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Preface

This volume contains the more or less faithful lecture notes of five minicourses (consisting of
three 60 minute lectures) of the summer school held at E6tvos Lorand University (ELTE) in
Budapest between June 24 and 28, 2019. The summer school was hosted by the Institute of
Mathematics at ELTE and it was the seventh such event organized by the university. The
topic of the school was well reflected by its title: On the crossroads of topology, geometry
and algebra. The aim of the lectures was to introduce the students — some of them already
experts and some of them “newcomers” — into these exciting intertwined areas of modern
mathematics. Besides the minicourses a special lecture was devoted to the mathematical
ideas which led to the solution of the famous conjecture made by Poincaré more than one
hundred years ago. (This individual lecture is represented in this volume only by a short
abstract.)

The summer school had 36 registered participants from 20 different universities, repre-
senting 12 countries. By counting the home countries of participants, this latter number
climbs to 18. The speakers of the summer school are professors at E6tvos Lorand Univer-
sity (Balazs Csikos, Laszlé Fehér, Gabor Moussong, Andras Némethi, Andras Szics) and at
the Rényi Mathematical Institute (Andréds Stipsicz) in Budapest. Besides the lectures, three
special practice sessions were organized with the help of PhD students at ELTE and the Cen-
tral European University (Tamas Agoston, Viktéria Foldvéri, Akos Matszangosz and Andrés
Séndor) and a professor at ELTE (Taméas Terpai). Besides helping with the problem solving
sessions most of the lecture notes were also taken by them. A large part of the TEXnical
editing of the lecture notes was done by Tamés Agoston while the format of the cover page
is based on the design of Dénes Balazs.

The organizers wish to express their gratitude to all lecturers and contributors of this
volume but also to the audience without whose active participation the summer school would
have been far less successful.

The content of this volume together with the volumes of the previous summer schools can
be downloaded from

ttp: olyai.cs.elte.hu/summerschool/7page=downloa
hp//bly' 1 hu/ hl/'?pgd load

Budapest, September 6, 2019

The organizers


http://bolyai.cs.elte.hu/summerschool/?page=download
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Curvature and topology
By BALAzS CSIKOS

(Notes by Baldzs Csikds)

1.1 The “Umlaufsatz”

Proposition 32 in Book I of Euclid’s Elements claims that the sum of the angles of a triangle
in the Euclidean plane is equal to 7. This proposition, which is equivalent to Euclid’s fifth
postulate on parallel lines, can be considered as the simplest variant of the theorems we want
to focus on in these notes. The angle of a triangle is a local measure of the curvedness of
the boundary at a vertex. Deforming the shape of the triangle, the angles can change their
values simultaneously, but the sum of the angles is an invariant quantity not sensitive to
these deformations.
The proposition can be extended to simple polygons.

rv

T\ S /[/@ Zoc =(n-2)%
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Proposition 1. The sum of the inner angles of a simple n-gon in the Fuclidean plane is
(n—2)m.

Proof. Induction by n. It can be shown that there is a diagonal of the polygon that is lying
in the interior, and cuts the n-gon into a k-gon and an [-gon, where n = k 4+ [ — 2. Then the
sum of the angles is (k — 2)7 + (I — 2)7 = (n — 2)7. O

The precise definition of inner angles of a simple polygon rests upon Jordan’s theorem,
which says that a simple closed curve in the Euclidean plane cuts the plane into two parts:
a bounded one, called the interior, and an unbounded one, called the exterior. If a closed
polygon is not simple, then we cannot speak about its interior and inner angles. However,
fixing an orientation of the plane and an orientation of the polygon, we can define the exterior
angles of the polygon properly, assuming that the polygon has no about-turns.

Intuitively, orientation means the following. Given a point in a plane, the plane can be
rotated about the point in two opposite directions. Looking at the plane from a given side,
we can rotate either clockwise or anti-clockwise. An orientation of the plane is a choice of one
of these directions, which is called the positive direction of a rotation. Similarly, we can go
around a closed (possibly self-intersecting) polygon in two opposite direction. An orientation
of the polygon is selecting one of these directions, which will be called the positive direction
of going around the polygon. If the closed polygon is simple, then the orientation of the
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plane induces a compatible orientation of the polygon by the following rule. We say that the
orientation of the polygon is compatible with the orientation of the plane if moving in the
positive direction along a side, the rotation of our velocity vector by +90° points towards the
interior of the polygon (locally).

Definition 2. Take an oriented polygon with no about-turns in the oriented Euclidean
plane. Moving around the polygon with unit speed in the positive direction, our velocity
vector is constant while we move along a side, but at each vertex A; it turns by a signed
angle ¢; € (—m,m). The angle ¢; is called the exterior angle at A;.
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It is clear that the sum }_7 ; ¢; of all the exterior angles of a closed polygon with n vertices

measures the total amount of turns made by the velocity vector as we move around the closed
polygon. At the end of the motion the velocity returns back to its original position, so the
total amount of turns is an integer multiple of 27, that is

n

Zei = 2k

i=1
for some k € Z.
Definition 3. The number k in the above equation is the turning number (of the tangent)
of the oriented polygon.
Exercise 4. Construct a closed polygon with turning number k£ for any integer k.
Exercise 5. How can we determine the turning number of an entangled polygon with many
self-intersections?

can be rewritten in terms of the turning number.

Corollary 6. The turning number of a simple closed polygon is +£1. It is +1 if and only if
the orientation of the plane and the polygon are compatible.

How can we generalize these propositions for polygons with curved sides? For such poly-
gons, we have to consider also the rotation of the tangent along the sides. The definitions
below tell us how to measure this rotation.
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Definition 7. A regular (parameterized) curve in R" is a smooth map v: I — R”™ from an
interval I into R", for which ~/(¢) # 0 for all ¢ € I.

For a regular curve v: I — ¥ lying in an oriented plane 3., we shall use the notation

e v =|7|| for the speed of ~,
e T = % for the unit tangent vector field of ~, and

e N for the unit normal vector field of v defined as the pointwise rotation of T within X
by +90°.

Differentiating (T, T) = 1 we obtain 2(T, T") = 0. Thus, there is a smooth function k: I — R

such that )
~T" = kN.
v

e The function « is called the curvature of ~.

Exercise 8. Show that

1
“N' = —kT.

Choose two orthogonal unit vectors ey, e; parallel to 3 such that e, is the +90° rotation of
e;. Since T is a smooth unit vector field, there is a smooth direction angle function av: I — R
for T with respect to the reference frame e, e;. Then

T = (cosoa)e; + (sino a)es.
Differentiating, we obtain
veN =T = O/((— sinoa)e; + (Cosoa)e2> = a'N,

thus, if I = [a, b], then the total amount of the rotation of T along 7 is

a(b) — ala) = / " wlt)o(t)dt.

The integral on the right is called the total curvature of the curve ~.

Consider an oriented closed polygon with curved sides lying in an oriented plane ..
Parameterize the sides regularly by the maps 7;: [a;, b;] — ¥ moving in the positive direction.
Assume that the unit tangents of the sides meeting at a vertex are not opposite to one another.
Then we can define the exterior angles €1, . .., €, at the vertices as usual, and the total amount
of the rotation of the unit tangent as we move around the curve is

n n b;
S+ / o, (B0, (1),
i=1 i=1"%

This number must be an integer multiple of 27, say 27k. Just as for ordinary polygons, k is
called the turning number of the curvilinear polygon.

The curved version of [Corollary 6]is the famous

7
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Theorem 9 (Umlaufsatz). The turning number of a simple closed polygon with curved
sides is £1, that is

n n b;
S+ / o, (o, ()t = 271,
i=1 i=1"7%

Proof. We can approximate polygons with curved sides with ordinary polygons with the
same turning number. If a curvilinear polygon is simple, then we can approximate by simple
polygons. Details are left to the reader. ]

Exercise 10. Let ®: D; — D, be an orientation preserving diffeomorphism between two
open subsets of the plane, both diffeomorphic to an open disk. Show that the turning number
of an oriented curvilinear polygon in D; coincides with the turning number of its image under
®. Is the statement true if D; and Dy are not necessarily diffeomorphic to a disk?

1.2 Total absolute curvature of closed space curves

What can we say about space curves? In contrast to the planar case, though we can measure
the angle between two non-zero vectors also in the space, there is no natural way to assign
an orientation depending sign to these angles. Due to the lack of sign, exterior angles of a
polygon in space can be defined only as non-negative numbers in the interval [0,7), and a
spatial version of the curvature function will take only non-negative values. For simplicity,
we deal only with the case of smooth closed curves in this section.

Definition 11. Let ~: [a,b] — R? be a regular space curve. Then the absolute curvature
function k of ~ is defined by the equality k = %HT’H, where v = |||, T = % The total
absolute curvature of v is the integral [”k(t)v(t)dt.

The total absolute curvature of a closed smooth regular space curve can change its value
continuously. We can always increase its value and make it as large as we want by making an
arc of it curlier. Thus, we cannot expect that the total absolute curvatures of smooth closed
regular space curves take quantized values, but there is a lower bound for them.

Theorem 12 (Fenchel). The total absolute curvature of a closed smooth regular space curve
is at least 2w. Equality holds exactly for convex plane curves (gone around once).

A closed space curve without self-intersection is a knot. A knot is trivial if it is the
boundary of an embedded topological disk. Simple closed plane curves, in particular convex
plane curves are trivial knots (also called unknots). The complexity of a knot gives a stronger
lower bound for the total absolute curvature.

o
hon- trivia|

treloil knot
- |

=

7
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Theorem 13 (Fary—Milnor). If a 7y is a reqular smooth parameterization of a non-trivial
knot, then its total absolute curvature is greater than 4m.

The weak inequality > 47 is due to Fary. Shortly after the appearance of Fary’s paper
Milnor published a paper proving > 47. Both Fenchel’s and Fary’s theorems can be proved
by an application of the spherical Crofton formula.

Theorem 14 (Spherical Crofton Formula). Let~: [a,b] — S? ///K“\ N

be a spherical curve, and define the function m: S* — NU {oo} by S

m(u) = #{t € [a,b] : v(t) L u}. Then the length of 7 is ( 1 SS S ;«
\ /

1 \ |/ | ]
l, = 1) m(u)du. \\u‘fﬂk@,=h

Exercise 15. Prove Crofton’s formula for the arcs of a great circle, and for spherical poly-
gons.

Proof of Fenchel’s and Fary’s theorems (sketch). The total absolute curvature of a
curve is the length of the spherical curve drawn by the unit tangent vectors T, called the
tangent indicatriz. If ~ is closed, then T is closed. Almost all great circles intersect a
closed smooth curve in an even number of points. Thus, if the total absolute curvature
of a closed curve were less than 27, then applying Crofton’s formula, we could find an
open hemisphere centered at u € S? which contains im T. However, that would mean that
(v,u) =v(T,u) > 0, so (7,u) would be strictly increasing, but then 7 could not be closed,
a contradiction.

If the total absolute curvature of a closed smooth regular curve is less than 47, then again
by Crofton’s formula, there exists a great circle with spherical center u which intersects the
tangent indicatrix in two points. Thinking of u as the vertical direction, im v can be split into
two arcs, along which v moves monotonously up and down respectively. Then the segments
connecting points of equal height of im~ sweep out an embedded disk with boundary im ~.
Thus, imy is a trivial knot. [

Exercise 16. Prove the second part of Fenchel’s theorem on the case of equality.

1.3 Gauss—Bonnet theorem on the sphere

Our goal in this section is to extend the to simple closed spherical curves. Spher-
ical geometry is a close relative of Euclidean geometry with many similarities, but also with
many crucial differences. In spherical geometry, the role of straight lines is taken by the great
circles. As any two great circles intersect in exactly 2 points, there are no parallel lines on the
sphere, and we can create a spherical triangle with a given side ¢ and arbitrarily given inner
angles «, 5 € (0,7) lying on it. In particular, Euclid’s theorem on the sum of the angles of
a triangle is false on the sphere. However, the “error term” has a nice geometrical meaning.

Theorem 17 (Girard). The sum of the angles of a spherical triangle /\

is bigger than w. The excess is proportional to the area of the triangle,
namely, if the angles are o, 3,7, and the radius of the sphere is R, then

1
at+pB+y—m= ﬁarea(A).
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Observe that Euclid’s theorem can be obtained as the limit of Girard’s formula as R tends
to infinity.

As a consequence of Jordan’s theorem, a simple closed curve on the sphere cuts the
sphere into two parts, both parts are homeomorphic to an open disk. In the case of spherical
triangles, we can define the interior of the triangle as the component having the smaller area,
but polygons with more sides, there is no way to make a natural distinction between the two
parts, unless we make some artificial choices.

An orientation of a surface is a continuous choice of the orientations of its tangent planes.
The sphere has a standard orientation, for which the positive rotation of the tangent planes
are the anti-clockwise rotations looking at the sphere from outside (which coincide with the
clockwise rotations if we look at the tangent plane from inside the sphere). If P is a simple
closed polygon on the sphere, and we choose an orientation of it, then using this orientation,
we can define the interior P, by the rule that if we move along P in the positive direction,
the +90° rotation of our velocity vector should point toward P, (locally). Then the other
component of the complement P_ of P is called the exterior of P. It is clear that flipping
the orientation of P flips the role of P, and P-_.

Once the orientation of P is fixed, we can speak about the inner and exterior angles of P
just as in the Euclidean case. Splitting the interior of the polygonal domain into spherical
triangles by suitably chosen diagonals, we can extend Girard’s theorem to oriented spherical
polygons.

Corollary 18. The sum of the inner angles av, . .., a, of an oriented simple spherical n-gon
P is bigger than (n—2)w. The excess is proportional to the area of the interior of the polygon,
that is,

(i ai) —(n-2)r = };area(ﬂ).

In terms of (signed) external angles ¢; = ™ — o

(2

n

1
; € = 2m 7 area(Py).

To extend this equation to spherical polygons with curved sides, we need a generalization
of the notion of curvature for spherical curves, or more generally, for curves lying on an
oriented surface.

The curvature function of a unit speed curve in R? is the angular speed of the unit tangent
vector relative to a fixed orthonormal basis.

It is a crucial difference between the Euclidean plane and the sphere that while in the
Euclidean plane, using parallel translation, we can extend an orthonormal basis to a global
orthonormal frame, that is, to two orthogonal unit vector fields, there is no global orthonormal
frame on the sphere. This fact is the consequence of the

10



CsikOs: CURVATURE AND TOPOLOGY

Theorem 19 (Hedgehog Theorem). A continuous tangential vector field on the sphere
S? must vanish at least at one point.

The hedgehog theorem (called also as the hairy ball theorem) got its name from the popular
formulation that if you take a hirsute hedgehog which has a spine growing out from each
point of its skin, then it is not possible to comb all the spines of the hedgehog into a tangent
direction of the surface of its body in a continuous way. No matter how we try, cowlicks will
appear.

Con\\)khﬁ ﬂev ‘neolﬂe,l-\oa
with O\iSCO\’\‘HY\QH’\ﬁ

at one po‘mjt

There are two methods to get around this problem, we shall use both. One is that we can
always choose an orthonormal frame locally, on any open set diffeomorphic to a disk. The
other is that given a parameterized curve on a surface, there is a canonical way to transport
a tangent vector “parallelly” along the curve from one curve point to another curve point.
Thus, an orthonormal basis in the tangent plane at a curve point can be extended to a unique
“parallel” orthonormal frame along the curve.

Definition 20. Let v: I — M C R3 be a smooth parameterized curve on a surface M,
X: 1 — R?® be a tangential vector field along ~. (This means that X (¢t) € T,y M for all
t € I, where T,M denotes the tangent plane of M at p € M.)

The (Levi-Civita) covariant derivative of X is the tangential vector field V. X along
for which V., X (t) is the orthogonal projection of X'(t) onto T’ M.

X#)

T o~
M LF VpXI®)
“ E(t\"C QLX

: T M
\\\___/

Exercise 21. Prove the identity
<Xa Y>/ = <V7’X7 Y) + <X7 VyY),
where X and Y are arbitrary smooth tangential vector fields along ~.

Exercise 22. Let r: 2 — M be a smooth map defined on an open set Q C R?, d;r and O,r
be its partial derivatives. For (ug,vg) € €, let V10sr(ug, vg) be the value of the covariant
derivative of the vector field u +— Oor(u, vg) along the curve u — r(u, vy) evaluated at ug, and
define V50;r(ug, vo) similarly. Prove that

VlaQr(Uo, Uo) = Vgalr(U(), Uo).

Definition 23. A tangential vector field X along «y is parallel if V., X = 0. Any tangent
vector Xo € T, M defines a unique parallel vector field X along « for which X (¢y) = Xj.
Then the vector X (t) is called the parallel transport of X to v(t) along .

11
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Exercise 24. Prove that parallel transport along a curve 7: [a,b] — M gives a linear trans-
formation IL,: T, M — T, which preserves the length of vectors, and the angle between
vectors.

Definition 25. A smooth parameterized curve on a surface is a geodesic curve if its velocity
vector field +' is parallel.

Equivalently, v is a geodesic curve, if the acceleration vector +" is always orthogonal to the
surface. By Newton’s laws, if no force acts on a point, then the point moves along a straight
line with constant speed, or stays at a given point. Thus, if we want to keep a moving point
on a surface, then we have to apply some force F on it unless the surface contains straight
lines. The force applied to a point is proportional to the acceleration by Newton’s F = m~”
equation. Thus, a point moves along a geodesic curve if and only if the force which keeps
the point on the surface is orthogonal to the surface. In particular, the force does not do any
work on the point, hence the kinetic energy $m||7/||* of the point is constant.

Exercise 26. Prove that ||7/|| is constant for any geodesic curve.

Exercise 27. Show that a regular spherical curve is a geodesic if and only if it parameterizes
a great circle with constant speed.

Similarly to the planar case, for a regular curve v: I — M lying on an oriented surface
M, we set

e v = [|9/[], the speed of ;
e T= %, the unit tangent vector field of ~;

e N(t) = the rotation of T(t) within T M by +90° using the orientation of M, the unit
normal vector field of .

/@E«L

N

e

/M/‘\\\ ()

(

e Covariantly differentiating (T, T) = 1 we obtain 2(T,V.,T) = 0. Thus, there is a
smooth function k4: I — R such that

1
-V T = k,N.
o Kg

The function sy is called the geodesic curvature of .

Exercise 28. Show that 1
*V,YIN = —K;gT.
v

Exercise 29. Show that a smooth parameterized curve on a surface is a geodesic curve if
and only if its geodesic curvature is 0.

12
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Exercise 30. Let Py, Py be a parallel orthonormal frame along 7: [a,b] — M such that P,
is the +90° rotation of P;. Then there is a smooth direction angle function «a: [a,b] — R
such that T = (cosoa)P; + (sino «)Py. Show that o/ = kv, hence the change of v along
is [2 kg, (t)o(t)dt.

Definition 31. The total geodesic curvature of a regular curve ~: [a,b] — M on an oriented
surface M is the integral [, (t)v(t)dt.

Exercise 32. Let v: I — S% be a smooth unit speed curve on the sphere of radius R,
to € int I. Show that for small |s|, we have

s t
it 5) =)+ 5T(0) + y (sa()NE0) 2 i) — ) ) + O
Using this, prove that for the exterior angle €(s) of the spherical broken line v(ty — s), (o),
v(to + s) at y(to), we have

€(s) = sky(te) + O(s?).

A simple spherical n-gon with curvilinear sides can be approximated by simple inscribed
spherical polygons, the vertices of which cut the sides into N equal parts, where N is suf-

ficiently large. Applying to these polygons and taking the limit as N goes to
infinity, using also [Exercise 32 we obtain the following theorem.

Theorem 33 (Gauss—Bonnet theorem on the sphere). Let P C S% "
be a simple spherical n-gon with curvilinear sides. Fix an orientation of @M \\\
the polygon. Let the exterior angles of P be €; and parameterize the sides - \

of P by the reqular curves v;: [a;, b;] — S? moving in the positive direction.
Denote by P, the domain surrounded by P toward which the unit normal

vector fields of the sides v; point. Then

St Y [y (bt = 2m — osarea(Py). (1.1)
=1 i=1"%

The left hand side of this formula defined an integer multiple of 27 for any closed curvi-
linear polygon in the Euclidean plane, but it can change continuously in the spherical case if
the area enclosed by the polygon changes. Why is this difference? In the Euclidean case, the
sum of the exterior angles and the total geodesic curvatures of the sides measures the turning
of the unit tangent vector field relative to a globally defined orthonormal frame, while on
the sphere, we use a parallel orthonormal frame along v as the reference frame. The parallel
transport of an orthonormal basis around a closed loop does not coincide with the original
basis in general. Thus, as we go around the curve, the unit tangent arrives back to its original
position, but the reference frame does not. That is why the turning of the unit tangent of a
closed polygon relative to a parallel frame is not necessarily an integer multiple of 2.

Definition 34. Let p € M be a point on M, 7: [a,b] — M be a piecewise smooth loop
based at v(a) = v(b) = p. The parallel transport IL, along 7 is an element of the orthogonal
group O(T,M), that is either a rotation of a reflection in a line. Parallel transports along all
possible piecewise smooth loops form a subgroup of O(T,M) called the holonomy group of
M at p.

13
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Exercise 35. Show that the parallel transport of a vector around an oriented simple curved
sided polygon P on the sphere is a rotation of the original vector by the angle %area(!ﬁ).

1.4 Local Gauss—Bonnet theorem for surfaces

What can we say about closed curves on an arbitrary surface M C R3? Assume first that M
is oriented and diffeomorphic to an open disk. Then we can choose a nowhere zero tangential
unit vector field F; on M. Let F5 be the pointwise rotation of E; by +90° in the tangent
plane. For a regular parameterized curve 7: [a,b] — M, we can compute the rotation of the
unit tangent relative to the frame Ey, Ey as follows. There is a smooth function w: [a,b] — R
such that
\Y% /E‘l7 = CL)E;, \Y /E; = —UJEV,
where E] = E; 0+, and we can choose a smooth direction angle function «: [a,b] — R such
that
T = (cosoa)E] + (sino«)Fj.
Differentiating covariantly, we obtain

vkgN =T = (¢ + w)N,

which implies

o = vk, — w.
Lemma 36. The turning number of a simple closed positively oriented polygon with curved
sides in M relative to the frame Ey, Fy is 1.

Proof. This Lemma is true because of our assumption that M is a diffeomorphic to a disk.
By this assumption, the curve can be shrunk to a point p € M continuously. During the
shrinking, the turning number must change continuously, on the other hand it is an integer
number, so it remains constant. Zooming in onto smaller and smaller neighborhoods of p the
surface looks more and more like a flat plane, and the contracted curve will be closer and
closer to a positively oriented simple curvilinear polygon in that flat plane. Thus, the limit
of the unchanging turning number of these curves is 1 by the Umlaufsatz. [

As a consequence,

ZEH—Z/ /ﬂl Joi(t dt—Z/ WY (t)dt = 2.

This formula is applicable also in the situation described in the Gauss—Bonnet theorem on
the sphere. If P, C M C S?, then comparing the above formula with equation , we obtain

n b; 1

- Z/a W (t)dt = ﬁarea(PJr).
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A useful tool to compare the geometry of an arbitrary surface to the geometry of a sphere
is the Gauss map.

Definition 37. Let M C R? be an oriented surface, n its unit normal vector field for which
looking at the tangent plane 7, M facing n,, the positive rotation is counter-clockwise. Then
the Gauss map of M is the map n: M — S? p+— n,,.

Gd Uss manp

The Gauss map has a simple but important property: the tangent plane T,M of M at
p is parallel to the tangent plane Tnp52 of the sphere at the image point. Thus, the two
tangent planes can be identified by a translation which preserves the given orientations of
these planes. This implies a simple relation between the covariant derivations of M and S2.

Proposition 38. Let M be an oriented surface, n: M — S? its Gauss map. Then for any
smooth parameterized curve y: I — M, we can consider its Gauss image v* =no-~y: |a,b] —
S2. Then a map X : [a,b] — R3 is a tangential vector field of M along ~y if and only if it is
a tangential vector field of S? along v*, and in that case, we have

V»V/X — Vy*/X.

The local behaviour of the Gauss map is described by its derivative.

Definition 39. The Weingarten map of the surface at p € M is the map
L,=-Tmn:T,M - T, S*~T,M, v~ —0n.

Exercise 40. Show that the Weingarten map is self-adjoint. As a consequence, the eigen-
values of L, are real and T,M has an orthonormal basis consisting of eigenvectors of L.
Eigenvalues of L, are the principal curvatures, (the directions of) the eigenvectors of L, are
the principal directions of M at p.

Definition 41. The Gauss curvature K(p) of M at p is the determinant of L,. It is the
product of the principal curvatures.

If the Gauss curvature of a surface is not 0 at a point p, then the Gauss map is a
local diffeomorphism by the inverse function theorem. In other words, we can find open
neighborhoods, D C M and D* C S? of p and n, respectively, such that the Gauss map is a
diffeomorphism between D and D*. Assume that D is diffeomorphic to a disk.

Take a simple positively oriented n-gon P in D, which bounds the domain P,, and denote
by P* and P} the Gauss image of P and Py, respectively. P* is a simple polygon in D*. It is
positively oriented if and only if the Gauss curvature is positive on D. Choose an orthonormal
reference frame F, F, on D and let E}, E5 be the corresponding reference frame on D* given

by E{(n,) = Ei(p).

15
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If ~;: [a;, b;] — M is a parameterization of a side of P, 7} is the parameterization of its

Gauss image, then wY = w” by |[Proposition 38 For this reason,

Z/ whi(t Z/ Wi (t)dt = —sgn K - area(P}).

By the multivariable integration by substitution, the area of the image of P, can be
obtained by integrating over P, the weight function |det(7,n)| = |K(p)|, which tells how
the Gauss map stretches or shrinks the area infinitesimally around a point. Hence

area(P}) = /P+ |K|do. (1.2)

Thus, we proved

Theorem 42 (Local Gauss—Bonnet Formula). Under the above assumptions on the
surface D and the polygon P, we have

—Zeﬁ—Z/ H% Yo (t)dt + Kdo = 2r.

Py

We proved the local Gauss Bonnet formula only when the Gauss map is a diffeomorphism
between Py and P}. This condition is, in fact, not necessary, it can be replaced by the weaker
assumption that P, is diffeomorphic to a disk. We shall discuss this generalization later.

1.5 Euler Characteristic of Simplicial Complexes

A k-dimensional simplex is the convex hull of k + 1 affinely independent points. For k =
0,1,2,3, a k-dimensional simplex is a point, segment, triangle, tetrahedron, respectively.

— A B

G e k=2 k='3

x
i

An [-dimensional face of a simplex is the convex hull of [ + 1 vertices of the simplex. We
say the two simplices are reqularly attached if their intersection is a face of both simplices.

A <K 5

kegu\larfﬂ aﬁqckedsimp!icas hot Yejc\\ar‘\j 0(\)1&(:‘!\@0! {riargles

Definition 43. A finite simplicial complex is a finite collection P of simplices with the
following properties:

e any two simplices in P are regularly attached;

o if a simplex belongs to P, then so do all its faces.

16
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The union |P| of the simplices of a simplicial complex P is a topological space with the
topology inherited from the ambient affine space. The topological space |P| is called the body
of P.

Definition 44. Let s, denote the number of k-dimensional simplices in the finite simplicial
complex P. Then the Euler characteristic of P is the alternating sum

Homology theory is a branch of algebraic topology. It requires some work to build its
machinery, but once one has it, it provides simple proofs of some otherwise non-trivial theo-
rems. One of the first such consequences of homology theory is the homotopy invariance of
Euler characteristic.

Theorem 45. If the bodies of the finite simplicial compleres P and Q are homotopy equiv-
alent (e.g. if they are homeomorphic), then x(P) = x(Q).

According to the theorem, we may define the Euler characteristic of a topological space
X homeomorphic to the body |P| of a finite simplicial complex P by the equation

X(X) = x(P).

A useful tool in the computation of the Euler characteristic is the following inclusion-
exclusion formula.

Proposition 46. If Ky and Ky are simplicial subcomplexes of a finite simplicial complex P,
then
X (K1 UKs) = x(K1) + x(K2) — x(K1 N Ky).

Exercise 47. Show that
e x(k-dimensional simplex) = 1;
e X(S*) = y(boundary of a (k + 1)-dimensional simplex) = 1 + (—1)*;
e X(|P] x1Q]) = x(IP]) - x(]Q]) for any finite simplicial complex P and Q;
e x(Mobius band) = 0;

e x(handle) = —1, where a handle is a 2-torus 7% = S' x S* from which an open disk is
removed;

e x(a sphere from which g disjoint open disks are removed ) = 2 — g;

e x(sphere with g handles) = 2 — 2g.

1.6 Gauss—Bonnet theorem for surfaces with boundary

Consider a compact surface M C R? with smooth boundary M. Depending on the sign of
the Gauss curvature, a point p € M is called elliptic if K(p) > 0, parabolic if K(p) =0 and
hyperbolic if K(p) < 0. The surface looks like a bump around an elliptic point, and looks like
a saddle around a hyperbolic point.

17
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K(p)<0

lngperbo[ic

ypevy

Elliptic and hyperbolic points form two disjoint open subsets of M separated by the set of
parabolic points. Any surface can be approximated by surfaces for which the set of parabolic
points is a disjoint union of some simple closed curves and some simple arcs with endpoints in
OM. For this reason, we shall assume that M has this property. Let us take a triangulation
of M, for which the boundary of M and the lines of parabolic points are 1-dimensional
subcomplexes. Then K is either positive or negative on the interior of a triangle of the
triangulation. Refining the triangulation if necessary, we may also assume that the Gauss
map is a diffeomorphism between the interior of any triangle of the triangulation and its
Gauss image. Then the local Gauss-Bonnet theorem is applicable to each of these triangles.

{rmngu\aﬁon o\o&o\p’teol
Yo parabolic lines

Let Ay, ..., Ay be the triangles of the triangulation, a;, §;,7; be the inner angles of A;.
Then the local Gauss—Bonnet formula for A; says

(a; + B; + v — m) = “sum of the total geodesic curvatures of the sides of A;” + / K(p) dp.
Ay}

We remark that M is not assumed to be oriented. A small neighborhood of /\; can be
oriented randomly for the sake of the proof of the formula, but eventually the terms in the
formula do not depend on the choice of the orientation.

Now add the local formulae for all the triangles. If the number of vertices of the trian-
gulation is v = v, + v;, where v, is the number of vertices on the boundary M, v; is the
number of vertices in the interior M \ 0M, then since the inner angles of all triangles fill a
complete angle at each vertex in M \ M and a straight angle at each vertex in 0M, we have

f
> (o +Bj+7; = m) = 7(2v; + v, — f).
j=1
Exercise 48. Show that if AA; and A; share a common side, then the total geodesic curvature
of the common side appears in the local Gauss-Bonnet formula for A; and A; with opposite
signs.

By the exercise, summing the total geodesic curvatures of the sides of all the triangles,
only the total geodesic curvatures of those sides will not be cancelled, which are lying on OM,
and they add up to the total geodesic curvature of the boundary. Thus we get the formula

(v + 204 — f) = “total geodesic curvature of IM” + / K(p) dp.
M

18



CsikOs: CURVATURE AND TOPOLOGY

Let’s play a little with the combinatorics of the triangulation. Denote by e = e, + ¢; the
number of edges, where ¢, is the number of edges in M. Since every triangle has 3 edges,
3f counts all the edges with some multiplicity: it counts edges on the boundary once all the
other edges twice. Hence 3f = 2¢; + €,. Since the boundary of M is the disjoint union of
some circles, x(OM) = v, — e, = 0, that is v, = ¢,. According to these,

w20, —f=2u—w) —3f+2f=2v—(ep +3f) +2f =2(v—e+ f) =2x(M).

The last two equations give the following theorem.

Theorem (Global Gauss—Bonnet Theorem). For a compact surface with boundary, the
following equation holds:

2 (M) = “total geodesic curvature of OM ”—i—/ K(p) dp.
M

Corollary 50. If M is a compact surface with no boundary, then
1

X(M) = o

/. Kw)dp.

Let us give a consequence of the last equation. A point u € S? is said to be a regular
value of the Gauss map n: M — S2, if the preimages of u under n are elliptic, or hyperbolic.
It is a consequence of Sard’s lemma, that almost all points of S? are regular values of n. A
regular value u can have only a finite number of preimages p1,...,p,. The number m can
depend on u, but if we count each preimage p; with the sign of K(p;), then the total number
of signed preimages, that is the sum 7", sgn K (p;) gives a number not depending on the
choice of the regular value u. This is a special case of the first theorems proved in differential
topology and gives rise to the definition of the degree of a map.

Definition 51. The degree of the Gauss map n of a compact surface M with no boundary
is
degn = Z sgn K (p),

pen~!(u)

where u is a regular value of n.

If u is a regular value with preimages pi,...,pm, then we can find open neighborhoods
Uy,...,U, C M of py,...,pn respectively, such that n maps each U; onto the same open
neighborhood U* C S? of u, and n~'(U*) = U2, U;. Then applying (1.2)), we get

/ - K(p)dp = Z/ K(p)dp =) sgn K(p;) - area(U*) = degn - area(U*).
n—H(U* i=17Ui i=1
With some analysis, we get from this formula the following

Theorem 52. The total Gauss curvature of a closed surface M C R3 is the product of the
degree of the Gauss map and the total area of the unit sphere, that is

/ K (p)dp = 47 degn.
M

A comparison of the equation and the Gauss—Bonnet formula yields

Corollary 53.
1
degn = §X(M)
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1.7 Recommended reading

In the above notes, looking for more and more general versions of Euclid’s theorem on the
sum of the angles of a triangle, we arrived at the Gauss—Bonnet theorem for surfaces in R3.
Though the latter is really much more general than Euclid’s theorem, it is not at all the end
of the story. Trying to keep the proofs on an elementary level, the proofs were sometimes
sketchy, skipping the technical details. The references below can be a good source deepening
the knowledge of the interested reader in this direction.

A detailed proof of the Umlaufsatz can be found in [2]. For a proof of the spherical
Crofton formula, Fenchel’s theorem, and the Fary-Milnor theorem see [1], [6] and [5].

Basic facts on simplicial complexes and the Euler characteristic are proved in [§]. A good
introduction to the techniques of differential topology is [4]

It was understood already at the time of Gauss that one can make a distinction between
the intrinsic and eztrinsic geometry of a surface. A notion or quantity belongs to the intrinsic
geometry of a surface, if it can be defined or measured by intelligent creatures who live
inside the surface, and able to measure the lengths of curves on the surface, but can get no
information from the ambient space. When a surface is bent, the lengths of curves on the
surface do not change, so the surface inhabitants do not observe any change in the intrinsic
geometry, however, certain quantities, e.g., the principal curvatures of the surface can change
during the bending. These quantities belong to the extrinsic geometry of the surface. It can
happen, that the definition of a notion uses objects in the ambient space, but it can be defined
also by the creatures living on the surface using intrinsic terms. For example the notions of
Levi-Civita derivation, parallel transport, geodesic curve, geodesic curvature, and holonomy
group belong to the intrinsic geometry of the surface. Theorema Egregium, that is the
“Remarkable Theorem” of Gauss claims that although the principal curvatures are extrinsic,
their product, the Gauss curvature is an intrinsic quantity (see [I]). Riemann announced in
his habilitation thesis the program to work out a higher dimensional generalization of the
intrinsic geometry of surfaces. This led to a new branch of geometry what we call Riemannian
geometry today. As all the quantities that appear in the Gauss—Bonnet formula are intrinsic
quantities, the formula can be generalized and proved for arbitrary compact 2-dimensional
Riemannian manifolds with boundary. An intrinsic proof of the theorem can be found in [3].

The book [9] contains a generalization of the Gauss—Bonnet formula for compact hyper-
surfaces of R"” with no boundary. In this generalization, the Gauss curvature is replaced by
the Gauss-Kronecker curvature defined as the product of the n — 1 principal curvatures of
the hypersurface.

The search for generalizations of the Gauss-Bonnet theorem raises the natural question
how we can extract information on the topology of a manifold, or vector bundle from the
curvature of a connection on it. The answer to this question led to the theory of characteristic
classes, which is a powerful tool of modern differential topology. See Appendix C of [7].
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Problem session
(ANDRAS SANDOR)

Day 1

. Give a practical way of computing the turning number of an entangled regular plane curve.
In other words, given a drawing of such a curve, how can you tell quickly its turning number?

. What is the minimal total absolute curvature of a regular plane curve? Prove properly that
your upper bound holds.

. The Crofton formula shows us a way to compute the length of a spherical curve by integrating
the intersection numbers of the curve with the great circles on the sphere. Precisely

1

ZVZZ 52

m(u)du

with the notations from the lecture. Let’s prove this!
a) Prove the formula for a segment of a great circle and for spherical polygons.
b) Show that you can approximate a spherical curve with spherical polygons sufficiently.

. Prove that the area of a spherical triangle on the unit sphere is
a+B+y—m

expressed in terms of the interior angles of the triangle.
(Hint: First, express the area of a spherical “biangle’)
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DAy 2

1. What are the geodesic curves on

a) a sphere?

b) a cone?

Consider both embedded in the space. Apply the definition given at the lecture: a curve
is geodesic if its derivative is parallel along the curve, or in other words if the speed vector
changes only perpendicularly to the surface.

2. Consider any circle (not necessarily a great one) on the unit sphere.

a) What is the surface area of the inside of the circle?

b) Compute its geodesic curvature.

Convince yourself that the relation appearing in the lecture is true: the total geodesic cur-
vature of the circle equals 27 minus the area.

3. Consider the torus embedded in the space. Describe its Gauss maps. Is it surjective? How
many preimages do the points of the sphere have?
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Enumerative geometry: classical and new problems
By LAszLO FEHER
(Notes by Akos Matszangosz)

2.1 Motivation

Example 1 (Apollonius circles). How many circles are tangent to 3 given circles in the
plane? (About 2200 years old)

Example 2 (4 lines in space). How many lines intersect four given lines L; in 3-space?
Example 3 (Conics). In how many points do two conics intersect?

Homework 4 (Triangle). How many triangles exist with vertices on given lines and sides

through given points? (Geogebra help for the triangle problem))

Such problems were a starting point for the development of modern algebraic geome-
try. They are also related to algebraic topology, representation theory, algebraic combina-
torics. . . However, developing the precise theory requires a lot of time. In this mini-course we
will sacrifice some of the precision, and rather rely on intuition and black boxes. E]

2.2 Dimension counting

In the [example of four Iines| why do we take 4 lines, and not 3 or 57 The reason is that we
want such questions to have a finite answer. Let us verify this for the four lines problem.

The space parameterizing lines in 3-space is four dimensional: look at the intersection with
two parallel planes, it gives four independent coordinates, see Figure |2.1

The subspace of lines intersecting a given line L; is given by one condition. One can
expect that each of the conditions reduces the dimension by one, so the number of lines
intersecting four lines is finite.

Figure 2.1: The space of lines is 4 dimensional

L“Behind every successful mathematical idea there is a strong proof” Groucho Marx.
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Problem 5. Find n, m such that the answer to each of the following problems is finite:
e How many conics pass through n given points?
e How many conics are tangent to m conics?

In the following we will always formulate questions in the following manner:

How many
e points/lines/conics
e intersect/are tangent to/pass through

e n generic points/lines/conics

in projective m-space?

Both highlighted conditions eliminate cases which are in some sense degenerate. Now we will
discuss projective space in some more detail.

2.3 Projective space

2.3.1 Definition

As a set,
P" := {L < F"*! lines through the origin}

where F = R or C. What is the topology of this space?” For F = R and n = 2, consider
Figure
Take a plane parallel to the x,y-plane. Each line which is not parallel to this plane
intersects it in a single point. In this way, we identified an affine plane sitting inside RP?2.
However, RP? contains other points, namely the lines parallel to the x,y plane — these are
the ‘points at infinity’. In this way, one can think of RP? as obtained by gluing ‘points at
infinity’ to an affine plane. The affine plane is also called an affine chart.
These descriptions using points at infinity also adapt to P". The reader is encouraged to
show that
RP'>S,  CP 2§, RP*=S/(a~-a).

(o‘b‘() @

Figure 2.2: Topology of RP?
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Another equivalent definition of CP" is obtained by taking
CP™ = C"™\{0}/ GL(1).
Homogeneous coordinates parametrize points of CP™ (not uniquely!):
r=[xg:T1:. .. Xy

where two such n 4+ 1-tuple of coordinates x and y corresponds to the same point of CP" iff
x = X -y for some A\. (We assume that not all x; are zero.)

2.3.2 Subspaces

The same definitions make sense for a vector space V'; its projectivization P(V') is a dim(V')—1
dimensional projective space. A k + 1-dimensional linear subspace W < V', gives rise to a
k-dimensional projective subspace P(W) C P(V). For example, in the case n = 2 described
above, the lines lying in the plane z = 0 form a projective line (projective 1-dimensional
subspace). Projective subspaces behave similarly to linear subspaces:

Lemma 6. The intersection of projective subspaces is a projective subspace.
Furthermore, if P* P* CP", Pe NP =P, thenc> a+b—n.

If P* and P are in general position, then ¢ = a + b — n. This can be the definition of
general position in this situation. The expression transversal can also be used. If a +b < n
then transversality implies that the intersection is empty.

Corollary 7. Any two lines in P? intersect.

2.3.3 Symmetries of projective spaces

The linear invertible transformations GL(n + 1) of C"*! send lines to lines; therefore they
also transform P". In modern language we say that GL(n + 1) acts on P™. Notice that the
scalar transformations don’t do anything:

Aozogixy oo ixy] ~ ey xy,
so in fact, one has an action of the group
PGL(n+ 1) := GL(n+ 1)/{\Idcn+1}.

Example 8. The GL(2)-action on P! can be written in coordinates as follows:

[‘CL Z][uzv]:[awbv;cmdv]

On the affine chart x¢y = 1 the transformation is

[“ b][1:v]:[a+bu;c+dv]:[1

ctdv
c d

“a+ b

Homework 9.

e Show that ‘usually’ such a transformation has two fixed points.

e Let p,g,r € P! be 3 distinct points. Show that there exists g € GL(2) such that
g(p) =[0:1], g(q) =[1:0] and g(r) = [1: 1].
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2.4 Shapes and equations

Let f(xg,21,...,T,) be a homogeneous polynomial (i.e. f(Az) = A f(x) for all X for some d
< all monomials have degree d). Although such polynomials are not functions on P"; they
have a well-defined zero-set:

(f=0)cP"

One can also consider the zero-set of several homogeneous polynomials fi, ..., f.. Such zero-
sets are called varieties.

Example 10.
e The line defined by z = 0 is a variety in P2,

e The points satisfying the equations xqr3 = x12,, x% = zoxo and x% = x123 is a (famous)
curve in P? (the rational normal curve).

2.5 Classical proof of 4 lines in 3-space
Lemma 11. Given 3 lines Ly, Lo, Ly in P3, there exists a quadratic surface containing them.
Proof.

i) The space of quadric surfaces is a PY: the coefficients [a;;] of

q = Zaijxﬂj, (21)

1<j

or more formally, let V' be the vector space of degree 2 homogeneous polynomials and
identify the space of quadric surfaces with P(V).

ii) The condition ‘containing a line’ defines a P% in PY. Indeed, take the line L = (xy =
0,21 = 0), let ¢ be a quadric equation as in (2.1)) and let @ := (¢ = 0) be its zero-set.
Then

QQL < SubS(q,IO'—)O,L’ElHO)EO < Q99 = G93 = a3z = 0

iii) N?_,P% #£ 0 by (And in fact for generic lines L;, there is exactly one inter-

section point: there is exactly one quadric surface containing 3 generic lines.)

O
Homework 12. Show the converse: Any smooth quadric surface contains 3 disjoint lines.

Lemma 13. Given 2 lines L1 # Lo and a point p € Ly, Ly there exists a unique line L
incident to them.

Homework 14. Prove [Lemma 13l

Corollary 15. A quadric surface (Q containing 3 lines in generic position is ruled: a disjoint
union of lines.
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Figure 2.3: Two rulings on a hyperboloid

Proof. Let p € Q. By [Lemma 13| there is a unique line L incident to Ly, Ly and p.

Claim: If L' is a line, and |L' N Q| > 3 then L' C Q.

Indeed, a degree 2 polynomial has two roots. Applying the claim to L, we get that there
is a unique line through any point of ) which intersects both L; and L. ]

Lemma 16. There is another ruling of the quadratic surface and any two lines from opposite
rulings intersect.

The easy proof is left to the reader. See also Figure 2.3] Where is this sculpture?

Digression: classification of smooth quadric surfaces. See Figure[2.4]for the classifica-
tion of quadric surfaces over R. Over C it is harder to draw. However, topology can help us:
by the previously seen argument, the parameter space of generic configurations is connected,
as the space of degenerate configurations has real codimension 2. Alternatively, one can use
algebra, and show that all non-degenerate quadratic forms are equivalent over C.

SZ 0w

Figure 2.4: Classification of real quadrics

Theorem 17. Let Ly, Ly, L3, Ly be four given generic lines in P* over F. Then for F = C,
there are exactly 2 lines in P? intersecting each of these. For F = R, we get either 0 or 2
such lines, depending on the configuration.

Proof. Let Ly, Ly, L3, Ly be four given generic lines. By there exists a quadric @
containing the three lines Ly, Lo, Ls.
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Let the field be C now. Then the intersection of the quadric with the fourth line L, is
two points, denote them {A, B} := @ N Ly. The ruled surface is a disjoint union of lines, so
A and B each determine a line in the same ruling as Ly, Lo, L3. In the other ruling, there is
also a line passing through each point, which intersects Ly, Lo, L3 and also Ly (in A, B). So
the answer is 2.

In the real case, the answer depends on the configuration, see Figure 2.5 [

\

Figure 2.5: Four lines: real case

This solution has the advantage that it is elementary, however it is difficult to generalize
to other problems. Topology can be used to deal with the other problems, which is what we
will discuss next.

2.6 Degree and Bézout’s theorem(s)

Definition 18. Let H = (f = 0) be a hypersurface in P" (i.e. a variety defined by one
equation). Then deg H := deg f where we assume that f is minimal, i.e. not a power of an
other polynomial.

Theorem 19 (Bézout 1). Let H = (f =0) be a hypersurface in P" (i.e. a variety defined
by one equation) and let L C P be a line. Then for a generic line #(H N L) = deg f.

Proof. The restriction f|, is a polynomial on the line of degree deg f, so by the fundamental
theorem of algebra it has deg f roots. (Think about C versus R!.) ]

Remark 20. From the proof we see that here generic means that f|; cannot have multiple
roots.

Theorem 21 (Bézout 2). Let Cy,Cy be complex plane curves in generic position. Then
#(01 N CQ) = deg Cl . deg CQ.

Notice that this theorem solves [Example 3| the intersecting conics.

Proof. (sketch) Let ¢; :=degC; (i = 1,2). Let A; be a set of ¢; many lines. There are ¢; - ¢o
many points of intersection in A; N As. A; is a variety given by a polynomial f; of degree ¢;.
By slightly perturbing the equations f;, one gets two curves, and the points of intersection
are also slightly perturbed (see Figure [2.6). You can also play with Geogebra [here

We claim that this implies the theorem for generic curves. The key idea is that the
parameter space of degree d curves is a CPY (show that N = (szrl) — 1), and the subset
of curves in generic position with a fixed curve in CP¥ is connected, since the set of non-
generic ones is a subvariety (defined by polynomial equations) and any subvariety has complex
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M)

% \LJ()O T/
i

Figure 2.6: Bézout 2 proof

codimension at least 1, therefore real codimension at least 2. This is the essential point where
we use that we are in the complex situation and which is not true in the real situation. [

We arrive at a central definition:

Definition 22 (Degree). Let X C P be a variety of dim X = d. Let P*~? C P" be in
generic position. The degree of X is

deg X = #(X NP %)

Notice that this is indeed a generalization of [Definition 18|

Theorem 23 (Bézout in higher dimensions). Let X;, Xo C P" be complex subvarieties
in generic position. Then

deg(X; N Xy) = deg(X1) - deg(Xa).

This can be proved by induction. This is not enough for our purposes; the parameter
space of our objects is not always a projective space. For example,

{conic curves} = P,

{quadric surfaces} = P,

but
{lines in P?} % P*,

so we will need to generalize Bézout’s theorem to more general spaces.

2.7 Cohomology

Let M be a topological space. Then one can associate to it a graded ring called the cohomology
ring of M
H*(M) = @Hl(M).

The elements of H*(M) are called cohomology classes. For us, M is a smooth variety. (We
will not define smoothness.) Using cohomology rings, one has extra geometry:

Given a subvariety X C M, one can associate to it a cohomology class [X] € H?(M),
where k = codim¢(X C M).

Theorem 24 (Cohomology Bézout). If X; th Xy (read: intersect transversally) then

X, N X = [X)] - [Xa). (2.2)
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2.7.1 CW-complexes and their cohomology

Theorem 25. Suppose M is a disjoint union of ‘complex cells’: M =[] B; where B; = C™
are 2n;-cells. Then H?*(M) is freely generated by the classes [B;], where k = dime M — n;.

Example 26. CP" = CP* '][C" where C" are the ordinary points and CP"! are the
points at infinity. Iterating,

crr=c'[[c']]... ]I

Claim 27.
H*(CP") = Z[g]/g"*!

Proof. (idea) Let g := [CP""!] € H?*(CP") and use Cohomology Bézout. O

Remark 28. If X C CP", codim¢ X = d, then [X] = deg(X) - g%, so the higher dimensional
Bézout is a special case of the Cohomology Bézout.

2.7.2 Grassmannians and their cell decomposition
Definition 29 (Grassmannian).
Grg(C") := {k-dimensional subspaces in C"}
For example, P* = Gr;(C"*!). Now we have a name for the space of projective lines in
P3: Gry(CH).
Fix the reference flag in C"

F.:(F1:<61>§F2:<61762> SSFn:Cn)

(an ordered set of subspaces). We will decompose the Grassmannian into subsets, according
to their relative position with respect to F,. Given V € Gry(C"), introduce the dimension
vector:

[R3
e

[E] \
e,

TP$

Figure 2.7: A ‘flag’ in P3
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Proposition 30.
i) Let f:{1,...,n} = {1,...,k} be a monotonic function. Then
{V € Grp(C") : diy = f} (2.3)
is a cell, i.e. it is isomorphic to C%, for some d, or empty.

i) Every such cell, which is nonempty, contains exactly one coordinate k-space.

Proof. Essentially Gauss elimination. [

Homework 31.

1. Check |[Proposition 30| for P".

2. What are the possible dimension vectors?

By the Proposition, to index the cells, one has to index the coordinate subspaces. For

example, in Gry(C*), there are (4) = 6 coordinate 2-planes in C*: V;; = (e;,e;). More

2
generally one has V; for I € (Z) The dimension function is given for some [/ in Table .

i 1]2]3]4
diy,, (i) |0 [ 1]1]2
diy, () | 1] 1]2]2

Table 2.1: Dimension function

The cells given by ([2.3) are called Schubert cells:
Q[ = {V € Grk((C") . le = diV]}

Remark 32. In an alternative formulation, the action of GL(n) on C" induces a GL(n)-action
on the Grassmannian. The Schubert cells are the orbits of the subgroup of upper triangular
matrices BT < GL(n).

The closures o; of the Schubert cells Q; are called Schubert varieties (show that they are
unions of Schubert cells).

2.7.3 Schubert varieties in Gry(C*)

We explicitly determine the Schubert varieties for Gry(C*). We will think of it as projective

lines in P?. Recall that [F}] is a point, [Fy] a line, [F3] a plane in [Fy] = P3. Now we describe

the Schubert varieties in Gry(C?) (for the moment ignore the boxes on the right-hand side).
The smallest Schubert variety is a point:

0122{‘/12}2{[512” Bﬂ

oy ={L<P:[R]CLCI[R]}
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This is isomorphic to P!, namely, P(F3/F}).
ou={L<P:[F]CL} [

i.e. projective lines passing through a point, which can be identified with a projective plane
P2, namely P(C*/F}).
o ={L<P:LC[Rm} H

i.e. projective lines contained in a plane, which can be identified with a projective plane P2,
namely the dual of P(F3).

023:{L§P3LH[FQ]7§®} 1

This is less straightforward to identify; it is the cone of the quadric surface P! x P! (so this
is the first example of a non-smooth Schubert variety). Finally,

034 = GI‘Q((C4) ®

Comparing the dimensions of the cells to the cell-decomposition of P4, we see that Gry(C*)
has an extra cell in dimension 2.

2.7.4 Schubert varieties in Gry(C")

As we have mentioned above, we can index the cells in an alternative way. Let
n
I=(i1<...<ig) € (k:)

)\Z:n—k'+]—Z],

Set

fori =1,..., k. The sequence of \;’s forms a partition: a non-strictly decreasing sequence of
nonnegative integers

The partitions obtained from I € (Z
can associate a Young diagram by drawing A; boxes in the ith row; see the Schubert cells

of Gry(C?) for the two kinds of indexing. The condition A\; < n — k implies that Schubert
cells are indexed by partitions that fit in a k x (n — k) box. The complex codimension of the

) also satisfy Ay < n — k. To such a partition, one

Schubert variety o, is the area of the Young diagram, which we will denote

A=Y

Recall, that given a subvariety oy C Gri(C"), one can associate to it a cohomology class
(03] € H?M(Cry(CM)).

As we have seen in Theorem , the product of such classes (under some genericity
conditions), corresponds to the class of their intersection. To give some motivation for the
upcoming calculations, let us state that in H*(Gry(C?))

[oa]* = u - [0,

and u is the answer to the four-line problem! Indeed, as we saw oy is the set of projective
lines intersecting [F5], so the cohomology Bézout implies the statement above. Keeping this
in mind, we will examine the multiplication table of H*(Gry(C*)).
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2.7.5 Cohomology of Gry(C*)

We will determine the multiplication table using the geometric description of Schubert vari-

eties in Section First, by Theorem [2.2]

[o9)® = [on(F,) Nog(FL)] = [{lines in two planes}] = [om] = [pt]. (2.4)

Similarly,
[o)” = [o] = [pt]. (2.5)
o] - [op] = [og] - [oc] = [op(F2) Nom(FL)] =0, (2.6)

since for generic flags F,, F., F; £ F} (and H** is commutative).
Proposition 33.
[oe)* = (0] + [o]. (2.7)
Proof. Write
[UD]Q = alom] + bloy].

Notice, that (Figure together with (22.5) and (2.6) can be used to determine

| alpt] = [02l0m] = [0(F2) N 0wl FL) N o F2)] = [pt]

Similarly, one can show b = 1. [
Theorem 34. Given four generic lines in P3, there are 2 lines passing through each one.
Proof. Using equations ([2.4)—(2.7)):

[oe]* = (low] + [og])” = 2[pt].

Homework 35. Determine the rest of the multiplication table.

It is not difficult to see that the complex dimension of Gry,(C" %) is k(n—k). For example,
dim¢ Gry(C®) = 6.

Problem 36. Find the number n of planes in P* intersecting 6 given lines! Answer: [0,]® =

n[pt].

We will return to this problem a little later.

N
/\ ']

X

Figure 2.8: Proof of [Lemma 13|
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2.7.6 Schubert calculus

The general multiplication table of [0,] € H*(Gr,(C")) is also called Schubert calculus. With-
out proof, we now state the general rules of the multiplication table.

Theorem 37 (Giambelli formula).

o] lonsr] oo (o]
03] = detfons) = | T el el o)
[UAk—k—&-l] Ce e [O-Ak]

For example [og] = [0]? — [0

Theorem 38 (Pieri formula). Given a partition N C k x (n—k) and p € Z,

[oa] - [ou] = > [ow]

NeL

where L consists of all Young diagrams N obtained by adding p bozes to \ by the following
rules:

e no two squares in the same column,
e N Ckx(n—k),

e has to be a valid Young diagram.
3 B
SR

Figure 2.9: Pieri rule

Using Pieri formula, one can solve [Problem 36}
3
o = (m+8) = (F7+EH+2- 07+ H) (m+H) = 1+ 2+ 1+ D)[pt] = 5[pt].

Alternatively,

P = (Dj+H) -D:mj+Hj+Bj+E,

where E = 0, since  HHH. Using that H? is self-dual, we get that the answer is 22 + 1 = 5.

Remark 39. It is not difficult to show that if o) and o, are half dimensional, then
(o] - [04] = O [pt].
This is what I meant on self-duality.

Homework 40. Find out and solve an enumerative problem using Schubert calculus.
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Homework 41**. Generalization of four lines: Given 4 projective 2n — 1-dimensional sub-
spaces V; in P*"~!. How many 2n — 1-dimensional subspaces intersect all V; in an n — 1-
dimensional subspace? (Try n = 2 first.)

More generally, one can multiply any two Schubert classes, and express them in a basis:

[oa] - lo] = D_ ulon)-

The ¢, are called Littlewood-Richardson coefficients. They can be calculated using the
Giambelli and Pieri formulas. A faster direct method is enumerating Young tableauz.

2.8 Symmetric polynomials

Recall that the symmetric group S,, acts on the polynomial ring Z[z1, . . ., z,,| by permuting the
variables. The subring of invariant polynomials is called the ring of symmetric polynomials.
It is generated as a ring by the elementary symmetric polynomials F; = F;(z1,. .., 2,):

Zlz1, ..., 2" = Z[Ey, ..., E,)

Recall their definition:

n

[T +tz) = Eit'.
=0

i=1
For example,

Ei=z21+ 204 ... 2, Ey =212+ 2123+ ...+ 2p—12n-

Another convenient additive basis in the ring of symmetric polynomials is given by Schur
polynomials. Schur polynomials

sx(2) € Lz, ..., za)""
are indexed by partitions A and are defined by
51(2) i= Ayr (E)

where AT denotes the mirror of A (see Figure [2.10)) and recall (2.8) for the definition of the
polynomial A, (the variables were named [o;], and now E;).

Theorem 42.

SASu = S uSv
where c5,, are the Littlewood-Richardson coefficients introduced above, and the sum is for all
partitions of |\ + |

Figure 2.10: A = AT
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2.9 Representation theory

It is a fact, that irreducible complex representations V) of SL(n) can be parametrized by
partitions A\ of length n. Given such a representation

px s SL(n) — GL(V)),

its character can be written as
Ai+n—1i
det | 277 |

7 !
e det |27 "]

Theorem 43 (Jacobi formula).
Xa(2) = sa(2)

This has the representation theoretic consequence that

PAQ pu = @ SW

Let us examine the three flavours of what we have seen so far through an example.

Example 44.

i) Schubert calculus:
2 =m+H

ii) Symmetric polynomials:

2
§1 = S1,1 T S2,

since E; = 816,80 51 = By = (21 + ...+ 2n), 511 = Ey = X, zizj and sp = 3, 225
iii) Representation theory:

V@V =Sym?V e AV.

2.10 Real enumerative problems

The 4 spaces problem of can be solved also by using linear algebra. This can
be used to study the question over the reals. E.g. for n = 2 the complex answer is 6, the real
is 2 or 6. For more details, see [2]. Notice that in the real case the answer to an enumerative
problem is not a number but a set of numbers. The reason for this phenomenon was discussed
in the proof of [Theorem 21|

An other classical problem is the Steiner problem: how many conics is tangent to 5 conics?
It has a fascinating story see e.g [I]. Steiner’s original argument was the following: the set of
conics tangent to a given conic is defined by a single degree 6 equation (try to prove this!).

Remark 45. implies that this degree being 6 is equivalent to the fact that there
are six members of a generic pencil of conics tangent to a given conic, see Figure [2.11]
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W

\

A\

\

N

Figure 2.11: 6 ellipses of a pencil tangent to an ellipse

Applying Bézout’s theorem Steiner claimed the answer should be 6°. The answer is wrong,
since these 5 degree 6 hypersurfaces will not be in generic position (double lines are conics,
and they are tangent to all conics!). The correct answer is that in general there are 3264
smooth conics tangent to 5 smooth conics.

The real case is not completely understood. The maximum 3264 can be obtained by [3].
For the small solution numbers we know that the answer can be 0: five concentric circles.
It can be 32: e.g. five small circles in the vertices of a pentagram. On Figure you
can see six ellipses symmetric to the vertical symmetry axis, you can rotate them 5 ways,
and you have a circle tangent to the small circles from the inside and one from the outside:
6 -5+ 2 = 32. Notice that 32 = 2°: given any subset of the 5 small circles the is a solution
containing exactly them (Notice the similarity to the Apollonius circle problem!). We are
working on this problem with Tamds Agoston. We recently found a configuration with 16
solutions.
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Figure 2.12: 6 of the 32 conics

Problem session
(AKOS MATSZANGOSZ)

Day 1

. How many triangles exist with vertices on given lines and sides through given points?
Geogebra help: https://www.geogebra.org/m/u379yjtw

. Find n, m such that the answer to each of the following problems is finite:

a) How many conics pass through n given points?

b

) How many conics are tangent to m conics?
a) Show that ‘usually’ the GL(2)-action on P! has two fixed points.
)

b) Let p,q,7 € P! be 3 distinct points. Show that there exists ¢ € GL(2) such that
9(p) =[0:1], g(g) = [1:0] and g(r) = 1 : 1].

. Prove that given 2 lines L; # L, and a point p € Ly, L, in P? there exists a unique line L

incident to them (p € L, L; N L # ).

DAy 2

. Identify the cells in P™ given by the general cell decomposition of Grassmannians (i.e. using
the dimension vector diy (i) = dim(V N F;) with respect to a reference flag Fy).

. Verify and complete the geometric description of the cells in Gry(C*) seen in class (again,

using the dimension vector).
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MOoOUSSONG: FROM POINCARE TO THURSTON AND PERELMAN

From Poincaré to Thurston and Perelman: one
hundred years of a conjecture

By GABOR MOUSSONG

Abstract:

Modern-day topology grew out of the mathematical works of Henri Poincaré. His famous con-
jecture, put forward in 1904, was about characterizing the three-dimensional sphere in terms
of its homotopy type. The Poincaré conjecture withstood all attempts of proof for nearly
100 years, and functioned as the primary motivating force behind many new developments
in twentieth century topology and geometry.

The lecture will explain the conjecture and its significance in the topology of manifolds. A
few historically famous unsuccessful early attempts to prove the conjecture will be mentioned.
In the 1980’s Thurston’s theory of geometrization generalized the Poincaré conjecture in a
geometric context, and opened up new directions for proving it. Without going into techni-
calities, the lecture will sketch Hamilton’s program and Perelman’s results which in the early
2000’s led to the proof of both Thurston’s and Poincaré’s conjectures.
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Projective algebraic plane curves
By ANDRAS NEMETHI

(Notes by Tamds Agoston)

4.1 Intersection theory of algebraic curves

In algebraic geometry we study algebraic varieties. Over the course of these lectures we will
be working with 1-dimensional varieties: algebraic curves. We will denote the base field with
k, which will usually be C (in general the same question could be studied over any field, for
example R, F, etc.). Let us first recall the basic terminology.

4.1.1 Basics

Definition 1. The affine plane over k is
A? =k*={(z,y)|z,y € k}.
An affine algebraic plane curve is a subset
C={(z,y) € k| f(z,y) = 0} C A?
for some polynomial f € k[x,y]. (The ring k[z,y] is called the coordinate ring of AZ.)
The degree of the curve is degC = deg f.

Example 2. The following all define plane curves:
a) > +y? —4 =0 1in R? (a circle with radius 2)
b) x4y =10 in R? (a line)
c) 1%+ 7?0 +e=0.
Our main goal in today’s lecture is to understand how curves intersect each other.

Example 3. Let us look at the simplest case: the intersection of lines £; # £5. We have 2
cases:

a) L, N Ly ={P} for some point P;
b) L1 N Ly =0 (they are parallel).
To get rid of the exceptional case b), we consider the projective plane:

Definition 4. The projective plane over k is

P* = k3\{0}/x ~ Az (€ k)

(the space of lines in k3 through the origin). A projective algebraic plane curve is a subset
C={[r,y.2] € P*| f(w,y,2) =0} C P?

for some homogeneous polynomial f € k[x,y, z]. Note that this is well-defined: for f homo-
geneous, f is 0 at the same time on the points of a line through the origin in k3. (The graded
ring k[z,y, 2] is called the homogeneous coordinate ring of P2.)

The degree of the curve is degC = deg f.
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Remark 5. This can also be considered as P? = A% U L., where L, is the line at infinity, via
the identification
A? 3 (z,y) = [1,y,1] € P2

(points of type [z,y,0] € P? form L..).

Then the homogeneous equation f(z,y, z) = 0 on P? defines the affine curve f(z,y,1) =0
on A% Conversely, an affine curve g(x,y) = 0 of degree d can be considered as a projective
curve of the same degree by filling up the monomial terms with enough z’s that it becomes
homogeneous of degree d.

Example 6. The homogeneous equations for the curves in are:
2 + y2 —42°=0, x+ y— 10z =0, 2102190 7Ty200 + 2?0 = 0.

Note that when we consider projective plane curves of degree 1 (projective lines) £1 # Lo,
we always have £, N Ly = {P} (parallel lines in A? intersect on L.,).

Both k[z,y] and k[z,y, 2] are unique factorization domains, so any polynomial f can be
written in the form H fi with f; irreducible. These f; define the components of the curve

C={f=0}= U {fi =0}, and the a; can be interpreted as some kind of multiplicities of

these components (though we will mostly assume f to be square-free). The curve C is said
to be irreducible if f is.

Example 7.

2% 4+ y? — 1 irreducible 2y has 2 components

To better understand intersections, we wish to look at small neighborhoods of points on a
curve instead of the global picture. For example consider the following 2 curves at the origin:

Example 8.

(0,0) (0,0)

zy =0 P+ +ay=0

Ideally, we would find that the two are “the same” near (0, 0), since there are two “smooth”
branches with the same tangents in both cases — or at the very least, we should see that
23 + 32 + 2y = 0 has two local components near the origin.

It turns out that the way to do this is to consider the defining function f as an element
of the local coordinate ring k [x,y] instead of k[z,y]. Indeed it is a UFD as well, so the
definition of components carries over: the curve germs, defined by elements of k [z, y] split
into components too.
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Remark 9. The ring k[x,y] is a local ring: the non-invertible elements form the unique
maximal (proper) ideal m. The invertible elements in this case are the f € k[z,y] with
nonzero constant term, and the rest (where the corresponding curve goes through the origin)
clearly form an ideal. This corresponds to the fact that analytic functions f not vanishing
at (0,0) are locally invertible there.

The above described connection between the affine, projective and local geometry, and
the algebraic properties of the respective coordinate rings are summarized below:

Geometry Algebra
A? k|z,y] coordinate ring
C affine curve f € klz,vy]
J lUFD
C = UC,; irred. components f=115
P? k[x,y, z] homog. coordinate ring
C projective curve f € k[z,y, z] homogeneous
l lUFD
C = UC; irred. components f=111"
(A%0) k [z, y] local coordinate ring
C curve germ fe€kz,y]
J JUFD
C= UCZ- irred. components f= II 1o

As we noted in [Remark 5| the affine and projective curves roughly correspond to each
other, and they also have matching components — with the exception that if the homogeneous
equation f = 0 of a projective curve contains z as a factor (maybe multiple times), then it
gets lost upon transition to the affine plane; in other words, if £, is a component of {f = 0}
then it disappears when we view the affine equation, since A2 N L, = 0.

The situation changes though in the case of the local picture: an irreducible affine (or
projective) curve may have multiple local components:

Exercise 10. Verify that among the curves in ry has the same irreducible
components in k[z,y] and k [z, y], but while 23+ +xy is irreducible in k[z, y], it decomposes
in k[z,y]. Furthermore, the components are associated elements to the two components of

xy.

4.1.2 Intersections and singularities

Let us now resume working towards our previously stated aim of understanding the intersec-
tion of curves. We already reviewed the simplest case in [Example 3| so let us move on to a
slightly more interesting example:
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Example 11. Let £ be a line and C a conic (deg L = 1, degC = 2). They may intersect
each other in 0 or 2 points as shown below:

(>

LNC =10 ILNC|=2

This only happens for £ = R though — for k£ = C, in the projective plane we almost always
have 2 intersection points (due to C being algebraically closed). In particular we always
have at least 1. The exceptional case being when L is tangent to C — but then we feel that
this point should have multiplicity 2 (among other things, slightly moving either £ or C will
result in 2 intersection points near the original point of tangency). So the number of points
in £ NC, counted with multiplicity is always 2.

Because of what we see here, from now on we assume k = C, and we are working in the
projective plane P? = CP? (or locally at a point). (It would in fact be enough to assume that
k is algebraically closed, and char k = 0.) And then the following will be true in general:

Theorem 12 (Bézout). Let C,D C P? projective curves, degC = ¢, degD = d. If they
have no common irreducible component then

Z ZP(C,D) =cd

PeCND

where ip(C, D) is the intersection multiplicity defined below.

Definition 13. Let f,g € k [z, y]. The intersection multiplicity at the point P of the curve
germs defined by f and g is ip(f,g). For P =0,

k [z, y]
(f,9)

where (f,g) is the ideal generated by f and g, and for general P = (a,b), let ip(f,g) =
ZO(f<x+aay+b)7g(x+a7y+b))

io(f,g) = dimy

Remark 14. If either curve does not contain 0, then f or g is invertible, and (f, g) = k [z, ],

k
hence io(f, g) = 0. Otherwise (f,g) C m, so io(f,g) > dim[[iy]] =1.

Let us look at some examples of how this definition works:

Example 15. Let C = {x =0}, D = {y =0}. Then (z,y) consists of those f € k[z,y]
where all monomial terms are divisible by either x or y — in other words where the constant
term is 0, hence (z,y) = m. So

io(l', y) =L

The allowed monomial terms in (z, y) can be visualized as those below x and y in the following
diagram:
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Example 16. Let C = {z =0}, D = {z —y?* =0}. Then (z,z — y*) = (z,y?) consists of
those f € k [z, y] where all monomial terms are divisible by either z or y*. The quotient ring
k [z, y]

(z,y?)
below diagram: 1 and y.

is generated as a k-vector space by the monomials not under either of them in the

Therefore
io(z, x — y?) = 2.

Exercise 17. Calculate ig(2? + y*, 2% + y?) = 4.

Exercise 18. Show that ip(f1f2,9) = ip(f1,9) +ip(fe,9).

Another local property we will be looking at more deeply later on is whether for a point P
on a single curve {f = 0}, it is smooth (as all points of a circle for instance, like in
[7), or singular (like the origin on curves zy or z* + y + xy, as in [Example 8). We should
first define though what exactly we mean by that.

Definition 19. Let f € k[x,y] be a curve germ, and write it as the sum of homogeneous
parts: f = fo+ fi+ fo+ -+ where f; € k[x,y] is homogeneous of degree d. This is actually
the Taylor expansion of f:

d 1 adf
fo= 241 (d — k) Dk dyd—*

k=0

Assume fo =0 (i.e. that 0 € C = {f = 0}). Then 0 is called a smooth point of C if f; # 0,
i.e. if grad f(0) # 0. It is called a singular point otherwise.

(O) X mkydfk.

The definition can be naturally extended to define when a point P = (a,b) on a curve
{f = 0} is smooth or singular (consider the germ of f(x + a,y + b) at 0, or rather simply
look at grad f(P)). A curve C is said to be smooth if all of its points are smooth, singular
otherwise.

Remark 20. Note that if P is a smooth point of a curve C = {f = 0}, then grad f(P) # 0,
so by the implicit function theorem C at P as embedded in A2 is locally diffeomorphic to a
line in the plane — hence the name smooth point.

Essentially, smooth points are most often considered “boring” in a sense: the structure
of the curve is simple at these points. The global structure of a smooth curve can still be of
interest though.
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Example 21. The following curves are both singular at 0:

> K

4y +ay=0 =

Another property inspired by this, differentiating certain singular points is the following:

Definition 22. For 0 # f € k [z, y], let the multiplicity of f at 0 be

mult(f) = min{d| fs # 0} .

The multiplicity of a point P on an affine/projective curve {f = 0} can again be naturally
defined as before. (Then P is on {f = 0} if multp(f) > 1, and P is a singular point of this
curve if multp(f) > 2.)

Remark 23. Clearly multp(fg) = multp(f) + multp(g).

Corollary 24. If the projective curve C is reducible then it is singular.

Proof. Suppose C decomposes as C; UCy. Then by Bézout’s theorem there is a P € C; NCs.
This satisfies

multp(C) = multp(Cy) + multp(Cy) > 1+ 1 =2,
so C is singular at P. n
Multiplicity is also connected to intersection multiplicity:

Exercise 25. Let f, g € k[z,y]. Then io(f,g) > mult(f) - mult(g).

Example 26. Consequently, given for example f = z + 3? and g = 22 + y3 + 21900 we

can conclude that io(f,g) > 1-2=2.

It is also worth observing that for degC = 2, the only way C can be singular is as in
Corollary 24| (not so for deg C' > 3, as evidenced by [Example 21)):

Corollary 27. All degree 2 irreducible projective curves are smooth.

Proof. Suppose C is a projective curve, degC = 2, and P € C singular. Then let @ € C,
Q@ # P, and take the line £ through P and Q. We thus have

ip(LNC)+io(LNC) > multp(L) multp(C) +1>1-2+1=3,

so by |[Bézout’s theorem| we have a common component. Hence C has £ as a component,

making it reducible. ]

To finish today’s lecture, we will prove a statement that will prove to be of crucial im-
portance later on:
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Theorem 28 (Splitting Lemma). Let C,D C P? projective curves, degC = degD = d,
and suppose they do not have common components. Then by[Bézoul, CN'D = Py + -+ + Pp
(meaning the set of these points, listed with proper multiplicities).

Assume that for some irreducible curve £ with deg& = e, we have Py, -+ , Py, € £. Then
there is a curve F with deg F = d — e such that Pyeyq,...,Pp € F.

Remark 29. This is automatically satisfied if D decomposes in the form £ U F for some curve
F of degree d — e.

Corollary 30 (Pascal’s theorem). Let Q be a smooth degree 2 curve (a conic), and
A,B,C, A", B C" € Q distinct points. Define X,Y, Z as intersection points of lines according
to the diagram. Then X,Y, Z are collinear.

Proof. Let the union of the 3 red lines be the cubic curve C, that of the 3 green lines be D,
and £ = Q. Then applying the splitting lemma, the 9 points are A, B,C, A", B',C", XY, Z,
and & contains A, B,C, A’, B, C’, so the degree 1 curve must contain X,Y and Z — exactly
what we wanted to prove. O

Remark 31. Pappus’ theorem follows via a similar argument: instead of the irreducible conic
Q we need to consider a reducible one, the union of 2 lines.

Proof (Theorem 28).

YOO,

Let C = {f =0} and D = {g = 0} (we have deg f = degg = d). Let us now consider linear
combinations of these, forming a so-called pencil of curves of degree (at most) d:

P' > [a, 8] — {af + B9 =0} = Cla g

This is well-defined, since {af + g = 0} = { af + A\Fg = 0} for A € C*.
It is obvious that these curves all contain all the P;’s, since f and g both vanish at
these points. Furthermore for any Q & {Py,..., P} there is a unique [, ] € P! such that

Q € Clap: we merely need to solve the equation o f (Q) + 8g(Q) = 0, which we can uniquely
do since f(Q) and ¢g(Q) are not both 0.
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Let us now fix a point @ € £\ {P, ..., Ps}, and take a curve H = Cjo 599 3 Q. We then
have HNE D { P, ..., P, Q} (as a multiset), and by Bézout, H and £ must have a common
component. But £ is irreducible, so £ is a component of H, hence H = £ U F for some curve
F of degree d — e, and this will satisfy our requirements. ]

4.2 Group structure on elliptic curves

In this lecture, we will be working with smooth cubic curves: so-called elliptic curves. We
will construct an abelian group operation on points of such a curve, making it a Lie group.

Definition 32. Let C C P? be a smooth (in particular irreducible) projective curve, degC =
3, and fix a point O € C. For any points X,Y € C, let Lxy denote the line through them —
or if X =Y then the tangent T'xC. Also, we set Lxy NC = {X,Y,T(X,Y)} as a multiset
(in other words, T'(X,Y) is the third intersection point of £xy with C).

Take any two points A, B € C. Then let H = T(A, B), and A®o B = T(H, O) (or simply
A @ B for ease of notation).

Proposition 33. This operation has the following properties:

1) A B=Ba A,

2) O® A=A,

3

)
)
) VAIB: A® B =0,
)

4) (AeB)aC=Ad (Ba ().
Proof. Part 1) is of course trivial since Lo = Lpa, so T(A, B) =T(B, A).

Part 2) is also easy, since A,O and H = T'(A, O) are collinear by the notation used in the
definition above.

For part 3), consider K = T'(O,0). Then let A € C, and B = T(A, K). It is straightfor-
ward to check that A @ B = O, since we get T(A, B) = K, and then T(K,0) = O.

)
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Lastly, let A, B,C' € C and verify 4). Use the notation P =T(A, B), R =T(B,C). Then
A®B=T(P,O)and B&C=T(R,0). Let T=T(A® B,C)=Tand T" =T(A,B& ().
Since (A® B)&C = T(T,0), Ad(B&C) = T(T",0), and conversely T = T(0, (Ao B)& C),
T = T(O,A@ (B& C)), we simply need T' = T".

Once again, we can apply the [Splitting Lemmal The two curves in this case are C and
LapULopac U Lagpc. The intersection points are A, B,C,0,P,R,T,A® B,B & C. We
then get that A, B @ C,T must be collinear, therefore T' = T" indeed. O

Thus (C,®0,0) forms an abelian group, where —A = T(A, K) with K = T(0,0).
Clearly the operations are smooth, so

Proposition 34. (C,®o,O) is a Lie group.

Corollary 35. (C,®0,0) ~ S x S* (where S* is the multiplicative group of the complex
unit circle).

Proof. Since C = {f =0} is smooth, 0 is a regular value of f, so C topologically is 2-
manifold. Being defined by a complex equation automatically implies orientability, and a Lie
group has Euler characteristic 0, so C is a topological torus. All Lie group structures on the
torus are isomorphic, so we are done. O

This implies that for O, 0" € C we have (C, ®p,0) ~ (C, o/, O0’). It is not obvious though
what the isomorphism actually is.

Exercise 36. Construct an isomorphism ¢ : (C, ®p,0) — (C,®or, O').

From now on fix a point O € C and a corresponding group operation & = ®p. Let us
also fix the notation K = T'(0, O) as before.

The group structure allows us to rephrase certain properties of points on C, and prove a
number of interesting statements seemingly unrelated to it.

Proposition 37. Let A,B,C € C. Then
C =T(A,B) (ie. A, B,C are collinear) <= A@Ba(C =K.
Proof. If T(A,B)=C,s0 A® B=T(0,C). Then
(A@B)&C =T(T(A® B,C),0) = T<T(T(O, €),C), o) _ 7(0,0) = K.

Conversely, let C" = T'(A, B). Then by the previously proved direction, K = A® B & C".
But we also have K =A@ B&C,s0 C =Ko Ac B=C" Thus C =T(A, B). O

Definition 38. A smooth point A on a curve C is called an inflection point if the tangent
T4C intersects C with multiplicity at least 3. (In this case, C is an irreducible cubic, so the
multiplicity has to be exactly 3 by Bézout’s theorem.)
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Remark 39. By [Proposition 37, A € C is an inflection point if and only if A A A= K.

Proposition 40. C has exactly 9 inflection points.

Proof. Since (C,®) ~ S' x S, we can identify the points on C with pairs (x,y) where

z,y € S' —let A = (a1,a2) and K = (ky, ko). Then by [the previous statement] we simply

need to solve the equation
(3(11, 3@2) = (]fl, ]{32)

for a;,ay € S*. Clearly, both a; and ay can have 3 distinct values independently of each
other, so altogether we get 9 solutions. ]

Proposition 41. Let A € C. If A is not an inflection point then there are exactly 5 lines
L > A that are tangent to C. If it is, then there are 4.

Proof. The line £ can be tangent either at A or at another point. In other words, if
LNC={A X, Y} as a multiset then we need 2 of the points A, X and Y to be equal.

If A= X or A=Y then we get the tangent line T4C (and the third point is K © AS A
by [Proposition 37]).

If on the other hand X = Y then similarly to the previous proof, we need to solve the

equation
AD XX =K e (2[E1,2£L‘2):(k’1—a1,k’2—0,2)

where A, X and K correspond to (ai,as), (1, z2) and (ki, ko) respectively in S* x S'. We
always get 4 solutions here.

But if A is an inflection point then X = A is one of these solutions, so we already counted
that. Otherwise, all the solutions result in new lines. This completes the proof. [

Exercise 42. Prove that if I, I € C are inflection points then T'(I, I5) is one too.

We will now state [Splitting Lemma]in a slightly different form (provable in the same way):

Theorem 43. Let C,D C P? projective curves, degC = ¢, degD = d, and CN D =
{P,..., P4} as a multiset. Assume that Py,..., Py € L for some line L. Then there is
a curve F of degree ¢ — 1 such that Pyq,...,P.q € F.

As a consequence of that, we can prove the following statement on elliptic curves:
Theorem 44. Let C be a smooth cubic as before, and D a complex projective curve of degree
d, for which CN'D ={P,..., Psyq}. Then

PP&PG - ®&Pyy=Kd--&K.
—_——
d

Proof. We prove by induction on d. For d = 1 we already know the statement by
37, so assume d > 2, and that we know the statement for all smaller d’s.

Py
Py
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Let X =T(P,P),Y =T(P3,P,), Z =T(X,Y), and consider D' = DU Lxy, a curve of
degree d + 1. Then apply [the previous theorem| for C,D" and £ = Lp p,. This yields the
d-curve & containing P3, Py, ..., Py, Y, Z.

Apply the splitting lemma again to C,€ and Lp,p, to get the (d — 1)-curve F containing
Ps, ..., Py, Z.
Then by induction
PS@...@PSd@Z:K@(d*U’
Pl S P2 S¥) X = K7
PRoPY =K.
Putting them all together yields
PO @PodX0YoZ=Ko,
Subtracting X @Y & Z = K, we get the statement, finishing the inductive step. ]

Corollary 45. Let C,D be smooth cubics, and CN'D = {Py,..., Py}. Assume & is also a
cubic containing Py, ..., Ps. Then we also must have Py € .

Proof. Either £ contains — in this case implying being equal to — the irreducible cubic C,
making the statement obvious, or the 9th intersection point Py (existing by Bézout) satisfies

P& ®PoP=K®=P @ ---®P&P,

implying Py = Py and completing the proof. [

The statement also answers the following natural question when C is a smooth
cubic.

Question 46. Given a curve C of degree ¢ and an integer d > 0, can we get any set of
points {Py, ..., P} as CND for some curve D of degree d? (Essentially, is the statement

of |[Bézout’s theorem| all we can say on the intersection?)

As we see, for C being a smooth cubic, the answer is negative for any d. There are two
main ways we could investigate this further: we could consider other curves C, or we could

ask if the condition of is sufficient. For example:

Question 47. Given a line L C P? and P,,...,P; € L, is there curve D of degree d such
that LD ={Py,...,Py}?

Question 48. Given a smooth conic Q C P? and P, ..., Py € Q, is there curve D of degree
d such that QND ={Py,...,Py}?

The answer to the first one is trivially positive. We can assume £ to be the z-axis, and
then we take D to be the graph of a polynomial with roots at the z-coordinates of the P;’s.
It is an easy exercise to show that the second question has a positive answer too. It will not
be so though for ¢ > 3.

As for the sufficiency of the sum property for a smooth cubic C, it is trivially so for d = 1
by [Proposition 37, For d = 2 and 3 we also get that P, @ --- ® Py = K% is enough to
ensure the existence of a curve D. For d = 4, let us entertain the [original question| for one

more moment:
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Question 49. Let C be a smooth cubic, and Py, ..., Py € C. Is there a curve D of degree 4
such that CND ={Py,..., Pa}?

Answer. Clearly, as we observed before, the answer is NO, since we must have P, @ --- @
Py = K% (and equality does not always hold, the sum can be any point on C).

On the other hand, the answer is YES. The moduli space of degree 4 curves is the
14-dimensional projective space, as these curves are defined by equations of the form

a; + asx + asy + a4x2 + asxry + a6y2 + a7x3 + a8x2y + agxy2 + a10y3+

tanzt + apx’®y + a13r*y? + apry® + apsyt = 0.

The coefficient vectors a = (ay, ..., as) are nonzero, and the curve is invariant up to multi-
15
plication of this vector with nonzero scalars, so we get P'* = A / 2~z (A#£0)

The condition that a point P; = (x;,%;) is on such a curve D means that substituting
(x;,:), the equation is satisfied. This is a homogeneous linear equation on a, so it defines a
projective hyperplane H; C P4, Then we need

12
De (| Hi

=1

The intersection is not empty (in fact it is infinite), so there is such a D. ]

Exercise 50. Resolve the apparent contradiction in the above argument.

4.3 Topology of complex plane curves

In this last lecture we will try to understand how the topology of complex projective curves,
in particular singular curves, behaves, and make an effort to classify the singularities.
Let C = {f = 0} C CP? be a projective algebraic curve of degree d, f = Z aivj,kxiyjzk.
i+j+k=d
If C is smooth then it is a closed manifold with (real) dimension 2 e]mbedded in the
closed 4-manifold CP2?. Being defined by complex algebraic equations automatically implies
orientability, so the topology of C is determined by the genus g > 0 (the number of “holes”

in the surface).

Theorem 51 (Genus formula). If the C is a smooth complex projective curve of degree
d > 0 then it has genus

(d—1)(d—-2)

—y
Example 52. For d = 3 this implies that a cubic curve is topologically a torus (which we

have proved before in [Corollary 35|).

This theorem solves the question for smooth curves. We also want to understand however

how this topology changes when

fla,b,c) = g(a, b,c) = gi(a,b, c) = C;JZC(a,b, c) = 0} # 0.

Sing C = {[a,b, q] 5
x
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Remark 53. Observe that for a homogeneous polynomial f of degree d > 0,

_ .9 of L of
d f(l‘,y,Z)—l' ax(xayaz)—i_y ay(zayvz)_’_z 8z<x7y72)?

SO

0 0 0
[a,b,c] € SingC < aﬁ(a,b, c) = ag(a,b, c) = aJZC(a, b,c) = 0.
Example 54. Consider f = xy and C = {f = 0}. Here C has two components: £; = {z = 0}
and Lo = {y = 0}. These are intersecting (complex projective) lines.
Locally at 0, C then looks like two 2-dimensional disks intersecting each other at one point
in the interior (since complex lines have real dimension 2).

Globally, £; ~ CP! ~ S2%. So we get C ~ S? v S%.

(XD

(Here X VY, the wedge sum of topological spaces X and Y means gluing together a single
point on each. We would generally need to choose these basepoints, but for homogeneous
spaces like S?, we get the same space regardless.)

Example 55. Consider f; = zy + 2% and C; = {f; = 0}. It is easy to see that for ¢ # 0, C;

is smooth. So by [Theorem 51|, C; ~ S? for t # 0, and Cy ~ S? V S? by the previous example.
We can then ask how the sphere S? degenerates into S? V S% as t — 0.

It turns out that the process can be visualized as illustrated below: the equator of the
sphere (blue) gets gradually thinner, until it collapses into a single point, which will be the
glued together point in the wedge sum.

; ST,
— =, W,

Exercise 56. Verify that (as stated above) f; = zy + t2? defines a smooth curve for t # 0.

Example 57. Now let f; = 2° +4® + zyz + ¢z and C; = {f; = 0}. For small ¢ # 0 we have
C; smooth, but Cy has a unique singular point at [0,0,1]. Then as t — 0, C; =~ S x S! by
[Theorem 51] and we would like to know what the topology of Cy is.
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O -

The first homology group of the torus is H;(S! x S, Z) ~ Z*: the two generators (red
and blue) are seen above. What happens in this case is that one of the generating cycles (the
blue one) collapses into a point: we get H;(Co;Z) ~ Z.

Example 58. Let f; = 2?2z +y® +t2° and C; = {f; = 0}. This curve is smooth for all ¢ # 0,
and Cyp again has the unique singular point [0,0,1]. This time however both generators of
H,(S' x S, 7Z) collapse into a point — Cy will be homeomorphic to S2.

O - <5

We see that the topology of a singular curve is not uniquely determined by the degree,
as was the case with smooth curves. If we converge towards said curve with smooth ones,
the topology can degenerate in different ways. The exact way this happens is related to the
so-called Milnor number, defined below:

Definition 59. Let C = {f = 0} be an affine plane curve and P € C. The Milnor number

of C at P is of of
n(f, P)_iP<a 8y>

In particular for P = 0 we have

. (Of Of . k[z,y]
u(f, )—Zo<a "Dy ) dimy, (8f 8f>
ox? dy
Remark 60. If P is a smooth point of C then grad f # (0,0), hence u(f, P) = 0. Otherwise

(gi, gi) is contained in the maximal ideal m of k [z,y] so u(f, P) > 1.

Theorem 61. Let C = {f = 0} be an affine plane curve and P € SingC. Let C; = {f =t}
for allt € C. Then for all sufficiently small t # 0 we have that C; is smooth. Additionally,
looking at a small neighborhood of P we find that for alle > 0 small enough and all (depending
on €) sufficiently small t # 0 we have

H\(C,N B(P,e); Z) ~ 7D,

Therefore the number of vanishing cycles, i.e. the rank of this homology group (all of whose
generators collapse into a point ast — 0) is p(f, P).
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Example 62. Let us check the previous examples:

. Cla,y]
xy,0) =dim ——= =1
#ley,0) @.y)
. Clz,y]
Sy 0)=d : =1
pa” + g+ 2y, 0) B2 1y 3y 1 7)

_ Clx,y]

P4+ 9%,0) = dim — = =2

More generally, it is an easy exercise to check that for a,b > 0 and f = 2% + 3* we have

Clz,y]
(zo=1, b 1)
In our goal to characterize all degree d plane curves with singularities, this results in a

useful theorem. Namely, it turns out that if f is irreducible of degree d then all P € Sing(C
will kill p(f, P) distinct generators of Hy({f =t};Z) (for a small ¢t # 0). Here the genus of

d—1)(d—-2
{f=t}isg= ()Z(d)’ so Hi({f =t};7Z) ~ 7% = 7\@=Vd=2) A5 a consequence, we
have that

w(f,0) = dim =(a—-1)(b—-1).

Theorem 63. For an irreducible plane curve {f = 0} of degree d,

> wf.P)<(d-1)(d-2).
PeSingC
This will allow us to easily eliminate certain configurations of singularities. For example,
we instantly get

Corollary 64. Let {f =0} be an irreducible plane curve of degree d. Then SingC is finite,
in particular
ISing C| < (d —1)(d — 2).

Remark 65. Finiteness of Sing C holds for C reducible as well, since the number of intersection
points of the components can be bounded by Bézout’s theorem.

At the very least, as far as the Milnor numbers are concerned there are only finitely many
ways the singularities of a degree d curve can look like.

If we want to move further, we need to understand what we mean by describing a local
singularity type. The Milnor number is relevant information, but does not (necessarily)
describe the local topology fully. The tool generally used to grasp this topology is the link
of the singularity which we will define shortly. But let us first recall what a knot is:

Definition 66. A knot is an embedding K : S' — S3. Two knots K; and K, are consid-
ered isotopic if one can move one continuously to the other while preserving the embedding
property throughout the process. In precise terms, we need a map ¢ : St x [0,1] — S3 such
that

©(p,0) = Ki(p), ¢(p,1) = Ky(p) and S'3prs ¢(p,t) €S®is aknot for all ¢ € [0, 1].

k
A link is an embedding L : |_| St S3 with link isotopy defined the same way as for knots.

=1
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Let us now consider a plane curve singularity at 0 corresponding to f € C[x,y]. In some
small neighborhood of 0, C will be smooth everywhere except at 0, so C \ {0} is a (smooth)
2-manifold locally. By intersecting it with a small sphere centered at 0, we would expect to
get a 1-dimensional manifold. Indeed:

Theorem 67. Let f € C[x,y] irreducible, 0 € {f =0} = C. Fore >0 let L = S?NC.
For sufficiently small €, this is a smooth compact 1-manifold, and the diffeomorphism type of
(53, L%) is invariant in €. Furthermore — again for sufficiently small e

homeo

(B(0,2), B0,9)nC) B2 C(S2, L5) and (B(0,2)\{0}, B(0,£)NC\{0}) == (5%, L5)x (0, 1)
where C(X,Y) denotes the cone over the pair Y C X.

Definition 68. Using the above notations, we define the link of f at 0 as Ly = L%, together
with its embedding into S? for sufficiently small & > 0.

N
e

Ly

Remark 69. This theorem and definition works for higher dimensions as well — for an n-
dimensional complex algebraic variety its link at an isolated singularity will be a (2n — 1)-
dimensional manifold.

The link of a plane curve singularity is thus a compact 1-manifold, i.e. the disjoint union

of circles embedded into S* — that is a link as per [Definition 66 The consequence of

[67] is that studying the link is for all intents and purposes equivalent to studying the local
singularity type as far as topology is concerned.

Example 70. Let f = x. Then C is a 2-plane in the 4-space, and L; < S% is the unknot
(the standard embedding S' — R? < R3).

*

Example 71. Let f = xy. As we have ascertained in [Example 54] locally C looks like two
disks intersecting each other at their centers. Therefore Ly = S' LI S*. The two circles are

RQ

embedded in a way that their linking number is 1.

{y =0} {y =0}
|

SS

«— {z =0} {z =0}
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Example 72. Consider f = 2% — y?. Its link is L; &~ S*, the embedding S' — S® being the
torus knot 7'(2, 3), i.e. the trefoil.

This can be derived as follows. Consider — instead of the actual geometric ball — the body
B. = {(z,y) ||z| < €% |y| < €%} and its boundary R. for small € > 0. Note that B. ~ D*
and R, ~ S3. In fact, the disjoint union of the surfaces R,/ for ¢’ < € is B., in the same way
concentric spheres form a ball.

D? x St
y/

St x D?
—

X

Here we have

_ _ 2 3 2 _ 3 _ (cl 2 2. al
Re={(z,y)|lz] =% |yl <& }5223333{<x,y>\|x| <& lyl=e} = (8'xD%) U (D*xS),
i.e. the surface R. ~ S? can be written as two solid tori glued together on their boundary: a
torus T:. It is clear that {f = 0} N R. C T.. Furthermore

{f=0}NR.= {(52620‘,53630‘) ‘ a € [0,2%)} cT.,

which is indeed exactly the trefoil knot embedded in a torus in the 3-sphere.

It is an easy exercise to show that we can construct a diffeomorphism R, — S2 that
also maps points of the curve {f = 0} on one surface to those on the other, which implies
that even when considering the actual geometric sphere S3, we really get the knot 7'(2,3)
for Ly < S (An isomorphism between the two trivial fibrations B. \ {0} — (0,¢) and
D2\ 0 — (0,¢), which further maps points of the curve in one set to those in the other can
also be constructed — the before mentioned diffeomorphism is obtained by restricting to one
of the fibers R..)

Remark 73. Generally, for any f € C[z,y] (locally) irreducible we have that L¢ is a knot.
In fact, it is a so-called iterated torus knot: we can get the embedding by taking a torus
knot T'(ay, b;) then drawing a sufficiently thin “pipe”; i.e. an embedded torus along it, and
drawing a torus knot with (as, b2) on that etc. In finitely many steps we can get the link of
any irreducible algebraic curve singularity.

Remark 74. 1f f is reducible then each irreducible component will correspond to a connected
component of the link. The linking numbers will be equal to the respective intersection
multiplicities (with the sign dependent on the orientation of the circles).
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We could then ask

Question 75. Given a finite list of iterated torus knots, when does there exist a degree d
curve C with singularities isotopic to the elements of this list respectively?

A necessary condition arises from the following:

Theorem 76. Let f define a locally irreducible singularity at 0. Then
deg A(Ly = S%) = p(f,0)

where A denotes the Alezander polynomial of a knot (see the lecture of Andrds Stipsicz).
From now on we will also refer to this simply as the Alexander polynomial of the singularity.

Corollary 77. LetC = {f = 0} be an irreducible plane curve of degree d, SingC = { Py, ..., Py}
and Ay, ..., Ay the Alexander polynomials at each P;. Then by[Theorem 63,

k
> degA; < (d—1)(d - 2).
i=1
Question 78. If the list of knots in [Question 74 satisfies the above condition, does there
always exist a corresponding degree d curve C? What if we only fix the Alezander polynomials,
but not the knots themselves?

The Alexander polynomial happens to be rather difficult to work with in this situation,
hence we will introduce another, related invariant:

Theorem 79. Let A(t) be the Alexander polynomial of a locally irreducible plane curve
{f =0} at P, multiplied by a power of t to have no negative exponents and a nonzero constant
term. Then

A(t)
1—t

=Y ¢ eZli]

seS
for some S C Zxq, which will form a semigroup under addition.

Definition 80. We call the above defined S the semigroup of {f = 0} at P.

Example 81. Let us calculate the semigroup of a singularity with link 7°(2, 3), i.e. the trefoil
(for example that of f = x® — y? at 0). The normalized Alexander polynomial is (as shown
in the lecture of Andras Stipsicz)

Alt) =1—t+ 12

So we get
ARl 1 2 34
— _ t — 1 t t t e — ts
o1 Tt % ,
thus S = (2,3) C Z>o.
If we considered the torus knot 7'(a, b) instead (with (a,b) = 1), we would get

(t® —1)(t — 1)

A0 = G-

and

S = (a,b).

It is true in general, and can also easily be verified for the above examples that
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Theorem 82. Let S and A be the semigroup and Alezander polynomial of a locally irreducible
plane curve singularity {f = 0} at P. Then

2+ |Z>o \ S| = p(f, P) = deg A.

Armed with this tool we will attempt to classify all rational, unicuspidal curves C =

{f = 0} of degree d. Here rational means that equality holds in [Theorem 63| i.e.

>, wlf,P)=(d-1)(d-2),

PeSingC

h
so C 2=’ §2 since all 1-cycles vanish. And unicuspidal means that the curve has a single

singularity, and that is locally irreducible. Hence, we have a unique singular point P, and
u(f, P) = (d—1)(d - 2).
Taking into account [Theorem 82 we can then ask the following:
Question 83. Given an integer d > 0 and a semigroup S C Zxq satisfying
2 |Z20\ S| = (d=1)(d - 2), (*)

when is there a rational, unicuspidal curve C with degree d and semigroup S? What is the
case if we actually fix a knot whose semigroup has the property (%), and want the curve to
have that knot as the link?

When a knot can or can not be achieved for a given degree d can be quite complicated.

Example 84. Let d = 5, and consider a torus knot 7'(a,b). We want to find out for what
values of a and b does there exist a rational unicuspidal curve of degree 5 with this link. By

[Iheorem 76| and [Example 81| we have

(t® —1)(t—1)
(to — 1)t — 1)

(d—1)(d—2)=p=degAt) = deg =ab+1—a—b=(a—1)(b—1).

(Confirm also the last part of . The curve z¢ + y° will actually have T'(a,b) as a
link, by basically the same reasoning as that seen in for o3 —42.)

So (a — 1)(b— 1) = 12, and without loss of generality we can assume a < b. Thus we
can have (a,b) = (2,13), (3,7) or (4,5). By the above remark we get that z* + ¢ realizes
T'(4,5). It is also possible to have T'(2,13) as the link. It turns out however that this is not
the case for T'(3,7): there is not rational, unicuspidal curve of degree 5 with this link.

Observe that by we have § = (a, b), which satisfies () for all these pairs, so
that condition is not enough to guarantee the existence of a curve.

We have seen that the set of good pairs (a, b) for a given degree d can be highly nontrivial
to describe. For instance in the case d = 5 above, there is no clear reason to distinguish
(3,7) from the other possible pairs — not even a simple bound, since it is in the middle.
Nonetheless, a complete characterization does exist, as follows:
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Theorem 85. Let (F,)n,>0 be the Fibonacci sequence:
F():Fl = ]_, VTLZO Fn+2 :Fn+1+Fn-

Given integers d > 0 and a,b > 1 with (a,b) = 1, the torus knot T(a,b) is realized as the link
of a rational unicuspidal curve of degree d in exactly the following cases:

(1) (a,b) = (d.d—1);
(2) (a,b) = (4,2d — 1) with d even;
(3

(4) (a,b) =

) (a,b) = (F
)
) (a
)

n—1

F2),d=F?+1 withn >4 even;
(Fo_2, Fry2), d = F, withn > 5 odd;
(

(a,b) =

Surprisingly enough, there is also a general description for any knot, underlying this

(6 2Fy, 2Fs + 1) = (6,43) with d = 2F; = 16.

theorem.

Definition 86. Let S C Z>( be a semigroup under addition, and fix an integer d > 0. We
say that S satisfies the semigroup distribution property with respect to d if all of the following
are true:

SN (—00,0]] = 1
SN (0,d]] =2
S N (d, 2d]| = 3

SN (d*—2d,d* —d]| = d

Note that if these equalities are satisfied then (d? — 2d,00) C S clearly follows since S is
closed under addition and contains an element 1 < k < d.

Theorem 87. Let K : S* < 5% be an algebraic knot, S the corresponding semigroup, and
d > 0 an integer. If there exists a rational unicuspidal curve of degree d with link K then S
satisfies the semigroup distribution property with respect to d.

Remark 88. Observe that this property trivially implies the equality () in [Question 83| since

altogether there are

(d—1)(d—-2)

(d—=2)+(d=3)+---+1= 5

nonnegative numbers left out.

This is a very strong restriction on the semigroup, and checking whether or not it is
satisfied can be highly nontrivial, as exemplified by — which is essentially the
case of S having 2 generators.
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Example 89. We can verify that in [Example 84} out of the 3 considered semigroups (2, 13),
(3,7) and (4,5), the first and last ones satisfy the semigroup distribution property with

respect to d = 5, but (3,7) does not:

S=(2,13):
o O e O e O e O e O —e—O P —
0 1 2 3 4 5 6 7 8 9 10 11 16
K K K
1 2 3 5)
S=(3,7)
o OO e OO e e O e O P —
0 1 2 3 4 5 6 7 8 9 10 11 16
f K K K
1 1 4 5)
S = (4,5)
o OO0 e e OO e e O oo
0 1 2 3 4 5 6 7 8 9 10 11 15 16
1( 1( 1( 1(
I\ 1N N N
1 2 3 5)
Problem session
(TAMAS AGOSTON)
DAy 1
1. a) Let f =22+ y3 and g = 22 — y3. What is io(f, g)?

b) Let f, g € k[[x,y]] be relatively prime. Show that k[[z, y]]/(f, g) is a finite dimensional

vector space over k.

2. a) Given P, P, € P2, P, # P, find the number of lines £ with P, € L.

b) Given Py,..., Ps € P2, find the number of curves C with degC = 2 such that P, € C

for all .

c) Given Py,..., Py € P?, find the number of curves C with degC = 3 such that P, € C

for all 7.
3. Let C be a smooth, projective curve in CPP2. Prove:

a) If degC = 1 then C ~ CP! (¥ §2).

b) If degC = 2 then C ~ CP'.

4. a) Let C be smooth, degC = 2 and fix P ¢ C. Find the number of tangent lines £ of C

such that P € L.
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b) Let C be smooth, degC = 2 and fix P € C. Find the number of tangent lines £ of C
such that P € L.

c¢) Solve the same questions for degC = 3.

If degC = ¢, deg D = d, C smooth, then CND = {P,,..., Py}. Is it true that for any fixed
choice of points Py, ..., P, on C there exists a D of degree d such that CND = {Py,..., Py}.

Case 1: ¢ =1, d points on a line, does there exist an equation of degree d with given d

roots?
Case 2: ¢ =27
Case 3: ¢ =37

DAy 2

Let C C P? be a smooth degree 3 curve, O,0" € C and @, @’ the corresponding group
operations. Give an isomorphism

o:(C,0,8) — (C,0,&").

Show that a compact, positive dimensional Lie group G (i.e. a smooth manifold with a group
structure where multiplication and taking inverse are smooth) has Euler characteristic 0.

Let Q C P? be a smooth conic, and fix the points 0, 1, 00 € Q. Define the following operations:

Pzﬁoo,ooﬂﬁx’yzp, XEBYILOJDOQ (X,YEQ\{OO}
P:£07OOQEX7y, X@Y:‘CLPQQ (X,YE Q\{0,00})

Show that these define groups on Q \ {oo} and Q \ {0, 00} respectively. What are these
groups?

Let C C P? be smooth, degC = 3, I} # I, inflection points and L7, NC = {I;, I, X} (with
multiplicity). Show that X is also an inflection point.

What is the problem with the contradicting proofs at the end of the lecture?
DAy 3

Confirm that f; = zy+t2% and g; = 2° + v + 2y2z + 23 both define smooth projective curves
for all ¢ # 0 and sufficiently small ¢ # 0 respectively.

Find the singular points and their respective Milnor numbers of the projective plane curve
f=@®+y°)° + (2° +2°)2
Let a > 2 be an integer, and d = a? + 1. Verify that

S:<a2—a,a2,a3+2a+1>

defines a semigroup satisfying the semigroup distribution property with d as the degree.
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Invariants of knots: polynomials and homologies
By ANDRAS STIPSICZ

(Notes by Viktoria Féldvdri)

5.1 Knot invariants

5.1.1 Introduction

Definition 1. A knot K is a C* function K : S' — S3(=R3 U {oo}), where S' = {(z,y) €
R?|z% + y*> = 1}. K has three C* coordinate functions (x(),y(?9), z2(9)) giving embeddings,
that is, K is an embedding of the circle into the 3-sphere/ S! into S3.

Definition 2. Two knots Ky and K are isotopic if there is a smooth map K : S' x [0,1] —
R? x [0,1], such that

o Ky =K g1y is a knot,
e for t =0 and 1, Ky and K; are the given knots.

This means that Ky can be moved into K; without cutting.

The main problem of knot theory is to distinguish knots from each other. There are
several ways to study them: the most topological one is to view knots as subspaces of R3,
while a rather combinatorial idea is to consider their projection to a plane. For a generic
choice of this plane, we can assume that the projection of the knot has at most double
points. Moreover, it is an immersion with finitely many double points. At the double points,
we illustrate the strand passing under as an interrupted curve segment, see Figure The
resulting diagram D is called the knot diagram of K, and the neighborhood of a double point
a crossing. It is obvious that the knot diagram determines the knot up to isotopy.

AN
N

Figure 5.1: Crossing in a diagram

The trivial knot is usually called the unknot and is denoted by U. Figure shows two

diagrams of U.

Figure 5.2: Two diagrams of the unknot
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Ry Ry

| |
(-

AN

Figure 5.3: Reidemeister moves

Definition 3. An [-component link is the disjoint union of [ knots.

There are three important local modifications of a knot diagram, called the Reidemeister
moves, shown on Figure [5.3}

e Ry: Twisting or untwisting a strand,
e Ry Moving a loop over another strand or removing it from that,

e R3: Sliding a string over or under a crossing

The other parts of the diagram stay unchanged. It is easy to see that the Reidemeister
moves preserve the knot up to isotopy, but also more is true:

Theorem 4 (Reidemeister). Two knot diagrams Dy and Dy represent equivalent knots if
and only if they can be transformed to each other by a finite sequence of Reidemeister moves
and planar isotopies.

To classify knots, is very useful to introduce quantities that stay unchanged under isotopy.
These are called knot invariants. In this series of lectures we observe how knot theory and
knot invariants has evolved in the past years. Our main goal is to measure the complexity
of knots. To this, we focus on the following questions:

1. How to identify the unknot &? Can we give an invariant that detects U? (We are going
to see such an example.)

2. If a knot is not the trivial one, how far is it from being the unknot? To determine this,
we introduce three numbers:

(a) The unknotting number u(K)
u(K) is the minimal number of crossing changes needed to transform K to U. It
can be shown as an exercise, that u(K) always exists.
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(b) The crossing number cr(K)
cr(K) is the minimal number of crossings K has in any diagram. The crossing
number is always a non-negative integer, and equals 0 if and only if K is the
unknot.

Remark 5. There is no non-trivial knot with 1 or 2 crossings.

(¢) The genus (Seifert genus) g(K)
According to Seifert’s theorem, every knot bounds a surface in R3. What is more,
there is always a diagram for K for which this surface is orientable. We call an
embedded, oriented, connected surface ¥, such that 6X = K a Seifert surface of
K.
Let g(3) denote the genus of the surface 3. The Seifert genus of a knot is g(K) =
min{g(X)|X is a Seifert surface of K}.

These provide upper bounds on the complexity of knots. However, to obtain more
precise results, for example to know the minimal values of the above numbers, we need
lower estimates too. Now we show some ways to get lower bounds.

5.1.2 Three-colorings

Definition 6. A diagram D is three-colorable if we can associate a color out of {red, white,
green} to every arc of D such that

e we use at least two colors,

e at each crossing either only one or all the three colors are used to color the meeting
arcs.

Example 7. The following diagrams of the unknot and the figure-8 knot are not three-
colorable, while the ones for the left-handed and the right-handed trefoil are.

O co &

Figure 5.4: Not three-colorable diagrams of the unknot and the figure-8 knot

&D AD

Figure 5.5: Three-colorable diagrams of the left-handed and the right-handed trefoil knot

It is obvious that this property depends on the chosen diagram of the knot. But how
do we know in case of a not three-colorable diagram if there exists another choice of the
projection that is three-colorable?
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Theorem 8. If Dy and Dy are two diagrams corresponding to the same knot, then Dy is
three-colorable if and only if Dy is three-colorable.

Proof. Isotopies obviously do not change this property of a diagram. Therefore it is enough
to check that nor do Reidemeister moves, see Figure [5.6| ]

% P

> >< 4)C

N 7 4 p\z Fy pzy

N £
/p 2N {p N

Figure 5.6: Invariance of three-colorability under Reidemeister moves

As a consequence, we see that there are at least two different knots: the unknot is not
three-colorable, while the trefoil knot is.
We can improve this idea by using more colors, as follows:

Definition 9. Let ¢ be an odd prime. A diagram D is g-colorable if the arcs of D can be
colored by {0, ...,q — 1} such that

e we use at least two colors,
e at each crossing colored with a, b and ¢, a + ¢ = 2b (mod ¢q).

Example 10. The trefoil knot is not 5-colorable, but the figure-8 knot is.

Example 11. For p and ¢ odd primes the diagram with p twists in Figure admits a
g-coloring if and only if p = q.

We start coloring the arcs with colors a and b according to the figure. Then, at the first
crossing we have to use color 2b —a to satisfy a4 ¢ = 2b (mod ¢). At the next crossing we can
only choose color 3b — 2a, etc. After reaching the last crossing, we get that the first colored
arcs have to be of the colors pb — (p — 1)a and (p + 1)b — p. These give us two equations:

pb—(p—1)a=a (mod q)

(p+1)b—p=0b (mod q).

We get p(b—a) =0 (mod q), that is, ¢|p(b — a). This means that either ¢|b — a, meaning
that all the arcs were of the same color, or ¢|p, meaning that p = gq.

We can generalize the idea of g-colorings by allowing to use only one color. Let C(q, K)
denote the set of all generalized g-colorings.
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Figure 5.7: This diagram admits a g-coloring if and only if p = q.

Theorem 12.
o C(q, K) forms a vector space over the finite field F, = {0,...,q — 1}.

e C(q, K) is independent of the choice of D, so it is a knot invariant.

There exists a q-coloring if and only if dim C(q, K) > 1.

dim C(q, K1#K5) = dim C(q, K;) + dim C(q, K3) — 1

For the trefoil knot T and the connected sum operation #,

nT = T#HT# - #T
| —

n

has dim C(3,nT) = n+1 - different for every value of n. Therefore, the knots obtained
this way are all different.

Theorem 13. For the unknotting number u(K) > dim C(3, K) — 1.

The idea of the proof is that a crossing change can change C(3, K) by at most 1 dimension.
As a corollary, we get that nT has u(nT) > n.
Now we introduce a more systematic knot invariant:

5.1.3 The Alexander polynomial

The Alexander polynomial is one of the first knot invariants. The definition presented here
relies on the introduction of Kauffman states and a state sum formula.

An explicit expression for the Alexander polynomial can be given in terms of a diagram
D for the oriented knot K, equipped with the following additional choice. Distinguish an
edge in D by marking it with a point p. The diagram, together with this choice of edge, is
called a marked diagram (D, p).

Let Cr(D) denote the set of crossings in the diagram and let Dom(D) denote the set of
domains in the plane (i.e. the connected components of the complement of D) which do not
contain the marking p on their boundary.
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Proposition 14.
e For a knot K the cardinality |Cr(D)| is equal to |Dom(D)].
e For a disconnected diagram of a split link L we have |Cr(D)| # |Dom(D)|.

Definition 15. A Kauffman state is a map that associates to each crossing in Cr(D) one
of the four quadrants around that crossing, so that the induced map x: Cr(D) — Dom(D)
is a bijection. The set of Kauffman states in a decorated marked diagram (D, p) is denoted
Kauf (D).

When illustrating Kauffman states, we mark the quadrant associated to the crossing in
the diagram, as shown in Figure [5.8]

p

Figure 5.8: A Kauffman state of a marked diagram of the left-handed trefoil knot.
The Kauffman state is indicated by a dot placed in the chosen quadrant at each crossing.
The arrow indicates an orientation on the knot.

Remark 16. If K admits a diagram with a single Kauffman state then K is the unknot.

Remark 17. The diagrams of the trefoil knots shown in Figurd5.5| have 3 Kauffman states.

Two quantities can be associated to a Kauffman state x of D:

Ar) = > Akle));  M(k)= Y M(x(a)),

c;€Cr(D) c;€Cr(D)

where the local coefficients A(k(c;)) € {0,£1/2} and M (k(¢;)) € {0, £1} for k € Kauf(D)
at a crossing ¢; € Cr(D) are shown in Figure

Figure 5.9: Local coefficients A and M at a crossing c;.

The Alexander polynomial for K can be expressed in terms of Kauffman states, as follows:

Proposition 18. Let K be an oriented knot, and consider a marked diagram (D,p) for K.
Then, the Alexander polynomial is computed by the expression

Ag(t)= > (=D)MW A e 7t 7). (5.1)

k€Kauf (D)
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Example 19.

AUnknot = 17
ARH trefoil = & — 1+ t_1>
AFig;ure—8 =—-t+3— t_l-

Theorem 20. The Alexander polynomial is a knot invariant (and is independent of the
choice of a marked knot diagram).

We will prove this using an alternate perspective on the Alexander polynomial. Note that
the Alexander polynomial has a natural generalization for oriented links.

Consider the polynomial A(D,p) associated to a marked knot diagram (D, p), defined
by the expression from Equation (5.1)), verify that the sum is invariant under Reidemeister
moves and the placement of the marked point p, and verify that the resulting oriented knot
invariant satisfies the following equation, called the skein relation:

Proposition 21. Let L, L_ and Lo be oriented links that differ in a single crossing accord-
ing to Figure[5.10, Then, the Alezander polynomials of these three links are related by the
skein relation

Ap (6) = Ap (1) = (12 = £72) AL, (8). (5.2)

XX

Figure 5.10: Local picture of the links in the skein relation

Proof. The diagram L, (and similarly of L_) admits two types of Kauffman states, depend-
ing on the behaviour of the state at the crossing in the skein relation.

If the state is in the West or East quadrant, then the two states appear with the same con-
tribution in A(Ly,p) and A(L_,p), hence in the formula they cancel.

If the state is in the North or South quadrant, then the state gives rise to a unique state in
Lo as well, and indeed all Kauffman states of L arise in this way.

Computing the local contributions, the formula follows. O

The skein relation is a very useful tool to compute the Alexander polynomial.
Now we turn to the proof of the invariance:

Proposition 22. Let (D,p) be a marked diagram for an oriented knot K. The function
A(D,p) is independent of the choice of diagram for K, giving an oriented knot invariant Ag
that satisfies the skein relation and the normalization Auyngnet(t) = 1.

Proof. First we show that the polynomial is invariant under those Reidemeister moves which
do not contain the marked point p.

For the first Reidemeister move R; creating a new crossing, it is easy to see that the
Kauffman states before and after the move are in bijection. The newly created crossing is
the only crossing in the newly created domain, and the local contributions here are trivial
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et )

Figure 5.11: Kauffman states and the first and second Reidemeister moves. The contribution
change under the first Reidemeister move is clearly zero. In the second Reidemeister move
the groups in the boxes provide vanishing contribution.

(M = 0 and A = 0); the remaining crossings correspond, along with their local contributions,
to the Kauffman states before R;.

For invariance under the second Reidemeister move Ry, there are two cases, corresponding
to the relative orientations of the two strands. The two verifications are similar, and we
discuss only one. The projection having the extra two crossings has two types of Kauffman
states, which we call symmetric and asymmetric ones, depending on the local structure at
the two new crossings. The symmetric Kauffman states are in one-to-one correspondence
with the Kauffman states before Ry (so that all the local contributions coincide), while the
asymmetric ones come in pairs as instructed by Figure [5.11]

Their contributions to A(D, p) cancel within these pairs: their A-values coincide and their
M values differ by one.

In studying the invariance under the third Reidemeister move R3 there are a number of
cases for the possible orientations of the arcs. We will discuss only one such choice (and leave
the analysis of the rest of the cases to the reader).

First notice that in the disk around the move there are seven domains and three cross-
ings (and recall that the marking p is not in the disk). Therefore four of the domains get
their markings (which can be the p, or a marking at a crossing) from outside the disk. We
distinguish three cases, depending on whether these four domains are consecutive, three are
next to each other and one is separated, or are grouped in two groups having two adjacent
domains each. (See the domains containing empty circles in the projections of Figure m)
In the first case (with four consecutive marked regions) the markings in the disk are unique,
and their contributions coincide before and after the move.

In the second case (three consecutive domains and one separated) there is either one Kauff-
man state or there are three; the contributions again coincide.

Finally in the third case (two pairs of consecutive domains) we have two Kauffman states be-
fore and after the move, with coinciding contributions. (See Figure for some orientation
of the link, other orientations differ only in the actual values of the contributions.)

Next we show that the polynomial is invariant under moving the marking p under (or over)
a crossing. To this end, we note that we can consider the knot diagram (i.e. the projection
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Figure 5.12: Kauffman states and the third Reidemeister move.

to a plane) as a map to the sphere S? in S? rather to plane R? in R3, still picturing the
part of the projection in the finite’ part R? C S2?. Although moving a strand across the
point at infinity seems like an additional move, it is not hard to see that it can be given as
a composition of Reidemeister moves, see Figure [5.13](a).

Choose a projection to S? with the property that ¢ is mapped into the point at infinity.
Perturbing the strand without p into the two possible directions, and applying our previous
observation, the claim easily follows, see Figure [5.13|(b).

For a knot K the above principle of moving p across a crossing shows that the value of
the invariant is independent of the chosen arc distinguished by p. For an oriented link one
need additional work to move the marking from one component to the other - using the skein

@ (b)
Figure 5.13: Moving a strand across the point at infinity. In (a) we show the two
possibilities when perturbing the arc passing through the point at infinity. These diagrams

can be transformed into each other by Reidemeister moves. In (b) we show how by moving
the crossing through the point at infinity, we can move the marking through a crossing.

70



STIPSICZ: INVARIANTS OF KNOTS

relation the independence follows by induction on the number of component:

For knots this has been already established.
An n-component link can be easy put into a skein triple with the two other knots having
(n—1)-components, for which the invariance follows by induction, and since their polynomials
determine the value for the n-component link, the moving of the distinguished point follows.

Finally, we need to show that the polynomial is unchanged under any Reidemeister moves.
Indeed, if the marking is in the disk in which the Reidemeister move is to be performed, then
first move p away, perform the Reidemeister move and then move p back. With this last
assertion the proof of independence is complete.

The claim about the polynomial of the unknot U follows easily:
take the diagram D of U which has no crossings. The single Kauffman state of this decorated
projection (the bijection between the two empty sets Cr(D) and Dom(D)) has A- and M-
values equal to zero, giving A(D,p) = (—=1)°-t° = 1. O

Next we summarize some further facts about the Alexander polynomial.

Proposition 23.
d ) .
o Ar(t)=Ax(t™h), so Ax(t) =ap+ X a;(t' +t*) where aqg # 0 and d =degA.
=0

o deg(A) < g(K), i.e. the Alexander polynomial gives the desired lower bound.

o [f K is alternating, meaning that in its diagram undercrossings and overcrossings al-
ternate one after the other, then degA=g(K).

o If K admits a g-coloring for a prime q, then q||Ax(—1)| =det(K).

5.2 The Jones polynomial

The Alexander polynomial used to be the most powerful knot invariant until around 1985,
when Jones introduced a new one: his polynomial was able to distinguish the right-handed
trefoil knot from the left-handed one.

NS

/ 0-resolution
VRN
/

> < 1-resolution

Figure 5.14: The two ways of resolving a crossing

/

The first idea of the definition is to turn the diagram of the knot K into a diagram of
(maybe more) unknots by resolving its crossing. A resolution means that we eliminate the
crossing by connecting the participating arcs in a different way. We have two choices to
do this, shown in Figure [5.14] These two types are called 0-resolution and I-resolution. If
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&

alg+qa)

12
(g+q71)? —qlg+q7t) Alg+q')? Alg+qh)?
q+q12

Figure 5.15: The cube of resolutions for the right-handed trefoil knot

*q+q”

alg+qa?)

the diagram of K had n crossings, then there are 2" resolutions. Take all of them, and
think of every possible stage of reaching the full resolution of the knot diagram (i.e. the one
containing only unknot components), as vertices. Organizing them according to the number
of 1-resolutions we made to get that stage, these can be arranged to form a cube of dimension
n, see Figure [5.15

Now consider the cube of resolutions, and at each vertex «, let r(«) denote the number of
1-resolutions done, and k(«) the number of circle components in resolution a. We associate a
polynomial of a formal variable q to every resolution to define the bracket of a knot diagram

D:

(D)= > (0 (@)-(a+q "))

resolutions

This is a Laurent polynomial in Z[q, ¢~'] with the following properties:
e For the empty diagram, (@) = 1,

e for the diagram O of the unknot, <O> =q+q,

e for a two-component diagram with an unknot, <D U O> =(q¢+q") (D),

()= ()-a-00
Despite of its nice properties, the bracket of a diagram is not a knot invariant, which is
easy to see by checking its behaviour under Reidemeister moves:

(=) =q¢- ) =(g+a () —q- (h=q" ()
(=)= (=) —ala+q™) ()=~ ()
= -a-)==-00-a(()~a-()) == 0
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(F) =000 () =00 —a(-a=a™-(=)) = (%)

Definition 24. Suppose the knot K has D as a diagram. Orient D, and let n, denote the

number of crossings of type < (positive crossing) and n_ the number of crossings of type X

(negative crossing).
Vic(g) = (=1)" - ¢ (D)

is the unnormalized Jones polynomial of K.
The unnormalized Jones polynomial is a Laurent polynomial in Z[q, ¢7!].

Theorem 25. Vi(q) is a knot invariant.
Proof. We verify that the polynomial does not change under Reidemeister moves. Checking

the invariance under Rj3 is trivial. Under Ry, both n, and n_ increases by 1... Under Ry,
either ny or n_ increases by 1, and the proof goes the same way as for R,. [

Definition 26. VK(q) is divisible by ¢ + ¢~!, since there is always at least one circle com-
ponent in every stage. Therefore, we can consider

1 .
V) —
(q) = (q)
, the normalized Jones polynomial of K.
Theorem 27. Vi(q) is a knot invariant.
Example 28.
vUnknot(Q) = 17 (53)
VRH tref0i1<Q) = q2 + q6 - q87
VLH trefoil(Q) = q_2 + q_6 —q 87
vFigure—S(Q) = q_4 q_2 +1- q2 + q4‘

Remark 29. Now we see that the Jones polynomial is different from the Alexander polynomial:
while the latter one never distinguishes a knot from its mirror image, the Jones polynomials
of the right-handed and the left-handed trefoil are not equal.

Theorem 30 (Skein relation). For oriented links L_, L, and Lo which differ only in a
crossing according to Figure the skein relation holds:

Ap (8) = Ap (1) = (12 —72) - Ay (b).

Let us use the following notations:
M (Vk(q)) =the maximal degree of ¢ in Vik(q),
m(Vk(g)) =the minimal degree of ¢ in Vi (q),
B(Vk(q)) = M(Vk(q)) — m(Vk(q)), the span of the polynomial.

Theorem 31. For an n-crossing diagram of K, n > %B(VK(q)). If the diagram is alternating
and has no untwistable crossing 1> then n = 1B(Vk(q)).

So the Jones polynomial bounds, and sometimes determines the minimal crossing number.
However, it is still open, whether the Jones polynomial detects the unknot:

73



SUMMER SCHOOL IN MATHEMATICS, BUDAPEST 2019

Conjecture 32. If Vk(q) =1, then K is the unknot.

Remark 33. The Alexander polynomial does not detect the unknot. While Ay (t) = 1, we
can construct other, non-trivial knots that have Alexander polynomial 1:

Consider the pretzel knot P(a,b,c) of Figure For a = 2a; + 1, b = 2b; + 1 and
¢ = 2c;+1 this knot P is non-trivial with Alexander polynomial Ap(t) = Bt+(1—-2B)+Bt™!,
where B = b1by + b1b3 + bobs + by + by + b3 + 1.

For by = =2, by = 2 and b3 = 3, B = 0 therefore Ap(t) = 1, when P is still non-trivial.

b

Figure 5.16: The pretzel knot P(a,b,c). The letters in boxes indicate the number of half
twists.

Next, we mention some connections of the Jones polynomial to the invariants introduced

in [Lecture Tt

Remark 34. Connection to three-colorings:

dimC (3, K) = 3|V2(e’5)).
Remark 35. The Alexander polynomial and the Jones polynomial are also related to each
other: There is a 2-variable Laurent polynomial P(«, z) € Z[a, ™', 2z, 27, called the HOMFLY-
PT polynomial, satisfying aPp, —a 'P,_ = zPp, for links L_, L, and Ly which differ only
in a crossing according to Figure [5.10]

The HOMFLY-PT polynomial at « = 1 and z = s —t"3 gives the Alexander polynomial,
while at @ = ¢72? and z = ¢ — ¢~ ! it gives the Jones polynomial. That is,

Vi(q)=Pla=q?z=q—q").

5.3 Graded vector spaces

Let Fy denote the field of two elements.

Definition 36. A Z-graded vector space is a decomposition of a vector space VasV = @ V;
keZ

with V, < V. The elements of V}, are called homogeneous elements of degree k.
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Graded vector spaces have graded dimension: gr-dimV (q) = 3 dimV;-¢* € Z[q,¢7'], and
k
dimV =gr-dimV'(1).
Remark 37. We can generalize this definition to get bigraded vector spaces: V.= @ V.

(a,b)EZXZ
Here the graded dimension is a polynomial of two variables.

Example 38. Consider V = F3 = (Fy)_; @ (F3);. This bigraded vector field has four
elements: {0, vy, v_, vy +v_}. Element 0 has any degree, v, = (Fs); is of degree 1,
v_ = (Fy)_; is of degree -1, and v, + v_ has no degree because it is non-homogeneous. Here,
gr-dimV = q + ¢~ L.

We can consider the shifted grading of a graded vector space V: let V{i} be the graded
vector space V' with its grading shifted by [, that is, gr(V{l})r = Vi—i.
For this, gr-dimV{l} = ¢!-gr-dimV holds.

Definition 39. Let V' be a graded vector space and 0 : V' — V endomorphism with 9(V}) C
Vi1 (V,0) is a chain complex if 000 = 0* = 0.
Then we call the elements of Ker 0 cycles, the elements of Im 0 boundaries.

Definition 40. The homology of a chain complex (V,0) is a graded vector space

Remark 41. If V' is bigraded, then 9(V, ;) C V,—1;, and H(V,0) is also bigraded.

Definition 42. f: (V},0,) — (V3,0s) is a chain map if fod; = Oy0 f.
frg: (V1,00) — (Va,0;) are chain homotopic maps if there exists h : V3 — V5 such that
f—g=0,0h+ hoo.

Proposition 43.

e Fwery chain map f: (V1,01) — (Va,02) induces a map f.: H(Vy,01) — H(Va,04) on
the homologies.

o If f and g are chain homotopic, then f, = g..
Proof.
o If [a] € H(V1), then [f(a)] = [f(a+ Ob)] = [f(a) + Of(b)], therefore f, is well-defined.

e For a cycle a €Kerd,, consider the difference f(a) — g(a) = dy0h(a) + ho0;i(a) =
0,0 h(a) is a boundary element, thus [f(a)] = [g(a)] meaning that f. = g..

]

Our goal is to associate to every knot a graded vector space so that the homology is a
knot invariant.

To this, take a knot diagram D and its cube of resolutions. First, we associate a graded
vector space to each resolution a:

Definition 44. For V = (vy,...,v,) and W = (wy, ...w,) graded vector spaces, let V@ W =
<U1 D w1, V1 D Wy, ..., U1 D Wp,, Vg D Wy, >
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Let V = (Fg)_l D (Fg)l = <U_, U+>.
Example 45. The vector field

VeV =V®= (v ev,vlevv @vl,v @v’)=(F)® (F2)] P (F2)_s

has 16 elements. (Here, the upper indices help seeing which generator belongs to which vector
field.)

Let k denote the number of circles and r the number of 1-resolutions in vertex a. To «
we associate V®*{r}, a graded vector space with graded dimension ¢" - (¢ + ¢~ !)*.
For all resolutions of r 1-resolutions, consider

[DI" = >_ Vi {r}.

|s|=r

Now
n

Ch(D) = @[[D]]T

is a bigraded vector space.

We would like to have a chain complex. To this, we need a map 0 : Ch(D) — Ch(D).
We will define

o : [D]" — [D]" :

For a resolution s of r 1l-resolutions, consider all the resolutions s’ of r + 1 l-resolutions
obtained from s by changing the resolution type of one crossing from 0 to 1, that is ~ — ) (.

The idea is that for a term VE*{r} of [D]", 0" assigns the sum of graded vector spaces
Vy corresponding to the resolutions s’. We should do this for every term s and sum them
to get Im(9") = ZZ; Vy. However, finding Vi is not obvious, since changing the type of a
resolution may alsso Ehange the number of components. This can happen in the following two
ways:

1. Merge decreases the number of circles by 1, so k(s') = k(s) — 1.

2. Split increases the number of circles by 1, so k(s') = k(s) + 1. See Figure [5.17]
merge > <3
2.7\ y \

,/*~\\\-/,'/7-\\\\‘ . l///'/‘\\> < \\\‘
,‘ split i ,‘
- Se_o- ~a - 2 3 Se_o-
Figure 5.17: Merge and split

Note that both are only local changes, the other parts of the diagram stay the same. To
obtain Vi, we need to introduce operations:
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1. To merge, we need to define a multiplication m : V; ® Vo — V5.
1 2 3
vy @V = Uy,
vi ®v* = 03,
1 2 3
v QUi — v,
vl @0 = 0.

This gives a ring structure on V', the truncated polynomial ring.
— ngﬂ —
V= ($2) ={a+ fz| a, 5 € Fy}.

2. To split, we define a co-multiplication A : V; — V5, ® V3, making V' a Hopf algebra.
v}r Hvi@vi—i—vz X vi,
vl 0? @03,

Putting all together, V' has a grading, a ring structure and a Hopf algebra structure,
therefore V' is a Frobenius algebra with 4 elements. Now we also have 0 : Ch(D) — Ch(D).
Theorem 46. (Ch(D),0) is a bigraded chain complex, 0od = 0. On one grading O is
constant, on the other grading 0 increases: O(Ch(D)qp) C Ch(D)gp+1-

Theorem 47. Kh(D) = H,(Ch(D),0) = @ Kh**(D) is a bigraded vector space, which is
a,b

an invariant of the knot K.
Theorem 48.

o Let Px(t,q)= Y dimKh**(D)-t*-¢* € Z[t,t7',q,q7 ). This is a knot invariant.
a,bEZXZ

o Px(—1,q) = Vi(q), so Kh categorifies the Jones polynomial.

The following theorem shows that Khovanov homology detects the unknot:
Theorem 49 (Kronheimer—Mrovka).
Pr(t,q) = t°% ' +t°% = g+ ¢~ if and only if K is the unknot.
The theorem of Kronheimer and Mrovka means that if for a knot K, Kh(K) = Kh(U) =

(F3)1 @ (Fy)_1, then K is isotopic to the unknot. Recall that the Alexander polynomial does
not detect the unknot and that for the Jones polynomial this question is still open.
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Problem session
(ANDRAS STIPSICZ, VIKTORIA FOLDVARI)

DAy 1

1. Show that 7mx = {3-colorings}, as a vector space over F3 is a knot invariant.

. Verify that the Alexander polynomial Ak (t) is invariant under Reidemeister moves R; and
Rs.
. Prove the skein rule. That is, verify for links L__> , [Z) and [Tg which differ only in a crossing
that

A—(t) — A (t) = (t2 —t72) - A (2).

Lo

DAy 2

. Compute the Jones polynomial of the following:

a) negative Hopf link,
b) positive Hopf link
d
. Show that Vi (q) = Vi) (g7h).

)
c¢) right-handed trefoil knot,
) left-handed trefoil knot.
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Three Fields medalists of topology: Smale
(immersions), Thom (cobordisms), Milnor (exotic
spheres)

By ANDRAS SzUcCs

(Notes by Tamds Terpai)

6.1 Thom

We start by recalling the rotation/degree, which most of you know already. All four main
topics of today’s talk are natural extensions of the rotation number.

Belt trick: take a belt in a flat, vertical position, and add a certain number of full twists.
Can one return the belt to the original state while only moving the top and the bottom of
the belt by translations, never rotating them? How does this imply the hedgehog theorem
(there is no nowhere vanishing tangent vector field on the sphere S?)? How is it related to
cobordisms? Stay tuned to find out!

6.1.1 Rotation number

Take a continuous nowhere vanishing vector field v along a circle (lying in the plane). Its
rotation (or winding) number is defined by taking any sufficiently fine subdivision xg, x1, ...,
TNy = xg of the circle and forming the sum
N
> Z(vlry) o)

Jj=1

of the (signed!) angles of the successive v(x;). This sum is an integer multiple of 27, and we
say that v has rotation number £ if the sum is 2k7.

If we assume that the vector field v has constant length 1, then v can also be considered
as a map from S! to S'. Fact: the homotopy class of v € [S', S 2 Z is k.

Can one define a similar ,rotation number” for maps f : M™ — N™ between higher
dimensional manifolds? The given definition is not suited to such a generalization, but an
equivalent definition is. Notice that the rotation number can be determined in a local way:
observe a point p in the target S! and count the times v takes p as a value. Every time v goes
through p in the positive (anti-clockwise) direction, add 1 to the counter, and every time v
goes through p in the negative direction, subtract 1 from the counter. It is not hard to see
that the result (assuming that v always visits p in one of those two ways) coincides with the
rotation number of v.

This alternative definition generalizes immediately to the concept of degree: assume that
M™ and N™ are smooth and oriented, and f : M — N is a smooth map. Take p € N a
regular value of f (that is, at all f-preimages ¢ of p the rank of the Jacobian is n, the maximal
possible), assign signs to its f-preimages according to whether the Jacobian at that point
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has positive or negative determinant and add those 4+1’s together; this is the degree deg f of
the map f.

Does the statement about the rotation number uniquely determining the homotopy class
of a map hold for the degree? It doesn’t, however, the degree is still a well-defined map
[M, N] — Z, and when N = S" we have

Theorem 1 (Hopf). The degree deg : [M",S™| — 7Z is a bijection.

6.1.2 Pontryagin construction

Our next problem is: what can be done if M and N are not of the same dimension? Given
a (smooth) manifold M"™** how many homotopy classes of maps M"*tk — S* are there and
given a (smooth) map M"** — S* how can we determine which homotopy class does it
represent? In the case when n < 0 there is clearly only a single homotopy class: we can pick
a smooth representative f : M — S*, by Sard’s lemma it is not surjective and leaves out a
point p € S*, so f factors through a map from M to S*\ {p} = D*, which is null-homotopic.

In the case n > 0 we start out in a similar fashion: pick a smooth representative f : M —
Sk and a regular value p € S* (recall that it is defined by the Jacobian having maximal rank
at all the preimages), and consider its preimage V = f~!(p). We thus get an analogue of the
preimage points of the equidimensional case, what may be the analogue of the signs of those
points? It’s a framing: we pick a basis by, ..., by in the tangent space T,,S* and lift it to V as
follows. Locally at each point # € V the tangent space T, M splits as T,V ®R* — for example,
if there is a metric on M, we can pick the R¥ factor to be the tangent vectors orthogonal
to TV — and the differential of f maps R* isomorphically onto 7,S*. We can therefore take
the preimages of the vectors by, ..., b; under this restriction of the differential and obtain k
tangent vectors by (z), ..., by(z) that are linearly independent even in the quotient T, M /T,V
(in the metric case, they are orthogonal to V).

Have we defined an invariant of the homotopy class of f; is it even well-defined? Not
quite: if we pick another map g : M — S* homotopic to f, then the entire construction
can be repeated with a (smooth) homotopy H : M x [0,1] — S* that joins f and g and a
value p € S* that is regular for f, ¢ and H as well. The preimage of p is a manifold with
boundary f~!(p) U g '(p) and we also obtain k linearly independent normal vectors on it
that extend the framings on the boundary. The result is a framed cobordism between the
preimages V; = f~!(p) and V, = ¢ (p).

Vy
9\ gk
M x [0,1] & U A
=
Vi

We call two framed n-dimensional manifolds in M framed cobordant is there exists a framed
cobordism between them.

80



SzUcs: THREE FIELDS MEDALISTS OF TOPOLOGY

It is easy to see that framed cobordism is an equivalence relation. We denote the set of
equivalence classes of framed codimension k manifolds embedded into M by Emb'™(n, M);
for M = S* we abbreviate it to Emb’"(n, k).

Theorem 2 (Pontryagin). For any closed manifold M™* there is a bijection Emb’™ (n, M) —
(M, S*].

In particular the Pontryagin construction establishes a bridge between algebraic topology
and differential topology by identifying Emb/"(n, k) with m,,+(S*). The homotopy groups
of spheres are notoriously hard to compute in general, and the translation of the problem
to calculation of cobordism groups allows, for example, the handling of cases £ = 0, when
Tn(Sn) = Z — recall the degree; k = 1, when m,,1(S™) is Z for n = 2 and Z, for n > 2; and
k = 2, when m,.2(S™) = Z, if n > 2 (homework: what happens when n = 17). Rohlin used
this construction to compute m,,3(S™) = Zoy when n > 5.

This approach belongs to the Russian school of manifold topology, which put heavy
emphasis on geometry. In contrast, the French school prioritizes algebra, and in the next
section we mention René Thom’s work on the topic.

6.1.3 Thom construction

Can one use the Pontryagin construction in the other direction, to calculate cobordism groups
from homotopy groups? It turns out that doing this can give the cobordism groups of n-
manifolds:

Definition 3. The n-manifolds M, and M, are cobordant, if there is a cobordism Wn"*!
between them: a closed manifold with boundary M, U M; in the unoriented setting and
(—My)UM, in the oriented setting (where —M denotes M with the opposite orientation). The
set of equivalence classes is denoted by I, (unoriented manifolds) or €2, (oriented manifolds).

Note that in contrast to the previously considered cobordism of embedded (and framed)
manifolds, this cobordism is of abstract manifolds, with no maps given. The notion was
introduced by Rohlin, who determined that 913 = Q3 = 0.

Thom used a generalization of the Pontryagin construction to compute these groups
almost completely:

Theorem 4 (Thom). The direct sum N, = &,>0N,, admits a graded ring structure (the
sum induced by disjoint union and the product induced by the product of manifolds), and as
a graded ring,

N, = Zo|xe, 24,75, ... ],

a polynomial ring in variables x; of degree j, one for every j that is not of the form 2™ — 1.

This result is highly nontrivial, but the generalization of the Thom construction reduces
it to algebraic topology. Thom also determined the analogous graded ring €2, ® Q (oriented
cobordisms without the torsion part), which turns out to be Q[CP?, CP*,... ,CP%,...]. The
torsion part — which is pure 2-torsion, 2 - Tors(), = 0 — is harder to compute, it was done
later by C. T. C. Wall.

Thom’s construction worked as follows. One considers the cobordism classes Emb(n, k) of
n-manifolds embedded into R"** up to cobordism (embedded into R™™* x [0, 1]); no framing
is required. Still, there is a space T* such that Emb(n,k) = 7, (T+*). How does this
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help with the goal of classifying abstract manifolds? If &k > n + 1, then Emb(n,k) = N,
because by Whitney’s theorem any n-manifold can be embedded into R"** and any two such
embeddings are isotopic (hence also cobordant).

Definition 5. A rank k vector bundle £ is a continuous map p : £ — B such that every
point preimage p~!(b) is homeomorphic to R* and the linear structure of these fibers varies
continuously as a function of the point b (technically, there are local trivializations p=*(U) =
UtimesR" such that on the overlapping parts the different trivializations differ in a linear map
on each fiber). If additionally one chooses a metric p on each fiber that depends continuously
on the basepoint (an averaging argument shows that such a metric always exists), then
D(¢) shall denote the disc bundle {v € E : p(v) < 1} and S(§) shall denote the sphere
bundle {v € E : p(v) = 1}; these are well-defined (independent of the choice of p) up to
homeomorphism, and if B is a manifolds, then so is D(&) and S(§) is the boundary 0D(§).

The Thom space T of the vector bundle & is the quotient space T¢ = D(£)/S(§).

To finish the description of T7* we need to explain the vector bundle 7. It is the universal
rank k vector bundle Fj, — Bj in the sense that for any rank k& vector bundle £ — B there
are homotopically unique maps x : B — By and & : E — FEj such that & takes fibres to fibres
by linear isomorphisms and the diagram

E "5 B,

I

commutes. We will not explain here why does the isomorphism Emb(n, k) = m,x(T")
holds.

6.1.4 What about the hedgehog theorem?

Given a closed manifold M™ one can associate to it numbers in Z,, the so-called Stiefel-
Whitney characteristic numbers of M. For every partition n = iy + ig + -+ + 4, (i3 > iy >

- >4, > 1) of n, which we denote by I for brevity, one can define the characteristic
number w;[M] € Z, that describes how complicated in a sense the tangent bundle T'M is.
In particular, when I = (n) is the one-element partition, the corresponding characteristic
number is the Euler characteristic x (M) taken modulo 2.

Theorem 6 (Thom). M is null-cobordant if and only if all the characteristic numbers
wy[M] vanish.

Corollary 7. If M is null-cobordant, then x(M) is even.

We reproduce here a geometric proof, due to Sandro Buoncristiano, of a weaker statement,
namely, that if TM is trivial: TM = M x R™ (also formulated as “M is parallelizable”, or
equivalently M admits n linearly independent vector fields), then M is null-cobordant.

Let A € M x M be the diagonal A = {(z,x) : € M}. Pick a small neighbourhood
U C M x M of A; it is easy to see that if U is picked as an e-neighbourhood for some metric,
then for a sufficiently small € one can identify U with the disc bundle of T'M: the points of
U correspond to considering short tangent vectors v € T,,M and taking the tangent vectors
(v,—v) € T(M x M). In particular, U = M x D".
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Also, one has the natural involution 7" : M x M — M x M that acts as T'(z,y) = (y, z).
Outside A it has no fixed points, and one can shrink U if necessary to make it T-invariant,
so that the restriction of 7' to M x M \ U is a fixed point-free involution. It is not hard to
prove that this implies the existence of an equivariant map ® : M x M \ U — S? (that is,
PoT = —®) for some large q. Now, on the boundary OU = M x S™~! the involution T is
homotopic (through fixed-point free involutions) to the involution 7" : M x S"~1 — M x S"~1,
T'(p,v) = (p, —v); one can check that ® can be chosen in such a way that OU is mapped to
Sn=tc S,

We can now quotient by the involutions and obtain a map ¢ from M = (M x M\ U)/T
to RPY. The boundary dM = OU/T = M x RP™ ' of M is mapped to RP"!, sending
every point to its projection in RP™! (up to homotopy, that is). But then we can pick the
submanifold RP9"*! complementary to RP" ! in the sense that they intersect in a single
point; we may assume that ¢ is transverse to it and hence W = ¢~1(RP? ") is a manifold
with boundary o~} (RP?7 "t NRP"1) = M, finishing the proof. O

Notice that this statement does not hold in reverse: while S? is null-cobordant (it bounds
the 3-dimensional ball), the hedgehog theorem shows that S? is not parallelizable.

6.1.5 The belt trick revisited

The answer to the question about the belt trick is: one can return to the original belt state
exactly if n, the number of full turns, is even. After showing that 2 full turns can be cancelled,
one only needs to prove that one turn cannot be undone. Equip the belt with triples of vectors
along the midline, the first one pointing up, the second pointing to the left, the third one
pointing inside from the surface of the belt. These are orthonormal bases of R? forming
a path in SO(3) (initially the constant one), and any movement of the belt carries along
these bases to yield a homotopy of said path. For a once-twisted belt, the starting loop is
the image of a generator of 71 (S0(2)) in m;(SO(3)), and in the identification SO(3) = RP?
that sends a rotation of angle o around the unit vector v to the point a - v in the quotient
7D3/(v ~ —v on v € S? this loop is clearly nontrivial in m; (R?).

This argument in fact can prove the hedgehog theorem. Indeed, the unit tangent vectors
of S? form an SO(3): the tangent vector v at the point u € S? corresponds to the orthonormal
basis (u,v,u X v). If there were a nowhere vanishing tangent vector field v(u) on S?, it would
mean that there would be a projection P : SO(3) — SO(2) that sends the basis (p, ¢, ) to the
oriented angle between ¢ and v(p). Composing this projection with the natural embedding
i: SO(2) — SO(3) into the tangent vectors at a single point in S? we clearly get the identity:
Poi = idgo(). This, however, would mean that the map i, : 71 (SO(2)) — m(SO(3))
induced by 7 is at the very least injective — but the belt trick shows that the double of the
generator of w1 (SO(2)) is annulled by .. This contradiction show that our initial assumption
was false, proving the hedgehog theorem.

6.2 Smale

In 1957, Stephen Smale, then a student of Raoul Bott, told his advisor that he can prove
that a sphere S? in R3 can be turned out by a regular homotopy. Bott was very skeptical,
especially so because the degree of the Gauss map for the standard sphere and the turned-out
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sphere seemed to have different sign — after all, turning the sphere inside out is a composition
of 3 reflections, right? Actually, that isn’t right; homework: if an oriented even-dimensional
manifold M?" is immersed into R?"*!, then the degree of its Gauss map is w

Smale gave a pure existence proof, explicit regular homotopies that turn the sphere inside
out were constructed only later (in particular, 1979 video by Bernard Morin; check out also
“outside in” on Youtube: https://www.youtube.com/watch?v=w061D9x61NY]).

We mention here a simpler case, that of circles immersed into the plane. Then we have

the following;:

Theorem 8 (Whitney—Graustein). Given two immersions f,g : S* & R? they are
regularly homotopic if and only if the rotation numbers of df and dg (as S* — S maps) are
equal.

We denote the rotation number of df by v(f).

Proof. The “only if” part of the statement is trivial, since the (S!-direction) derivative of
a regular homotopy between f and ¢ is a homotopy between df and dg, therefore their
rotation numbers must be equal. To prove the “if” direction, first note that without the
regularity requirement the task is easy, one can pick for example the homotopy that is linear
at each point: H;(p) = (1 —1t)f(p)+tg(p). Unfortunately, this homotopy may be singular at
certain times. To fix this, draw inspiration from the classical telephone apparatus: the cord
connecting the body of the phone to the receiver is coiled and this way moving it around (as is
often necessary during the operation of the device) does not result (all that often, that is) in
breaking the cord by introducing sharp corners in it. Indeed, if we add a circular motion (in
R3) of sufficient speed to our curve, then its velocity will dominate its sum with the original
velocity, in particular, it will nowhere turn to 0. The procedure can be performed along our
chosen homotopy as well, turning it into a regular homotopy. But we need to stay in R?, and
doing the same cannot possibly work: adding a rapid circular motion to f would cause v(f)
to skyrocket. So instead of a circular motion, let’s use a figure-8 motion: its Gauss map has
degree 0 (hence 7(f) is preserved), and in fact the velocity vector stays out of a conic area, so
adding any multiple of such a motion (with the “wings” of the figure 8 in a normal direction
with regard to the original curve) keeps the curve immersed and rescaling the excursions is
a regular homotopy. The desired regular homotopy will hence be as follows: add the figure-8
movement to f, scale the addition to be become sufficiently large; move the base curve using
the linear homotopy to g; rotate the figure-8 directions to match the differential of g (this is
where the condition v(f) = 7(g) is used); and scale the excursions back to 0. O

We remark that this method can also be generalized to turning the sphere inside out.
Having seen these two examples, the question arises: what other spheres S™ can be turned
inside out in R™*! ? This question is answered almost entirely by the following fact:

Proposition 9. If S can be turned inside out in R"™!, then S™*1 is parallelizable.

Recall that S™! is parallelizable exactly if n is 0, 2 or 6.

Proof. Let H be a regular homotopy that everts the sphere S™. Then the trace of H is an
immersion of the cylinder S™ x [0, 1] into R™*! x [0, 1] that preserves the last coordinate. Cap
off the boundary spheres by standard half-spheres of S"™! and notice that the Gauss map of
the obtained immersion of S™*! into R"*2 does not contain in its range one of the vertical
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vectors (0,...,0,%£1), let’s assume it’s the upward-pointing vector = (0,...,0,1). But then
we can take a framing of S™*!\ 1 (which is diffeomorphic to D"*!) and pull it back to S"*!
using the Gauss map to obtain a framing of S™*!; the existence of such a framing proves the
parallelizability of S™T1, O

Going back to our original topic, Smale defined an invariant that determines the regular
homotopy class of an immersion f : S™ & R?. In order to define this invariant, we first
introduce the Stiefel manifold V,,(R¥): it is the space of linearly independent ordered vector
n-tuples of R¥. The invariant, Q(f), is an element of the homotopy group m,(V,,(R?)). Its
construction needs to assume that the immersion f is standard on a half-sphere. The use of
this construction is that Q(f) is a complete invariant, that is, Q : Imm/(S™, R?) — 7, (V,(R9))
is an isomorphism.

In the case of immersions S? ¢ R?, this concretizes to Imm(S? R3) = my(V5(R?)).
It is easy to see that V5(R?) is homotopy equivalent to the space V;(R?)) of orthonormal
ordered vector pairs of R3. This latter space in turn is homeomorphic to SO(3) since every
such vector pair can uniquely be extended to an orthonormal basis of R3 and we have
m(SO(3)) = ma(RP?) = m5(S3) = 0. That is, any two immersions of the 2-sphere into R? are
regularly homotopic.

Now, a few words about the proof of the fact that ) is a bijection. Define X} ; to be
the space of immersions of D" into R? with s (linearly independent) normal vector fields
such that the immersion is standard in a neighbourhood of a point on the boundary 0D".
Similarly, let Y7, be the space of immersions of a sphere S™ into R? with s normal vector
fields, standard near a point. Notice that there is natural map p: X ; — Y.l 1 that sends
a map of D" into its restriction to the boundary D" and adds the inward-pointing normal
vector of S"~! within D" to the s inherited normal vectors. This map is a Serre fibration; a
map p: F — B is a Serre fibration if whenever there is a homotopy ® : K x [ — B and a
lift ¢ : K x {0} — E (in the sense that po@(z) = ®(z,0) for all x € K), one can lift the
entire homotopy to a map ® : K x I — F that extends @ and covers ®: po d = &. Another
formulation of this property is that in the commutative diagram below, there is a dashed
arrow that keeps the diagram commutative:

Every Serre fibration has a fibre F' = p~!(b) (for any b € B), well-defined up to homo-
topy equivalence; the fibration itself is sometimes denoted by E 4B , omitting the actual
projection map. The homotopy lifting property also yields a long exact sequence

s = mi(F) = m(E) = m(B) = o (F) — ..

In our case, it is easy to check that the fibre of pis Y, and also X7 _is contractible (one
can just pull the entire disc along itself within the standard neighbourhood on the boundary).
The homotopy long exact sequence hence has trivial groups in every third place and therefore
splits into isomorphisms 7;_1(Y,Z,) = m;(Y,; 1 541). What we want to calculate is mo(Y,/0);

applying the isomorphism obtain above n times, we see that this group is isomorphic to
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T, (Yy,). But Y{, is the space of point pairs in RY, equipped with n normal vectors each,
with one of the points locked in a standard position. This means that Y, = R? x V,(R?),
and the desired group is isomorphic to 7, (V,,(R?)), as claimed.

There remains an obvious question: how to read this invariant off a given immersion?
For ¢ = 2n, one may count the double points of the immersion in question. For n even,
the double points of the immersion carry a natural sign, so their number is an integer; for
n odd, one can count the parity of the number of double points and get a number modulo
2. This number of double points is the same as Smale’s invariant except for n = 1, when it
can be refined to an integer as expected from I'mm/(S', R?) = m(V1(R?)) = m1(SO(2)) = Z.
In general, however, there is no way to get Smale’s invariant from the multiple point locus:
there exist embeddings of S® into R® that are not regularly homotopic. Distinguishing those
can be done by calculating the signature of a Seifert surface, but we will not give the details
here.

6.3 Milnor

A textbook for this day’s lecture is Milnor, Stasheff: Characteristic classes.
The goal today is to construct exotic spheres. This topic was started by Milnor in 1956,
when he constructed exotic spheres in dimension 7.

Definition 10. X" is an exotic sphere of dimension n if it is homeomorphic to S™, but not
diffeomorphic to S™.

6.3.1 Helper bundle

The construction relies on the existence of an auxiliary object:

Lemma 11. There exists a rank 4 vector bundle & over S* that has Euler class e(§) = a and
first Pontryagin class py(&) = 6a, where a € H*(S*) is a generator.

To explain the notions of the Lemma, start by recalling the Poincaré-Hopf theorem, which
states that for any tangent vector field v on an oriented smooth manifold M that has isolated
zeros, the sum of the indices of v at those vanishing points is the Euler characteristic of M.
A tangent vector field is a section of the tangent vector bundle p : T'M oM " a map
s: M — TM such that mos = idy. If the section s is transverse to the zero section (the
tangent spaces of the zero section and the graph of s generate the tangent space of T'M at
every intersection point of the zero section and the graph of s), then the index can be easily
checked to coincide with the sign that describes whether the innate orientation of T'(T'M) is
the same as the orientation defined by the orientations of the zero section and s. That is, in
this case the sum of indices of the zeros of s can be interpreted as an intersection number of
the zero section and the graph of s.

A similar consideration can be made for any oriented vector bundle ( — B over a smooth
manifold: take a section s : B — (, for a generic s the preimage s~1(0) is a submanifold
of B and its cobordism class is a topological invariant of (. Indeed, taking any two generic
sections s; and sq, they can be deformed into one another by a homotopy (for example,
linearly in each fibre); taking this homotopy to be generic as well, its vanishing locus forms
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a cobordism within B x I between the vanishing loci of s; and sy. In practice, rather than
using this cobordism class, it is easier to use the cohomology class represented by s7'(0), and
this cohomology class is called the Euler class e(() of C.

For the definition of the Pontryagin classes, we choose generic sections sy, ..., 5,_9;+2 and
consider the set of points in the base where the rank of the vector space generated by these
sections is at most n — 27. This is a manifold of dimension 45 and the cohomology class it
represents is the j™ Pontryagin class p;(¢) (note that the definition given in Milnor-Stasheff
is different and gives a class that may differ from this one by a 2-torsion cohomology class;
in our setup this difference is irrelevant).

6.3.2 From the Lemma to exotic spheres

Proposition 12. Assuming the Lemma, the sphere bundle S§ is an exotic T-dimensional
sphere.

First, we show that S¢ is not diffeomorphic to S7. Indirectly assume that it is; then one
can glue a ball D® to the disc bundle D(£) along its boundary to obtain a closed smooth
manifold M8. To arrive at a contradiction, we will use a signature formula. For a 4k-
dimensional manifold M one may take the “middle” integral cohomology group H?*(M) and
define an integer-valued symmetric bilinear form on it, the intersection form:

(@, B) = (U B, [M]).

(in fact, it is not necessary to use cohomology here; considering cobordism classes of 2k-
dimensional immersed submanifolds gives an abelian group, and taking the algebraic inter-
section number of any representatives of two gives cobordism classes gives the form that is
equivalent up to torsion to the one above). By Sylvester’s rigidity theorem the intersection
form has a well-defined signature, the number of positive entries minus the number of neg-
ative entries when diagonalized. The signature of M, denoted by o(m), is by definition the
signature of its intersection form. It is a fact that we will not prove here that signature is a
cobordism invariant and gives a homomorphism o : Q4 — Z.

A signature formula expresses o via the cobordism invariants we saw earlier, the charac-
teristic numbers. In dimension 8 it has the following form (discovered by Hirzebruch):

Tp2 [MS] - p% [MS] .

o(M7) = 45

Recall that py(M) is the class dual to the locus of points in M where a generic 6-tuple of
tangent vector fields spans a subspace of dimension at most 4; while p; (M) is the class dual
to the locus of points in M where a generic 8-tuple of tangent vector fields spans a subspace of
dimension at most 6. The class p?(M) is dual to the self-intersection of this latter submanifold
(its algebraic intersection number with a nearby perturbation that is transverse to the original
submanifold).

To see that this signature formula holds, observe that p?[M] and py[M] are cobordism
invariants of M (the vector fields that define the corresponding classes extend to the cobor-
dism), and by Thom’s theorem Qg ® Q is generated by the cobordism classes of CP* and
CP? x CP? (we don’t use it here, but in fact Qg = Z & Z with no torsion appearing). There-
fore the homomorphisms o, p, and p? must be linearly dependent and any relation between
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them that holds for CP* and CP? x CP? holds for any 8-dimensional smooth manifold. It
takes a short technical proof to show that

o(CPY) =1; p
o(CP2xCP?) =0; p

1[CPY] = 25; p2[CPY] = 10;
2[CP? x CP?] =18; po[CP? x CP?| =09.
Solving the resulting system of linear equation yields the signature formula.

Returning to our specific manifold M, we need to determine its invariants o, p? and p,
to check whether the signature formula holds. The signature (M) = 1, because H*(M) is
generated by the zero section of £, and its self-intersection is positive. The class p; (M) is
represented by a 4-dimensional submanifold, so it is enough to determine it in D(§). There,
T(D(&)) splits as the sum of (pullbacks of) T'S* — which has trivial characteristic classes —
and ¢ — which has p;(§) = 6a; hence p;(D(£)) = 6a. The characteristic number p?[M] is

therefore 36. Arriving finally to p,, we run into a problem: to satisfy the signature formula,
450'(M)+p%[M] _ 81

7 7
intersection points). This is a contradiction, proving that we cannot glue D® to D(&) keeping

the result smooth and hence S(€) is not diffeomorphic to S7.

the value py[M] would need to be while also being an integer (a number of

The second part of the proof is showing that S(£) is homeomorphic to S7. To achieve
this, we first use the Gysin exact sequence to calculate the homology of S(&):

o HUA(SY) U Bi(SY) o HY(S(€)) - HITHSY) -

It implies that S(¢) has the same homology groups as S7. It is also easy to see that S(&) is
simply connected. By Hurewicz’s theorem, it follows that m;(S(§)) = Z. A generator of this
group induces isomorphisms in all homology groups, therefore it is a homotopy equivalence.
Finally, we apply the generalized Poincaré conjecture (proved by Smale): if ¥" is homotopy
equivalent to S™ and n > 6, then %" is homeomorphic to S™. The proof is complete.

6.3.3 Bonus

Having constructed one example of an exotic sphere, one looks to construct more. Brieskorn
has found equations that define all the exotic 7-dimensional spheres; the family

Xe={(21,...,2) € S(C) : 281 4 23 422 4+ 22 + 22 =0}

of codimension 2 submanifolds of S? contains all of them. Actually, the exotic spheres in any
given dimension n form a group, and in the case n = 7 this group (determined by Milnor
and Kervaire) is Zsg. But then why are there infinitely many Brieskorn equations? Sziics
and Ekholm showed that the set of immersions of homotopy 7-spheres into S? up to regular
homotopy forms a group, and that group is isomorphic to Z @ Z4. The regular homotopy
classes that contain embeddings are a subgroup isomorphic to Z, and all the embeddable
classes that are in a certain sense “positive” are given by the Brieskorn equations.
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Problem session
(TAMAS TERPAI)

DAy 1

a) Show that for any n > 1 the sphere S?"~! admits a nowhere vanishing tangent vector
field!

b) Construct 3 linearly independent tangent vector fields on S3!

c¢) Show that for any n > 1 the sphere S~ admits 3 linearly independent nowhere
vanishing tangent vector fields!

. Prove that any positive dimensional compact Lie group is null-cobordant!

3. Show that the Pontryagin construction is a special case of the Thom construction!

DAy 2

. Calculate the homotopy group ,(V,(R?")) using the homotopy long exact sequence of a
fibration!

2. How many regular homotopy classes of immersions of a cylinder S* x I into R3 are there?

3. Let ¢ : S"1 — S"~! be a given diffeomorphism. Define the twisted sphere ¥" = D" U D",

@
Show that X" is diffeomorphic to S™ if and only if ¢ extends to a self-diffeomorphism of D™!

. Prove that if f : M? 9 R?**! is an immersion of an oriented 2k-manifold M into the 2k + 1-
dimensional Euclidean space, then the degree of the Gauss map of f (as a map from M to
S2F) is x(M)!
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