the power beta, times acceleration--
remember, it is still there on the blackboard—

NO la T....cai do6 phai ging nhu chiéu dai |Gy thira alpha nhan v6i khoi lwong beta [Ty thira, nhan voi gia toc —
Nh¢ rang, né van con trén ban --

that's dimension [L] divided by time squared and the whole thing to the power gamma so | have a gamma here
and | have a gamma there.

Thi nguyén ctia né la[L] chiacho thoi gian binh phrong va toan b thtt véi gamma lly thira vi vay tdi c6 gamm &
day va t6i c6 gamma & do.

This side must have the same dimension as that side. That is

nonnegotiable in physics.

VE& bén nay phdi cé thr nguyén gidng nhw vé bén kia. B6 la

mot quy luat khdng thé bd qua trong vat If

Okay, there we go.
RO0i, & d6 ching ta cd.



Thereisno M here, thereis only one M here so beta must be zero.
Khéng c6 M & day, chi c6é mét M & day vi vay beta phai bang 0.

There is here [L] to the power alpha, [L] to the power gamma there is no [L] here. So [L]
must disappear.

O day c6 [L] Ildy thira alpha, [L] Idy thira gamma & day khong c6 [L]. V 1 vay [L] phai bién
mat.

So alpha plus gamma must be zero.
Vi vay alpha cong v&i gamma phai bang 0.

There is[T] to the power one here and there is here [T] to the power -2 gamma. It's minus
because it's downstairs.
O day c6 [T] mii 1 vad day c6 [T] mi 2 gamma. N6 | atrlr béi vi né & duéi.

So one must be equal to -2 gamma.
Vi vay né phai bang -2 gamma.

That means gamma must be minus one half.
Diéu d6 c6 nghia la gamma phai latrir Y.

That if gamma is minus one half, then alpha equals plus one half.

Néu gamma latrlr mot phan 2 thi alphabang cong %.



End of my dimensional analysis.
K&t thac phan tich thr nguy én.

| therefore conclude that the time that it takes for an object to fall equals some constant, which |

do not know but that constant has no dimension—

Do d6 tdi két luan rdng thoi gian ma mot vat thé roi con ti 18 véi hdng s6 nao d6 ma tdi chua biét nhung hang
sO d6 la vo huéng.

| don't know what it is—
T6i khong biét n6 lagi

times the square root of h divided by g.

thoi gian ti 18 v&i can bac hai ctia h chiacho g
Betais zero, there is no mass h to the power one half-- you see

that here—
Beta béng 0, khong c6 khdi lugng h iy thiva ¥%--ban thdy diéu
do & day

and g to the power minus one half.
Vag lly thira trir 1/2

This is proportional to the square root of h because g isagiven and cis a given even though |
don't know c.
vay thi gian ti 18 véi can bac hai clia h bdi vi g vac lacac hing s6 cho du toi chwa biét c.

I make no pretense that | can predict how long it will take for the apple to fall.
C6 vé nhu t6i khong thé tién doan dwoc thoi gian roi clia qua téo.

All I'm saying is, | can compare two different heights.

T4t ca nhitng gi téi nGi 13, tdi cd thé so sanh hai dd cao khac nhau.

| can drop an apple from eight meters and another one from two meters and the one from eight meters will
take two times longer than the one from two meters.
T6i c0 thé tha qua tao tlr 8 m vaqua khéc tir 2 mét va qua tlr 8m sé roi cham hon 2 1an qua roi tir 2m.

The square root of h to two, four over two will take two times longer, right? If | drop one from eight meters
and | drop another one from two meters then the difference in time will be the square root

of the ratio.

Can béc hai cta hai h, 8 trén 4 sé 1a 2, ding khong? Néu tdi thd mot qua tao tlr 8 m vatha qua tao khac roi tir 2
mét thi sy khac nhau vé thoi gian la can bac hai cla ti s6 nay.

It will be twice as long.
N6 lau hon hai lan.
And that | want to bring to a test today. We have a setup here.

Vatéi mudn dem digu d6 ra kiém tra hdm nay. Chiing ta c6 mot hé théng d woc b tri & day
We have an apple there at a height of three meters and we know the length to an accuracy... the height of
about three millimeters, no better.
O d6 ching ta c6 mot qué tao & dd cao 3 m v a ching ta biét dd cao chinh xac dén khoang 3 milimet, khong thé
chinh xac hon thé dwoc nira.

And here we have a setup whereby the apple is about one and a half meters above the ground. And we know



that to about also an accuracy of no better than about three millimeters.

Vad day ching ta c6 mot hé théng trong dé qua tdo cach mat dat khodng 1.5 m. V achung ta cling biét chinh xac
dén 3 milimet chit khong thé tot hon duwoc.

So, let's set it up.

Vi vay, hay thiét l1ap né

| have here...

something that's going to be a prediction—
O day t6i c6 thir gi d6 sé di dén mot tién doan - -
a prediction of the time that it takes for one apple to fall divided by the time that it takes for the other
apple to fall.
Tién doan vé thoi gian mot qua tao roi chia cho thoi gian maqua tdo khéc roi.
H one is three meters but | claim there is an uncertainty of about three millimeters. Can't do

any better.

H mot béng 3 m nhung & d6 tdi xac nhan rang sai s& clia phép do kho ang 3 milimet. Khong thé

chinh x&c hon thé.



And h 2 equals 1.5 meters again with an uncertainty of about three millimeters.
Vah hai bang 1.5 m vaciing c6 sai s6 khoang ba milimet.

So the ratio h one over h two...

is 2.000 and now | have to come up with an uncertainty which physicists sometimes call an error

in their measurements but it's really an uncertainty.

Vivay tis6 h mottrénhhai............1a 2.000 va bay gi & toi phai di dén mdt sai s6

And the way you find your uncertainty is that you add the three here and you subtract the three here and
you get the largest value possible.

Va cach ban tim sai s6 clia ban lacéi ban cong 3 & day vaban trlr 3 & day va ban nhan dugc giatri Ién nhat
co thé cd.

You can never get alarger value. And

you'll find that you get 2.006.

C6 thé ban khdng bao gio nhan dugc gia tri 16n hon. Va ban s& nhan thay rang ban tim dwoc 2.006

And so | would say the uncertainty is then .006.
Va do d6 toi sB noi sai s6 la .006.

This is a dimensionless number because it's length divided by length.
Pay la s6 vo huéng bdi vi nd la dd dai chia cho do dai.

And so the time t1 divided by t2 would be the square root of hl divided by h2. That is

the dimensional analysis argument that we have there.

Vavi vay thoi gian t1 chia cho thoi gian t2 la can bac hai cta hl chia cho h2. B6 1a mot

d6i so phan tich thir nguy én ma chiing tacé & dé.

And we find if we take the square root of this number we find 1.414, plus or minus 0.0 and | think that is a
i\;v;(.:hung tanhan thdy néu ching ta lay can bac hai clia s6 n ay thi ching tatim dwgc 1.414, cong hodc trir 0.0
vatoi ngi rang d6 lahai.

That is correct.
Chinh xac

So hereis afirm prediction.

Vi vay day la mot tién déan cé co s&
Thisis a prediction.

Pay la mot tién doan.

And now we're going to make an observation.
Vabay git ching ta sé thic hién mét qua sat.

So we're going to measure t1 and there's going to be a number and then we're going to measure
t2 and there's going to be a number.
Chling ta sé do t1 vanhan duvgc mot s6 va sau dé do t2 va nhan duwgc mot so.

| have done this experiment ten times and the numbers always reproduce within about one millisecond.

Toi dalam thi nghiém nay 10 lan vakét qua ludn ludn Iap lai véi s chénh Iéch khoang mot mili gidy



So | could just adopt an uncertainty of one millisecond.
Vi vy t6i chi c6 thé chdp nhén sai s6 mot mili gidy.

| want to be alittle bit on the safe side.
T6i mudn thém mot it cho an toan
Occasionally it differs by two milliseconds.
Thinh thoang né khac 2 mili gidy
So let us be conservative and let's assume that | can measure this to an accuracy of about two milliseconds.
That is pretty safe.
Vi vay hdy quan sét va hdy gia st rang toi co thé do cai nay chinh xéc khoang 2 mili gidy. Diéu do rét an toan.
So now we can measure these times and then we can take the ratio and then we can see
whether we actually confirm that the time that it takes is proportional to the height to the square root of the
height.
Vi vay, bay gio ching ta cd thé do nhitng khoang thoi gian nay va sau do 1ap ti s6 va sau dé chdng ta biét
duoc thoi gian c6 ti 1é v&i can bac hai cla dd cao hay khong.

So | will make it a little more comfortable for you in the lecture hall.

Vi vay t0i sé thyc hién n6 hoi thodi mai hon trong giang duong.



That's al right.
bay roi

We have the setup here.
Chung ta cé mot hé théng & day

We first do the experiment with the... three meters. There
you see the three meters.
Dau tién, chang ta lam thi nghiém véi 3m. O’ d6 ban thay
ba mét
And the time... the moment that | pull this string the apple will fall, the contact will open, the clock will start.
Va ngay ldc tdi ddy 10 xo nay qua tao sé roi, tiép xuc sé mé, ddng hd sé bat dau
The moment that it hits the floor, the time will stop.
LUc qua béng cham san nha, thoi gian sé dirng.
| have to stand on that side.
To6i phai ding & phia dé.
Otherwise the apple will fall on my hand.
Béang khong, qua tao sé roi trén tay toi.
That's not the idea.
D6 khong phai lay tudng.
I'll stand here.
T6i ding & day
#VALUE!
You ready? Okay, then I'm ready.
Ban s&n sang chwa? Roi, tdi s&n sang
Everything set? Make sure that I've zeroed that properly. Yes, |
have.
Moi tht d& dwoc thiét 1ap? Hay chic chan rang toi d& zero hé
thong. Vang
Okay.

Three, two, one, zero.
Ba, hai, m6t, 0

&nbsp;

781 milliseconds.

So this number...

you should write it down because you will need it for your second assignment.
Vivay s6 nay.......

Ban nén viét s6 nay rabdi vi ban sé can né cho nhiém vu thi hai ctia ban

781 milliseconds, with an uncertainty of two milliseconds.
781 mili gidy v6i sai so 1a2 mili giay



You ready for the second one? Y ou ready? Y ou ready? Okay, nothing wrong. Ready.

Ban d& sin sang cho thi nghiém thit hai? San sang chua? Roi chwa? Vang, khdng c6 gi sai.
San sang.

Zero, zero, right? Thank you.

0, 0, ding khéng? Cam on

Okay.

Three, two, one, zero.

&nbsp;

551 milliseconds.



Boy, I'm nervous because | hope that physics works.
Oi céc ban, t6i cang thang bai vi tdi hy vong vao cong trinh vat If do.

So | take my calculator and I'm now going to take the ratio t1 over t2.
Vi vay t6i ldy may tinh cla toi vatoi sé tinh ti s6 t1 trént2

The uncertainty you can find by adding the two here and subtracting the two there and that will then give
you an uncertainty of, | think, .0... mmm, .08.

Sai s ban c6 thé tim bang cach cong hai cai & day vatrlr hai cai & d6 vasé cho ban sai 6, ti ngh 12 0....... mm,
.08.
Y eah, .08.

Y ou should do that for yourself—
Ban nén tuv lam diéu do.

.008.

Dimensionless number.
S6 vo huéng

Thiswould be the uncertainty.
Pbay sé lasai so

This is the observation.

bay sé lathyc nghiém

781 divided by 551.

781 chiacho 551

One point...

Mot chdm

Let me do that once more.
Hay dé toi lam diéu d6 mét lan niva

Seven eight one, divided by five five one... One
four one seven.
781 chia cho 551.....1417

Perfect agreement.
Hoan toan phu hop

Look, the prediction says 1.414 but it could be 1 point...

it could be two higher.

Nhin nay, tién doan noi la 1.414 nhwng né cé thé lal chdm
CAthé 1én hon 2

That's the uncertainty in my height.
D6 la sai so trong dd cao cla toi

| don't know any better.
T6i khong biét gi nira

And here | could even be off by an eight because that's the uncertainty in my timing. So these



two measurements confirm.
Vao day téi co thé bo s6 8 bdi vi sai sd trong cach dinh thoi gian cla tdi. Vi vay hai phép do nay xac nhan.
They are in agreement with each other.
Chung pht hgp nhau.
You see, uncertainties in measurements are essential. Now
look at our results.
Ban thay do, sai s trong phép do la co ban. Bay gi¢ hady nhin

két qua clia chlng ta.

We have here aresult which is striking.
O day chang ta cé mot két qua an twong

We have demonstrated that the time that it takes for an object to fall is independent of its mass. That is an
amazing accomplishment.

Chuing ta da chiing minh rang thoi gian roi clia qua tdo khong phu thudc vao khéi lvong cia né. D6 1a mot
thanh tyu dang mirng.

Our great-grandfathers must have worried about this and argued about this for more than 300
years.



Ong cha chiing ta phai bén khoan vé digu nay vatranh cai vé n hon 300 nam.
Were they so dumb to overlook this simple dimensional analysis? Inconceivable.
Chung taldng yén dé nhin phép phan tich th* nguyén don gian nay phai khong? That ki la

Is this dimensional analysis perhaps not quite kosher? Maybe.
Phép phan tich tht nguyén nay c6 |8 khéng hoan toan chinh quy phai khdng? Cé I1& vay

Is this dimensional analysis perhaps one that could have been done differently? Y eah, oh, yeah. You could
have done it very differently.
Phép phan tich thir nguyén nay c6 thé duogc thyc hién theo kiéu khac? Vang, oh, vang. Ban cd thé thuc hién
theo nhitng céch rat khac nhau
You could have said the following.
Ban c6 thé noi nhu sau
You could have said, " The time for an apple to fall is proportional to the height that it falls from to
apower alpha." Very reasonable.
Ban c6 thé noi, * Thoi gian qua tao roi ti I8 voi do cao Iy thira alpha.” Rt hop Ii
We all know, the higher it is, the more it will take-- the
more time it will take.
Tat ca chlng ta déu biét, n6 cang cao thoi gian roi cang lau
And we could have said, "Yeah, it's probably proportiona to the mass somehow. If the mass is more, it
will take alittle bit less time." Turns out to be not so, but you could think that.
Va chiing ta co thé néi, “Ah, thoi gian roi cé ti 18 vai khéi lugng mat it. Néu khéi leong cang tang, vat sé roi
cang nhanh” Hdéa ra né khéng nhu vay, nhing ban cé thé da nghtt nhw vay.
But you could have said "Well, let's not take the acceleration of the Earth but let's take the mass
of the Earth itself." Very reasonable, right? | would think if | increased the mass of the Earth that the apple
will fall faster.
Nhuwng ban cé thé néi “ Oh, ching ta dirng lay gia toc cla trai dat m ahay 1ay khoi lvgng cla Trai dat” Rat hop

Ii, ding khdng? Tai sé nghT néu toi tang khoi lwvgng cla Trai dat thi qua tdo sé roi nhanh hon.

So now | will put in the math of the Earth here.

Vi vay bay gio toi sé dat ki hiéu khoi lvgng cta Trai dat & day.

And | start my dimensional analysis and | end up dead in the waters. Because,

you see, there is no mass here.

Vatdi bat dau phan tich thir nguyén va toi sé sa Iy ngay. B&i vi nhw ban thay

khong cé khoi lugng & day.

There is a mass to the power beta here and one to the power gamma so what you would have found is beta
plus gamma equals zero and that would be end of story.

CO6 khdi lugng lily thira beta & day va mét céi liiy thira gamma vi vay ban sé thdy beta cong véi gamma béng
0 va diéu doé sé két thic cau chuyén

Now you can ask yourself the question well, is there something wrong with the analysis that we did? Is ours
perhaps better than this one? Well, it's a different one.

Bay gi®, ban c6 thé ty héi cau hdi nira, cé g1 ddé khdng 6n vai phép phan tich ma chiing ta thuc hén khong?

Céi clia ching ta c6 1& t6t hon cai nay khong? Oh, né la m6t céi khac

We came to the conclusion that the time that it takes for the apple to fall is independent of the mass.



Chung ta di dén két luan rang thoi gian roi cla qua tao khdng phu thudc v ao khdi lugng.
Do we believe that? Yes, we do.
Chung ta cé tin diéu c6 khong? Vang, ching tatin

On the other hand, there are very prestigious physicists who even nowadays do very fancy experiments
and they try to demonstrate that the time for an apple to fall does depend on its mass even though it
probably is only very small, if it's true but they try to prove that.

Nguoc lai, c6 nhitng nha vat li rat uy tin cho dén ngay nay lam nhitng thi nghiém rét tuéng twgng va ho
¢ gang ching minh thoi gian roi clia qué tao phu thudc vao khéi lvgng ciia né cho dii cé I8 chi larét nho

And if any of them succeeds or any one of you succeeds that's certainly worth a Nobel Prize. So we do
believe that it's independent of the mass.

Vanéu bét ct ai trong s6 ho hodc bat clt ai trong sd cac ban thanh cong thi tat nhién diéu d6 dang nhan giai
Nobel. Vi vay, ching ta hay tin lané khong phu thudc vao khoi lvgng.

However, this, what | did with you, was not a proof because if you do it this way, you get stuck.

Tuy nhién, diéu nay, nhitng gi téi dalam cho céc ban, khéng phai 1a mgt chirng minh béi vi néu ban lam né
theo cach nay, ban sé gap khoé khan

On the other hand, I'm quite pleased with the fact that we found that the time is proportional with the square
root of h.

N6 céch khéc, téi hoan toan thGa mén véi viéc chang tatim ra dwgc thoi gian ti 18 véi can bac hai clia h
| think that's very useful.



T6i nght diéu dé rat hitu dung.
We confirmed that with experiment and indeed it came out that way.
Ching ta xac nhan diéu dé bang thwc nghiém vanoé dalo ra theo cach dé.

So it was not a complete waste of time.
Vi vay khdng hoan toan lang phi thoi gian.

But when you do a dimensional analysis, you better be careful.
Nhuwng khi ban thic hién phan tich th nguy én, t6t hon ban nén can than

I'd like you to think this over, the comparison between the two at dinner and maybe at breakfast and maybe
even while you are taking a shower whether it's needed or not.
T6i mudn cac ban nght thém vé diéu nay, so sanh gitta hai cai vao budi toi va cd thé vao budi sang va tham
chi cd thé latrong khi ban dang tdm xem n6 cé can hay khang.
It is important that you digest and appreciate the difference between these two approaches.
Suy nght ki cang va danh gia ding su khac nhau gitra hai cach ti€p can nay rat quan trong.
It will give you an insight in the power and also into the limitations of dimensional analysis. This goes
to the very heart of our understanding and appreciation of physics.
N6 s& cho ban hiéu thdu ddo stcc manh va han ché clia phén tich thi* nguyén. Diéu nay dwa ban dén
trong tdm clia nhitng hiéu biét va nhan thirc vat Ii.
It's important that you get a feel for this.
Ban cdm nhan duoc diéu nay rat quan trong.
You're now at MIT.
This is the time.

Thank you.

See you Friday.



