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We are now ready to describe what all constructible numbers look like in terms of towers of field
extensions. There is just one little construction we need before we can put all this into motion.
And that is following that if you can construct a then square root, you can also construct square
root of a. So let us call it a Lemma maybe, if a is constructible then square root a is constructible.

And how does this construction work?
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And let us use GeoGebra. So to start with | have this segment OA of length 1 and | mark off the
left of O another segment of length A and now | am going to construct a segment of length
square root A. So firstly what I do is | find the midpoint of A and B, let us call it C. So this we
can do it again using straightedge and compass | already did this when we were trying to find a,

construct square root of 2.

So we find the mid-point and then we draw a circle I am only drawing half of it here with center
C passing through A and therefore also B because C is this midpoint of AB. So we construct the
circle C and through O we construct a perpendicular to the line that passes through O A and B
and then let us call the intersection of this new line with the circle D, with a circle C to be capital
D. And now you look at, you join the line segments BD and you join the line segments BA, | do

not really need to do this but I am doing it explain to you something.

So now you look at these 2 triangles ODB and a OAD in that order. These are similar triangles
because | guess this is easy this angle here at B and this angle here at A they add up to 90
degrees and so that shows this angle here at B is the same as this angle ADO is same as the angle
DBO. And so these 2 triangles are similar. Now since these 2 triangles are similar if | take this
length OD and divide it by a that is the same as 1 divided by length OD. And so this length OD it
cannot be anything but square root of a. It so having constructed a we can also construct square

root of a as this construction shows.
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So that is the proof of this Lemma and let us move on. So the other thing we need to do is to be
able to construct a coordinate system. This will be convenient because right now what we have
said is that a constructible number is the distance between 2 constructed points and you may
have a lot of constructed points floating around it is difficult to keep track what are all the

constructible numbers that you have created so far.

So we will create coordinate system and this we can do with straightedge and compass I will just
do it by hand here. So you start with your lines segment OA and then you can draw a
perpendicular to it using straightedge and compass. So firstly in fact maybe a given OA you can
draw a line that is you know the x axis as just the infinite line that passes through O and A. |

need to move it up a bit. So this would be my x axis.

And for my y axis | will draw a line, so let us just remember where OA was this is OA and for
the y axis I will draw a line perpendicular to it. Which I can also construct by straightedge and
compass. And now if I have any point Ps then | can draw a perpendicular from P to Y, to the y
axis and | will call this a P subscript y or just little y and | can draw a perpendicular to the x axis

and I will call this P subscript x.

So we can always construct given a point we can the firstly given O and A which we were given
at the beginning of our construction, we can construct the coordinate system the x axis is the line

that passes through y ending the y axis is the line perpendicular to it and if we can construct the



point P then by dropping perpendiculars we can construct the x coordinate and the y coordinate
of the (()) (5:45).

So we can mark off a distance equal to the x coordinate of P and a distance equal to y coordinate
of the P along the x and y axis respectively. So what we observe here is that maybe | will just
call it in observation. If P equals x comma y is a constructible point then x and y are
constructible numbers. But also if we can construct these distances x and y then we can mark

them off along the x and y axis and draw perpendicular lines.

We can draw a line perpendicular to the y axis through this Y coordinate and a line perpendicular
to x axis through this x coordinate and they will intersect in the point P. So also we can construct
x and y we can the point P and with coordinates x comma y is constructible. So what | will do is
| can change this from one-way implication to and if and only if. So point P is constructible if

and only if its x and y coordinates are constructible numbers.

Now let us see what happens at each stage of a construction. So what at each stage of the
construction you constructed at certain set of points and their coordinates would be a
constructible numbers and now we can add a new point the new points we allow to add are either
intersection of lines passing through the constructed points or intersection of circles with center
at the constructed points and radius which is constructible or a circle and a line. So in each of this
cases let us see what are the new constructible numbers we get as x and y coordinates of

constructible points.
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So here is a theorem | will call it theorem star it going to use it later, it is going to be important in
what follows. So the theorem says that suppose | have a field extension F over Q is a field. Now
we look at three cases if 11 and 12 are lines passing through points with coordinates in F. Then
the coordinates of |1 intersection |2 are in F. We do not even need to go to an extension. And b if
| is a line passing through points with coordinates in F. and C is a circle with center having

coordinates in F and radius having coordinates in F.

So maybe | should say center and well radius in F center having coordinates in F and radius in F,
then the points of intersection of | and C they could be only one if | is tangential have coordinates
in a quadratic extension of F. And the last case is where you have if C1 and C2 are circles whose
centers have coordinates in F and radii are in F then their points of intersection again they could

be just one point but they are tangential their points of intersection lie in a quadratic extension of
F.
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So part a is rather simple what you have to do is if you have two points P equals x1 y1 and Q
equals x2 y2 then this line | that passes through them, this line | that passes through them its
points will be given by an equation like you know if you have a point x comma y here then what
we know is that y2 minus y divided by, so we can assume that either x1 is not equal to x2 or y1

is not equal to y2.

And now if | assume that x1 is not equal to x2 then | can write this like this y2 minus y1 divided
by x2 minus x1 is equal to y minus y1 x minus x1. If you want, you can move this to the other
side and write it in form like this does not involve any division. And so not have to worry about

x equals x1 or x equals x2 equals x1.

And then from this you can show that if you have two such lines then their point of intersection
will lie in the same field that it will just you can construct it by addition and multiplication of
coordinates of x1 y1 and x2 y2. So you will have this kind of conditions for two lines, | am going
to leave this as an exercise for you and move on to the slightly more interesting cases of a circle

and line and 2 circles.
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So let us go to the proof of part b. So we have a point u, v in the line | where | is the line passing
through x1 y1, x2 y2 and as | already explained the condition for the point to lie on this line is
that y2 minus y1 into u minus x1 is equal to x2 minus x1 equals into v minus y1. And if we
assume that, so we have to assume that this points x1 y1 and x2 y2 are un, are not the same. So
assuming that for example x1 is not equal to x2, if they are equal then we have use the fact that

y1 will not be equal to y2.

We can solve this and write v in terms of u. So v is going to be y1 minus y2 minus y1 divided by
X2 minus x1 into u minus x1. And now if u v belongs to the circle with center let say at x3
comma y3 and radius r. So this is the center and this is the radius that is my notation. Then what
we know is that u minus x3 squared plus v minus y3 squared equals r squared. So what we get is
that we can eliminate now, we can eliminate from this equation u, we can eliminate from this

equation v using v equals this expression for v in terms of u.

So eliminate v to get a quadratic equation in u and so as we have seen, whenever you have a
quadratic equation its solutions lie in the extension of the field in which the coefficients lie by
the square root of the discriminate. So u v which implies that u belongs to F adjoints square root
D where D is already in F and this implies that also v belongs to F square root D. Because v can
be written in terms of u by this equation here. So u and v both lie in F square root D.
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Now let us move on to the prove of c. We have a point that lies on two circles. So let us say u v

f. coordinokes un F,

the circles are the first one is with radius x center x1 y1 and radius r1 and also it lies in the circle
with center x2 y2 and radius r2. Then what we have is that this point u and v satisfy the
equations u minus x1 squared plus v minus y1 squared equals rl square. This is equation 1 and u

minus x2 squared plus v minus y2 squared equals r2 square, this is equation 2.

So now let us just add these equations or rather maybe subtract these equations. So we take
equation 1 minus equation 2 then this quadratic terms will cancel out and we will get a linear

equation involving u and v. So what we get is a minus 2u x1 minus X2 minus 2v y1 minus y2 is



equal to rl square minus r2 square. So using this we can eliminate let say assume that x1 is not
equal to x2 then we can write u as rl square minus r2 square plus 2v yl minus y2 to whole

divided by x1, negative of x1 minus x2.

And so you can eliminate u from either of this equations and solve for v. So substitute in 1 to get
a quadratic equation in v and with coefficients in F. And so this implies that v belongs to F
square root D but then u can be recovered from v using this function here. So which also imply

that u belongs to F square root D. And so u and v lie in a quadratic extension over F.

So we have shown with theorem star, we have proved theorem star which basically says that if
some stage of our construction, all the points that we have constructed their x and y coordinates
lie in some field F. Then any new point that we introduce at this stage of our construction its
coordinates will lie in a quadratic extension of F or in F itself in case we are constructing a new
point by intersecting 2 lines. But if it is a circle is involved, then it would probably lie in a
quadratic extension of F.
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And now with this you can kind a guess where all the constructible points come from, this is the
statement a beautiful theorem now ready to prove. So a real number is constructible if and only if
there exist a tower, Fn containing Fn minus 1 going to F1 containing Q such that Fi index Fi
minus 1 is 2 for i equals 2 to n and also we assume that F1 in Q degree of F1 over Q is 2. And a
number a belongs to Fn. So basically we are saying that constructible numbers are numbers that

live in towers of quadratic extension.
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So let us see how to prove this. So firstly to prove it we will have a we will first state a simple
Lemma which will make the prove easier to understand that if every element of a field F is
constructible and E is an extension of F with degree 2 then every element of E is constructible.
So this is taking care of one step of our tower. And proof, well we have already seen that if E is a

quadratic extension of F, E is of the form F square root D for some D in F.

Now if we know that D is constructible which implies that square root D is constructible. Now
constructible numbers form a field and what we have seen is that this field contains F and root D.
So it contains a smallest field containing both F and root D. So it contains E equals F root D. So
every element of E is constructible. And that is the proof, so now we can prove a this theorem in

one direction and which is that suppose a lies in a tower of quadratic extensions.
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So now suppose proof of theorem if so firstly a in Q can be constructed a belong to Q is
constructible. Why is this? Every rational number is constructible because 1 is constructible and
constructible numbers from a field. Now any so if 1 is in a field then all rational numbers are in
that field. So every element of Q is constructible and now applying this Lemma. So we have this

you know we have this extension Fn Fn minus 1 F1 over Q.

And each of this is a degree 2, each of this extension is of degree 2. So now every element in Q
is constructible by this Lemma. This implies that a belongs to F1 is constructible. So maybe I
should say every a in Q is constructible implies that every a in F1 is constructible by this



Lemma. And that implies that every a in F2 is constructible again applying that Lemma and so

on, which means that every a in Fn is constructible.

So you apply this Lemma n times to show that every element of Fn is constructible. Now for the
converse we will have to use theorem star. So this shows that every element of Fn is
constructible. Now we want to show that if we have a constructible number then we can find a

tower of quadratic extensions, so that lives in one of the fields in that tower.

(Refer Slide Time: 27:57)

E B coneee: T 06 R & coduchlle, S 2k & M
didous behommn Jon castusite piui P 4 Q
(GRS R

D Yod %, Y, e condhudble -

&= J(»“\"ﬂl* Y-y, ¥ T I

T sullion Qs Mk 3 dower FORLO--DF D@

Quda Huak *6%5, 41, 9, AT
guny;g Mo Consvudhon o P¢Qq e M coghudron J‘_amﬂ.
dl) ‘PO\UJZ Pﬁ(\(\,\’l)) ’Pz:(x‘l‘h ) .x"7) PN :(,\”’30
L&l’ Fi 7 m(*n‘,‘m ) \‘T'\j(\ \

Theoem () : Suppoc (Ezdﬁ o eld

@I & owd ;o liss possig Huraugh, pook @
S Coordinalin 8 P- 0,00, o T
: y diroter M F Qoo civele uity
})I.Q&ahm sing g Wi coo )
()@im W%wogﬁj}‘— ond fodivg i B, Haw Hu pod)
q Wuderseckion A L adC dave Coodinalty n & quadvabic ey F.
(@) TE € & C, ou Gvdy Dot caudiey have wods wn Foaul
Wt Sodii oa O T, faw Huiv poubs) ua\utmckmbcm
0 Ouadvakic o Y =

k umx&iv\alm JMF,

P A 4

4
/
i hcAted

So for the converse, so if a in R is constructible then it is the distance between two constructible
points. Let us call them P and Q so let say P is x1 y1 and Q is x2 y2. So this means that the



coordinates x1 y1 x2 y2 are constructible. So it which and so now this distance between P and Q
a is equal to square root of x1 minus x2 square y1 minus y2 square. So this is in a quadratic

extension contained in these points.

So this means that of course if these are constructible then a is constructible. So it suffice to
show, so a is a quadratic extension containing the field containing x1 y1 and x2 y2. So it suffice
to show that there exist a tower now to just save space | will write my tower horizontally Fn
contains Fn minus 1 contains F1 contain in Q and each of these of degree 2 of quadratic

extensions, such that x1 x2 y1 and y2 are Fn.

So now let us, so these point P and Q are constructible. So let us say that the construction of the
points P and Q takes place through several steps. So suppose the construction of P and Q
involves the construction of a sequence of a points, let say P1, P2, Pn in this order such that each
Pi is constructed by joining either two lines in the previous step of the construction or a circle
and a line in the previous step of the construction or two circles in previous step of the

construction.

Then what we have is that let Fi be the field extension of Q containing let us say that maybe I
will just say P1 is x1 comma y1, P2 is x2 comma y2, Pn xn comma yn. Then if you look at this F
which is x1 y1 up to xi yi for i goes from 1 to n. Then by theorem star which we have here, so
each of these points is constructed by intersecting two lines at the previous step or intersecting a

circle and a line at the previous step or intersecting 2 circles at the previous step.
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So theorem start will tell us that, theorem star will now tell us that Fi index Fi minus 1 is either 1
or 2. And therefore we have that coordinates of P and Q lie in a tower of quadratic extensions as
claimed. A very interesting corollary of this is the following. If a number a is constructible then
you look at the degree of the extension Q a over Q, this has to be a power of 2. Some non-

negative integer r, in particular a algebraic of course.

This is because we have a tower Fn Fn minus 1 F1 Q and each of these extension is of degree 2
the degree of Fn over Q is going to be 2 to the power n, it is going to be the product of these
extensions. And now what we have is, if our element is constructible then it lies inside in some
Fn like that. So Q alpha is an extension that is between Q and Fn and so Fn Q alpha, Q alpha Q
this is 2 to the power n. So the only possibility for Q alpha the index the degree of Q alpha over

Q is that it has to be the 2 to the power r for some r less than or equal to n.



