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Abstract We consider the problem of extending the integrals of motion of soliton
equations to the space of all finite-gap solutions. We consider the critical points of these
integrals on the moduli space of Riemann surfaces with marked points and jets of local
coordinates. We show that the solutions of the corresponding variational problem have
an explicit description in terms of real-normalized differentials on the spectral curve.
Such conditions have previously appeared in a number of problems of mathematical
physics.

1 Introduction

In the modern theory of integrable systems, the constants of motion of a soliton equa-
tion are defined as integrals of certain differential polynomials involving the solution.
These integrals are then regarded as Hamiltonians of compatible commuting flows,
and the critical points of these Hamiltonians are stationary points of the corresponding
flows. The purpose of this paper is to revisit this fundamental concept of the soliton
theory in a more general setting and to present unexpected connections of the critical
points of the soliton integrals with physical problems, including the theory of 2D
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quantum gravity, the Whitham approach to string equations, the theory of orthogonal
polynomials, and the study of Hele-Shaw flows.

First of all, it is necessary to emphasize that the Hamiltonian theory of periodic
non-singular solutions of soliton equations is well-defined only for solutions of a
fixed period. It is not a priori clear that the Hamiltonians considered as functionals on
the space of all periodic functions with variable periods have critical points. In fact, we
will show that in the naive formulation this problem has no solutions in the simplest
case of the stationary KdV equation.

The problem becomes non-trivial and a posteriori interesting when extended onto
the space of all finite-gap (algebro-geometric) solutions. Although these solutions are
in general singular and complex functions of their arguments, their integrals can be
defined in a pure algebraic-geometrical form and can be seen as functions on the mod-
uli spaces of algebraic curves with fixed jets of local coordinates in the neighborhoods
of punctures.

It is instructive to present the formulation of the extended problem and its solution
in the case of the KdV equation

duy = OuUy — Uyyy. (L.1)

This equation has an infinite number of integrals of motion, which in the periodic case
have the form

T
1
1@:7/mmy“ww”%m,n=4Jﬁjwq (1.2)
0

where the P, are certain differential polynomials in u:
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Consider an arbitrary linear combination H = Hy, 41+ cop—1Hop—1 +- - +c_1H_4
of the integrals on the space of functions with fixed period 7', where the coefficients c;
are real. The critical points of such a functional are solutions of an ordinary differential
equation known as the nth stationary KdV equation [1]. For example, the stationary
points of the functional

H_
H=H3—g281 (1.4)
are stationary solutions of the usual KdV equation:
SH )
168—=uxx—3u + g2 =0. (1.5)
u

Let us now consider H as a functional on the space of all nonsingular periodic func-
tions. Evaluating the variation of H with respect to the period T and setting it equal
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to zero, we obtain the additional condition

T
/u§ dx =0, (1.6)
0

which has no solutions when u is real and smooth.
We now show how to extend the functional H to the space of all periodic solutions
of Eq. (1.5). The general solution of Eq. (1.5) is given by the formula

u(x) =2p(x + xo), (1.7)

where p (x) = o (x|w, @) is the Weierstrass g-function corresponding to the elliptic
curve I defined by the equation

Y? = E3 — g2F — g3 = (E — Eo)(E — E1)(E — E3). (1.8)

The function u given by Eq. (1.7) is real and smooth when the branch points E;
of the elliptic curve are real, in which case we assume that Eg < E; < E». For a
generic elliptic curve, this solution is a quasi-periodic meromorphic function. For such
functions, formula (1.2) requires regularization.

For a real smooth solution u(x) of (1.5) defined by an elliptic curve I with real
branch points, the values of the integrals (1.2) can be expressed in the following way
(for details see [2]). There exists a unique meromorphic differential d Q on I', called
the quasi-momentum differential, with a second order pole at infinity with principal
part

dz 1
do ~ —, 71=—, 1.9
0 ) JE (1.9)

and no other singularities, and which in addition satisfies the normalization condition

E>

/dQ =0. (1.10)

E;

Then the values of the integrals (1.2) of a solution u(x) corresponding to the curve
I' are the coefficients of the corresponding Abelian integral Q (which is the quasi-

momentum of the auxiliary Sturm-Liouville operator L = —8)% + u) at infinity:
o
Q=z"+> Hy " (1.11)
n=0

For an elliptic curve with real branch points, the coefficients H,, are real-valued.



18 I. M. Krichever, D. V. Zakharov

As one of the authors has pointed out in [3], the quasi-momentum differential for
a generic spectral curve is uniquely defined by Eq. (1.9) and by the condition that all
its periods are real:

ImjlédQ =0 Vy e Hi(T, Z). (1.12)
Y

For elliptic curves with real branch points the two normalization conditions (1.10) and
(1.12) coincide. We can then define the functions H, on the moduli space of smooth
elliptic curves as the coefficients of d Q at infinity, i.e. using formula (1.11). These
functions are in general complex-valued. We then define the real-valued extension of
the KdV integrals (1.2) to be real parts of these functions, i.e. we set

‘H, = ReH,. (1.13)

The main results of this paper are Theorems 2.2 and 3.2, which describe the critical
points of such functionals. In the case under consideration, Theorem 2.2 implies that
an elliptic curve I' given by Eq. (1.8) is a critical point of the extended Hamiltonian
‘H = 'H3 if and only if the following condition is satisfied:

Imj{ YdE =0 Vy € H (T, 7). (1.14)
Y

This equation has already appeared in the framework of the Whitham approach to
string equations [4-8]. Later similar conditions were introduced in the theory of
2 D-gravity [9,10] and in the study of distribution of zeros in orthogonal polynomials
[11]. Recently, the physical meaning of this condition in the theory of Hele-Shaw flow
was revealed in [12].

Equation (1.14) was solved numerically in [6]. It turns out that there is a unique
solution in the space of smooth elliptic curves. For real g» > 0 the value of g3 of the
corresponding curve is

4 +1 5p

=gy & (1.15)

83

where h ~ 3.2463822253744278875676.

The original goal of the authors was to study the geometry of the moduli spaces of
smooth curves using the extended soliton integrals as Morse functions. The connection
of the variational problem for these integrals with important physical problems is to
some extent an unexpected byproduct of the authors’ original goal.

In the most general setting, the extended soliton integrals are defined as functions on
the moduli space Mg y(n,m) = {(I', Py, [zo], E, Q)} of smooth genus g algebraic
curves I with N marked points Py, ..., Py withjets of local coordinates [z4] at Py and
with a pair of Abelian integrals, denoted E and Q for historical reasons, having poles
of orders n, and m, at the marked points P,. This moduli space is central to several
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theories with very distinct goals and origins. These include the non-linear WKB (or
Whitham) theory, two-dimensional topological models, Seiberg—Witten exact solu-
tions of N = 2 supersymmetric gauge theories (see [13—15] and references therein),
and the theory of Hele—Shaw flows [12]. Recently, in [16,17] it was shown that the
constructions of the Whitham theory on the moduli space Mg‘ (M) provide a geo-
metrical explanation of cohomological vanishing results on the moduli spaces M, ,
of smooth curves with marked points.

2 The one-point case

The object of our study in this paper is the moduli space of Riemann surfaces with
marked points and with jets of local coordinates at the marked points. Given a Riemann
surface with jets of local coordinates at marked points, we construct a pair of real-
normalized Abelian integrals on the surface. We then define a collection of functions
on the moduli space by considering the periods of these integrals and the coefficients
of their expansions at the marked points, and we consider the critical points of these
functions on the leaves of a hierarchy of foliations defined on the moduli space. We
show that the critical points of these functions admit an explicit analytic description.
To clarify the exposition, in this section we describe the case of one marked point.

Definition Let I" be a Riemann surface, let P be point on I'. An n-jet of local coor-
dinates at P is an equivalence class of local coordinates at P, with z equivalent to z’
if7 =z+ 0.

Definition Let w be a meromorphic differential on a Riemann surface I". We say that
w is real-normalized if the integral of w along any cycle in I' is a real number, i.e. if

Im%a) =0 Vy e Hi(I', Z). 2.1

Y

The period matrix of a Riemann surface has positive definite imaginary part, there-
fore a holomorphic real-normalized differential is identically zero. More generally,
given a collection of principal parts with imaginary residues, there exists a unique
real-normalized meromorphic differential with these principal parts:

Proposition 2.1 Let " be a Riemann surface, let Py, ..., Py be points on T, let z4
be local coordinates in neighborhoods of Py, and let cq, fora = 1,...,N, k =
1, ..., ny be complex numbers, such that cy.| are purely imaginary and > c¢q.1 = 0.
Then there exists a unique real-normalized meromorphic differential w on T with poles
at Py of the form

o= (C“,;’;“ by Gl 0(1)) dzq near Py, (2:2)

Za Za

and with no other singularities.
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Definition LetI" be a Riemann surface and let Py be a pointon I'. An Abelian integral
with fixed branch Py is a multi-valued function A(P, y) on I" depending on a choice of
path of integration y from Py to P, and such that its differential d A is a single-valued
meromorphic differential on I'. We say that an Abelian integral is real-normalized if
the corresponding differential is.

In the neighborhood of any point that is not a residue of d A, the Abelian integral A
is locally a single-valued function. In particular, if d A has no residues at Py, then in
a sufficiently small neighborhood of Py the Abelian integral A has a selected branch
corresponding to the trivial path from Py.

We consider the following moduli spaces:

e M, 1(n) is the moduli space of Riemann surfaces I' with a marked point P and
an (n + 1)-jet of local coordinates [z] at P. This space is our principal object of
interest.

e MY (n) is the moduli space of Riemann surfaces I' with a marked point P, an
(n + 1)-jet of local coordinates [z] at P, and a real-normalized Abelian integral Q
with a fixed branch at P, having a pole of order m at P and no other singularities.
This space is the natural domain of the extended Hamiltonian functions that we
are studying.

e M, 1(m,n) is the moduli space of Riemann surfaces I' with a marked point P, an
(n 4 1)-jet of local coordinates [z] at P, and a pair of Abelian integrals £ and Q
(not necessarily real-normalized) with fixed branches at P, having poles of order n
and m at P, respectively, and no other singularities, where we in addition assume
that the selected branch of E at P has the form £ = z7" 4+ O(z). This space is a
slight modification of the moduli space introduced in the paper [14].

These spaces are related by the following maps:

Mgl(n) — My 1 (n, m)
i 2.3)
Mg,l(n)

where the vertical map consists in forgetting the integrals.

LetI" be a Riemann surface, and let [z] be an (n+ 1)-jet of local parameters at a point
P onT'. By Proposition 2.1 there exists a unique real-normalized Abelian integral E on
I with a fixed branch at P, where it has a pole of order n of the form £ = z7" 4+ O(z),
and with no other singularities. There exists a unique local coordinate z in the jet [z]
such that the fixed branch of E can be written as

E =z " near P, (2.4)

where the equality is now assumed to be exact. Therefore, the notion of real-normalized
Abelian integrals gives us a natural choice of a representative in the jet [z].
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Let Q be another Abelian integral on I'. We can expand it in terms of this chosen
local coordinate:

Q=>gqjz7/ + 0(z) near P. (2.5)
i=0

By virtue of Proposition 2.1 we can identify the Abelian integral Q with the poly-
nomial g(t) = g;ut™ + -+ + qo. Therefore, the vertical map in the diagram (2.3)
is a trivial bundle with fiber C"*!. Any polynomial ¢(¢) of degree m determines a
section of this bundle, i.e. an embedding of M, 1 (n) into /\/l:,’,”’1 (n) and hence into
M, 1 (n, m).

We now consider a collection of functions on the space M, 1(n, m). Let
(', P, [z], E, Q) be apoint of M 1 (n, m). Consider the coefficients of the expansion
of the differential Q dE at the point P with respect to the chosen local coordinate z:

n+m ee} )
QdE = Z Tz v+ Zsz/‘l dz. (2.6)
k=0 j=1

The coefficients of the principal part Tj act as coordinates on the space My (1, m).
The coefficients of the regular part H; are the Hamiltonian functions that are of interest
to us.

The following additional functions are only locally well defined on My 1 (n, m).
Fix a basis of cycles A;, B; in H{(I", Z) with canonical intersection form, such that no
cycle passes through P or the zero-divisors of dE or d Q. Let I" denote the Riemann
surface cut along these cycles and let 3T denote the boundary of T'. The branches E
and Q fixed at P then extend to single-valued functions on I'". Consider the real-valued
periods of the differentials d E and d Q along the chosen cycles:

rfi:j{dE, rg,:j{dE, rAQizfdQ, rg:f{dQ, i=1,....,g, Q7

A; B; A; B;

and the A-periods of the differential Q dE:

ai:j{QdE, i=1,...,8. 2.8)
Aj

The residue of the differential Q dE at P is equal to its integral over the boundary
aI', which gives the only relation between these functions:

g
2miTy =Y tlth — 5tk 2.9)
i=1
Therefore, we can exclude Ty from consideration.

The functions 7} and H; do not depend on the choice of basis for Hy(I", Z) and are
well-defined on all of Mg { (n, m), while the other functions defined above depend on
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the choice of cycles. However, in the neighborhood of any point of My (7, m) this
choice can be made in a consistent way for all curves, therefore these functions are
locally well defined. In [14] it was shown that these functions can be used as local
coordinates on My 1 (1, m):

Theorem 2.1 Let (I', P, 2], E, Q) be a point Mg | (n, m) such that the zero-divisors
of dE and dQ on T do not intersect. Then in a neighborhood of this point the func-
tions Ty (excluding Tp), tfi , tg , ‘L’AQ, ‘L’BQ and a; (defined with respect to a consistent
choice of cycles) have linearly lndependent differentials and therefore define a local

holomorphic coordinate system for Mg 1(n, m).

We now proceed as follows. Fix a polynomial ¢(z) of degree m, and consider the
embedding M, |(n) — M’;l (n) < My 1(n, m) defined by that polynomial. We
then define a hierarchy of foliations on Mg 1 (1, m) and consider their restrictions to
M 1(n). Finally, we define a collection of functions on M, | (n) and study the critical
points of their restrictions to the leaves of the various foliations.

The period functions (2.7) are defined with respect to a choice of basis of Hy (I, Z),
and any two such choices are related by an element of Sp(2n, Z). Therefore, at any
point p € My 1(n) the intersection of the null spaces of the differentials dt /fi anddrt gi
in the tangent space T}, (M 1 (n)) does not depend on the choice of basis and is therefore
a well-defined subspace Tf (Mg 1(n)) of T,(Mg 1 (n)). Moreover, these subspaces are
the tangent spaces to the level sets of some locally well-defined functions, therefore
they form an integrable distribution on My 1 (2, m). Similarly, the intersection of the
null spaces of d rAQi anddt BQi is a well-defined integrable distribution TpQ (Mg 1(n)) on

1(n).

S’,The embedding M’" (n) = Mg 1(n, m) is locally defined by the condition that
the functions (2.7) are real valued. This condition does not depend on the choice of
basis for H;(I", Z). Therefore, the distributions defined above descend to Mgﬁ 1 ().

Furthermore, the space Mg |(n) is a level set of the functions Ty, ..., Ty, and
therefore by Proposition 2.1 these distributions descend to M, 1(n).
Let A C M, 1(n) denote a joint level set of the functions T, ..., T,,_;. Let TE

denote the intersection of the null spaces of the differentials dt? A and dtf g, on the
space T, (A). Let Lz C A denote an integral submanifold of this distribution. Along
LE, the perlods of d E are constant:

57{dE =0 Y5 eT,(Lp)=TF and Vy e H (I 7). (2.10)

14

Similarly, let TpQ C T,(A) denote the directions along which the periods of d Q do
not change, and let Lo C A denote the corresponding integral submanifold:

8%dQ =0 V8eT,(Lo)=T2 and Vye H(T.Z). 2.11)

14



A note on critical points of integrals of soliton equations 23

Finally, let £ = Lg N L denote a submanifold along which the periods of both d E
and d Q are constant:

5j$dE = 57{dQ =0 VS eT,(0)=TFNT2 and Vye H(I\Z). (2.12)

14 Y

We now define a real-valued function on M, 1(n) and study its critical points on the
leaves of the foliations defined above. Letcj, dj,for j = 1, ..., M bereal coefficients.
Consider the following function on M, 1(n):

M
H = (cjReH, +d;ImHj). (2.13)
j=1

The following theorem, which is the principal result of this chapter, describes the
critical points of H restricted to the leaves of the foliations defined above:

Theorem 2.2 Let (I', P, [z]) be a point in M 1(n), which we assume to be embed-
ded in ./\/lm g (n) via the polynomial q(z). Let E and Q be the real-normalized Abelian
integrals deﬁned by Egs. (2.4) and (2.5), and let D denote the intersection of the
zero-divisors of dE and d Q.

A. The point (I', P, [z]) is a critical point of H restricted to L if and only if
(i) There exists a meromorphic function Y on I with a pole at P with the prin-
cipal part

o0
Y = Z(cj —idj)z7 4+ 0(z) near P, (2.14)
j=1

with poles at the divisor D, and no other singularities.

B. The point (T', P, [z]) is a critical point of 'H restricted to Lg if and only if there
exists a function Y satisfying condition (i) and in addition the following condition:
(ii) the differential YdE is real-normalized, i.e.

Imj{YdE:O Vy € H|(T', Z). (2.15)
Y
C. The point (I', P, [2]) is a critical point of H restricted to L if and only if there

exists a function Y satisfying condition (i) and in addition the following condition:
(iii) the differential Y d Q is real-normalized, i.e.

Im?(YdQ:O vy € Hi(I', Z). (2.16)
Y
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D. The point (I', P, [z]) is a critical point of 'H restricted to A if and only if there
exists a function satisfying conditions (1), (i) and (iii).

Remark. The correspondence between critical points of integrals of soliton equations
and meromorphic functions with prescribed singularities on the spectral curve, in other
words part A of our theorem, has long been a central notion in the theory of finite-gap
integration (see, for example, the survey [2]). However, this result has never before
been stated in such an explicit form. Moreover, the known results only apply to the
case when the equations are Hamiltonian, which corresponds to the case when the
zero-divisors of the differentials d E and d Q do not intersect.

The Hamiltonian structure of the integrable systems associated with the moduli
space M n(n) is determined by the Novikov—Veselov—Witten—Seiberg symplectic
form, which is defined as follows. Consider a leaf £ of the foliation defined above,
anc consider the fibration N8 over £ whose fiber over a point (I, P, [z]) is the g-th
symmetric power of I". This fibration has dimension 2g and is the phase space for the
corresponding integrable system. The Novikov—Veselov—Witten—Seiberg symplectic
form is defined as

g
wopm =Y da; Ado;, (2.17)
i=1

where w; are normalized holomorphic differentials on IT".

If (T, P, [z]) is a point at which the zero-divisors of d E and d Q intersect, then
according to Theorem 2.1 the coordinates (2.8) are not independent on the leaf L.
Therefore, the symplectic form w4 is degenerate at (I", P, [z]), and therefore the
soliton equation is not Hamiltonian.

Example Genus one solutions of KdV. Before proceeding with the proof of the theo-
rem, we show how it applies to the example considered in the introduction. Assume
that g = I, n = 2 and m = 1, and consider the embedding M ;(2) — M},l 2)
given by the polynomial ¢ (z) = z. Suppose furthermore that we are on a leaf L g along
which the periods of d E are identically zero. For every point (I", P, [z]) € Lg, [ is
an elliptic curve and the Abelian integral E is a single-valued function on I" of degree
two, having a second order pole at P of the form E = z~2 and no other singularities.

The differential Q d E is odd with respect to the hyperelliptic involution and there-
fore has the following expansion at P:

0dE = —2 (z*“ YTz 4 Hy o+ HyZ® + 0(z4)) dz. (2.18)

We consider the critical points of the function H = Re H3, which are the same as
those of the function (1.4), since H_; = T is constant along L. According to the
theorem, a point (", P, [z]) is a critical point of H restricted to L if there exists a
meromorphic function Y on I' with a triple pole at P of the form

Y =z + O(2) near P. (2.19)
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The function Y then satisfies an equation of the form (1.8), so (', P, [z], E, Y, Q)
are the spectral data of a stationary genus one solution of the KdV equation. If the
point (I", P, [z]) is a critical point of H on all of L, then the function Y satisfies the
condition

Imj{ YdE =0 Vy € H(T, 7). (2.20)
Y

The main tool in the proof of the theorem is a homomorphism
[:Tp(A) = QT P E, Q) (2.21)

from the tangent space to A at a point p = (I', P, [z]) to a space of certain multi-
valued differentials on I'. This homomorphism was introduced in Whitham theory in
[13] (see more details in [14,15]) and modified for the case real normalized differen-
tials in [18]. It is defined as follows.

Let I denote the surface cut along a choice of basis cycles, and let > vy E be the
zero divisor of the differential d E. On T, the branch of E fixed at P can be used as a
local coordinate in the neighborhood of any point except E;. This allows us to lift a
tangent vector § € T, (A) to a tangent vector on the total space of the universal curve
over L and defines the partial derivative of Q = Q(E) for fixed levels of E, which
we denote by §Q|E.

The derivative § Q| is holomorphic away from the points E, where it has poles
of order vy, and from the cuts. Along the two sides of a cut A; or B;, the values of E
and Q have jumps equal to the corresponding periods of dE and d Q:

Q(E—l—rfi)—Q(E)zrg, Q(E+rg)—Q(E)=fB%. (2.22)

Therefore, the derivative § Q| has jumps along the cuts A; and B; equal to

d
50 (E + r}{,) —5Q(E) =872 — —Qar}f.,
' ' 35 ' (2.23)
50 (E + rg) —§Q(E) = 5t - ot

The map f associates to a tangent vector 6 the multi-valued meromorphic differ-
ential

f(8) =Qs = (0Qlp)dE. (2.24)

Since all the higher order terms in the expansion (2.6) of Q dE at P are fixed on A,
the differential €25 has at most a simple pole at P. At the points Ej, the zeroes of
dE cancel the poles of § O|g, hence €25 has no other singularities. Finally, along the
cuts A; and B; the differential 25 has jumps which are linear combinations of the
differentials d E and d Q with real coefficients.
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The space Q(T", P, E, Q) of differentials with these properties has real dimension
6g, the same as L. It is clear from the construction that the image of a tangent vec-
tor lying inside one of the subspaces T,(Lg) or T,(Lp) is a differential with jumps
proportional only to dE or dQ, respectively, and that the image of their intersec-
tion 7, (L) = T,(LEg) N Tp(Lp) lies inside the space of holomorphic differentials
QNI c QT, P E, Q). A complete description of the homomorphism (2.21) was
given in [14]:

Proposition 2.2 Let D = > 1 Oy denote the intersection of the zero divisors of dE
and d Q. Then the image of the tangent space T,(A) under the homomorphism f
of (2.21) is the subspace Q2p(I', P, E, Q) C Q(T, P, E, Q) of differentials having
zeroes at Qg of orders us. In particular, if the zero divisors of dE and dQ do not
intersect, then the map (2.21) is an isomorphism.

The space Q (T, P, E, Q) is spanned over R by the following collection of differen-
tials:

* 2g single-valued holomorphic differentials . e Q};}i, i =1,..., g normalized by
the conditions

Im %Qi’\ =8;, Im 7{9’/; =0, j=1,....,g,  (2.25)
A/ B/
Im j[sz’;gi =0, Im fsz’; =68, j=1,...,8.  (226)
Aj Bj
e 2g differentials QEi, le_, i = 1,..., g having a simple pole at P and a single

jump equal to d E along the cuts A; or B;, respectively:

+ - + -
(Qﬁi) - (szﬁl_) — dE along A;, (szgl_) - (szgi) — dE along B;,
2.27)

normalized by the conditions

Imfszﬁizo, Im?(Qi:O, Imjfszgizo,

Aj

Aj

" (2.28)
Im?{szgizo, i=1....8g

B/
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e 2g differentials Qg{, Qgi, i = 1,..., g having a simple pole at P and a single
jump equal to d Q along the cuts A; or B;, respectively:

(QE{)Jr _ (Q%)_ =dQ along A;, (Q%)J“ B (le_)_ = dQ along B;,

(2.29)
normalized by the conditions
Imfszgi =0, Imjfszgi =0, Imjfszgi =0,
' ' ' (2.30)
Im% QIQ; = 0, ] =1, , 8
Bj

Remark. The integral of a multi-valued differential along a curve in T is not deter-
mined by the homology class of that curve in I". For this reason, the integrals in the
above formulas are assumed to be taken over the particular choice of A; and B; that
we have made.

Proof of Theorem 2.2. We first prove the statement of the theorem for the critical
points of H restricted to the open subset of A where the differentials d Q and d E have
NO cOMmMonN Zeros.

Given a set of coefficients c¢;, d; there is a unique real-normalized meromorphic
differential dY of the second kind whose Abelian integral has a single pole at P of
the form (2.14). By the definition of H the derivative 6H along a tangent vector § is
equal to

1
8H = ReResp (YSQ|gdE) = —2—Im %YQ,; , (2.31)
T
al’

where oI" is the boundary of . Hence, the point (I, P, [z]) is a critical point of H
restricted to £ if and only if

8

Im fm =Z j[dYJm]{Q—?{lem%Q =0 (232
= B: B: A

ar i=1 \ 4

for all holomorphic differentials 2 € Q" (I"). Plugging the differentials Qi"i and Q%i
in this equation, we see that all the periods of Y are zero:
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j[dy =0 Vy e Hi(T, 7). (2.33)
Y

Therefore Y is a single-valued meromorphic function, which proves part A of the
theorem. To prove parts B and C of the theorem, we plug the remaining differen-
tials Qgi, ng’ Qgi, ng into Eq. (2.32), which gives us conditions (2.15) and (2.16).
Finally, since the tangent space T,(A) is spanned by 7),(Lg) and T),(Lp), part D
follows from parts B and C.

The proof of the theorem in the general case goes along the same lines. Suppose
that p = (', P, [z]) is a critical point of H restricted to £, and let

D=2 1sQs = (dE)N Q. (2.34)

be the intersection of the zero-divisors of d E and d Q. The image of the tangent sub-
space T, (L) under f is the space of holomorphic differentials on I" vanishing at D,
which we denote Q}I’) (I'). Let Yp ; denote space of real-normalized Abelian integrals
on I' having poles of orders us at Qg and a pole at the marked point P of the form
(2.14). This is an affine space of real dimension dimgp Vp ., = 2> us = 2d. The
period vectors of the Abelian integrals in Vp ., form an affine subspace ITp ., of R28
of dimension 2d — 2h°%(T", D) + 2.

It is easy to see that we can evaluate the derivative §’H by the same formula (2.31)
using any ¥ € YVp . Therefore, Eq. (2.32) holds for all Y € Yp . and for all
Q € Q" (). This gives dimg Q7 (') = 2h(T, D) = 2g — 2d +2h°(T', D) — 2
linearly independent conditions on the elements of I1p ;. Therefore, I1p ., is actually
a linear subspace of R2". Therefore, there exists an Abelian integral Y € YVp ., with
trivial periods, that is to say a single-valued meromorphic function, which proves part
A of the theorem.

Let Yp ., denote the subspace of single-valued functions in Vp ;, we have shown
above that dimg Yp . = 2h%(T, D) — 2. The image of 7,,(Lg) under f is the space
of differentials with jumps proportional to d E with real coefficients, having a simple
pole at P and zeroes at the divisor D. We denote this space by Qp ([, P, E). Let
J,: Qp(T, P, E) — R28 be the map which associates to each differential its jumps
along the basis cycles. Since dimg Qp(I', P, E) = 4g — 2d and dimp Ker Jp =
dimp QhD(F) = 2n1(T, D), we see that dimg ImJg = 2g + 2 — 2h%(", D) =
2¢g —dimg Yp,,. Therefore, formula (2.32) gives 2g — dimg Yp ,; linear relations
on the 2g imaginary parts of the periods of Yd E. Therefore, there existsa Y € Yp
such that the differential Yd E is real-normalized, which proves part B. The proof of
part C is identical.

Finally, to prove part D, consider the image Qp(I', P, E, Q) of T,(A) under
f,and let Jg o : Qp(T, P,E, Q) — R28 @ R28 be the map that associates to
each differential its jumps, which are a real linear combination of dE and dQ.
Since dimg Qp(I', P, E, Q) = 6g — 2d and dimg Ker Jg o = dimp Q}’D(F) =
2h1(T, D), formula (2.32) gives dimg Im Jg o = 4g + 2 — 2h°(T", D) linear con-
ditions on the 4g imaginary parts of the periods of YdE and Y d Q. Therefore, there
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existsaY € Yp ., suchthatboth Yd E and Y d Q are real-normalized, which completes
the proof of the theorem.

3 The N-point case

In this section, we extend our problem to the moduli space of curves with several
marked points and with jets of local coordinates at those points. Given a curve with
jets of local coordinates, we define a real-normalized Abelian integral with poles deter-
mined by those jets. The principal difference in the N-point case is that is that we can
only fix a branch of an Abelian integral at one marked point. At all other marked points
our Abelian integrals will be truly multi-valued functions. This means that we cannot
use the integral E to specify a unique local coordinate in the jet, as we did in (2.4),
and therefore the functions (2.6) are no longer globally defined on the moduli space.
Furthermore, the expansion (2.5) of the Abelian integral Q depends on the choice of
the local coordinate, therefore the map forgetting the second Abelian integral Q is in
general no longer a trivial bundle. In this section, we show that under certain assump-
tions the imaginary parts of the functions (2.6) are well-defined, which allows us to
construct a somewhat more limited extension of the results of the previous chapter.

Letn = (ny,...,ny) and m = (my, ..., my) denote a pair of multi-indices. We
assume that n, > 0 and m, > O for all «, and that m, < ny fora = 2,..., N;
the meaning of the last condition will become clear later. We consider the following
spaces:

e M, ym) is the moduli space of Riemann surfaces I with marked points
P1, ..., Py, with an (n] 4 1)-jet of local coordinates [z{] at P; and with ny-jets
of local coordinates [z,] at P, foraa =2, ..., n.

. M‘gff y(M) is the moduli space of Riemann surfaces I' with marked points
P, ..., Py, with an (n; + 1)-jet of local coordinates [z;] at P; and with
ny-jets of local coordinates [z,] at Py for « = 2, ..., N, and with a real-nor-
malized Abelian integral Q with fixed branch at Pj, having poles of orders m, at
P, and no other singularities.

* M, y(n,m) is the moduli space of Riemann surfaces I" with marked points
P, ..., Py, with an (n; + 1)-jet of local coordinates [z;] at P; and with
ny-jets of local coordinates [z4] at Py foro = 2, ..., n, and with a pair of Abelian
integrals E and Q (not necessarily real-normalized) with fixed branches at Py, hav-
ing poles of orders ny and my at Py, respectively, and no other singularities, where
we in addition assume that E = zf"‘ + O(zy) near P and E = z5,"* + O(1) near
Py fora = 2,..., N. Here we assume for simplicity that the integral E has no
logarithmic singularities.

These spaces are related by the following maps:

M?N (m) — M, y(n, m)
\: (3.1)
M ny(m)

where the vertical map consists in forgetting the integrals.
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Let [z1] be a (n] 4 1)-jet of local coordinates at Py and let [z ] be ny-jets of local
coordinates at Py forae = 2, ..., N. According to Proposition 2.1 there exists a unique
real-normalized Abelian integral E on I with a fixed branch at P; and with poles of
orders n, at P, of the form

E=z""4+O(zi)near P;, E=z"*+O()near Py, =2,...,N, (3.2)

and with no other singularities. There exists a unique local coordinate z; in the jet [z1]
such that £ = zl_"l exactly. However, at the other points P, the Abelian integral E
does not have a selected branch, so we cannot choose a representative of the jet [z4]
in this way.

Let E’ and E” denote two branches of the Abelian integral E at a point P,. We
have E” = E’ 4+ C, where the constant C is real if the integral E is real-normalized.
Let z), and z,, denote the unique representatives of the jet [z, ] such that E' = (z},) ™"
and E” = (z)))~" near P,. It is easy to check that z/, and z, are related as follows:

o0
=2+ D Cizh)mt (3.3)
Jj=1

where there the constants C; are polynomials in C with rational coefficients.
Now let Q be another Abelian integral on I'. At the point Pj it can be expanded in
terms of the chosen local coordinate z;:

mj

0=> qujz’ +RZlogzi + O(z1) near Py. (3.4)
=0

To expand Q at the other points Py, we need to choose local coordinates at those
points. Let z, denote a choice of local coordinate in the jet [z4] corresponding to
some branch of E. Then Q can be expanded at P,:

My
Q= qujzy’ + RZlogzy + O(l)near P, a=2,....N. (3.5)
j=1

If we now assume that my < n,, then changing the representative of [z, ] according to
(3.3) does not affect the principal terms in the expansion of Q. Therefore, if m, < nqy
fora =2,..., N, then the map M?N(n) — M, n(n) is a trivial fiber bundle with

fiber C" Tl @ C™ @ ... @ C" @ R¥~!. To define an embedding M n(n) into
./\/l'g'f (M), we need to choose polynomials g, (7) of degrees my, such that g, (¢) have
no constant terms foro = 2, ..., N, and N imaginary numbers RaQ adding up to zero.

If we do not make the assumption that m, < ny fora = 2, ..., N, then the map is
only locally trivial, and we cannot define a global embedding M, y (n) — M'gf‘ v ().
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We now define a collection of functions on M, y(n, m). First, we consider the
residues of the differential d Q:

RY =Resp,dQ, a=1,...,N. (3.6)

These functions satisfy the relation RWQ =0.

The remaining functions are only locally well-defined on Mg y (n, m). Fix a basis
of cycles A;, B; in H (', Z) with canonical intersection form, such that no cycle
passes through any of the P; or the zero-divisors of dE and d Q. Let T' denote the
Riemann surface cut along these cycles and let 9T" denote the boundary of I". Fix also
a choice of paths y», ..., y, from P; to P, ..., P, not intersecting any of the basis
cycles. The fixed branches of E and Q then extend to functions on " \U y;.

Let z4 be the unique local coordinate in the jet [z,] such that for the chosen branch
of E we have E = z,"'* near P,. We consider the coefficients of the expansion of
Q dE at the marked points, with respect to the chosen local coordinates z:

ng+mgy o0
QdE = | > Tuuzz" ' —naRIz™ ogza + D Hajzl ' | dza. (3.7
k=0 j=1

We also consider the periods of the differentials d E and d Q along the chosen cycles:

rfizjde, fg,:jde, rngdg, rBQl_:]{dQ, i=1,....g, (3.8

Aj Bj Aj B;

and the A-periods of the differential Q dE:

a,-:?{QdE, i=1,...,8. (3.9

Aj

The sum of the residues of the differential Q d E is equal to its integral over dI". That
gives the only relation between these functions:

N g
i 3 Tn = 3 (ks —o8ek,) a0
a=1

i=1

so therefore we exclude 77 ¢ from consideration.

As before, these functions are locally well defined on Mg n (n, m) and have well-
defined differentials, and they can be used as holomorphic coordinates on Mgy (n, m).
The corresponding generalization of Theorem 2.1 was also proved in [14]:

Theorem 3.1 Let P = (I, Py, [z4], E, Q) be a point on Mg ny(n, m) such that the
zero-divisors of dE and d Q on T do not intersect. Then in a neighborhood of P the

collection of 5g + 2N — 2 + D (ng + my) functions RaQ, Ty k (excluding RIQ and
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Tvo)t fj T gi , rg, rg and a; have linearly independent differentials and thus define

a local holomorphic coordinate system for Mgy y(n, m).

In the N-point case, the local coordinates z, and hence the functions H, j are no
longer globally well-defined on Mg y(n, m) for « = 2,..., N. Hence, we cannot
talk of their critical points. However, on the smaller subspace /\/l';  (n) the imaginary
parts of these functions are well-defined. Indeed, any two choices of local coordinate
Zq 1n the jet [z4] are related by Eq. (3.3). On Mgf () the coefficients C; are real,
and therefore substituting them into expansion (3.7) does not change the imaginary
parts of the functions Hy k.

It is now clear how to generalize the results of the previous section to the
N-point case. Fix N polynomials g, (¢) of degrees m, with no constant terms for
a=2,...,N,and N imaginary numbers Rg adding up to zero. Consider the embed-
ding M, y(n) — M;” () defined by these data.

We introduce a hierarchy of foliations on M, y(m). Let A" C M, n(n) be a
submanifold along which the functions 7, s fork =1, ..., my + ny are constant:

8Tyx =0 Vk>0 and V& e T(A). 3.11)

Let A C A’ denote a submanifold along which the functions Ty 4 for all k =
0,...,my + ny are constant:

8T =0 VYk>0 and V8 e T(A). (3.12)

Let Lg C A denote a submanifold along which the periods of d E are constant:

(sde =0 V6eT(Lg) and Vy e Hi(T,7Z), (3.13)

14

let Lo C A denote a submanifold along which the periods of d Q are constant:

(Sjl{dQ =0 V8eT(Ly) and Vy e H\(T,Z). (3.14)

14

Finally, let £ = Lg N L denote a submanifold along which the periods of d E and
d Q are both constant:

8de=8jédQ=0 V6 e T(L) and Vy € H((T', 7). (3.15)

Y 14

We now define a real-valued function on M, y(n) and study its critical points on the
leaves of the foliations described above. Let dy, j fora = 1,..., N, j =1,..., M,
be a finite collection of real constants. As we have noted above, the function

H = dyjImH,; (3.16)
@)
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is globally well-defined on M,y (n). The critical points of this function on the leaves
of the foliations described above are then described by the following theorem, which
is the N-point generalization of Theorem 3.1.

Theorem 3.2 Let g, (t) be polynomials of degrees m, such that g, (t) does not have a
constant termforo =2, ..., N. Let RaQ be imaginary numbers adding up to zero. Let
(T, Py, [24]) be a point in Mg 1 (n), which we assume to be embedded in M?,l (n) via

the data q4(z) and RO,Q. Let E and Q be the real-normalized Abelian integrals defined
by Egs. (3.2), (3.4) and (3.5), and let D denote the intersection of the zero-divisors of
dE and d Q.

A. The point (I', Py, [z4]) is a critical point of H restricted to L if and only if
(1) There exists a meromorphic function Y on I with poles at P, with principal

parts
M, ) My
Y=i Zdl,jzfj + O(z1) near P, Y=i Zda,jz;j+0(l) near P,
j=1 j=1
«a=2,....N, (3.17)

and poles of order g at the common zeros Qs of the differentials dE and
dQ on T, where s is the multiplicity of the common zero Qg, and no other
singularities.
B. The point (I', Py, [z«]) is a critical point of H restricted to L if and only if there
exists a function satisfying condition (i) and in addition the following condition:
(i1) the differential YdE is real-normalized, i.e.

Im]{ YdE =0 Yy € H\(T, 7). (3.18)

14

C. The point (I, Py, [z«]) is a critical point of H restricted to L if and only if there
exists a function satisfying condition (i) and in addition the following condition:
(iii) the differential Y d Q is real-normalized, i.e.

Im%YdQ:O Yy € Hi(I', Z). (3.19)

14

D. The point (I', Py, [z4]) is a critical point of H restricted to A if and only if there
exists a function satisfying conditions (i), (ii) and (iii).

E. The point (T, Py, [z4]) is a critical point of H restricted to A’ if and only if there
exists a function satisfying condidions (1), (ii) and (iii), and such that near Py we
have

M,
Y = iZda,,-z;f + O(zq) near Py. (3.20)
j=1
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The proof of the theorem is similar to the one-point case. We introduce an extension
of the homomorphism (2.21) to the N-point case:

f:Tp(A) = Q(T, Py, E, Q). (3.21)

For a tangent vector § € Tp(A'), the differential f(8) = Qs = (8 Q|g)d E has simple
poles at Py, ..., Py and jumps along the cuts that are real linear combinations of d E
and d Q. The space of such differenials, which we denote by Q(T", P,, E, Q), has real
dimension 6g + 2N — 2. The image of the tangent subspace 7 (A) is the subspace
Q(T, P1, E, Q) of differentials having poles only at the point P;.

The corresponding generalization of Proposition 2.2 is

Proposition 3.1 Let D = > 15 Oy denote the intersection of the zero divisors of dE
and d Q. Then the image of the tangent space Tp(A') under the homomorphism f
of (3.21) is the subspace Qp(T', Py, E, Q) C QT Py, E, Q) of differentials having
zeroes at Qg of orders (s. In particular, if the zero divisors of dE and d Q do not
intersect, then the map (3.21) is an isomorphism.

The space Q(I", Py, E, Q) is spanned over R by the 6g differentials defined by
conditions (2.25)—(2.30), and in addition by the following differentials:

e 2N —2single-valued meromorphic differentials d QR a Qé, o =2,..., N,which

o
have real periods and have poles at P, and P; with residues 1 and +i, respectively:

Resp,dQR =1, RespdQf = -1, Imj{dszgf =0, y=A4; B, (322
v
Resp,dQ2l =i, RespdQl = —i, Imfdszg =0 y=A;,B. (3.23)
14

Proof of Theorem 3.2 LetdY be the unique real-normalized Abelian differential with
fixed branch at P; such that Y has poles of the form (3.17). Fix a real number p > 0,
and let y,, denote a path of radius p around the point P, in the chosen local coordinate
Zq- Let § € T(A') be a tangent vector. A direct calculation then shows that

N N
SH = Re (Z da,osTa,o) - Z ReResp, YSQdE

oa=2 a=1
al 1
= Re (Z; da,oaTa,o) — 5 Im ﬂ{ Y, (3.24)
x= ar

where d,, o denotes the constant term of Y at P,. For a tangent vector § in T (A) or
in any smaller tangent subspace, we have §7, o = 0. Therefore, we can use the same
reasoning as in Theorem 2.2, which proves parts A through D.

Finally, if P is a critical point of H restricted A’, then §H = 0 for all variations of
87T0,«, which can only happenifdp o = 0 forallo =2, ..., N, which proves part E.
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