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1 KdV equation and Schrodinger operator

1.1 Integrability of Korteweg — de Vries equation

Let u := u(z,t) be a function on = € R depending on a time parameter t. We will denote
Uz, Uge etc. the derivatives with respect to x, u; will stand for the time derivative. With
these notations the Korteweg — de Vries (KdV) equation is the following partial differential
equation

U = 6UUL — Uggq- (1.1.1)

Using linear transformations (z — ax, t — [t and u — ~vyu) we can change the coefficients
as we want. Another standard form often used in physics is

Ut + Uy + Uyze = 0.

A deep relationship of the KdV equation to the spectral theory of the Schrédinger oper-
ator
L= -0+ u(x) (1.1.2)

was discovered in 1967 by Gardner, Green, M. Kruskal and R.Miura (we will often write 9,
instead of the derivative operator %). Namely, let the potential u = u(x,t) of L depend on
t according to the KdV equation. The key observation is the following: the spectrum of the



operator remains invariant under time (the so-called isospectrality). To show this invariance,
we use the following remarkable identity.

Theorem 1.1.1. The KdV equation is equivalent to the following operator equation
Ly = [L, A] (1.1.3)
where L is the Schrdodinger operator (1.1.2) and
A =492 — 6ud, — 3u,. (1.1.4)

Here
[L,A]=LA—-AL

is the commutator of the differential operators.
Proof Note that the Schrodinger operator depends on time through its potential u = u(x, t).
So the time derivative in the left hand side of (1.1.3) reduces to

Lt = Ut.-
Therefore to complete the proof of the Theorem it suffices to establish validity of the following

Lemma 1.1.2. The commutator of the differential operators L and A is the operator of
multiplication by a function:
[L, A] = 6uuy, — Uggy. (1.1.5)

Proof We have
[L,A] = [<02 + u,402 — 6ud, — 3u,] =
= 6[0?, udy| + 3[02, uy] + 4[u, 03] — 6[u, ud,]

since 97 and & commutes and u for all i and j and the operators of multiplication by
functions u, u, etc. commute too. Let us compute the commutators applying them to a
sample function f:

(02,40, )f = tae fo + 2ua frn + ifrrm — uferr,
02, U] f = Usaa f + 2Uae fo + Unfrz — Urfza:
[u BN f = ufszz — ufszs — 3o for — s fo — Usanf,
[, udy] f = w(udy f) — ude(uf) = ¥277 — 1207 — uue f = —uu, f;

so we have

[ Oz = Uy Oy + 2uz02,
[u 83

2]
[u, u0y] = —utsy.

*3uz 3ux$az — Ugzxa,



Applying these results we obtain:

= —Uggy + OUUL = Uy;
where the last equality coincides with the KdV equation. O

The operator equation (1.1.3) is called Lax representation of the KdV equation.
Now we are ready to prove isospectrality.

Corollary 1.1.3. Let A be an eigenvalue of the Schriodinger operator L satisfying (1.1.3)
and 1 € L*(—o00,+00) the corresponding eigenfunction,

+o0 9
D=3 )= [ Julde < 4ox.

— 00

Then A = 0.

Here the dot above stands for the time derivative, so
L= L; = 6uuy — Upgy-
Proof. Differentiating the equation L) = A\ in time we obtain
Ly + Lip = M + L.
Replacing L with [L, A] and reorganizing terms, we have
A+ AY) = L(3) + Av) + M.
Taking the inner product by ¢ we obtain
AW, + AY) = (v, L($ + Av)) + A(¥, v)

and using the fact that L is self-adjoint, we move it to the left of the inner product and we
cancel two terms. So we obtain A(¢,¢) =0, i.e. A =0. O

In other words, any eigenvalue of discrete spectrum of L is a first integral of the KdV
equation. When saying this we consider KdV as a dynamical system in a suitable space
of functions u(x) (in this setting the space of smooth functions on the real line rapidly
decreasing at infinity, see next section for the precise description of the functional space).
The integral curve u(x,t) passing through the given point ug(x) of the functional space is
obtained by solving the Cauchy problem

U = 6UUy — Uppy (1.1.6)
u(z,0) = up(x).

One can easily derive isospectrality also for periodic functions (see Section 1.6 below).



1.2 Elements of scattering theory for the Schrodinger operator
Informally speaking the scattering describes the result of passing of plane waves 1) ~ e
through the field of the potential u(z), from x = —o0 to © = 4+00. The simplest way to

define the scattering is the case of a compact support potential,
u(z) =0 for |x|> N.
In this case we have a pair of linearly independent solutions
Loio(z, k) = k2¢10(x, k), ¢z, k) =eF*® for <N

and
Ly o(w, k) = K21 2(7, k), 12(x,k) =T for >N

for any real k # 0. The scattering matriz is the transition matrix

gbl (:ZE, k) = all(k)l/}l (.’,E, k) =+ agl(k)ﬂ}g(I, ]{1)
p2(@, k) = ar2 (k)1 (2, k) + aza (k)2 (z, k)

between these two bases in the space of solutions of the second order ordinary linear differ-
ential equation

—¢" +u(2)y = k*y.

As the space and the bases depend on k, the transition matrix depends on k either. It is
easy to see that this matrix is unimodular and satisfies

agg(k) = &11(](1)7 agl(k) = C_ng(k)7 keR

(bar stands for the complex conjugation), see below for the details.

Let us now explain how to extend this definition for the case of non-localized potentials
decaying at || — oo.

Let u(x) be a smooth real function on the real line x € (—oo, +00) (for the moment not
depending on t) such that |u(z)| — 0 for || — +o00. Moreover we assume that

+oo
/ (14 |z))|u(z)|dz < 4o0.

— 00
Under these assumptions the discrete spectrum of the operator

d2
L=——s
dxz + U(x)

consists of a finite number of negative eigenvalues

AL <o <A <0

Lps = Astps with 1, € £2(7OO, +OO)
+oo
that is, Y2 (z)dr < +00).



The continous spectrum of the operator L coincides with the positive real line. The so-
called Jost solutions' are defined in the following way. Let A be a positive real number; let
us choose a basis in the two-dimensional space of solutions of Li) = A\ip. Introduce k£ € R
such that k2 = X and fix two solutions for every k (to one A corresponds two k, positive and
negative). The solutions 91 (z, k) and s (z, k) are chosen to satisfy

Y1(x, k) ~ e * £ o(1) for x— +oo and (x, k) ~ e 4 0(1) for z — 4oo0.
(1.2.1)

Lemma 1.2.1. For every k € R, there exist exactly two solutions with the chosen asymp-
totical behaviour (1.2.1). Moreover, the solution 1y extends analytically to the upper half
plane (Sk > 0) and

. 1
Yo, k)™ =140 (k) for  [k[ — +o0

Proof. We use the Picard’s method reducing the differential equation

V' kY =uy (1.2.2)
plus the asymptotic conditions of the form (1.2.1) to an integral equation.
1. Solve the homogeneus equation 9" + k21 = 0: ¢ = a1e’*® + age™ =,

2. Use variation of constants to solve the inhomogeneous equation v” + k%) = f with
f=wu1: let a; = aj(x), these functions have to be determined from the linear system

1 ikx ! —itkr 1
a1e’™ — ase = 4f
alleik:w + aée—ikx = 0
The solution reads a} = 5ze~™** f and a} = — 5z’ f. So

ar(z) = a? —|— / f(y)e*vdy

az(i’? 2 2zk/ f Zkydl/

1 1

b(z) = 5 / "Dy (y)dy — — [ “M—%(mw( )dy + afe’* + ade= e,

2ik 2ik

3. We fix the basepoint 2o = +00 and set the integration constants as a =1, a3 = 0, to
have the desired behaviour at infinity

¢ ~ eikm

IThey are also the generalized eigenfunctions of the continuous spectrum of L




We arrive at the following integral equation for the function (x) := o (z, k):

o0 sink(z —
wle) = e — [T )ay, (123)

The solution to (1.2.3) is represented by the sum of a uniformly convergent series

Y=1ho+ U+ o+ ..., thy = e

T gink(z —
i) = = [ D) ) ay

+oo
)] < U@ where Ula)s= 1 [ lu(w)ld.

Tt is easy to see that the solution v (z) satisfies the differential equation (1.2.2) and
l(z) —e*?| < V™) —1] -0 for z — 4oo.

Observe that 1, := 15. So the above considerations also prove existence and uniqueness of
the solution 1 (z).

We will now prove analyticity of ¢o(z, k) for Sk > 0. Replace ¢ (z) with e
prove analyticity of x(x) satisfying:

ikx

x(z) and

too L Lsink(z — .
X(x)=1—/ oike K@ —y) y)u(y)ekyxdy

k
+o00 1— eZik(y—x)
=1 — - - du:
/x s uWx(y) dy;
and now |e2*#(=2)| = £2Sk(@=v) — ( for |k| — oo, Sk > 0 since z —y < 0. Solving the above

integral equation by iteration we easily prove the needed analyticity in k£ of the solution
X- O

We found that for every k there is a unique solution of Lt = k?1), with the prescribed
asymptotic behaviour as * — +o0o. Similarly we can prove existence and uniqueness of two
solutions ¢1(x, k), ¢a(x, k) with the following behaviour at x — —oo:

¢)1 ~ efik:w and ¢2 ~ eikz.
Using similar arguments we can also prove that ¢; extends analytically to Sk > 0.

Lemma 1.2.2. The functions ¢ = 12 and W, for k # 0, form a basis in the space of
solutions. Similarly for ¢ := ¢1 and ¢.

Proof. We compute the Wronskian of 1) and ), i.e.
W (3, 9) = 9"y — 3.

This does not depend on = so we can compute it for z — +oo: W (1), ) = 2ik # 0. O



In particular we got two bases in the space of solutions, (i,) and (¢, ¢). We can define
the transition matrix between these two bases (expressing ¢ in terms of ):

oz, k) = a(k)(z, k) + b(k)(z, k).
Taking conjugates we obtain ¢(x, k) = b(k)d(x, k) + a(k)y(x, k). This gives the scattering

matrix
a(k) b(k)
b(k) a(k)
o — g (@F) (k)
(¢7¢) - (w,w) (E(k) d(k‘) :
Lemma 1.2.3. The determinant of the scattering matriz is 1 (i.e. the scattering matriz is

unimodular):
la(k)|* — [b(k)|* = 1.
Proof. This follows from the fact that the Wronskians of (¢,v) and (¢, $) are the same,

since W is an invariant skew symmetric bilinear form. O

Lemma 1.2.4. a(k) can be analytically extended to Sk > 0.

Proof. The Wronskian of ¢ and ¢ is a(k)W (1, ¥) + b(k)WHp ) so that a(k) = 51z W (¥, ¢)
and this Wronskian can be analytically extended to Sk > 0. O

Moreover, in the upper half plane, a(k) ~ 1+ O(}) as |k| — co. Therefore, a(k) has at
most a finite number of zeroes in the upper half plane. We will see that these zeroes are
related to the discrete spectrum.

Lemma 1.2.5. We have a(k) = 0 if and only if there exists a solution to L1 = k*i that is
exponentially decaying at infinity (and therefore is in L?(—o0, +00)).

Proof. 1f a(k) = 0, then W (¢, ¢) = 0, so ¢ is proportional to 1. But ¢ ~ e~ as x — —o0
and 1) ~ e*** as & — 4o00. In the upper half plane Ik > 0 we have

le7*e| = ¢Sk® L0 for & — —o0.

A similar exponential decay takes place for |[e?**| = e=S** for 2 — 4-00. O

So zeroes of a(k) correspond to eigenvalues of the discrete spectrum: a(k) = 0 if and
only if A = k2 is a point of the discrete spectrum. Since \ is real negative, so k must be

an imaginary number, with positive imaginary part. Denote these zeroes ik1, ..., ik,, With
K1 > -+ > Kp > 0 for some n > 0 (the discrete spectrum is empty for n = 0). Then
\; := —k? are the eigenvalues of the discrete spectrum of L. The eigenfunctions of the

discrete spectrum are ¢s(x) := ¢(x,irs) and we have

efs? T — —00
¢S($C) = { kT
bse "% 1 — 400
for some by € R. One can show that the signs of the real constants by, ..., b, alternate:

(=) by >0, s=1,...,n.

So, from the original problem we derive these scattering data:



1. the reflection coefficient r(k) := %, for k € R;
P Y
3. b1,...,by,.
Example 1.2.6. Let us consider the Schrodinger operator with delta-potential
L=-02+ad(z), acR.

Here 6(z) is the Dirac delta-function:

/ffuwWszﬂm

for any smooth function f(z) rapidly decreasing at infinity. For two continuous functions
fi(z), fa(z) on R smooth outside = = 0 the following simple identity holds true

| 1h@)Lae - p@LA@) d
= f1(0) [erf2(0) — f2(04) + f3(0—)] — f2(0) [evf1(0) — f1(04) + f1(0-)] -
So the eigenfunctions v of the operator L must satisfy [?]

—"(x) = A(z) for z#0
(1.2.4)

¥'(04) = ¢'(0-) = a9(0).

It is easy to see that for any negative o the operator L has exactly one eigenvalue of the
discrete spectrum

o?
4

A= — Y =e3ll,

For o > 0 the discrete spectrum is empty. The generalized eigenfunctions of the continuous
spectrum can also be constructed explicitly: for any k € R

_ 2k tia —ikx i ik|x|
o(z, k) = TR 57 ¢

_ 2k +ix ikx i ik|x|
Y(x, k) = TR YA

Indeed, these functions satisfy (1.2.4) with A = k? and

This gives




Thus the reflection coefficient of the potential u(z) = ad(z) is equal to

xe’
k)= — .
T
For negative o one has to add the numbers
o
K 5

associated with the discrete spectrum in order to complete the list of scattering data.
We have constructed the scattering map
{potential wu(z)} — {scattering data (r(k),k1,.-.,5Kn,b1,-..,bn)}

It will be later shown that, under certain analytic assumptions about the reflection coeffi-
cients, the scattering map is invertible (see the next section). Let us now describe the time
dependence of the scattering data assuming that the potential u = u(x,t) depends on time
t according to the KdV equation.

We have seen that the KdV equation u; = 6uu, — tge, is equivalent to L= [L, A] where
L=-0?+uand A=493 — 6ud, — 3u,.

The next theorem describes the scattering data.

Theorem 1.2.7. If u:= u(x,t) satisfies the KdV equation, then
1. 7(k) = 8ik3r(k),
2. ks =0,
3. by = 8k3b,,
for s e {l,...,n}. So we have:
1. 7(k) = ro(k)eS*"t,
2. ks = ks(0),
3. by = by(0)eSr2bst,

Proof. In the first lecture using the KdV equation represented in the form L= [L, A] and
differentiating Li) = A\ in time, we derived the following identity

L(3 + Ap) = M) + Ap) + M.
We use these formulas in the following.

We take A := k? so that k € R is fixed; by definition, A =0, so ¢ + At is again an
eigenfunction for A and must be a linear combination of ¢ and :

P+ A = anp + By,

10



with o := a(k) and 8 := B(k). The behaviour of this new solution at z — oo is —4ik3e’*;
the behaviour of the right side is ae™"? 4 Be*** so we must have a = 0 and 3 = —4ik®. In
the same way we get these results:

b+ A = —dikPep, O+ A = 4ik3,
¢+ Agp = 4ik>¢, b+ Ad = —4ik3.

We consider ¢ = a1) + bp and take time derivative: ¢> =ap + bw + cmZ + bip. So
b+ Ag = it + b + a(t) + A) + b(v) + AY)

and substituting what we found before, we have 4ik?(at)+ b)) = ayp + b+ dikPar) — 4ik3bip.
Elaborating this we get differential equation for a and b, obtaining @ = 0 and b = 8ik3b,
from which we get 7(k). .

For the last statement, we do the same trick with ¢s + Ags = 4k3¢s. O

1.3 Inverse scattering

The direct scattering problem is to compute the scattering data from the given u(x);
so the inverse scattering is the problem to reconstructing w(z) from the scattering data
(r(k)y K1y ..., Knyb1,...,b,). Let us discuss the properties of the scattering data.

Starting from the reflection coefficient r(k):

L. it is a function defined on the real line satisfying the symmetry r(—k) = rj?c) Indeed,
the substitution k — —k exchanges the roles of i) with ¢, and ¢ with ¢; moreover,
r(k) ~ O(%) for |k| — +oo;

2. |r(k)|] < 1, for every k € R\ {0}, since the scattering matrix is unimodular;

3. the Fourier transform
1 [T

7(z) = — r(k‘)eikmdk‘;

T omi )
satisfies fjﬁ:(l + |z])|F(z)| dx < +o0.

For the discrete spectrum kq, ..., k, and the by,...,b, we do not have many costraints:
K1 > -+ > Ky, > 0 are real, by,...,b, are real and non zero and we will see that signbs; =

(_1>571.
The first question now is how to reconstruct the functions a(k) and b(k) from the scat-

tering data. We have
1

=P

so we must find the argument of a(k). We define

[I(k +iks)
[1(k —iks)’

la(k)| =

a(k) := a(k)

11



this is again analytic in the upper half plane (since zeroes of the denominator cancel with
zeroes of a(k)); for k € R, the modulus of a(k) is equal to the modulus of a(k), since the
rational function ‘

[1(k + iks)

[1(k — iks)
is unimodular for £ € R. Moreover, a(k) has no zeroes in the upper half plane and still

behaves like 1 + O(3). We can reconstruct now the argument of a(k) using the Cauchy
integral applied to loga(k):

N 1 o Jog |a(k’
arga(k) = ——V.p. / %dk

—00

and then

1 k—iks 1 % Jog |a(k’
arga(k) = H Zlog Kk p /_Oo %k)‘dk’.

The next will be:

1. define

where a'(k) := La(k);
2. solve the Gelfand-Levitan-Marchenko integral equation for the function K = K(z,y):

+oo
K(z,y) + F(z+y) + K(z,2)F(z +y)dz = 0;

— 00

3. prove that u(z) = —2%- K (z, ).

This procedure comes from the theory of the so-called transformation operators: as an
example, start from Ly := —9? and go to —9? + u(x); from the basis of solution of Ly,
(e'¥®), g We can go to the basis (¢(z,k)), g of solutions for L. Remarkably the matrix of
the transformation operator is (upper) triangular! The following general statement from the
theory of Fourier integrals is useful for establishing the triangularity.

Lemma 1.3.1. If f(k) is analytic in the lower half plane and behaves like O(7) for |k| —
400, then the Fourier transform

A +OO .
for =5 [ fwetar

is zero for x < 0, and viceversa.

Proof. The shift k +— k —ia with a > 0 changes the exponential from e’** to e’***47_ Such
a shift does not change the integral. Therefore the modulus |f(z)| for negative x admits an
upper estimate as small as we want. O

12



Let us denote ¢_ := 1. It admits an analytic continuation into the lower half plane
Sk < 0. Moreover the product

X—(z, k) == _(z, k)e*®

admits an asymptotic expansion of the form
1
X—(z, k) ~1+ O(E)’ |k| — 00, Sk <O.

Denote
L[t
Az, y) := —/ e (x_(x, k) —1)dk

21 J_ o

the Fourier transform of x_(z, k) — 1 with respect to k. Due to Lemma
A(z,y) =0 for y<O0.

Now taking the inverse transform we get

+oo )
X—(z, k) =1+ Az, y)e~*dy,
0

where the integral starts from 0 thanks to the lemma. Finally,
voa k) = [T Ay ey -
0
. +Oo . ~
= et 4 / Az, — x)e_““ydg],
x

changing variable (¢ := y + x). Denoting K(z,y) := A(z,y — x), we get

“+o0
V_(x, k) = e * 4 K(z,y)e "™ dy.

x

Applying complex conjugation and k — —k to this formula, the only thing that changes is
the conjugation of the kernel K (x,y); therefore it must be real for y > x.

Let us derive the GLM equation. From ¢(x, k) = a(k)y(z, k) + b(k)y(z, k), muliplying
by 2(—2; and integrating with respect to k, we obtain

i Meiky — e T r " eiky
/_OO ) dk—/_oo (—(z, k) + r(k)Y(z, k))e™ ¥ dk.

Since these integrals will be not well defined, we subtract something:

[ (e o= [tk it e

13



In the left hand side we have the fraction which has a finite number of simple poles (not yet

proved, but will be); after the subtraction we have the desired behaviour at infinity (O(3))

and so we can express the left hand side as a sum of residues for k € {ikq1,..., ik, }:
) Pz, iks) oy
271 Z me .
Now, ¢(x,iks) ~ bse=® for & — +00; but ¢(z,iks) = bsb_(x, —ikg) and
+oo
Y_(x,—iks) = ™% + K(z,y)e "*dz.

xT

Finally, the left hand side is

n
bsefnsa: +oo bsefms(z+y)
2 —— +2m K(z,z —dz.
2wy T K@D s
From property of the Fourier transform on the right hand side, we justify the additional
terms in the GLM formula.
From the integral equation for x_(z, k) we see that

I 1
x-(z,k) =1+ 2k J, u(xz)dz + O(ﬁ)
Comparing with
—+o0
X—(z,k) =1+ Az, y)e” M dy
0

What we would like to prove is that %f;oo u(x)dx = K(z,x).

1.4 Dressing operator

We recall briefly some properties of the Fourier transform of an integrable function f(x)
with z € (—00, +00). The Fourier transform of f is

~ +OO .
f(k) 1/ f(@)eeda,

:ﬂ .

where the coefficient is a normalization one that can be changed if needed. The inverse
Fourier transform is

“+oo
f(z) = / f(k)e %= dk;

— 00

1 +o00 +o0 i +oo 1 +o0 el
=g [ an [ awe e sy = [y [ et
— 00

—0o0 —0Q0 — 00

and % fjoooo e~k @Y dy =: §(x — y).

14



We study now the decay at oo. If f € CU™(R), then f(k) ~ O(]k|=™). Indeed, by
integration by parts:

~ +oo . . + +oo .

We define now the transformation (or dressing) operator. We have 9 (z,k) = e** +
f;oo K(z,y)e?*dy and ¢_ (v, k) = e~ + f;oo K(z,y)e”*¥dy. What is behaviour of v
for |k] — +00? We can repeat the same argument as before:

) 1 ) +oo 1 +oo )
U(a k) =™+ | - K(x,y)e™| - — Ky (z,y)e™dy
ik N ik J,
but now the first term do not vanish since the lower limit is . Iterating these arguments

we can expand asymptotically ¢ (z, k) (obviously if K is infinitely differentiable in y). So we

have
_ §i(z) | (=) pika
'lz](l‘, k) - <1+ 7/](; + (Zk)Q +...> .

We observe that i is the integral of the exponential, so we may write

eik‘a: B ik
=0

so that we have
Y, k) = (14 & (2)0; 1 + & ()0, % + ... )™,

The operator between parenthesis is called the dressing operator P. If 1 is a solution for
the Schrodinger operator L, then ¢ = Pi)g, where 1 is a solution for Ly = —92. Then we
could say that L = PLoP~!.

Now we use the dressing operator to obtain a different way to derive of the GLM equation.
We have

¢(z, k)

a(k) = 1/’—(% k) + T(k)w(x’ k)a

since a(k) ~ 1+ O(%) and ¢(z, k) ~ e~** for |k| — +oo, then, as we did before, we must
subtract e~ *** to both side to obtain an integrable function. Then we can take the integral
in k:

+o0 +oo
/,oo %T) et = [ (k) - e (k) Ry

We multiply both side by ¢**¥ so that the left hand side is the sum of the residues relative
to the kj:

7W —ksy.
(iks) o
but now we can rewrite it using the dressing operator. Substituting ¢(z, iks) with bsi(x, iks)
and 9(z, ik,) with e % 4 [**° K (2, z)e~*+*dz, we obtain this form for the left hand side:

2miy o(z, st)/
a
s=1

n
+oo b6

. & bS —ks(z+ . 5 —ks(z+
zmza’(ik )e s(@+Y) 4 o K(x,z)zme s(24Y) g7
s=1 s z s=1 s
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As for the right hand side,

+o0
(Y (x, k) — e~ F7)eiky = K(z,2)e” kv,

xT

so integrating by k we have 27 f;oo K(z,2)0(z—y)dz = 2nK(x,y). We have to add the last

part of the right hand side, f;oo r(k)y(x, k)e?*¥dk, that we change again with the dressing
operator: it is

+oo ) +oo +oo .
/ r(k)e*Wro)dr = / r(k)dk K(z,2)e*H)ds =

+oo
=2nf(r +y) + 27 K(x,2)f(z +y)dz.

x

Summing up, we can divide all terms by 27, obtaining the equation

lz_; e [ wan X_; g e =
=K(z,y) +7(x+y) + o K(z,2)f(z + y)dz;
after moving ¢ to the denominator, we get
Mo +y)+ 22 m,l();ks) e Felety) 4
+ K(z,y) + o K(z,2) (f(z +y)+ i w,?;k )e—’fs<z+y>> dz = 0.
z s=1 s

The sum of the first two terms is what we called before F(x); after this substitution we have
the GLM equation.

To derive the formula u(z) = —2% K(z,z), we observe that & (z) = —K(z,z), so
substituting v with (1 + &z—(,:) +...)e in " 4 urp = k) gives the formula.

The last thing that was left to prove is that the zeroes of a(k) are simple, i.e. a’(iks) # 0.
Starting from L¢ = k?@, derivating by k we have Lo’ = k?¢’ — 2k¢ so (L + k2)¢' (w, iks) =
—2iks¢(x,iks). Multiplying by ¢(x,iks), integrating in z and denoting ¢ := ¢(z,iks) and
¢ = ¢'(x,iks), we obtain

+oo +o00
/ (L + k2)p¢'dx = —2ik5/ Pde.

—o0 —00
Integrating by parts we have
+oo

(08, — ¢ud|TS = —2ik, P2 da.

— 0o
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We know that ¢? is exponential decaying at oo; as for the left hand side, ¢ has the same

property and
o zeks® T — —00
a'(iks)ebs™ + ... x— +oo

where the omitted terms are exponentially decaying. After working on the previous identity,
we finally get

+oo
ia' (iks)bs = / ¢*(z,iks)dr € RT.
— 00

With this last statement we also proved that the sign of by are alternating.

1.5 Particular case: reflectionless potential

To solve the initial value problem for KdV in the class of rapidly decreasing initial data
uo(x), we have to: solve the scattering problem (find r(k) for the given potential ug(x), the
ks and the by); define the function

o0 3
F(J? t) 1 / (]{1) ikx+8ik tdk‘—‘rz

b e—k m+8k t

27 ia’ (iks) ’

then solve the GLM equation

+oo
K(z,y,t)+ F(z+y,t) + K(z,z,t)F(z 4+ y,t)dz = 0;
x
finally compute u(z,t) = —2%-K(z,z,1).

This is not really all computable. We'll try to solve a particular case, in which (k) = 0
(this case was previously solved by Bargmann in 1949). In this case, the first term of F(z,t)
vanish and the integral equation can be solved explicitely. Forgetting for the moment about
time dependance, we have

n
bs
F(z) = E e ke
(z) ia’ (iks)
s=1
and the fraction is a real positive coefficient that we’ll denote with ¢s. Then

K(z,z2) Z e ke (xHY) gy — Z Es(x)e_kﬂy,
s=1 s=1

where é(z) = ¢s f;oc K(z,z)e **dz. We look then for solutions like K (z,y) = "1 | K;(x)e *¥:
substituting what we know in the GLM equation we get

ZK 7ky+ZCe k(m+y)+2/ Ki( e kiz i ki(z49) g, = 0

and this last term is equal to

—+oo

x

—(ki+k;)
6 z — k.
E K;i( Ny yy cre” Y,

1,j=1
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Now we can put the equation in the form of a linear system of n equations

N e~ (kitkj)x
KiJFZCinj :*Cieikiw, 1e{l,...,n}.
j=1 v

So the matrix of the system is A such that

e (kitkj)z
Ay =6y, 4+
g =0 1T¢
k; + kj
. &)
and we can solve the system with Kramer’s rule K; = 9t42

After this we have to compute K(z,):

K(z,x) = ZKi(x)e_k”” = me‘
i=1

1=

We define another matrix A incorporating the exponential so that K (z,z) = 2?21 dfitf:) :

to do that, A is obtained from A substituting the j-th column in this way:

67(k1+kj)1

a ki+k; —616—(]61—*_,6]')z
—2k)x
e J . o—2kx
1+CJ72kj — cje” =N
c e~ (kntkj)z 7Cnef(kn+kj)w .
n kntk; i ¢

We observe that the substitution is really a differentiation so that we get

d
o—det A
az SO d—logdetA(x)

Kleo)=Sod ~ @

and then )

u(z) = —2% log det A(x).

Studying the reflectionless case, we saw that F(x) assume the form Y 1 ¢;e” % with
¢; positive real constants. This allows us to solve the GLM equation as a system of n linear
equation for the n unknowns Kj(z),...,K,(x). Then we arrive to the potential u(x) as
-2 32? log det A.

Now we’ll inspect the dependency on time. We recall that ¢; was defined as —mgﬁ:
the numerator does depend on ¢, but the denominator does not. Including time dynamics

3
we get cg — cge3Fst,

Exercise 1.5.1: Denote w; := k;(x — 4k?t); let
Cief(wi+wj)

& QT k‘i—‘rk‘j

?

prove that u(z,t) = —2% log det A(z, ).
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In the case n = 1, we have
ce—2ke+8Kt

A=1
MY
so that
d 6672km+8k3t
—logAd=——p—u=
ce—2k+8k3t
dx 1+ 2k
Le—2l~cw+8k3t +1-1 o2k
= —2k 2 ce—2kz+8k3t = —2k + ce—2kz+8k3t ;
1+ s 1+ —r
deriving again,
a2 2k0672km+8k3t Ve ce=2
@logA: —2kz+8k3t z = = w C ,—w z =
(1 + %) =2 (e¥ + e V)
Qk;/f k2

) o <ﬁew + Jfke‘wf ~ cosh®(k(z — 4kt — x0))

where g = ﬁ log 57 -
Then the solution of KdV is

2k?
cosh? (k(z — 4k2t — x¢))

u(zx,t) =

which is called the soliton solution. This solution is moving to the right with constant speed
4k?; xo is just interpreted as a phase shift. For fixed ¢, the graph of the solution resemble
the opposite of a bell; as time goes on, the bell travel to the right. Another way to see this
is to find solution to the KdV in the form u = u(x — ct).

Substituting in the KdV, we get —cu’ = 6un’ — u, that is —cu = 3u? — " + a, ie.
" = 3u? 4 cu + a. This is the equation for the motion of a particle in a specific cubic

potential V' := V (u) defined by u” = —8212”): the potential is then

2
V(u) = —u® - c% + au + const.

We can solve this equation using the conserving of energy:

()’
2

+V(u)=F
and we get the elliptic integral
/ du
———— =1 — 0.
V2(E = V(u))

Now we have to use particular values of the integration constants to impose the decaying
behaviour of the solution. In particular we have to choose the right energy level F in such
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a way the particle can pass over the mountain of potential given by the cubic polynomial.
If we choose a lower energy level, then the solution is periodic and is called a cnoidal wave;
if the energy level is greater, then the solution does not decay at infinity.

If n > 1 we have a nonlinear interaction of solitons with different x(; asymptotically
they look like a sum of noninteracting solitons; but for finite time there may be nontrivial
interactions deriving from the different velocities. In particular, at the beginning the amplest
bell will be on the left (since its xg is lower), but at infinity it will be on the right (since its
velocity is greater). If we denote with ) the phase at a particular time, we get

Lo, (ki ?
ok o \kit+ k)

1.6 Bloch spectrum of the Schrodinger operator with a periodic
potential

Ty —xy = E Az*, with Az"7 =

Jlzj<z;

We now consider smooth real periodic potentials
u(x+T) =u(x)
of the Schrédinger operator.

Definition 1.6.1. The Bloch spectrum (or stability zone) is the set
A€ C such that 3 solution to Ly = A\, bounded Vx € R.

Theorem 1.6.2.

1. The Bloch spectrum is a collection of (finite or infinite) real intervals [A1, A2], [A3, Aal, - . .
with Ay < Ao < A3 < .... If there are only a finite number of intervals, then the last
one is [Aap+1, +00].

2. Consider the Riemann surface

I:={(\v)eC?v?= H()\— Ai)

i>1

(we will explain later how to manage the infinite interval case); then for any v € R,
there exists a function (xz, P) meromorphic in P € T such that:
e its poles are not in some interval (Ao;—1, Aa;);

o the restriction of ¥(x, P) to the internal part of the Bloch spectrum (i.e., P =
(A, v) is such that X € (Aai—1,A2:)) is a pair of independent solutions P (z, \) to
Ly = My bounded for every x € R;

o (x,\) has exponential behaviour at infinity.

Example 1.6.3. If u(x) = wup, then Ly = A corresponds to " = (ug — A\)yp and its
solutions if \ # ug are 14 (x, \) 1= eF?VA~u0% At least one solution is bounded for every
z € R if and only if /A —ug is real; this means that A € R and A > wug. Hence the
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Bloch spectrum is constituted by only one interval [ug, +oo]. If A > wug, both solutions are
bounded; instead if A = ug, ¥; = 1 and 2 = x are the two solutions. The solutions 11 are
not analytic on all the complex plane for A, since we have a square root. But it is analytic
on the Riemann surface given by v? = X\ — ug: infact we can rewrite the two functions as
a single function ¢ (x,v) = e#®. What we are doing is take two sheaves over the inner
part of the interval glued at A = ug; the two-valued function ¢ (considered as a function of
A) becomes a single-valued function (considered as a function of v). In general, for every
bounded zone in the Bloch spectrum, we obtain a circle.

We now define the monodromy operator as Ti(zx) = (z + T). If we fix A, we have a
2-dimensional solutions space to L) = A\); we denote uy (A) the two eigenvelues of 7' in the
solutions space (depending on \).

Lemma 1.6.4. The Bloch spectrum contains A € C if and only if there exists an eigenvalue
w(A) of T such that |u(N\)| = 1.

Proof. It |u(A)| > 1, then |¢(z+nT)| = |u(N)|™|¥(x)| goes to infinity on the right; if
|(A)] < 1, it goes to infinity to the left. O

We have now to choose a basis for the space of solutions to Ly = \p. We fix g € R and
let ¢ := c(x,70,A) and s := s(x, 70, A) be such that ¢,, =1, Cixo =0, 8z, = 0, szo =1
Any other solution y such that y,, = yo and y"zo = y(, is represented as cyo + sy
Example 1.6.5. If u(z) = 0, then ¢ = cos VA(z — 2¢) and s = % sin vV A(z — 2¢). In this

case both functions are entire functions in A (since cosine is an even function and sine is

odd).
Lemma 1.6.6. The functions ¢ and s are always entire functions in A.

Proof. The function ¢ as a function of x is determined by

o) = cos V(e =) + [ TV )0

for s, we have
sin V\(z — ) sinVA(z — ) .
el [ sy

expanding this functions we get the analyticity. O

0

We define the monodromy matriz as

T, \) = c(xo+T,20,\) s(xo+T,x0,A\)
O TN (w0 4+ T, 20, N) ' (w0 + T, 0, \)

so that
(C(ZL’ + Ta Zo, )‘)7 S('T + Ta Zo, )‘)) = (C(iﬂ, Zo, >‘)7 S(QE, Zo, )‘))T(x()v >‘)

As a corollary we get that the monodromy matrix 7' is composed by entire functions in
AreC.
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We begin the study of the solution of the Schrédinger operator L in the case of a periodic
data u of period T. For a given parameter A € C and a given zg € R, we defined a
basis (¢ = ¢(x,x0,A),s = s(x,x0,A)) of the space of solutions of Lip) = A\, given by two
entire function in A\. We also defined the monodromy operator Ty(z) = y(z + T) and the
monodromy matrix T(xg, A); the entries of this matrix are also entire in A; moreover, T is
unimodular, because in the space of solutions we have an antisymmetric bilinear form (the
Wronskian) which do not depend on z and in particular on the shift by a period. Let u an
eigenvalue of the monodromy operator and ¢ an eigenvector (also called a Bloch function),
so that ¢(z 4+ T) = py(x).

To find p we have to find the eigenvalues of T'(xg, A), i.e. the roots of det(ul —T) = 0.
To write down this equation, denote with A the half trace of T: it depends only on A
(and not on zy), since changing the choosen basis (c,s) conjugate T with an invertible
matrix A, but this do not change A. It is also an entire function and we can write the
characteristic polynomial as u? + 2A(A)p + 1 = 0, since T is unimodular. So, the solutions
are py(A) = A(X) £i4/1 — A2(N). It will be clear why we put the 7 in front of the square
root.

In particular, if A € R, then A(X) € R (since ¢ and s are real if the initial data is real)
and this tell us something about the module of A:

1. if |A(N)] > 1, then from pyp— € R and pg + p— = 2A, we get |u4| > 1 and |pu—| <1,
so A is outside the Bloch spectrum;

2. if |A()N)| < 1, then from p_ = jiy we have |u,|? = 1, hence ) is in the Bloch spectrum.
Lemma 1.6.7. If |u(A\)| =1, then A € R.

Proof. There exists ¢ (x) such that L) = M) and ¢(z +T) = wp(x). In particular 1 (xo +
T) = pap(wo) and ' (xo + T') = )’ (x0). The complex conjugate function ¢ satisfies L) =
M, h(zo +T) = pp(xo) and ' (zo + T') = )’ (o). Therefore

xo+T zo+T B
(- X)/ p|2de = / (& Lt — o L)

= (o' —dy] = (lul* = 1) (¥(x0)¢' (z0) — P(x0)d' (0)) -
The right hand side vanishes, since |u| = 1. Hence A = \. O

zo+T

zo

In other words, the Bloch spectrum is equal to the set of A € R such that |[A(X)] < 1.
Example 1.6.8. If u = ug, we already saw that

c=cosv/A—up(r—z9) and s= ﬁsin VA —ug(x — x9).

Then A(X) = cosv/A —wugT. The square root is real and positive if and only if A is real
and greater or equal than ug. For A real and less then wug, the cosine becomes a hyperbolic
cosine, and we can draw the graph of A depending on real A: before ug it comes from above,
reaching A = 1 for A = ug, then it oscillates between A = —1 and A = 1. The points
where it reaches this bounds are the ones with A = ug + (%)2 and they are the spectrum
of L = —92 + up. In particular, for n even we have periodic eigenvectors and for n odd we
have antiperiodic eigenvectors (i.e., ¥(z +T) = —p(z)).
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We now look to deformations of constant potential. If we start from u = wug, then after
a deformation sure it cannot happen that an eigenvector (periodic or antiperiodic) vanish,
i.e. the graph cannot be included in |[A(X)| < 1. Instead, if it rises above |A(A)] = 1, the
Bloch spectrum splits in some number of intervals, potentially infinite. Before, at a point
with |A(M)| = 1, we had two equal eigenvalues corresponding to the same energy level; after
the deformation, the two eigenvalues split in two different ones.

We have to justify something anyway:

1. that in intervals of the Bloch spectrum the graph of A has to be monotonic, even after
a deformation;

2. roots of [A(A)| = 1 are at most double (i.e. we have a simple maximum or a simple
minimum, like before the deformation, or a transversal intersection, like after).

For generic A (outside some isolated points) there are two linearly independent Bloch
functions, i.e. two roots us(A) and two functions 14 (x, ) (the functions are not really
unique, but they’re determined up to normalization, for example they may be such that

Y(xo, A) = 1).

Consider the log derivative:

. _ Yh(z, w0, A)
ZXi(x,A) B ’l/]:t(x,x();)\).

It does not depends on z( (since choosing xg changes both the solutions and its derivative
by a common factor). We write now the Riccati equation

X' —x>=u—A\

— 1)
Lemma 1.6.9. Let A € R, then x = 5 é}g; )
Proof. From Riccati, we get (Rx)" — 23yRy = 0. O

Lemma 1.6.10.

+iy/1— AZ(N\) + L (Top — T1 1)
T

Vi (z, 20, N) = c(z, 20, A) + s(x, To, \).

Proof. From 9 (x,x9,\) = ac(x,x0,\) + bs(x,z9,A), let & = o then 1 = ¢ = a (from the

normalization); then T' ( ll) ) =A < ll) ) O

Corollary 1.6.11.

+4/1— AQ()\) + %(T272(x0, )\) — T171(l‘0, /\))

X:t(va) = T1,2(x07/\)

Proof. From v = ¢ + bs, we may compute b by taking derivative: ¢’ = ¢’ + b's; restricting
to = xg, ¢’ vanish and s’ becomes 1; hence we have ix(zg, A) = b. O
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This means that in the Bloch spectrum, we have

=AY
Rx(z,\) = V"=,
x(@;A) T12(z0, )
T2(xo, ) — T1,1(z0, )
x A) = > ) .
\SX(J,‘, ) 2T1’2(.%'0,>\)

The functions p4(A) are not analytic, since there is a square root. Hence they have
branch points at the roots of |[A(A)| = 1. If X is not a branch points, there are locally two
solutions p4 and p_; moreover, there are locally two meromorphic eigenvectors ¢4 and ¥_
(they may have poles). If Ag is a branch point, then A()\g) = 1 or A(\g) = —1; walking
along a small loop around A, the two eigenvelues could interchange; but if the multiplicity
is odd (i.e. it is 1, since it is less or equal to 2) that can’t happen. Let us study the poles
of 1: they can be at points A such that 77 2(x¢, A) = 0.

Lemma 1.6.12.
1. Roots of Th 2(zo, ) = 0 are real.
2. They are not in the inner part of the Bloch spectrum.

Proof. The reality of the roots is related to the self-adjointment: recall that T; o(zg, A) =
s(xo+T, zo, A); we imposed that s(zo, o, A) =0, so it Ty o = 0 we have s(zo+T,z9,A) = 0.
Then A is an eigenvalue of the Dirichlet spectrum on [zg, g + T7.

Now it T3 5 = 0, the unimodularity says that 77 1722 = 1 and the reality of A says
that %|T1’1 + T5 2| < 1. The case where the poles are in the border are precisely when T} 1
and T o are both 1 or both —1. This allows also roots of T3 5 in case of a maximum or
a minimum at |[A(\)| = 1 (so that this point is inside the Bloch spectrum); but if Ay is a
double root of |[A(M)| = 1, then also 711 = T2 so that 11 has no poles at Ag (provided
that T7 o have only simple root at Ag). O

Example 1.6.13. Recall the case u = ug; then T} 2 roots are simple; when perturbing, we
open some real gaps between the intervals of the Bloch spectrum, and the root still remains
in these gaps and cannot merge into roots of higher order.

We saw the behaviour of the function A(X) for A € R. Points where the graph intersects
A(X) =1 are the eigenvalues of the periodic problem and we have A\g < A\; <Ay < A3 <.,
where the less or equal is equal if the corresponding gap is reduced to a point. If instead
A(p) = —1, p is an eigenvalue for the antiperiodic problem and we have again p; < pg <
H3 S e

Remark 1.6.14. The set {\g, \1,...} and the set {u1, i, ...} are not independent. In other
words, we may fix one of the two and the other will be determined. Indeed, from the theory
of entire function, fixed for example the first set, we can express A in terms of an infinite
product: \ \
7 n—
AnyhzfoA@IIiiji
k>1 ( T )
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1.7 Properties of the monodromy matrix

We saw that the eigenvalues of T, = p+(A\) are determined from the equation p? —2A(\)+
1 = 0. Two branches collide (i.e., gy = p—) when |A(X)| = 1. Branch points are subdivided
in:

1. 1 — A2()) has a simple root at Ag;
2. 1 — AZ%()) has a double root at Ag.

Indeed we will see that cannot happen a root of multiplicity greater than 2. What is the
local behaviour of (\) when A is near A\g? In the second case, we have the Taylor expansion
1—A2(N) = a(X — Ag)® +b(A — Xo)® + ... with a # 0; then

b
1—A2(\) = vValh— Xo) (14—2&()\—)\0)—1-...)
or the same expression with a minus. In other words, we have two functions with the same

eigenvalue, so we have no branch points in this case. Instead, in the first situation, i.e. if we
have only one root, the Taylor expansion is 1 — A2(X) = a(A — Xg) + b(A — Ag)> + ... and

V1—=A2(\) = £Vav X — X (1+2&;(A—/\0)+...).

Doing a small loop around Ag, then /A — Ag — /A — /\oe% and at ¢ = 27, the square root
becomes negative.
Properties:

1. all roots of 1 — A%(\) are at most double;

2. A(A) is monotone and increasing on the intervals (2, A2;—1) and monotone and de-
creasing on the intervals (Ag;, pioit1);

3. T1 2(zo, A) has just one simple root in every gap (i.e. in every interval of the form
[A2i—1, A2;] and in every interval [pa;—1, f2:]); in particular if some gap is closed, i.e.
A2i—1 = Ag;, then this is a simple root of 77 5.

We defined the Bloch functions for a generic A € C as ¥4 (x, 20, A) such that ¢y (x +
T,20,A) = pr(N)s(z, 0, A), normalized in such a way that ¢y (xg,z9,\) = 1. We also
wrote g (z,x0,\) = c(x,xo,\) + ixx(xo, A)s(x, zp, A) where xi(z,A) = %% does not
depend on the normalization. We also saw that we can write

/T A200) + 2(Tha (2, A) — Toa(a, N))
T172($,)\) '

X:I:(:E7 )‘) =

The functions s and c are entire in A, but y+ is not since it has a square root. But we can
see x as a two valued meromorphic function in A with branch points at the simple zeroes of
1 — A%(X\) = 0. In particular, poles of x4 (z,A) can be only at zeroes of T1 (g, \).

If the gap is reduced to a point, then 1 — A%()\) has a double root, its square root has
a simple root; also T3 2(xo, A) has a simple root; moreover, Ti 1(xo, A) = T2 2(x0, A): infact,
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at A we have two independent eigenvectors for the same eigenvalues and this means that
the monodromy matrix is plus or minus the identity matrix. So the simple zero of the
denominator cancels with the simple zero of the numerator. We have proved that zeroes of
X+ may happen only on nondegenerate gaps.

we are going to prove a stronger statement: if we have two branches ¥4 (z, zg, A), only
one branch may have pole at a given . This is clear from the next lemma.

Lemma 1.7.1. Tya(e, \)
x, o, N _(z, 20, \) = 41,2\ A)
Yy (2, 20, NP (2, 70, A) T, 2(20, )
Proof. We have ix4(xz,\) = j—m log ¥+, so
d , Tia(z, ) = Too(x, N)
71 ) = )\ — A = — : :
dr og(rh_) = i(x+(z,A) + x-(,N)) Ty o(z, \)

But we have seen that if A € R, Sy = %27 log(Rx). So, inside the Bloch zones, we have

1 7A2()\) lTl’l(.’E, )\) _TQ’Q(.T,)\)

% = — % =
X T172($, )\) X 2 T172($, /\)
Applying all this, we have
d d 1—A2()) d
—1 J)=——logY——>=+—logT A).
dx Og(w-F,lzZ] ) d.'L' Og T]_72(.'L', )\) +d.’1} Og 172('%, )

Now we have

d
logyyp_ = / e log Th o(x, A)dz = log T 2(z, A) — log T4 2(xo, A).
zo

1.8 Differentiating with respect to the spectral parameter

We define the Bloch quasimomentum p()\) in such a way that u(\) = e?MN7T ie. p(\) =
+1log (), or A(X) = cos p(A)T. It is called quasimomentum since 11 (z, 2o, A) = eFPMN @206, (1 24, \),
where ¢4 are periodic on x.

Remark 1.8.1. The Bloch quasimomentum is determined up to change of sign and shifts by

2mn,

Lemma 1.8.2.

dx

dp(\) 1 /%*T Tio(z,\)
dx T/,

T T /), 2/1-A0

Proof. We use a trick: from

0= —yi +wiy, (1.8.1)
0= —y5 + u2yo, (1.8.2)
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we have the identity
%(ylyé — Y1y2) = (u2 — u1)y1yo.

So
xo+T

[t — 2]t = / (un () — () (2) ()

0

Now we choose u; := u—\ and ug := u—A+du; moreover we fix A so that |A; ()| # 1 (i.e. we
can choose just one analytic branch of the quasimomentum); then for small du also |Aq(N)| #
1. Also, let y; := 41 _ and yg := 1o 4; then 1 _(z+T,x0, \) = e_ipl(’\)TwL,(x,xo, A) and
Yo (x + T, w0, \) = eP2NT0hy | (z,70,)). Substituting all this into the first equation, we
get in the left hand side (v (z0) —y}(20))(e’P2~P1)T —1) (the exponential comes from o+ T,

the 1 from ) and in the right hand side f$°+T du(x)1,— ()2 4 (x)dz. So approximately,
we have

xo+T
(W, (20) — ' (20))(Bp(N)T) = / Su(a)p_ (@), (2)da

now we replace the first parenthesis by

1_AZ(N)

XTI T1,2(z0, )

so that, after simplifying 7} 55, ) with the one coming from ¢_(z)y_(x), we have

_/w0+T T1 2((E )\)
JI—AZ())

Z.

Choosing du(x) = —d\, we get the result. O

The previous lemma proves property two (monotonicity of A(X)); infact in a zone, T} o
has always the same sign (it has zeroes only on the gaps); and the denominator is always
positive. Another corollary is that

5[) o 71172(177 )\)

du(z)  2,/T—A2(\)

With a little work, we may derive from this lemma also the first property (the simplicity of
the roots).

Theorem 1.8.3 (Sturm). Let y1, y2, u1 and us be real functions satisfying (1.8.1) for all

x € [a,b], and let uy (x) > ug(x). Assume that y1(x) hasn zeroesa < 21 < g < -+ < Xy, < b

and that % > Z—z . Then also y2(x) has at least n zeroes on (a,b]. Moreover, ys(x)
a a

has at least n zeroes on (a,xy,) if ui(x) > ug(x) for every x € [a, zy,].

We can apply Sturm theorem to ¥ (z,\') and ¥(z, \”), where (A, \”) is a gap in the
Bloch spectrum. We obtain that ¢ (z, ') has n zeroes on [zg,zo + T] and t(x, ") has at
least n + 1 zeroes on the same interval.
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1.9 Finite gap case

We request now that the gaps are a finite number, i.e. A1,..., Aop41 are simple eigenvalues of

the (anti)periodic problem, n is the number of gaps. We recall that in every gap there is ex-

actly one zero of T} 2(x, A) that is called v (o). Then in our situation, v;(zo) € [A2j, A2j41]-

The other zeroes are trivial since they must be in the only point of the degenerate gaps.
We introduce two polynomials:

2n+1
RO = [ (A=),
P z) = | (A =7;(z)).

j=1

Lemma 1.9.1. For a finite gap potential:

_id p(yg
oy = R(A;J(Azx;P(A, )

Proof. At a double zero \g of 1 — A?()\) we have that /1 — AZ()\) is an analytic function
with a simple zero at \y; we have seen that zeroes of the numerator and of the denominator
cancel; once cancelled, we have

R\) — 3(T11 — Tap)

(o) = o ) RSS2

where c is an entire function without zeroes. At |A| — +o0, we have ix’ — x? = u — A, so
that x ~ vV + 0(\%). So Ry = VA + O(75) and Sy = O(3); then

ROV A" I (- )?

PO e (1)

Grouping the A, we have v/A so that ¢ ~ O(1) and applying Liouville theorem, ¢ = 1.

As an exercise, prove that —%%P(A, x) = %(Tl’l—Tgyg), using that Sy = %(log ®x). O

In the case of finite gaps, we obtain a Riemann surface v% = [>T (A = Xo). In this case,

we can compactify with a point at infinity, obtaining a sphere with n handles.
Corollary 1.9.2.
1. For every z, x(z, ) is an algebraic function on the compactification of T';

2. Yy(x, o, \) are meromorphic functions on T'\ {0} and have simple poles at A =
71(20), Y (20) and i (w, 39, \) = eEVAT=2) (14 O(Fx)).

How to compute finite gap potentials?

28



Lemma 1.9.3. The zeroes of T1 2 satisfies

= BVERG)
! Hk;gj('Yj = Yk)

Lemma 1.9.4.
2n+1

u(@) = =23 @)+ Y A
j=1 s=1

Example 1.9.5. If n =0, then y = VA — )\p and u = A;.

Example 1.9.6. If n = 1 then the associated Riemann surface is an elliptic curve: v? =
(A=XA)(A=X2)(A—A3). Let v := 71 be the only nontrivial zero; then u = —2y+ X\ + Ao+ A3
and integrating by quadrature 7/ = —2i/(v — A1)(y — A2)(7 — A3) we have

zo V(Y =AY = A2) (v — A3)

Last time we explored the time dependence of a finite gap potential: we are looking for
solution to the Cauchy problem where u(x,0) = ug(x) is a finite gap potential. This implies
that u(z,t) still is finite gap with the same spectrum. Ig Ly = Ay with X fixed, we have seen
that ¢ + Ay satisfies again the same equation, with the same A. Applying this argument to

=cory=s, we get that ¢+ Ac and $ + As are linear combinations of ¢ and s, i.e.

¢+ Ac = VMC + VLQS,
5+ As=Va1c+ Vaas.

The matrix V' depends obviously on xg and A.
Lemma 1.9.7.

Y VA ( o —2(u’ + 20 ) |

u” = 2(u— N)(u+ 2X) —u
Proof. Consider y + Ay; then y’ = (v — Ny and y = (v — Ay’ + v'y. Easily we have
Ay = —2(u+2\)y" + u'y. So

¢+ Ad,_,, = [é—W—&— u'c]z:at0 = [Vi,1c +Mﬁc=xo'

Moreover ¢ = 1 and ¢ = 0 so that Vi1 = /. Applying the same argument to s we get
Vi,e = —2(u + 2X\)s’. The second row is obtained deriving the two expressions used before
by x. O

Lemma 1.9.8. Consider the monodromy matriz T(xo, \); then T = [T, V].
Proof. We have (c(z +T),s(z +T)) = (c(x), s(z))T'; moreover (c(z), s(z)) = (c(z), s(z))V.
So (c(z +T),s(z+1T)) can be computed in two ways: in the first it is (c(z +T),
T))V = (c(x),s(z))TV; in the second it is (c(x), s(z))T + (c(z), s(x))T = (c(x), s(z))VT
(c(x), s(x))T. Then .

(c(z), s(x))[T, V] = (c(), s(x))T"
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Corollary 1.9.9. The characteristic polynomial of T does not depend on time (in other
words, the eigenvelues of T does mot depend on time).

Proof. We know that the determinant of 7" is always 1 by unimodularity; we only need to
prove that also the trace is constant; but trace commutes with derivative, so %trT =trT =
tr [T, V] =0. O

In particular, the quasi-momentum does not depend on time.

Exercise 1.9.10: Prove that

d i .
TmT(zO’ )\) = [T7 U]7 with U = |: A= u(x) 0 :|I_10 '

Observe that U is just the matrix form of Ly = Ay.

Lemma 1.9.11. For j € {1,...,n} we have

iy + 3)VR(;)
Hk;&j(%‘ = Vk)

Vi =

where u = —2>"7_ vk + ZiT:LJlrl As-

Proof. We can derive this equation from the expression of TLQ in[T,V] = T, for A = 7. We
can then express T12(\) = [[r_; (A — 7)T12()\) there T} o has all zeroes on the squeezed
gaps, so that its zeroes do not depend on time. Deriving this and computing at A = v;, we
have —4; [T;.; (v — Y1)T1.2(N). Substituting this in the first equation we have

Recalling the expression of y, we have

T, —T V1—A2? R(A
Res u = —QiReS _— = —2iReS (
0 A=v; T 0 x=y; Tip 0 A=v; PO‘)

v

O

We claim that in the solutions of periodic KdV equation, the set of finite gap potentials
is dense in the set of solutions. Indeed, one can prove the following statement: expand u in
the Fourier series, so that u(z) = 3 une T ; then the length of the n-th gap decays as |u,|;
therefore, the smoother is the potential, the faster is the decay of the gaps. This means
that the deformation of the potential needed to close the gaps from some point to infinity
is small.
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1.10 The theory of KAV hierarchy-1. Recursion relations and gen-
erating functions.

We will now include KdV equation in an infinite family of pairwise commuting flows repre-
sented by evolutionary PDEs of the form

gTu:Kn (u7uz,um,...,u(2”+1)>, 77,:0,1727”'

0 Ou 0 Ou

Oty Oty Oty Oty
All equations of this so-called KdV hierarchy will admit Lax representation

oL
— =[L, A,
atn [ I ]
with the same Schrédinger operator L; the differential operators A,, of the order 2n + 1 will
be constructed below.
For n = 1 one obtains the KdV equation itself

w=6uu —u", (1.10.1)
w0
ot T ox’
The commutation representation (3.10.9) reads
L=[LA,& [0, +A L =0 (1.10.2)
L=-8+u (1.10.3)
A=A, =402 — 3 (ud, + Oyu). (1.10.4)

We will first rewrite the commutation representation (1.10.2) in the matrix form. The
basic idea is to restrict (1.10.2) onto the space of solutions to the Sturm - Liouville equation

Ly=M\y. (1.10.5)

Here )\ is an arbitrary complex parameter. We will call it spectral parameter although all
references to the theory will be rather formal at the moment.
The following simple statement is very important for the restriction we are looking for.

Lemma 1.10.1. Let y be a solution of equation (1.10.5). Assume that the operator L
depends on the time t according to eq. (1.10.2) for some A. Then the function y + Ay
solves the same equation (1.10.5), i.e.,

Ly +Ay) =AMy + Ay). (1.10.6)
Proof. Taking time derivative of (1.10.5) we obtain

Ly+Lij=\j.
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Substituting L = L A — A L yields
(LA—AL)y+Ly=LAy—XAy+Ly=Ay.

This coincides with (1.10.6). The lemma is proved.

We choose a basis y1, y2 in the two-dimensional space of solutions of (1.10.5). The most
convenient basis is specified by the following Cauchy data at a normalization point x = z:

yi(zo) =1, yi(x0) =0
(1.10.7)

y2(0) =0,  ys(xo) = 1.
These solutions to (1.10.5) will be denoted y; (z, 2o, A) and ya(z, g, A).

Lemma 1.10.2. If u(x) is a smooth function near x = xo then the solutions yi(x,xg, \)
and ya(z, o, \) are entire analytic functions in \.

This is a standard fact of the theory of ordinary linear differential equations - see, e.g.,
[18].

Assuming, as above, that the time dependence of the operator L is determined by the
equation (1.10.2) with some operator A we conclude that, due to Lemma 1.10.1, the solutions
(0¢+ A)yp and (9 + A) yo can be represented as a linear combination of the same functions
y1 and yo:

O+ A)yr = vi1 Y1 + v21 Yo
(1.10.8)
(0 + A) y2 = vi2y1 + Va2 Yo
The coefficients v;; = v;;(xo, A) depend on z¢ and on A (and, of course, on the time, but we

will suppress the explicit time-dependence for the sake of simplicity of notations). In the
matrix form (1.10.8) reads

(O + A) (y1,92) = ((Or + A) y1, (0r + A) y2) = (y1,42) V, (1.10.9)
where
V=vin= (0 e ): (11010

Let us explain the algorithm of computing the coefficients v;; (g, ).

Lemma 1.10.3. Let A = A(x,9,) be any linear differential operator. Then there exist
polynomials p(x, A), q(z, A) in A with z-dependent coefficients such that

Ay =q(@, Ny +p@, Ny (1.10.11)

for any solution y = y(x, \) of (1.10.5).
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Proof. Using (1.10.5) the derivatives y”, ¢y’ etc. can be expressed as linear combinations
of y and y’:

vV'=w-Ny, ¢ =vy+w-Ny, vV ="+ u-N]y+2y,... (1.10.12)
This proves the lemma.
Example 1.10.4. For the operator A given in (1.10.4) one obtains
q(z,\) =u'(z), pz,\) = =2 (u(x)+ 2)).
We are now able to compute the matrix V' = (v;;) for a given operator A.

Lemma 1.10.5. The matriz V in (1.10.9) for an operator A has the form
q p
V =V(zo,\) = (1.10.13)
¢+ w=Np q+p ) _,
where the polynomials q(x, \), p(x,\) are determined by the operator A from the equation
(1.10.11).

Proof. Due to (1.10.8), (1.10.11) we have
6ty1 (Jf, Zo, )\) + q(ﬂf, A)yl (.13, Zo, )‘) + p(ﬂj, A)y/l (37, Zo, A) = (Z‘v Zo, A)Ull(xo’ )\) + y2(aj7 Zo, A)1121 (.130, >‘)
(1.10.14)
Owy2(x, 20, A) + q(z, Ny2 (2, 20, A) + p(z, \ys (2, 20, A) = y1 (2, 20, \)v12(z0, A) + y2(, T, N vz (w0, A).
Substituting x = g we obtain
v11(20, A) = q(z0, A),  v12(20, A) = p(x0, )

since the time derivatives 0;y; and J;y2 vanish at x = xg due to the time-independent initial
conditions (1.10.7). We obtain the first row of the matrix V. Let us now take z-derivatives
of (1.10.14). We obtain

oyt + [d' +plu— Ny + (¢ +p') ¥i = yiv11 + yova

Oy + [0 +plu—N]y2 + (¢4 0") yo = yiv12 + Y3022

where, as above, the coefficients p, ¢, u and their z-derivatives in the left hand side depend
on z and A and the coefficients v;; in the right hand side depend on ¢ and A. At the point
x = xo the derivatives 0;y} and 9,y5 vanish again due to (1.10.7). This gives the second row
of the matrix V. The lemma is proved.

Example 1.10.6. For the operator A of the form (1.10.4) (i.e., for the KdV equation itself)
the matrix V' has the form

o’ —2(u + 2X)
V (w0, \) = . (1.10.15)
u’ = 2(u—A)(u+2)\) —u

T=x0
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We will now derive the matrix reformulation of the Lax representation of (1.10.2). Let
us introduce the 2 x 2 matrix

U=U(z,\) = ( AEU _01 ) (1.10.16)

This matrix appears in the vector form of the Sturm - Liouville equation (1.10.5). Le., if y
is a solution to Ly = Ay then
()

L)Y =0, L) =08, +U). (1.10.17)

is a solution to

Conversely, if y = ( z ) solves (1.10.17) then z = ¢’ and Ly = A\y.

Theorem 1.10.7. If the time dependence of L is determined by (1.10.2) with some linear
differential operator A then the matrices U = U(z,A) and V = V(x,\) given in (1.10.16)
and (1.10.15) resp. satisfy the equation

Va(\) = () = [V(A), U] (1.10.18)
identically in A.
Remark 1.10.8. Introducing A-dependent matrix operators £(A) as in (1.10.17) and
AN) =0, +V (N (1.10.19)
we can rewrite (1.10.18) as the commutativity
[L(N), A(N)] = 0. (1.10.20)
To prove the theorem we first rewrite Lemma 1.10.1 in the matrix form.

Lemma 1.10.9. Ify solves
LA)y=0

then A(N\)y is a solution to the same equation.

Proof. The vector y has the form

y
. Ly=2\y.
y(y/> y=2Xy

Thus

_ R qy +py’
A0y =0y vy = (8% )+ (s - Nis Y g )

o+ A
:([&;J«rkAyy]’)E(zZ')’ where z =0+ Ay.
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We already know that L z = A z. Hence
z
() =0

Proof of the theorem. Due to Lemma 1.10.9 an arbitrary solution y of £L(A)y = 0 also
satisfies L(A)A(X)y = 0. Hence it also satisfies

The lemma is proved.

[L(A), A(N)] y =0. (1.10.21)
But the commutator in the left hand side is an operator of multiplication by the matrix
[0 FUN), 0+ VAN)] =V = U + [UN), V(M) (1.10.22)

Since (1.10.21) holds true for an arbitrary solution y of (1.10.17), we conclude that the
matrix (1.10.22) must be an identical zero. The theorem is proved.

So, for the equations of the KAV hierarchy instead of the Lax-type representation (1.10.2)
we have obtained a zero curvature representation (1.10.18) with th ematrices U, V' depend-
ing on the spectral parameter A. In our case both U and V are polynomials in A. Such
commutation representation with polynomial, rational, or even more complicated depen-
dence on the spectral parameter is one of the most efficient tools of constructing, integrating
and studying the nonlinear integrable equations.

We have not proved yet that, conversely, any nonlinear equation admitting a represen-
tation (1.10.18) with the matrix U(X) as in (1.10.16) and with a polynomial in A matrix
V(A) is an equation of KAV hierarchy (i.e., that it admits a Lax representation (1.10.2) with
some differential operator A). The main step in the proof of this converse statement is a
constructive answer to the following question: how to describe all matrix polynomials V()
satisfying (1.10.18)7 The answer can be obtained in the following way. Let us look for the
matrix V' (\) in the form

V=VoA" T L VAN 4 VA Vv (1.10.23)

with indeterminate matrix coefficients depending on x. Substituting this polynomial into
(1.10.18) we will derive recursion relations for the matrix coefficients.

In the case under consideration it is convenient to reduce the procedure to the scalar
case. Observe first that the trace of the matrix V' (\) does not depend on x:

(tr V) =o0.
Indeed, from (1.10.18) one has
(tr V) =trU +tr [V, U] = 0.
Adding an appropriate scalar matrix to V' we can assume that

tr V(\) = 0.
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Lemma 1.10.10. Any traceless polynomial solution (1.10.23) of (1.10.18) can be repre-
sented in the form

% v —v
V= (1.10.24)
20— (u=XNv —30
where
v=vo AN + o AN 4oy (1.10.25)
18 a polynomial with the coefficients vi, va, ...vN depending on x. The function u and the
polynomial v satisfy the equation
1
i+ 0" —2(u—N)v —u'v=0. (1.10.26)

2

Proof. Explicitly the matrix equation (1.10.18) for a traceless matrix

V(/\): V11 V12
V21 —V11

reads

vlll Uiz + ( 0 0 + ( ’012(’[1, - )\) — V21 2’011 —0.
vh  —uly u 0 —2v11(u—A)  wvar — (u— A)vig

Denoting

we obtain
L,
V11 = —5 v

1
vglziv”—v(u—)\).

From the left bottom corner of the matrix equation one readily obtains (1.10.26). The lemma
is proved.

Remark 1.10.11. The result of the lemma means that the matrix V' satisfying (1.10.18) must

have the form (1.10.13) with
1
p=-v, q=50"

Exercise 1.10.12: Prove that any polynomial in A traceless matrix V' (\) satisfying (1.10.18)
has the form (1.10.13), (1.10.11) for a differential operator

2N—1
A=—v" 4+ Y apof
k=0

where the leading coefficient vy is defined in (1.10.25).
Substituting the polynomial (1.10.25) into (1.10.26) we obtain
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Corollary 1.10.13. The coefficients of the polynomial v = v(x,\) satisfy the recursion
relations

vy =0

1
204, = —ivg' +2uv, +u'vg, k=0,1,...,N—1. (1.10.27)
The equation (1.10.26) can be rewritten in the form
1 " / /
ut—|—§vN—2qu—qu=0. (1.10.28)

Choosing vy = 1 one obtains the following values of the first few coeflicients

_1 +
U1—2u C1
1 1
§(32—u")+§clu+02

V2

etc. Here c1, ¢ are integration constants.

Remark 1.10.14. The recursion relations (1.10.27) can be recast in the form
Lo
V41 = 5 aw M’Uk + Cl+1 (11029)
where 0, ! is the integration operator, cx41 is an integration constant and
1
M = f§a§+(uam+azu). (1.10.30)

The equation (1.10.28) then reads
uy = Muoy. (1.10.31)

For N = 0 the equation (1.10.31) reads
up = u'. (1.10.32)

For N =1 it follows

1
up = (6uu —u")+ciu'. (1.10.33)

This is equivalent to the KdV equation. For N = 2 one obtains the first higher analogue of
KdV:

1
=1 [0 —10uu” + 30w’y — 20u/v"] + 36 (6uu' —u") + cou'. (1.10.34)

Ut
This is a linear combination of the first three equations of the KdV hierarchy.

We will prove now that for any N the coefficients v; of the polynomial v(\) can be
found from (1.10.29) in the form of polynomial in u, u', v’ etc. (the so-called differential
polynomials) with constant coefficients. To this end we introduce a generating function for
these coefficients.
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Theorem 1.10.15. 1) The equation
1
-5 w” +2(uw—-Nw +u'w=0 (1.10.35)

has a solution in the form of formal series in inverse powers of A

w1 w2
=1l+—+—=+... 1.10.36
w=1+-++-75+ ( )
where the coefficients wy, are polynomials in u, u', ..., u**=2). These polynomials are

uniquely determined by the normalization condition
Wilu=0 =0, k=1,2,... (1.10.37)
2) Define the polynomials v*1(\) putting
o) = [New(N)] mod A~ = AF +w M 4wy (1.10.38)

where the series w(\) is uniquely determined by (1.10.36), (1.10.37). Then any polynomial
v(A) of degree N satisfying (1.10.28) has the form

N
v(A) = e (N) (1.10.39)
k=0
where ¢y, c1, ..., cy are arbitrary constants, cq # 0.

Proof. Plug the series (1.10.36) into equation (1.10.35) and collect the coefficient of A=*.
This gives the recursion relation coinciding with (1.10.27)

1
2wy =3 wy +2uwy, +u'wg, k>0 (1.10.40)

(we denote wg = 1). Let us show that this recursion admits a solution in the form of
differential polynomials. To do this we will find a first integral of the differential equation
(1.10.35). First we prove

Lemma 1.10.16. The equation (1.10.35) is equivalent to commutativity of the matrix

sw'() —w(A)
W) = (1.10.41)
Tw' —(u=Nw —3w'(N)
with the operator L(\):
L), W] =0 < W) =[WWN),UN). (1.10.42)

Proof is analogous to the proof of Lemma 1.10.10.
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Corollary 1.10.17. For a solution w of (1.10.35) the expression

N =~

1
e(N) = det W) = g w'"w — - w'? = (u—\)w? (1.10.43)
does not depend on x.

Proof follows from (1.10.42).

The first integral ¢(\) must be a series of the form

G 2
A)=A —+=+... 1.10.44
c(N) +co+ 3 + 2 + ( )
with some constants ¢y, ¢1, .... From (1.10.43) a new recursion for the coefficients of the

series w(A readily follows

n
2Wpy1 = Z [—; wiwy + iw;wg + uwkwl] — Zwkwn_k+1 +c,, n=01,...
k+l=n k=1

(1.10.45)
The solution wq, wa, . ..to this recursion is clearly unique for arbitrary given constants cg, c1,
.... Moreover, it is a differential polynomial in u, «/, ..., u(®*). For the solution satisfying
the normalization (1.10.37) one sets to zero all the integration constants cg = ¢; = --- = 0.
The Theorem is proved.

Exercise 1.10.18: Let w.(A) be a solution to (1.10.43) with a given integration constants
(1.10.44). Prove that it is obtained from the normalized solution w(A) by

we(\) = \/1+C/\0+§12+...w(/\). (1.10.46)

We are now ready to define the k-the equation of the KAV hierarchy by one of the
following two equivalent representations

= M wy (1.10.47)
= 20, Wp 11 (1.10.48)

This an evolution PDE with the right hand side depending on u, u/, ... u@FD) | The zero
curvature representation of this equation reads

V) =T, () = [V, TN
(1.10.49)

0" —(u=XNv —30'(N)

where v(\) = U[k](/\) =\ wl)\k*1 + 4wy
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Any other evolutionary equation admitting the zero curvature representation (1.10.18) with
a matrix V(A) polynomial in A is a linear combination with constant coefficients of the
equations (1.10.47):

N
ut:M E CN_rWE
k=0

N

=20, E CN—kEWEt1
k=0

(1.10.50)
Ve(A) = Ue(A) = [V(A), UN)]

N
V) =Y ek V.
k=0

The first few equations of the KAV hierarchy along with the matrices VI*/(\) realizing the
zero curvature representation are listed below.

wy =, VIOO) = ( /\Eu *01 ) (1.10.51)
1 u’ —2(u+2X)
Ut = 7 6uu' —u")y, VL) = (1.10.52)
u = 2(u—A)(u+2)) —u
1
w, = 15 [0V —10uu” + 30w’y —20u'u"], (1.10.53)
i)\u’—i—l—lﬁ(6uu'—u”’) —[A2+%)\u+é(3u2—u”)]
VBRI =

%/\u//Jr 116 (6u’2+6uu” —UIV)
1 l 1 ! "
—2 2 — = (6uu —u")
4 16
+(A—u) [N+ 3 u+ £ (3u® — u")]

We are going now to prove that that the equations (1.10.47) (or (1.10.48)) commute
pairwise. The main tools for this is provided by

Lemma 1.10.19. Let the t-dependence of u be determined by the zero curvature equation
(1.10.18) with a polynomial matriz V(X). Then the matric W (X) defined in Lemma 1.10.16
satisfies the equation

W), +VN] =0 < oW =[WWA),V(N)]. (1.10.54)
Proof. Recall that the zero curvature equation (1.10.18) is equivalent to the commuta-

tivity
[L(N),AN)] =0, AN =0, +V(N).
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Using Jacobi identity
(L) W), AT+ [AQ), [E£A), W]+ [W(A), [AA), L)) = 0
and (1.10.42) we conclude that the matrix
W) = W), AN = =W (A) + [W(A), V(N

is another solution to the commutativity equation (1.10.42). Clearly the coefficients of the

matrix series W(A) are differential matrix valued polynomials in « vanishing identically for
u = 0. Moreover, it is easy to see that

~ 1
Due to uniqueness we conclude that W()\) = 0. The lemma is proved.

Corollary 1.10.20. In the situation of Lemma 1.10.19 the t-derivative of the series w(\)
defined in (1.10.35) - (1.10.38) can be found from the equation

w(A) = w(A)vze(N) — we (M) v(A) (1.10.55)
where v(A) = — (V(N))1,-

Proof. Using the formula (1.10.24) for the matrix V' (A) we calculate the commutator in
(1.10.54). This gives (1.10.55).

Corollary 1.10.21. All the equations (1.10.48) of the KdV hierarchy commute pairwise.

Proof. Commutativity of equations

_ /
Ug, = 2 Wy

uy, = 2wy,
will follow from a stronger equation

3:&1 Wk+1 = 3tk. Wi41-

Indeed, from (1.10.55) it follows that

Oy, wy, = Z (wpw; — w]’?wq) )

ptg=n+m

The two choices (m,n) = (I, k+1) and (m,n) = (k+1,1) yield the same result. The corollary
is proved.

Corollary 1.10.22. The linear operators
AN =0, + VI, AN =0, + VI (1.10.56)
commute pairwise for any k, 1:

AN, AN =0 8, VIIO) — 8, VIH(\) = [V[”(/\), vk (A)} : (1.10.57)
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Proof. Using commutativity
[L(A), A(N)] =0, [L(A), A(N)] =0
and Jacobi identity one derives that
[z(x), 3, V() — 8, VIF(\) + [v[’ﬂ \), V1 ()\)” —0.
The matrix
8, VII(N) — 8, VIF(\) + [v[’ﬂ (\), vl (A)} (1.10.58)

being polynomial in A must be a linear combination of the matrices V" (M\). As the matrix
(1.10.58) vanishes for u = 0, all the coefficients of the linear combination must be equal to
zero. The corollary is proved.

1.11 Stationary equations of KdV hierarchy, spectral curves and
egenfunctions of the Schrodinger operator

Let us fix a flow of the KdV hierarchy represented in the zero curvature form (1.10.50) with
some matrix V(A). The stationary points of this flow gives an invariant submanifold for all
flows of the KdV hierarchy (1.10.52) due to commutativity. The equations for the stationary
points u; = 0 can be written in the form

N
> en—kwrar =0 (1.11.1)
k=-1

where we have added one more constant ¢y 41 obtained from integration of the equation

N N
20, E CN—kWpt1 =0 = E CN—kWk41 = —CN41-
k=0 k=0

Without loss of generality we may normalize ¢y = 1. So, the stationary equation (1.11.1) is
an ODE of the order 2N depending on N + 1 constants ¢y, ..., cy+1. This equation admits
Lax representation on A-matrices

V,(\) = [VN), U] (1.11.2)

With the stationary equation (1.11.2) we associate the spectral curve defined by the charac-
teristic equation

[: det(iv-1-V(\)=-v*+RA) =0, R\ =detV(\). (1.11.3)

Theorem 1.11.1. The spectral curve associated with the stationary equation (1.11.2) does
not depend on x.
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Proof. Denote
Y =Y (z,x0, )

the fundamental matrix solution to the equation
LAY =0, Y|pes =1

Then the solution V(x,\) to the linear differential equation (1.11.2) with a given initial
datum V' (zg, A) can be written in the form

V(w,\) =Y (2,20, \)V (20, )Y (2, 20, \).
Hence
det (iv—V(z,\)) =det (iv—V(xg,N)).
The Theorem is proved.
This simple but very important statement gives a possibility to construct first integrals
of the stationary equations (1.11.2).
Example 1.11.2. For N =1 the stationary equation reads

1
1 (3u® —u") 4+ cru+ cp = 0. (1.11.4)

The Lax representation is given by the matrix

’

T “A-5-c
V(A = . (1.11.5)
O RVIURPES
The determinant of this matrix
det VIA) =X +2e X2+ (o + DN+ T (1.11.6)

gives the first integral of the ODE (1.11.4)

1 1 1 1
’2+7u3+701u2+§u+0162. (1.11.7)

T=-1% *3 1

Of course, this is nothing but the energy integral for the equation (1.11.4) written in the
form of Euler - Lagrange equation for the functional

1 1 1
S = /L(u,u'; c1,c2)dz, L(u,u’;cr,c2) = Zu3 + §UI2 +3 c1u® + cou. (1.11.8)

Example 1.11.3. For N = 2 the stationary equation is a 4th order ODE

1 1

6 [ulv —10uu’ —5u” + 1Ou3} +7 c1(3u® — ") 4 cou + 3 = 0. (1.11.9)
The V(\) matrix has the usual form (1.10.24) with

1 3 1
v(A) = A2 + (g - c1> A+ <—8 u’ + §u2 + 5o+ 02) : (1.11.10)
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Here one obtains two first integrals from

det V(A) = A° + 200 4+ (2c0 + ) X3 + (c3 + 2¢1¢0) A2 + Ty A + Ja, (1.11.11)
1 4 /2 72 1
J1:6—4<5u —10uu ™ —u"" +2u'u )
(1.11.12)
1 3 2 1 2 2
—&—Ecl@u —u'")+ 1o +cics+c;
3 15 2 b 1 2 1 2 3 1 2
J:75772/773//771 " - " e N )
2T Tt Te st et ettt T a5

1 1 1
+3—2 c1 (7u4 — Sun/? — 3ulu” + u’u’”) + 16 & (4u3 %~ 2u u”) + G e (2u3 — u’2)

1 1 1
—&—chcguz + Fercsu + §03(3u2 — ") + cacs. (1.11.13)

One can check that (1.11.9) is the Euler - Lagrange equation for the functional
S = /L(u,u',u”;cl,CQ,c?,) dz (1.11.14)

1 1 1
L (u//2 + 10uu’> + 5u4) + 3 c1 (u'Q + 2u3) + = cou® + c3u.

I /o, _
(’U/,’LL,U acl702703) 32 2

‘We have constructed a map
spec : C3N*T1 , 2N +1 (1.11.15)
from the space C*V*1 with the coordinates
(w,, . uN " ey, eng) € CIHE (1.11.16)

to the (2N + 1)-dimensional space C>N*! of hyperelliptic curves of the form

L:v2=R(\), RN = "4 a2V fagng, (1.11.17)
(a/la sy a2N+1) S (C2N+1-
We have proved that the z-dependence of the vector (u, u, ... 7u(2N_1)) lives along the fibers

of the map (1.11.15). Our goal is to prove surjectivity of the map (1.11.15) and, moreover,
for a generic point I' € C2V*1 the fiber is isomorphic to the Jacobian of the spectral curve:

spec 1) = J(I). (1.11.18)

To this end we will first show that the Sturm - Liouville equation Ly = Ay with the
potential satisfying (1.11.1) possesses a solution that is a BA function on the spectral curve
(1.11.3).
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It will be more convenient to work with the matrix realization £(A). Recall that the Lax
equation (1.11.2) is equivalent to the commutativity

[£(A),V(N)] =0. (1.11.19)

Given a point (A,v) € T let us choose the solution of the Sturm - Liouville equation in the
form

Y = ( W ) , LAY =0, VY =ivy. (1.11.20)
If X is not a ramification point of the hyperelliptic curve (1.11.3) then the eigenvector of the
matrix V(A) with the eigenvalue i v is determined uniquely up to a normalization factor; we

will fix the latter by requiring that
Y]pmazy = 1. (1.11.21)

The resulting eigenvector will be denoted
—
Y (z,z0,P), P=(\v)el. (1.11.22)

N
Theorem 1.11.4. The eigenvector o (x,xo, P) is a meromorphic vector function on T'\ co.

Proof. Let us introduce the fundamental matrix of the operator £(\)

_ y1($,$0,>\) y2(x79€07>\)
Y (2,20, \) = ( SN ) ) (1.11.23)

This matrix, as a function in x, satisfies
LAY (x,29,A) = 0.

It is unimodular, det Y (z,z9,A) = 1. Moreover, it is an entire function in A € C. Any
solution to the Sturm - Liouville equation

LAN)y=0

with the Cauchy data
Yy |z:rc0 = Yo, y/ ‘m:zo = y6

can be represented in the form

y:Y(.’L'7.’E()7)\) ( y? )
Yo

Denote

( X(il?i,P) ) = (w0, 70, P).

Then
b (2,20, P) = Y (2,20, \) ( x(xi7P) > P=(\v)el. (1.11.24)
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The vector

( x(:ccl),P) )

1
E'U v

is an eigenvector of the matrix

V(Io, )\) =
-2+ (u—=Nv i _—
with the eigenvalue iv. Applying the rules of linear algebra one obtains
Lemma 1.11.5. The function x(zo, P) has the form
iv+ 30’ (20, A)
v(zg,A)
This completes the proof of the theorem as the function (1.11.25) is rational on I' and
Y (z, 20, A) is analytic for A € C.

(0, P) = P=(\v)el. (1.11.25)

We will now study the poles of the first component v (x, zg, P) of the vector function
@)(:r,xo, pP).
Lemma 1.11.6. The following formula holds true for the logarithmic derivative of v¥(x, xo, P)
iv+ 30 (x, \)
v(x, \)

Proof. The formula (1.11.26) is obvious for 2 = xy. Changing the normalization point zq
multiplies the eigenvector of the matrix V' (z, A) by a z-independent factor. Such a rescaling

(log ¢(x, o, P))' = x(x, P) = (1.11.26)

of ? does not change the logarithmic derivative. This proves (1.11.26) for any z. The
lemma is proved.

Corollary 1.11.7.

T 1, by
Y(x, zg, P) :exp/ Mdy. (1.11.27)

xo U(y7 A)
Corollary 1.11.8. Denote Py = (A, v) and P_ = (\,—v) the two points of the spectral
curve with the same value of the spectral parameter A\. Then

v(z, \)
v(zo, )
Let us assume that the polynomial v(z, A) of the degree N is monic.

Theorem 1.11.9. At the infinite point of the spectral curve the function ¥ (x,xo, P) has
the following exponential asymptotics

Y(x, xo, P) = (1 +0 (;)) et k(@=zo) (1.11.29)

Y(z, z0, Py )Y (x, 20, P-) = (1.11.28)

P=(v), A=k oo, uk2N+1<1+0<l€12>>.

The function (x, zqg, P) has at most N poles on the spectral curve.
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If all the (2N 4 1) roots of the polynomial R(\) = det V(z, \) are pairwise distinct then
the number of poles of the function ¢(z, zg, P) for generic z is exactly equal to N = genus
of the spectral curve.

There is a natural fiber bundle over the base C2N*! 5 I': the fiber over the point I' is
the Jacobian J(I'). Denote Jn the total space of this fiber bundle (the so-called universal
Jacobian). We have constructed a map

SPEC : C3V*! 5 (u, o/, . .. LuCN=D e ,CN+1) — IN- (1.11.30)

The map associates with a given point in the phase space of the stationary KdV equation
of the order 2N depending on the parameters ¢y, ..., cy41 the pair (T', (D — N c0)) where
D is the divisor of poles of the eigenfunction ¢ (x, zg, P) and oo € T" is the infinite point of
the hyperelliptic curve. By construction

SPEC(u(z), u'(x),...,u®N"V(x),¢1,... en41)

does not depend on z assuming u(z) satisfies the stationary equation (1.11.1).

We have now to prove that any generic hyperelliptic curve of genus N with an arbitrary
nonspecial divisor D of degree N belongs to the image of the map (1.11.30).

Now let us describe the time dependence of the solutions to the stationary equations
(1.11.1) on the times of the KdV hierarchy (1.10.48). Let us assume that « depends on ¢,
according to the equation

Ugy, = 2w .

Due to commutativity of the flows of the KdV hierarchy, the stationary manifold (1.11.1)
is invariant with respect to this flow. From the zero curvature equation (1.10.57) it follows
that the dependence on tj of the matrix V' (A) in (1.11.2) is determined by the equation

8 V(N = V(A),V[k]()\)} . (1.11.31)

Therefore the three operators £(\), 9, + VI*(X) and V(\) commute pairwise. We choose
—
the time dependence of the function ¢ from the following conditions:

LY =0
O v + VI ()Y =0 (1.11.32)

V()\)E}:iuﬁ.

The time dependence of the function 9 is obtained in the form

O ) = —%vL’“}w+v[’“]¢z. (1.11.33)

From this equation and from the formula (1.11.26) for the logarithmic derivative of 1 it

follows that

kKl 1 g k] — yl¥]
a, 1og¢:iu“7+§u. (1.11.34)

v
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Exercise 1.11.10: Prove that

I PN 1 N L) 1
gyl 2B TR Y T L0 (2), A — (1.11.35)
v 2 v A

We will normalize the common eigenvector (1.11.32) in such a way that
Y |z, to=ty =1 (1.11.36)
for some point (z, t9).

Theorem 1.11.11. The normalized function v has at most N poles on the spectral curve
I'. At the infinite point it has the exponential asymptotics of the form

. L\ 2kt
'w = (1 + O (%)) el \/X(.’E—(L‘Q)-‘r?,)\ 2 (t—t2)7 A — 0. (11137)
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2 Riemann surfaces and theta-functions

2.1 Definition of a Riemann surface. Local coordinates. Branch
points. Hyperelliptic Riemann surfaces. Multiplicity of a branch
point.

For the geometric representation of multi-valued functions of a complex variable w = w(z)
it is not convenient to regard z as a point of the complex plane. For example, take w = /.
On the positive real semiaxis z € R, z > 0 the two branches w; = ++/z and ws = —/z
of this function are well defined by the condition wy > 0. This is no longer possible on the
complex plane. Indeed, the two values w; o of the square root of z = re'?

wy = relt, we = —\relt = \Jfrett T, (2.1.1)
interchange when passing along a cycle
2(t) =ret W)t e 0, 27]

encircling the point z = 0. It is possible to select a branch of the square root as a function
of z by restricting the domain of this function — for example, by making a cut from zero to
infinity. We now explain another way (which will be basic for this course), using the same
function y/z as an elementary example. Consider the graph of this two-valued function in
C? with complex coordinates z,w, i.e., the points of the form (z,++/2), (z,—+/z). The
two branches of this graph intersect at the point (0,0), the branch point of this algebraic
function. Note that this graph can be given in C? by the single (complex) equation

F(z,w) =w? — 2 =0. (2.1.2)

The function w = /z is a single-valued function of a point of the graph of (2.1.2): it has
the form of the projection (z,w) — w.
Starting from this example, we give the following preliminary definition.

Definition 2.1.1. Let .
F(z,w) = Z ai(z)w" "
i=0

be a polynomial in the variables z and w. It determines an (n-valued) algebraic function
w = w(z). The Riemann surface T of this function is given in C? by the equation F(z,w) = 0.

As in the example analyzed above, the multivalued function w = w(z) becomes a single-
valued function w = w(P) of a point P of the Riemann surface I': if P = (z,w) € T', then
w(P) = w (the projection of the graph on the the w-axis).

Remark 2.1.2. This definition of a Riemann surface is a simplified one. It coincides with the
traditional definition only if the algebraic curve F'(z,w) = 0 is nonsingular. We shall return
to this question later (see Lecture 3).

Remark 2.1.3. Below we shall see that the function w = w(P) is not only a single-valued
but also an analytic (a holomorphic) function on the Riemann surface I' considered as a
complex manifold of complex dimension one.
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From the algebraic point of view a Riemann surface is a (complex) algebraic curve. From
the real point of view it is a two-dimensional surface in C2 = R* given by the two equations

RE(z,w) =0 }
SF(z,w) =0 [~

In the theory of functions of a complex variable one encounters also more complicated
(nonalgebraic) Riemann surfaces, where F'(z,w) is not a polynomial. For example, the
equation e* — z = 0 determines the Riemann surface of the logarithm. Such Riemann
surfaces will not be considered here.

We now discuss the important property of nonsingularity for points of a Riemann surface.

Definition 2.1.4. A point P = (zp,wo) € I' of a Riemann surface T’ = {(z,w)|F(z,w) = 0}
1s said to be monsingular if the complex gradient vector

8F(Zo, U}O) 6F(ZO, ’LU())
0z ’ ow

gradcF|p, = ( (2.1.3)

does not vanish. A Riemann surface T is nonsingular if all its points are nonsingular.

Lemma 2.1.5 (Complex implicit function theorem). Let F'(z,w) be an analytic function of
the variables z, w in a neighborhood of the point Py = (2o, wp) such that F(zp,wo) = 0 and
OwF (20, wo) # 0. Then there exists a unique function w = w(z) such that F(z,w(z)) =0
and w(zp) = wg. This function is analytic in z in some neighborhood of z.

Proof. Let z =z + iy and w = u+iv, F = f +ig. Then the equation F(z,w) = 0 can be
written as the system

(o 2 2

The condition of the real implicit function theorem are satisfied for this system: the matrix
of of
Ou Ov
29 09

Ou v/ (z0,w0)

is nonsingular because

of of

ou  Ov OF |2
det = |=—

@ @ ow

ou Ov

( we use only the analyticity in w of the function F(z,w)). Thus, in some neighborhood
of (zg,wp) the solution of the equation F'(z,w) = 0 can be written as a smooth function
w = w(z), and this function is uniquely determined by the condition w(zg) = wy. Let us
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0
verify its analyticity: a—lf = 0. Differentiating the identity F'(z,w(z)) = 0 with respect to
z

Z, we get that
oF  OwdF  0woF

oz T ozow T ozow
F F F
But 877 = 377 = 0in view of the analyticity of F'(z,w) and or # 0. From this, a—lf) =0. O
Jdz 0w ow 0z

Let Py = (z0,wp) be a nonsingular point of the surface I'. Suppose, for example, that

F
the derivative — is nonzero at this point. Then by the lemma, in a neighborhood of the

W
point Py, the surface I' admits a parametric representation of the form
(z,w(z)) €T, w(zp) = wo, (2.1.5)

where the function w(z) is holomorphic. Therefore, in this case z is a complex local coor-
dinate also called local parameter on T' in a neighborhood of Py = (29, wg) € I. Similarly,

oF
if the derivative 5 is nonzero at the point Py = (zp,wp), then we can take w as a local

z
parameter (an obvious variant of the lemma), and the surface I' can be represented in a
neighborhood of the point P under study in the following parametric form

(2(w),w) €T,  z(wo) = z0, (2.1.6)

where the function z(w) is, of course, holomorphic. For a nonsingular Riemann surface it is

possible to use both ways for representing the Riemann surface on the intersection of domains

OF oF
of the first and second types, i.e., at points of I' where 70 # 0 and 5, # 0 simultaneously.
w z

The resulting transition functions w = w(z) and, inversely, z = z(w) are holomorphic.
Below we consider mainly nonsingular Riemann surfaces (as already mentioned above, in
this case our definition of a Riemann surface coincides with the more general one explained
below). The preceding arguments show that such Riemann surfaces are complex manifolds
(with complex dimension 1). The choice of the variables z or w as a local parameter is not
always most convenient. We shall also encounter other ways of choosing a local parameter
7 so that the point (z,w) of I' can be represented locally in the form

z=2z(1), w=w(r) (2.1.7)

where z(7) and w(7) are holomorphic functions of 7, and

<:‘§i,‘fl":> £o0. (2.1.8)

Remark 2.1.6. It is easy to show that the nonsingularity condition implies irreducibility
of the algebraic curve F'(z,w) = 0 i.e., the impossibility of decomposing its equation into
nontrivial factors F' = Fy Fy where F; and F» are polynomials of positive degree (verify it!).

Let us consider a Riemann surface I' defined in C? by a monic polynomial

F(z,w) =w" +a1(2)w" ' 4+ -+ a,(2) = 0. (2.1.9)
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Here the a1(z),...,a,(2) are polynomials in z. This Riemann surface is realized as an n-
sheeted covering of the z-plane. The precise meaning of this is as follows: let 7 : I' — C be
the projection of the Riemann surface onto the z-plane given by the formula

m(z,w) = z. (2.1.10)
Then for almost all z the preimage 7~ 1(2) consists of n distinct points

(z,w1(2)), (z,wa(2)), ,...(2,wn(2)), (2.1.11)

of the surface I' where w;(2),...,wy(2) are the n roots of (2.1.9) for given value of z. For
certain values of z, some of the points of the preimage can merge. This happens at the
branch points (zo, wo) of the Riemann surface where the partial derivative Fy,(z, w) vanishes
(recall that we consider only nonsingular curves so far).

Lemma 2.1.7. Let (29, wo) be a branch point of a Riemann surface. Then there exists a
positive integer k > 1 and k functions wy(z), ..., wi(z) analytic on a sector S, 4 of the
punctured disc

0<|z—z] <p, arg(z—z) <o

for sufficiently small p and any positive ¢ < 2w such that
F(z,w;(z))=0 for ze€S,4, j=1,... k.
The functions wi(z), ..., wk(z) are continuous in the closure S, 4 and
wy(20) = -+ = wi(z0) = wp.

Proof. By the nonsingularity assumption F,(zq,wg) # 0. So the complex curve F(z,w) =0
can be locally parametrized in the form z = z(w) where the analytic function z(w) is
uniquely determined by the condition z(wp) = zg. Consider the first nontrivial term of the
Taylor expansion of this function

k+1 +

z(w) = z0+ak(w—w0)k+ak+1(w—wo) ., ag £ 0.

Introduce an auxiliary function

k

f(w) = B(w — wo) {1 + S (w — wg) + O ((w — U}O)Q)]

f

= B(w — wp) [1 + Czk;]j (w —wp) + O ((w — wo)Q)}

where the complex number 3 is chosen in such a way that ¥ = a;. The function f(w)
is analytic for sufficiently small |w — wg|. Observe that f’(wg) = # # 0. Therefore the

analytic inverse function f~! locally exists. The needed k functions wi(2), ..., wg(z) can
be constructed as follows

’lU](Z) :fil (ezﬂ-i(kj_l) (ZiZO)l/k> ’ j = la"'vk (2112)
where we choose an arbitrary branch of the k-th root of (z — 29) for z € S, 4. O
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these values are called ramification points of the Riemann surface. If zg is a branch point
then the polynomial F(zp,w) has multiple roots. The multiple roots can be determined

from the system
F(zp,w) =0
Fo(z0,w) = 0 } . (2.1.13)

Recall that the projection 7 is a local isomorphism in a neighborhood of the points where
the partial derivative F,, # 0. The ramification points on the z-plane can be determined,
therefore, as the zeros of the discriminant R(z) of F(z,w) considered as a z-dependent
polynomial in w:

R(z) = H(wl(z) —wj(2))?. (2.1.14)

i<j
The right hand side of (2.1.14) is a symmetric function of the roots hence it can be expressed
as a polynomial in the coefficients a;1(z), a2(2), ..., a,(2). It also is the greatest common
divisor of the z-dependent polynomials in w, F'(z,w) and F,,(z, w). The discriminant can be
computed as the determinant of a (2n—1) x (2n— 1) matrix constructed from the coefficients
of the polynomials
F=uw"4+aw" '+ +a,_1w+a,

and
Fp=nw""'4 (n—-1aw" >+ - +a,_1

1 ail as e an 0 0 ...0

0 1 a B an 0 ...0

n(n—1) 0 0 0 n,

Rz) = (=1) = det n (n—1a; (n—2)az ... ap—1 0 0 ...0

0 n (n—1ar ... 2ap—2 ap—1 0 ...0

0 0 0 Gn—1

(2.1.15)

For example, the discriminant of a cubic monic polynomial is given by the formula

aq a9 as 0
1 a1 as as

20¢ az 0 O = a?al—4a3—4a}as+18a1a0a3—27a3. (2.1.16)
3 20,1 as 0

0 3 2a1 as

R(z) = —det

S o wWwor

One can show that the discriminant R(z) is not identically equal to zero if the polynomial
F(z,w) is not divisible by the square of a polynomial of a positive degree. So, in the
nonsingular case there are only finitely many ramification points on the complex z-plane.

Example 2.1.8. Hyperelliptic Riemann surfaces have the form

w? = Py, (2), (2.1.17)
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where P, (z) is a polynomial of degree n. These surfaces are two-sheeted coverings of the
z-plane. Here F(z,w) = w? — P,(z). The gradient vector gradcF = (—P/(2),2w). A point
(20, wp) €T is singular if

wo =0, Pl(z)=0. (2.1.18)

Together with the condition (2.1.17) for a point (2, wp) to belong to I we get that
Pu(20) =0, P.(z)=0, (2.1.19)

i.e. zp is a multiple root of the polynomial P,(z). Accordingly, the surface (2.1.17) is
nonsingular if and only if the polynomial P, (z) does not have multiple roots:

n

P,(z) = H(z —2), zi#zj, fori#j. (2.1.20)

i=1
We find the branch points of the surface (2.1.17). To determine them we have the system
w? = P,(2), w=0,

which gives us n branch points P, = (z = z;,w = 0), ¢ = 1,...,n. In a neighborhood
of any point of I' that is not a branch point it is natural to take z as a local parameter,
and w = 1/P,(z) is a holomorphic function. In a neighborhood of a branch point P; it is

convenient to take
T=vz— 2z, (2.1.21)

as a local parameter. Then for points of the Riemann surface (2.1.17) we get the local
parametric representation

s=z+7, w=7 [[[(**+2-2) (2.1.22)
J#i
where the radical is a single-valued holomorphic function for sufficiently small 7;(the expres-
sion under the root sign does not vanish), and dw/dr # 0 for 7 = 0.
We study the structure of the mapping 7 in (2.1.11) in a neighborhood of a branch point
Py = (z0,wp) of I'. Let 7 be a local parameter on I' in a neighborhood of Py. It will be
assumed that z(7 = 0) = zg, w(7 = 0) = wp. Then
z =20 +ar? + O(rP ),

2.1.23
w:w0+b7q+0(7'q+1), ( )

where a and b are nonzero coefficients. Since w can be taken as the local parameter in a
neighborhood of P it follows that ¢ = 1. We get the form of the surface I" in a neighborhood
of a branch point:

2 =20 +ar? + O(rPh),

, (2.1.24)
w = wy + b + O(77),
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where p > 1. Thus, the points of the form
Pi(2) = (zywo + e1c¥z+...), ..., Pp(z) = (2,wo + €ped/z + ... ), (2.1.25)

where €1, ..., €, are the primitive pth roots of unity and c = ba” 7 lie in the complete inverse
image 7~ 1(2) in any sufficiently small neighborhood of Py merging into a single point at this
point itself (the dots stand for the terms of the form o(¥/z).

Definition 2.1.9. The number f = p — 1 is called the multiplicity of the branch point, or
the branching index of this point.

For example, for a hyperelliptic surface w? = P,(z) all the zeros z = 2; ...z = 2, of the
polynomial P, (z) give branch points of multiplicity one on the surface.

Exercise 2.1.10: Prove that the total multiplicity of all the branch points on I' over z = zg
is equal to the multiplicity of z = 2 as a root of the discriminant R(z).

Exercise 2.1.11: Consider the collection of n-sheeted Riemann surfaces of the form

F(z,w) = Z aijziw? (2.1.26)
i+j<n

for all possible values of the coefficients a;; (so-called planar curves of degree n). Prove that
for a general surface of the form (2.1.26) there are n(n — 1) branch points and they all have
multiplicity 1. In other words, conditions for the appearance of branch points of multiplicity
greater than one are written as a collection of algebraic relations on the coefficients a;;..

2.2 Newton polygon technique.

Let T be an algebraic curve given by F(z,w) = 0, and assume (0,0) € T, i.e. in F there
is no constant term. How can we compute the Puiseux series? Consider a; 0z + ag 1w, the
linear part of F; if for example ag1 # 0, then we can set w = —3t22 + O(2?), where the
higher terms can be computed easily. It is more difficult when also the linear part is 0.
In particular consider F = Fy 4+ F; where Fj is the least nonzero homogeneus part (let
say it has degree m). Then Fy = ap, 02™ + -+ + ao.my™ and we can solve it substituting
k = % and solving the algebraic equation of degree m for k. Assume that all the roots
ki,...,kn, are pairwise distinct, then we can set w = k;z + O(2™*1). If the roots are not
all distinct there may be a real branch point or just a singularity as a simple node. But
we can take also as Fp the least nonzero quasihomogeneus part with respect to coprime p

and ¢, i.e. Fp =5 a; jz'w? and all terms of Fy has pi + ¢j > m. Then we can set

1 p
w=k+z7+....

The Newton polygon technique is the following procedure: in the (%, j) plane, mark all
points where a; ; # 0 and take the convex hull of this points. This is called the Newton
polygon of the polynomial. We can assume without loss of generality that the Newton
polygon touches both axis (otherwise we can divide by some power of w or z). Then one
edge corresponds to one choose of p and ¢ (the slope of the edge). Let us consider an
example.

pitgj=m
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Example 2.2.1. Consider F(z,w) = 227 — 28 — 23w + (422 + 23)w? + (2% — 2Y)w? — dzw? +
725w5 + (1 — 22)wb + 52%w" + 23w8. There are four relevant edges in the convex hull; the
first contains 227 — z3w where we have simply w = 22* so that we get w = 22* + w; and
we can interate to obtain another polygon in z and w;. The second edge corresponds to

—23w + 422w? from which we have w = iz + .... The third is 42%w? — 4zw* + 0% =
w?(w? — 22)2 so that the branches coincide two by two and we have w; = wy = 223
and w3 = wy = —/222. To address what happen in this case, we have to substitute

w =222 +w; and obtain a new Newton polygon in 22 and wy. It happens that the points
wi and we that coincide in the first approximation are distinct in the second; similarly for
w3 and wy.

In the precious lecture we worked with the assumption that ag(z) = 1. More generally,
if ag(z) is not constant, we have to consider as Cy the complex plane minus ramification
points and zeroes of ag.

2.3 Riemann surfaces as two-dimensional real manifolds. Com-
pactification of a Riemann surface. Examples. The genus of
a Riemann surface. Computation of the genus for hyperelliptic
surfaces. Monodromy. The Riemann-Hurwitz formula

It has already been mentioned that an arbitrary Riemann surface is a two-dimensional
surface (a two-dimensional manifold) from the real point of view. What can be said about
the topology of this surface? It is easy to see that this surface is connected (verify!). We
show that it is oriented.

If z = x + iy is a local parameter in some domain U on I', then x and y are real
coordinates in U. Another local parameter w = u + v is connected with the first by a
holomorphic change of variables w = w(z), dw/dz # 0 which thus determines a smooth
change of real coordinates u = wu(z,y), v = v(z,y). The Jacobian of this change has the
form

ou  Ou

or Oy dw|?
det @ @ - E > 07

dr Oy

which means that the surface is oriented. The observations that Riemann surfaces are
connected and oriented do not yet permit us to classify them according to topological type,
because they are not compact. We now indicate a procedure for compactifying a Riemann
surface I', i. e. , for adjoining to it some points turning it into a compact complex manifold,
and hence into a closed oriented surface. We recall first how to compactify the complex
z-plane C. For this it is necessary to add to C a single ”point at infinity” oo. The local
parameter in a neighborhood of oo should be taken to be ¢ := 1/z. The holomorphic
transition functions

appear in the common part of the action of the local parameters z and ¢, where z # 0
and ¢ # 0. We get a surface C with the topology of a sphere (the ”Riemann sphere”).
Topological equivalence to the standard sphere is given by stereographic projection, with one
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of the poles of the sphere passing into the point co. Another description of C is the complex
projective line CP' := {(z1,20) | |21]> + 222 # 0, (21 : 22) ~ (Az1 : Az), A € C, X # 0}.

The equivalence CP* — C is established as follows: (21 : 2zp) — 2z = “L The affine part
)

{23 # 0} of CP* passes into C and the point (1 : 0) at infinity passes into co. To compactify

any (algebraic!) Riemann surface I', F(z,w) = 0, we embed it in CP?. Here CP? is the

(complex) projective plane: the collection of nonzero complex vectors (£ : 7 : () determined

up to multiplication by a nonzero complex factor,

(€:n:Q) = (A& Mg A0, A#Q.

This is a compact complex manifold. (Projective spaces of higher dimension are defined
similarly.) The domain in CP? given he condition ¢ # 0 is called an affine part of CP?. The

mappings
€m0 (:=5 w=1)

and the inverse mapping
(z,w) = (z:w: 1)

establish an isomorphism between an affine part of CP? and C2. The whole projective plane
is obtained from the affine part C? by adding the part at infinity of the form (£ : n: 0) ~
CP' ~ $2. An embedding of T in CP? is defined as follows: let

£ 77) Q& n,¢)
Fl=2 | =— 2.3.1

(C ¢ ¢ 231)
where Q(&,7, () is a homogeneous polynomial in &, and ¢ of degree N (we assume that the

fraction on the right-hand side is irreducible). A complex curve I' (two dimensional surface)
is given in CP? by the homogeneous equation

Qn.¢) =0 (2.32)

The finite (affine) part of the curve I’ (where ¢ # 0) coincides with I'. The associated points
at infinity have the form

QEn,¢) =0, ¢=0.

The surface I is compact and is thus the desired compactification of the surface I'.
Exercise 2.3.1: Prove that the curve (2.3.2) is nonsingular in CP? if and only if
3 " ¢ )
rank =2 2.3.3
(acz/as oQ/on 0Q/oc (23.3)
at all points of this curve.

Example 2.3.2. I' = {w? = z}. A local parameter at the branch point (z = 0,w = 0) is
given by 7 = /2, i.e. z =712, w = 7. The compactification I' has the form I' = {n? = £(}.
We introduce the coordinates w,v in a neighborhood of the ideal line CP! (with £ # 0),
setting

uzfz—’ ’[}:7:77 (234)



and the ideal line has the form v = 0. In these coordinates the curve I' can be written
(locally) in the form u? = v. Its unique point at infinity is (u = 0,v = 0), and u = w/z =
Vv = 1/4/z serves as a local parameter in a neighborhood of this point. In other words, in
a neighborhood of the point at infinity in I we have that

. u—0. (2.3.5)

Example 2.3.3. ' = {w? = 22 — a?}. The branch points are (z = 4a,w = 0) and
the corresponding local parameters are Ty = \/z £a. The compactification has the form
I = {n? = €2 — a®¢?}. Making the bubstltutlon (2.3.4) we get the form of the curve I in
a neighborhood of the ideal line: u? = 1 — a?v?. For v = 0 we get that u = 1. Thus,
there are two points at infinity, Py = (1 : +1: 0) on surface I'. We can take v = /2 as a
local parameter in a neighborhood of each of these points. The form of the surface I' in a
neighborhood of these points Py is as follows:

1
z=-, w=x-v1-a%v? v—0 (2.3.6)
v v

where v 1 — a?v? is, for small v, a single-valued holomorphic function, and the branch of the
square root is chosen to have value 1 at v = 0.

Example 2.3.4. T' = {w? = P, 11(2)}. This example is analogous to Example 2.3.2. Here
there is a single point at infinity: we can take u as a local parameter in a neighborhood of
it. In a neighborhood of the point at infinity the surface I' has the form

2n+1

[T =z (2.3.7)

i=1

(here the polynomial Py, 1(2) has the form Py,41(2) = Hfﬁfl (z — z;); the square root is a

single-valued holomorphic function of « for small u chosen to be 1 at u = 0).

Example 2.3.5. ' = {w? = Pan;2(2)}. This example is analogous to Example 2.3.3.
Here T" has two points P1 at infinity, and v = 1 /Az can be taken as a local parameter in a
neighborhood of them. The form of the surface I' in a neighborhood of these points is as
follows:

(2.3.8)

(here Py, y2(z) = Hf:;ﬂ (z — zi)), the specification of the square root is analogous to that
above).

In what follows we shall not put a hat on I', assuming always that the Riemann surface
I' has been suitably compactified. It is well known that connected compact (i.e., closed)
oriented two-dimensional surfaces have a simple topological classification. They are all
spheres with g handles, g > 0 (see [14]). The operation of gluing on a handle is represented
in the figure. The number g of handles is called the genus of the surface. Here there are the
simplest examples of a sphere with handles:
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The genus of a Riemann surface is the most important characteristic of it. Let us compute
the genus of the surfaces in the examples 2.3.2-2.3.5. We begin with Example 2.3.3. Delete
the segment [—a, a] with endpoints at the branch points from the z-plane C. Off this segment
it is possible to distinguish the two branches w4 = +v/22 — a? of the two-values function
w(z) = V22 — a?, that do not get mixed up with each other. In other words, the complete
image 71(C\[~a,a]) on I splits into two pieces, with the mapping 7 an isomorphism on
each of them. The branches w(z) and w_(z) are interchanged in passing from one edge
of the cut [—a,a] to the other. Therefore, the surface is glued together from two identical
copies of spheres with cuts according to the rule indicated in the figure. After the gluing
we again obtain a sphere, i.e., the genus g is equal to zero. Example 2.3.2 is analogous to
Example 2.3.3, but the cut must be made between the points 0 and oo, i.e. the point at
infinity must be regarded as a branch point. Again the genus is equal to zero.

In Example 2.3.5 it is necessary to split up the branch points arbitrarily into pairs and
make cuts (arcs) in C joining the paired branch points (n+1 cuts in all). The surface I is
glued together from two identical copies of a sphere with such cuts, with the edges of the
corresponding cuts glued together in ”cross-wise” fashion (see the figure for n = 1). It is
not hard to see that a sphere with n handles is obtained after the gluing, i.e., the genus g is
n.

In Example 2.3.4 the situation is analogous, except that in making the cuts it is necessary
to take co as one of the branch points. The genus g is again equal to n.

Exercise 2.3.6: Suppose that all the zeros z; < -+ < 29,41 of the polynomial Py, 11(z) are

real. We choose the segments [21, 22|, [23, 24, - - . , [#2n41, 0] of the real axis as the cuts for
the surface I' = {w? = Py,11(2)}. The function w(z) = \/Pa,y1(2) which is single-valued
on each sheet of I' formed after removal of the cycles 7 1([21, 22]), ..., 7 ([z2n41,0]) is

real on the edges of these cuts on each of the sheets. Show that on each sheet the sign of the
square root \/Psy,+1(2) on the upper edge of the cut alternates (see the figure for a possible
distribution of signs).

For more complicated Riemann surfaces it is not easy to determine their topological
structure. Here it is useful to exploit the monodromy group of the Riemann surface, which
we now define. Let delete from C the branch points z1, ..., zy and delete frm I" the complete
inverse images m1(21), ..., 7 !(2n) of these points. We get a surface I'g that is a n-sheeted
covering of the punctured sphere C\(z; U --U zy). The monodromy group of the Riemann
surface is the monodromy group of this covering. We recall the general definition of the
monodromy group of a covering in connection with this case (see [13] for more details). Fix
apoint x € C\(z;U---Uzy) and number the points Pi, ..., P, in the fiber 7~!(x) arbitrarily
(these points are all distinct). Any closed contour in C\(z; U---Uzy) beginning and ending
at % gives rise to a permutation of the points Pi,..., P, of the fiber after being lifted to
[o. We get a representation of the fundamental group m1(C\(z; U--- U 2x),*) (the free
group with N-1 generators) in the group S of permutations of n elements; this is called the
monodromy representation. The image of this representation in .S, is called the monodromy
group. For hyperelliptic Riemann surfaces the monodromy group coincides Sy = Z5 In the
general case the action of the generators of the monodromy group that correspond to circuits
about branch points is determined by the branching indices.

Exercise 2.3.7: Let zy be the image of a branch point, and let the complete inverse image
7~ (20) on T consist of the branch points Py, ..., P, of multiplicity fi,..., fx, respectively
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(jf some point P; is not a branch point, then we set f; = 0). Prove that to a cycle in
C encircling zp once there corresponds an element in the monodromy group splitting into
cycles of length f; + 1,..., fr + 1. This assertion gives a purely topological definition of the

multiplicities (indices) of branch points.

Remark 2.3.8. The monodromy corresponding to circuits about the point z = oo is uniquely
determined by the monodromy corresponding to circuits about the images of the finite
branch points. Indeed, a contour encircling only the point z = oo splits into a product of
contours encircling all the finite branch points, and we get the monodromy at infinity by
multiplying the corresponding elements of the monodromy groups at the finite points. For
example, for the surface w? = Py, 2(2) the monodromy at infinity is trivial (the correspond-
ing contour in the z-plane encircles an even number of branch points), i.e., this surface has
no branch points at infinity. But for the surface w? = Py, 11(z) the monodromy at infinity
is nontrivial, because here a contour encircling z = oo encircles an odd number of branch
points. We thus see once more that the point at infinity of the surface w? = Py, 1 1(2) is a
branch point.

Exercise 2.3.9: Prove that for a general surface of the form (2.1.26)) the monodromy group
coincides with the complete symmetric group S, . Hint. Show that the branch points of such
a surface can be labeled by pairs of distinct numbers i # j, (i,j = 1,...,n) in such a way that
a circuit about the images of the points P;; and Pj; gives rise to a transposition of the ith
and jth points of the fiber ( when these points are suitably numbered).

In the conclusion of this lecture we indicate a formula (the Riemann-Hurwitz formula)
expressing the genus of a Riemann surface in terms of the total multiplicity f of its branch
points and the number n of sheets. This formula is

_f

9=75 —-n+1 (2.3.9)
Exercise 2.3.10: Prove the Riemann-Hurwitz formula. Hint. triangulate the sphere C in
such a way that the images of the branch points are vertices of the triangulation. Let ¢, co
and c3 be the numbers of vertices, edges, and triangles, respectively, of the triangulation.
Lift this triangulation to the surface I' by means of the mapping 7. Let ¢y, ¢; and ¢ be
the number of vertices edges and triangles of the lifted triangulation. Find the connection
between the numbers ¢; and &, ¢ = 0,1,2. Use the theorem of Euler characteristics ([14],
chapt 3): 2 =c¢g — ¢1 + ¢ for a sphere and 2 — 2g = éy — ¢é; + éo for the surface T'.

2.4 Meromorphic functions on a Riemann surface. Holomorphic
mappings of Riemann surfaces. Biholomorphic isomorphisms
of Riemann surfaces. Examples. Remarks on singular algebraic
curves

Definition 2.4.1. A function f = f(z,w) is meromorphic on a Riemann surface T' =
{F(z,w) = 0} if it is a rational function of z and w, i.e., has the form

flz,w) = —/——"—= (2.4.1)



where P(z,w) and Q(z,w) are polynomials, and Q(z,w) is not identically zero on T.

The meromorphic functions on the surface I' form a field whose algebraic structure
actually bears in itself all the information about the geometry of the Riemann surface.

Definition 2.4.2. -A function f is a meromorphic function on a Riemann surface I if it is
holomorphic in a neighborhood of any point of I except for finitely many points Q1, ..., Qm
i.e., can be represented locally in the form f = f(1), where T is a local parameter, and
Of /07 = 0. At the points Qy,...,Qm the function f has poles of respective multiplicities
q1,---,qm i.e., in a neighborhood of any point Q; it can be represented in the form

f =" film), (24.2)

where 7; is a local parameter in a neighborhood of the point q;, 7;(Q;) = 0 ﬁ(n) is a
holomorphic function for small 7; and f;(1;) # 0.

It is easy to verify that Definition 2.4.1 is unambiguous. i.e., is independent of the
choice of the local parameter, and also that the definition of the multiplicity of a pole is
unambiguous. It is not hard to verify also that the conditions of Definition 2.4.2 follow from
the conditions of Definition 2.4.1. The following result turns out to be true.

Theorem 2.4.3. Definitions 2.4.1 and 2.4.2 are equivalent.

We do not give a proof of this theorem; see, for example, [27] or [6].

Example 2.4.4. A hyperelliptic Riemann surface w? = Py, ;(2). Here the coordinates
z and w are single-valued functions on I' and holomorphic in the finite part of I". These
functions have poles at the point of I' at infinity: z has a double pole, and w has a pole
of multiplicity 2n + 1. This follows immediately from the formula (2.3.7). If Pa,11(2) =
Hfﬁfl(z — 2;), then the function 1/(z — z;) has for each ¢ a unique second order pole on T’
at the branch points. This follows from (2.1.22). We mention also that the function z has
on I' two simple zeros at the points z = 0, w = £/ P5,+1(0) which merges into a single
double zero if Py,41(0) = 0. The function w has 2n + 1 simple zeros on I' at the branch
points. (The multiplicity of a zero of a meromorphic function is defined by analogy with the
multiplicity of a pole.)

Example 2.4.5. . A hyperelliptic Riemann surface w? = Py, ,2(z). Here again the func-
tions z and w are holomorphic in the finite part of I'. But these functions have two poles at
infinity (in the infinite part of the surface I'): z has two simple poles, and w has two poles
of multiplicity n + 1. This follows from the formulas (2.3.8).

Exercise 2.4.6: Prove Theorem 2.4.3 for hyperelliptic Riemann surfaces. Hint. Let f =
f(z,w) be a meromorphic (in the sense of Definition 2.4.2) function on the hyperelliptic
Riemann surface w? = P(z). Show that the functions f, = f(z,w) + f(z,—w) and f_ =
w(f(z,w) — f(z,—w)) are rational function of z.

Remark 2.4.7. 1. Tt is not hard to prove that there are no nonconstant holomorphic functions
on (compact) Riemann surfaces. Indeed, such a function attains its maximum on I', and
hence must be constant by the maximum principle.
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Holomorphic mappings of Riemann surfaces are defined by analogy with meromorphic
functions on Riemann surfaces. If I' = {F(z,w) = 0}, T = {F(2,%) = 0}, then a holo-
morphic mapping f : I' — T is defined by a pair of meromorphic functions z = f;(z, w),
W = fa(z,w). In other words, if 7 is a local parameter on I" in a neighborhood of the point
f(P), then f must be written locally in the form 7 = ¢(7), where v is a holomorphic function
of 7. It follows from Theorem 2.4.3 that these two definitions are equivalent (verify!).

Example 2.4.8. . Let f be a meromorphic function on I'. Tt determines a mapping of I'
to CP' where the poles pass into the point at infinity. Let us verify that this mapping is
holomorphic. This is obvious in a neighborhood of regular points. Let z be a local coordinate
in the finite part of CP', and ¢ = 1 /z the local coordinate at infinity co € CP'. Assume
that the function has a pole of order k at the point Py € T, f(Py) = co € CP', i.e., it can
be written in terms of a local coordinate 7 in the form

2= J(P) = S 40, e,

where 7(Fy) = 0. Then ¢ = 7P = ¢ 7% 4 O(7F*1), i.e., the mapping has a zero of

multiplicity k at Fp.

To prove the simplest properties of meromorphic functions on Riemann surfaces it is
useful to employ arguments connected with the concept of the degree of a mapping. The
key point here is the following circumstance (valid for holomorphic mappings of arbitrary
complex manifolds of the same dimension). Let f: T — I be a holomorphic mapping of the
surface ' into " and let P € T be a regular value of this mapping. Then the degree of f
is equal to the number of inverse images of P. Indeed, if f(P) = P, and 7 and 7 are local
parameters in neighborhoods of P and P, respectively, with 7(P) = ?(P) = 0, then f can
be written locally as a holomorphic function 7 = ¢(7) and dip/dr # 0. The Jacobian of this
mapping at P is equal to |(dy/d7T)(0)|* > 0, and this proves the stated assertion.

Exercise 2.4.9: Prove that for any meromorphic function on a Riemann surface I' the
number of zeros is equal to the number of poles (zeros and poles are taken with multiplicity
counted).

Branch points and their multiplicities are defined for holomorphic mappings of Riemann
surfaces, as is the number of sheets. The branch points are the critical points of the mapping
F:T —T.

In a neighborhood of such points F' can be written in terms of local parameters in the
form 7 = (1), where (dy/dr)(0) = 0. The multiplicity of a branch point is the multiplicity
of the zero of the derivative dy/dr at 7 = 0. It is clear that for I = CP', this definition
coincides with the definition in Lecture 2.1. Next, the number of sheets is the degree of the
mapping F'.

Exercise 2.4.10: Let g be the genus of the surface T, § the genus of I and n the number
of sheets of the mapping, and f the total multiplicity of the branch points of F'. Prove the
following generalization of the Riemann-Hurwitz formula (see Lecture 2.3)

g:%:ng—n+1. (2.4.3)
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Definition 2.4.11. A mapping F : T — T is called a biholomorphic isomorphism if it is bi-
holomorphic and and its inverse is biholomorphic. It is not hard to derive from Theorem2.4.3
that the class of biholomorphic isomorphisms of Riemann surfaces coincides with the class of
birational isomorphisms (the mapping itself and its inverse are given by rational functions:
Z=Z(z,w), 0 = w(z,w) and z = z(Z,W), w = w(Z,W)).In what follows we use these two
terms interchangeably.

The following is obvious but important.

Lemma 2.4.12. If the surfaces I' and [ are biholomorphically (birationally) isomorphic,
then they have the same genus.

Proof. A biholomorphic isomorphism is clearly a homeomorphism. But the genus is invariant
under homeomorphisms [14]. The assertion is proved. O

Definition 2.4.13. A Riemann surface I' is said to be rational if it is biholomorphically
isomorphic to CP'.

The genus of a rational surface is equal to zero. It turns out (see Lecture 2.7) that this
condition is also sufficient for rationality.

Exercise 2.4.14: Let I' be a Riemann surface of genus g > 1. Prove that there is no
meromorphic function on I" with a single simple pole.

Example 2.4.15. The surface w? = z. This surface is rational. A birational isomorphism
onto CP! is given by the projection (z,w) — w.
Exercise 2.4.16: Show that the surface w? = P,(z), where P,(z) is a quadratic polynomial,

is rational. An explicit form of a rational parametrization of this surface is given by the
Euler substitutions known from integral calculus.

Example 2.4.17. A surface with w? = Pyy45(2) with g > 1 is nonrational. We show that
any such surface is birationally isomorphic to some surface of the form w? = Pyy41(2). Let
2z be one of the zeros of the polynomial Psyy2(2), and let

.1 _ w
R w_(2—20)9+1'
The inverse mapping has the form
1 w
Z=Zo+§, wzggﬂ.

If Pyyio(2) = (2 — 20) 127" (2 — ), then Pyyi1(2) = TI22T (1 4 (20 + 2)%). Thus, both
"types” of hyperelliptic Riemann surfaces considered in Lecture 2.1 give the same class of
surfaces.

In the conclusion of this lecture we return to the question of singular complex algebraic
curves I' = {F(z,w) = 0}. It turns out that there is always a nonsingular Riemann surface
I' (a complex one-dimensional manifold) such that the curve I' is given in the z = z(P),
w = w(P), where z(P) and w(P) are meromorphic functions on I'. The surface I' can be
chosen in a minimal (or universal) way in the following sense of the word. If Iy is another
such surface, then its mapping to the curve I' factors through a holomorphic mapping

F1—>F.
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Example 2.4.18. We consider what happens when a multiple zero of the polynomial
Psy11(2) appears in the equation w? = Psgiq(2) of a hyperelliptic curve. Let Poyiq(z) =

29-1 e .
(z—20)? 12, (2—2;), where the numbers zg, 21, . . . , 22441 are pairwise distinct. We consider
the curve
2g—1
- 2
I': w=(z—20) 1_[(2;—22-)7
i=1

(this curve can be thought of as coming from the nonsingular Riemann ;w? = Hfi Il(z —
z;),by the confluence Zog — 20, Z2g4+1 — z9) and the Riemann surface

2g—1

f: 1f]2: H(é—zz),

i=1

of genus g — 1. The mapping I’ — T is given by the formulas z = 2, w = @( — ). It is not
hard to verify the universality property.

We do not give a general construction of the desingularization (see [22]). We point out
that for singular curves F(z,w) = 0, the surface I' (which is always nonsingular!) is called
the Riemann surface of the algebraic function w = w(z). Note that the collection of rational
functions of z,w on the singular curve I' can be identified in a natural way”with a certain
subfield of the field of meromorphic functions on the desingularization I.

Example 2.4.19. The “Enriques curves” with ¢ singularities of double point are obtained
from the Riemann sphere CP' = C by identifying g pairs of points ay, by, ... ,ag,bg. Thus,
the rational functions on a Enriques curve are the rational functions f(z) on the complex
plane, z € C that satisfy the conditions

f(al) = f(bl), 1=1... » 3. (244)

More complicated singularities (of ”beak” type) are obtained by fixing a collection of points
¢y .-, ¢k and imposing on the rational functions f(z) the conditions

fle)=0=, i=1,.. .k (2.4.5)

More complicated singularities are also possible.

2.5 Differentials on a Riemann surface. Holomorphic differentials.
Periods of closed differentials. Cycles on a Riemann surface,
the intersection number, canonical bases of cycles. A relation
between periods of closed differentials

Let z = x+1iy be a local parameter in some domain of a Riemann surface I'. The differential
1-forms (also called differentials) on a Riemann surface can be written locally in the form
w = P(z,y)dz+ Q(z,y)dy. Introducing a basis dz = dz +1idy, dz = dx —idy, we can rewrite
w in the form w = fdz 4+ gdz. The two parts w = fdz and w = gdZ of this expression
will be called (1,0)- and (0, 1)-forms respectively. The decomposition of a 1-form into the
sum of (1,0) and (0, 1) forms is invariant under holomorphic changes of the local parameter
(verify!).
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Lemma 2.5.1. The following relation holds

_ (% _9f .
dw = (8z 82) dz NdZz (2.5.1)

The proof is obvious.

Corollary 2.5.2. A (1,0)-form w = fdz is closed if and only if the function f is holomor-
phic.

Definition 2.5.3. A differential w is called holomorphic (or a differential of the first kind)
if it can be written locally in the form w = f(2)dz, where f(2) is a holomorphic function of
the local parameter z.

Example 2.5.4. Let us consider holomorphic differentials on a hyperelliptic Riemann sur-
face

2g+1
T = {w’ = Pyy1(2)}, Poga(2) = [ (2= 2)
k=1
of genus g > 1. Let us check that the differentials
kfld kfld
P S (2.5.2)
w Pagi1(2)

are holomorphic. Indeed, holomorphicity at any finite point but branch point is obvious as
the denominator does not vanish. We verify holomorphicity in a neighborhood of the i-th
branch point P, = {z = z;, w = 0}. Choosing the local parameter 7 in a neighborhood of
P; in the form 7 = \/z — z;, we get from (2.1.22) that 7, = ¢y (7)dr, where the function

2(27, + 7_2)k71

Yi(T) =
\/Hj;éi(TQ + 2 — )

is holomorphic for small 7.
At the point at infinity the differentials 7 can be written in terms of the local parameter
1
u = z"2 in the form 7, = ¢ (u)du, where the functions

2g+1
¢k<u)=—2u2<g"“>lH(l—ziu)l . k=1,....g

i=1

N

are holomorphic for small u (see the formulas (2.3.7)).

In the same way it can be verified that the differentials n, = 2*~'dz/w, k =1,...,g are
holomorphic on the Riemann surface w? = Py yo(2).

Exercise 2.5.5: Suppose that the Riemann surface has the form (2.1.26), the curve (2.1.26)
is nonsingular, and the equation a;j ¢’ = 0 has n distinct roots (1, . .., (,. Show that
the differentials

i+j=n
Zwidz

Nij = OF (z,w) /0w (2.5.3)
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are holomorphic on I for i + j < n — 3. (The condition in the problem means that the n-th
degree curve of the form
S g€l =0

i+j<n
is nonsingular in CP? (verify!)).

We return to arbitrary closed forms w. For any closed oriented contour (cycle) v on T,
the period of a closed differential w along the contour ~, is defined as fv w. This period does
not depend on the deformations of the contour ~ (verify!). More generally, if the contour
~ (which is not necessarily connected) is the oriented boundary of some domain € on the
surface T' (i.e., is homologous to zero), then the period fvw is equal to zero. Indeed, by

Stokes formula
?{ w = / / dw = 0.
=09 Q

Thus, the period §,yw depends only on the homology class of oriented closed contours
(cycles). Recall that two cycles v; and 75 are said to be homologous if their difference
Y1 — 2 = 71 U (—72) (where (—72) is the cycle with the opposite orientation) is the oriented
boundary of some domain 2 on I'. For example, any two cycles on a surface of genus zero
are homologous.

Suppose that the genus g is > 1. We present facts from the homology theory of the
surface that are needed in what follows. On such a surface it is possible to choose basis of
cycle ay,...,aq,b1,...,by such that any cycle v is homologous to a linear combination of
them with integer coefficients. We write this as follows:

g g
7:Zmiai+2nibi, m;, n; € 7.
=1 =1

For example, for g = 1 or 2 the cycles a; and b; can be chosen as shown in the figure 1. The
intersection number ; o 5 is defined for any two cycles 7; and 5 on I'. Namely, suppose
that all points of intersection of the cycles 7; and o are in pairs and the cycles at these
points are not tangent to each other. At each intersection point there is an ordered reference
frame consisting of the tangent vectors to the respective cycles v, and 2 with the direction
of the tangent vectors chosen to correspond to the orientation of the cycles. The intersection
points are assigned the number +1 if the orientation of this frame coincides with that of the
surface, and —1 otherwise (see the figure). The sum of these numbers +1, taken over all
points

of intersection of 1 and 79 is the intersection number 7; o 5. Properties of the intersection
number: 1) 47 072 depends only on the homology classes of v; and 7s; 2) the scalar product
71 072 is bilinear, skew-symmetric, and nondegenerate. Nondegenerate means that if v, 0y, =
0 for every cycle 72, then the cycle ;1 is homologous to zero. See [13] or [14] for proofs of
these properties. A basis of cycles ai,...aq, b1,...,b; on a surface I' of genus g can be
chosen so that the pairwise intersection number have the form

aioajzbiobj:O, aiobjzéij, i,jZI...,g. (254)
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Figure 1: Intersection of v; and ~,.

Such a basis will be called canonical. For example, for surfaces of genus g = 1 or 2, the basis
of cycles pictured in the figure above is canonical. Note that if for a cycle v and a canonical
basis ai,...ag4, b1,..., by the intersection numbers are yoa; = n;, yob; =m;j,4,j=1...,g,
then the decomposition of v in the basis has the form

g g
= _mia;— Y nibi.
i=1 i=1

This simple consideration is useful in practical computations with cycles on Riemann sur-
faces. A canonical basis of cycles on a Riemann surface I' of genus g has another remarkable
property. Let us construct the cycles a; and b; so that they all begin and end at a particular
point * of I' and otherwise do not have common points, and let us make cuts along these
cycles. As a result the surface T' becomes a (4g)-gon T' — a so-called Poincare polygon of T'.
Indeed, the domain ' obtained as a result of the cutting is bounded by a closed contour dI
made up of 4¢g segments, and any cycle in Iis homologous to zero by property 2 of intersec-
tion number. Therefore, I is a simply connected planar domain. Conversely, it is possible
to glue the surface I together from the (4g)-gon I by identifying its sides of the same name
in the way indicated in the figure. In the figure, we write a; ' and b; ' the edges of the cut
along the cycles a; and b;, respectively, if these edges occur in the oriented boundary oI
with a minus sign. The segment «; is glued together with the segment a;l and b; with the
segment b, 1in the direction indicated by the arrows.

Example 2.5.6. Let us construct a canonical basis of cycles on the hyperelliptic surface
w? = Hfﬂrl(z —2;), g > 1. We represent this surface in the form of two copies of C (sheets)
with cuts along the segments [z1, 22], [23, 24], ..., [22941,00]. A canonical basis of cycles can
be chosen as indicated on the figure for g = 2 (the dashed lines represent the parts of a;

and ay lying on the lower sheet).

In concluding this lecture we prove a technical assertion important for what follows, a
bilinear relation between the periods of closed differentials.
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Figure 2: Poincaré polygon for surfaces of genus one and two.

Figure 3: Homology basis.

Lemma 2.5.7. Let wy and wy be two closed differentials on a surface I of genus g > 1.
Denote their periods with respect to a canonical basis of cycles ay,...,aq, bi,... by, by

Ai7 Bl and A;7 B;
Ai:/ w, B'L:/ W, A;:/ W', Bg:/ w'. (2.5.5)
a; b, a; b;

i i

Denote by f = [w the primitive of w, which is single-valued on the surface [ cut along a;,

bj, then
g
//w/\w' :]{ fw' = (AiB]— A/B;). (2.5.6)
r ar i1

Proof. The first of the equalities in (2.5.6) follows from Stokes’ formula, since d(fw') = wAW'.
Let us prove the second. We have that

affw/:§;<Li+é;l> f‘”i(/bj/i_l) %
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To compute the i-th term in the first sum we use the fact that
P;
f(P)~ ) = [w=-B, (25.7)

since the cycle P; P;, which is closed on T', is homologous to the cycle (—b;) (see the figure; a
fragment of the boundary 0T is pictured). Similarly, the jump of the function f in crossing

the cut b; has the form
Qi

)F(Qi) — f(QF) = /w = A; (2.5.8)
Q;
since the cycle Q;Q; on T is homologous to the cycle a;. Moreover, w'(P/) = w'(P;) and
W' (Q)) = w'(Q;) because the differential w’ is single-valued on I'. We have that

| saeo s | PR = [ s e+ [ e+ Bowp)

i

= —Bl/ w’(H-) = —BiA;

L oceurs in 8T with a minus sign. Similarly,

([,

Summing these equalities, we get (2.5.6). The lemma is proved. O

where the minus sign appears because the edge a;

2.6 Riemann bilinear relations for periods of holomorphic differen-
tials and their most important consequences. Elliptic functions

We derive some important consequences for periods of holomorphic differentials from the
lemma proved at the end of the last lecture the so-called Riemann bilinear relations. Ev-
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erywhere in this lecture we denote by a1,...,aq4, b1,...,b, the canonical basis of cycles on
Ir.

Corollary 2.6.1. . Let w be a monzero holomorphic differential on I', and Ay,..., A
Bi,..., By its basisperiods, then

g

R (i AkBk) <0. (2.6.1)

i=1

Proof. Take w' = @ in the lemma. Then A; = A; and B! = B; fori = 1,...,9. We have

that ) ,
3//w/\w'=i//|f|2dz/\d2=//|f\2dx/\dy>0.
2/) Jr 2 r

Here z = x + 4y is a local parameter, and w = f(z)dz. In view of (2.5.6) this integral is

equal to
P B - g B
3 Z ApBi — Ay B, = =S (Z AkBk> )

k=1 k=1

The corollary is proved. O
Corollary 2.6.2. If all the a-periods of a holomorphic differential are zero, then w = 0.
This follows immediately from Corollary 2.6.1.

Corollary 2.6.3. The space of holomorphic differentials on a Riemann surface of genus g
s mo more than g-dimensional.

The proof is obvious: any holomorphic differential is uniquely determined by its a-
periods. We saw in example 2.5.4 of the last lecture that on a hyperelliptic Riemann surface I
of genus g there are g holomorphic differentials (2.5.2), which are clearly linearly independent
and, according to Corollary 2.6.3, form a basis in the space of holomorphic differentials on
I'. The following result turns out to hold.

Theorem 2.6.4. The space of holomorphic differentials on a Riemann surface T' of genus
g has dimension g.

See [27] for a proof.

Corollary 2.6.5. On a surface I' of genus g there exists a basis wy,...,wy of holomorphic
differentials such that

% wp = 2midE, 5 k=1,...,9. (2.6.2)
Proof. Let 11,...,n4 be an arbitrary basis of holomorphic differentials on I'. The matrix

A :]{ - (2.6.3)

J
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is nonsingular. Indeed, otherwise there are constants ¢, ...,cq such that », Ajxc, = 0.
But then » . c¢xmp = 0, since this differential has zero a-periods. This contradicts the
independence of the differentials 7;, ..., 7.

g
wj=2mi Y Agme, j=1,...,9, (2.6.4)
k=1

where the matrix (flkj) is the inverse of the matrix (A;z), >, AikAkj = 0;;, we get the

desired basis. The corollary is proved. O
A basis wi, ... ,w, satisfying the conditions (2.6.2) will be called a normal basis of holo-
morphic differentials (with respect to a canonical basis of cycles a1,...,a4,b1,...,bg) .

Corollary 2.6.6. Let wi,...wy be a normal basis of holomorphic differentials, and let
Bjk = f Wk j,k = 1,...,g. (265)
bj
Then the matriz (Bji) is symmetric and has negative-definite real part.

Proof. Let us apply the lemma 2.5.7 to the pair w = w; and W' = wi. Then w A W/,
Ai = 271'1'51']', Bl = B”,A; = 27TZ.57;;€, B,Z = Bik' By (256) we have that

0= Z(?m’&ijBik - 2m§mBm) = 27Ti(Bjk — Bkj).

The symmetry is proved. Next, we apply Corollary 2.6.1 to the differential > 7_, z;w; where
all the coefficients z1,...,z4 are real. We have that Ay = 2mixy, By = j x;By,; which
implies

%(Z 2mixy, Z xjBy;) = 2w Z(%(Bkj)xkxj < 0.
k J k,j
The lemma is proved. O

Definition 2.6.7. The matriz (B,i) is called a period matriz of the Riemann surface T.

Example 2.6.8. We consider a surface I' of the form w? = P3(z) of genus g = 1 (an elliptic
Riemann surface). Let P3(z) = (2 — 21)(z — 22)(z — z3) and choose a basis of cycles as shown
in the figure. We have that

adz . dz -
w1 =w = P3(Z)7 a—27m<7£1\/m> .

Note that

The period matrix is the single number
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Figure 4: Homology basis.

fzs dz
B adz - 2 \/P3(2)
B= bl\/T(Z)_Q ek R(B) < 0. (2.6.6)
1 Pg(Z)

Consider the function (”elliptic integral”)

u(P) = / } Wi, (2.6.7)

Py

which is single-valued and holomorphic on the surface ' which is obtained by cutting I'
along the cycles a; and b;. This function is not single-valued on I". When the path of
integration in the integral (2.6.7) is changed, the integral changes according to the law
u(P) — u(P) + fv w; where v is a closed contour (cycle). Decomposing it with respect to
the basis of cycles, v = maji +nby, m and n integers we rewrite the last formula in the form

u(P) — u(P) + 2wim + Bn. (2.6.8)

We define the two-dimensional torus 72 as the quotient of the complex plane C = R? by
the integer lattice generated by the vectors 27 and B,

T? = C/{2rim + Bn | m,n € Z} (2.6.9)

(the vectors 2mi and B are independent over R because R(B) < 0). The torus T2 is a
one-dimensional compact complex manifold. By (2.6.8) the function u(P) unambiguously
defines a mapping I' — T2. It is holomorphic everywhere on I': du = w and du vanishes
nowhere (verify!) . It is easy to see that this is an isomorphism. The meromorphic functions
on the Riemann surface I' are thereby identified with the so-called elliptic functions — the
meromorphic functions on the torus T2. The latter functions can be regarded as doubly
periodic (with a basis of periods 27i, B) meromorphic functions of a complex variable.
The absence of nonconstant holomorphic functions on I" (see Lecture 2.4) leads to the well-
known assertion that there are no nonconstant doubly periodic holomorphic functions. For
comparison with the standard notation of the theory of elliptic functions we note that the
mapping (2.6.7) is usually taken in the form u(P) — (2mi)~*u(P). Then the lattice has the
form m +n7, 7 = (2mi) B, 37 > 0.
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We give the construction of the mapping 7% — T inverse to (2.6.7). Let the torus T2
have the form
T? = C/{2mw + 2nw’ | m,n € Z}, S(w/w') > 0. (2.6.10)

The Weierstrass elliptic function, p(z) is defined by

@(2)=Zl—2+ > [ ! - ! (2.6.11)

— — N2 2
40 (z — 2mw — 2muw’) (2mw + 2mw'’)

It is not hard to verify that the (2.6.11) converges absolutely and uniformly on compact
sets not containing nodes of the period lattice. Therefore, it defines a meromorphic function
of z having double poles at the lattice nodes. This function is obviously doubly periodic:
p(z + 2kw + 2lw’) = p(z2), k,l € Z. The Laurent expansions of the functions p(z) and ¢'(2)
have the following forms as z — 0

p(z) = =t o5 T (2.6.12)
2 gz g3?°
where
g2 = 60 Z (2mw + 2mw’)~*
m24n2
e (2.6.14)
g2 = 140 Z (2mw + 2mw’) 7%,
m2+n2#£0

(verify!). This gives us that the Laurent expansion of the function (p’)? —4p% — g2 — g3 has
the form O(z) as z — 0. Hence, this doubly periodic function is constant, and thus equal
to zero. Conclusion: the Weierstrass function p(z) satisfies the differential equation

(¢)? = 49" + gap + g3 (2.6.15)
Let us now map the torus (2.6.10) into the elliptic curve
W2 =473 — go 7 — g3 (2.6.16)

by setting
Z=p(z), W=¢g). (2.6.17)

This mapping is the inverse of the one constructed above.

Exercise 2.6.9: Prove that any elliptic function with period lattice {2mw + 2nw’} can be
represented as a rational function of p(z) and ©'(2)

Exercise 2.6.10: Consider the Korteweg-de Vries (KdV) equation

i = 6uu’ —u"” (2.6.18)
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(here u = u(z,t), the dot stands for the derivative with respect to ¢, and the prime stands
for the derivative with respect to x). Show that any (complex) periodic solution of it with
the form of a traveling wave has the form

u(z,t) = u(x — ct) = 2p(x — ct — xg) — g, (2.6.19)

where the Weierstrass function p corresponds to some elliptic curve (2.6.16), and the velocity
c and the phase x( are arbitrary.

Exercise 2.6.11: (see [12]). Look for a solution of the KdV equation in the form
u(z,t) = 2p(x — x1(t)) + 2p(x — 22(t)) + 2p(x — x3(t)). (2.6.20)

Derive for the functions x;(t) the system of differential equations

B =12 pla; —m), j=1,2,3, (2.6.21)
=y
and its integrals
S ol(aj—xk) =0, =123 (2.6.22)
k]

Integrate this system in quadratures.
Exercise 2.6.12: (see [31]). For the elliptic curve (2.6.16) construct a new elliptic curve T'

given by a third-degree polynomial

Py(z) = (2% — 3gy) <z + 952) . (2.6.23)

Denote by P the corresponding Weierstrass function. Let &; = p(z;(t) — x;(t)), i # J,
where the quantities x;(t) are defined in the previous problem. Show that the functions
&12(t), &23(t), and &13(¢) are the roots of the cubic equation

, IS T
4€% = g2 — 203 + 5.926(6i\/3g21) = 0 (2.6.24)

Remark 2.6.13. . We define the Weierstrass ¢ and o functions (which are useful in the
theory of elliptic functions) from the conditions

¢'(z) = —p(2), — ¢(2). (2.6.25)

z—w  w  w?
w=2mw+2nw’#0

((x) ==+ > [ +=+ . (2.6.26)
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Figure 5: Homology basis.

This function has simple poles at the nodes of the period lattice. The function o(z) is entire.
It has simple zeros at the nodes of the period lattice and can be expanded in the infinite

product 2
o)== [] {@-—Z)@m{;-%;ﬁ]} (2.6.27)

w=2mw-+2nw’#0

The functions {(z) and o(z) are not elliptic; under a translation of the argument by a vector
of the period lattice they transform according to the law

C(z + 2kw + 21W") = (2) + 2kn + 2", n=((w), n = (W), (2.6.28)
o(z 4 2w) = o(2) exp[2n(z + w)], o(z +2w') = —a(2) exp[2n/(z + )] (2.6.29)

where 7 and 7’ are constants depending on the period lattice.

Exercise 2.6.14: Show that under the dilation w — Aw, W’ — Aw’, z — Az the functions
o, ¢ and o transform according to the law p — A2p, ( — A71(, 0 — Ao. In view of this
assertion the properties of p, ¢ and o depend in essence only on the ratio 7 = w/w’ of the
periods.

Exercise 2.6.15: Prove that the tori 72 = C/{m + nt} and T"? = C/{m + nr'} are
ar+b (a b
dr+d \c d

Exercise 2.6.16: Prove the following identity:

isomorphic if and only if 7/ = ) is a unimodular integral matrix.

T = o) - olo)

(2.6.30)

Other properties of the functions,p, ¢ and o and of other elliptic functions as well, can
be found, for example, in the texts [2] and [7], or in the handbook [3].

Example 2.6.17. . Consider a hyperelliptic Riemann surface w? = Py 1(2) = Hfiirl(z -

z;) for genus g > 2, and choose a basis of cycles as indicated in the figure (there g = 2). A
normal basis of holomorphic differentials has the form

g k-1
_ [[io cinz"'dz

= j=1,...,9. (2.6.31)
’ Pogi1(2)

)
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Here (cji) is the matrix inverse to the matrix (A;) where

723 2F1dz

o[ E k-
z25-1 \/ P29+1(z)

2.7 Meromorphic differentials, their residues and periods

Ajp 1,...,9. (2.6.32)

Meromorphic (Abelian) differentials on a Riemann surface differ from holomorphic differen-
tials by the possible presence of singularities of pole type. If a surface is given in the form
F(z,w) = 0, then the Abelian differentials have the form w = R(z,w)dz (or, equivalently,
w = Ry(z,w)dw) where R(z,w) and R;(z,w) are rational functions. For example, on a
hyperelliptic Riemann surface w? = Py,41(z) the differential w™2*"1dz has for k > g a
unique pole at infinity of multiplicity 2(k — ¢) (see Example 2.5.4). Suppose that the differ-
ential w has a pole of multiplicity k£ at the point Py i.e., can be written in terms of a local
parameter z, z(FPy) = 0, in the form

C_f C_1
w = (?4_4_74_0(1)) dz (2.7.1)

(the multiplicity of the pole does not depend on the choice of the local parameter z).

Definition 2.7.1. The residue Resp—p, w(P) of the differential w at a point Py is defined
to be the coefficient c_.

Lemma 2.7.2. The residue Resp_p, w(P) does not depend on the choice of the local pa-
rameter z.

Proof. This residue is equal to
1

cc1=— P w
Yo f,

where C' is an arbitrary small contour encircling Fy. The independence of this integral on

the choice of the local parameter is obvious. The lemma is proved. O

Theorem 2.7.3 (The Residue Theorem). . The sum of the residues of a meromorphic
differential w on a Riemann surface, taken over all poles of this differential, is equal to zero.

Proof. Let Py, ..., Py be the poles of w. We encircle them by small contours C1, ..., Cy such
that

1
Resw = — w, 1=1,...,N,
21 Je,

(the contours C; run in the positive direction), and cut out the domains bounded by
C1,...,Cy from the surface I'. This gives a domain I with oriented boundary of the
form oI = —Cy — -+ — Cn (the sign means reversal of orientation). The differential w is
holomorphic on I”. By Stokes’ formula,

N 1 1 1
R 5 = —_— = —— = —— d :O
jz:; B 2m';fcjw omi Jor . 2mi / LT

since dw = 0. The theorem is proved. O
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We present the simplest example of the use of the residue theorem: we prove that
the number of zeros of a meromorphic function is equal to its number of poles (counting
multiplicity). Let Pi,..., Pk, be the zeros of the meromorphic function f, with multi-
plicities m1,...,m; a nd let Q1,...,Q; be the poles of this function, with multiplicities
ni,...,n,. Consider the logarithmic differential d(inf). This is a meromorphic differential
on I with simple poles at Py, ..., P, with residues mq,...,my and at the points Q1,...,Q;
with residues —nq,...,—n;. By the residue theorem: m; +---4+mp —ny —--- —np =0,
which means that the assertion to be proved is valid. One more example. For any elliptic
function f(z) on the torus T? = C/{2mw + 2nw’} the residues at the poles are defined with
respect to the complex coordinate z (in C). These are the residues of the meromorphic dif-
ferential f(z)dz, since dz is holomorphic everywhere. Conclusion: the sum of the residues of
any elliptic function (over all poles in a lattice parallelogram) is equal to zero. We formulate
an existence theorem for meromorphic differentials on a Riemann surface I' (see [27] for a
proof).

Theorem 2.7.4 (Theorem C). . Suppose that Py, ..., Py are points of a Riemann surface
T and z1,...,zN are local parameters centered at these points, z;(P;) = 0, and the collection
of principal parts is

0 )
44 —=Ldy, i=1,...,N. (2.7.2)
i

Assume the condition N

> =0 (2.7.3)
Then there exists on I' a meromorphic differential with poles at the points Py, ..., Py, and
principal parts (2.7.2).

Any meromorphic differential can be represented as the sum of a holomorphic differential
and the following elementary meromorphic differentials.

1. Abelian differential of the second kind 2% has a unique pole of multiplicity n + 1 at
P and a principal part of the form

an = (anH + 0(1)> dz (2.7.4)

with respect to some local parameter z, z(P) =0, n=1,2,....

2. An Abelian differential of the third kind Qpg has a pair of simple poles at the points
P and @ with residues +1 and —1 respectively.

Example 2.7.5. We construct elementary Abelian differentials on a hyperelliptic Riemann
surface w? = P5411(2). Suppose that a point P which is not a branch point takes the form

P = (a,wq = \/Pag+i(a)). An Abelian differential of the second kind Qg) has the form

Q) _ (wttwa Pygia(a) \ dz
P (z—a)? 2wu(z—a)/ 2w

(2.7.5)
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(with respect to the local parameter z-a). The differentials ng) can be obtained as follows:

" 1 dnfl
Q= EWQ}D. (2.7.6)
If P =(z;,0) is one of the branch points, then

n dz " dz
W =gyt T S g ey, AL BT

Finally, if P = oo, then

1 1
ng) = —§zk_1dz for n =2k, Qp = —Ezg+k_1% for n=2k+1. (2.7.8)
We now construct differentials of the third kind. Suppose that the point P and @ have the

form P = (a,wq = \/Pog+1(a)) and Q = (b, wy, = \/Pag+1(b)). Then

w+w, wH+wy\ dz
Opp — _ - 2.7.9
Pe ( z—a z—b ) 2w ( )
If @ = 400 then
w + wg dz
Q = —. 2.7.10
PQ z—a 2w ( )

Accordingly, we see that for a hyperelliptic Riemann surface it is possible to represent all
the Abelian differentials without appealing to Theorem 2.7.4.

Exercise 2.7.6: Deduce from Theorem 2.7.4 that a Riemann surface I" of genus 0 is rational.
Hint. Show that for any points P, ) € I' the function f = exp f Qpg is single valued and
meromorphic on I' and gives a biholomorphic isomorphism f : I' — CP*.

The period of a meromorphic differential w along the cycle v is defined if the cycle does
not pass through poles of this differential. The period f,y w depends only on the homology
class of v on the surface I', with the poles of w with nonzero residue deleted. For example,
the periods of the differential Q2pg of the third kind along a cycle not passing through the
points P and () are determined to within integer multiples of 27¢. In speaking of the periods
of meromorphic differentials we shall assume that the cycles do not pass through the poles
of the differential, and we also recall that the dependence of the period on the homology
class of T' is not single-valued (for differentials of the third kind).

Lemma 2.7.7. Suppose that the differentials w1 and ws on a Riemann surface T' have the
same poles and principal parts, and the same periods with respect to the cycles ay,...,aq,
bi,...,by. Then these differentials coincide.

Proof. The difference wy —ws is a holomorphic differential that has zero a-periods. Therefore,
it is identically zero (see Lecture 2.6). The lemma is proved. O

Definition 2.7.8. A meromorphic differential w is said to be normalized with respect to a
basis of cycles ai1,...,aq, b1,...,by if it has zero a-periods.
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Any meromorphic differential w can be turned into a normalized differential by adding
a suitable holomorphic differential. By Lemma 2.7.7, a normalized meromorphic differential
is uniquely determined by its poles and by the principal parts at the poles. In what follows
we assume that meromorphic differentials are normalized. We obtain formulas that will
be useful for the b-periods of such differentials by arguments like those in the proof of
Lemma 2.5.7.

Lemma 2.7.9. The following formulas hold for the b-periods of normalized differentials
ng) and Qpg

n 1 dnfl ]
f; Q) = i@, =1 g n=12,., (2.7.11)

where z is a particular local parameter in a neighborhood of P, z(P) = 0, and the functions
¥i(2) are determined by the equality w; = ¥;(2)dz;

P
%QPQZ/ wi, t=1,...,9, (2.7.12)
b; Q

where the integration from @ to P in the last integral does not intersect the cycles a1, ..., aq,
bi,...,by.

Proof. We encircle the point P with a small circle C; deleting the interior of this circle

from the surface I', we get a domain I with OT" = —C. Let us apply the arguments of
Lemma 2.5.7 to the pair of differentials w = w;, W’ = le). Denote by u; the primitive

Py

which is single-valued on the cut surface . We have that

g
O://w/\w’ :/~ w Q) =3 (4B — A} B;) —f u Q0 (2.7.14)
r or” C

j=1

(the boundary 8T differs from the boundary 8T by (—C')). Here the a and b-periods have
the form
A]:27T?,6”7 BJZBZJ, A;ZO, B;:f le)
b;

From this,
]{ ol = R}gs(umg”). (2.7.15)
b;

Computation of the residue on the right-hand side of this equality leads to (2.7.11).
We now prove (2.7.12). Let v be a path on T from @ to P. By I denote the surface with
a small neighborhood of v removed. The boundary of this neighborhood is denoted by C.
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Applying the arguments of Lemma 2.5.7 to the differentials w’ = w; and w = Qgp we get
by analogy with (2.7.14) and (2.7.15) that

1
Qpo = — -
7§ PQ = oni J, 1

i

where u is the primitive of the differential 2pg which is single-valued and holomorphic on
I'V. The integral on the right-hand side can be represented in the form

foe(Lf ] )~

(see the figure), where Cg and Cp are arcs of circles of small radius e. Since the function
u has logarithmic singularities at () and P, the integrals over the arcs Cg and C'p tend to
zero as € — 0. Next, denote by u4 and u_ the values of v on the corresponding edges 7+
and v_. We have that the jump u; — u_ is equal to 2. Finally,

= ( [ - L) o= [ =y =2 [

which implies (2.7.12). The lemma is proved. O

Exercise 2.7.10: Prove the following equality, which is valid for any quadruple of distinct
points Py, ..., Py on a Riemann surface:

P Ps
/ QP3P4:/ Qp, p,- (2.7.16)

P2 P4

)

Exercise 2.7.11: Consider the series expansion of the differentials ng in a neighborhood

of the point P

n L
QSD): p, +Zc(- )27 | de. (2.7.17)

Prove the following symmetry relations for the coefficients cg»k):

kel =g, k=12 (2.7.18)
Exercise 2.7.12: Prove the following relation of Legendre from the theory of elliptic func-
tions (see Example 2.6.8 for the notation):
m

nw' —n'w= 5 (2.7.19)

Exercise 2.7.13: Suppose that the surface I' has the form w? = HZQIIH(Z — z;), where all

the z; are real and z; < --- < 29441. Choose a basis of cycles ay,...,aq,b1,...,b, as shown
in the figure (for g = 2). Show that the normalized differential Q% has the form

29 + o297+

.. Qg
94 2.7.20
50 z (2.7.20)

Q) =
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where all the coefficients are real. Denote by By its b-periods. Prove that all the numbers
By, are real, and
Bg < Bg_l <---< By < By <. (2721)

Exercise 2.7.14: Prove that a meromorphic differential of the second kind w is uniquely
determined by its poles, principal parts, and the real normalization condition

wa =0 (2.7.22)
Y

for any cycle . Formulate and prove an analogous assertion for differentials of the third
kind (with purely imaginary residues).

2.8 The Jacobi variety, Abel’s theorem

Let eq,...,eq be the standard basis in the space C9 (e;)r = d;,. Let B = (B,j) be an
arbitrary symmetric g X g matrix with negative-definite real part (as shown in Lecture 2.6,
the period matrices of Riemann surfaces have this property). We consider the vectors

2mieq, ..., 2mieg, Bey,...,Beg, (2.8.1)
(here the vector Be; has coordinates (Be;)g.
Lemma 2.8.1. The vectors (2.8.1) are linearly independent over R.

Proof. Assume that these vectors are dependent over R:
2mi(Aer + -+ Ageg) + B(per + - -+ pgeg) =0, A, pj € R.

Separating out the real part of this equality we get that R(B(u1e1+---+pgeq)) = 0. But the
matrix R(B) is nonsingular, which implies 1y = --- = pg = 0. Hence also \y = --- = A; = 0.
The lemma is proved. O

Consider in CY the integer period lattice generated by the vectors (2.8.1). The vectors
in this lattice can be written in the form

2miM + BN, M,N eZ°. (2.8.2)
By Lemma 2.8.1 the quotient of CY by this lattice is the 2g-dimensional torus
T% =T?(B) = C?/{2nrM + BN}, (2.8.3)
(a g-dimensional complex manifold — a so-called Abelian manifold).

Definition 2.8.2. Suppose that B = (Bj) is a period matric of a Riemann surface I' of
genus g. The torus T?9(B) in (2.8.8), constructed from this period matriz is called the
Jacobi variety (or Jacobian) of the surface T' and denoted by J(T).
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Remark 2.8.3. What happens with the torus J(I') when the canonical basis of cycles on T

changes? Let aj,...,a; and b},---; be another canonical basis of cycles. It is connected

with the first by an integer linear transformation

a; ~ Zkijaj + Zlijbj,
J J

b; ~ Zmijaj + Znijbj
J J

(2.8.4)

This matrix of this transformation has the form <:l i), where k = (ki;), | = (l;j),

m = (m;;) and n = (n;;). This matrix is unimodular and also symplectic

(e ) (G o) ()= () 289

since the matrix of the intersection numbers for the basis a;, b; and a}, b} are the same. The
new normal basis of holomorphic differentials has the form

g
wj =Y Cjw;, C=(Cy)=2mi(2rik+1B)"" (2.8.6)
j=1

The new period matrix B’ = (Bj;) thus has the form
B’ = 2mi(2mim + nB)(2wik + 1B) " (2.8.7)

It follows from these formulas that the complex linear transformation of CY9 with matrix C—!
carries the lattice (2.8.2) into an analogous lattice corresponding to the matrix B’. This
gives an isomorphism 729(B) — T?9(B’) of the complex tori. Accordingly, the Jacobian
J(T') does not change when the canonical basis changes.

We counsider the primitives (” Abelian integrals”) of the basis of holomorphic differentials:

P

uk(P):/ we, k=1,...,g, (2.8.8)
Py

where Py is a fixed point of the Riemann surface. The vector-valued function

A(P) = (uy(P), ..., ug(P)) (2.8.9)

is called the Abel mapping (the path of integration is chosen to be the same in all the
integrals ui(P),. .., uqg(P).

Lemma 2.8.4. The Abel mapping is a well-defined holomorphic mapping

T — J(I). (2.8.10)
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Proof. (cf. Example 2.7.5). A change of the path of integration in the integrals (2.8.8) leads
to a change in the values of these integrals according to the law

uk(P)—>uk(P)+7§wk, k=1,....g

gl

where v is some cycle on I'. Decomposing it with respect to the basis of cycles, v ~
Y- mja; + Y n;b; we get that

ug(P) — uk(P) + 2mimy, + ZBkjnj, k=1,...,g
J

The increment on the right-hand side is the kth coordinate of the period lattice vector
2miM + BN where M = (mq,...,mg), N = (n1,...,n4). The lemma is proved. O

The Jacobi variety together with the Abel mapping (2.8.10) is used for solving the follow-
ing problem: what points of a Riemann surface can be the zeros and poles of meromorphic
functions? We have the Abel’s theorem.

Theorem 2.8.5 (Abel’s Theorem). . The points Pi,..., P, and Q1,...,Qn, (some of the
points can repeat) on a Riemann surface I' are the respective zeros and poles of some function
meromorphic on U if and only if the following relation holds on the Jacobian:

A(Py) + -+ A(Py) = A(Q1) + -+ + A(Qn). (2.8.11)

Here and below, the sign = will mean equality on the Jacobi variety (congruence modulo
the period lattice (2.8.2)). We remark that the relation (2.8.11) does not depend on the
choice of the initial point Py of the Abel map (2.8.8).

Proof. 1) Necessity. Suppose that a meromorphic function f has the respective points
Py,...,P, and Q1,...,Q, as zeros and poles, where each zero and pole is written the
number of times corresponding to its multiplicity. Consider the logarithmic differential
Q = d(log f). Since f = constexp |, ;; Q, all the periods of this differential {2 are integer
multiples of 27i. On the other hand, we represent it in the form

n g
0= Qpqo, + > cws, (2.8.12)
j=1 s=1
where Q0p, g, are normalized differentials of the third kind (see Lecture 2.7) and c1,...,¢4

are constant coefficients. Let us use the information about the periods of the differential.
We have that

2m’nk:?{ Q = 2mic, ni €7,
ak

which gives us ¢y = ng. Further,
n b g
2mimy :f Q= Z/wk +ZBksns
br =14, j=1
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(we used the formula (2.7.12)). From this,

n i g
wp(Py) + -+ up(P) —ur(Q1) — - — up(Qn) = Z/wk = 2mimg — »_ Bin,. (2.8.13)
=10, j=1

The right-hand side is the kth coordinate of the vector 27iM + BN of the period lattice
(2.8.2), where M = (m1,...,mgy), N = (n1,...,n4). The necessity of the condition (2.8.11)
is proved.

2) Sufficiency. The congruence (2.8.11) can be rewritten in the form of the equalities
(2.8.13) for some integer numbers my,...,my, n1,...,ny. Repeating the arguments above,
we get that all the periods of the differential 2 of the form (2.8.12) with ¢; = ns, s =1,...,9,
are integers multiples of 27i. The function f = exp [ PP; Q is thus a single-valued meromorphic
function on I' with the given zeros and poles. The theorem is proved. O

Example 2.8.6. We consider the elliptic curve
w? =42% — goz — g3. (2.8.14)

For this curve the Jacobi variety J(T') is a two-dimensional torus, and the Abel mapping
(which coincides with (2.6.7)) is an isomorphism (see Example 2.6.8). Abel’s theorem be-
comes the following assertion from the theory of elliptic functions: the sum of all the zeros
of an elliptic function is equal to the sum of all its poles to within a vector of the period
lattice.

Example 2.8.7. (also from the theory of elliptic functions). Consider an the elliptic func-
tion of the form f(z,w) = az + bw + ¢, where a, b, and ¢ are constants. It has a pole of third
order at infinity (for b # 0). Consequently, it has three zeros Pj, Ps, and Ps. In other words,
the line az + bw + ¢ = 0 intersects the elliptic curve (2.8.14) in three points (see the figure).
We choose oo as the initial point for the Abel mapping, i.e., u(co) = 0. Let u; = u(F;),
t=1,2,3. In other words,

P, = (p(ul)a @/(Ui))7 i = 132337

where p(u) is the Weierstrass function corresponding to the curve (2.8.14). Applying Abel’s
theorem to the zeros and poles of f, we get that

Uy +’ZL2+’IL3:O.

Conversely, according to the same theorem, if uy +us +usz = 0, i.e. ug = —us — u; then the
points Py, P> and Ps lie on a single line. Writing the condition of collinearity of these points
and taking into account the evenness of p and oddness of ¢, we get the addition theorem
for Weierstrass functions:

1 p(u) o' (u1)
det |1 p(ug) o' (uz) =0. (2.8.15)
1 p(ug +uz) —p'(ur +u9)
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2.9 Divisors on a Riemann surface. The canonical class. The
Riemann-Roch theorem

Definition 2.9.1. A divisor D on a Riemann surface is defined to be a (formal) integral
linear combination of points on it:

D=) nP, Pe€T, n el (2.9.1)
i=1
For example, for any meromorphic function f the divisor (f) of its zeros P, ..., Py and
poles Q1,...,Q; of multiplicities mq, ..., my, and nq,...,n;, respectively is defined
(f) :m1P1—|—-~-—|—mkPk—n1Q1 _"‘_lel~ (292)

Divisors of meromorphic functions are also called principal divisors. The divisors obviously
form an Abelian group (the zero is the empty divisor). For example, for principal divisors
we have (fg) = (f) + (g). The degree deg D of a divisor of the form (2.9.1) is defined to be
the number

N
deg D = Z n;. (2.9.3)
i=1

The degree is a linear function on the group of divisors. For instance,
deg(f) =0. (2.9.4)

Two divisors D and D’ are said to be linearly equivalent, D ~ D’ if their difference is a
principal divisor. Linearly equivalent divisors have the same degree in view of (2.9.4). For
example, on CP! any divisor of zero degree is principal, and two divisors of the same degree
are always linearly equivalent.
Example 2.9.2. The divisor (w) of any Abelian differential w on a Riemann surface I’
is well-defined by analogy with (2.9.2).If w’ is another Abelian differential, then (w) =~
(w"). Indeed, their ratio f = w/w’ is a meromorphic function on T, and (w) — (w') = (f)-

The linear equivalence class of divisors of Abelian differentials is called the canonical
class of the Riemann surface. We denote it by Kr. For example, the divisor —200 = (d2)
can be taken as a representative of the canonical class Kcp:.

We reformulate Abel’s theorem in the language of divisors. Note that the Abel mapping
extends linearly to the whole group of divisors. Abel’s theorem obviously means that a
divisor D is principal if and only if the following two conditions hold:

1. deg D = 0;
2. A(D)=0on J(T).

Let us return to the canonical class. We compute it for a hyperelliptic surface w? = Py a(z).
Let Py, ..., Pagi2 be the branch points of the Riemann surface, and P+ and P, - its point
at infinity. We have that

(dz) =P + o Pogpo — 2P+ — 2P -.

Thus the degree of the canonical class on this surface is equal to 2g — 2. We prove an
analogous assertion for an arbitrary Riemann surface.
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Lemma 2.9.3. Let f : ' — X a holomorphic map between Riemann surfaces I' and X and
w a meromorphic one form on X, then for any fized point P € T’

ordp f*w = (14 ords(py(w))multp(f) — 1 (2.9.5)
where f*w denotes the pull back of w via f.
The proof is obvious.

Definition 2.9.4. Let f : I' — X a holomorphic map between Riemann surfaces. The
branch point divisor Wy is the divisor on I' defined by

Wy =Y [multp(f) - 1]P. (2.9.6)

pPeT

Applying (2.9.5) and (2.9.6) we arrive at the relation

(Fw) = Wr + F(()). (29.7)
Suppose that the Riemann surface I" is given by the equation F(z,w) = 0. Further, let
Py, ..., Py be the branch points of this surface with respective multiplicities f1,..., fy with

respect to the meromorphic function z : ' — CP'. (see Lecture 2.1). The branch point
divisor Wz = f1P1 —+ ... fNPN

Lemma 2.9.5. The canonical class of the surface I' has the form
Kr =W, + zx (Kcpr). (2.9.8)

Here zx denotes the inverse image of a divisor in the class Kcpr with respect to the mero-
morphic function z : T' — CP'.

Proof. This follows immediately from (2.9.7). O

Corollary 2.9.6. The degree of the canonical class Kr of a Riemann surface I' of genus g
s equal to 2g — 2.

Proof. We have from (2.9.8) that deg K+ = f — 2n, where f is the total multiplicity of the
branch points (f = degW,) and n = deg z is the number of sheets of the Riemann surface.
But by the Riemann-Hurwitz formula (2.3.9), f = 2¢g + 2n — 2. The corollary is proved. [

The divisor (2.9.1) is positive if all multiplicities n are positive. An effective divisor is
a divisor linearly equivalent to a positive divisor. Divisors D and D’ are connected by the
inequality D > D’ if their difference D — D’ is a positive divisor.

With each divisor D we associate the linear space of meromorphic functions

L(D) ={f|(f) = -D}. (2.9.9)

If D is a positive divisor, then this space consists of functions f having poles only at points
of D, with multiplicities not greater than the multiplicities of these points in D. If D =
Dy — D_, where Dy and D_ are positive divisors, then the space L(D) consists of the
meromorphic functions with poles possible only at points of D, with multiplicities not
greater than the multiplicities of these points in D , and with zeros at all points of D_ (at
least), with multiplicities not less than the multiplicities of these points in D.
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Lemma 2.9.7. If the divisors D and D’ are linearly equivalent, then the spaces L(D) and
L(D") are isomorphic.

Proof. Let D — D" = (g), where g is a meromorphic function. If f € L(D), then f' = fg €

L(D’). Indeed,
(fY+D' =(f)+(9)+D" =(f)+D>0.

Conversely, if f/ € L(D’), then f = g~'f’ € L(D). The lemma is proved. O

We denote the dimension of the space L(D) by
I(D) = dim L(D). (2.9.10)

By Lemma 2.9.7, the function I(D) (as well as the degree deg D) is constant on linear
equivalence classes of divisors. We make some simple remarks about the properties of this
important function.

Remark 2.9.8. If a divisor D is effective, then {(D) > 0. Indeed, replacing D by a positive
divisor D’ linearly equivalent to it, we see that the space I(D’) contains the constants.
Conversely, if [(D) > 0, then D is effective. Indeed, if the meromorphic function f is such
that D' = (f) + D > 0, then the divisor D’, which is linearly equivalent to D is positive.
Remark 2.9.9. For the zero (empty) divisor, [(0) = 1. If deg D < 0, then (D) = 0.

Remark 2.9.10. The number [(D) — 1 is often denoted by |D|. According Remark 2.9.8
|D| > 0 for effective divisors. The number |D| admits the following intuitive interpretation.
We show that |D| > k if and only if for any points P,..., Py there is a divisor D' ~ D

containing the points Py, ..., Py (the presence of coinciding points among Py, . .., Py is taken
into account by their multiple occurrence in D") . We look for a function f € L(D) such
that f(Py) = --- = f(Px) = 0. This is a system of k& homogeneous linear equations in the

space L(D). It distinguishes in L(D) a subspace of codimension < k. If [(D) > k + 1, then
there is a nonzero function in this space. Denote by D’ its set of zeros. Then D’ ~ D is
the desired divisor. Conversely, take a collection of points P, ..., Py € I'. According to the
assumption about the properties of the divisor, any of these points are included in a divisor
linearly equivalent to D. In other words, for all ¢ = 1,...,k + 1 there is a nonzero function
fi € .L(D) such that f;(P;) =0 for j # ¢. It can be assumed that f;(P;) # 0 (this can be
attained by a small perturbation of the points P ..., Py41). It is obvious that the functions
fi,..., fr41 are linearly independent, from which (D) > k+ 1. The assertion is completely
proved. One therefore says that |D] is the number of mobile points in the divisor D.

Remark 2.9.11. Let K = Kr, be the canonical class of a Riemann surface. We mention an
interpretation that will be important later for the space L(K — D) for an arbitrary divisor D.
First, if D = 0, then the space L(K) is isomorphic to the space of holomorphic differentials
on I'. Indeed, choose a representative Ky > 0 in the canonical class, taking Ky to be the zero
divisor of some holomorphic differential wy, Ko = (wo). If f € L(Kp), i.e. (f)+ (wo) > 0,
then the divisor (fwy) is positive, i.e., the differential fwg is holomorphic. Conversely, if w
is any holomorphic differential, then the meromorphic function f = w/wy lies in L(Kp).
It follows from the foregoing and Theorem 2.6.4 that

I(K)=g.
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We show further that for a positive divisor D the space L(K — D) is isomorphic to
the space (D) of holomorphic differentials having zeros at points of D with multiplicities
not less than the multiplicities of these points in D. Indeed, if f € L(Ky — D), then
the differential fwg is holomorphic and has zeros at the points of D, i.e., fwy € Q(D).
Conversely, if w € Q(D), then f = w/wy € L(Ky — D). The assertion is proved. The main
way of getting information about the numbers I(D) is the Riemann-Roch Theorem.

Theorem 2.9.12 (Riemann Roch Theorem.). For any divisor D
I(D)=1+degD —g+1(K — D). (2.9.11)

Proof. For surfaces T’ of genus 0 (which are isomorphic to CP' in view of Problem 6.1)
the Riemann-Roch theorem is a simple assertion about rational functions (verify!). By
Remarks 2.9.9 and 2.9.11 (above) the Riemann-Roch theorem is valid for D = 0. We prove
(2.9.11) for positive divisors D > 0. Let D = > ;' ng P, where all the ny > 0. We
first verify the arguments when all the ny are = 1, i.e., m = degD. Let f € L(D) be a
nonconstant function. Denote by z1, ... z,, local parameters in neighborhoods of the points
Py, ..., P,. We consider the Abelian differential w = df. It has double poles and zero
residues at the points Pi,..., P, and does not have other singularities. Therefore, it is
representable in the form

w=df = chﬁgk) +
k+1

where Qg,lk) are normalized differentials of the second kind (see Lecture 2.7), c1,..., ¢y, are

constants, and the differential ¢ is holomorphic. Since the function f = [ w is single-valued

on I', we have that
fch:O, f.sz, i=1,...,¢ (2.9.12)
a; b;

i i

From the vanishing of the a-periods we get that ¢» = 0 (see Corollary 2.6.2). From the
vanishing of the b-period we get by (2.7.11) (with n = 1) that

m
miwaE:%mﬂamﬁﬂ i=1,...,q, (2.9.13)
bi k=1

where zj is a local parameter in a neighborhood of Py, zx(Px) = 0, k = 1,...,m, and
the basis of holomorphic differentials are written in a neighborhood of Py in the form
w; = Yir(z)dz. We have obtained a homogeneous linear system of m = degD equa-
tions in the coefficients c1, ..., ¢,,. The nonzero solutions of this systems are in a one-to-one
correspondence with the nonconstant functions f in L(D), where f can be reproduced from
a solution ¢y, ..., ¢y, of the system (2.9.13) in the form

1
f:§:%ng.
k=1

Thus (D) = 1 + deg D is the rank of the matrix of the system (2.9.13) (the 1 is added
because the constant function belong to the space L(D)). Denoting by ;1 (0)dzy by w;(Py),
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we rewrite the coefficient matrix of the system (2.9.13) in the form

wl(Pl) wl(Pm)

(2.9.14)
we(P1) ... we(Pm)

Denote the rank of the matrix by g — (D). The number (D) admits the following obvious

interpretation: it is the dimension of the solution space of the transpose system

g
> ajwi(P) =0, k=1,...,m. (2.9.15)
j=1
The solutions aq,...,a4 of the system (2.9.15) are in one-to-one correspondence with the
holomorphic differentials
N =aw + -+ agwy, (2.9.16)

vanishing at the points of D. In other word (D) = dimQ(D) = dim L(K — D) (see
Remark 2.9.11 above). Accordingly the Riemann-Roch theorem has been proved in this
case.

We explain what happens when the positive divisor D has multiple points. For example
suppose that D =niP; +.... Then w =df = Z?;l C{le), and the system (2.9.13) can be
written in the form

M1 d Ty,
P e

- i1
Jt dz]

Jj=1 21=0

If the rank of the coefficient matrix of this system is denoted (as above) by g — i(D), then
the differential 7 in (2.9.16) constructed as above from the solution of the transpose system
vanishes at the point P; together with the derivatives up to order ny — 1, i.e. n € Q(D).
Therefore as in the case ny = 1 we have that i(D) = dimQ(D). We have proved the
Riemann-Roch theorem for all positive divisors and hence for all effective divisors, which
(accordingly to Remark 2.9.8) are distinguished by the condition /(D) > 0. Next we note
that the relation in this theorem can be written in the form

I(D) - %degD — (K - D) - %deg(K—D), (2.9.17)

which is symmetric with respect to the substitution D — K — D. Therefore the theorem is
proved for all divisors D such that D or K — D is equivalent to an integral divisor. If neither
D nor K — D are equivalent to an integral divisor, then {(D) = 0 and the Riemann-Roch
theorem reduces in this case to the equality

degD =g —1. (2.9.18)

Let us prove this equality. We represent D in the form D = D, — D_, where D, and D_ are
positive divisors and deg D_ > 0. It follows from the validity of the Riemann-Roch theorem
for Dy that [(Dy) > deg Dy —g+1=deg D+deg D_ — g+ 1. Therefore if deg D > g, then
I(Dy) > 14 deg D_. Then the space L(D.) contains a nonzero function vanishing on D_,
i.e. belonging to the space L(D4 — D_) = L(D). This contradicts the condition I(D) = 0.
Similarly, the assumption deg(K — D) > g leads to a contradiction. This implies (2.9.18).
The theorem is proved. O
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2.10 Some consequences of the Riemann-Roch theorem. The struc-
ture of surfaces of genus 1. Weierstrass points. The canonical
embedding

Corollary 2.10.1. Ifdeg D > g, then the divisor D is effective.

Corollary 2.10.2. The Riemann inequality
I(D)>1+degD — g, (2.10.1)
holds for deg D > g.

Definition 2.10.3. The divisors D for which the Riemann inequality becomes an equality
are said to be nonspecial. The remaining divisors are said to be special. Any effective divisor
of degree less then g is also said to be special.

Corollary 2.10.4. Ifdeg D > 2g — 2, then D is nonspecial.

Proof. For deg D > 2g — 2 we have that deg(K — D) < 0, hence (K — D) = 0 (see
Remark 2.9.9). The corollary is proved. O

Exercise 2.10.5: Suppose that k > g; let the Abel mapping A : T' — J(T) (see Lecture 2.8)
be extended to the kth-power mapping

AP T x . xT — J(I')

k times

by setting A¥(Py,...,Py) = A(P)) + --- + A(Py) (it can actually be assumed that A¥
maps into J(I') the kth symmetric power ST, whose points are the unordered collections
(P1,...,P) of points of T'). Prove that the special divisors of degree k are precisely the
critical points of the Abel mapping A¥. Deduce from this that a divisor D with deg D > ¢
in general position is nonspecial.

Exercise 2.10.6: Let I' be a hyperelliptic surface w? = Py,11(z), and let the divisor D
have the form D = Z?Zl P;, where P; = (zj,w;), j = 1,...,k, k > g. Prove that the
divisor D is special if and only if £ < 2g — 2 and the points Py, ..., P, are not all distinct.
Formulate and prove an analogous assertion for the case when D contains multiple points.

We now present examples of the use of the Riemann-Roch theorem in the study of
Riemann surfaces.

Example 2.10.7. Let us show that any Riemann surface I' of genus g = 1 is isomorphic
to an elliptic surface w? = P3(z). Let Py be an arbitrary point of I'. Here 2g — 2 = 0,
therefore, any positive divisor is nonspecial. We have that A(2P)) = 2, hence there is
a nonconstant function z in 1(2F), i.e., a function having a double pole at Py. Further
1(3Py) = 3, hence there is a function w € I(3F) that cannot be represented in the form
w = az + b. This function has a pole of order three at Py. Finally, since {(6F) = 6, the
functions 1, z, 22, 23, w, w?, wz which lie in [(6F) are linearly independent. We have that

aw? 4+ aqwz + asw + ayz® + a5z + agz + a7 = 0. (2.10.2)
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The coefficient a; is nonzero (verify). Making the substitution

as as
v (Gat )
we get the equation of an elliptic curve from (2.10.2).

Definition 2.10.8 (Weierstrass points). A point Py of a Riemann surface I' of genus g is
called a Weierstrass point if [((kPy) > 1 for some k < g.

It is clear that in the definition of a Weierstrass point it suffices to require that [(gFPy) > 1.
There are no Weierstrass points on a surface of genus ¢ = 1. On hyperelliptic Riemann
surfaces of genus g > 1 all branch points are Weierstrass points, since there exist functions
with second-order poles at the branch points (see Lecture 2.4). The use of Weierstrass points
can be illustrated using the example of the following assertion.

Exercise 2.10.9: Let I' be a Riemann surface of genus g > 1, and Py a Weierstrass point of
it, with {(2P,) > 1. Prove that T is hyperelliptic. Prove that the surface is also hyperelliptic
if I(P+ Q) > 1 for two points P and Q.

We show that there exist Weierstrass points on any Riemann surface I' of genus g > 1.

Lemma 2.10.10. Suppose that z is a local parameter in a neighborhood Py, z(Py) = 0;
assume that locally the basis of holomorphic differentials has the form w; = ;(z)dz, i =
1,...,9. Consider the determinant

vi(z) ¥iz) . Y (2)

W(z)=det| ... (2.10.3)
-1

Ue(x) U)o 9V
The point Py is a Weierstrass point if and only if W(0) = 0.
Proof. If Py is a Weierstrass point, i.e., [(gPy) > 1, then (K — gFy) > 0 by the Riemann-
Roch theorem. Hence, there is a holomorphic differential with a g-fold zero at Py on I'. The
condition that there be such a differential can be written in the form W(0) = 0 (cf. the
proof of the Riemann-Roch theorem). The lemma is proved. O

Lemma 2.10.11. Under a local change of parameter z = z(w) the quantity W transforms

N
dz) W(z), N = 3g(g+1).

according to the rule W (w) = (d
w

~ ~ d
Proof. Suppose that w; = ¥;(2)dz = ¥;(w)dw. Then each 9; = wid—z, it =1,...,9. This
w

implies that the derivatives dkz@ /dw* can be expressed for each i in terms of the derivatives
d');/dz" by means of a triangular transformation of the form

k—1

d¥py 2\ ke Ay,
Ld ( z) Ld +ch—¢ i=1,...g
j=1

dwk dw dzk dzi’ ’

(the coefficients ¢ in this formula are certain differential polynomials in z(w)). The state-
ment of the Lemma readily follows from the transformation rule. O
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Let us define the weight of a Weierstrass point Py as the multiplicity of zero of W (z) at
this point. According to the previous Lemma the definition of weight does not depend on
the choice of the local parameter.

The proof of existence of Weierstrass points for g > 1 can be easily obtained from the
following statement.

Lemma 2.10.12. The total weight of all Weierstrass points on the Riemann surface T' of
genus g is equal to (g —1)g(g+1).

Proof. Let us consider the ratio
W ()91 (2)-

Here N = %g(g + 1), like in the previous Lemma. According to the latter the ratio does
not depend on the choice of the local parameter and, hence, it is a meromorphic function
on I'. This function has poles of multiplicity N at zeroes of the differential w; (the total
number of all poles is equal to 2g — 2). Therefore this function must have N (2g — 2) =
(g—=1)g(g+ 1) zeroes (as usual, counted with their multiplicities). These zeroes are the
Weierstrass points. O

Let us do few more remarks about the Weierstrass points. Given a point Py € T, let us
consider the dimension [(k Py) as a function of the integer argument k. This function has the
following properties. First, I(k Py) = 14+k—g for k > 2¢g—1; in particular [ ((2g — 1)Py) = g.
Next, it grows monotonically with k£, moreover,

Ik Py) = L((k—=1)Py) 4+ 1, if there exists a function with a pole of order k at P
VT (k- 1)R), if such a function does not exist

In the second case we will say that the number & is a gap at the point Py. From the previous
remarks it follows the following Weierstrass gap theorem:

Theorem 2.10.13. There are exactly g gaps a1 < ... < ag < 2g — 1 at any point Py of a
Riemann surface of genus g.

The gaps have the form a; =i,7=1,...,g, for a point Py in general position (which is
not a Weierstrass point).

Exercise 2.10.14: Prove that the weight of a Weierstrass point is equal

> (@i — ). (2.10.4)

Exercise 2.10.15: Prove that for branch points of a hyperelliptic Riemann surface of genus
g the gaps have the form a; = 2i — 1, i =1,...,9. Prove that a hyperelliptic surface does
not have other Weierstrass points.

Exercise 2.10.16: Prove that any Riemann surface of genus 2 is hyperelliptic.

Exercise 2.10.17: Let I be a hyperelliptic Riemann surface of the form w? = Py, (2).
Prove that any birational (biholomorphic) automorphism I' — T' has the form (z,w) —

az+b
(%,:I:w), where the linear fractional transformation leaves the collection of zeros of
cz

Psy42(7) invariant.
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Example 2.10.18 (The canonical embedding). . Let I" be an arbitrary Riemann surface
of genus g > 2. We fix on I' a canonical basis of cycles ai,...,ag, b1,...,bg; let wy,...,wy
be the corresponding normal basis of holomorphic differentials. This basis gives a canonical
mapping I' — CP?~! according to the rule

P — (wi(P):wa(P): - wy(P)). (2.10.5)

Indeed, it suffices to see that all the differentials wy,...,w, cannot simultaneously vanish at
some point of the surface. If P were a point at which any holomorphic differential vanished,
ie, [(K—P) =g, (see Remark 2.9.11), then [(P) would be = 2 in view of the Riemann-Roch
theorem, and this means that the surface I' is rational (verify!). Accordingly (2.10.5) really
is a mapping I' — CPY~!; it is obviously well-defined.

Lemma 2.10.19. If T is a nonhyperelliptic surface of genus g > 3, then the canonical
mapping (2.10.5) is a smooth embedding. If T' is a hyperelliptic surface of genus g > 2,
then the image of the canonical embedding is a rational curve, and the mapping itself is a
two-sheeted covering.

Proof. We prove that the mapping (2.10.5) is an embedding. Assume not: assume that the
points P; and P» are merged into a single point by this mapping. This means that the rank

of the matrix
wl(P1) o.)l(Pg)

wg(P1)  wy(P)
is equal to 1. But then I(P; + P;) > 1 (see the proof of the Riemann-Roch theorem). Hence,
there exists on I' a nonconstant function with two simple poles at P; and P i.e., the surface

I is hyperelliptic. The smoothness is proved similarly: if it fails to hold at a point P, then

the rank of the matrix

wi(P) wi(P)

we(P)  wy(P)
is equal to 1. Then I(2P) > 1, and the surface is hyperelliptic. Finally, suppose that
I' is hyperelliptic. Then it can be assumed form w? = Psg11(2). Its canonical mapping is
determined by the differentials (2.6.31). Performing a projective transformation of the space
CP9~! with the matrix (c;x) (see the formula (2.6.31)), we get the following form for the
canonical mapping:

P=(z,w) — (1:z:---:2971) (2.10.6)
Its properties are just as indicated in the statement of the lemma. The lemma is proved. [
Exercise 2.10.20: Suppose that the Riemann surface I' is given in CP? by the equation
D a&n¢tti =0, (2.10.7)
i+j=4

and this curve is nonsingular in CP? (construct an example of such a nonsingular curve).
Prove that the genus of this surface is equal to 3 and the canonical mapping is the identity
up to a projective transformation of CP?. Prove that I is a non hyperelliptic surface. Prove
that any non hyperelliptic surface of genus 3 can be obtained in this way.
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The range I € CPY"! of the canonical mapping is called the canonical curve.

Exercise 2.10.21: Prove that any hyperplane in CPY~" intersects the canonical curve I”
in 2g — 2 points (counting multiplicity).

Exercise 2.10.22: Suppose that D = > ; Pj is an effective divisor. Consider the images
of the points P;, on the canonical curve I''. Prove that these points generate in CP/! a

hyperplane of dimension deg D — I(D).

Exercise 2.10.23 (Clifford’s theorem): . Show that for any two effective divisors D and
D’ on a Riemann surface I" of genus g,

|D|+|D'| < |D+ D'| (2.10.8)

(see Remark 2.9.10), and for a special divisor D
1
|D| < idegD (2.10.9)

with equality only in one of the following cases: D = 0, D = K, or the surface T is
hyperelliptic.

2.11 Statement of the Jacobi inversion problem. Definition and
simplest properties of general theta functions

In Lecture 2.6 we saw that inversion of an elliptic integral leads to elliptic functions. Inversion
of integrals of Abelian differentials is not possible on surfaces of genus g > 1, since any such
differential has zeros (at least 2g — 2zeros). Instead of the problem of inverting a single
Abelian integral, Jacobi proposed for hyperelliptic surfaces w? = Ps(z) the problem of
solving the system

71 dz +72 dz -
2 \/P5(Z) Py \/P5(Z)

(2.11.1)

Py P
/ zdz n / zdz
VEGE ) VRE "

Po Py
where 171,72 are given numbers from which the location of the points Py = (z1,w1), Py =
(z2,w2) is to be determined. It is clear, moreover, that P, and P» are determined from
(2.11.1) only up to permutation. Jacobi’s idea was to express the symmetric functions of P,
and P, as functions of 7, and 72. He noted also that this will give meromorphic functions
of 1 and 72 whose period lattice is generated by the periods of the basis of holomorphic
differentials dz/+/Ps(z) and zdz/+/Ps(z). This Jacobi inversion problem was solved by
Goepel and Rosenhain by means of the apparatus of theta functions of two variables. The
generalization of the Jacobi inversion problem to arbitrary Riemann surfaces and its solution
are due to Riemann, in whose work the theory of theta functions took, on the whole, its
modern form. We give a precise statement of the Jacobi inversion problem. Let I' be an
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arbitrary Riemann surface of genus g, and fix a canonical basis of cycles a1, ..., a4, b1,..., b4
on I'; as above let wy,...,wy be be the corresponding basis of normalized holomorphic
differentials. Recall (see Lecture 2.8) that the Abel mapping has the form

A:T — JI), AP)=(ui(P),...,uye(P)), (2.11.2)
where J(T") is the Jacobi variety,
P
’U,Z(P) :/wi, (2113)
Po

Py is a particular point of I', and the path of integration from Py to P is the same for
all i = 1,...,g. Consider the gth symmetric power ST of I'. The unordered collections
(P1,...,P,) of g points of I" are the points of the manifold S9T". The meromorphic functions
on SIT" are the meromorphic symmetric functions of g variables Py,..., P, P; € I'. The
Abel mapping (2.11.2) determines a mapping

A9 . 89T — J(T), AY(Py,...,Py)) = A(P)) +---+ A(P,), (2.11.4)
which we also call the Abel mapping.

Lemma 2.11.1. If the divisor D = Py + --- + P, is nonspecial, then in a neighborhood of
a point AW (P, ..., Pg) € J(T) the mapping A9 has a single-valued inverse.

Proof. Suppose that all the points are distinct; let 21,...,2, be local parameters in neigh-
borhoods of the respective points Pi,..., P, with z(P;) = 0 and w; = ¥;(2x)dz; the
normalized holomorphic differentials in a neighborhood of Py. The Jacobi matrix of the
mapping (2.11.4) has the following form at the points (P, ..., P,)

Y11(z1=0) ... tig(zy=0)

Yg1(z1=0) ... thge(zg =0)
If the rank of this matrix is less than g, then (K — D) > 0, i.e., the divisor D is special
by the Riemann-Roch theorem. The case when not all the points P, ..., P, are distinct is
treated similarly. We now prove that the inverse mapping is single-valued. Assume that
the collection of points (F7,..., Py) is also carried into AW)(Py,...,P,). Then the divisor
D" = P[ +---+ P, is linearly equivalent to D by Abel’s theorem. If D" # D, then there
would be a meromorphic function with poles at points of D and with zeros at points of

D’. This would contradict the fact that D is nonspecial. Hence, D’ = D, and the points
Py, ..., P, differ from Py, ..., P, only in order. The lemma is proved. O

Since a divisor Py + ... + P, in general position is nonspecial (see Problem 2.10.5), the
Abel mapping (2.11.4) is invertible almost everywhere. The problem of inversion of this
mapping in the large is the Jacobi inversion problem. Thus, the Jacobi inversion problem
can be written in coordinate notation in the form

ur(Pr) +--+ur(Py) =m
......... (2.11.5)



which generalizes (2.11.1). As already noted, to solve this problem we need the appara-
tus of multi-dimensional theta functions. We first define ordinary (one-dimensional) theta
functions. Let b be an arbitrary number with $b < 0. A theta function is defined by the

series
0(z) = Y ex bn + (2.11.6)
= p{— tnz). 1.
—oo<n<oo
Since 2 (b1
exp (; + nz) ‘ = exp ( (2)n + n@?(z))

the series (2.11.6) converges absolutely and uniformly in the strips |R(z)| < const and defines
an entire function of z. This is a classical Jacobi theta function. To compare this with the
standard notation in the theory of elliptic functions it is useful to make a substitution,
setting b = 2mit, z = 2miz. The series (2.11.6) can be rewritten in the form common in the
theory of Fourier series:

0(2mix) = Z exp(miTn?)e?™in (2.11.7)

—oo<n<oo

(the function ¥5(x | 7)) in the standard notation; see [[3]). The function §(z) has the following
periodicity properties:

0(z+ 2mi) = 0(2) (2.11.8)
b
0(z +0b) = exp(—i —2)0(z) (2.11.9)
The equality (10.8) is obvious. The equality (10.9) is also easy to prove:

0(z+b) = Zexp(b%—i—bn—i—zn) = Zexp(b(n%—g—z—i—z(n—i—l)) = exp(—g—z)H(z).

The integer lattice with basis 27, b is called the period lattice of the theta function.

Exercise 2.11.2: Prove that the zeros of the function 8(z) form an integer lattice with the
same basis 274, b and with origin at the point zg = mi + b/2.

Exercise 2.11.3: Prove that the Weierstrass o-function (see Lecture 2.6) constructed from
the lattice {2mwim + bn} is connected with the function 6(z) by the equality

_ 2 b
o(z — zp) = constexp M +2 0(z), zo=mi—. (2.11.10)

211 2 2

Deduce from this that
0 nz
— = —1 Z_p—1n 2.11.11
C(z = 20) = 5-1ogb(z) + — —n—1, ( )
0? n

— =——1 - — 2.11.12
oz~ 20) = — 55 log(z) — (211.12)
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We proceed to multi-dimensional theta functions. Let B = (Bj;) be a symmetric g X g
matrix with negative-definite real part. We shall call such matrices Riemann matrices. A
Riemann theta function is defined by its multiple Fourier series,

1
0(z) =0(z|B) = > exp (2<BN, N) + (N, z)) . (2.11.13)
NeZs
Here z = (#1,...,24) is a complex vector, and B is a Riemann matrix. The angle brackets

denote the Euclidean inner product:

g
(N,z) =Y gNwze, (BN,N)= Y By;N;Ny
k=1 j,k=1

. The summation in (2.11.13) is over the lattice of integer vectors N = (Ny,...,Ny). The
obvious estimate R((BN, N)) < —b(N, N), where —b < 0 is the largest eigenvalue of the
matrix R(B), implies that the series (2.11.13) defines an entire function of the variables
21y %g-

Lemma 2.11.4. For any integer vectors M, K € 79,

0(z 4 2miK + BM) = exp ( ! (BM,M) — (M, z>> 0(z). (2.11.14)

2
Proof. In the series for 6(z 4+ 2miK + BM) we make the change of summation index N —
N — M. The relation (2.11.14) is obtained after transformations. The lemma is proved. O

The integer lattice {2miN + BM} is called the period lattice. lattice. Let o and § be
arbitrary real g-dimensional vectors. We define the theta function with characteristics «
and (:

O, B](z) = exp (;(Bm ) + (z + 2mif, a>) 0(z + 2mif + Ba)
. (2.11.15)
= Y exp <2<B(N+a),N +a)+ <z+2mﬂ,N+a>> :
Nezs

For o« = 0 and § = 0 we get the function (z). The analogue of the law (2.11.14) for the

functions [« 5](z) has the form

1L
2

Ola, B](z + 2miN + BM) = exp { (BM, M) — (M, z) + 2ri({a, N) — (8, M))} 0la, 5] (2).

(2.11.16)
All the coordinates of the characteristics & and ( are determined modulo 1 (verify!). The
characteristics @ and 8 with all coordinates equal to 0 or 1/2 are called half periods. A half
period [a, (] is said to be even if 4{c«, 5) =0 ( mod 2) and odd if 4{cr, ) =1 ( mod 2).

Exercise 2.11.5: Prove that the function 0[«, §](2) is even if [, (] is an even half period
and odd if [a, 8] is an odd half period.
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In particular the function 6(z) is even.

Remark 2.11.6. It is possible to define the function 6(z) as an entire function of z1,..., 2,
satisfying the transformation law (2.11.14) (this condition determines 6(z) uniquely to within
a factor).

By multiplying theta function (2.11.15) we obtain higher order theta functions. The
function f(z) is said to be a nth order theta function with characteristics o and § if it is an
entire function of 21, ..., 2, and transforms according to the following law under translation
of the argument by a vector of the period lattice

F(z+2miN+BM) = exp P%(BM, M) — n(M, 2) + 2ri({o, N) — <ﬁ,M>)] F(2). (2.11.17)

Exercise 2.11.7: Prove that the nth order theta functions with given characteristics «,
B form a linear space of dimension n9. Prove that a basis in this space is formed by the

functions
oty

)
n

0] Bl(nz|nB), (2.11.18)
where the coordinates of the vector v run independently through all values from 0 to n — 1.

Remark 2.11.8. For reference we determine the transformation law of a Riemann theta
function under transformation of the Riemann matrix of the form

B’ = 27i(2nim + nB)(2nik +1B) ™! (2.11.19)

where 71:1 fz) is an integer symplectic matrix (see Remark 2.8.3); it is according to this

law that the period matrix of a Riemann surface transforms under changes of a canonical
basis of cycles). Denote by R the matrix

R = 2wik + IB (2.11.20)
The transformed values of the argument and of the characteristics are determined by

2miz = 2R

<gi> = CLZ _,;n) (g) + %diag <’Z;§t> _ (2.11.21)

Here the symbol diag means the vectors of diagonal elements of the matrices mn! and kit.
We have the equality

1 Ologdet R
0]/, B'(z" | B') = xVdet Rexp 3 Z ziszagTe Oa, B](z | B), (2.11.22)
i<j g
where x is a constant independent of z and B. See [35] for a proof.
Exercise 2.11.9: Prove the formula (2.11.22) for g = 1. Hint. Use the Poisson summation

formula (see [23]): if

o0

f6) =+ / f@)e e da

— 00
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is the Fourier transform of a sufficiently nice function f(x), then

ZfZ?Tn Zf

n=-—oo n=—oo

Theta function are connected by a complicated system of algebraic relations, the so called
addition theorem. They are all relations between formal Fourier series (see [35]). We present
one of these relations which will be used below. Let 6[n](z) = 0]%,0](22]2B). (according

0 (2.11.18) this is a basis of second order theta function with zero characteristics).

Lemma 2.11.10. The following identity holds:
0(z+w)d(z —w) = Z 0[n)(2)0[n](w). (2.11.23)
n€(Zs)9

The expression n € (Z3)Y means that the summation is over the g-dimensional vectors
n whose coordinates all take values in 0 or 1.

Proof. Let us first analyze the case g = 1. The formula (2.11.23) can be written as
0(z 4+ w)f(z — w) = 0(2)0(w) + [1](2)0[1] (w) (2.11.24)

where i
— g exp(§b/€2 +kz), 0(z) = ; exp(bk? + 2kz2),

1
= exp( [b(2 + k) + (2k + 1)4 , R() <O0.
k
The left-hand side of (2.11.24) has then the form

Zexp[ (k2 +12) + k(z +w) +1(z — )}. (2.11.25)

We introduce new summation indices m and n by setting m = (k+1)/2 and n = (k —1)/2.
The numbers m and n simultaneously are integers or half integers. In these variables the
sum (2.11.25) takes the form

Z explbm? 4 2mz + bn? + 2nw). (2.11.26)

We break up this sum into two parts. The first part will contain the terms with integers
m and n, while in the second part m and n are both half-integers. In the second part we
change the notation from m to m + % and from n to n+ % Then m and n are integers, and
the expression (2.11.22) can be written in the form

Z exp[bm? + 2mz] exp[bn® + 2nw]+
m,n€”z

Z exp[b(m + %)2 +2(m+ %)z] exp[b(n +

m,n€”z

0(2)0(w) + 011]()0[1)(w).

222+ )] =
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The lemma is proved for ¢ = 1. In the general case g > 1 it is necessary to repeat the
arguments given for each coordinate separately. The lemma is proved. O

Exercise 2.11.11: Prove the following four term product identity of Riemann. Suppose

that two quadruples of g-dimensional vectors z1, ..., 24 and wy,...,w, are connected by the
relation
(21,...,Z4> == (w17...,w4)T, (21127)
where
1 1 1 1
111 1 -1 -1
Tfi 1 -1 1 -1 (2.11.28)
1 -1 -1 1

Then the following identity holds

O00(2)0(0)0(0) = == S o, Bl(w)8la, B)(wa)6lo, 5] ws)6la, Bl(wa).
2
2[a,B]€(Zz)? (2.11.29)

Exercise 2.11.12: Suppose that the Riemann matrix B has a block-diagonal form B =

/
<BE) BP” , where B’ and B” are k x k and [ x [ Riemann matrices, respectively with

k+1 = g. Prove that the corresponding theta function factors into the product of two theta
function
0(z|B) =0(z"| B"0(z" | B"),

!

2.11.30
z2=(21,...,2g), 2 =(21,...,2K), 2" ( )

= (Zkt1,- -1 %g)-

2.12 The Riemann theorem on zeros of theta functions and its ap-
plications

To solve the Jacobi inversion problem we use the Riemann #-function 6(z) = 6(z| B) on the
Riemann surface I'. Here B = (Bjy) is the period matrix of this surface with respect to a
chosen basis of cycles. Let e = (e1,...,e4) € CY be a particular vector. We consider the
function

F(P) = 0(A(P) — e). (2.12.1)

The function F(P) is single-valued and analytic on the cut surface I'. Assume that it is not
identically zero. This will be the case if, for example 6(e) # 0. Note that in view (2.11.14)
the zeros of the theta function form a well defined compact analytic sub-variety of the torus
J(I'). In other words for almost every vector e, the function (2.12.1) is not identically zero.

Lemma 2.12.1. If F(P) # 0, then the function F(P) has g zeros on T (counting multi-
plicity).

Proof. To compute the number of zeros it is necessary to compute the logarithmic residue

1 dlog F(P) (2.12.2)
271 Joi
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(assume that the zeros of F(P) do not lie on the boundary of AT'). We sketch a fragment of
or (cf. the proof of lemma 2.5.7). The following notation is introduced for brevity and used
below: F* denotes the value taken by F at a point on T lying on the segment aj or by,
and F~ the value of F at the corresponding point a, ' or b, ' (see the figure). The notation
ut and v~ has an analogous meaning. In this notation the integral (2.12.2) can be written
in the form

1 1 < N
i I, dlogF 22(/ /)dlogF — dlog F]. (2.12.3)

Note that if P is a point on aj then

u; (P)=uf(P)+Bjx, j=1,...,9, (2.12.4)

uf (P) = uj (P)+2midj, j=1,...,9, (2.12.5)

(cfr. (2.5.8)). We get from the law of transformation (2.11.14) of a theta function that on
the cycle ay,

1
log F~(P) = —5 Bk — ui (P) + ey, + log F(P); (2.12.6)
on the cycle by
log F™ =log F~. (2.12.7)
From this on ay,
dlog F~(P) = dlog F*(P) — wi(P), (2.12.8)
and on by,
dlog F~(P) = dlog F*(P). (2.12.9)

ACCOTdingly the sum (2123) can be written in the fOI“m
71 dl() F = E %\ W =
2ri g k=9,

where we have used the normalization condition §ak wi = 2mi. The lemma is proved O

Note that although the function F(P) is not a single-valued function on T, its zeros
Py, ..., P, do not depend on the location of the cuts along the canonical basis of cycles. In-
deed, if these basis cycles are deformed then the path of integration from P, to P can change
in the formulas for the Abel map transformation. A vector of the form (557 Wi, ﬁy wy) is
added to the argument of the theta-function 6(z) in (2.12.1). This is a vector of the period
lattice {2m¢M + BN}. As a result of all this the function F'(P) can only be multiplied by a
non zero factor in view of (2.11.14). We show now that the g zeros of F'(P) give a solution
of the Jacobi inversion problem for a suitable choice of the vector e.
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Lemma 2.12.2. Suppose that F(P) # 0 and Py,..., P, are its zeros on I'. Then on the
Jacobi variety J(T')

A9(Py,...,P)=e—K, (2.12.10)
where K = (K1,...,Ky) is the vector of Riemann constants,
IC—M LZ 7{ (p)/P . i1 (2.12.11)
j = D) Omi . awl PL«JJ , J=L4...,4. 4.
I#£] 1 0
Proof. Consider the integral
1
¢ ==—¢ uj(P)dlogF(P). (2.12.12)
2wt Jop

On the other hand, it is equal to the sum of the residues of the integrands i.e.,
Cj ZUj(Pl)—F"'—FUj(Pg), (2.12.13)

where Py,..., P, are the zeros of F(P) of interest to us. On the other hand, this integral
can be represented by analogy with the proof of Lemma 2.12.1 in the form

G = ;i(/ /) utdlog F* - u; dlog F))

1 &

2—2/ ufdlog F* — (u] + Bjj)(dlog F™ — wy)]
k=1

1 Z

2—7” / erlogFJr (u ;'fZWiéjk)dlogFﬂ
k=1

1 &

22[ u] Wk—Bjk/ dlogF++27rBjk] +/ dlog F,
k=1 ak by

in the course of computation we used formula (2.12.4)-(2.12.9). The function F' takes the
same values at the endpoints of ay, therefore

/ dlog F* = 2miny,,
where ny, is an integer. Further let Q); and Qj be the initial and terminal point of b;. Then

/ dlog F* =log FT(Q;) — log F*(Q;) + 2mim; =
=log0(A(Q;) + f; —e) —log8(A(Q;) —e) + 2mim; =

1 .
— iBjj + €; — Uj(Qj) + 2mmj,
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where m; is an integer and f; = (Bij,...,By;) is a vector of the period lattice. The
expression for ¢; can now be written in the form

G =ui(P1) 4+ +u;(F) =
1
:ejfiBjj* 2mZ/ “ka+2mmJ+ZBﬂk —n +1).

The last two terms can be thrown out, they are the j-coordinate of some vector of the
period lattice. Thus the relation (2.12.14) coincides with the desired relation (2.12.10) if it
is proved that the constant in this equality reduces to (2.12.11), i.e

1 .
UJ(QJ)‘FTZ/ wjwp, =K;, j=1,...,9.
mi o= Ja,

To get rid of the term u;(Q;) we transform the integral

1. 5 2
]{{ ujw; = §[Uj(Qj) —uj(Rj)],

)

(2.12.14)

where R; is the beginning of a; and @; is its end (which is also the beginning of b;). Further
u;(Q;) = uj(R;) + 2mi. We obtain
21

f{l Ujw; = —5— D) [2u;(Q;) — 2mi],

J

27”2/ UjW ——7rz—|—— Z / UjW -

b tgh=1

hence

The lemma is proved. O

Remark 2.12.3. We observe that the vector of Riemann constant depends on the choice of
the base point Py of the Abel map. Indeed let Kp, the vector of Riemann constants with
base point Fy. Then Kq, is related to Kp, by

Qo
ICQO = K:po + (g — 1)/ w. (2.12.15)

Py

Accordingly, if the function §(A(P) — e) is not identically equal to zero on T', then its
zeros give a solution of the Jacobi inversion problem (2.11.5) for the vector n = e — K.
We have shown that the map (2.11.4) A9 : S9T — J(T') is a local homeomorphism in a
neighborhood of a non special positive divisor D of degree g. Since 6(z) # 0 for z € J(T'),
then 0(A9(D)) does not vanish identically on open subsets of S9. We formulate without
proof the following criterion for the function 8(A(P) — e) to be identically zero (see [29]).

Theorem 2.12.4. [Theorem D] The function 0(A(P) — e) is identically zero on T if and
only if e admits a representation in the form

=A(Q1) + ... A(Qy) + K, (2.12.16)
where the divisor D = Q1 + -+ - + Q4 is special.
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In other words, the method in Lemma 2.12.2 does not give a solution to the Jacobi
inversion problem if and only if this solution is not unique (see Lemma 2.11.1).
We summarize the assertions of this lecture on the zeros of a theta function.

Theorem 2.12.5. Let n = (n1,...,n4) be a vector such that the function F(P) = 6(A(P) —
1 — K) does not vanish identically on T'. Then

1. on T the function F(P) has g zeros Pi,...,P,, which give a solution of the Jacobi
tnversion problem

g D

uj(Py) + -+ +u;(Py) = Z/wj =n;, j=1,...,9. (2.12.17)

k:lPO

2. the divisor D = Py + - -- 4+ P, is nonspecial;
3. the points Py, ..., Py are uniquely determined up to permutation by the system (2.12.17).
We mention a result useful for what follows.

Corollary 2.12.6. For a nonspecial divisor D = Py + --- + P, of degree g the function
F(P)=0(A(P)— A9(D) — K) has on T ezactly g zeros P = Pi,...,P = Py.

(This corollary follow from Lemma 2.12.2 even without invoking the unproved Theo-
rem 2.12.4 if the in its formulation the words “nonspecial divisor” are replaced by “divisor
in general position”.)

Exercise 2.12.7: Let D=P; +---+ P, — Q1 — --- — @, be a divisor of degree zero on
I'. The extension D — A(D) = Y7 | (A(P;) — A(Q:)) € J(T') of the Abel mapping to such
divisors does not depend on the choice of the initial point in the Abel mapping. Prove that
the correspondence establishes an isomorphism from the group of classes of divisors with

zero degree modulo linear equivalence onto the Jacobian J(I').

Exercise 2.12.8: Denote K% the vector of Riemann constants evaluated with respect to
the base point Q:

27Ti+Bjj 1 /P .
R _75 7{(7]3 Wi =1,...,9.
ICJ 9 271"L o < u l( ) o 7 ) J ) ' g

Prove that
KO —K9 =(g—1)A(Q— Q). (2.12.18)

Therefore there exists a degree (¢ — 1) Riemann divisor A independent on the choice of @
(but depending on the choice of the basis of cycles on I') such that

Ke=—-A+(g-1)Qe JI). (2.12.19)

Remark 2.12.9. As already mentioned, the zeros of the theta-function form an analytic
subvariety of J(I'). The collection of these zeros forms a theta divisor in J(T').
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Lemma 2.12.10. The zeros of the theta function 6(e) = 0, admits a parametric represen-
tation in the form
e=AP)+ -+ A(Py-1) + K, (2.12.20)

where Pi, ..., P,_1 are arbitrary points of the Riemann surface.
Proof. Let 6(e) = 0 and define F'(P) = (A(P) —e). Two cases are possible.
1. F(P)# 0 onT. The by Theorem 2.12.5

e=A(P)+ -+ A(Py) + K, (2.12.21)

where the collection of points Pi,..., P, is uniquely determined. By the condition
6(e) = 0, Py (the lower limit in the integrals) is among these points; say P, = P,.
Then A(Fy) = 0, and it follows from (2.12.21) that

e=A(P)+ -+ A(Py1) + K.

2. Suppose that F(p) =0 on I'. Then by Theorem, 2.12.4 it is possible to represent e in
the form
e=AQ1)+--+AQy) + K, (2.12.22)

where the divisor D + @1 + --- + Q4 is special. Since D is special, there exists a
meromorphic function f having poles at the points @1, ..., Q4 and such that F(P) =
0. Let D' = Py +--- + Py_1 + Py be the zero divisor of f. By Abel’s theorem,
A(D") = A(D). Substituting A(D’) in place of A(D) in (2.12.22) and again using
equality A(Py) = 0, we conclude the proof of the lemma.

O

It has already been noted that the function F(P) = 6(A(P) —e) (let e = n + K)
is not identically zero if 6(e) # 0. The zeros of the theta function (the points of the
theta divisor) form a variety of dimension 2g — 2 (for g > 3) with singularities in the 2g-
dimensional torus J(I"). If we delete from J(I"), the theta divisor, then we get a connected 2g-
dimensional domain. We get that the Jacobi inversion problem is solvable for all points of the
Jacobian J(I') and uniquely solvable for almost all points. Thus the collection (P, ..., P;) =
(A9)~1(n) of points if the Riemann surface I' (without consideration of order) is a single
valued function of a point n = (n1,...1,) € J(I') (which has singularities at points of
the theta divisor.) To find an analytic expression for these functions we take an arbitrary

meromorphic function f(P) onT'. Then the specification of the quantities 11, ..., 7y uniquely
determines the collection of values
(P, f(Py), AYW(P,...,P)=n. (2.12.23)

Therefore, any symmetric function of these values is a single-valued meromorphic func-
tion of the g variables n = (11, ...,n,), that is 2¢g-fold periodic with period lattice {2miM +
BN}, All these functions can be expressed in terms of a Riemann theta function. The
following elementary symmetric functions has an especially simple expression:

ar(n) =Y f(Fy). (2.12.24)

j=1
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From Theorem 2.12.5 and the residue formula we get for this function the representation

ar(n) = 231‘2 _f(P)dlog0(A(P) —n —K)
Z Res f(P)dlog(A(P) 1~ K), (2.12.25)
f(Qr)=

the second term in the right hand side is the sum of the residue of the integrand over all
poles if f(P). As in the proof of Lemma 2.12.1 and Lemma 2.12.2, it is possible to transform
the first term in (2.12.25) by using the formulas (2.12.8) and (2.12.9). The equality (2.12.25)
can be written in the form

Uf(n):%z:/ f(P)wy, — Z Res f(P)dlog(A(P) —n —K). (2.12.26)
ko flar)=

Here the first term is a constant independent of n.We analyze the computation of the second
term (the sum of residue) using an example.

Example 2.12.11. T is an hyperelliptic Riemann surface of genus g given by the equation
w? = Pyy11(2), and the function f has the form f(z,w) = z, the projection on the z-plane.
This function on I' has a unique two-fold pole at co. We get an analytic expression for the
function o¢ constructed according to the formula (2.12.24). In other words if P; = (21, w1),
P, = (z4,wy) is a solution of the inversion problem A(P;) + ---+ A(P,) =0, then

or(n) =21+ + 24 (2.12.27)

We take co as the base point Py (the lower limit in the Abel mapping).According to (2.12.26)
the function o(n) has the form

of(1) = ¢ — Res zdlog O(A(P) — n — K).
(oo}
Let us compute the residue. Take 7 = 2~% as a local parameter in a neighborhood of co.

Suppose that the holomorphic differentials w; have the form w; = ¢;(7)d7 in a neighborhood
of co. Then

dlog0(A(P) —n—K) = ) llog#(A(P) —n — K]wi(P) =

'M“

=1

I
M=

[log O(A(P) —n — K)]ipi(7)dr

Il
—

3

where [...]; denotes the partial derivative with respect to the ith variable. By the choice
of the base point point Py = co, the decomposition of the vector-valued function A(P) in a
neighborhood of oo has the form

A(P) = 1U + O(7?),
where the vector U = (U, ...,Uy) has the form

Ui =14;(0), j=1,....9
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From these formulas we finally get

or(n) = —02logd(n+ K) +c, (2.12.28)

0
where Oy = Z?:1 Uja— is the operator of differentiation in the direction U and c is a
7
constant.
We shall show in Section 3.3 that the function
2

u(z,t) = % log§(Ux + WtK) + ¢

1
where Wy, = 51/)’ ’(0) solves the Korteweg de Vries equation

1
up = Z(Guum + Ugza)-

Exercise 2.12.12: Suppose that a hyperelliptic Riemann surface of genus ¢ is given by the
equation w? = Pg42(2). Denotes its points at infinity by P_ and Py. Chose P_ as the base
point Py of the Abel mapping. Take F(z,w) = z as the function f. Prove that the function
o7(n) has the form

On—K—-A
oy(n) = Oy log W +ec (2.12.29)
where A = A(P;) and the vector U = (Ui, ...,U,) has the form
Uj=1v;(D), j=1,...,g, (2.12.30)

where the basisholomorphic differentials have the form
wj(P) =1;(r)dr, 7=2z"' P — oo

Exercise 2.12.13: Let I' be a Riemann surface w? = Ps(z) of genus 2. Consider the two
systems of differential equations:

A VP(=) - dzm V() (2.12.31)
dx 21—z dx 22 — 21 o
dzy 2y Ps(z1)  dz 210/ Ps(2) (2.12.32)
dt Z1 — %9 ’ dt zZ9 — 21 ' o

Each of these systems determined a law of motion of the pair of points

Py = (21,\/Ps(21)), P2 = (22,/P5(22))

on the Riemann surface I'. Prove that under the Abel mapping (2.11.1) these systems pass
into the systems with constant coefficients

d771 dT}Q
=0 —=1
dx T dt
dm __, dn2 _
dt Todt '

In other words, the Abel mapping (2.11.1) is simply a substitution integrating the equations
(2.12.31) and (2.12.32)
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3 Baker - Akhiezer functions and differential equations

3.1 Definition of Baker - Akhiezer functions

Among the elementary functions of a complex variable the exponential functions come next
in order of complexity after the rational functions. The exponential e* is analytic in C
and has an essential singularity at the point z = oco. If ¢(z) is a rational function, then
f(z) = e2®) is analytic in C = CP' everywhere except at the poles of ¢(z), where f(z) has
essential singular points. In the last century Clebsh and Gordan considered a generalizing
functions of exponential type to Riemann surfaces of higher genus. It turn out that for
g > 0 such functions will have poles as rules in contrast to the usual exponential. Baker
noted that such functions of exponential type can be expressed in terms of theta functions
of Riemann surfaces. Akhiezer first directed attention [1] to the fact that under certain
conditions functions of exponential type on hyperelliptic Riemann surfaces are eigenfunctions
of second-order linear differential operators. Following the established tradition, we call
functions of exponential type on Riemann surfaces Baker-Akhiezer functions. The modern
way of looking at the theory of Baker Akhiezer functions crystallized as a result of studying
and generalizing analytic properties of eigenfunctions of ordinary linear differential operators
with periodic coefficients (see [9]-[12],[16]). The general theory of Baker-Akhiezer functions
and its applications to linear differential and difference operators and to nonlinear equations
was constructed by Krichever ([19]-[21]), whose approach we shall follow on the whole in
Lecture3-3.3.

We give a definition of the Baker-Akhiezer functions of the simplest type, which have a
unique essential singularity. Let I" be a Riemann surface of genus g. Fix on I' some point
Q@ and a local parameter z = z(P) in a neighborhood of this point (let the point @ itself
correspond to the value z = 0, z(Q) = 0). It is convenient to introduce the reciprocal
quantity k = 271, k(Q) = co. Further, let q(k) be an arbitrary polynomial.

Definition 3.1.1. Let D = Py + --- + P, be a positive divisor of degree g on T\Q. A
Baker-Akhiezer function on I' corresponding to the point Q, at which the local parameter is
z = k=1, the polynomial q(k), and the divisor D is defined to be the function 1(P) such
that:

1. Y(P) is meromorphic on T everywhere except at Q, and has on T\Q poles only at the
points P1,..., Py of D (more precisely, the divisor of ¥|r\q is > D);

2. the product ¥ (Q) exp[—q(k(Q))] is analytic in a neighborhood of Q.

Instead of the second condition we also say that the function ¢ (P) has at ) an essential
singularity of the form
U(P) ~ k)

Such Baker-Akhiezer functions form a linear space for a given divisor D (we fix the point @,
the local parameter k=1, and the polynomial q(k)). Denote this space by A(D), by analogy
with the space L(D). When the divisor D varies in a class of linear equivalence, D ~ D’,
the space A(D) is replaced by the isomorphic space A(D'); if (f) = D’ — D and ¢ € A(D),
then fi € A(D’).
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Example 3.1.2. Let I be the elliptic curve w? = 423 — g2 — g3, and parametrize the points
of this curve by the points of the torus T? = C/{2mw-+2nw’} (see Lecture 2.6) with z = p(u),
w = @' (u). We take Q = {u = 0} (the point of I" at infinity), K = u~!, and q(k) = zk, where
x is a parameter. The divisor D consists of the single point P; = (p(u1), ©'(u1)). Then the
Baker-Akhiezer function which depends on z has the form

o(u—up — x)e*®)

W(P) =V(z; P) = o(u—u)o(ur + )’

P = (p(u), ¢ (u)). (3.1.1)

Indeed this function has an essential singularity of the necessary form, since ((u) = k +
O(k™1) as u = k=1 — 0. Its pole is located at the point P = Py, because o(0) = 0. The
only thing that has to be verified here is that the function (3.1.1) is single-valued on I'. In
other words, we must check that the value of )(P) does not change under the substitution
u — u~+ 2mw + 2nw’. But this follows from the laws of transformation of the function {(u)

and o(u) (formulas (2.6.28) and (2.6.29)).

Exercise 3.1.3: Verify that for all uy, the function ¢(x; P) in (3.1.1), as a function of z, is
an eigenfunction for the Lamé operator

{_({fﬂ + 2p($)] Y(x; P) = Mp(z; P), A= p(u), P=(p(u), p/(u)) (3.1.2)

Remark 3.1.4. In the definition of the Baker-Akhiezer function the requirement D € I'\Q
can be waived. If, for example, the point ) appears in the divisor D with multiplicity n,
then as P — @ the corresponding Baker-Akhiezer function ¢ (P) must by definition have an
asymptotic expression of the form

U(P) = explg(k)](ck™ + O(K"™1)),
where c is a constant.
We return to general Riemann surfaces.

Theorem 3.1.5. Suppose that a divisor D = P 4 --- + P, of degree g is nonspecial. Then
the space A(D) is one-dimensional for a polynomial q with sufficiently small coefficients.

In other words for a nonspecial divisor D and a general polynomial ¢(k) the conditions
of definition 3.1.1 determine a Baker-Akhiezer function uniquely to within multiplication by
a constant. We precede the proof of the theorem by an important auxiliary assertion.

Lemma 3.1.6. A Baker-Akhiezer function W(P) has g zeros Py, ..., P; onT. The following
relation holds for the divisor D' = P{ + --- + Py of the zeros and the divisor D of the poles
of this function on the Jacobi variety J(T)

AY(D"y = AY(D) - U, (3.1.3)

where Uy = (Uq,...,Uyq) is the vector of b-periods of the normalized Abelian differentials
of the second kind Qg with zero a-periods and with principal part at Q) of the form

Q,(P) = dq(k) + O(k™?)dk, k= k(P)— oc; (3.1.4)
qu:O7 i=1...,q; quzjgﬁq, i=1...,9. (3.1.5)
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Conversely if divisors D and D’ of degree g satisfy (3.1.3), then they are the divisors of
the poles and zeros for some Baker-Akhiezer function with poles in D, zeros in D' and an
essential singularity of the form ¢(P) ~ expq(k) as P — Q.

Proof. Consider the logarithmic differential {2 = dlog. This is a meromorphic differential
on I with a pole (at least double) at @ with principal part of the form dg(k), and with
simple poles at the zeros and poles of . Applying the residue theorem to this differential,
we get that the number of zeros of ¥ is equal (counting multiplicity) to the number of poles,
i.e. g. The first part of the lemma is proved.

We now represent the differential 2 = dlog ) in the form

g 9
Q:ZQP;PJ +Qq+zciwi7 (316)
j=1 i=1

where ) pIp, are the normalized differentials of the third kind, the differential €, is defined
above, wi, . ..,w, are the basis of holomorphic differentials and ¢y, ..., ¢4 are constants. The
conclusion of the proof of the lemma is almost identical to the proof of Abel’s theorem. The
condition for ¢ to be single-valued on I' can be written in the form

% Q = 2mwny, j{ Q=2mimy, k=1,...,g, (3.1.7)
A bk

where ny and my, are integers. Since the differentials 2 PP, and ), are normalized, the first
of these conditions implies that ¢y = ny for £+ 1,...,g. By the formula for the periods of
a differential of the third kind, the second condition gives us that

9_ P g

Z/ wk+qu+anBjk =2mimy, k=1,...,9. (3.1.8)

j=17Fi j=1
This equality is the k-th coordinate of the relation (3.1.3). Conversely, if (3.1.3) holds,
then (3.1.8) also holds for some integers ni,...,ng, mi,...,mgy. This implies (3.1.7) for the
differential (3.1.6) with ¢; = n;, ¢ = 1,...,g. The function ¢ = exp [ Q will then be single
valued on I, have zeros and poles at the points P/, ..., P; respectively, and have an essential
singularity of the necessary form at @, since | Q, has the asymptotic expression ¢(k)+ O(1)
as P — Q. The lemma is proved. O

Proof of the Theorem 3.1.5

Proof. We first prove the existence of a Baker-Akhiezer function. From the divisor D we
construct a divisor D’ of degree g by solving the Jacobi inversion problem (3.1.3) with
respect to D’. According to the lemma, a Baker-Akhiezer function with the necessary
singularities corresponds to the pair of divisors D and D’. We now prove uniqueness. Let
and ¢ be two Baker-Akhiezer functions with the same data. The relation (3.1.3) holds for
the divisors D’ and D’ of their zeros. If the coefficients of the polynomial q(k) are small,
then the vector U, is also small (verify!). Since D is nonspecial, D’ and D’ are nonspecial
for a sufficiently small vector U, in view of Lemma 2.11.1 and the fact that a divisor in
general position is nonspecial. Tt follows from (3.1.3) and Abel’s theorem that the divisors
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D’ and D’ are linearly equivalent. Since they are nonspecial, they coincide. Therefore, the
ratio ¢'(P)/¢(P) is a holomorphic function on I' and hence is constant. The theorem is
proved. O

Exercise 3.1.7: Suppose that D is a divisor of degree n > ¢ in general position. Prove that
the space A(D) of Baker-Akhiezer functions with poles at the points of D (the definition of
them does not differ from the Definition 3.1.1) has dimension n — g + 1 for a polynomial
q(k) with sufficiently small coeflicients.

We now get an explicit formula for Baker-Akhiezer functions.

Theorem 3.1.8. Suppose that the divisor D and the polynomial q are the same as in
theorem 3.1.5. Then the Baker-Akhiezer function constructed from the Riemann surface T,
the point Q, the local parameter k=1, and the divisor D has the form

P q | AP - AW(D)+U, - K)
/ ‘) 6(A(P) - AW(D) - K)

Y(P) = cexp ( (3.1.9)

Py
Here c is an arbitrary constant, Py # Q is an arbitrary point of I', the differential Qq and
its period vector U, are defined by the equalities (3.1.4) and (3.1.5), and K is the vector of
Riemann constants. The path of integration in the integral fll,z Qg and in the Abel mapping

A(P) = (fliz Wi, .- .,ff; wg) are chosen to be same.

Proof. We first verify that the function is single-valued on I'. Single-valuedness can fail
only because the path of integration from Py to P can vary. If we take another path of
integration from Py to P, then the periods of the corresponding differentials along some

cycle v are added to the integrals || ]iz Qg and [, :; w;. decompose this cycle with respect to
the basis of cycles: v~ >9_ nga,+ Z?:l m;b; where ny and m; are integers. Then under
a change of the path of integration we have that

P P P
/Qq—>/ Qq+zijqj=/ Q, + (M, U,), (3.1.10)
Po Py j Py

A(P) — A(P) + 27iN + BM. (3.1.11)

Here M = (mq,...,mg), N = (ni,...,n,) are integers vectors. According to (2.11.14),
under such a transformation the ratio of the theta function is multiplied by

exp[—5(BM, M) — (M, A(P) — AW (D) — U, — K}
exp|—5(BM, M) — (M, A(P) — A9(D) - K)]

= exp(—(M,Uy),

while the exponential term acquires the reciprocal factor exp(M, U,) > . The single-valuedness
is proved.

Further, since D is nonspecial, the poles of the function (3.1.9) (which arise because of
the zeros of the denominator) lie precisely at the points of the divisor D; see Corollary 2.12.6.
For polynomial ¢(k) with small coefficients the numerator in (3.1.9) is not identically zero.
Moreover, the function (3.1.9) has an essential singularity of the necessary form in view of
the choice of Q. Indeed near () we have ffl,: Q, =q(k)+0(1), k = k(P) — co. The theorem
is proved. O
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Remark 3.1.9. A function ¢(P) of the form (3.1.9) depends analytically on the coefficients
of the polynomial g(k). Therefore, it is not identically zero only for small values of these
coefficients, but also for any values of them. The same applies to Theorem 3.1.5.

Remark 3.1.10. Baker-Akhiezer functions on singular algebraic curves constructed from
(nonsingular) Riemann surfaces with degeneracies of the pinched cycle are very useful for
applications to differential equations. Here we consider the example of the so-called Enriques
curves (see Example 2.4.19), which are obtained from surfaces of genus g by pinching all a-
cycles in some canonical basis. These curves can be represented in the form of the Riemann
sphere C = CP! by identifying ¢ pairs of points as,b1, ..., ag,by. Suppose that the poles
of the Baker-Akhiezer function are located at the points z = z1,...,2 = 24 of the complex
z-plane. We locate the essential singularity of this function at the point z = oo, let k = 2
and fix some polynomial ¢(z). Then the corresponding Baker-Akhiezer function has the
form

29 4+ 12971 + 4y
Y(z) =c e?2), (3.1.12)
(2 — =)
$la) = (i), i=1,....g (3.1.13)
(cfr (2.4.4). Here cis an arbitrary constant and ¢y, . . ., ¢4 are coefficients determined uniquely
from the system of linear equations (3.1.13) for the points zi,...,z, in general position.

Baker Akhiezer functions on curves with more complicated singularities are constructed
similarly.

Exercise 3.1.11: Suppose that I' is a Riemann surface of genus g, @ is a point on it, and
k! is a local parameter in a neighborhood of this point. Let POjE be any pairs of points on I".
Then for almost any divisor D of degree g+ 1 and for almost any polynomial g(k) there exists
a unique (up to a factor) Baker-Akhiezer function 1 (P) such that ¥ (Py) = ¢ (P, ) with
poles at the points of D and an essential singularity at @ of the form ¢(P) = exp q(k(P)).

In the situation described in this exercise it is natural to call ¥(P) the Baker-Akhiezer
function on the singular curve obtained from the Riemann surface I' by gluing together the
points PO+ and P, . This singular curve can be thought of as being obtained from a Riemann
surface of genus g 4+ 1 by pinching a cycle nonhomologous to zero (this gives a singularity,a
double point). A more complicated singularity of “beak” type is obtained by subjecting the
surface to a further degeneracy by letting the points PS’ and Py approach each other and
coalesce into a single point Py. Baker-Akhiezer functions on curves with a beak are defined
as follows.

Exercise 3.1.12: Let I', g, @Q and k£ be the same as in the exercise 3.1.11. Let Py be a
point on I'; and z a local parameter with center at this point z(FPy) = 0. Then for almost
any divisor D of degree g 4+ 1 and for almost any polynomial g(k) there exists a unique (up
to a factor) Baker-Akhiezer function ¢ (P) such that ¢ (P) ~ exp(q(k(P)), with poles at the

d
points of D and essential singularity at @ of the form d—zj)(P)\p:po =0.
2

3.2 Kadomtsev - Petviashvili equation and its solutions

Let T" be an arbitrary Riemann surface of genus g. Lt us fix on I' a point @ and a local
parameter k~! near this point such that k(Q) = co. For the triple (', Q, k) one can construct
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the Baker - Akhiezer function ¢ (P), P € T, with some nonspecial divisor of poles D and
with an essential singularity at @ of the form

1/1(P) = [1 +0 (;)] ekx+k2y+k3t

(3.2.1)
k=k(P)— oo for P— Q.

In other words, we take q(k) = kx + k?y + k3t as the polynomial ¢(k) in the Definition 3.1.1
denoting x, y, t the coefficients of the polynomial (the parameters of the BA function). To
emphasize the dependence of the BA function on the parameters we denote it ¥(x,y,t; P).

From Theorem 3.1.2 we get an expression of ¢ (x,y,t; P) via theta-function of the Rie-
mann surface T’

0 (A(P)— AW (D)+aU+yV+tW —K)
6 (A(P) — AW(D) — K)

P P P
X exp x/ Ql+y/ Qg+t/ Q3
Py Py Py

for an arbitrary choice of the basic cycles aq, ..., ag, b1, ..., bg on I'. Here ¢ = ¢(z,y,t) is
a normalizing constant, 1, 29, 3 are the normalized second kind differentials on I'" with
the only poles at Q having the principal parts dk, d(k?) and d(k®) resp. In the notations of
Lecture 6

Y(x,y,t; P) =c

(3.2.2)

0 =-QY), %=-20, 9;=-303. (3.2.3)

The vectors
U= U,....Uy), V=0W,....Vy), W=W,...,W,)

are built of the b-periods of these differentials,

Ui:fﬂl, Vi:ffzz, Wi:fﬂg, i=1,....g. (3.2.4)
b; b; b;

Other entries of (3.2.2) have the same meaning like in the formula (3.1.9).

For sufficiently small z, y, ¢ the divisor D’ of zeroes of ¥(z,y,t; P) does not contain the
point @ (assuming the divisor D has it support on T'\ Q). Hence the function ¢ (x,y,t; P)
can be normalized in such a way that

U@y, t; P) = <1 + % - % +.. ) P TR R — (P) (3.2.5)

for P — @ (this normalization determines the factor ¢ = ¢(x,y,t) in (3.2.2)). The coefficients
&1, &, ... are certain functions of z, y, t; we will compute them below.

For the moment we will forget the Riemann surface origin of the series (3.2.5) looking at
this as at a formal expansion. A simple but important statement holds for the derivatives
of this expansion with respect to the parameters x, y, t.

113



Lemma 3.2.1. For a function ((3.2.5)) with arbitrary smooth coefficients & = & (z,y,1),
& = & (x,y,t), ... the following equations hold true

o 0 1 21,8
[‘ay ot “] V=0 (k) e (329
o 9 3 3, 0 B LY kotk?y+k%t
[‘m*axsu@az*aﬂ)*wh”(k)e (8.27)

where the functions v = u(z,y,t) and w = w(x,y,t) are uniquely determined from the con-
ditions of vanishing of the coefficients of ke +ky+hk’t form=0,1, 2, 3. These functions
have the following form

&1

06 3% 06

=3 ———-— -3 . 3.2.9
v & ox 2 0x2 ox ( )
The proof can be obtained by a straightforward computation.
Denote L and A the resulting ordinary differential operators
L=0*+u (3.2.10)
s 3
Az@m—l—z(u@w—i—&u)—l—w (3.2.11)
(we will often use the short notation 9, := %).

Theorem 3.2.2. Let i) = ¢(x,y,t; P) be the BA function of the above form constructed for
an arbitrary Riemann surface T, a point Q € T', a local parameter k=% with the center at
the point QQ and a nonspecial divisor D, normalized by the condition (3.2.5). Then ¢ is a
solution to the system

oy
oy

where the operators L, A are given by the formulae (3.2.8) - (8.2.11).

Proof. The functions

5} 5}
1 1= <_8y+L> Y, 2= <_6t +A> (4

satisf}; all 3conditions of the definition of BA function with the same essential singularity
ek rtk k"t at the point Q € I' and the same poles at the divisor D identical to those for
the function ¢ (z,y, t; P). But from Lemma 3.2.1 it follows that the products

efkarflﬂyfk?’t —kx—k2y—k>3t

V1 and o€
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vanish at the point Q. Due to uniqueness of the BA function (see Theorem 3.1.5) these
products must vanish identically in P € I'. The Theorem is proved.

Corollary 3.2.3. The functions u = u(x,y,t) and w = w(z,y,t) of the form (3.2.8), (3.2.9)
give a solution to the Kadomtsev - Petviashvili (KP) system

3
Zuy = Wy
(3.2.14)
1
wy = up — o (6w g + Uppy)-
As we will see below, the KP equations play an important role in physics of nonlinear
waves. They are often written in the form of a single equation

3 0 1

One can easily derive (3.2.15) from (3.2.14) by just eliminating w.
Proof. The conditions of compatibility of the system (3.2.12), (3.2.13). i.e., the equality
of the crossed derivatives

o0 _ 90
ot oy Oy ot
read 5 5
——+L,——+A| =0 3.2.16
{ ot m T ( )
(we denote [, ] the commutator of the two operators). Let us explain how to compute this
o o8 0

commutator. First of all, the derivatives -, 59> B¢ commute pairwise. The commutators
of the derivatives with the operators of multiplication by a function can be computed like
in the following two sample computations:

0 0 0
S0
9 w| =w
oy’ | Y
0? 0? 0? oY
[W’w] Y= @(Uﬂﬁ) —w @1? =2w, oz + Wiz 1),
that is,

0? 0

So, after simple computations the compatibility condition (3.2.16) reads

<P1 % + Pz) =0 (3.2.17)
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for certain differential polynomials P;, P, (i.e., polynomials in u, w and their derivatives).
The left hand side of the equation (3.2.17) near @ has the expansion of the form

B B

TR =0 e Gi-g, =l (3.2.18)

for the operators L, A of the form (3.2.10), (3.2.11). The commutation representation
(3.2.18) of KP was found in [8] (see also [17]). We will call it zero curvature representation.

Summarizing, for any Riemann surface I' of genus g, any point @) on I', and a local
parameter k! near @), we have constructed a family of solutions of KP. The solutions are
parametrized by nonspecial divisors of degree g on T' (i.e., by generic points of the Jacobian
J(T)).

Exercise 3.2.4: Prove that changes of the local parameter of the form

b 1
kn—»)\k+a+k+0<k2> (3.2.19)

for arbitrary complex numbers A\ # 0, a, b transform the solutions u(x,y,t) in the following
way

z Ar+2 ay+ (3Xa® +3\%D)t

y— Ny +3\%at
(3.2.20)
t s A3t

u— A2y —2b272

Let us derive theta-functional formulae for the solutions of KP. We will use the formula
(3.2.2) expressing the BA function via theta-function of T'.

Theorem 3.2.5. The solutions of KP constructed in Theorem 3.2.2 and Corollary 3.2.3
read

u(z,y,t) =202 log0(x U +yV +tW + 2) + ¢ (3.2.21)
3
w(z,y,t) = 581831 logf(xU +yV +tW + 2z) + 1 (3.2.22)
Here 0 = 6(z) is the theta-function of the Riemann surface T' wrt a basis of cycles aq, ...,
ag, b1, ..., by, the vectors U, V., W are defined in (3.2.16),

2 =—-AY(D)-K

is an arbitrary vector, ¢, ¢ are some constants depending on (', Q, k) and on the choice of
the basis of cycles on T.
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Proof. Due to (3.2.8), (3.2.9) it suffices to compute the coefficients £;, &5 of the expansion
(3.2.5). It is even more convenient to use expansion of the logarithm of the BA function

logw(x,y,t;P):kx+k2y+k3t+%+%+... (3.2.23)
where
1 2
m==E&, m=E& — 551,
SO
3
U="2M1,, W= =302+ U (3.2.24)

Comparing (3.2.23) with the formula (3.2.2) for ¢(x,y,t; P) we obtain that the coefficients
of k=1 and k72 in the expansion of the function

O(A(P) — A9(D) —K+a2U +yV +tW)

9(A(P) — AW(D) — K) (3.2.25)

@(P) := log

near the point @ have the form
m—cxr—ay—>bt and ny —cix— a1y —bit

resp. Here the constants ¢, a, b and ¢;, a1, by are the coefficients of £~! and k=2 in the
expansion at P — @ of the second kind integrals

P
C C1
M=k+co+—+—=+...
Py kK2
P
a aq
Qg = k2 = ... 3.2.26
/PO 2 tag+ 245+ ( )

/PQ Bopbot 2y
3 = 0 - — e
Po ko k2

All the coefficients but ag, by, cg do not depend on the choice of the initial point Py. The
coefficients 7; and 75 do not depend on Py either due to (3.2.23) and to the uniqueness of
the BA function. Hence we can choose Py = @ in (3.2.25). For this choice of the initial
point of the Abel map one has

A(Q) = 0.
The expansion of the Abel map near () has the form
1 1 1
AP)=—-U - — — . 2.2
(P)=—2U 2k2v+0(k3) (3.2.27)

To derive (3.2.27) one has to use the identity

dA(P) = (w1(P),...,wye(P))
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and the formulae (2.7.11) for the b-periods of the differentials Q(l), Qg), QS), and also the
definitions (3.2.3), (3.2.4) of the vectors U, V, W. Hence

1
log p(P) = log 0(—k~1U — 5lf—21/+0(k—3) +aU+yV +tW +2)+--- =
=logO(xU+yV +tW + 2) — k™0, log(x U +yV +t W + 2) (3.2.28)

1
-5 k™2 (9y — 02) log0(z U +yV +t W + 2) + O(k™).
The dots stand for some x, y, t independent terms, zy has the form
2 =—-AY(D) - K.

Redenoting ¢ — —2¢, ¢; — —3c¢; we derive from (3.2.28) and (3.2.24) the formulae of
the Theorem. The vector zg is an arbitrary generic point of J(I') due to Jacobi inversion
theorem. The Theorem is proved.
The solutions we have constructed satisfy KP equation for those complex values x, y, t
such that
O(zU+yV +tW +z) # 0.

Tt is clear that they are complex meromorphic functions having poles when 8(x U + yV +
tW + 29) = 0. An additional information about these solutions follow from the formulae
(3.2.21), (3.2.22). Namely, they are quasiperiodic functions of z, y, ¢. Indeed, the second
logarithmic derivatives

20%logf(z) and g&,ﬁy log 6(z)

are meromorphic single valued functions on the Jacobian torus J(I') > z. Here the differential
operators 9, and 9, are defined by the formulae

0 0

i=1 i=1

The single-valuedness follows from the transformation law (2.11.14). Indeed, a shift of the
argument by a vector of the period lattice produces the transformation

1
10g9(z+2m'M—|—BN):log&(z)—§ <BN,N>—-<N,z>.

So, the linear in z term disappears after double differentiation. To obtain the solutions
u(z,y,t) and w(x,y,t) one is to restrict the functions onto the straight lines directed along
the vectors U, V', W.

If a commensurability condition

TU =2mi(niex + - - +ngey) + B (mier + -+ - + mgyey) (3.2.29)
hold true for some number 7" and integers ni, ..., ng, m1, ..., my then the functions
u(z,y,t), w(z,y,t) will be T-periodic in z. (In the formula (3.2.29) e, ..., e, is the

standard basis in CY9, B is the period matrix of the Riemann surface I'). The conditions of
periodicity in y or in ¢ have a similar form.
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Exercise 3.2.6: Prove that the periodic in z solutions to KP of the form (3.2.21), (3.2.22)
are dense among all these solutions. Here we consider density wrt the uniform norm on a
finite segment of the x axis.

Example 3.2.7. For the elliptic curve I', point @, and the local parameter k as in Example
3.1.2 the BA function with the behavior (3.2.1) has the form

oyt P) = T =D)Ly oo’ )
o(u—ur)o(ur + )

(3.2.30)
P=(p(u),o'(w), D= (p(u),e (u1))
(cf. (3.1.1)). The corresponding solution to KP does not depend on y, t:
u=—2p(x+u).

Exercise 3.2.8: Let us assume that, along with the commensurability conditions (3.2.29)
another representation of the same form fulfills for the vector U,

T'U = 2mi(njer + -+ nyey) + B (myer + - + myeg) (3.2.31)
for a complex number 7" and some integers nj, ..., ny, mj, ..., my. Prove that, if

S(T'/T) > 0 then u(x,y,t), w(z,y,t) are elliptic functions in z. Prove that these func-
tions must have the form

N
U(J?,y,t) = -2 Z p(x - $l(y7t))
i=1
(3.2.32)
w(z,y,t) = 3 XN:M (z — :(y, 1))
7y7 - 2 Z:1 ay p K3 y?
for some N, where x;(y,t), ¢ = 1,...,t are some functions of y, ¢, p is the Weierstrass

p-function with the periods T, T".

3.3 KPP hierarchy
Let us return to general Riemann surfaces I'. The structure of the essential singularity used
in this Lecture as well as in the previous one is only the simplest among possible ones. The

most straightforward and natural generalization is to use multiparametric BA functions with
the essential singularity at @ € I' of the form

Y(x,ta,ts,...; P) = <1 + Z kl‘> ek etk tatkitst... (3.3.1)
i=1

In the previous notations ¢ = y, t3 = t; we will also often denote

tlzx.
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The periods in (3.3.1) mean that only dependence on finitely many variables to, ..., ty for
sufficiently large IV will be under consideration. An analogue of Theorem 3.2.2 and Corollary
3.2.3 reads

Theorem 3.3.1. The function ¢ of the form (3.3.1) for anyn =1, 2, 3.... satisfies linear
differential equations

N
—=A 3.3.2
= A (332)
where
Alzaa?a AQZL; A3:A7
Ap =07+ ulop™, (3.3.3)
i=2
the coefficients uy, ..., ul' of the differential operators A, can be expressed recursively via

the coefficients &1, ..., £n—1 of the expansion (3.3.1). These coefficients satisfy an infinite
system of differential equations (the so-called KP hierarchy ) represented in the zero curvature
form

Y Ana 4, Am
at, T T, *

~ ot ot

- ; :| 8An aAm + [A7L7 Am] =0, n,m=1,23,... (334)

The coefficients uf can be expressed via the theta-function of the Riemann surface I'.

3.4 Degenerate Baker - Akhiezer functions and KP

In this section we will work out the algebro-geometric solutions to the KP equation associ-
ated with singular algebraic curves, like those constructed in Remark 3.1.10 (and even for
curves with more complicated singularities) following the scheme of the Theorem 3.2.2 and
Corollary 3.2.3. Indeed, in the proofs we used only the asymptotic behaviour (3.2.5) of the
BA function and the uniqueness of the function. All these properties hold true for the BA
functions on singular curves. Let us describe these solutions explicitly.

We define a BA function on a singular curve as a function of the form

’(/J(LIZ‘, Y, t7 k) = [kN + a1 (.’IJ, Y, t)kN_l +o 4+ CLN(.TL', Y, t)] ek AL A (341)

where the dependence of the coefficients on x, y, t is determined from the following system
of linear constraints

M m;

SN oo,y b k) k=s, =0, i=1,...,N. (3.4.2)

j=15=0

The complex numbers

Ki,...,kM, Ki#K; for i#j
(3.4.3)



are the parameters of our singular curve and of the divisor on it.
The constraints (3.4.2) can be rewritten as a system of linear equations for the coeflicients
ai, --., an-. In order to give an explicit form of these equations we introduce polynomials

2 3 2 3
Pns(x,y,t;k) — e—km—k y—k°t 6; (krekm+k y+k t)

2 3 2 3
_ eferfk y—k ta;‘az eka:+k: y+k°t (344)

= (O + 2+ 2ky + 3k%) k"
Denote w; = wj(z,y,t) the linear functions
Wj:Iijl‘—FKZ?y—FH?t, j=1,...,M. (3.4.5)

Then the constraints (3.4.2) can be written as a system of linear equations for the functions
ay = ax(z,y, )

N
> Ai(z,y t)ax = bi(w,y,t), i=1,...,N (3.4.6)
k=1
where
M mj
Aig(z,y,t) = Z Z ;i PNk s(2,y,t; k) ewi (@y:t) (3.4.7)
j=1s=0
M mj
bi(z,y,t) = — Z Z a;;i Py s(z,y,t; k) ewi(@y:t), (3.4.8)
j=1s=0
Denote

A(:L'7 Y, t) = (Azk(xa Y, t))

the N x N matrix of coefficients of the system (3.4.6) and A(z, y, t; k) the (N +1) x (N +1)

extended matrix
N pN-L . 1
by

Az, y,t)

bn

Theorem 3.4.1. For those x, y, t such that det A(z,y,t) # 0 the function ¢ = V¥(z,y,t; k)
is uniquely determined by the constraints (3.4.2). It has the form

det A(z,y,t; k) RN ILY

Y(z,y,t; k) = dct A(r. g 1) (3.4.10)
It satisfies the linear system
oY oY
— =1L —=A
3y LI Y
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with the operators L and A of the form (3.2.10), (3.2.11), where the coefficients u and w are
given by the formula

u(z,y,t) = 202 logdet A(x,y,t)
(3.4.11)

w(z,y,t) = g&c@y log det A(x,y,t).

Corollary 3.4.2. The functions (3.4.11) satisfy KP equations (3.2.14).

Proof of the Theorem. Let L, A be the operators of the form (3.2.10) with the coefficients
u, w defined as in (3.4.11). Choosing the coefficient u(z,y,t) by

u($7 Y, t) = _2awa1(w7 Y, t)

one can easily see that the function

. P

has the form

T/;(»’Uay,ﬁ k) = [dl(xa:% t)kN_l + 4+ dN(xay7 t)} ekr+k2y+k3t

with some coefficients aq(z,y,t), ..., an(z,y,t). This form is completely analogous to
(3.4.1) but the term k™ is missing from the pre-exponential factor. Let us show that the
coefficients a; = a1 (z,y,t), ..., any = an(z,y,t) satisfy the linear homogeneous equations

N
ZAik(I7yat)&k:0, i=1,...,N.
k=1

Indeed, for an arbitrary linear differential operator A = A(9,, 9y, ;) the function
b,y ts k) = A(a,y, b k)

satisfies the same constraints (3.4.2) as the coefficients of the linear system of constraints do
not depend on z, y, t. Applying to the operator A = 0/dy + u we obtain the needed linear
homogeneous equations. Due to nondegenerateness det A(z,y,t) # 0 of the coefficients
matrix we obtain ¥ = 0. The second linear equation 9v/0t = A1 can be derived in a
similar way.

The proof of the formulae (3.4.10) - (3.4.11) follows from the Cramer rule applied to the
system (3.4.6) and from the following obvious identity

Oy | Prsl,y, 1) E TR0 = Py () e o TR,

The Theorem is proved.

Exercise 3.4.3: Prove that

3]
ai:—ﬁlogdetA(a:,y,t), i1=1,...,N. (3.4.12)
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Corollary 3.4.2 follows from compatibility, identically in k, of the linear system

0% _ 9 _

like in the proof of Corollary 3.2.3.

Remark 3.4.4. For nondegeneracy of the matrix A(x,y,t) of coefficients of the system of
linear constraints (3.4.2) has rank N. We also note that the function ¢ (z,y,t; k) remains
unchanged if the matrices «;; are multiplied from the left by an arbitrary constant nonde-
generate N x N matrix.

Exercise 3.4.5: For the BA function of the form
= (k +a) ekx+k2y+k3t
satisfying the linear constraint
P(k1) +cp(rz) =0
obtain the following explicit formula for the function w:

u(z,y,t) = % (K1 — k2)? sech% [(k1 — k2)(z — 20) + (k] — K3) y + (K — K3)t]  (3.4.13)

where
1

K1 — K2

To = log c.

For real k1 # ko and real positive ¢ the formula (3.4.13) gives a solitary plane wave
solution of KP. More generally, taking all the multiplicities m; = 0 in (3.4.2) one obtains
multisoliton solutions describing interaction of plane waves (see below). The most known
particular example of a multisoliton solution is obtained as follows.

Exercise 3.4.6: Consider the degenerate BA function of the form (3.4.1) determined by
the following system of linear constraints

¥(qi) + c(pi) =0, i=1,...,N (3.4.14)

where p1, ..., PN, q1, - . ., qn are pairwise distinct complex numbers, ¢y, ..., ¢y are arbitrary
nonzero numbers. Prove that the corresponding solution to KP is given by

3
U= 2892; log 7(x,y,t), w= 587581, log 7(x,y,t),

i)~ (2.9.1)

T(z,y,t) = det(Ay(x,y,t)), Ag(z,y,t) = (5ij + pi ) (3.4.15)
Pi —4qj 1<i,j<N

Pi —4s
Xi(@,y,t) = pix +ply +pit,  pi(e,y,t) = Gz + Gy + ¢t pi:Ci(pi_Qi)Hﬁ~
Ss#i v s
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Also derive the following representation for the -function

_ detA(x7yata k) ekx+k2y+k3t

det A(z,y,t)
A(.’L‘, Y, t) = (AZJ (‘T7 Y, t))1§i7lj§]\/‘ ) A({E7 Y, t; k) = (A’Lj (.’E, Y, t; k))OSi,jSN ’
1, i=j=0
@Yt >0, j=0
Ajj(z,y,t: k) = (3.4.16)
e*uj(fv’ywt) . .
qu, 1= O, Vi > 0
Aij(xayat)v i>03 .]>O
Hint: Recast the system (3.4.14) into the form
Res O(k) + pih(p)) =0, i=1,....,N (3.4.17)
=4qi
for the function
N
7 v (k) Ti ka+k2y+k3t
(k)= ————— =1+ ek etk y kL (3.4.18)
[Liz:(k— @) k-

Apply the Cramer rule to solving the linear constraints (3.4.17) for the unknowns
Fii=rpett, i=1,... N.
Exercise 3.4.7: Taking the constraints (3.4.2) in the form
Dip(k)|g=r, =0, i=1,....,N (3.4.19)

for the differential operators with constant coefficients of the form
my
Di=> ajoy, i=1,...,N (3.4.20)
s=0
prove that the resulting solutions of KP will be a rational function in z, y, t.

3.5 KP and Schur polynomials

Let us now consider a particular example of rational solutions to KP defined by the con-
straints of the form (3.4.19) for the BA function

Gt k) = (N +ar (RN 4 ay (1)) bR R (3.5.1)

with kK1 = kg = --- = ky = 0. The differential operators in (3.4.19) will be chosen in the
following particular form
D;=09;, i=1,...,N
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for some pairwise distinct positive integers ni, ...ny. The linear constraints for the degen-
erate BA function take the form

O p(k)|peo =0, i=1,...,N. (3.5.2)

In order to write the system more explicitly let us introduce the following elementary
Schur polynomials po(t) = 1, p1(t), p2(t) etc. as the coefficients of the following formal series
in k.

PR e = N ()R (3.5.3)
m>0

In particular,
1 1
pi(t) =t1, pat) =to+ =t], p3(t) =ts+tita+ gti’

2
etc. Clearly the polynomial p,,(t) depends only on ¢y, ..., t,,. Note the following useful
identity
Opm (t)
= Pm—;(t 3.5.4
o) = st (35.4)

(it is understood here and below that p,, = 0 for m < 0). One also has the following
recursion formula

Exercise 3.5.1: Prove

m
Zitipm_i(t) =mpp(t), m>1. (3.5.5)
i=1
More general Schur polynomials p,, . n,(t) in the variables ¢, ..., ty are defined by
the following determinants
Pni—N+1 Pni—1 Pny
Poymn (t) = det | Pra=N+L oo Pra—i Pne (3.5.6)
Pny—N+1 Pnny—1 Pny
for arbitrary pairwise distinct positive integers ni, ..., ny.

Theorem 3.5.2. The solution u(ty,ts,...) to the KP hierarchy determined by the degen-
erate BA function (3.5.1), (3.5.2) has the form

u=202log7(t)
7(t) = Prina,.cony (£)- (3.5.7)

Proof. The system of linear constraints (3.5.2) can be spelled out as follows:

N
Zpi+nj—1v(t) ai =—pn;-~N(), j=1,...,N.
1=1
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Applying the Cramer rule one obtains

Pni—N Pni—N+2 v DPny
det pnng pn27N+2 s png
a Pny—N Pnny—-N+2 .- DPnpy
1=—
Pni—N+1 Pny—N+2 .- Pny
det Prny—N+1  Pna—N+2 -+ Pno
Pny—N+1 Pnxy—N+2 --- DPny

Using
Ozpm(t) = pm—1(t), x=1t
(see (3.5.4) above) one observes that the numerator in the previous formula is the a-derivative
of the denominator. So
§1 = —0:108Pn ns.ny (1)-
As u = —29,a1, this completes the proof.

In order to establish the relationship between our definition of Schur polynomials and
the standard one used in the theory of symmetric functions let us introduce a change of
independent variables

(1,...,zNn) = (1, .., tN)
(3.5.8)
P
m = Ty
ms:l

(in the theory of KP known as Miwa variables).
Lemma 3.5.3. The transformation (3.5.8) is a local diffeomorphism on the space
{(1,...,2n) ERN |2; £ x; for i#j}.
Proof. The determinant of the Jacobi matrix

ot
Ox,

is the Vandermonde determinant

det (gﬁ:) = H(xs —xy) #0.

s<t

The generation function (3.5.3) for the elementary Schur polynomials in the Miwa vari-
ables will read

N

N
. m m 1
> " pj(t)k = eXnzr b = T eXmzr mke)™ = T ———. (3.5.9)
s=1

: 1—kaxg
j>0 s=1
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This formula realizes elementary Schur polynomials p; (t), ..., pny(t) as symmetric functions
in 1, ..., xy. The general Schur polynomials (3.5.6) are also symmetric functions in 7,
..., xn. The explicit formula for these symmetric functions is given by the following

Exercise 3.5.4: Prove the following formula for the general Schur polynomials

ni ni ni
xy T4 e Ty
ne n2 na
det | "1 Lg TN
nnN nN nN
(t) = x] T, R 3 (3.5.10)
Pry,.nn\l) = N—1 N—1 N—1 -
x}v , ac%v , x% )
det | *1 T4 TN
1 1 1

The formula (3.5.10) defines an important class of symmetric functions in the variables
r1, ..., xn. In order to establish a correspondence with our notations let us introduce
nonnegative numbers

di>dy >+ >dy

associated with an order decreasing set of nonnegative integers
ny>ng>--->ny >0
by
di:ni—(N—i), Z:L,N
We also associate a Young tableau with di boxes in the first row, do boxes in the second
row etc. According to the standard notations (see, e.g. [?]) adopted in the theory of
symmetric functions the Schur polynomials (3.5.10) are labeled by Young tableaux (or,

equivalently, by partitions {ds,...,dy} of the number d = d; +---+dy). They are obtained
by antisymmetrization of the monomial

di+N—-1_do+N-—-2 dn
Ty Ty .’L'N

and subsequent division by the Vandermonde determinant, so

gcfl"'N_l md1+N_1 x;l\}+N—1
do+N—-2 do+N—-2 do+N—-2
det T To N
dN dN dN
_ 1 2 N
Stdr,....dn} (@) = NN — (3.5.11)
T Ty N
N—2 N—-2 N—2
det i Ty N
1 1 1

Exercise 3.5.5: Prove that the degree of the symmetric polynomial (3.5.11) is equal to

deg S{dl,.“,dN}(x) = d1 + e + dN.
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For example,
Sm,0,..,0 =Pm, S1,1,.1=2T1...TN.

The function Syq, ... 4y} () coincides with the characters of the linear representations of the
general linear group GL(N) labeled by the Young tableau with dq > dy > -+ > dy rows.
Restricting the representation from GL(N) onto the unitary subgroup U(N) C GL(N) one
obtains the representation uniquely defined by the highest weight

diag (A1, ..., An) = AP LAY

(see details in [?]). The unexpected connection between the representation theory of Lie
groups and the theory of integrable systems was an important starting point for the infinite
dimensional Grassmannian description of the KP hierarchy and its generalizations. We will
briefly consider this theory in the next section.

3.6 Sato formulation of KP hierarchy and tau-functions

We have already outlined the scheme of including higher times in the theory of BA functions
and constructing the algebro-geometric solutions to the so-called KP hierarchy. Here we
represent in a more compact way the recursion relations of the KP hierarchy and introduce
the important notion of tau-function associated with any solution to this hierarchy.

It will be convenient to use the language of pseudodifferential operators. By definition a
pseudodifferential operator of order n € Z is a symbol

n

A= " a;(x)d; (3.6.1)

i>—00

where the coefficients a;(z) are arbitrary smooth functions in = on some interval of real
line. The product of two pseudodifferential operators of orders m and n respectively is a
pseudodifferential operator of order m+n uniquely defined by the natural product structure
of smooth functions and by the following commutation rule of the operator % and the
operator of multiplication by a smooth function f = f(x)

A Z( ’: )f<i>a’;—i. (3.6.2)
i>0

Here the binomial coefficients are defined for any integer k € Z by

(@>::k(k—1)..:(1€—i+1)_ (363

¢ 7!

For positive integer k > 0 the sum truncates. It coincides then with the classical Leibnitz
formula.
The resulting algebra of pseudodifferential operators will be denoted WDO. The subset

G=1{1+> gi(x)9;" p C¥DO (3.6.4)

i>1
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is a subgroup. We also introduce a subset of differential operators

1K< +00 )
DO =14 Y ai(z)d. y C YDO. (3.6.5)

i>0

This subset is closed with respect to the product. For any pseudodifferential operator A
denote
A, € DO (3.6.6)

its differential part and put
A_=A—-A,. (3.6.7)

The operator A_ contains only negative powers of 0.

We will now introduce a module of formal BA functions (FBA-module, to be short) over
the algebra WDO. The elements of this module are written as formal Laurent series in 1/k,
where k is an indeterminant, with coefficients in smooth functions in x, multiplied by the

exponential e*®
FBA = {1/) = ( > &(x)kZ) e’”}. (3.6.8)

1<K +00

The symbol i < +00 means that the summation truncates for some positive value of the
index i. The action
UDO x FBA — FBA

is defined by the formula

< Z ai(x)(?;) eke = ( Z ai(:r:)k:i> eke, (3.6.9)

1<K ~400 1<K 400

Lemma 3.6.1. The map
UDO > A— Aef® e FBA

establishes an isomorphism of the linear spaces

¥ DO — FBA.

Proof is obvious.

Let us now consider an element of the FBA module depending on parameters to, t3, ... of
the form

t t
U(t, k) = (1 + gl/i ) + 52(2) +. ) et tK it ¢ FBA® Cllta, ts, ... |] (3.6.10)
where
t:(tl,tg,...), tlzl'.
The derivations
0

7FBA®(C[[(J}2,IJ}3,]] —>FBA®C[[t2,t3,]]
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act on Y-function in an obvious way. We want to formulate the conditions that v satisfies
the linear equations of the KP hierarchy.
Denote
W=1+&0,"+&0;%+ - € FBA®C|[ta,t3,...]] (3.6.11)

the pseudodifferential operator associated with the function v according to Lemma 3.6.1,
ie.,

W = W ekt thtat. (3.6.12)

The function v is an eigenvector of the operator

L=Wo, W™ =0, +> uit)d;" (3.6.13)
i>1
ie.,
L =k. (3.6.14)
The functions uy, us, ...are certain polynomials in &1, & etc. and their x-derivatives. In
particular,
1
Uy = —8;51, Uy = —81» (fg — 5 §%> (3615)
etc.

Let us introduce differential operators A, As, ...by taking the differential part of L,
L%, ...:
Api=(L"),, n=12,.... (3.6.16)

In particular,
Ay =08, Ay =02+2u;, As=08%+3u10, + 3us + 3u} (3.6.17)

etc. (here and below we use short notation f’ := d, f for the z-derivative of a function f).
Using formulae (3.6.15) one can express the coefficients of these operators via differential
polynomials in &1, & etc. The meaning of these expressions is clear from the following
statement.

Lemma 3.6.2. Given a formal BA function (3.6.10), assume that the operator A, for
some positive integer n is constructed according to the procedure (3.6.11) - (3.6.16). Then
the expression

g%ﬁ — App € FBA® Cllta, ts, ... ]
has the form
o B I\ ktitktot...
W p=0 <k> . _ (3.6.18)

Proof. Differentiating the formula (3.6.12) with respect to the parameter ¢, one obtains

81/1 _ —1 n
% = (W, W™+ E™) 9.
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Using (3.6.14) one rewrites the last formula as follows

oL = (W, W+ DM = (A + B9

where the operator
B:=W, W™ +(L")_

contains only negative powers of d,. Clearly,
1 2
By =0 (- | eFtathtat
v=o(3)

The Lemma is proved.
Definition. We say that the ¢-function (3.6.12) satisfies the n-th equation of KP hier-
archy if
oY

Frale Apip, (3.6.19)

where the operator A, is constructed by the procedure (3.6.11) - (3.6.16).

One can consider the above definition as construction of a vector field on the space of
y-functions of the form (3.6.12) (or, equivalently, on the space of pseudodifferential oper-
ators W of the form (3.6.11)). From the proof of the Lemma one obtains an alternative
representation of this vector field:

ow "
i (L™)_W. (3.6.20)

Let us denote
B,:=(L"_, n=12,.... (3.6.21)

Lemma 3.6.3. The derivative of the operator L of the form (3.6.13) along the n-th equation
of the KP hierarchy is given by the following Lax equation
oL

T (A, L]. (3.6.22)

Proof. Differentiating L = W 0, W~! with respect to t,, and using the formula
oW =-—wloww!
for a derivative of the inverse operator we obtain

oL
ot,

The Lemma is proved.
Let us prove commutativity of these vector fields.

= -BWoW '+ Wa,W'B, =|L,B,] = [A,., L].

Lemma 3.6.4. The commutator of vector fields (3.6.19) acts on the -function by the

operator
0A, 0A,,

Ot Ot

+ [Ap, Al (3.6.23)
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Proof is obvious.
Theorem 3.6.5. The equations of KP hierarchy commute pairwise.

Proof. According to the Lemma it suffices to prove that the differential operator in the
left hand side of (3.6.23) vanishes for every pair of integers m, n. To this end it suffices to
prove the following identity:

04, 0A,, _ 0B, 0B,
otm Oty  [An, Am] = ot, Ot

Indeed, the left hand side of this equation contains only nonnegative powers of d, while the
right hand side contains only negative powers. Hence they both are equal to zero.

In order to prove the above equation we use the following simple consequence of the Lax
equation (3.6.22):

+ (B, By

gi: = [Am, L"].
So,
?9;4; - 8(;:: + [An, Ap] = % (L" — B,) — % (L™ — By,) + [L"™ — B, L™ — B,)
= [Ap, L"] — [An, L™] — [L", By — [Bn, L™ + 8;:: - gf: + [Byn, Bi]
=[Am + Bm, L") — [An + Bn, L™ + 8813;” - gﬁ: + [Bn, By

The Theorem is proved.
We are now ready to define the tau-function of a given solution to the KP hierarchy.
Given a solution to the KP hierarchy

L=k, L=0,+» ud,"

i>1
,(/) _ ’(/J(t7k) _ <1 + fl]it) + 51(;) + .. ) ekt1+k2t2+...
(3.6.24)
gf’ — A, A, =(IM),. n=12.. (3.6.25)
(3.6.26)
let us introduce the functions hEm)(t) defined from the expansions
5 log v = 71/’ =&+ Mk (3.6.27)
m i>1
Note that
(1) 1
hl = 8151 = —UuUyp = —§’U,. (3628)
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Moreover,
hgm) = Oné, m>1. (3.6.29)

In the above examples we have seen that the coefficient £; admitted a representation

& = —0; log 7(t)

where 7(t) appeared as the determinant of the linear system determining the BA function.

Therefore
h(lm) = —0,0,, log 7-(1;)7 m > 1. (3.6.30)

We want now to define an analogue of the function 7(t) associated with an arbitrary solution
to the KP hierarchy, to generalize the formula (3.6.30) to this general case and, moreover,
to express the y-function in terms of this “tau-function”.

According to the definition (3.6.27) one has

A= L™+ ™ML (3.6.31)

i>1
In particular, for m = 1 the formula expresses the x-derivative via the operator L:

0o =L+ hVL. (3.6.32)

i>1
Lemma 3.6.6. The coefficients hgm) satisfy the following equations

on™  on™
ot,  Otp,

(3.6.33)

for any i > 1.
Proof. The needed equation follows from the symmetry of the mixed derivatives

(c) (m)

Wﬁl

According to the Lemma, the 1-form
STty dt
m>1

is closed. Therefore, locally it is differential of a function. We denote this function —d, log 7(¢),
ie.,

pm™ = —0,0,, logT(t), m>1. (3.6.34)
In particular, comparing with (3.6.28) we obtain that

u(t) = 202 log 7(t)

in accordance with the above examples.
We are going to express the function (¢, k) via tau-function.
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Theorem 3.6.7. 1). For any solution ¢¥(t, k) of the KP hierarchy there exists a function
7 =7(t) such that .
A = 8,pm(—0)logT, m,n > 1. (3.6.35)

where p., is the m-th elementary Schur polynomial and

1,1
d:= (81,5627563,...). (3636)

2). The v-function in (3.6.24) is expressed via its tau-function according to the following
formula

1 1 1
Wit k) = = (-t gt = gme) pontann. (3.6.37)
’ T(tl,tg,tg,...)
Observe that for m = 1 the formula (3.6.35) coincides with (3.6.34). Since
= 1
Pm(—0) = ——0, + derivatives in t1,...,tm—1
m

one can recursively express all the second logarithmic derivatives 9% log 7/0t,0t,, as certain
differential polynomials of &1, &, .... Therefore the function 7(t) is defined uniquely by a
solution of the KP hierarchy up to multiplication by exponential of a linear function

7(t) > 7(t) ertrestat (3.6.38)

with arbitrary constants cq, ca, .. ..

Definition. The function 7(¢) is called the tau-function of the solution (3.6.24) of the
KP hierarchy.

We will first derive a recursion relation for the operators A,,. For convenience we put
A() =1.

Lemma 3.6.8. The operators A,, = (L™)4+ satisfy recursion relation

Ampr =00 A = > WY Ay — 1™, (3.6.39)

i=1
Proof. From (3.6.31) and (3.6.32) we derive that

Am+1 =L. L™+ th(.7n+l)L7i

i>1

= (0. =3 nL7 | | A = SO RILT |+ R
i>1 j>1 i>1

=8y A — Y RVLTH (LM + 0, Y) - ™+ 0(0;1)

i>1

=80y Am — Y WY A — 0™ + 00,1,
=1
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The term O(9; ') in the last row vanishes since all the remaining terms are purely differential
operators. The Lemma is proved.

Introducing the generating function of the operators A,,

A(z) == Z ;::1 (3.6.40)

m>0

we rewrite the recursion formula in a short way:

8y - A(z) = x(2) A(2) + o(2) (3.6.41)
where -
x(z) = 00z _ STaV e =) hnlm ~1. (3.6.42)
¥(2) i>1 m>1 7

Lemma 3.6.9. The coefficients hS}J satisfy the recursion relation
m—1
mhD) =™ — 3" 90l . (3.6.43)
j=1

Proof. Acting by the operators in the both sides of (3.6.41) on (k) with |z| > |k| one
obtains, after division by (k)

AR oy ARk |
o | 2| = ) - a0 2 o) (3.6.44)
Since
AR)yp(k) 1 am (k)
(k)  z—k +m22:0 zmtl
where we denote
t k) = Amw(k) = hz('m)
) = 25w

it follows that

0. |3 2| XEZXE) o) 4 (e i) 3 )

In the limit z — k this yields

0 | 2 BT ) 4 oh)

m>0

From the last equation it follows that

mhd =h{" — 9, > hY .
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Using the symmetry (3.6.33) we complete the proof.

From the recursion relation of the Lemma we can compute all the coefficients hg,l,,). In
particular,
2h$) =1 — 9,n" = ~0,8,logT + &2 log T,

SO

1
hél) = 561 (8% — 62) log T;

similarly,
L 1 1 1
h§ = o, (—383 + 5010, - 66%) log 7
etc. Now it is easy to derive (3.6.35) for n = 1 comparing the recursion relations (3.6.43)
and (3.5.5). Using the symmetry (3.6.33) one extends to an arbitrary n > 1.
The proof of Theorem 3.6.7 readily follows from the the formula (3.6.35) since

v
= Z k™" (—0) log 7(¢).

m>0

1 1 1
log (t1 - E,tz t3 ) :67%817%%827M%637"'10g7(t)

Example. For the N-soliton t¢-function (3.4.18) determined by the linear constraints
(3.4.17) the formula (3.6.37) of Theorem 3.6.7 yields

XN
det(é--Jr Ck—pi &M a) ‘
¥ Pi k—q; pi—qj ek ty k2 to+k3 st (3.6.45)

-1ty
det (51‘]‘ + p; & )

Pi—gqj

Y(t; k) =

(the notations are the same as in Exercise 3.4.6).

Exercise 3.6.10: Check directly the formula (3.6.45) by verifying validity of the linear
constraints (3.4.17).

Exercise 3.6.11: Check by direct computation that the -function

1 1 1
w(t k) _ kN pnl ..... nN (tl - EatQ T 9RZoc ,tN - 7NkN) ekt1+k2t2+...
’ pnl,..A,nN(th...,tN)

satisfies the linear constraints (3.5.2) used in the construction of rational solutions to KP.
Hint: First prove the following identity for elementary Schur polynomials
1 1 1 B 1
Pm | U1 — %7t2 Top JIN — NN =pm(t1,. . tN) — Epmfl(tlwuatN)

We will now consider our main class of KP solutions obtained from Baker - Akhiezer
functions on a Riemann surface I' of genus g with a marked point Q € I' and a chosen local
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parameter z = k! defined on a neighborhood of . Such a BA function v (t; P) is uniquely
determined by a non-special divisor D of degree g. It has the asymptotic

Y(t; P) = (1 + 61]?:) + 52(;) +. ) e itk otk it (3.6.46)

In order to express the BA function via theta-functions one has to fix a canonical basis of
cycles a1,...,a4,b1,...,by € Hi(I',Z). Then the BA function reads

St S 0AL) + 3t Ui = Q)
0 (A(P) =¢)

Here Q; = Q,;(P) are normalized Abelian differentials of the second kind with poles of the
order i + 1 at @,

U(t; P) = c(t) (3.6.47)

d
Q;(P)=—i % + regular terms, P — @ (3.6.48)
Z’L

fa-o..fa-o

g

(In the previous notations Q; = —i Qg)) Observe that

P
- 1
/ Qi:kl(P)+ozi+O<k>, P—-Q, i=12,... (3.6.49)
0
for some constants a;. The vectors U; are made from the b-periods of these differentials,
U), = 7{ Q. (U, = 7{ Q. (3.6.50)
b1 : by
The Abel map
A: T — JI)
is defined by
P P
A(P) = / Wiy ,/ Wy (3.6.51)
0 0
with normalized holomorphic differentials w, ..., wg inside,
j{ Wy = 27TZ(5J]€ (3652)
ay

The base point @y and the integration paths from Qg to P in (3.6.47) and in (3.6.52) have
to be the same. The constant vector ¢ contains the information about the divisor D,

¢ =A(D)+ Kqg, (3.6.53)
where g, is the vector of Riemann constants. Finally, the normalizing factor ¢(t) is defined
by

> 5 Qi ty
c(t)=¢e FAQ) +5S LU~ (3.6.54)
The coefficients «; are defined in (3.6.49).
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Remark 3.6.12. One can choose Qg = @ as a base point. In that case the integrals in the
exponential factor must be replaced by the principal value of the divergent integral:

e tif G 0(AP)+ > tiU; — ()

P
][ Q; := lim
Q Qo—Q

P
A(P):/ w, = AD)+Kq

(3.6.55)

/P w; + k'(Qo)

Qo

G
O =ho 0

For the sake of simplicity of the formulae we will stick to this choice of the base point.
Lemma 3.6.13. The Abel map has the following Taylor expansion at P — Q:
1
A(P) = — —U;, k=k(P). 3.6.56
(P) Z = (P) (3.6.56)

Proof immediately follows from (2.7.11).
Let us define the infinite matrix a;; from the Laurent expansions of the second kind
Abelian integrals

P y

][ Q=-S5 Y p=kP), PoQ, i=12.... (3.6.57)
Q i>1 K

J>

Lemma 3.6.14. The matriz a;; is symmetric.

Proof follows from the result of Exercise 2.7.11.

Theorem 3.6.15. The tau-function of the solution (3.6.55) reads

T(t) = ¥ Taitits g (Z tU; — c) . (3.6.58)

Exercise 3.6.16: Let B ~ o
k(k) =c_1k+co +Z~i
i>1 k!
be an invertible change of the local parameter, i.e., c_; # 0. Introduce the following two
matrices

k=oo kJ k
Ajj = Res [(K")4dk] (3.6.60)
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where (- ) denotes the polynomial part with respect to k. Prove that the matrix Ay is
symmetric. Prove that the change of the local parameter yields the following transformation
of the tau-function

=Y blt;
Jj=i
(3.6.61)
F(E) = er T Autitir(t),

Exercise 3.6.17: Since any two pseudodifferential operators with constant coefficients com-
mute, a pseudodifferential operator

i>1

with constant coefficients always satisfies KP hierarchy. Prove that the tau-function of this
solution has the form )
T(t) = "2 L Aistils (3.6.62)

where ‘ ‘
Ay = ’ﬁes [(kl)erk]] (3.6.63)

and k = k(k) is the series inverse to

k= k+2%. (3.6.64)

i>1

The polynomial part (k%) in (3.6.63) is taken with respect to the variable k (cf. the previous
exercise).

Since all unknowns of the KP hierarchy are expressed via tau-function and its derivatives,
the equations of the hierarchy themselves can be recast into the form of differential equations
for a single function 7(t1,t2,...). Indeed, substituting

3
u=20%logT, w= iazay log T

into KP system (3.2.14) one obtains

A
Oy <T2> =0, A=7TTppae — 4TuToze + 3T;c2w —4 (T Tat — Tth) +3 (T Tyy — Tyz)

Integrating one obtains therefore a quadratic equation for 7 and its derivatives
T Tozer — TaTraz + 3Tw2w —4 (T Tat — TmTt) +3 (T Tyy — 7'3) - C7'2 =0 (3665)

where c is an integration constant.
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There is a remarkable way to represent all equations of the KP hierarchy in a bilinear
form. To do it we need to introduce the notion of dual formal BA function. Let us first
define an antiisomorphism

x: DO — VDO, 09;=-0,, (AB)"=DB"A". (3.6.66)
Introduce the dual formal BA function by
(b, k) = WL emht R e <1 + % + %2 +.. ) e Rtk (3.6.67)

where the coefficients &7, &5 etc. are defined by this equation, i.e.,
Wl =14 &0,
i>1

Lemma 3.6.18.

1 1 1
T (tl totet g ts togE ) okt =k =k tat...
T(tl,tg,tg, . )

Theorem 3.6.19. The equations of KP hierarchy are equivalent to the following bilinear
equation

V(L k) = (3.6.68)

Iﬁes (b, k) (t', k)dk =0 (3.6.69)
for any t, t'.

Let us explain how to rewrite the KP equations in terms of 7 using the bilinear equations
(3.6.69). We have to spell out the equation

1 1 1 1 A2 (et
;56;7<t1_k’t2_2k2"”> T(tll+k7t/2+2k27) ek(tl t])+k=(t2 t2)+~..dk:0_

The substitution
t; = x; — yi, t;:$z+yz7 1=1,2,...
yields

s 1 1 / L 1 k(t—t])+k>(ta—th)+...
;R;)ZT(tl k,tg 2k2,...)T<t1+k,t2—|—2k2,...>e dk

1 1 1 1
= kR:e:iT (an —Y1 T T2 T Y2 2142’> T (1’1 tuntoratyt 2k:2’) e~ 2= 2 g,

= Ii%bo [ez T T(x —y)T(x+ y)} e~ 2ky1=2K gt g
= Res Y k@) 7@ +y) rl@—y)| X #ps(-29)] di
= > pi(=2)pj 41 (B 7(x +y) T — y)
=0
= 9 (~2)e= Y (B:)r( + 2)7(x — 2)]a=0
7=0
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where we introduce auxiliary variables z = (z1, 29, ...) and put, as above,

- 19

Zn T

n 0z,

We want now to introduce the following notation (the so-called Hirota bilinear opera-
tors). Given a function f = f(z) and a linear differential operator P(9,) define the bilinear
operator P(D,) f - f as follows

P(Dq) f - f = P0y) f(x+y)f (@ —y)ly=o- (3.6.70)

Using this notation we can recast the result of the previous calculation into the form

> pi(—2y)e=VPip; (D) 7T =0. (3.6.71)

Jj=0

Here D = (D, Ds,...) is the infinite vector of Hirota bilinear operators associated with

0/0t1, 9/0ty ete.,
D, = lDn.
n

Expanding the left hand side of (3.6.71) in power series in y1, yo, . ..and equating to zero
the coefficients of independent monomials one obtains the bilinear form of equations of KP
hierarchy. The first two equations read

(D} +3D3 —4DyD3) 7-7=0

(D}Dy —3D1Dy +2DyD3) 77 = 0.

3.7 “Infinite genus” extension: Wronskian solutions to KP, orthog-
onal polynomials and random matrices

We will now consider the limiting case M — oo of the linear constraints (3.4.2) assuming
all the multiplicities m; to be equal to 0. The sums become integrals

/ ai(Byo(k)dk =0, i=1,...,N (3.7.1)

over some curves on the complex plane; the functions «;(k) are chosen in such a way to
ensure existence of the integrals (3.7.1). The associated solution to KP can be written in a
nice form in terms of the Wronskian of the following functions

%-(t):/ ag(k)ek ith et g =1 N, (3.7.2)
8

[

We also denote the z-derivatives of these functions by

S () = 0Tpi(t), T =t
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Theorem 3.7.1. Let us assume that the Wronskian of the functions (3.7.2)

p1(t) pa(t) .o on(D)
Lt ot e o (t
W(t) = det @' (t) ©5(t) Py (t) (3.7.3)
N-— N— N-1
R O O R )
does not vanish identically in t = (t1,ta,...). Then the functions
3
u(t) =2021log W (t), w(t)= 583561, log W (1) (3.7.4)
satisfies KP.
Proof. Since
[ krastoute by di = o o),
Vi
the i-th equation of the linear system for the coefficients a;(t), ..., an(t) of the degenerate

BA function (3.5.1) reads

(IDZ(.Nfl)a1 +(,D£-N72)a2 + -t piany = _(Pl('N)7 i = 1,...,N.

Solving by Cramer rule this system we obtain for the coefficient a4 (t) the expression
ay(t) = —0; log W (t).

This proves the theorem.
Observe that the functions ¢;(t) for every i satisfy the linear differential equations with
constant coefficients of a very simple form
Opi(t) _ 9™pi(t)

= =1,2,.... 7.
= T m=12 (3.7.5)

In other words, the functions ;(t) satisfy the linear differential equations of the KP theory

Ioi(t) _ 1o .
e L2, éi(t) (3.7.6)
with
L0 =0m, m>1. (3.7.7)

Exercise 3.7.2: Given N arbitrary solutions to the system (3.7.5) with nonvanishing Wron-
skian (3.7.3), prove that the function (3.7.4) satisfies KP.

We will now apply the above trick to the following particular situation. Let us choose
the system of linear constraints for the function

Un(k) = (KN + arkV U4 ay) eRttRiete (3.7.8)
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in the form
/jo w()u(k) dk = 0, /jo k() (k) dle = 0, ..., /jo KNk (k) dk = 0. (3.7.9)

where the function p(k) is chosen in such a way to ensure convergence of the integrals. More
specific choice of the function (k) is given by

(k) = e*™® (3.7.10)

for a suitable polynomial v(k).
The procedure can be repeated for various values of N keeping fixed the measure p(k)dk.
The resulting solutions to KP satisfy the following interesting property.

Exercise 3.7.3: Representing
Uy (k) = Py (k) ek trthtat.. (3.7.11)

prove that the orthogonality relation
/ PPy (k) Bk =0 for i # . (3.7.12)

Here we denote
V(k) =kt + K%ty + - - +v(k). (3.7.13)

In order to spell out the Wronskian formula (3.7.4) let us introduce the function

o(t) ;=/ u(k)ekt1+k2t2+k3t3+”'dk:/ eV ®) gk (3.7.14)

—00 —00

Lemma 3.7.4. The Wronskian (3.7.3) associated with the linear constraints (3.7.9) reads

d) (b/ L (z)(Nfl)
Wa)=det| @@ - oY (3.7.15)
pIN-D (N p(2N=2)

Proof. Indeed, the functions (3.7.2) read

©i(t) = / EiteV B dr = 95 1g(t).

— 00

Exercise 3.7.5: Given an arbitrary function ¢ = ¢(x), prove that the Wronskians of the
form (3.7.15) satisfy the following equation

WniWn1

D2 log Wy =
Wi

(3.7.16)
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We will return to (3.7.16) when considering the Toda lattice equations.
We will now show that the Wronskian solution to KP defined by the linear constraints
(3.7.9) can be expressed in terms of Hermitean matrix integrals.
Denote
Hy ={H = (H;;) € Mat(N,C) | H* = H}
the space of all N x N Hermitean matrices. It is a linear space of the dimension N2. Denote
dH the Lebesgue measure on this space:

N NJEARC S Vi

dH = [ [ dH;: [ [ (dReH;; dimH,;;) = (;) [[dm: [ (aH;af;)  (3.7.17)
i=1 i<j i=1 i<j

(the bar stands for the complex conjugation). Let us consider the matrix integral of the

form

Zn(t) = /H etV g (3.7.18)
N

Theorem 3.7.6. The tau-function (3.7.14), (3.7.15) coincides, up to a t-independent factor,
with the matriz integral (3.7.18):

ZN(t) = CN WN(t). (3719)
Corollary 3.7.7. The functions
3
u(t) =20%log Zn(t), w(t) = 3 0z0ylog Zn (t) (3.7.20)
satisfy KP.
Proof of the Theorem. The Wronskian formula (3.7.15) reads
[eV®ak JReV®dk o [EN eV Rdk
[ keV®)dk [K2eV®ak ... [kNeVRdk
Wiy (t) = det
[EN=teV g [ENeVRak ... [K2N=2eV (0 d)

(all integrals over real line). We first rename the integration variables in different columns
of the above matrix to rewrite the Wronskian as a multiple integral

eV (k1) koeVika) - pN-1eV(kn)
V (k1) 2,V (ka) NV (kn)
W (t) = /det Rret T ket ket dkrdks . .. dky
EN eV plNeVike) o g2V 2V (EN)
(3.7.21)

_ /k2k§...k%—lev<kl>+“+V<’fN> Tk — y) dkrdks ... dky.

1<j

Here the integral is over RV . Since the original formula does not depend on the order of k;,
ko, ..., kn, we can symmetrize over all permutations of these variables.
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Exercise 3.7.8:

> kigkZ . kN T (ki — Kiy) = (—1) [k — k). (3.7.22)

permutations ij,...,in m<n i<j

N(N-1)
2

We arrive at the following formula for the Wronskian
1
Wi (t) =+ /dklde codby eV BT VN T (5 — ky)2. (3.7.23)
i<y

It remains to identify the above formula with the matrix integral (3.7.18) (within a constant
factor depending on N).

Exercise 3.7.9: Denote

B (2) = / P2(k) eV gk (3.7.24)
where the polynomials Py (k) are defined as in (3.7.11). Prove that
Wi (t) = ho(t)hi(t) ... An—1(t). (3.7.25)
Hint: Given an arbitrary system of monic polynomials Py(k), Pi(k), ..., deg P,(k) =n
prove first that
Py(k1) Py(ks) ... Py(kn) 1 1 1
det Pl(kl) Pl(kg) P]_(ij) — det kl kg kN
Py_1(ky) Pyx_i1(ky) ... Pn_1(kn) ENCU RN L kN

Use then the orthogonality (3.7.12) for evaluation of the integral (3.7.23).

It remains to identify the integral (3.7.23) with the matrix integral (3.7.18) (within a
factor depending on N). The basic idea is to use an appropriate change of variables in the
matrix integral. We will refer to the following well known theorem from linear algebra: every
Hermitean matrix H can be represented in the form

H=U'KU (3.7.26)

for a unitary matrix U,

Utu =1
(the dagger stands for the Hermitean conjugation, Ut := U?) and a real diagonal matrix K
K= diag(kl, ceey kN)

The eigenvalues k1, ..., ky of H are determined uniquely up to a permutation. For a generic
H they are pairwise distinct and hence can be ordered

k1 <kog<---<kn.

The subset of non generic Hermitean matrices has the co-dimension 3 and thus it does not
contribute into the integral.
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We want to consider the transformation
Hw— (K,U), KeRY U€cU(N)

as a change of coordinates on the space of Hermitean matrices. However, the diagonalizing
unitary matrix U is not determined uniquely. At the generic point, where all the eigenvalues
ki, ..., ky are pairwise distinct, the matrix U is determined up to a transformation

Uw— DU, D =diag (ewl,...,ei‘”)

for real phases ¢1, ..., ¢n. Denote Diag C U(N) the subgroup of unitary diagonal matrices
and
Q(N) :=U(N)/Diag

the quotient. We obtain a diffeomorphism of an open dense subset in the space of Hermitean
N x N matrices with pairwise distinct eigenvalues to the direct product

(R \ diagonals) /Sy x Q(N), Hw (K,U).

Here Sy is the symmetric group acting by permutation of eigenvalues.

Our nearest goal is to rewrite the Lebesgue measure dH in the coordinates (K,U).
Denote dU the Haar measure on the unitary group; it can be obtained in the following way.
Consider the embedding

U(N) c CV* = Mat(N,C)

of the unitary group into the space of matrices. The latter is equipped with the standard
Euclidean metric

(A, B) = Retr ATB.

Rewriting it as a Riemannian metric

N
ds® = |dA|* + ) |dA;|?
i=1

i<j

and restricting it onto the submanifold of unitary matrices one obtains the Riemannian
metric on U(N) that is obviously biinvariant. Let dU be the volume element? with respect
to this Riemannian metric. We will use the same symbol dU for the projection of the measure
onto the quotient Q(N).

Lemma 3.7.10.
dH = [ [ (ki — k;)* dky . .. dky dU. (3.7.27)

i<j
Proof. We first prove the formula for the matrices U close to the identity,

U=1+iX, ||X]|<L

2Let us recall that a Riemannian metric ds? = g;;(z)dz*dz’ on a n-dimensional manifold defines a volume

element on this manifold according to the formula dV = \/g(z)dz" ...dz", g(z) := det(g;;(z)). Isometries
of the metric clearly preserve this volume element.
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The matrix X = (X;;) must be Hermitean. We can use the entries of X as the local
coordinates on U(N) in a small neighborhood of 1. The off-diagonal entries (Xj;;)i<; and

(Xi;)i<; can serve as local coordinates on the quotient Q(N) in the neighborhood of Diag-1.
One has
H=UKU=(1-iX)K(1+iX)=K +i[K,X]+O(|X|?).

So,
Hyp ~ ke, Hpg~i(ky — ko) Xps, 7% 5.

Hence

dHrr = dkT

dH,sdH,s = (ky — ks)?dX,sdX s+ ... for r<s

where dots stand for terms containing dk, or dks. We obtain
[[d. [] dHredH,o = [ (ki — kj)* dks ... dky [ dXi; dX;.
T r<s 1<j 1<j

It remains to observe that the Riemannian metric on U(N) in the neighborhood of U =1

in the local coordinates X;;, X;j, ¢ < j, takes the form
d82 ~ Z dX” dX”
i<j

So, at the point U = 1 one has
dU =[] dxi; dXi;.
i<j
We have proved (3.7.27) at the point U = 1. To derive the same formula near a generic
point Uy € U(N) we will use invariance of the measure dU with respect to right shifts

U—UUy"Y, dU s dU.

The shift is a diffeomorphism U(N) — U(N) that maps a neighborhood of Uy to a neigh-
borhood of 1. Let us introduce a Hermitean matrix

Ho:=UyHU;' = Uy HU]. (3.7.28)

Repeating the above arguments we prove the formula of Lemma with dHy instead of dH in
the left hand side. It remains to prove that dHy = dH. Indeed, the transformation H — Hj
preserves the Euclidean structure

tI‘H2 = ZHZ% +ZH”H”
%

i<j
on the space of Hermitean matrices:

tr (UoHU; ' UgHUG") = tr (UgH?Uy ") = tr H?.
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So, (3.7.28) is an isometry. Hence dHy = dH. The Lemma is proved.
Using Lemma one can rewrite the matrix integral (3.7.18) in the form

ZN(t):/ VB VN TT (kg — k)2 dkey . .. dky / dU
k1<ka<---<kn i<j QN)

tr (V(H)) =V (k1) +---+V(kn).

Due to symmetry of the integrand with respect to permutations of the variables ki, ky one
can rewrite it as the integral over all values of these variables divided by the number of
permutations

/ eV kbt T (ky — k)2 dbey . .. dky
ki1<ko<--<kn

1<j

_ L V(k1)+-+V(kn) 9
B ﬁ/RNe ' N g(kz*k]) dklde
The last integral
CN =/ au
QN)

is a constant depending only on N (the volume of the compact manifold Q(N)). We arrive
at the formula (3.7.23).

In order to compute the normalizing constant ¢y let us evaluate the both sides of (3.7.23)
for a particular choice of the potential V (H) = —H?. The integral (3.7.23) becomes Gaussian
and can be easily computed:

Exercise 3.7.11: Prove that

ZN:/e_“szH: N (3.7.29)

To evaluate the integral in the right hand side of the formula (3.7.23) with V(H) = —H?
we will use the expression of Exercise 3.7.9 representing the integral Wy via the square
norms of orthogonal polynomials:

1

Ni /e—’ff—---—’ffv [T ki = k)2 dks .. dkny = hoha .. hy—s (3.7.30)

i<j

By = /P,%(k;) e dk

P, (k) = k™ + terms of degree < n

/Pi(k)Pj(k:) e ¥ dk = h; 6,5
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Exercise 3.7.12: Prove that the polynomials P, (k) in (3.7.30) are proportional to the
classical Hermite polynomials

Po(k)=2""H,(k), Hy(k):=(—1)"e" ope "

Use this representation for evaluating the square norms of the polynomials P, (k):

By = /Pg(k) e dk = /72 " nl.

Comparing the result of this exercise with the Gaussian integral (3.7.29) we obtain the
value for the constant ¢y in the formula (3.7.23):

N(N—1)
2

Hn:l n:

3.8 Real theta-functions and solutions to KP2
KP-2:

3 0 1

In the physics literature more often is written in the form
Uyy + Uzt + (U Ug), + Upgze = 0. (3.8.2)
The KP-1 equation is obtained after the substitution
r—ix, Yyr—1i1y, t—it,

that yields

Uyy + Uzt + (W Ug),, — Upgze = 0. (3.8.3)
Poisson summation formula
[e’e) 1 oo . ,
- imeo
n:z_:oo f(¢+2mn) = 5 m;m f(m)e (3.8.4)
where -
flp) = / f(x)e "PTdz (3.8.5)

is the Fourier transform of the function f.

Applying to
1 /2 2 A
fa) =5\ G F fp) =it

for a real positive number b one obtains

1 /2 1 1 1 ;
5 % Zefﬁ(wzmﬁ - — omsbmirime _ 0(¢;b). (3.8.6)

neZ MEZL
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Hence
O(¢;0) >0 forall ¢, beR, b>0.

In similar way one proves the following

Theorem 3.8.1. Given a real positive definite symmetric matric B = (By;)1<i j<g, then
the theta-function

0(g) = > e psmBm>ti<mo> (3.8.7)

meZI

is real and positive for all real ¢ = (P1,...,¢y).

Observe that, since the function (3.8.7) is 2m-periodic with respect to every ¢1, ..., ¢g4,
one has

in 6(¢) > 0. 3.8.8

min 6(¢) (3.8.8)

We will now describe the algebro-geometric data (T, @, k, D) providing the conditions of
reality and smoothness of the theta-functional solutions to KP.

The first condition will be imposed onto the Riemann surface I': it must carry a real
structure. The simplest way to describe the idea of a real structure is to assume that I' is
the Riemann surface of an algebraic function w(z) defined by a polynomial equation

F(z,w) = Zaijziwj =0
2%

with all real coefficients. The complex conjugation map
o:(z,w)— (Z,0)

leaves invariant the algebraic curve F(z,w) = 0. Hence an antiholomorphic involution o
acts on the Riemann surface I’

o:T' =T, o¢*=id, do/dz=0. (3.8.9)

Definition 3.8.2. A pair (T, o), where T is a Riemann surface and o is an antiholomorphic
involution on T', is called a real Riemann surface. Two real Riemann surfaces (T',o) and
(I, 0") are called equivalent if there exists a biholomorphic equivalence f : T — T such that

foo=0cof.

The next condition is for the marked point @ € T and for the (inverse) local parameter
k defined near @): @ must be stable under o,

o(Q) =@ (3.8.10)

and the local parameter k must behave as follows
o'k =k (3.8.11)

(for brevity, we will say that k is o-invariant).
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Exercise 3.8.3: Given an antiholomorphic involution ¢ : U — U on the disc in the complex
z-plane such that the point @ = {z = 0} is stable under the involution, prove that there
exists a holomorphic change of coordinates ( = ((z), {(0) = 0, d{/dz # 0 defined on a
smaller disc @ € V C U such that the involution acts on ( by complex conjugation

o*¢ = (.

The above conditions for (I', @, k) ensure reality of the solutions to KP equation (3.8.1)
if the nonspecial divisor D is invariant with respect to the involution o:

o(D) = D. (3.8.12)

Theorem 3.8.4. Let the point @ € T', the local parameter k and the divisor D for the
real Riemann surface (T, o) satisfy the conditions (3.8.10) - (3.8.12). Then the BA function
¥ = P(t; P) associated with the data (T',Q, k, D) for all real values of t = (t1,ta,...) satisfy

o = 1. (3.8.13)

Proof. The function ~
b=
is again a BA function with the same data (T, @, k, D). Due to uniqueness it must coincide
with 7. The Theorem is proved.

Corollary 3.8.5. The coefficients &1 (t), &a(t), ... of the BA function described in Theorem
3.8.4 take real values for real t. The same is true for the solutions to the KP equation
(3.8.1).

We arrive at the main condition providing smoothness of the theta-functional solutions.
It will be formulated in terms of the the set I' of stable points of the involution . According
to Exercise 3.8.3 near every point P € I'? the stable set is defined by equation

(=¢

for a suitably chozen local parameter . Therefore the set of stable points is a collection of
smooth closed real curves in I'. They are called owvals of the real Riemann surface (T, o).

Exercise 3.8.6: Consider the hyperelliptic curve

2g+1
w? = H (z — 2z;)
i=1
where the roots zy, ... 29441 areall real; assume

21 < zp <0< 22941

Prove that the involution

o (z,w) — (Z,0)

151



has g finite real ovals
7 =(2,2w(2)), z€R, zop_1<2z<2z0, k=1,...,9
and one infinite oval
', =(z,tw(z), z€R, z<z or 2511 <z.

Determine the ovals of the same Riemann surface with respect to the involution

7 (z,w) — (z,—w).
Exercise 3.8.7: Consider the genus g hyperelliptic real Riemann surface of the form

g+1

w? = [z = 2)(z - 2), olz,w) = (z,0)
i=1

z; #z; for any 1, j,

zi #2z; for i#j.

Prove that the Riemann surface has 1 real oval for odd g and two real ovals for even g.

It is clear that the number of ovals is an invariant of a real Riemann surface (T, o). The
following classical result gives an upper estimate for this number.

Theorem 3.8.8. (Harnack inequality) (i) The number of ovals of a real Riemann surface of
genus g cannot exceed g+ 1. (ii) If the number of ovals is equal to g+ 1 then the complement
L'\ T consists of two components

P\I7=T"ur- (3.8.14)
each of them is homeomorphic to the disc with g holes.

Exercise 3.8.9: Prove that any real structure on the Riemann sphere I' = P! is equivalent
to one of the following two:
o(z)=z

or

Prove that the latter has no ovals.

We are now ready to formulate the last condition ensuring smoothness of real solutions
to KP-2.

Theorem 3.8.10. Let (I',0) be a real Riemann surface of genus g with the mazimal number
of real ovals. Denote I' the oval containing the marked point Q; let 'y, ..., I'y be the other
ovals. Assume the divisor D has ezactly one point on every oval I't, ..., I'y. Then the
function ¥(t; P) is smooth for all real values of t. The associated solutions to KP hierarchy
are real smooth quasiperiodic functions for all real t.
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Proof. Denote Dy = D(t) the divisor of zeroes of the BA function. Clearly o(D;) = Dy
for any t. The BA function 3 has a pole for a given value of t iff there exists a linearly
equivalent divisor Dy containing the marked point ). One can assume the divisor Dy to
be o-invariant, due to o-invariance of the space L(D;). The statement of the theorem will
follow from the following

Lemma 3.8.11. Given a o-invariant divisor D of degree g, denote
n;(D) := # points of D on the i-th oval T;, i=1,...,g. (3.8.15)
Then for any other divisor D' linearly equivalent to D one has
n;(D) =n;(D') (mod?2), i=1,...g. (3.8.16)

Proof. Let f : T — P! be the meromorphic function with poles in D and zeroes in
D’. Without loss of generality one may assume o*f = f. Hence f takes real values on I'?.
Restricting f onto a real oval I'; one obtains a smooth map of a circle to the circle. The
degree of this map reduced modulo 2 coincides with n;(D). The theorem about invariance
of the degree with respect to deformations [13] completes the proof of the Lemma.

To complete the proof of the Theorem it remains to observe that n;(D) = 1 for ¢ =
1,...,9. Therefore the n;(D(t)) = 1 for any ¢ = 1,...,g. Therefore any representative of
the class of the divisor D(t) cannot contain (). The Theorem is proved.

An analogue of this theorem for the degenerate case. Consider
b= (kN 4 arkN Tl ay) bR (3.8.17)

where the coefficients a; = a;(t) are determined from the system of linear constraints
M
Z%’ Y(k=r;)=0, i=1,...,N (3.8.18)
j=1

where M > N. Suppose that all numbers «; are real and distinct; assume that
K1 < R << KM-
Moreover, assume that the M x N matrix
o= (qij)i<i<n, 1<j<M

is real and satisfies the following condition: all NV x N minors are positive:

0413'1 a1j2 ale
a9 Q9 ; N a9 4 . . .

Aj, iy = det J1 J2 IN >0, forall 7 <jo<---<jn. (3.8.19)
QN j; QN j, QN jn

The associated solutions to KP are expressed via the following tau-function (cf. (3.4.7))

M
7(t) = det (Ain(t))1<; pan > Air(t) =Y il Fes (3.8.20)
j=1
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where
wj = /ijtl + K?tg + Ii?tg +...

Exercise 3.8.12: Under assumption (3.8.19) prove that the tau-function (3.8.20) is positive
for all real values of t = (¢1,%2,t3,...).

Hint: Prove that under above assumptions the polynomial kY + a1V =1 4.+ an must
have N zeroes on the interval (k1, kn).

‘We will now establish a connection between the Theorems 3.8.1 and 3.8.10. Let us choose
a particular basis of cycles on I'. Choose

ai:Fi, 221,,g

with some orientation. In order to construct the second part by, ..., by of the basis choose
points P; € T'; and P, € I'; connect P, with P; by a segment lj € I'y in such a way that
the segments l:r, RN l;r have no other intersection points but P,,. Choosing in a suitable

way the orientation of these segments define
bi=1fU(=a(lf)), i=1,...,9

By construction
aiobjzéij in Hl(F,Z)

Moreover, the action of the involution o on the basis has the form

O,.Q; = Q5

O'*bi = 761

i=1,...,9 (3.8.21)

Denote wy, ..., wy the basis of holomorphic differentials on I' normalized by the usual
condition
?{ WE = 2m1 5jk~
aj

Let

Bij Z—f;wa‘

be the matrix of periods of the Riemann surface with the opposite sign. Like in (3.6.48),
denote Q; the normalized second kind differential; let U; be the vector of its b-periods (see
(3.6.50)).

Lemma 3.8.13. Let (', 0,Q, k) be as above. Then the basic holomorphic differentials satisfy
ctwp = —w, k=1,...,9. (3.8.22)

The normalized second kind differentials Q; satisfy
o = Q. (3.8.23)

The period matriz B;; is real and positive definite. The vectors of b-periods U; are purely
maginary,

U, = —U,. (3.8.24)



Proof. The differential 0*(wy) must be antiholomorphic. Decompose it
g
o*(wg) = Z CriW]
1=1

for some complex coefficients cg;. Using

* — .
% g (wk) = E Cklf w; = 72’/’(‘@ij
aj aj

:7{ wk:27ri5jk
ox(aj)

one obtains
Cik = =0jk-

The reality of the period matrix follows from a similar computation:

Bijz—jg@ij{U*(wj)Zj{ sz—}gwjz@‘j-
b; b; 0. (bi) b;

i

Positive definiteness of 3;; follows from the negative definiteness of the real part of the
period matrix.

Finally, to prove invariance (3.8.23) of the second kind differentials one has to use that
the meromorphic differential

Qi = O'*QZ‘

has the same singularity R ‘
Q; = d k' + regular terms

due to (3.8.11). It is normalized with respect to the same basis of a-cycles. Hence Qi = .
The equation (3.8.24) readily follows from (3.8.23). The Lemma is proved.

3.9 Dual BA function, vanishing lemma and smooth solutions to
KP-1

We proceed now to the theory of real smooth solutions to the KP-1 equation

3 0 1

It can be represented as the compatibility conditions of the following linear problem

1oy
(3.9.2)

155



In order to select real smooth solutions u(x,y,t), w(x,y,t) to this equation we will first
present an algebro-geometric realization of the dual BA function introduced in the Section
3.6.

Let ¢ = ¢(t; P) be a BA function

bm (1580, 8O Y o

associated with the data (T, Q, k, D).

Definition 3.9.1. The dual BA function ¢" = 4 (t; P) is a function meromorphic on T'\ Q
with an essential singularity at Q of the form

i i
Ph = (1 IO U > ekt kit (3.9.3)

k k2
with poles at the divisor DY such that
D+ D' = Kr +2Q. (3.9.4)

Here Ky is the canonical class of I'. Observe that the degree of DT is equal to g. The
equation 3.9.4 can be reformulated as follows: there exists an Abelian differential Qp with
double pole at Q and with zeroes at D and DT:

(Qp)=D+ D' —2Q. (3.9.5)

Such a differential is determined uniquely, within a constant factor, for a nonspecial divisor
D.

Lemma 3.9.2. Denote L = 0, + > ,5, u;(t)0; %, A, = [L"]+ the operators of the KP
hierarchy associated with 1, i.e., B

N
= An s - ]_7 2, ce e
ot v, n (3.9.6)
Then ! satisfies
t
—%:Alw, n=12... (3.9.7)

where

is the (formally) adjoint operator.

Proof. Consider the differential

¥(t; P)YT(t; P)Qp(P)
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depending on two sets of times t and t’. By construction it has no other singularities on I’
but the one at P = (). Hence

Res v(t: P)y! (¢ P)2p(P) = 0

for any t, t’. Comparing with the Sato bilinear formulation of the KP hierarchy (see Theorem
3.6.19) one obtains the needed result.

Exercise 3.9.3: Let the differential {p be normalised by the condition
1
Qp(P)=(14+0 = dk, P — Q.

Prove that the meromorphic differential ¥ (t; P)y1(t; P)Qp(P) has the following expansion
near P = Q:

G(t; PYyt (t; P)Qp (P) = <1 - % + % + .. > dk (3.9.8)

where ug is a constant and the function v(t) satisfies

1
Ve = 5 Uy (3.9.9)

Remark 3.9.4. Recall that the divisor D enters into the theta-functional formula via the
point ¢ € J(I') of the form

(=AgD)+Kg=D-A-Q e J(I)
(here A is the Riemann divisor, see Section 2.12). Denote
(M= Ag(D") +Kg =D —A—-Q.
Since 2 A = Kr we obtain
(+¢"=D+D'—2A-2Q=0 on J(I). (3.9.10)

So, the duality is the involution ¢ — —( on the Jacobian.

We are ready to formulate the conditions of reality of solutions to KP-1.

Theorem 3.9.5. Let the data (T',0,Q,k, D), where o : T' — T being an antiholomorphic
involution, satisfy the following conditions:

(@) =@
o'k =k
o(D) = DT.
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Then the BA function with the essential singularity at Q of the form

for real t satisfies

o*p = t; (3.9.11)
the linear equations of the KP hierarchy for i take the form
10y
= Ap 3.9.12
o, = AnY ( )
where the operators A, satisfy B
Al = A, (3.9.13)

for all real t = (t1,ta,...). In particular, the solution

to the KP equation is real for real t.

Proof. For real t the function

7% = bt (P)) = <1+§;+§j+ )

has the asymptotics like ¥'; by assumption o(D) = D' it has the poles at Df. Hence it
coincides with 1T (t; P). Applying complex conjugation to (3.9.12) and replacing P by o(P)
one obtains

Comparison with (3.9.7) yields (3.9.13). The theorem is proved.

We will now illustrate the ideas about reality and smoothness of solutions to KP-1 on
the level of degenerate BA functions. Let us look for the degenerate BA function of the form

(k)= |1 ikt tik 3.9.14
W ( + Z - Tj e (3.9.14)
where the coefficients 71 (t), ..., ry(t) are determined from the following linear system
N
(b Ry) +1i Zcu Res V(t;k)dk =0, i=1,...,N (3.9.15)
Jj=1
for some pairwise distinct complex numbers k1, ..., Ky,

ki # Ky for i#j, K #R; forall i, 7

and a given square matrix of complex numbers ¢;;. The coefficient before the summation
sign in (3.9.15) is i = y/—1. Observe that the numbers ; can never be real.

The linear system (3.9.15) can be considered as a particular case of the defining relation
(3.4.2) of the theory of degenerate BA function. Let us describe the reality conditions for
the associated solutions to KP-1.
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Exercise 3.9.6: (i) Let the matrix C' = (¢;;)1<i,j<n be Hermitean,
cr=C.

Prove that the corresponding solution to KP-1, when defined, takes real value for real t.
(ii) Assuming

%,‘ij>0, i=1...,p, %/{j<0, j=p+1,....N.
suppose that the Hermitean p x p and (N — p) x (N — p) matrices
Cup = (Cij)lgi,jgp’ Cdown = - (Cij)erlSi,jSN (3916)

are positive definite. Prove that then the solution to the linear system (3.9.15) exists and is
smooth for any real t.

Hint. (i) Consider the meromorphic 1-form

Q =t k)v(t; k) dk.
Prove that
Iiis Q= iz cjithj i
j
Res 0 = —i Z cijinh;
j

where
¥; := Res ¥ (t; k) dk.
k=k;
Applying the residue theorem derive reality of u.
(ii) The determinant of the linear system (3.9.15) vanishes at a given value t iff the
associated homogeneous linear system has a nontrivial solution. The latter claim boils down
to existence of a function

N

5 7 (t ) )
Dt k) = 75 (t) piktiik .. (3.9.17)
= k — 7”j

satisfying the same linear constraints (3.9.15). The differential

O = P(t; k)P(t; k) .

is positive for real k, hence it satisfies

L:/ Q>0.
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On another side, computing the integral via the sum of residues of this differential over the
poles in the upper half plane yields

P N
I'=—2n Z Yicijih; — Z Yicijibi| <0
1,j=1 1,j=p+1
where, as above,

;= Res Ot k) dk.

=Kq

The contradiction obtained proves that 1; =0.

3.10 Symmetries and reductions of KP

Adding a condition w =const reduces the KP system (3.2.14) to one equation

uy = i (6w Uy + Ugga) (3.10.1)
where the function v = u(x,t) does not depend on y due to the first of the equations (3.2.14).
This is the celebrated Korteweg - de Vries (KdV) equation. The modern theory of integrable
systems begun with KdV.

We will now obtain conditions for the triple (T, @, k) that yield the reduction of KP to
KdV.

Let the Riemann surface I' and the point @@ € T' be such that a meromorphic function
A(P) exists with only one pole of multiplicity two at P = Q). Then I" must be a hyperelliptic
curve and () must be a Weierstrass point on it - see Exercise 2.10.9. Let us choose the local
parameter near @ € ' as follows

EH(P) = [MP)] V2. (3.10.2)

Lemma 3.10.1. For a triple (T,Q, k) of the above form and for an arbitrary nonspecial
divisor D of degree g on T’ the corresponding BA function ¥(x,y,t; P) has the form

b(x,y,t; P) = eV *Plo(a, t; P) (3.10.3)

where @(x,t; P) is the BA function for the same triple (I', Q.k) with the same poles D and
with essential singularity at Q of the form

o(x,t; P) = e +k%e (1 + % + O(k_2)> . (3.10.4)

Proof. Due to the choice of the local parameterk one has k?(P) = \(P) for any point
P e T sufficiently close to Q. So the product
o =@,y t; P)e v P

is a BA function on T with poles at D and essential singularity of the form (3.10.4). Since
the exponential term in (3.10.4) is y-independent, the BA function ¢ depends only on z, t.
Lemma is proved.
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Corollary 3.10.2. Let I' be a hyperelliptic curve of genus g of the form
w? = Poga(2),

the point @ = oo be the infinite point of ', k = \/z, D = Py + --- + P, be a nonspecial
diwisor of the degree g (i.e., z(P;) # z(Pj) for i # j). Then: (i) for those values of x, t for
which the corresponding BA function ¢(x,t; P) with essential singularity (3.10.4) exists it
satisfies the “eigenfunction” equation

Ly(z,t; P) = A(P) o(x,t; P) (3.10.5)
where
L =202 +u(x,t), u=—20,6. (3.10.6)
Observe that
AP)==z for P=(zw)el.
(ii) The t-dependence of p obeys the equation

%: =Agp, A:8§+% (u 0y + Opu) . (3.10.7)

(i1i) The function u(z,t) of the form (3.10.6) satisfies KdV equation (3.10.1).
(iv) This solution can be expressed via the theta-function of the hyperelliptic curve

u(z,t) =2021logO(x U +t W + z) + ¢ (3.10.8)

where the vectors U, W and the constant ¢ are constructed for (I',Q, k) using the formulae
(3.2.21), zo is an arbitrary phase shift.

Proof. The BA function ¢(z,y, t; P) for the triple (T', @, k) and for a nonspecial divisor
D must be of the form (3.10.3) (the assumptions of the Corollary is just a reformulation of
those of Lemma 3.10.1). Plugging

w(x, Y, t; P) = <p(x,t; P) ey A(P)

into equation 0v/dy = L) yields (3.10.5). Furthermore, the coefficients of the expansion of
z/;(x,y,t;P)e*km’kat’yA(P) at P = @ do not depend on y. Hence w =const. So, equation
(3.2.13) takes the form (3.10.7). Finally, (3.10.8) comes from (3.2.21) since V' = 0. Indeed,
this is the vector of b-periods of the exact differential

—ZQg) =dz.

Corollary is proved.
Remark 1. The zero-curvature representation (3.2.18) of KP in the case under consid-
eration rewrites in the form of Lax representation of KdV
oL 1
— =[AL] & u=-(6uuy+ Uggy)- (3.10.9)
ot 4
Clearly this is the condition of compatibility of linear equations (3.10.5) and (3.10.7) (cf.
the proof of Corollary 3.2.3).
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Exercise 3.10.3: Let

Q1= (71, \/ Pag+1(m))s -, Qg = (Vg5 \/ P2g+1(74))

be the zeroes of the BA function ¢(x, t; P) described in Corollary 3.10.2. Derive the following
ODE:s for the dependence of these zeroes on = and ¢

[l 20/ Pagy1(7k) E—1

dx H#k(% —)

e 8 (i = 32) VP ()

N’ (3.10.10)

= . k=1,....g (3.10.11)
ot [ (e =)
where
2g+1 2g+1
Z = Z Zj, PZngl(Z) = H (Z — Zj).
j=1 j=1

Let us now consider the Riemann surfaces I' with a marked point @ such that a meromor-
phic function A(P) exists having a triple pole at the point ¢ and no other poles. Choosing
the local parameter

E~H(P) = A\"V3(P)

near ) we obtain the following

Lemma 3.10.4. Under the above conditions for the triple (T',Q,k) and for an arbitrary
nonspecial divisor of the degree g the corresponding BA function ¥(x,y,t; P) has the form

U@, y,t; P) = e X Pz, y; P) (3.10.12)

where o(x,y,t; P) is the BA function with the same data (T, Q, k, D) with the expansion of
the form

p(z,y; P) = ek otk (1+0(k™") for P—Q. (3.10.13)
The function ¢ satisfies the equations
d¢
— =1L 3.10.14
i (3.10.14)
Ap(z,y; P) = AP)o(z, y; P) (3.10.15)

for the operators L, A of the form (3.2.10), (3.2.11). The coefficients u, w of these operators
are solutions to the Boussinesq equations
3

— Uy = Wy

4
(3.10.16)

1
wy + 1 (6w Uy + Uggsr) = 0.
Theta-functional formulae for these solutions can be obtained from (3.2.21), (3.2.22) drop-
ping the t-dependence.
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Proof is completely analogous to that of Lemma 3.10.1 and Corollary 3.10.2. From com-
patibility of (3.10.14) and (3.10.15) we obtain, like we did before, a Lax-type representation
for the Boussinesq equation

94 = [L, A]. (3.10.17)
dy
We will list now the simplest examples of Riemann surfaces carrying meromorphic func-
tions with a single third order pole.
Clearly, such a function exists for any point of an arbitrary elliptic curve. We leave as a
simple exercise for the reader to construct the corresponding elliptic solutions of Boussinesq

equation. Let us consider less obvious examples.

Example 3.10.5. Let " be a Riemann surface of genus 2 (recall that any such surface is
hyperelliptic - see Exercise 2.10.16). Due to Riemann - Roch theorem for any non-Weierstrass
point @ € T (i.e., @ does not coincide with any of the 6 branch points of the hyperelliptic
Riemann surface) a function exists having the only third order pole at @ (construct such
a function explicitly for the Riemann surface of the form w? = Ps(z) for a given degree 5
polynomial P5(z) and a given point (2o, wo) € T', wg # 0.).

Example 3.10.6. Let T' be a non-hyperelliptic curve of genus 3 (see Exercise 2.10.20).
According to the results of Lecture 2.10 there exists a Weierstrass point @ on I' (i.e., such
a point that {(3Q) > 2. Since I is not a hyperelliptic curve, there are no functions with the
only pole of the order < 2 at Q. Hence, there exists a function with the only triple pole at

Q.
Exercise 3.10.7: Prove that any genus 3 non-hyperelliptic curve carries 24 Weierstrass

points. Prove that the Weierstrass points on the smooth quartic R(z,w) = Zi+j<4 ai;ziwl =
0 can be determined from the system

R(z,w)=0

R..R2 — 2R.,R.Ry + RywR2 =0

Hint: Prove that there exist polynomials A(z,w), B(z,w) of the total degrees 4 and 6
respectively such that

R..R? —2R.,R.R, + RywR? = A(z,w) R(z,w) + B(z,w).

Generalizing the reduction procedure of KP explained in the beginning of this Lecture
we arrive at

Theorem 3.10.8. (i) Let A(P) be a meromorphic function on I with the only pole at Q € T
of the multiplicity n. We put
k(P) := AY"(P) (3.10.18)

for P sufficiently close to Q. Consider the BA function 1 = (x,ty,... ty,...; P) with
the data (', Q, k, D) for some non-special degree g divisor D and with the expansion of the
form (3.3.1) for P — @Q with the t,-dependence omitted. Then for any P € T' the function

Y =1(x,ta, ... ty,...; P) satisfies the equations

Ly =\P)¢, L:=A4, (3.10.19)
aat—zb:Amw, m=1,2,..., m#n. (3.10.20)

163



The coefficients of the operators As, As, ...satisfy a system of equations admitting a Lazx-

type representation
oL
— =[An, L], m=1,2,..., (3.10.21)
Ot
(ii) Let us assume that another meromorphic function pu(P) exists on T' with the only pole
at Q of the order m. Denote cy, c1, ...the coefficients of the Laurent expansion of u(P)

near P = Q with respect to the local parameter (3.10.18),
((P) = cok™ + crk™ ' 4 + etk + e + O(KT1). (3.10.22)

Introduce the differential operator
A= Z Cilpm_i (3.10.23)
i=0

where we denote Ay = 1 the identity operator. Then the BA function i for any ts, ts,
... satisfies

A(z,...; P) = p(P)b(,...; P) (3.10.24)

and the ordinary linear differential operators L = A, and A commute,
[L, A] = 0. (3.10.25)

We leave the proof of this theorem as an exercise for the reader.

Observe that a pair of meromorphic functions A\(P), u(P) with the only poles at Q € T
of the orders n, m resp. exists on an arbitrary Riemann surface I' of the given genus g for
sufficiently large n and m. For example, for a generic (i.e., a non-Weierstrass) point () one
can take n = g + 1, m = g + 2. Choosing such a pair (A, u) on (T', Q) one obtains a family
of commuting ordinary differential operators Ly, L, of the orders

ordLy =degA, ordL, =degpu
such that

Lyy(z,...; P) = AXP)Y(z,...; P), Ly(x,...;P)=pu(P)Y(z,...;P).

It turns out that any such a pair of commuting ordinary differential operators of the orders
m, n can be obtained by the above construction if the numbers m and n are coprime.
For the general case of commuting ordinary differential operators of not coprime orders
the classification theory is more complicated. It involves the technique of multidimensional
vector bundles on Riemann surfaces. Appearance of Riemann surfaces in the problem of
classification of commuting ordinary linear differential operators becomes clear due to the
following statement.

Theorem 3.10.9. Let L, A be two commuting linear ordinary differential operators of the
orders n. and m resp. Then there exists a polynomial

F(z,w) = Zaijziwj
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of the degree m in z and degree m in w such that
F(L,A)=0. (3.10.26)
The common eigenfunctions
Ly=2zv¢, AYp=w (3.10.27)
are meromorphic on the Riemann surface F(z,w) = 0.

We recommend to the reader to prove this theorem after studying the Lecture 7?7 where
the particular case of commuting ordinary linear differential operators of the orders n = 2
and m = 2k+1 will be studied. The results of this investigation will be applied to the theory
of KdV equation and of the higher analogues of it (the so-called KdV hierarchy). In this
case the equations of commutativity [L, A] = 0 can be reduced to an ordinary differential

equation for the potential u(z) of the differential operator L = 92 + u(z). The related
non-stationary equations

oL

can also be written as nonlinear evolutionary PDEs for the function u. These are the
equations of the KAV hierarchy. The explicit form of these equations can be obtained by
expressing recursively the coefficients of the operator A via u(z) and its z-derivatives using
the equations [L, A] = 0 and dL/0t = [L, B] resp.

Let us illustrate again the basic idea of reducing KP to nKdV working with degenerate
BA functions. Let us consider the BA function of the form (?7) constraint by the system of
linear equations (??) where the functions g;(k) have the form (??). As usual denote

L=0,+Y w(t)d,'=Wao, W', W=1+Y &(t)d;"

i>1 i>1
the associated pseudodifferential operator.

Theorem 3.10.10. Let the subspace
U = span (g1(k), g2(k), . ..)
be invariant with respect to multiplication by k™ :
E"U C U. (3.10.28)
Then the BA function ¥ (t; k) can be represented in the form
(b k) = eXomz1 K7 Mmoo (g7 k) (3.10.29)
and the function ¢(t', k) satisfies the equations

An‘P = kn(P
(3.10.30)

a—tj:Ajgo, for all j# mn.
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Here, as usual,

A =[L1],, i>0,

moreover, the n-the power of L is a differential operator
Li=L"=A,=0"+a1(t)07 %+ -+ an_1(t). (3.10.31)
The operators L and A; satisfy the equations of the nKdV hierarchy

9L _ [A;,L], j#mn (3.10.32)
ot;

written in the Lax form.

Proof. Let us consider the function

Q(ts k) i= o™ Zmza K g4 ) = <1 + % + % +.. > eXitmn k't

Let us derive from (3.10.28) that this function satisfies the same linear constraints (?7?).
Indeed, due to (3.10.28) there exists a constant matrix a,; such that

n+i—1
kngl(k) = gnJrZ(k) —+ Z (lijgnJri,j(k), 7= ]_7 2, e
J=1

So the system of orthogonality constraints

1 dk
— (Bt k) — =0, i>1
7 pa v T =0,
implies
1 dk )
— P k" "gi(k)(t;k) — =0 forall i>1, m>1.
271 k
Hence

1 mmn dk
72771,21]‘: . : — = ) >
27TZ € gl(k)w(t7k) k 07 1z 1

By assumption this system of linear constraints for ¢ has a unique solution. As the
exponential term in ¢ does not depend on the variables ¢,,,, hence ¢ does not depend on
these time variables as well. This proves (3.10.29). The proof of the remaining statements of
the theorem reproduces the proof explained in the algebro-geometric situation. The theorem
is proved.

Exercise 3.10.11: Let ¢ be a degenerate BA function of the form (3.4.1) constrained by
the conditions of the form

Y(ki) = cp(—ki), i=1,...,N (3.10.33)
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for some numbers k1, ..., Ky such that x; # k; for ¢ # j and w; # —k; for all 7, j,

and arbitrary nonzero numbers c¢j, ..., c¢y. Show that the function 1 for any y, t is an
eigenfunction® of the differential operator L = 92 + u
Lip(w,y,t;k) = k*¢(x,y, t; k) (3.10.34)

where the potential

u = 202 log det (Ajx(w,t)) (3.10.35)

exp[—(k;j + Kk)x — (nj + K3t

, Jyk=1,...,N(3.10.36
Kj + Kk J ( )

Aji(z,t) = bk + ¢

does not depend on y. Here ¢, ..., ¢ are some constants expressed in terms of ¢ and k.
Prove that u(x,t) is a solution to the KdV equation (3.10.1).

[Hint: rewrite the linear system (3.4.6) introducing new unknowns 71, ..., ry instead of
the unknowns ay, ..., ay, where

N

- Ylwy, k) Ti(Tt) \  kark?yrkdt

Yi=—xg——=|(1+ — | e .
Hi:l(k — K;) i=1 k— ki

Observe that the constraints (3.10.33) in terms of the function ¢ recast in the form

es ¥ zéﬂz(—m), 1=1,...,N
k=k;
(this defines the constants ¢, ..., ¢y in (3.10.36)).]

For real positive numbers ¢, ..., én, K1, ..., ky the function u(x,t) of the form
(3.10.35), (3.10.36) are smooth real solutions of KdV. They are celebrated multisoliton
solutions of KdV. In particular, for N = 1 one obtains a soliton, i.e., a localized solution of
the form

2 k2

cosh? K[z — zo + K2t

u(z,t) = (3.10.37)

3.11 Additional symmetries of KP and Virasoro algebra

We start from the following elementary observation: the trivial BA function

Yo = eE "

satisfies o0
an = Moto, Mo =3 mty 0",

In general one can derive a similar equation for the k-dependence of the BA function by
applying the dressing procedure. Introduce the operator

M=WMW™", W=1+)Y &(t)d;" (3.11.1)

i>1

3Here we understand the notion of eigenfunction of the operator L in the formal sense as just a solution
of the differential equation (3.10.34).
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Then the following equation holds true

o
a5 = M. (3.11.2)

The operator M does not commute with
L=WoWw!
but it satisfies the Heisenberg commutation relation
[L,M] =1. (3.11.3)
Exercise 3.11.1: Prove (3.11.3). Moreover, derive the following commutation relations
[L',M] =iL""" forany i€Z (3.11.4)
[L,M)L'] =i M'7'L" forall i€Z, j=12,.... (3.11.5)

Let us now introduce additional symmetries of the KP hierarchy as the vector fields
0/0s;j,1 € Z, j=1,2,... by the following formula

gz/_ =— (ML")_W. (3.11.6)
ij

For the Lax operator L the equation (3.11.6) yields

aasp» = - |@rL)_ 1], (3.11.7)

Lemma 3.11.2. The additional flows (3.11.6) (or (3.11.7)) commute with equations of the

KP hierarchy:
g 0
— =0. A1,

L’%n ’ aSij :| 0 (3 8)

Proof. From the obvious commutativity
0
— =00, My| =0
L%n v }

it follows by dressing that

[‘9 - An,M] —0, A=(L"),.

Ot,,
Hence

9 o
— — A, ML =0.

The commutativity (3.11.8) easily follows from the last equation. The lemma is proved.

The additional symmetries (3.11.6) do not commute between themselves.
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Exercise 3.11.3: Prove that the mapping

0

ML
w 88@'

is a Lie algebra homomorphism. Derive the following commutation relations

2l () (D)) (ot oo

We will now look more carefully at the particular class of the additional symmetries
corresponding to j = 1. We will change the notations defining

0 0

0s; 88i+1,1

(3.11.10)

So
oL

9s;
From (3.11.9) one derives the commutation relations of the Virasoro algebra (with zero
central charge) for these vector fields

- |rp oz (3.11.11)

o 0 0
— — | =(1—7 . 1.1
|:35i’ 85j:| (Z J) aSH_j (3 2)
Exercise 3.11.4: Prove that the flows
oL i1
95, ’*{(L M)—’L}

coincide with (3.11.11).

We will now consider the subalgebra of the Virasoro algebra (3.11.12) of additional
symmetries preserving the n-reduction of KP.

Lemma 3.11.5. The n-reduction of KP given by the constraint
L:=L" = a differential operator (3.11.13)

is invariant with respect to the additional symmetries of the form 0/0sy n for any m > —1.
The dependence of the differential operator L on the parameters of the additional symmetries
1s determined from the equations

0

OSmn

L=[Mp, L +nL", My, = (ML™") (3.11.14)

4+
Proof. Let us first prove (3.11.14). From

[L,MLmn+1] — Lm’rLJrl
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(see (3.11.5)) it follows
I:Lk’MLm’n,—‘rl] — k,Lmn+k

for any k£ > 1. For k = n it follows that
[L,M L™ =nLmth

Hence
oL

OSm n,

== [y e] = [(Mrmty ) = ML L] = (Mo, £] 4 n £

Observe now that for m > —1 all the operators in the right hand side of (3.11.14) are purely
differential*. This proves invariance of (3.11.13). The theorem is proved.

3.12 NLS equation and KP

We will now explain how to construct solutions to the nonlinear Schrédinger equation (NLS)
using the dual BA functions.
Let us assume that there exists a rational map

A: T — P!
such that
Ao0) = Qi+ QL. Qr=0Q. (3.12.1)
Clearly, in that case I' must be hyperelliptic. Denoting P, ..., Pag1o the zeroes of the
differential d\ we obtain the equation of the Riemann surface in the form
2g+2
p?=R(\) where RO\ = J[(A=X), Xi=AP). (3.12.2)
i=1

The points Q4+ and Q_ are the two infinite points of (3.12.2). We choose
k(P)=AP), P— Q. (3.12.3)

as the (inverse) local parameter near Q1 and construct the BA function

W(z,t; P) = (1 + gl(z’t) + 52(;2’ D > ek okt (3.12.4)

with the essential singularity at P = Q4+ and a nonspecial degree g divisor D. As usual, put

u(z,t) = =206 (x, t). (3.12.5)
Let ; ;
wT($7t, P) — (1 + 51(]j7t) + 52(]:"2? t) + » > e—ktﬁb’—kzt (3126)

4 Actually, M, is a finite order differential operator when only finite number of time variables are nonzero.
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be the dual BA function. Let 2p be the second kind differential on I" with zeroes at D and
double pole at @+ normalized as

o rvof ) o

Denote
oz, t) =z, t;Q_), ¢ (x,t) =9 (x,t;Q_). (3.12.7)
Lemma 3.12.1. The functions o = @(x,t), o' = ¢t (x,1), u = u(x,t) satisfy the system
dp
o0t _ i i
u=-200p —ugy (3.12.8)

where ug is some constant,
o=— P}E%s AP)Qp(P). (3.12.9)

Proof. The first two equations are already known (see Lemma 3.9.2 above). To prove
the last equation let us consider the Abelian differential

Q(z,t; P) := o (x, t; P) YT (x,t; P) Qp(P). (3.12.10)
The differential has a double pole at P = ()4 and no other poles. Near @4 it has the
expansion
u(z,t) + ug
Q i P)=1— ——— + ...
(x,t; P) ( 5 12 + ) dk

(see exercise 3.9.3) with some constant ug. Applying the residue theorem to the meromorphic
differential A(P) 2(z, t; P) one obtains the third equation of (3.12.8). The Lemma is proved.

Exercise 3.12.2: Let ()4 be the infinite point on I' defined by

I
Qir: A— oo, \oil — +1.
Another infinite point ()_ then is defined by
. H
Q_ . )\ — OQ, W — —1.

Prove that the differential Q2p must have the form

oo} (14 79) o

where P(\) is a polynomial of degree g + 1 having the form

1
— +1 _ E .
P()\)—Ag —aAg“r..., a—i )\].
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The 2g points (7;, i;), i = 1,...,2g of the divisor D+ DT are determined from the equations

R(yi) = P2(vi), pi=—P(y), i=1,...,2q.

Let us assume now existence of an antiholomorphic involution ¢ : I' — T" such that

oA =\

The points @+ then are stable under o.Let us assume that the real Riemann surface (T, o)
and the divisor D satisfy all the conditions of Theorem ?7.

Theorem 3.12.3. Let ¢ = ¢(x,t; P) be the BA function with the essential singularity at

P = Q4 of the form
»= (1+§1(Zat) +> gk etk

and with poles at the divisor D. Then the function

pla,t) ==, Q)

satisfy the NLS equation
it = Paz + (20 |0)* + uo) . (3.12.11)

It is clear that the constant o defined in (3.12.9) is real. The case o > 0 corresponds to
focusing NLS; the case o < 0 gives defocusing NLS.

Exercise 3.12.4: Prove that for ¢ < 0 all the branch points \; of the hyperelliptic curve
(3.12.2) are real. For the focusing case o > 0 prove that all them are non real.

172



References

[1]

[2]

3]

[15]

Ahiezer, N. I. Continuous analogues of orthogonal polynomials on a system of intervals.
(Russian) Dokl. Akad. Nauk SSSR 141 (1961) 263-266.

Ahiezer, N. I. Elements of the theory of elliptic functions [Second revised edition] Izdat.
“Nauka”, Moscow 1970 304 pp.

Erdelyi, Arthur; Magnus, Wilhelm; Oberhettinger, Fritz; Tricomi, Francesco G. Higher
transcendental functions. Vol. II. Based on notes left by Harry Bateman. Reprint of the
1953 original. Robert E. Krieger Publishing Co., Inc., Melbourne, Fla., 1981.

Veselov, A. P. Finite-zone potentials and integrable systems on a sphere with quadratic
potential. (Russian) Funktsional. Anal. i Prilozhen. 14 (1980), no. 1, 48-50.

Golubev, V. V. (Russian) [Lectures on the integration of the equations of motion of
a heavy rigid body about a fixed point.] Gosudarstv. Izdat. Tehn.-Teor. Lit., Moscow,
1953. 287 pp.

Griffiths, Phillip; Harris, Joseph Principles of algebraic geometry. Reprint of the 1978
original. Wiley Classics Library. John Wiley and Sons, Inc., New York, 1994.

Hurwitz, Adolf; Courant, R. Vorlesungen ber allgemeine Funktionentheorie und ellip-
tische Funktionen. (German) Interscience Publishers, Inc., New York, (1944).

Dubrovin, B. A. A periodic problem for the Korteweg-de Vries equation in a class of
short-range potentials. (Russian) Funkcional. Anal. i Prilozen. 9 (1975), no. 3, 41-51.

Dubrovin, B. A.; Matveev, V. B.; Novikov, S. P. Nonlinear equations of Korteweg-de
Vries type, finite-band linear operators and Abelian varieties. (Russian) Uspehi Mat.
Nauk 31 (1976), no. 1(187), 55-136.

Dubrovin, B. A.; Novikov, S. P. Periodic and conditionally periodic analogs of the many-
soliton solutions of the Korteweg-de Vries equation. Soviet Physics JETP 40 (1974), no.
6, 1058-1063.; translated from Z. ksper. Teoret. Fiz. 67 (1974), no. 6 2131-2144

Dubrovin, B. A.; Fomenko, A. T.; Novikov, S. P. Modern geometry—methods and
applications. Part I and Part II. Translated from the Russian by Robert G. Burns.
Graduate Texts in Mathematics, 104. Springer-Verlag, New York, 1984 -1985.

Dubrovin, B. A.; Fomenko, A. T.; Novikov, S. P. Modern geometry—methods and
applications. Part III. Introduction to homology theory. Translated from the Russian
by Robert G. Burns. Graduate Texts in Mathematics, 124. Springer-Verlag, New York,
1990.

Zaharov, V. E.; Shabat, A. B. Integration of the nonlinear equations of mathematical
physics by the method of the inverse scattering problem. II. (Russian) Funktsional.
Anal. i Prilozhen. 13 (1979), no. 3, 13-22.

173



[16] Tts, A. R.; Matveev, V. B. Schrédinger operators with the finite-band spectrum and the
N-soliton solutions of the Korteweg-de Vries equation. (Russian) Teoret. Mat. Fiz. 23
(1975), no. 1, 51-68.

[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]

174



