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Frontiers and Controversiesin Astrophysics: Lecture 1 Transcript

Professor Charles Bailyn: Some things about this course. This is a course for non-
scientists. That portion of the enrollment policies is not a suggestion. | really don't want
science majorsin this class. If you are a science major, I'm going to notice because that's
one of the things that appears on the class list; what your mgjor is. So, don't take the
course if you're a science major. Let me point out that freshmen don't have major, so it
doesn't matter if you intend to be a science major if you're a freshman. If you are a
science major | recommend Astro 210, which is being given this term. | have a little
handout on all the different introductory astronomy courses at the front of the room i f
you'reinterested.

Mot vai diéu vé khoa hoc nay. Bay la mét khdéa hoc danh cho céc sinh vién khong thudc
chuyén nghanh khoa hoc-ki thuat. Cac sinh vién khéi ki thuat khong phai hoc mén nay.
T6i that si khong mudn cac sinh vién chuyén nghanh khoa hoc & I6p nay. Néu ban la mét
sinh vién chuyén nghanh khoa hoc, t6i s& chi y dén ban, vi chuyén nghanh cla ban
cétrong t& danh sach 16p. Vi vay, khdng chon mén hoc nay néu ban la mét sinh vién
chuyén nghanh khoa hoc. Vi sinh vién nam nhét chua chon chuyén nghanh, vi thé khéng
sao ca néu ban c¢é y dinh tré thanh mot sinh vién chuyén nghanh khoa hoc néu ban lasinh
vién nam nhat. Néu ban la mot sinh vién chuyén nghanh khoa hoc t6i dé nghi ban chon
khoa hoc Astro 210, dang dugc day trong hoc ki ndy. Toi ¢ mot ban tin ngén veé tat ca
cac khéa hoc nhap mén thién van hoc khac nhau & truéc phong néu ban quan tam.

Let's see, it is also true that this course is kind of intended for non -science maors who
have a certain basic high school level comfort with tenth -grade science and math. If
you're extremely phobic about these kinds of things, | would say that Astronomy 120,
while it has a similar level of math, has a somewhat shallower learning curve and a
somewhat deeper safety net. So, if you're the kind of person who breaks into a sweat
when somebody writes down an equal sign, check out 120. Let's see, but that's not the
biggest difference between this class and 110. | think the biggest difference is what the
classis trying to do. Astronomy 120 and also 110 and other courses in our department,
and elsewhere in the university, are basically survey courses. Most introductory science
courses are survey courses. They cover afairly wide subject matter.

Vang, qua thyc la khéa hoc nay cd y dinh danh cho nhitng nguti khéng thudc chuyén
nganh khoa hoc da cé mét kién thic & murc trung hoc co bén\ nao dé vé khoa hoc vatoan
hoc 16p mudi. Néu ban qua so nhitng thi nay, téi sé néi rang Astronomy 120, cd mot



mirc do toan hoc tuong tw, cd mét dwong cong hoc tap hoi néng hon va ludi an toan hoi
sau hon. Vi vay, néu ban |aloai nguwdi va md hoi khi ai do viét ra mot ddu bang, dirng
dang ki 120. Vang, nhung do6 khong phai la sy khac biét 16n nhéat gira 16p nay va 110.
Toi nght rang sw khéc biét 16n nhét | anhitng gi malép dang ¢6 gang |am. Astronomy 120
cling nhwr 110 va céac khda hoc khac trong khoa ctia ching ta, va cac noi khac trong cac
truong dai hoc, vé co ban la cac khda hoc kham pha. Hau hét cac khoa hoc vé nhap mon
khoa hoc la cac kh6a hoc kham pha. N6 bao gdbm mot dé muc kha rong.

This is--isn't that, what this course is supposed to do is we're going to talk about three
particular topics in very considerable detail. Enough detail so that by the end of our
discussion you'll understand what's going on in current research in this topic. And by
current, | don't mean this decade, | mean this week. Astronomy is currently in a stage of
very rapid advancement, and one of the things that's happened every time I've taught this
course in the past, is that at some point during the semester someone will publish some
piece of research which changes some aspect of the curriculum. I'll come in waving some
paper and everything will be changed, and | can't guarantee that of course, because | can't
predict the future but it's happened every time in the past. So, we really are trying to get
you all the way out to the frontiers of the subject.

Pay la - khong phai dd, nhitng gi khéa hoc nay c6 nghia vu phai 1am la chidng ta sé noi vé
ba chu dé dac biét rét chi tiét. Chi tiét @ mic d6 m asao cho vao cudi bubi hoc ban sé hiéu
nhitng gi dang x4y ra trong céc nghién ctru hién tai vé chi dé nay. Vabang tr hién tai, toi
mudn noi la khong phai lathap ky nay, malatrong tuan nay. Thién van hoc hién tai dang
& mot giai doan phat trién rét nhanh, v a mot trong nhitng diéu hay xay ra moi lan toi day
mon hoc nay trong qua khtt, d6 lavao mot lic nao dé trong hoc ky mot ai do sé xudt ban
mot s6 bai nghién clru thay doi mot s khia canh clia chuwong trinh giang day. Toi sé dén
|6p cam mot bai béo vay vay vatat ca moi thir sé thay déi, vatat nhién toi khong thé dam
bao diéu dd, bdi vi t6i khong thé dy doan twong lai nhing n6 da xay ra nhiéu lan trwéc
day. Vang, vi vay ching t6i s& c8 gang bang moi cach dé gidp cac ban v wot qua nhitng
gi¢i han cia mén hoc.

| think thisis actually a better approach for non -science majors, because after al, we live
in the Internet age. If you want to find out a bunch of facts about some scientific topic
you could go online and go to Wikipedia or wherever, look these facts up. That's not a
big problem. The problem comes when there are two sets of facts which directly
contradict each other. This happens quite frequently in scientific topics these days,
particularly those with kind of political or moral overtones, and you get facts that directly
contradict each other. What are you supposed to do about that? What I'm hoping is that
by talking about situations in which the facts at the moment really aren't known yet, you
can develop some skill in interpreting these kinds of contradictory facts for yourself. If
you don't do that, then the only aternative isto listen to the experts argue with eac h other
and vote for whoever argues the loudest or looks the best when they're doing it, or has a
degree from Harvard or whatever it is. You guys can do better than that. So, the hope is
that by practicing this kind of skill of evaluating science when the answer isn't fully
understood, that you can develop skills that will stand you in good stead when you run



into scientific controversies in a political context or a legal context, or just as ordinary
citizens in the course of your lives.

Toi nght rang day thuc sw 1a mdt cach tiép can t6t hon cho ngudi khong thudc chuyén
nganh khoa hoc, béi vi xét cho cung, ching ta dang séng trong thoi dai Internet. Néu ban
mudn tim nhirng thdng tin vé mot s6 dé tai khoa hoc, ban cé 1én mang vao Wikipedia
hodc bat ctr noi nao, dé tra clru cac su kién nay. D6 khong phai la mot van dé 16n. Nhung
van dé sé phitc tap hon khi cé hai tap hop cac dir kién mau thuan nhau. Diéu nay xay ra
kha thudng xuyén trong cac chd dé khoa hoc ngay nay, dac biét la véi nhirng thir mang
ham y dao dic va chinh tri, va ban sé nhan dugc nhitng thdng tin hoan toan trai ngugc
nhau. Ban phai 1am gi? Nhiing gi t6i hy vong la bang cach néi vé nhitng tinh huéng trong
dé cac s kién thwe sw lic nay chua biét, ban c6 thé phat trién mot so k§ nang giai thich
céc loai di kién mau thudn cho chinh minh. Néu ban khong lam diéu do, thi bién phap
thay thé duy nhét Ialang nghe cac chuyén giatranh luan véi nhau va bo phiéu cho nhiing
al n6i hing hon nhat hodc c6 vé t6t nhat khi ho dang thwc hién nd, hoic cé bang cla
Harvard hay bat ct thi gi d6. Céc ban cd thé lam tot hon nhitng nguai do. Vi vay, hy
vong la bang cach thuc hanh ki nang danh gia khoa hoc & day déi vai nhitng van dé ban
mai gap lan dau, ban cé thé phat trién nhirng k¥ nang co ich ch o ban khi tham giavao cac
cudc tranh luan khoa hoc trong béi canh chinh tri hodc boi cadnh phap i, hay chi | a cong
dan binh thurdng trong khéa hoc vé cudc séng cla ban.

It also happens that the three particular topics | think are of some real interest and

importance in themselves. And I'll get to the three topics again in just amoment here. Let
me point out that this kind of approach has a downside to it and this has been pointed out

repeatedly on course evaluations. Because we're dealing with stuff which ultimately the
answers are not yet understood there's no textbook. There can't be a textbook. We haven't
figured out what to put in the textbooks yet. And the problem with that is that that makes
the lectures very important because that's the only information you're going to get.

There's awhole bunch of online readings and stuff but they tend to have a point of view,

and so it'sreally the lectures that are the basis of the course. The problem with that is that

I've chosen to give this course at the ungodly early hour of 9:30 in the morning, and you
guys are going to have to show up and so here's the deal. I'll make a deal with you: Y our

job is to get to class by 9:30 in the morning. My job is to keep you awake once you're
here, and so if we both succeed in cooperating in this sense we'll prob ably be okay. But
serioudly, if you're anticipating regular difficulties in getting to class thisis not actually a
great class to take because there's no backup in the form of atextbook.

Ciing rat ngau nhién khi ba cht dé matoi nght 1a dac biét thi ban than chang lai rat thi vi
vaquan trong. Vatoi cling sé ndi so qua mot chit vé ba chi dé nay & day. Hay dé toi chi
rarang loai phuong phap tiép can nay cé mot nhugc diém va diéu nay da dugc chi ra lién
tuc trong khi danh gia khéa hoc. Béi vi ching tdi dang lam viéc voi nhitng thér macéau trd
[0i cudi cung chuwa dugc hiéu ré nén sé khdng co trong séch gido khoa. Diéu dé hién
nhién. Chiing t6i chwa thé tim ra nhitng gi dé dwa vao trong sach giao khoa. Va nhu thé
c6 nghia la cac bai giang réat quan trong béi vi dé la kénh théng tin duy nhat ma ban co.
Ciing c6 mot loat cac bai doc tric tuyén vatai liéu, nhueng ching c6 xu huéng c6 mot
quan diém, va do dé thuc si cac bai giang la co s¢ clia khéa hoc. M6t khd khan niva | a toi



da chon day mén nay vao gi& sém kinh khiing 9:30 sang, va ban phai cé mat & day va do
la thoa thuan. Toi sé thda thuan voi ban: Cong viéc cla b an la dén Iép lGc 9:30 sang.
Cong viéc clia toi lagilr cho ban tinh tao khi ban hoc & day, vavi vay néu c hai ching ta
thanh cdng trong hop tac theo nghia nay, ching ta cé 1& sé dwgc dong tinh. Nhung
nghiém tdc ma noi, néu ban lvdng trudc nhitng khé khan thwong gap trong viéc dén lop,
day thuc si khong phai la mot 16p hoc tuyét voi dé tham gia bdi vi khéng co s ho tro
dudi dang sach giao khoa.

All right, the particular topics that are under discussion, I've listed them here in green.

The first of them are extra-solar planets, by which | mean planets around stars other than
the Sun. It's well known that there are many, many of these planets. All you haveto do is
watch Star Trek or something like that and you'll find many, many examples and this has
been a staple of science fiction for quite along time. Oddly enough, until ten years ago,

there was absolutely no evidence for this. We assumed that, because the stars are normal
stars and there are many other stars--the Sun is a normal star and there are many other
stars like the Sun that there must be many planets of the same kind as the planets in our

own Solar System circling around all these other stars. But until 1995 there was not one
bit of evidence to support that idea. Since 1995, this has become a huge growth industry

and research, and we now know of literally hundreds of planets, all of them discovered in

the last ten years. S0, thisis a situation in which, what ten years ago was science fiction,
has become science fact and we're very rapidly trying to figure out exactly what kinds of

planets these are, whether there are Earth-like planets out there, and that has some
bearing on what the science fiction peopl e refer to when they say as, "life as we know it."
And so, that's currently one of the hottest topics in astronomy.

Puoc r6i, ching ta di vao ndi dung chinh, ching toi da liét ké ching & day bang mau
xanh. Cai dau tién trong sb d6 la cac hanh tinh ngoai hé mat troi, qua dé tdi mudn ndi dén
céc hanh tinh xung quanh c&c ngdi sao khac ngoai M &t Troi. Ngudi ta biét rang c6 rét rét
nhiéu cac hanh tinh nay. Tat ca nhitng gi ban phai lam la xem Star Trek hay gi d6, vaban
S8 tim thay nhiéu, nhiéu vi du va day datlrng la mot chd dé chinh cla tiéu thuyét khoa
hoc trong mot thoi gian kha dai. Chuyén la 1a, cach day muwoi nam, hoan toan khdong co
bang chitng gi vé viéc ndy. Chang téi gia st rang, bdi vi cac ngdi sao |a céc ngdi sao
thong thuong va co nhiéu ngbi sao khac - Mat troi 1a mdt ngdi sao binh thuwong va cd
nhiéu ngbi sao khac giéng nhu Mdt troi phai c6 nhiéu hanh tinh cing loai giébng nhu cac
hanh tinh trong hé mat troi ctia ching ta quay xung quanh tat cd cac ngdi sao nay. Nhung
cho dén 1995 da khéng c6 mot chit bang chitng nao dé ho tro cho y twdng do. Tir nAm
1995, cai nay da tré thanh mot nganh cdng nghiép tang trudng rat Ién va nghién ctru, va
bay gi¢ ching ta biét ding la cé hang trdm hanh tinh, tat cd ching dwoc phat hién trong
muei nam qua. Vi vay, ching ta thdy nhitng gi muoi nam truée day latiéu thuyét khoa
hoc, da trd thanh thuc t€ va ching ta dang rat c6 gang dé nhanh chong tim ra day Ia
nhitng loai hanh tinh nao, c6 nhirng hanh tinh gidng Trai Bat & dé hay khéng, va diéu do
c6 lién quan mot it dén nhitng gi ma nguoi ta dé cap dén trong cac ti€u thuyét khoa hoc
khi ho ndi rang,cudc séng nhu ching ta biét." Va nhu vay, van dé dé hién dang la mot
trong nhirng chd dé néng nhat trong thién van hoc.



The next topic is going to be black holes, and this is a similar situation. Fifteen, twenty
years ago black holes were sort of poised precariousy on the boundary between
theoretical physics and science fiction. A boundary that is more porous than you might
believe. But again, in the past fifteen years or so this has been converted into a standard
topic in observational astronomy. There are dozens, probably hundreds of objects we can
point to in the sky and say, "yes those things are black holes." And so now, the current
topic of research is do these things that we are pretty sure are black holes actually behave
in the incredibly bizarre, science-fictiony manner that the theoretical physicists have been
talking about for the past thirty or forty years. So, to what extent are these very exotic
behaviors actually manifested in real life?

Chu d@ tiép theo sé& 1216 den, va day la mot truong hop twong tw. Mudi 1dam, hai muoi
nam trwdc, 16 den nam lo Ikeng trén ranh gidi gitra vat ly ly thuyét vatiéu thuyét khoa hoc.
Mot ranh gi¢i x6p hon ban cd thé tin tudng. Nhwng mot 1an nira, trong mudi lam nam
qua, hodc tuvong ty van dé nay da dwoc chuyén thanh mot chi dé thong thwong trong
thién van hoc quan sat. Cé hang ta, hang tram déi twgng ma chiing ta co thé diém dén trén
bau troi vanoi, "vang nhitng thi nay 1a16 den." Va nhu vay, cac nghién ctu cho thay 10
den thuc s hanh x&r theo nhi*ng céach thirc v cuing ky quai, theo kiéu tiéu thuyét khoa
hoc ma cac nhavat ly ly thuyét da tirng dé cap dén khodng ba muwoi hodc bon muoi nam
trwdc. Vi thé, & chirng muc nao thi nhitng hanh vi rat ki la nay thuc sy dwoc biéu hién
trong cudc song thuc?

Finally, I want to talk a little bit about cosmology. Cosmology is the study of th e
Universe as awhole. That's too big atopic to go into in depth, so I've picked one piece of

it. The piece I've picked is the existence, which was discovered in the late 1990s, of

something called "dark energy.” Dark energy is an al -pervading anti-gravity; it's a
repulsive force that turns out to occupy essentially al of the Universe, and 75% or more

of the entire mass energy of the Universe turns out to be in the form of this mysterious

dark energy. The evidence for this comes largely, but not entirely , from observations of a
certain kind of supernova. And so what I'm going to focus on is the observations of the

supernovae and how they demonstrated that, in fact, all ordinary matter and energy and

so forth is a tiny fraction of what's actually going on in the Universe, and what's really
happening out there is something we totally don't begin to understand. So, that will be the

third topic of the course.

Cubi cung, tdi muén néi mot chit vé v tru hoc. Vi tru hoc nghi én ctvu vi tru nhw mot
tong thé. D6 lamat cha dé qua Ién dé di sau vao, do dd, téi dachon mot phan nho clia nob.
Phan matdi chon la sy ton tai, da dwoc phat hién vao cubi nhitng nam 1990, clia "nang
lvong t6i." Nang lwgng t6i 1amdt dang phan trong lwc c6 mat khdp noi; n6 1a mot luc day
héaralaveé co ban chiém tat ca vi tru, hda ra 1a 75% hoac nhiéu hon toan b6 nang-khdi
lvong cla vii tru ton tai dwdi dang ndng lwong t6i huyén bi nay. Bang chitng vé dang
nang lvgng nay xuat phat chld yéu, nhung khéng hoan toan, tir cac quan sat vé mot loai
sa0 siéu m@i nao do. Va vi vay nhitng gi toi sé tap trung vao la quan sat cac sao siéu mai
va céch thirc ho chitng minh rang, trén thuc té, tit ca cac niang luvong va vat chat thong
thuong va v.v.. [la mot phan nhé cuta nhitng gi thwc sy xay ra trong vi tru, va nhitng gi



thuc s xay ra ra ngoai dé la nhitng thi ma chdng ta hoan toan chua hiéu.R Vang, dé sé
lacha dé tht ba ciia mon hoc.

These topics have something in common. All of them involve observing something that
you can't actually see directly. We don't see these planets directly because they're too
faint and too far away. We don't see black holes directly. By the definition of black hole
you can't see these things directly. And of course, dark energy, by its very name, is also
undetectable. So, how do we know that these things are there? The answer is we know
that they're there because of their influence on other objects that we can see, and in
particular, their gravitational influence on other objects that we can see. And so, what
binds these three topics together, are first of al, the fact that the observational techniques
to discover them are actually quite similar to each other. And second, that they all involve
different manifestations of gravity. And so, we'll be talking in the first part of the course
about Newtonian gravity. In the second part of the course when we get to black holes,
that's relativistic gravity, genera relativity, Newton's--Einstein's theory which supplanted
Newton's theory. And then by the time we get to dark energy, it may not even be
correctly described by Einstein's work, and we may be in the area of whole new kinds of
physics that the theorists haven't even thought about yet. So, there will be a progression
to more and more sophisticated theories of gravity underlying these observations.

Nhitng chl dé nay cé diém chung. Tét ca déu lién quan dén quan sat nhitng thr ma ban
khong thé nhin thay tryc ti€p. Ching ta khong thé thdy nhitng hanh tinh truc tiép bdi vi
chiing qua mo nhat va qué xa. Ching ta khdng nhin thdy 16 den truc tiép. Theo dinh
nghia |6 den ban khong thé nhin thdy nd truc tiép. Vatéat nhién, nang lwong t6i, theo nhu
tén clia nd, cling khéng thé nhin thdy dwoc. Vi vay, lam thé nao dé ching ta biét rang
nhitng th(* nay dang ton tai? Cau trd 10i la ching ta biét ching dang ton tai bdi vi anh
hwéng clia chling trén cac d6i twong khac , va dic biét, anh hwdng hip dan cla ching trén
céc doi tuong khac ma ching ta c6 thé nhin thdy. Va nhuv vay, céi gi lién két ba chi dé
nay lai vai nhau, triedc hét 13, cac KT thuat quan sat dé kham pha chin g hoan toan tuong
t nhau. Va thi hai, tat ca ching déu lién quan dén nhitng biéu hién khac nhau cua luc
hdp dan. Va nhv vay, trong phan dau cla khoéa hoc ching ta s& ndi vé luc hdp dan
Newton. Trong phan thir hai clia khda hoc khi dén 16 den, thi lwc hdp dan twong déi tinh,
tvong doi tong quat, Ii thuyét clia Einstein <& thay thé |y thuyét ciia Newton. Va sau dé
theo thoi gian, ching ta dén nang lwgng toi, tham chi n6 cé thé khong dugc miéu ta
chinh x&c bang cong trinh cla Einstein, va ching ta co thé & trong khu vic ctia mot loai
vat ly hoan toan m¢i matham chi cac nhaly thuyét chva nghi dén. Vi vay, sé cé mot sw
tién trién dén cac ly thuyét ngay cang tinh vi hon veé trong lwc dua trén cac quan sat nay.

There's another feature that these topics have in common, and that is that they can be
understood in some detail without particularly sophisticated mathematics. Now, let me
pause here and say some things about math. Astronomy is a mathematical topic. There
will be math in this course, there ought to be math in any astro nomy course or it isn't
really an astronomy course, it's just a slide show. Now, the math in this course has been
kept at adeliberately low level. That isto say, the kind of math we'll be doing is stuff you
did in ninth and tenth grade. Introductory high school agebra, high school geometry, |
think we take the sine of an angle a couple of times, but it's the one case it cancels out



almost immediately, so don't let that scare you. It's the kind of thing that you all did on
the math SATs and since you're all sitting in this room you must have done okay.

Nhitng chl dé nay cé chung mot dac diém khéc, dd la: ching ta cé thé hiéu mot sb chi
tiét ma khong can toan hoc réc réi. Bay gid, hay dé toi tam dirng & day vandi vai diéu vé
toan hoc. Thién van hoc la mot chi dé toan hoc. Sé cé toan hoc trong khda hoc n ay, nén
c6 toan hoc trong bat ky khda hoc thién van hoc nao hodc n6 khong thuc sy 1a mot khoa
hoc thién van, né chi Ia mot sy trinh chiéu. Bay gio, toan hoc trong khéa hoc nay duoc
gilt & mic thdp mot cach cd can nhac. Nghia 13, céc loai toan hoc ma chiing ta s& ding
cac ban da duoc hoc 6 16p chin valép mudi. Trong mon nhap mon dai s6 & truong trung
hoc, hinh hoc trung hoc, t6i nghi rang thinh thoang chiing ta s& |8y sin clia mot goc,
nhung dé la mot trwang hop no gan nhu triét tiéu ngay 1ap tic, vi thé dirng dé cho diéu do
lam ban sg. D6 la céc loai bai todn ma céc ban da lam trong bai kiém tra SATS toan hoc
vanéu cac ban davao dugc day thi tat nhién cac ban daranh vé nhitng thi ay.

Having said that, | have discovered that saying that is misleading. And the re ason it's
misleading is cast your mind back to ninth grade; ninth grade math is hard. Remember?

In particular, word problems are hard. Y ou remember word problems. Thisis where you
drive from here to Cleveland and you fill your tank up with gas, and the ga s costs so
much per gallon, and the question is what is your shoe size or something. [laughter] The
way one approaches that is through a kind of common sense approach which involves the
fact that many of us have been in a car, driving from City A to City B , perhaps not
Cleveland, but somewhere else, and so you have a kind of intuition to fall back on. When
you do math problems that are logically the same, but apply to astrophysical systems, for
which you have absolutely no common sense to back you up, then you have to reason
purely from the internal logic of the problem and that's hard to do. It'sa skill that can be
learned; it'sa skill that's worth learning; it's a skill that I'm sure many of you aready have
to alarge extent, but it isn't an easy thing. So, the fact that the level of the mathislow
doesn't mean that the problems are easy. We do have alot of help mechanisms, which I'll
describe perhaps on Thursday, to keep you up to speed if you start having trouble with
these things.

Nhu d&noi, téi da phét hién ra rang noéi diéu do lasai 1am. Valy do no6 sai lam lalam cho
cac ban nha lai 16p chin; toan hoc 16p chin kho. Nhé khdng? Dac biét, cac bai toan do rat
kho. Ban nhé céc bai toan dé khong. Bay la noi ban lai xe tir day dén Cleveland va ban
bom day binh nhién liéu clia ban vai khi, vamoi galéng khi dét rat dat tién, va cau hoi la
kich thwét chiéc giay hodc thi gi d6 cla ban la bao nhiéu. [laughter] Cach ma nguoi ta
ti€p can diéu do lathéng qua mot loai phuwong phap tiép can theo nghia thdng thuong lién
quan dén viéc nhiéu ngudi trong ching ta da & trong xe, lai xe tir thanh pho A dén thanh
ph6 B, c6 Ié khéng phai Cleveland, ma & mot noi khac, va do d6 ban c6 mot loai truc
giac con sot lai. Khi ban lam nhitng ba toan logic twong tw, nhung ap dung cho cac hé
thong thién van hoc, d6i véi n6 ban hoan toan khéng ¢ kinh nghiém dé ho tro ban, do dé
ban phai 1ap luan thuan tdy tir logic ndi tai cla van dé vadiéu do khé lam. D6 la mot ky
ning c6 thé hoc duoc, d6 1a mot ki nang dang dé hoc; d6 1a mot k§ nang matéi chac
chan rang nhiéu ban da co & trinh do cao, nhung né khong phai 1a mot diéu dé dang. Vi
vay, mirc do toan hoc thip, khéng co nghia la céc véan dé dé dang. Ching toi o rat nhiéu
co ché gilp d&, mat6i s& mo ta vao ngay Thir nam, dé tang téc cho ban néu ban gap kho
khan va@i nhitng tht nay.



S0, | should say something about course requirements here. Let's see, we have sectionsin

this class. The sections are not just problem solving sections, these are actually required.

The fact that we're dealing in topics for which the answer isn't fully known means that
one can actually have discussion sections unlike many science courses, so we're going to

do that. And so, the structure of the course is like a history course. Two lectures a week

plus required section, and so 10% of your grade comes from sections. A large fraction of
that is just showing up, but there will aso be something in terms of saying something

intelligent once you get there. That's 10% of the course; 30% of the course is problem

sets. We will hand these things out once a week. The first problem set will show up on

Thursday, and if you have any question about whether this course is appropriate for you,

the right thing to do is to look at that problem set and ask yourself is this reasonable. |

will say that students on their evaluations have pointed out that it does --the course does
get harder. It's not that the math gets more complicated, but the situations get more
complicated. So, if you have serious trouble with the first problem set that's p robably a
warning sign. As | say, that will be handed out on Thursday. These things come about

once aweek; it's 30% of the grade. I'll say more about problem sets later on Thursday.

Vi vay, toi nén ndi vai diéu vé yéu cau cua khdéa hoc. Xem nay, ching ta cé nhiéu nhom
trong |6p nay. Nhirng nhdom nay khéng chi 1a nhém giai bai tap, diéu nay thuc sy can
thiét. Thuc t€ la chiing ta dang lam viéc trén céc chi dé ma cau tra 10i chva dwoc hiéu
biét day du nén cd thé c¢d nhitng nhém thao luan khong giéng nh cac moén hoc khoa hoc,
vi vay chiing ta sé lam diéu d6. Va nhu vay, cau tric cta khoa hoc gidng nhw khéa hoc vé
lich str. Hai bai giang mot tuan cong véi nhdm yéu cau, va do doé 10% s6 diém clia ban
dén tir viéc 1am viéc nhdm. Phan 16n cac thit sé dé thdy, nhwng ciing s& c6 thit gi d6 co
thé ndi la ban phai thong minh mai tim ra nd. D6 la 10% cua khda hoc; 30% clia khoa
hoc 1a céc xap bai tap. Ching téi s& phét ching cho cac ban moi tuan mot 1an. X&p bai tap
dau tién s dwgc phat vao ngay Thir nam, vanéu ban cé bat ky cau héi vé viéc liéu khoa
hoc nay la pht hgp véi ban hay khong, viéc can lam la nhin vao xap bai tap vaty tra 10i.
Theo danh gia clia cac sinh vién - thi khéa hoc nay tré nén khé hon. Khong phai 1a phan
toan phtrc tap hon, mala céc tinh hudng tré nén phirc tap hon. Vi vay, néu ban gap rac roi
nghiém trong v&i xap bai tap dau tién thi d6 la mot dau hiéu canh bao. Nhu toi danéi, né
s8 dugc phat vao ngdy Thir ndm. Nhitng bai tap nay dwoc phat moi tuan mot l1an; nd
chiém 30% s6 diém. T6i sé ndi thém vé nhitng xap bai tap vao ngay thir nam.

Thirty percent comes from two midterm exams. The way we do thisis the one where you

get the better score counts 20%. The one that you get the worst score counts 10%. So,

that gives you allittle bit of a break. And then there will be the Final exam, that's the last
30% of the class. There's also an optional paper. If you choose to do that, that will count

15% of your grade, and what it will do is it will de-weight whichever the worst of your
30% parts of your grade are back down to 15%. So, if you're aword person rather than a
number person, you get this opportunity to augment your score and de -weight some other
part of the classin which you may have done less well.

Ba muoi phan tram dén tir hai bai kiém tra gitta ki. Cach ching toi lam diéu nay la bai
nao c6 diém cao hon sé duoc tinh 20% . Bai nao diém té nhat sé tinh10%. Vi vay, diéu do
cho ban mot chit hi vong. Va sau dé sé co6 mot bai thi cudi ki, do la 30% cudi cung clia
mon hoc. Cling cd modt gidy tly chon. Néu ban chon dé lam diéu do, no sé tinh 15% diém
cla ban, va nhitng gi n6 s& lam land sé can lai bat cit khi nao cai té nhéat trong cac phan
30% diém clia ban rdt xuéng dén 15%. Vi vay, néu ban lamot nguoi tir hon la mot nguoi



S0, ban sé c6 duoc co hdi nay dé tang thém diém sb clia ban va can lai mot so phan khac
ctia moén hoc & do ban cé thé dalam it tot hon.

All of this stuff is on the classes server [Yal€'s online course tool]. | should say that the

syllabus that I've put out here is just a direct copy off of what's on the classes server, so

feel free to take that. But all the information, and actually more information is online. Let

me pause now and ask whether there are questions about the course and the course

procedures. Y es?

Tét ca nhitng thir nay & trén server moén hoc [khoa hoc truc tuyén clia Yale]. T6i phai noi
rang chuong trinh hoc ma toi da dit ra & day chi la mét ban sao tryc ti€p clia nhitng gi
trén server mon hoc, do do, ban cé thé tv do l1dy nd. Nhwng tét ca cac thong tin, vathuc té
céc thong tin thém latryc tuyén. Bay gio hdy dé t6i dirng lai va dé cho cac ban hdi nhitng
cau hoi vé khéa hoc va cac thi tuc cla khda hoc. Vang, moi ban ?

Student: This may be a silly question, but | saw on the web that right below the times
listed for this course was a "to be determined” or some sort of notation that could indicate
that there is another of this class at a different time?

Pay cd thé la mot cau hoi ngd ngan, nhng em thay trén trang web ngay bén dudi thoi
gian duoc liét ké cho khda hoc nay la cai "dwoc xac dinh" hodac mot sé quy wéc am chi
rang & c6 mot |op khac clia mon nay vao mot thoi diém khac?

Professor Charles Bailyn: No, no this class is going to meet now. I'll have to check and
see what you were thinking of, but it may be that what that was referring to was section
times, and actualy this is something that 1 haven't mentioned. Sections are required.

They're al going to be on Mondays. We're going to have a wide range of times, all of

them on Mondays from 12:30 until I think 8:00 at night. But you do have to sign up for a
section. Let me also say, I've mentioned here, | don't think this is --;actualy, looking at
the number of people here, | think we're going to be able to accommodate everyone,

including juniors and seniors. But | did set it up in such a way that freshmen and
sophomores get first crack. The way that's going to work is the online sectioning form
opens up on Monday and juniors and seniors won't be allowed to officially register for

the class until Tuesday. So, the freshmen and sophomores get to fill up the sections first.

My guess is, again, looking at the number of people here today that we won't have any

problem, and that if you're ajunior or a senior you'll get in just fine. So, we'll be picking
sections through what is now the standard online sectioning thing, which is going to open

for business next Monday. I'll check the website and see if that's actually what you meant,

but it may have been something else. Other questions?

Khong, khong hién tai chi c6 mot I6p nay. Toi sé kiém tra va xem nhitng gi ban dang
nght dén, nhwng co thé do la thoi gian cho tirng nhém, vathuc sy day la nhitng thir matoi
dakhoéng dé cap. Hoc nhom 1a diéu bat budc. T4t ca ching s dién ra vao thir Hai. Ching
ta s8 c6 mot khodng thoi gian rong, vao thir Hai tir 12:30 dén 08:00 t6i. Nhwng ban phai
ding ky nhom. Tuong tu, toi cling ndi rang, t6i da dé cap & day, téi khong nght rang day
|a -; thiee sw, nhin vao s8 ngudi & day, t6i nghi rang ching toi s& ¢6 kha ning chia tat ca
moi nguoi, ké ca cac sinh vién ndm ba va nam tw. Nhung toi d athiét 1ap nd theo céch sao
cho sinh vién nam nhét va nam hai nhan crack dau tién. Ching t6i lam diéu d6 nhw
sau:céc mau dién tirng phan truc tuyén bat dau hoat dong vao ngdy thiv hai va cac sinh
vién ndm ba va nam tu sé khong dugc phép dang ky chinh thic 16p hoc cho dén thi ba.
Vi vay, cac sinh vién ndm nhat va nam hai sé dién vao cac nhém trvéc. Dy doan cla toi
[a, mot lan nira, nhin vao sb ngudi & day hdm nay ching ta s& khong c6 bat ky van dé



ndo, varang néu ban lamot sinh vién ndm ba ho3c nidm tw ban sé& theo kip.Vi vay, ching
tasé chon nhém bang cach chia doan truc tuyén, nd s hoat dong vao thir hai tuan tai. Toi
S8 kiém tra cac trang web va xem nhitng gi ban thwc s muén ndi, nhwng né cé thé la
mot cai gi do khac. Con cau hdi nao khac khdong?

Let me, in general, encourage you to ask questions. | know that that's hard to do in a big
lecture setting, but we have an advantage over other courses, particularly science courses.
WEe're not trying to prepare you for the astr onomy part of the MCATS, so we don't have to
cover a specific syllabus. We're not even trying to follow a textbook. And so we have a
little more leeway than is ordinarily true to ask questions and go in weird directions, so
please feel free to do that. | reserve the right to put a question off into the future or into
discussion section or something, but do by all means ask. We have some freedom of
action. Yes?

N6i chung, toi khuyén khich ban dat cau hoi. Toi biét diéu dé khd dé lam trong mot
gidng duong 16n, nhung ching ta cd mot lgi thé hon cac khoa hoc khac, dac biét l1a cac
khda hoc vé khoa hoc. Chung ti khéng c6 gang dé chudn bi cho ban phan thién van hoc
clia MCATS, vi vay chiing ta khong phai dé cap dén mot chwong trinh hoc cu thé. Ching
tatham chi khong c6 dé lam theo sach gido khoa. Vavi vay chiing ta it mat thoi gian hon
binh thuvong dé hoi va di theo cac hwdng la, do do, hdy cam thay tv do dé lam diéu do.
T6i c6 quyén dat mot cau hoi trong twong lai hay trong phan thao luan hay gi do, tat
nhién theo yéu cau moén hoc. Chung ta cé quyén tv do hanh dong. Vang, mai ban?

Student: Isit possible to take an early final?
C6 thé chon mot ki thi cudi ki sdém khéng?

Professor Charles Bailyn: An early final? Let me think about that. | prefer to avoid it
because then | have to invent another final. The problem with that is trying to make them
come out even. | will say this, that if | do an early final, I'm probably going to err on the
side of making it hard. But it's very hard to make them come out even, but let me think
about that. Other questions? Y es.

M6t ki thi cudi ki som a? Hay dé toi nght vé diéu do. Toi mudn tranh nd bdi vi sau do toi
phai nght ra mot ki thi cudi ki khéc. Kho khin 1a phai 1am sao cho ching can bang. Toi
nght 13, néu t6i 1am mot ki thi cudi ki som, co |é toi sé sai l[dm & chd la lam cho né kho.
Nhung rét khé dé 1am cho ching can bang, nhung hay dé t6i nght vé diéu d6.RCon cau
héi nao khac khéng? Vang.

Student: In discussion sections, is it just going to be like discussing things or is it going
to be working on the problem sets?

Trong cac nhém thao luan, sé chi thao luan nhirng van dé gi dé hay s& lam viéc trén céc
xap bai tap?



Professor Charles Bailyn: It's going to be some--So, the question is, "What are the
discussions sections going to be like?* Are there going to be discussion of th e problem
sets or isit going to sort of general discussion of the course material? The answer is both.

| think there will be both, in any given discussion section, there will probably both be an

opportunity to talk about the previous problem set and to cl arify things about the next
problem set, and also some kind of activity that sort of extends and advances what we've
been talking about in class. So, I'm hoping to do some of both. If we veer too much in

either one direction that's probably not a good thing. There will be other ways of getting
help aswéll, if you start to have trouble on the problem sets or in the course generally. I'll

talk about those alittle bit on Thursday. Yessir?

NG s& lamot s - Vi vay, cau héi dat ra 13, "cac phan thao luan s& nhu thé nao?" Sé lacéc
thao luan vé cac xap bai tap hay la cac loai thao luan chung vé cac ndi dung trong khoa
hoc? Cau tra |oi 1a ca hai. Toi nght rang sé co ca hai, trong bat ky phan thao luan nao, c6
I& s& c6 ca mot co hoi dé noi vé nhitng xap bai tap va ca gidi thich céac thir vé cac xap b ai
tap tiép theo, va cling c6 mot sé loai hinh hoat dong phan nao mé réng va nang cao
nhi*tng gi ching ta da hoc trong Iép. Vi vay, t6i hy vong lam mot sé cla ca hai. Néu
chiing ta dao chiéu qua nhiéu cé 1& do la diéu khong t6t. Sé c6 nhitng cach khac dé nhan
duoc su gidp d& nita, néu ban bét dau gap rac réi vé cac xap bai tap hodc trong khda hoc
noi chung. Téi s& n6i thém veé nhirng thi* nay mot it vao ngay Thit nam. Vang?

Student: How are problem sets graded?
Céc xap bai tap duoc tinh diém nhu thé nao?

Professor Charles Bailyn: How are problem sets graded? Very carefully. Let's see, |

think we'll probably--it'll probably be on a kind of zero to twenty -point schedule. But let
me say this about the problem sets. There are going to be two kinds of things on the
problem sets. One are kind of quantitative problems which have aright answer. Those are

relatively easy to grade on some kind of apoint scale; you give partial credit and so forth.
But we will also--because this is a course that's not only about the specific of this topic
but also about science in general, we're also going to have things that look kind of like

essay questions on the problem sets. Those are a little harder to grade in this way, but

we've got to grade them in the same way so that we can add the points up. And I'll talk a
little bit more about how those are graded. | will say one thing; one thing that we do iswe

make sure that each problem or essay is graded by one T.A. or by myself, so that we don't
have different people--so that if you're in a section it's not like your --all the problem sets
for that section are all graded by your section leader and some other section leader grades

all the other problems, because that leads to imbalances of various kinds. So, we assign
each problem to a specific person for the whole class. It's basically a zero through twenty

scale, although what that means varies depending on what kind of a problem it is. I'll say

alittle bit more about that.

Céc xap bai tap dugc tinh diém nhu thé nao? Réat cin than. Hay xem, t6i nghi rang chiing
t0i O thé - cd thé [amat loai thang diém tlr khdng dén hai muoi diém. Nhung hdy dé toi
noi diéu nay vé cac xap bai tap. S& c6 hai loai van dé trong cac xap bai tap. M6t laloai
véan dé dinh lugng trong d6 c6 mot cau tra o1 ding. Nhitng cai nay twong déi dé dé cham



diém trén mot thang diém nao dd; ban & c6 diém tirng phan va vv. Nhwng chiing toi cling
£ - bdi vi day la mot khda hoc khdng phai chi riéng vé chd dé nay ma con la khoa hoc
noi chung, ching toi ciing s8 cho nhitng cau hoi luan trong cac xap bai tap. Nhitng cai do
hoi kho hon dé cham diém theo cach nay, nhwng ching tdi phai chdm chiing theo céch
tong tw sao cho chiing tdi co thé cong diém vao. Vatdi sé néi thém mot chit vé cach
thi/c chdm diém nhitng cé nay. T6i sé n6i mot diéu, mot diéu ma ching toi lam laching
t6i dam bao rang moi bai tap hay bai luan dwoc chdm diém bai mot tro giang hodc chinh
t0i, dé cho chiing t6i khong c6 nhirng nguoi khac nhau — sao cho néu ban & trong mot
nhém noé khong gidng nhu clia ban — tat cd cac xap bai tap cho nhém dé duoc cham diém
b&i ngudi hwdng dan nhom dé vamot sd nguoi hudng dan nhom khac chdm diém tat ca
céc bai tap con lai, vi diu do dan dén sy mat can bang cac loai khéc nhau. Vi vay, ching
toi chi dinh tirng bai tap cho tirng ngudi cu thé trong 16p. VE co ban né la thang diém tlr
khong dén hai muoi, diéu dé cé nghia la thay doi khac nhau phu thudc vao né laloai bai
tap gi. T6i S8 ndi thém mot chit vé diéu do.

| will also say thereis a rather detailed lateness policy that's linked to the classes server,
please read that. We're going to stick to it. And one of the features of that is that there
will be answer sheets. Problem sets are typically due Thursday, there will be an answer
sheet up the following Tuesday, so if you don't get it done by five days after it's due,
you're toast because the answers are posted. Other questions?

Toi cling sé n6i c6 mot quy dinh gio gidc kha chi tiét & trén trang web clia mén hoc, xin
vui 10ng doc dieu do. Ching ta s& gan b6 voi nd. Vamot trong nhitng tinh ndng cta nd s&
la sB co to trd 100 cau hoi. Xap bai tap thong thuong duoc phat vao thir nam, s& c6 mot
bang cau trd 10i dua Ién vao Thiv ba tuan sau, vi thé néu ban khéng lam xong n6é nam
ngay sau khi né duoc dua Ién, ban s& nang li chic mirng vi cau trd 101 da duoc gl Ién.
Con cau hoi khac khéng?

Great, let's start. Thisis very cool. All right, thisi s going to be all kinds of fun. Planets,
planets around other stars, but planetsin genera. So, let's start by talking alittle bit about

orbits, planetary orbits. Y ou probably know some of this story, originally in the old days,

people used to think that the Earth was the center of the Universe. So, the Earth was at
the middle and planets went around them in circles. That's not much of a circle [drawing

on overhead], but you know what | mean. And so, everything was circles around the
Earth. And that's what planets did, where planets also included to their way of thinking,

the Sun and the Moon as well, and so you had these circles around the Earth. This is
what's called the geocentric model; Earth at the middle. It's associated with the name of a
Greek astronomer named Ptolemy. The problem with this model is very simple. Namely,

that if you actually go out and observe where the planets, and the Sun, and the Moon are
night after night after night it doesn't work very well. So, this doesn't fit the observation s.
Doesn't fit observations.

Tuyét voi, ching ta hdy bét dau. Diéu nay rat mat mé. Buoc roi, day sé latit ca céac thu
vui. Hanh tinh, cac hanh tinh quay xung quanh céac ngdi sao khac, nhwng néi chung la
hanh tinh. Vi vay, ching ta hay bat dau bang cach néi chuyén mét chit vé quy dao, quy
dao clia hanh tinh. Ban cd thé biét mot it vé cau chuyén nay, bat ngudn tir cac cau chuyén



ngay xuwa, nguoi ta da quen ngh rang Trai dét la trung tam cta Vi tru. Vi vay, Trai Dét ¢
gilta va cac hanh tinh quay tron xung quanh chdng. N6 khéng gidng mdt vong tron cho
|&m [v& trén bau troi], nhwng ban biét tdi mudn noi gi. Va nhu vy, tat cd moi thi quay
tron xung quanh Tra Bat. Va dé la nhitng gi ma cac hanh tinh 1am, & day theo cach nght
clia ho cac hanh tinh nay ciing bao gdm Mat Troi vaMat Trang nira, va do do6 ban cé cac
vong tron quanh Trai D4t. Day duoc goi lamé hinh dia tam; Trai dat & gitra. N6 gan lién
voi tén clia mot nha thién van nguoi Hy Lap tén la Ptolemy. Nhugc diém cla mo hinh
nay rat dé thdy. Cu thé, dém dém néu ban nhin lén troi va quan sat cac hanh tinh, Mt
Troi vaMat Trang & dau sao n6 khoéng hoat dong nita. Vi vay, diéu nay khéng phu hop
v@i nhitng quan sat. Khéng phu hop véi quan sat.

So, they said, al right well maybe that doesn't work all that well, so what we'll do is
instead of imagining that the planets are on circles around the Earth, we'll imagine that

there are circles on circles around the Earth, and the planets go on those. So, you add a

kind of extra circle here, so the circle goes around the Earth and the planet goes around
on that circle. These circles were called epicycles. So, add epicycles. And what happened

is they would add an epicycle and then they'd go out and observe some more, and in

particular, the Arab astronomers a thousand years ago. A thousa nd years ago the center of
all science was in the Arab countries; they gave us all their --all our star names by the way
are in Arabic, so are mathematical techniques such as algebra; it all comes from the

Arabs. They knew what they were doing back then whe n the Europeans were kind of in
squalor. And they made these great observations, and every time they made more

observations it turned out it didn't fit. So, they had to add more epicycles. So then, they

added one here, and one here, and so on until you had circles, and circles, and circles, and
circlesin order to explain the observations. So, add epicycles repeatedly. And thisis kind

of unsatisfying because it's not a good thing where every time you get more or better

observations you have to revise and extend your theory.

Vi vay, ho noi, duoc roi cé Ié diéu dé khdng dang tat ca diéu do cling vay , do dé, nhitng
gi ching toi s& lam lathay vi twdng tugng rang cac hanh tinh dang quay tron quanh Tréi
Paét, ching ta hdy twdng twong rang co nhitng vong tron trén nhitng vong tron xung
quanh Trai dét, va cac hanh tinh chuyén dong trén nhitng céi nay. Vi vay, ban thém vao
hinh tron phu & day, do do6, vong tron quanh Tréa Bat va nhitng hanh tinh nay di trén
nhitng céi nay. Nhiing vong tron nay dwoc goi la ngoai luan. Vi vay, thém vao nhirng
ngoai luan. Va nhitng gi xay ra la ho sé thém vao mot ngoai luan va sau do ho sé di ra
ngoai va quan st mot s6 chi tiét nita, va dic biét, cac nha thién vin hoc A Rap mét ngan
nam trwdc day. Mot nghin ndm treéc day trung tam cua tat cd moi khoa hoc la dat nuéc
A RAp; ho cho ching ta tat c& moi tht clia ho - tat ca cac tén ngdi sao clia ngdi sao theo
kiéu A Rap, cac phwong phép toan hoc ciing vay chéng han nhu dai s6, tat ca déu xuét
phét tir A Rap. Vao thoi ki d6, ho biét nhitng gi ho dang lam trong khi ngu &i chau Au con
dang trong tinh trang nghéo khé. Va ho da thwc hién nhitng quan sat tuyét voi nay, va
moi khi ho thwc hién thém céc quan sét hoarala né khdng pht hop. Vi vay, ho phai thém
vao nhiéu ngoai luan. Vi vay, sau do, ho da thém vao mot cai & day, va mot & day, va
v.v.. cho dén khi ban c6 nhirng vong tron, va nhitng vong tron, va nhirng vong tron, va
nhitng vong tron dé giai thich cac quan sat. Vi vay, thém ngoai luan nhiéu lan. Va diéu



nay ho nhu khong 6n bdi vi nd khong phai 1a mot diéu t6t trong d6 moi khi ban nhén
thém céc quan sét hodc quan sat tot hon, ban phai stra doi vamé rong ly thuyét cuia ban.

That's not such a great theory. In fact, the word epicycles has now become a kind of a
swear word in the scientific community, meaning a sort of theory that has b ecome so
complex it's just ridiculous and you don't want to believe it anymore. So, someone will
come up with some really seemingly sophisticated but very complicated theory and if you
don't like that you just go that's just epicycles, forget about it. So, this has become alittle
bit of a swear word, and it was unsatisfactory at the time. Now, let me pause for a
moment and confess that the story I've just told you, which is the standard story about
Ptolemaic epicyclesis, well, it has what | think Colbert would refer to as "truthiness.” It's
a commonly told story that people like to believe, but if you talk to the historians of
science thisisn't actually how it happened. And, in fact, this idea of circles on circles, on
circles that isn't the way epicycles worked, they had circles and they did get more
complicated every time they fit the observations, but not by adding more and more
circles. They would move the circles side to side, they would have things going at
variable speeds around the circle, all sorts of things but this little picture that I've just
drawn here has akind of "truthiness" to it. | would say that thisis a general issue with the
way scientists describe how science works.

D6 khdng phai la mot ly thuyét tuyét voi. Trong thuc té, hién nay tir ngoai luan da tré
thanh mot loai tlr nguyén rda trong cong dong khoa hoc, cé nghia lamét loai ly thuyét ma
da tré nén qua rdi ram no chi budn cuoi, va ban khong mudn tin n6 nira. Vi vay, ai do sé
nghi ra cai gi do thuc su c6 vé tinh vi nhung i thuyét rat phirc tap vanéu ban khoéng thich
diéu do ban chi can cho qua, do chi langoai luan, quén né di. Vi vay, cai nay giéng nhw
mot cau chtri rda, va n6 da khong thGa man tai thoi diém ay. Bay gio, hay dé tdi tam dirng
mdt chdc vathi nhan rang cau chuyén matoi vira ké véi ban, do 1a cau chuyén chuin vé
ngoai luan Ptolemy, vang, né ¢ nhitng gi ma t6i nghi Colbert s& dé cap dén nhu la "su
thanh that." D6 la mot cau chuyén thwong duoc ké lam nguoi ta tin, nhwng néu ban néi vé
céc st gia khoa hoc sir viéc khdng dién rathé nay. V4, trén thuc té, y tudng vé cac vong
tron trén nhirng vong tron, trén nhitng vong tron dé khong phai la cach ma cac ngoai luan
tudn theo, ho d& cd nhitng vong tron va ho da nhan thém si phirc tap hon mai khi thuc
hién cac quan sat méi, nhung khéng phai bang cach thém vao cang nhiéu vong tron.
Chung s di chuyén trén nhitng vong tron tir phia nay sang phia khéc, ho sé ¢ nhiing thir
di chuyén voi téc do khac nhau quanh vong tron, tat cd moi thir nhing biéc anh nhd ma
t6i vira vé ra & day c6 mot loai "th anh that" trong né. T6i xin ndi rang day lamot tiéu chi
chung trong viéc mé ta cach thirc khoa hoc Iam viéc cta cac nhakhoahoc.

We tell these nice anecdotes and we put them in the textbooks too; in the little bars that
go down the side of the textbook, where you get the head and shoulder shot of the famous
dead white male scientist and so forth. And then we tell these stories. And the historians
of science hate this because it isn't actually what happened. Nevertheless, we persist in
telling these stories, and I've been thinking about why that is. | think the way to think
about thisis what these stories are, are fables. And like any fable, the point is not that the
story istrue. The point isthat it vividly illustrates a moral, which tells you how to behave
or how not to behave and they're useful for that reason. You'll recall the famous fable of



the ant and the grasshopper. Grasshopper sings and plays and dances all summer long.
The ant is very industrious, piles up food, doesn't have any fun. But then in th e winter,
the grasshopper starves and the ant does fine. If an entomologist were to come along and
say but that's not how ants and grasshoppers behave, you would correctly say that he's
missed the whole point. And the point is that it's just a nice story w hich illustrates certain
kinds of behaviors and whether they're good or bad. So, here's what I'm going to do; I'm
going to tell these stories, but I'm going to label them fables and I'm going to point out
the morals explicitly. And the optional paper is going to be: go and take any one of these
things and find out what really happened and comment somewhat on the implications of
the real story for science.

Chiing t6i n6i vé nhitng giai thoai t6t dep va ching t6i cling dwa ching trong cac sach
gido khoa nita; trong cac khoang nhd & phia dudi bén trong sach gido khoa, & d6 ban
nhan dwoc cac birc anh béan than cia cac nha khoa hoc nam néi tiéng nguwoi da trang da
chét vv. Va sau dé ching t6i ké vé nhitng cau chuyén. Va cac nha str hoc vé khoa hoc
ghét diéu nay bdi vi nhiéu khi n6 chira dwng nhiéu chi tiét th éu dét. Tuy nhién, ching ta
van khang khang tin nhiing cau chuyén nay, va tdi da suy nght tai sao lai nhu thé. Toi
nght rang céach suy nght vé diéu nay la nhitng cau chuyén ndy la gi, |a cac truyén thuyét.
Vaciing giong nhu bét Ky truyén thuyét nao, gia tri khong phai & chd cau chuyén ding.
Gia tri la @ chd né minh hoa sinh dong mot 1i ran day, cho ban biét cach dé hanh xu
hodc nhitng viéc nén tranh vachiing cé ich vi ly do dé. Ban hdy nhd lai truyén thuyét noi
tiéng vé con kién vachau chau. Chau chau hat va choi boi vanhdy mada sudt muahe dai.
Céac chu kién rat siéng, tich Iy thwc pham, khong vui choi. Nhwng sau dé vao mua dong,
cac chu chau chau rat déi va cac chu kién cam thay rat thodi mai. Néu mot nha con trang
hoc dén vanai, kién va chau chau khong doi ndo |am thé, ban s& noi chinh xéc rang 6ng
dy bi mat toan bd diém. Va diém c6 ich & day land chi lamdt cau chuyén hay minh hoa
cho nhirng loai hanh vi nao dé cho du chang tét hay xau. Vi vay, day la nhitng gi t6i s&
lam; t6i s& ké nhitng cau chuyén nay, nhung t6i sé danh dau chdng la truyén ngu ngon.
Vatoi st chi rd nhitng 16 ran day. Va cac béo céo tuy chon s la: chon bét ky ca nao
trong s8 nhitng cau chuyén nay va tim hiéu dién bién clia cau chuyénR va binh luan mot
chdt vé ham y ctia cau chuyén.

| should say that the biggest of these fables is probably the one about Galileo and the
Catholic Church, where the Catholic Church oppresses the pioneering scientist and the
scientist stands firm against this huge impersonal bureaucracy, and the establishment
trying to squelch them and so forth. The truth of that is actually very subtle and very
interesting and | can't go into it now, among other things because I'm not a historian of
science, I'm not the best person to talk about it, but check that out sometime.

Toi phéi noi rang cau chuyén 16n nhét trong nhitng truyén thuyét nay co |& 1a cau chuyén
vé Galileo va Gido Hoi Cong Giao, trong d6 Gido Hoi Cong Giao dan ap cac nha khoa
hoc tién phong va cac nha khoa hoc ding Ién chdng lai bon quan lai vé cdm nay, va
nhitng thiét ché c6 dé de bep ho vavv. Si that clia cau chuyén dé rat tinh t€ varat thi vi
vatéi khong thé di su vao nd ngay bay gio vi tdi khdng phai la mét nha sir hoc vé khoa
hoc, t6i khong phai la nguoi tét nhat dé noi vé no, nhung hay kiém tra diéu dé vao lic
nao do.



Anyway, for this particular--this is the fable of the Ptolemaic epicycles and the moral is
that simple theories are better. And you particularly don't like theories which get more
and more complicated, the better and better your data become. | should say that the word
simple in there turns out to have a technical meaning if you take a statistics course. What
| mean by simple is something that has relatively few free parameters. I'll just leave that
at that. You can go talk to the statisticians about it. So, if your theory is getting
overwhelmed by epicycles, then you'd better go out and come up with some other better
theory. And so, people tried to do that, and the first step along the way was, of course,
Copernicus.

Du sao di nita, dé cho diéu nay cu thé - day la truyén tuyét vé ngoai luan Ptolemy va loi
ran day laly thuyét don gian sé t6t hon. Va dac biét laban khong thich cac ly thuyét ngay
cang tré nén phtrc tap hon, trong khi di¥ liéu ctia ban ngay cang tré nén t6t hon. Téi phai
nai rang, tir don gian trong dé hoa ra c6 mot y nghia k§ thuét, néu ban tham gia mot khoa
hoc thong ké. Nhitng gi t6i muodn néi la céi gi do cé vai tham sé tvong doi tv do. Toi dé
lai diéu dé cho ban suy nghT. Ban c6 thé néi chuyén véi cac nhathong ké vé nd. Vi vay,
néu ly thuyét clia ban tran ngap cac ngoai luan, thi ban nén chuyén hwdng va nghi ra mot
i thuyét khac t6t hon. Va nhw vay, con ngudi da cd gang lam diéu do, va budc dau tién
trén con dwdng dd, tat nhién, 1a Copernic.

Copernicus, as you probably recall, decides that the geocentric model is wrong, things
ought to be heliocentric; the Sun in the middle. So, you put the Sun in the middle and

everything, including the Earth, goes in circles around the Sun. This was revolutiona ry,
and in fact, the title of the book he published was De Revolutionibus Orbium Coelestium,
which means "of the revolutions® in the sense of "revolving of the celestial spheres.” The

use of that word revolution is one of the things that pushed the word re volution to its
current meaning, meaning overthrowing authority in some ways. Originaly, it just meant

to revolve but this was so revolutionary that people started to use the word in the other

way. This wasn't actually as great a theory as you might think , because it still needed
epicycles. Not as big, not as many, but it didn't get rid of the problem with epicycles. And

that didn't work itself out until a generation or two later when Kepler came along.

Copernicus, nhw ban ¢6 1& con nhd, cho rang md hinh dia tm 1a sai, moi thir nén 1a nhat
tam; Mat troi ¢ trung tam. Vi vay, ban dat mat troi & gilta vatat cad moi thir, bao gdbm ca
Trai dat, chuyén dong tron quanh Mat troi. Day la cudc cach mang, vatrong thuc té, tiéu
dé cua cudn sach ma éng ta xuat ban la De revolutionibus Orbium Coelestium, c6 nghTa
la"cla cudc cach mang" theo quan diém "xét lai thi én cau." Viéc st dung tlr “cudc cach
mang” la mot trong nhitng diéu da day tlr “cudc cach mang” dén nghia hién tai cta no,
nghta lalat do quyén lwc theo mdt s6 cach khac nhau. Ban dau, nd chi cé nghia la xét lai
nhung diéu ndy qua céch mang dén ndi moi ngudi bat dau st dung tir ndy theo céch
khac. Day khong thuc su 1a mot ly thuyét tuyét voi nhw ban nghi, bai vi nd van con can
dén cac ngoai luan. Khong phai la Ién, khéng phai la nhiéu, nhung n6é da khéng thoat
khoi nhitng van dé vai ngoai luan. Vadiéu dé dakhong di dén dau cho dén mot hodc hai
thé hé sau d6 khi Kepler xuét hién.



Kepler was a famous astronomer and he had in his possession, because he stole them, the
best naked-eye results that had ever been obtained of the motions of the planets, in
particular, Mars. He described these motions in Three Laws of Planetary Motion. You

can look them all up in a textbook. In other kinds of courses we would have you

memorize these things; I'm not going to do that. The key point here is that these are not
circles; they're ellipses around the Sun. That, it turns out, gives you a model for planetary

orbits which, when you take better and better data, doesn't change. They're still ellipses;
you don't need little ellipses on top of these ellipses to explain everything that's going on.

So, this now has excellent descriptive power. It really describes what's going on, and

when you make further observations, it still describes what's g oing on. It does not have
any explanatory power in the sense that if you say, "why ellipses?’ Kepler had no idea.

That's just the way God made it. So, it's not in any particular way an explanation. For the
explanation you have to wait another generation or two until we get Newton.

Kepler la mot nha thién van hoc ndi tiéng va 6ng da cé tai san riéng clia 6ng ay, vi 6ng
“|&y trdm” ching, nhitng két qua quan sét bang mét thuwong t6t nhat vé chuyén dong clia
céc hanh tinh, cu thé 13, sao Héa. Ong ta d& mé ta nhitng chuyén dong nay dwéi dang ba
dinh luat vé chuyén dong cla cac hanh tinh. Ban c6 thé xem tat ca chiling trong séch gido
khoa. Trong céc loai khéa hoc khéc, ching toi c6 thé yéu cau ban nh¢ nhiing dinh luat
nay; t6i s& khong lam diéu d6. Biém mau chot & day |a nhiing cai nay khong phai la cac
vong tron; ching la cac hinh elip xung quanh Mt troi. Héarala, Ii thuyét nay dua ra mot
md hinh vé quy dao clia cac hanh tinh, khi ban nhan duoc di¥ liéu ngay cang tét hon,
khdng thay d6i. Ching van la nhitng elip; ban khdng can nhitng elip nho trén dau cia
nhitng elip nay dé giai thich moi thir dang xay ra. Vi vay, bay gio i thuyét nay da cé mot
sirc manh mo ta xuat sac. N6 thuc sy md ta nhitng gi dang xay ra, va khi ban tién hanh
thém nhitng quan sét nira, n6 van con ding. Nhung nd khong thé giai thich dugc, "tai sao
elip?' Kepler khdng co y kién. D chi la cach Chia datao ra né. Vi vay, ho chua c6 cach
giai thich nao r6 rang va cu thé. Dé cé nhitng |0i giai thich, ban phai doi mot hoac hai thé
hé cho dén khi Newton xuat hién.

Newton writes down three laws of his own, but these are now three laws of motion, not

planetary motion in particular. And again, one could write these down and memorize
them and learn them, and that would be a good thing. Let me write down one of them, the
Second Law, looks like this: F = ma, force equals mass times acceleration. And | write
this one down simply to point out that that equation is the entire intellectual content of

Introductory Physics for physics mgjors. If you go take Physics 180 thisisal | that they do
and they spend the whole time. It turns out you don't actually want acceleration, that

doesn't tell you what you want to know. What you want to know is the trgjectory, where
the object is as afunction of time. Those of you who have taken so me calculus may recall
that if you take the acceleration, and you take an integral twice, you'd come up with the
position as a function of time. So here's what --so in the next thirty seconds I'm going to
explain Physics 180 to you. You substitute in some k ind of aforce, you divide by mass,
you take two integrals, and that gives you the trgjectory of the thing. That's al you need

to know. Technically, of course, it's quite hard, but conceptually pretty straight -forward.



Newton da viét ra ba dinh luat cta riéng minh, nhung bay gi¢ day la ba dinh luat vé
chuyén dong, khdng phai riéng gi chuyén dong clia cac hanh tinh. Vamét lan nira, nguoi
ta c6 thé viét ra nhirng cai nay va ghi nhé ching vatim hiéu ching, va dé sé lamot diéu
tot. Hay dé t6i viét ra mot trong sO ching, dinh Luat thv hai, co6 dang nhw thé nay: F =
ma, lvc bang khdi lvong nhan gia tée. Vatoi viét ra cdi nay dé chi ra rang phuong trinh
do6 la mét ndi dung trong tdm ctia mdén Nhap mon vat i danh cho céac sinh vién chuyén
nghanh vat li. Néu ban chon khéa hoc Vat ly 180 day la tat cad nhitng gi ho lam va ho
danh toan b thoi gian cho n6. Héarala ban khong thuc s muén tang tdc, diéu dé khong
cho ban biét nhirng gi ban mudn biét. Nhitng gi ban muén biét 1a quy dao, trong do vi tri
clia vat thé nhr la mot ham cla thoi gian. Trong sO nhitng ban da thic hién mot s6 tinh
toan cé thé nhé rang néu ban Idy giatdc, vaban |8y tich phan hai 1an, ban s& suy ra dugc
vi tri nhv mot ham theo thoi gian. Vi vay, day lanhiing gi - vi vay trong ba muoi gidy sau
t6i sé gidi thich VVat ly 180 cho ban. Ban thé vao loai luc nao do, ban chia cho khdi lvgng,
ban c6 hai tich phan, vano sé cho ban quy dao cla vat. D6 la tat cd nhiing diéu ban can
phai biét. V& mat ky thuat, tat nhién, n6 kha kho, nhung trén i thuyét lakhatruc tiép.

One of the things that Newton did with this equation was he took a particular force,
namely the force of gravity, which he also wrote down a Law of Gravity. That tells you
for any given situation what the force due to gravity is, substituted it in here, and figured
out what the motions of the planets ought to be. And it turns out that he could derive
Kepler's Laws. He derives Kepler's Laws. Very nice. Now, of course, in order to do this
he has to invent calculus, so it takes a little while. He was a great genius but even so,
inventing calculus from scratch, not something you want to attempt at home. And that
was basically the start of both modern science and modern mathematics.

M@t trong nhitng diéu ma Newton da lam véi phuong trinh nay la 6ng da chon mét luc
dic biét, cu thé lalvc hdp dan, cad maodng ciing daviét 1a Dinh luat hdp dan. Diéu d6 cho
ban biét trong bat ki trwdng hop nado luc do sy hdp dan gay ra lagi, thé nd vao trong day,
vasuy rachuyén dong clia cac hanh tinh s& nhw thé ndo. Va hdararang éng ta co thé rat
ra cac dinh luat Kepler. Ong ta rat ra cac dinh luat Kepler. Rat dep. Bay gi0, tat nhién, dé
lam dwoc diéu nay, 6ng ta phai tu xay dwng céach tinh toan, do dé, phai mat mot thoi gian
ngan. Ong ta la mot thién tai 16n nhung ngay c& nhw vay, phéa minh ratinh toédn tir dau,
khong phai 1a thtr ma ban muén thir [am tai nha Va vé co ban do la sy bat dau cla ca
khoa hoc hién dai vatoan hoc hién dai.

So, this marks the start of science in the following sense --that Newton has to make a
couple assumptions along the way, sort of deep assumptions about how the world works.
Oneisthat the Universe is governed by laws, and in fact, by universal laws. What | mean
by universal, in this sense, is that they apply everywhere; that the same law of gravity that
resulted in the top of my pen falling to the floor over there aso is responsible for the
orbits of the planets and the motions of the stars. Thiswas anew idea. It's very familiar to
us by now, but the idea that the planets ought to behave according to the same rules as
stuff down here on Earth was a whole new concept. The other piece of the new concept is
that these laws are mathematical in nature. This is why science is hard, because it's hard
for human beings. | think it's something to do with theway our brains are wired, to accept
that this is true. It's very easy to imagine a world in which that's not true. Go read any



fantasy novel. Any fantasy novel has a situation where the hero or the villain, by virtue of
their strength of character influences the events around them. So that is a rule governed
by laws, perhaps, that are not mathematical in nature, but depend on the moral character
of the individuals involved. Every human culture has such stories including our own. It's
very hard to get away from it, and the idea that there's just this sort of mathematical
structure and that your moral stature has no bearing on what's going to happen is kind of
hard to accept. Fortunately, people turn out to be pretty good at math, so we can actualy
solve these problems and move forward. These two ideas were revolutionary and they are
the basis pretty much of all science.

Vi vay, diéu nay danh dau su khéi dau cta khoa hoc theo nghta sau day - Newton da thuc
hién hai gia dinh, nhitng loai gia dinh kho hiéu vé cach thé gigi van dong. Mot la vi
duoc diéu khién bai cac quy luat, vatrong thuc té la céc quy luat phd quéat. T6i mudn ndi
gi quatlr phd quét, theo nghfa |a chiing &p dung dwoc & khap moi noi trong vii tru; rang
cac dinh luat hip dan dan dén dinh cla dau bt chi cla t6i roi xudng san nha cling dong
vai tro trong viéc quy dinh quy dao chuyén dong clia cac h anh tinh va chuyén dong clia
cac ngbi sao. Pay la mot y tuéng méi. NO rat quen thudce véi chang ta hién nay, nhung y
trdng cac hanh tinh phai chuyén déng theo nhirng quy luat tvong ty nhw nhitng thir dudi
day trén Trai Bat la mot khai niém hoan toan mai. Nhitng khai niém méi khac nira 1a
nhitng dinh luat nay la toan hoc trong tw nhién. Bay laly do tai sao khoa hoc khd, vi nd
khé cho con ngudi. T6i nghi chiing ta chdp nhan diéu nay mdt cach mién cudng. Rét dé
dé twdng twong ra mot thé gidi trong dé diéu dé khong ding. Hay doc nhitng cudn tiéu
thuyét vién tudng. Bat ky mdt cudn tiéu thuyét vién tudng nao cd mot tinh huéng trong
do6 cac anh hung hodc nhitng ké hung ac, qua dic hanh clia sit'c manh chi khi anh huéng
dén cac su kién xung quanh ho. Vi vay, dé la mot quy luat duoc chi phdi béi cac dinh
luat, cb I&, dé khdng phai latoan hoc trong tw nhién, ma phu thudc vao tinh cach dao dirc
clia titng c& nhan ¢6 lién quan. M di nén van hoa clia con ngudi ¢ nhitng cau chuyén nhu
thé bao gdm ca chinh chiing ta. Rat kho dé tranh xa no, vay tuwdng rang chi cé loai ciu
tric todn hoc ndy va rang tam c& dao dic clia ban khéng cd su lién quan véi nhitng gi
dang dién ra hd nhv khé chdp nhan. May man thay, moi nguoi hoa ra la kha gidi mon
todn, do dé ching tathuc s ¢ thé giai nhitng van dé nay vatién vé phia trudc. Hai y
twdng rat cach mang va ching la co s& clia nhiéu nganh khoa hoc.

So then Newton's laws get elaborated on for several centuries. By the end of the
nineteenth century things are starting to come apart a little bit. There are now problems
that show up with Newtonian physics. It's been a big success on the whole but there are
now problems. And in the early twentieth century what happens is tw 0 new laws of
physics are invented. These are the given the names quantum mechanics and general
relativity. And the situation with these is they don't overturn Newton's laws, they extend
them. It turns out that in the kinds of situations that Newton was |o oking at, both quantum
mechanics and general relativity, reduced down to Newton's law. So, you have a situation
where here are Newton's laws, Ns Laws, of which Kepler's laws are a tiny subset. And
then genera relativity; I'm drawing a kind of Venn diagram here, is here, relativity,
occupying Newton's laws but that's some other stuff. Quantum mechanics looks kind of
like this; extends in a different direction. Let me make these axes -specific. | don't like
Venn diagrams when they don't tell you what you're actually plotting. This is mass, so



heavy things are when relativity kicks in. This is size, and so small things are when
guantum mechanics kicksin.

Vi vay, trong vai thé ky sau, cac dinh luat Newton van con kho hiéu. Dén cudi thé ky
X1X moi thir bat dau bung ra mot it. Hién nay, c6 nhitng van dé 16 ra v&i vat li Newton.
Xét tong thé, d6 la mot thanh cong 1dn trén toan bd nhwng hién nay da xuét hién nhiing
van dé. Va vao dau thé ky XX, hai nghanh vat Ii m¢i duoc phat minh. D6 la co hoc lwgng
tlr vali thuyét twong déi téng quat. Va ching khéng mau thuan vai cac dinh luat Newton,
ching mé rong n6. Haéa ra la trong céac trweong hop ma Newton xét, ¢ hai co hoc luong tir
va li thuyét twong doi rong, quy vé cac dinh luat Newton. Vi vay, mdi quan hé gilra
chiing s& nhu thé nay day la cac dinh luat Newton, cac dinh luat Ns , trong dé dinh luat
Kepler la mdt tap hop con clia nd. Va sau dé la i thuyét twong doi tong quat; toi S8 vé
mot loai so d6 Venn & day, chira cac dinh luat Newton nhwng né con chira mot s6 thi
khéac. Co hoc luvong tlr 1a mot loai giong nhw thé, mé rong theo mot hwdng khac. Hay dé
toi lam nhiing truc-cu thé nay. T6i khdng thich nhitng gidn do Venn khi chiing khéng cho
ban biét nhitng gi ban dang thuc s vé. Bay la khdi lvong, nhiing vat vi mé la déi tuong
nghién ctru clia thuyét tvong doi. Bay la kich thuwét.Nhirng vat vi mo la doi twgng nghién
clru ctia co hoc lwong tir (bat dau duoc trién khai, dwoc biét dén).

But you can see the problem. We've got two big theories. Y ou really want those theories
to be encompassed by one yet bigger theory. And that is the current goa of theoretical
physics, to try and find the one great theory that encompasses both quantum mechanics
and general relativity, which contradict each other in various awkward ways, particularly
in this region up here. This is caled the Theory of Everything, or TOE. And the best
current guess as to what kind of a theory that will be isthat it will be some kind of string
theory. | won't go into string theories now, you can go read many popular books on this;
it's very exciting. There is currently no string theory that really works out all that well but
the people who are studying this kind of thing like to believe that that's going to work out
sometime in the future. Thisis good.

Nhung ban cd thé thdy dwoc van dé. Ching ta co hai ly thuyét 1on. Ban thirc sw mudn cac
ly thuyét nay dwgc chira dyng bdi mét Ii thuyét I6n hon nhu thé. Va dé la muc tiéu hién
tai cla céc nha vat ly ly thuyét, dé thir tim mot ly thuyét vi dai nhat ma bao gdm ca co
hoc lwong tir va li thuyét tvong d6i tdng quat, von di mau thuin véi nhau trong cac
phwong dién khac nhau, dac biét 1a & khu vuc trén day. Cai nay dugc goi lali thuyét vé
moi thtt, hodc TOE. Va dy doan t6t nhat hién nay vé loai Ii thuyét nao s dam nhan vai
tro do la Ii thuyét day. Toi sé8 khéng di sdu vao ly thuyét day bay gio, ban cé thé doc
nhiéu sach ndi tiéng vé dé tai nay; rat thi vi. Hién tai chra thé hoan thanh t6t duoc sk
ménh do6, nhung nhitng ngudi dang nghién ciru loai I thuyét nay tin rang diéu dé sé dwoc
thuc hién vao mot lic nao do trong twong lai. Biéu nay tot.

We've gone about forty minutes from the start of science to the Theory of Everything, so
we're done. Everything else is a detail and so the whole rest of the course is filling in
details. The first of which--so let's start on the details. The first of which, | want to go
back and catch one of Kepler's Laws. And | want to write down the Newtonian
Modification of Kepler's Third Law. That is an equation that looks like this:



a’ = GMP%4 n2

Chung ta da trdi qua bén muoi phit tlr dau cta budi hoc cho dén Ly thuyét clia moi thi,
do do, ching ta da hoan thanh. Moi thit khac la chi tiét va vi vay toan bd phan con lai
clia khoa hoc la dién vao céc chi tiét. Viéc dau tién trong s6 do - vang chiing ta hdy bat
dau di vao cac chi tiét. Viéc dau tién sb do, téi mudbn tré lai va chon mot trong nhitng
dinh luat Kepler. Vatéi mubn viét ra su Sy diéu chinh Newton vé dinh luat ba Kepl er.
D6 1a mot phuong trinh nhu thé nay:

We're going to circle this in red. This is something you're going to want to memorize.
This, it turns out to be, a basis of alarge fraction of what we're going to do in this course.
So, let me explain the symbols; a isthe semi-major axis of an eliptical orbit. Remember
these orbits are going to be ellipses; here's an € lipse. The long side is the mgjor axis; the
short side is the minor axis. Half the major axis is the semi -magjor axis, so thisis a right
here. P is the orbital period, how long it takes the planet or whatever orbiting object
you've got to go around one orbit. M is the total mass of the two things in orbit around
each other, of the orbiting bodies. And the existence of that M is why this is Newton's
modification. In Kepler's law, it was always planets going around the Sun, so the mass
was always the same; the mass was that of the Sun and so it cancelled out. In general, you
can use the same equation to deal with things orbiting the Earth or things orbiting the
Moon as long as you put in the right mass there. G is a constant of nature, the
gravitational constant, and it equals some vaue depending on what units you use. And
we'll come back to that later. Four is 4, 1 is this obscure number from elementary
mathematics 3.14159 whatever the heck it is. And you can punch it in on your calculator
or whatever. So, you can use this equation to find things out.

Chiing ta s& khoanh tron cai nay mau dé. Bay la thr ma ban phai ghi nhé. Diéu nay, hoa
rala, co s¢ cla phan I¢n nhitng gi chiing ta sé lam trong khéa hoc nay. Vi vay, héy dé toi
gidi thich céac ki hiéu, mét la ban truc chinh ctia quy dao hinh elip. Hay nh& nhiing quy
dao nay s& la elip; day 1a mét hinh elip. Canh dai la truc chinh; canh ngén la truc phu.
Phan ntra truc I6n 1a ban truc 16n, vi vay, a ¢ ngay day. P la chu ki quay, hanh tinh hay
bat ctv thtr gi mét bao lau dé quay quanh mot vat thé. M la tong khoi lvong cla hai vat
trong quy dao xung quanh nhau, clia c&c vat thé quay. Va s ton tai cia M la s diéu
chinh Newton. Trong dinh luat Kepler, [udn ludn la cac hanh tinh quay xung quanh Mat
troi, do do, M ludn ludn la khéi lvgng Mat Troi. N6i chung, ban cé thé st dung cac
phuong trinh teong tuw dé gidi nhitng bai toan trong dé cac vat quay quanh Trai Dat hodc
céc vat quay quanh Mt Tring mién ban dit vao dé khéi luong thich hop. G 1a mét hang
tw nhién, hang sd hdp dan, va né bang gia tri ndo tly thudc vao don vi ma ban st dung.
Vachuing téi sé trd lai diéu nay sau. Bon la 4, m la so khé hiéu nay tlr toan hoc tiéu hoc
3,14159 mic ké n6 la gi. Va ban cé thé duc 16 n6 & trén may tinh clia ban ho3c bét ct
diéu gi. Vi vay, ban co thé st dung phuong trinh nay dé tim ranhirng thir nay.

Now, these numbers tend to be awkward to work with. The mass of the Sun is some huge
number of kilograms, G is a very awkward number, 1 is always a mess. But let me show



you atrick. Consider the Earth's orbit around the Sun. The semi -major axis of the Earth's
orbit is avery common unit in astronomy, and it's called an Astronomical Unit. It's a unit
of length, or AU. The mass of the Sun, mass of the Earth plus the Sun is mostly the mass
of the Sun; of Sun, is called the solar mass obviously, and it's given this symbol M with a
little circle with a dot inside, that's the symbol for the Sun. What's the orbital period of
the Earth? A year, thank you very much. Period of Earth--one year. That's what a year
means; it takes a year for the Earth to go around the Sun. So, it must be the case that one
Astronomical Unit cubed, is equal to G times the mass of the Sun, times one year
squared, that's P? over m.

A, [am viéc vai nhitng con s6 nay c6 vé hoi bt tién. Khai lwong clia Mét troi 1& mot s6
kg khong 16, G lamot s6 réat bat tién, m ludn ludn bira budn. Nhwng hay dé t6i chi cho ban
mot meo. Xét quy dao clia Trai Bat quanh Mt troi. Ban truc chinh cla quy dao cla Trai
dat la mot don vi rat pho bién trong thién van hoc, va né dwoc goi la mot don vi thién
van. D6 la mot don vi chiéu dai, hodac AU. Khdi lvgng ctiia Mat Troi, khoi lwong cua trai
dat cong voi mat troi gan nhw bang khéi luong clia Mat Troi; cia Mét troi, hién nhién
duoc goi lakhoi lwvgng Mat tri, va né duoc ki hiéu la M véi mot vong tron nho va mot
ddu cham bén trong, dé la biéu twong cho Mat Troi. Chu ki quay cua Trai Dat la bao
nhiéu? Mot nam, cdm on ban rat nhiéu. Chu ki quay clia Trai Bat - mét nam. B6 lay
nghta ctia mot ndm, mat mot nam dé Trai Dat quay quanh Mat Troi. Vi vay, phai la mot
don vi thién van mii ba, bang G nhan khéi lugng clia Mat Troi, nhan mét nam binh
phuong, bang P2 trén n2.

Now, let me show you atrick. Take the general equation, it's a useful trick, and divide by

the specific equation. So a> = P’GM/ n* and we're going to divide that by 1 AU® equals
one year squared, G mass of the Sun over 4n 2. We can do this because these two things
are equal so we're dividing both sides of the equation by the same amount. G cancels, 41
2 cancels; that's very nice. We end up with a over 1 AU® equals P over one year squared,
M over the solar mass. This is just saying that quantity is a in units of an Astronomical

Unit. This quantity is P in units of ayear. If thisis two years then this number will com e
out to 2, and this is M in units of the mass of the Sun. So, you can say a° = P?M,
providing you're dealing in units of the mass of the Sun, units of one year, and units of an

AU. So, this is now much easier to work with. You've got rid of al kinds of t errible
things, so let me give you the first numerical example of the course. This will be the last

thing we do today, namely, the orbit of Jupiter.

Bay gi0, hdy dé t6i chi cho ban mot meo. Chon phuwong trinh téng quat, dé la mot meo
hitu ich, va chia cho phuong trinh cu thé. Vi vay, a3 = P2GM / n2 va chiing ta sé chia né
cho 1 AU3 bang v&i mot nam binh phrong, G khéi lugng clia Mat Troi trén 4n 2. Chdng
ta c6 thé 1am diéu ndy vi hai ca nay déu bang nhau vi vay ching ta chia ca hai vé cla
phwong trinh cho mét dai lwgng. G mat, 4n 2 mét; diéu do rat dep. Chuang ta két thic voi
atrén AU3 bang voi P trén mot ndm binh phwong, M trén khdi lugng mét trovi. Dai luong
nay bang a theo don vi thién van. Dai lvgng nay 1a P theo don vi nam. Néu cai nay 1a hai
nam thi s6 nay & la 2, va day la M theo don vi khoi luong Mat Troi. Vi vay, ban c6 thé
néi a3 = P2M, mién la ban dang lam viéc trong don vi cla khéi lvong clia Mat Troi, don
vi nam, va don vi AU. Vi vay, by gio cai nay dé lam hon nhiéu. Ban da virt bo céac thi



khting khiép, do do, hdy dé toi cho ban nhitng vi du s6 dau tién clia khoa hoc. Day st la
diéu cudi cung chiing ta lam hom nay, cu thé |3, quy dao clia sao Moc.

Turns out the distance from Jupiter to the Sun is about five times the distance of the Earth

to the Sun. So, a of Jupiter is approximately five times a, a of Earth; a of Earth you'll
recall isthis 1 AU so thisisabout 5 AU. So, how does this equation work out? Y ou get 5°
equals P’M, M is the mass of the Sun, 1 solar mass. And since Jupiter is going around the

Sun that's equal to 1. So, you have 53, 5 times 5 is 25, 25 times 5 is 125, so you end up
with 125 equals P?, so you can answer the question now. What is the orbital period of

Jupiter in years? Obvioudly, that's going to equal the square root of 125. Here's another
trick. What's the square root of 125? Quickly? Good, more decimals? Y ou could type it

into your calculator though and find out, but let me make a suggestion. Don't take the

square root of 125; take the square root of 121 instead. What's the square root of 1217 11.
Much easier, right? And notice this, a of Jupiter is approximately five, so 5° is
approximately 125, and it's just as good to say 121 is equal to the square root --the square
of the period, and P equals 11 years. That's the orbital period of Jupiter.

Hda ra la khoang céch tir Sao Moc tdi Mét tréi bang khoang ndm 1an khoadng cach Tréi
bat dén Mat Troi. Vi vay, a cla sao Moc lakhodng nam lan aclia Trai dat; a clia Trai Dat
a1l AU vi vay cai nay khodng 5 AU. Vay, phuong trinh nay giai nhu thé nao? Ban ¢6 5
mii 3 bang P2M, M lakhdi lvong clia mét troi, 1 khdi lwong mat troi. Va bai vi sao Moc
S8 quay quanh Mt trori cai d6 bang 1. Vi vay, ban ¢6 5 mii 3, 5 nhan 5 bang 25, 25 nhan
5 bang 125, va cudi cung ban dwoc 125 bang P2, vi vay ban cé thé tra 1oi cau hodi ngay
bay gir. Chu ki clia sao Mdc 1a bao nhiéu nam? R rang, no s& bang cin bac hai cla 125.
Pay la mot tha thuat khac. Can bac hai ctia 125 | a bao nhiéu? Nhanh nao? T 6t, thém cac
s thap phan? Ban c6 thé bam may tinh, nhwng ¢ mot cach khac. Blirng ldy can bac hai
clia 125; thay vao do I4y can bac hai ctia 121. Can bac hai clia 121 1a bao nhiéu? 11. Dé
dang hon nhiéu, phai khéng? Va chi y ca nay, a clia sao Moc c& 5, do d6, 5 mi 3
khoang 125, va qua la mdt diéu t6t khi ndi 121 bang can bac hai — binh phuong cla chu
ki, vaP bang 11 ndm. D6 lachu ki clia sao Mac.

All right, so now, I'm aware that many of you are shopping the course today and may not

be back for future lectures. And so, | want for those people who have decided against this

that they'll do something far more worthwhile with their time, | want to leave you with

something you can carry through your life from your brief experience with Astronomy

160. And that is the following piece of advice: Don't take the square root of 125, take the

sguare root of 121. It's much easier. Thisis what the business people call thinking outside
the box. Don't do the stupid hard thing. Do the thing that isjust as good but requires some

thought first in order to make it easy. So, | will leave you with that, the r est of you I'll see
you on Thursday morning.

Puoc roi, bay gio, toi thdy rang nhiéu nguoi trong cac ban déu da thu lugm duoc chat
kién thirc trong budi hoc ngay hdm nay va cé thé khong trd lai giang dwong trong twong
lai. Va nhu vay, toi mudn néi véi nhitng ngudi da quyét dinh phan déi dieu nay rang ho
da lam diéu gi dé dang gia hon rat nhiéu véi thoi gian cla ho, t6i mudn dé lai cho ban
mot cai gi do dé ban cd thé thuc hién thong qua cudc song clia ban tir kinh nghiém cla



ban véi Thién van hoc 160. Va dé la vai 1&i khuyén sau day: Bung lay can bac hai cla
125, |8y can bac hai cla 121. N6 dé dang hon nhiéu. Pay la nhitng gi ngudi dan kinh
doanh goi latu duy thoét khoi khudn mau. Khong lam diéu ngu ngdc. Lam mat viéc latét
nhung doi hoi trvdc hét phai suy nghi dé sao thwc hién né thuan loi va dé dang hon.Vi
vay, toi sé dé lai cho ban diéu d6, dén gio nghi roi hen gdp lai cac ban v ao budi sang thi
Nam.



