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Real-normalized differentials: limits on stable curves

S. Grushevsky, I. M. Krichever, and C. Norton

Abstract. We study the behaviour of real-normalized (RN) meromorphic
differentials on Riemann surfaces under degeneration. We describe all pos-
sible limits of RN differentials on any stable curve. In particular we prove
that the residues at the nodes are solutions of a suitable Kirchhoff problem
on the dual graph of the curve. We further show that the limits of zeros
of RN differentials are the divisor of zeros of a twisted differential —an
explicitly constructed collection of RN differentials on the irreducible com-
ponents of the stable curve, with higher order poles at some nodes. Our
main tool is a new method for constructing differentials (in this paper,
RN differentials, but the method is more general) on smooth Riemann sur-
faces, in a plumbing neighbourhood of a given stable curve. To accomplish
this, we think of a smooth Riemann surface as the complement of a neigh-
bourhood of the nodes in a stable curve, with boundary circles identified
pairwise. Constructing a differential on a smooth surface with prescribed
singularities is then reduced to a construction of a suitable normalized
holomorphic differential with prescribed ‘jumps’ (mismatches) along the
identified circles (seams). We solve this additive analogue of the multi-
plicative Riemann—Hilbert problem in a new way, by using iteratively the
Cauchy integration kernels on the irreducible components of the stable
curve, instead of using the Cauchy kernel on the plumbed smooth surface.
As the stable curve is fixed, this provides explicit estimates for the differ-
ential constructed, and allows a precise degeneration analysis.
Bibliography: 22 titles.

Keywords: Riemann surfaces, Abelian differentials, boundary value prob-
lem, degenerations.

Contents
Introduction 266
1. Limits of solutions of the Kirchhoff problem 271
2. Notation for RN differentials and moduli of jet curves 278
3. Statement of results: limits of RN differentials 279

The research of the first author was supported in part by the National Science Foundation
under grant DMS-15-01265, and by a Simons Fellowship in Mathematics (Simons Foundation grant
#341858 to Samuel Grushevsky).

AMS 2010 Mathematics Subject Classification. Primary 14H10, 14H15, 30F30; Secondary
32G15.

© 2019 Russian Academy of Sciences (DoM), London Mathematical Society, Turpion Ltd.


https://doi.org/10.1070/RM9877

266 S. Grushevsky, I. M. Krichever, and C. Norton

4. Plumbing setup for Riemann surfaces 283
5. The jump problem 285
6. The RN differential in plumbing coordinates 298
7. The limit RN differential: proof of Theorem 3.7 305
8. Limits of zeros of RN differentials 306
9. Appendix: m-balanced approximation 318
Bibliography 322
Introduction

A smooth jet curve X is a Riemann surface C' with distinct marked points
P1,---,Pn € C, and with prescribed singular parts o1,...,0, of a meromorphic
differential at these points. If each prescribed residue ry at each p, is purely imag-
inary, and Y ry = 0, then there exists a unique meromorphic differential ¥ on C
with singular part o, at each pg, holomorphic on C' \ {p1,...,pn}, and such that
all periods of ¥ are real. This differential is called the real-normalized (RN) mero-
morphic differential, and this paper is one in a series investigating its properties
and using it to study the geometry of the moduli space of curves. Here we focus on
the behaviour of the RN differential as the Riemann surface degenerates to a stable
singular curve.

The jump problem. Our main technical tool is a new analytic method for study-
ing the behaviour of differentials on Riemann surfaces under degeneration. This is
done by working explicitly in plumbing coordinates, and we need to introduce some
notation to describe it; this setup will be defined in full detail in §4. Fix a nodal
curve C'; its dual graph I" has vertices, denoted by v, corresponding to irreducible
components C” of the normalization of C, and (unoriented) edges, which we denote
by |e|, corresponding to nodes g, € C. We will write e for edges of I" together with
a choice of orientation. If an oriented edge e starts from a vertex v, we say that it
corresponds to a pre-image ¢. € C" of a node ¢, € C. We write —e for the edge e
with the opposite orientation, |e| for the corresponding unoriented edge, and write
E and |E| for the sets of oriented and unoriented edges, respectively.

Plumbing gives a way to understand versal deformations of C' in the Deligne—
Mumford compactification — that is, coordinates on %g,n transverse to the bound-
ary stratum containing C. To define plumbing coordinates s = (s1,...,54|g|)
one fixes once and for all a local coordinate z. on the normalization of C' near
each gc. Let C; be the complement in C' of the union of the disks {|z.| < /[5}¢/|}

around each g.. Then @ is a Riemann surface with boundary components Ye =

{|ze\ = \/|si } The compact Riemann surface C; is obtained from C by identify-
ing each pair of boundaries 7. and v_, via the map I.: z. = 5|¢|/2.. The complex
structure on Cy is obtained by declarlng a function on Cy to be holomorphic if it
is holomorphic outside all ¢ seams’, and continuous on each seam Vel C Cs; Cs is
smooth if and only if each s|¢| is non-zero.

Then a differential on Cj is the same as a differential on @ such that its bound-
ary values on 7, and v_. match under the pullback by I.; this is to say, there is
no ‘jump’ on the seam 7. Our approach to constructing such a differential on
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C, with prescribed singular parts is novel. We start with a collection of meromor-
phic differentials on the irreducible components C¥ with prescribed singular parts.
Then, of course, the boundary values of this collection on the seams do not agree,
so there are non-zero ‘jumps’. We then construct explicitly a suitably normalized
collection of holomorphic differentials on C such that their jumps are precisely
equal to those of the original collection of meromorphic differentials. Subtracting
this collection of holomorphic differentials from the collection of meromorphic dif-
ferentials then gives a differential on Cs; with no jumps, that is, a meromorphic
differential on the smooth surface Cs with prescribed singularities.

The problem of constructing a differential with prescribed jumps is an additive
analog of a well-known general problem, known variously as the Riemann-Hilbert
problem, or the Riemann boundary value problem. We use the name jump problem
for the version of the problem that is relevant for us. It is the question of con-
structing a suitably normalized differential on a Riemann surface with boundary,
with prescribed differences of boundary values on pairwise identified boundary cir-
cles. Equivalently, this is the problem of constructing a differential on a compact
Riemann surface, defined on the complement of a set of disjoint closed loops, with
prescribed jumps from one side of each loop to the other side. As a matter of
language, we will talk about the jump problem either on C; or on Cj, as is more
convenient in each case.

Classically (see [19], [22]), the jump problem is solved by integrating the jumps
with respect to the suitably normalized Cauchy integration kernel on the surface,
that is, on C, in our case. In this classical approach it appears very difficult to
determine the behaviour of the solution under degeneration, as the Cauchy ker-
nel varies with s, and degenerates as s — 0. The technical core of our paper is
a new method for solving the jump problem, which allows explicit estimates for the
solution under degeneration.

Instead, we view é§ as a subset of the normalization of C', and try to obtain the
solution of the jump problem by integrating with respect to the suitably normalized
Cauchy kernels of C, which are thus independent of s. We then compute the jumps
on the seams of C; of the convolution of arbitrary initial data on the seams with the
Cauchy kernels on C”. While the jumps on | of this convolution are of course not
equal to the initial data, the condition for the jumps to be equal to the prescribed
data amounts to an integral equation on the functions that are convolved with
the Cauchy kernels on C¥. We show that this integral equation can be solved, by
showing that the norm of the corresponding integral operator is sufficiently close
to 1, so that it can be formally inverted, as the sum of an iteratively defined series.

Our main technical result is this construction in plumbing coordinates, Propo-
sition 5.2, and the bound for it, Proposition 5.3. This allows us to construct and
estimate the RN differentials in an entire neighbourhood of C' in the moduli space.

While we apply this machinery to study the limits of RN differentials and their
zeros, it can also be used, for example, to study the behaviour of a normalized basis
of holomorphic differentials. Hu and the third author [11] used our approach to the
jump problem to extend and re-prove the results of Yamada on degenerations of
period matrices.
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Limits of RN differentials. We use this explicit construction of RN differentials
to understand their degenerations, in plumbing coordinates. Our first result is on
limits of RN differentials with arbitrary residues. As our setup is real-analytic, we
state it for degenerating sequences (not families). Let { X} be a sequence of smooth
jet curves converging to a stable jet curve X, with underlying smooth curves Cy,
with plumbing coordinates s;, converging to a nodal curve C, whose dual graph
is I'. The rough version of our first result is as follows.

Theorem 0.1 (Theorem 3.7 and Proposition 3.14). Let {Xy} be a sequence of
smooth jet curves converging to a stable jet curve X. The limit RN differential
U = limg_ o, Vi exists if and only if the solutions of the flow Kirchhoff problem
on T, with inflows ire ), and resistances log |s;|, converge. If the limit U exists, then
U|cv is the RN differential with prescribed singularities at those marked points py
that lie on CV, and with simple poles at the pre-images of the nodes, with residues
given by the limit of solutions of the flow Kirchhoff problem on T, with inflows iry
and resistances log |s;|.

Thus the existence of the limit RN differential is controlled by the existence
of the limit of solutions of a flow Kirchhoff problem on the dual graph of the
stable curve (see Definition 1.2 for the precise general statement of the Kirchhoff
problem). Surprisingly, it seems that the classical problem of determining and
parameterizing all possible limits of solutions of the flow Kirchhoff problem as
some resistances approach zero has not been addressed previously. In Lemma 1.13
we show that if the resistances (that is, in our case, log |s;|) converge in a suitable
iterated real oriented blowup Sﬁ‘E‘_l of the non-negative sector of the real sphere

SH#IEI-1 . — (RfIOE‘ \ {0})/R>0 (see Definition 1.10), then the solutions of the flow
Kirchhoff probl/em converge. We will call such degenerating sequences admissible,
and will show that in an admissible sequence the limit of solutions of the flow
Kirchhoff problem is given by the solution of what we call the multi-scale Kirchhoff
problem (Definition 1.11), with resistance given as a point in Sf‘El_l. The full
notation is rather involved, and we thus postpone the precise statement of the
theorem to §3, where it appears as Theorem 3.7, stated using the notation on
the Kirchhoff problem, developed in § 1.

This theorem on limits of RN differentials is proven by applying the jump prob-
lem. We start with a collection of RN differentials on the irreducible components C”
of the nodal curve C', whose residues at the nodes are given by solutions to the limit-
ing multi-scale flow Kirchhoff problem. We then construct the solution of the jump
problem with a normalization condition which ensures that all periods over cycles
which do not intersect a neighbourhood of the nodes are real. We finally find an
explicit perturbation of the residues, as a series expansion in plumbing parameters
(see (6.11)), such that the resulting differential is actually RN. The final part of
the argument relies on the estimates for the solution of the jump problem ensuring
these terms disappear in the limit.

Limits of zeros of RN differentials. The zeros of differentials play a crucial
role in various questions on moduli. In Teichmiiller dynamics one studies the
orbits on the stratum: the moduli of Riemann surfaces together with a holomor-
phic differential with a prescribed configuration of zeros. For possible applications
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to Teichmiiller dynamics, and for applications of common zeros of RN differen-
tials to cusps of plane curves in our upcoming work [10], it is natural to study
the limits of zeros of differentials under degeneration. The difficulty is that the
limit differential ¥ may be identically zero on some irreducible component C".
Algebro-geometrically, one approaches this by considering aspects of limit linear
series — which, however, are not yet fully developed for an arbitrary stable curve,
though see [18] for recent progress. In [2] the problem is dealt with by deforming, in
plumbing coordinates or using flat surface constructions, differentials on irreducible
components of the stable curves that have zeros as prescribed.

Our approach to locating the zeros of RN differentials is again via the jump
problem, with a further improvement resulting from starting from a better approx-
imation of the solution. Indeed, to determine limits of RN differentials, we started
with a collection of RN differentials on C'¥ that we postulate the limit to be, and
then construct the differentials in a neighbourhood by using the jump problem. In
doing this, we could be starting with an identically zero differential on some C",
if that is what the limit RN differential on C? is. Instead, we now start with
a collection of non-identically zero RN differentials on C¥ which provide a better
approximation to the full RN differential on Cs. The key estimate (8.19) implies
that the solution of the jump problem posed with these improved approximations
vanishes to higher order than scaling required to determine the first non-zero term,
and thus the location of the zeros in the limit.

As before, we then need to obtain a bound showing that the solution of the
jump problem is smaller than the original RN differentials, and thus disappears in
the limit. For this to be the case, we need to ensure that the suitably rescaled RN
differentials locally near ¢. and g_. are such that the singular part of the differential
on one side cancels the lowest order terms of the (holomorphic) differential on the
other. This is the concept of so-called balanced differentials, developed in § 8.

We will call a sequence of degenerating smooth jet curves jet-convergent if the
singular parts at the nodes of the differentials constructed using this balanced condi-
tion converge, after suitable rescaling (see Definition 8.8 for the precise statement).
As the limits of differentials are unchanged under rescaling, it will follow that the
limits of zeros of RN differentials exist in jet-convergent sequences, and are the zeros
of the originally taken collection of not identically zero RN differentials on C".

A rough statement of our main result on limits of zeros is thus the following.

Theorem 0.2 (Theorem 8.12 and Corollary 8.20). Any admissible sequence {X}}
of smooth jet curves converging to a stable jet curve X has a jet-convergent sub-
sequence. For any jet-convergent sequence the limits of zeros of RN differentials
exist. These limits of zeros are the divisor of zeros on X of a twisted RN differen-
tial constructed from the jet-convergent subsequence. In particular, the residues of
the twisted RN differential arise from a suitable force Kirchhoff problem.

By a twisted RN differential here we mean a collection of non-trivial RN dif-
ferentials ®¥ on the irreducible components {C"}, with prescribed singularities at
pe, and with higher order poles at some pre-images of the nodes. The divisor of
zeros of such a twisted differential is the set of all its zeros, with multiplicity, away
from the nodes, together with the set of nodes counted with suitable multiplicities.
The precise statement of these results requires developing the notion of balanced
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differentials, and related machinery, and obtaining the necessary bounds for the
solution of the jump problem. This is done in § 8, where the precise version of our
main result is given as Theorem 8.12.

Since our construction approximates the RN differential on any jet curve in the
neighbourhood of a given stable jet curve, it describes all possible limits of zeros,
and thus in fact constructs a compactification of the moduli space of jet curves on
which the limits of zeros of RN differentials exist. This compactification can be
described as a suitable real blowup, and merits an independent study.

Related work. The question of describing the closures of strata of Riemann sur-
faces together with a meromorphic differential is currently under intense investiga-
tion, for instance, in [6], [4], [5], and [2], and the answer there is also in terms of
twisted meromorphic differentials on the stable curve.

However, our analytic approach via the jump problem is completely different
from the methods employed there and, in particular, allows us to describe the
RN differential with arbitrary precision on any smooth jet curve in a plumbing
neighbourhood. As a byproduct we get for example an explicit description of the
residues in the limit via the Kirchhoff problem.

History of the project. The integral F' := Im [ ¥ of the RN differential is

a single-valued harmonic function on C' \ {p1,...,pn}. In this guise, as harmonic
functions which are potentials of the electromagnetic field created by point charges
at the marked points, the RN differentials with simple poles have been studied
since at least the time of Maxwell. A variant of the general notion of RN differ-
entials already appears in [20], while their study in full generality was initiated by
the second author in [12] and [13], where the relationship with the Whitham per-
turbation theory of soliton equations was also established. In [8] and [9] the first
and second author applied RN differentials to obtain a new proof of the theorem of
Diaz on complete complex subvarieties of the moduli space of curves .#,, and estab-
lished a relationship with the loci of spectral curves of the elliptic Calogero-Moser
system, while in [14] the second author used RN differentials to prove a conjecture
of Arbarello on subvarieties of .#,.

The rough version of the results of this paper, with an approach not using the
jump problem, and not yielding the full statement of Theorem 8.12, appeared in
the third author’s Stony Brook PhD dissertation [17] defended in August 2014.
We then developed the current approach to the problem using our solution of the
jump problem. The current paper, and our proof, are completely independent
of the concurrent and independent progress on the compactifications of strata of
differentials with prescribed zeros, in [6], [4], [5], and [2].

Structure of the paper. First, in §1 we give the statement of the Kirchhoff
problem on a general graph, and investigate the properties of its solutions, proving
that they are a priori bounded, and constructing the blowup Sfbll such that con-
vergence of resistances there implies convergence of solutions of the flow Kirchhoff
problem. This section is elementary and does not deal with Riemann surfaces and
differentials. The setup and the lemmas from it are essential to stating the main
results of the paper.
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In §2 we recall the notation for the spaces of jet curves and RN differentials.
In §3 we develop the notation for degenerating sequences and give the precise
statement of the main Theorem 3.7 on limits of RN differentials. In §4 we recall
the plumbing coordinates and the notation. Section 5 contains the technical core of
our construction: we pose the jump problem, and use Cauchy kernels independent
of plumbing parameters to construct an almost real-normalized (ARN) solution,
with a bound on its norm. In §6 we use the ARN solution of the jump problem
to construct the RN differential explicitly in plumbing coordinates, as the sum of
a recursively defined series, and effectively bound the terms of these series. In § 7 we
determine the behaviour of this construction of the RN differential in a degenerating
sequence, proving the main theorem, Theorem 3.7, on limit RN differentials.

In §8 we introduce the notion of two differentials balancing (canceling up to
order m under the map z +— s2~!) at a node to construct a better approximation
to the RN differential recursively. Starting from a collection of balanced differentials
on C", we show that the ARN solution of the corresponding jump problem is smaller
than the differentials themselves, and thus in the limit the balanced differentials
dominate — this yields the main Theorem 8.12 on limits of zeros of RN differentials.

In the appendix (§ 9) we formalize this notion of a collection of differentials on C”
that are close to a differential on the plumbed surface, by introducing the notion of
an mth order approximation. While this setup is not necessary for our main proofs,
the method can be used to study the behaviour of degenerating differentials with
arbitrary precision, as will be investigated elsewhere.

The second author thanks Columbia University for hospitality in January—March
2016, when much work on this paper was done. We are grateful to Scott Wolpert
for carefully reading the third author’s PhD dissertation, and for many useful dis-
cussions and comments on the topics surrounding plumbing.

1. Limits of solutions of the Kirchhoff problem

In this section we pose the Kirchhoff problem on an arbitrary graph, in the
generality that we require, and investigate the limits of its solutions. This setup
will be used to state our main results.

Notation 1.1. We denote by I' a graph, which is a collection of vertices v € V(T'),
and a collection of edges |e| € |E|(T"), allowing loops and parallel edges. We further
denote by E(T") the set of oriented edges e, writing —e for the same edge as e,
but with the opposite orientation, and writing |e|] = |—e| for the corresponding
unoriented edge. Our graphs also have legs, that is, half-edges attached to some
vertices. For an oriented edge e we denote by v(e) the vertex that is its target, and
for a vertex v we denote by E, the set of all edges pointing to it, that is,

E,={ec ET): v(e) =v}.

We denote by #E, #|FE|, and #V the cardinalities of the corresponding sets. We
will use the underline for the elements of #E-dimensional or #|FE|-dimensional
vector spaces, for example ¢ will mean the collection of numbers ¢, for all e € E
and p will mean the collection of numbers p|| (we will specify in each case whether
the oriented or unoriented edges are taken).
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Definition 1.2 (Kirchhoff problem). The general Kirchhoff problem for a graph T'
is the following. As initial data, to every leg ¢ one assigns a real number f; € R,
thought of as the in/outflow of current, and to every unoriented edge |e| of T, one
assigns a positive real number p € Ry, thought of as resistance. In addition,
one chooses a class in the first cohomology group of the graph, & € H!(T,R),
thought of as the electromotive force.

The Kirchhoff problem is then to find for each oriented edge e € E(T") a real
number ¢, (the electrical current) such that the set of all ¢, satisfies the following
three conditions:

(0) ¢c = —c_. for any e € E(I');
(1) the total current flow at any vertex is zero: for any v € V(T'),

S == (1.1)

eck,

where the sum on the right is taken over the half-edges ¢ incident to v;
(2) for any oriented cycle of edges v C T" the total voltage drop is equal to the
electromotive force along the cycle:

Zceme‘ =& = (&,7). (1.2)

ecy

In modern terminology, the Kirchhoff problem is to find a 1-form on the graph
with prescribed periods over cycles. In physics, this is the problem of determining
the flow of the electrical current. Physically, it is classically known that the current
flows, and in a unique way.

Fact 1.3. For any connected graph T, if the sum of all f; is equal to zero, the
general Kirchhoff problem has a unique solution.

We think of the Kirchhoff problem as a system of non-homogeneous linear equa-
tions on ¢ = {c.}, with the right-hand side given by the flows f; and electromotive
force &. As such, its solution is linear in the initial data, and is given as the sum
of the solutions of the problem with only f’s or only & present; we study these two
special cases separately.

Definition 1.4. The flow Kirchhoff problem is the special case of the general Kirch-
hoff problem when the electromotive force & is zero.

The (electromotive) force Kirchhoff problem is the special case of the general
Kirchhoff problem when all the in/outflows are zero, that is, when all f, = 0.

Remark 1.5. The solution of the flow Kirchhoff problem is unchanged if p = {p¢}
is rescaled by some p € R, while {f,} are unchanged. Thus it is natural to think

of the initial data of the flow Kirchhoff problem as a point Pp € Sf(‘JE‘fl, where we
denote by Sf(‘)EFI = Rf‘E‘/RJF the positive octant of the real sphere.

The solution of the force Kirchhoff problem is homogeneous under rescaling
resistances: if all resistances p|| are rescaled by p € Ry while & is unchanged, then

c is rescaled by pu~'. Therefore, if thinking of the initial data as Pp € Sf(‘)Elfl,
then the solution is also only defined as a projective point.
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One crucial feature of our setup is that since all resistances are positive reals,
the currents solving the Kirchhoff problem can be a priori bounded. As hinted at
by the homogeneity, it is natural to expect a bound for the flow Kirchhoff problem
independent of p, and a bound for the force problem that is linear in 1/p. We
prove these two a priori bounds — which we could not find in the literature — by
elementary arguments.

Lemma 1.6. For a given graph T and given inflows { f¢}, for any edge e of T the
solution ce of the corresponding flow Kirchhoff problem satisfies

el < 5 3 1fe (1.3)

L

; #|E|
for any resistances p € R,

Proof. We prove the statement by induction on the number k of vertices of I". If
k = 1, then every edge e is a loop, and thus by condition (2) of the Kirchhoff
problem (that is, equation (1.2)) ¢, = 0, so that the inequality is trivially satisfied.
Suppose now that the statement holds for any graph with k vertices. For a graph
with k41 vertices we claim that there must exist a vertex v such that ¢, > 0 for any
e € E,. Indeed, suppose for contradiction that such a vertex did not exist. Then
starting from an arbitrary vertex we follow some edge originating from it such that
the current is negative, get to another vertex, and repeat. Then eventually we must
return to a vertex that we have already visited, and thus we will have constructed
an oriented cycle of edges in I' such that ¢, < 0 for any edge in the cycle. However,
since all the pj¢| are positive real numbers, the sum ) ccpje| over this cycle would
be negative, contradicting condition (2) of the flow Kirchhoff problem, as there is
no force on the right-hand side there.

Thus there exists a vertex v € V(T') such that ¢, > 0 for any e € E,. Condi-
tion (1) of the Kirchhoff problem (that is, equation (1.1)) at v then gives

Doled =2 == > fe (1.4)
eckE, eck, L: ppeCv
Since the sum of all inflows equals zero we have

- > fez—;( PR fz><

£: peeCv L: peeCv £: pegC?

D 1 fel-
7

N | =

Hence the inequality (1.3) holds for any e € E,.

The currents {c.: e ¢ E,} are a solution of the flow Kirchhoff problem on the
graph I whose vertices are V' (I") \ v, and with additional legs obtained by replacing
each oriented edge e € F, by a leg attached to v(—e), with inflow ¢, in that new leg.
By the inductive assumption for the graph I we have for any e € IV the inequality

1
SR D INED 3]
L: pe@Cv ecE,

Combining this with (1.4) implies (1.3) for all edges of the original graph I'. [
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The bound for solutions of the force Kirchhoff problem is as follows.

Lemma 1.7. For a given graph T' and given electromotive force &, for any edge e
of I the solution c. of the force Kirchhoff problem for any resistances p € Rf‘El
satisfies
N|&|
|CE‘ <

X N
Milje|e| B Plel

(1.5)

where |&| denotes the mazimum value of & on simple loops in T', and N is the rank

Ole(F)

Proof. We will prove the lemma by induction on N. If N = 0 then there are no
cycles and it is easy to see that in this case all currents ¢, are zero. In order to prove
the induction step, first note that by condition (1) of the force Kirchhoff problem,
in the absence of in and outflows, for any vertex v € V(I') there must exist some
edge e; such that c,, > 0. As in the proof of the previous lemma, in going along
such edges we must eventually return back to a vertex already passed, and the first
time we do so, we have constructed a simple oriented loop v C I' such that ¢, > 0
for any e’ € 7. Hence for any eg € v we have the estimate

ceop\eo| < Z Ce’p\e’| = éa’y < |éa|a (16)

e'ey

which is stronger than the required bound (1.3).

Consider the graph I'V obtained from I' by cutting the edge ¢y and attaching to
the vertices v(eg) and v(—ep) new legs with inflows ¢, and c_.,, respectively. The
solution of the force Kirchhoff problem on I' restricted to all edges of T coincides
with the solution &, of the general Kirchhoff problem on IV with the same force
as before on all cycles that did not pass through eg, and with these inflows in the
two new legs. Since the general Kirchhoff problem is the linear combination of
the flow and force Kirchhoff problems, we can write é, = ¢, + ¢/, where ¢, and
¢ are the solutions of the corresponding flow and force problems. For ¢, we can
use the previous lemma, while for ¢ we use the inductive assumption, obtaining
respectively the bounds

(N =D&

Mje|e|B] Plel

el < ey and ef] < (L.7)

Combining these estimates with (1.6) implies the needed bound (1.5). O

Remark 1.8. We note that as resistances pj¢| go to infinity, the bound for solutions
of the force problem goes to zero, which implies that for the general Kirchhoff
problem the limit of solutions is given by the solutions to the corresponding flow
Kirchhoff problem. This explains why only the solution of the flow Kirchhoff prob-
lem appears in our statement of Theorem 3.7 on limits of RN differentials, while
the force Kirchhoff problem is used to construct the RN differential explicitly in
plumbing coordinates, in § 6, essentially as corrections to the solution of the flow
Kirchhoff problem.
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Remark 1.9. If ¢ is the solution of the flow Kirchhoff problem, then every vertex v
can be assigned a voltage potential V,, € R such that Ohm’s law

Vi) = Vi(—e) + Ceplel

holds for any edge e. The voltage potential on a connected graph is unique up
to a global additive constant, while its existence is equivalent to condition (2) of
the Kirchhoff problem. The voltage potential then induces a full (non-strict) order
on the vertices of the graph, which it is natural to call the chronological order
(motivated by construction of operator quantization of bosonic string in [15]).

This order is very different from the one considered in [2] and the order of
vanishing stratification that we introduce in Definition 8.8 below. The chronological
order is a weak full order on the set C(°) of non-null irreducible components — that
is, on what would be the set of top level components in the terminology of [2]. The
chronological ordering is only present in our RN setup, when all the currents are
real.

We now investigate the limits of solutions of the Kirchhoff problem as resistances
vary. The flow Kirchhoff problem is a system of non-homogeneous linear equations
on the currents ¢ with coefficients p, invariant under scaling p by R, . Therefore,
the solution of the flow Kirchhoff problem depends continuously on Pp. Given

a sequence of resistances Pp, that converges in S#‘El 1, it thus follows that the

solutions of the corresponding flow Kirchhoff problems converge. Since Sf(‘)E‘fl is

not compact, we will also need to investigate when the solutions of the flow Kirchhoff
. . o#|E|-1
problems converge if ]Pﬁk do not converge in ST

is S#|E|_l

. The simplest compactification
the closed octant of the sphere where the coordinates are required

to be non-negative. However, convergence of IP’p in Sf(‘) ! does not guarantee
convergence of the corresponding solutions of the Klrchhoﬁ problem: to see this we
note that if for some oriented cycle of edges all resistances are zero, then an arbitrary
constant can be added to all the flows in the cycle. This indicates that convergence
of resistances in a certain blowup of S B g required to guarantee convergence
of solutions of the flow Kirchhoff problem The necessary blowup is in fact the
real oriented blowup of the union of real coordinate planes intersected with the
non-negative sector of the real sphere. We refer to [7] for a detailed definition and
a survey of properties of the real oriented blowup of complex manifolds. For our
purposes we give a direct iterative definition, which will also allow us to write down
explicitly the analytic conditions for a sequence to converge in the blowup.

Definition 1.10. We denote by Sgo_l = (Rgo \ {0})/R the non-negative sector
of the real sphere. The positive blow-up of the sphere, denoted by Sffl, is the
blowup

T 8171 — 512\1071
defined recursively in N as follows. We let S§ be a point. Given the definition
of Sj for all 0 < j < N, we define SN to be the result of blowing up every

coordinate subspace {0}/ x S2577" to 8% x S3; 77! (for all possible renumberings
of coordinates).
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Recursively, this means that Sf ~! is the disjoint union over all subsets P C

{1,...,N} of the products Sﬁf*l X S_IX*#PA, where the sphere records those
coordinates that are non-zero, and the second factor records the corresponding
recursive blowup.

Explicitly, denote by Zy the set of all partitions of the set {1,..., N} into
numbered subsets: {P} € Zy is a decomposition

{1,...,N}=P U---UP.

Then, as a set, Sf‘l is the disjoint union over all {P} € Z, of the products of
positive sectors of the sphere:

l
si= =[] IIs5 (1.8)
{P}EZNj:1

where IV; := #P;. The topology on 8571 is such that a point
l
1 1 1 1 N;—1 _
sz(xg):-u:xgvl)) X oo X (a:(l) : xSV)L) € HS>0 CSf !
j=1

is the limit as k — oo of a sequence of points
(k)= - yn(k]) € S35
if and only if the following conditions hold:
klingo(ya[k}xlgj) —y[k]z)) =0 for any a,b € P, 1 <j <,
(1.9)

. Ya [k]
lim
k—oo Yp [/ﬂ]

=0 foranyae Pj,be Py, 1<j <j<l.

The case | = 1 and P, = {1,...,N} corresponds to the open dense subset
SNt s~ The contraction

L aN-1 N-1
m: SY _’520

is defined by sending Pp to a point where all a:gj )
1)

think of Sf ~1 as a recursive real oriented blowup of Sgo_ ! (see, for instance, [1],

for j > 1 are replaced by zeros,
while all z;”’ are unchanged. The map 7 is thus an isomorphism on SI>VO_1, and we
§ X.9, for a discussion of real oriented blowups). It can be seen that in fact Sf “lig
a real manifold with corners, but all that matters for us is that Sf ~1is a compact
topological space containing Sg(;l as a dense open subset.

We will show that convergence of resistances in Sﬁ‘EFl implies convergence
of solutions of the flow Kirchhoff problem, and that the limits of solutions are
solutions of the multi-scale Kirchhoff problem, which we now define. For a given
point Pp € Sﬁ|E|_17 let

x = (x4 :~--:xi#P1) ESféyl
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S#|E|*#P1
+
#|E|—-1
S+

be the ‘largest factor’ in (1.8) corresponding to P, and let Pp’ € corre-

spond to the product of all other factors, so that we think of Pp € as

2 x Pyl € SEP x SHEI-#P1,

Definition 1.11. The multi-scale flow Kirchhoff problem on a graph I' with inflows
{fe} and generalized resistance Pp € SflEl_l, is posed recursively as follows.

Let T'; be the graph obtained from I' by contracting all edges |e| for |e| ¢ P;.
Let {cc}|ejep, be the solution of the flow Kirchhoff problem on I'; with inflows f,
and resistances x.

Let T'y be the (possibly disconnected) graph whose edges are all edges |e| €
|E|(T)\ P1 whose vertices are all the endpoints of such edges and whose legs are the
original legs that connect at these vertices, together with a new leg for each edge e
such that |e| € P; and v(e) € V(I'3). Then on every connected component of I'y we
pose recursively the multi-scale flow Kirchhoff problem with the inflows being { f;}
for the original legs attached to I's and c. for each new leg, and with resistances
Py’ (note that condition (1) for the flow Kirchhoff problem on I'; ensures that the
sum of the inflows for every connected component of T'5 is then equal to zero).

The solution to the multi-scale flow Kirchhoff problem on I is then defined to be
the union of {c.: |e| € P;} and of the recursively defined solution of the multi-scale
flow Kirchhoff problem on each connected component of I's.

Remark 1.12. In terms of stable curves, if I" is the dual graph of a stable curve C,
then I'y is the graph of the smoothing of C' at all the nodes except those indexed
by P;, while I'; is the graph of the partial normalization of all the nodes except
those indexed by P;.

We now prove that if resistances converge in SflEl*l, then solutions of the flow
Kirchhoff problem converge to the solution of the multi-scale Kirchhoff problem.

Lemma 1.13. For a fized graph I', if a sequence of inflows fo converges to f;
and for a sequence of non-zero resistances {Bk} the projectivized resistances Pp, €

Sf(l)Elf1 converge to some Pp € Sf‘El*l, then the solutions c;, of the flow Kirchhoff
problems with resistances p, and inflows fy converge. Moreover, the limit of ¢,
is the solution of the multi-scale Kirchhoff problem with inflows f, and generalized
resistance Pp .

Proof. We will prove the lemma by induction on the number of levels of the
multi-scale problem (that is, on the number [ of factors in (1.8)). If Pp, converge to
some Pp € Sf(‘)E‘_l, then the statement is obvious, since the flow Kirchhoff prob-
lem is simply a system of non-degenerate linear equations, and solutions depend
continuously on the parameters P, and inflows f .

Now suppose that 7(p) = (x,0), where  corresponds to the P; factor, and denote
by |z| the minimal absolute value of coordinates of 2. Then by rescaling each Py by
a suitable positive real number, we can assume that p, = (w, p| ) converge to (z,0),
while Pﬁk converge to Pp. Then for k sufficiently large we know that the absolute
value of each coordinate of xj, is bounded below by |z|/2, while for any ¢t > 0 there

exists a sufficiently large K such that for any & > K the absolute value of each
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coordinate of B;c is less than ¢. Given any simple oriented loop v C I'; let v C ' be
the loop obtained by contracting those edges that are not in P;. Then equation (2)
in the flow Kirchhoff problem on I is

Z Ce,kTe,k + Z Ce’ kPe k = 0. (110)

eEM e'ev\m

Let {¢cx: e € E(I'1)} be the solution of the flow Kirchhoff problem on I'y with
inflows f;; and resistances xy. Then condition (2) of the Kirchhoff problem gives

> Certer =0. (1.11)

ecy1

From (1.10) and (1.11) it follows that

Z (Ce,k Cek xe k= Z Ce’ ,kPe’ k- (1'12)

ecv e’ev\v1

The set (ce — Ce,r) fore€ E(T'1)is the solution of the general Kirchhoff problem
on I'; with the electromotive force defined by the right-hand side of (1.12) and in-
flows at every vertex v € I'y such that v = v(e), |e| ¢ P1, equal to 3 ¢ p, 4 (e)=y Ce k-
Let d; and d; be the solutions of the corresponding flow and force problems.

Since )
|Ce,ie| < 3 Ze: | fokls

we can use (1.3) and (1.5) to conclude that there is a constant M such that for any
ec E(Fl)
|Ce.k — Ce| < Mt|z| . (1.13)

Since ¢ > 0 could be chosen arbitrary, and the rest of the right-hand side is a con-
stant, this implies that, as k& — oo, the solutions c.j and ¢é. ; on the edges of I'y
have the same limit. By the inductive assumption, the solutions of the Kirchhoff
problem on I'y converge to the solutions of the multi-scale problem on I'; with the
additional inflows equal éeer,. O

2. Notation for RN differentials and moduli of jet curves

We follow the (slightly adjusted, in anticipation of [10]) notation and the real-
normalized differentials setup of [8] and [9], which we now review.

Definition 2.1. The singular part of a meromorphic differential at a point p on
a Riemann surface C is the equivalence class of meromorphic differentials w in
a neighbourhood of p, with the equivalence w ~ ' if and only if w’ — w is holomor-
phic at p.

Definition 2.2. For my,...,m, € Zzo we let .#51>-~™" be the moduli space of
smooth genus g complex curves C' with n distinct labelled marked points p1, ..., pn
together with a singular part o, of a meromorphic differential with pole of order
exactly my + 1 at each point py, such that each residue r; is purely imaginary, and
the sum of all residues is equal to zero.
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We similarly denote by //lf,i"l"“’<m" the moduli space where each oy is a sin-
gular part of order up to my + 1, and at least one of the singular parts is non-zero,
with the same condition on the residues.

We call points of .Z!>~~™" or of ///gﬁ’l”h'“’gm" smooth jet curves.

We will always denote jet curves by X, with C denoting the underlying smooth
curve. To keep the notation manageable, we will always suppress the marked points
in our notation for curves and families of curves.

The reason for the name of a jet curve is that the datum of a singular part is
equivalent to the datum of a jet of a local coordinate in which the meromorphic
differential can be written in the standard form as (z=™ + rz~1) dz.

We think of .z7™n C AS™S™n as fibrations over .4, , with fibers

H(Cmg \CT?L[—I) <« R" 1 and ((CZ me oy Rn—l) \ {0,0}
L

respectively.
As easily follows from the positive-definiteness of the imaginary part of the period
matrix, for any X € ///fé"l’“"gm" there exists a unique meromorphic differential

Uy € BO(C. Ko+ (me + 1pe)

with prescribed singular parts o, at py, with residues r, € iR at p, and with all
periods real.

Definition 2.3. For any X € ,///<m1’ SMn we call U = Uy the associated
real-normalized (RN for short) dzﬁerentzal

Remark 2.4. The datum of a real-normalized differential is equivalent to the datum
of the harmonic function ,
p) :=Im / v

on the punctured Riemann surface C'\ {p1,...,pn}, defined up to an additive con-
stant. Indeed, given any such harmonic function F, the RN differential is given by
d(F* 4+ ¢F), where F* denotes the harmonic conjugate function to F'.

Notation 2.5. From now on, we will fix g, n and my, ..., m,, with all my, > 0,
and write simply .# for ///;gm‘-émn.

Since in the Deligne-Mumford compactification the marked points on stable
nodal curves are not allowed to coincide with the nodes, the holomorphic fibra-
tion .4 — M, extends to a holomorphic fibration over the Deligne-Mumford
compactification ///g n, which we denote by .#Z. We will call X € .# stable jet
curves.

3. Statement of results: limits of RN differentials

Our first goal is to give the precise statement of the theorem on limits of RN
differentials — this will be Theorem 3.7, which is the precise version of Theorem 0.1.
As the RN differential does not depend holomorphically on the moduli, we work
with sequences of smooth curves degenerating to a stable curve, rather than with
algebraic families of smooth curves degenerating to a stable one.
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Notation 3.1. For a stable curve

(Capla cee 7pn) € ]g,nv

its dual graph T has vertices v that correspond to normalizations C" of irreducible
components of C, edges |e| that correspond to nodes gy of C, oriented edges e that

correspond to pre-images g. of the nodes (as points on the normalization C of o),
and legs £ that correspond to the marked points py, attached to the vertex v such
that p, € C”. So E, is the set of all pre-images of the nodes that are contained
in C", and g and q_. are the two pre-images on C' of a node g of C.

Notation 3.2. From now on, we always work with a sequence {Xj} C # of
smooth jet curves such that Xj converge as k — oo to some stable jet curve
X € 0.4. We denote by {Cy} C My, n the underlying sequence of smooth curves
with distinct marked points (which, recall, we suppress in notation systematically),
which then must converge to the stable curve C' € 8.4, ,, underlying the stable jet
curve X.
The limit
¥ := lim Vy,,

k—o0
if it exists, will be called the limit RN differential in such a sequence. By abuse of
notation we will speak of the singularities of differentials at points py, € Cj, without
labelling the dependence of p, on k. We will write ¥y, for ¥x, .

If the limit RN differential ¥ exists in a given sequence, then

U e HO (C, we (Z(mf + 1)]9@)).

This is to say, ¥ has prescribed singularities at every point p, € C, and has at most
simple poles at the nodes of C, with opposite residues. By abuse of notation, we
denote by ¥" the pullback to the normalization C" of the restriction of ¥ to the
corresponding irreducible component of C. Thus each ¥? is determined uniquely
by its residues at g. for all e € F,, and its singular parts at those p, that are
contained in C".

In [8], § 5, we showed that limits of RN differentials whose only singularity is one
double pole do not develop residues at the nodes of the stable curve. The proof
applies verbatim to the case of RN differentials with a single pole of arbitrary order,
and by R-linearity (of the dependence of the RN differential on its singular parts)
it further extends to the general case of any differential without residues, that is,
‘of the second kind’ in classical terminology, giving the following result.

Theorem 3.3 (see [8]). If all the residues r¢(X}y) are zero, then the limit RN dif-
ferential U exists in any degenerating sequence {Xp} — X, and on any C? the
restriction WY of the limit RN differential is an RN differential on C'V with prescribed
singular parts at those marked points py that lie on CV, and no other singularities,
including at the nodes.

Remark 3.4. This statement is a priori surprising, as for example it follows that the
limit RN differential of the second kind is identically zero on any C" that contains
no marked points. This is clearly false for general r,, as one sees by considering the
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case of n = 2, with two simple poles that are on different components of the stable
curve: then by the residue theorem there must appear a simple pole at some node
between these components.

For limits of RN differentials ‘of the third kind’ — that is, with arbitrary residues
r¢—one can easily see that the residues of the limit RN differential may depend on
the degenerating sequence, and our main theorem on limit RN differentials is a nec-
essary condition for the existence of a limit RN differential, and the determination
of its residues. Such an explicit construction is not available in the literature for
the closures of the strata studied in [6], [4], [5], and [2].

We work in plumbing coordinates near the boundary of the moduli space, which
are recalled and discussed in detail in §4. To state the results, recall that the
plumbing parameter s, corresponds to locally opening up the node g € C' given
in local coordinates by zy = 0 to #y = s||. The plumbing parameters for every
node, together with the coordinates on the moduli space where C lives give local
coordinates near the boundary point C of ]g,n- Since . is a bundle over %gma
local coordinates near X € 0. are given by the local coordinates on ]g,n near C,
together with local coordinates for the fiber of 4 — A ;.

Definition 3.5. The log-plumbing coordinates of a smooth point C’ in a neigh-
bourhood of C € 0.4, ,, are given by the point

E
p(C') = {~log|s. |} € R¥!".
The projectivized log-plumbing coordinates of C’ are given by the point
Pp(C') € R*FI/R, = s#IFI71,

Recall that in § 1 we proved that convergence of projectivized resistances in the

blowup Sﬁ‘E‘_l of S;ﬁ(‘)E‘_l implies convergence of solutions of the flow Kirchhoff
problem; we thus make the following definition.

Definition 3.6. A sequence {Cy} C .#,, converging to C € 9.4, is called
admissible if there exists a limit

Pp := klim Pp(Ck) € Sﬁlm*l as k — o0
P o Ep

of the projectivized log-plumbing coordinates Pp(C}) of Cj. The point Pp is then
called the rates of degeneration of the sequence {Cy}.

Our main result on limit RN differentials is that their residues are given by limits
of solutions of the flow Kirchhoff problem, which by Lemma 1.13 is the solution of
the multi-scale Kirchhoff problem.

Theorem 3.7. Let {X} C .4 be a sequence of smooth jet curves converging to
a stable jet curve X. Then the limit RN differential U = limy_,o Vx, exists if
and only if the solutions c. i of the flow Kirchhoff problems with inflows iry ) and
resistances p, converge. If the limit RN differential exists, then on any CY the
limit UV is the RN differential with prescribed singularities at the marked points py
contained in C*, and with simple poles of residue i times the limit of the solutions
of the flow Kirchhoff problem.
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This theorem will be proven in § 7. Since we have studied the limits of solutions
of the Kirchhoff problem in § 1, Lemma 1.13 implies the following.

Corollary 3.8. If the sequence { Xy} is admissible with rates of degeneration Pp €

SflEl_l, then the limit RN differential ¥ exists, and its residues are given by the

solution of the multi-scale Kirchhoff problem with generalized resistances Pp, for
each e € EB,.

Remark 3.9. For the case of limit RN differentials of the second kind, all f, are
zero, and thus for any Pp,_ the set of all currents ¢, = 0 is the unique solution of
the flow Kirchhoff problem, so that the solutions converge for any sequence, and
in the limit all currents are still equal to zero. In particular, in this case the limit
is the same in all admissible sequences; indeed, while convergence of resistances in
SflEl_l implies convergence of solutions of the Kirchhoff problem, many such limits

may be the same. We do not claim that SflEPl is the minimal blowup of Sg(l)EI*l

onto which the solutions of the flow Kirchhoff problem extend continuously.

Remark 3.10. The special case of this theorem when C' has geometric genus zero

(that is, each C? is a rational curve) and the rates of degeneration lie in Sf(l)El_l

(that is, no blowup to Sﬁ‘E‘_l is necessary) was studied by Lang [16], who obtained
for this case a version of this theorem from a completely different viewpoint and
with very different methods.

Remark 3.11. For degenerating algebraic 1-parameter families such as used in [2],
each plumbing coordinate s, has the form ¢" for some integer n. > 0, and thus any
subsequence of such a family is admissible, with rates of degeneration Pn € Sf(‘)Elfl.
In particular, for such an algebraic family, there is no need to blow up the sphere.

Remark 3.12. The meaning of condition (1) of the Kirchhoff problem in terms of
differentials is clear: it serves to ensure that the residue theorem is satisfied for
each UY. The meaning of condition (2) is less transparent. In fact if a collection
of RN differentials ¥ on the components C¥ were to have arbitrary residues at the
nodes, then the imaginary parts of its periods over cycles passing through the nodes
will diverge logarithmically, as computed in Lemma 6.5. Condition (2) is precisely
to guarantee that the logarithmic divergences cancel, so that the imaginary parts
of periods of the limit RN differential on the singular stable curve C' are finite.

Since the space Sf“ﬂfl is compact, it follows that all possible limit RN differ-
entials on C' are obtained in this way.

Lemma 3.13. Any sequence of smooth jet curves {X} converging to a stable jet
curve X € 0.4 contains an admissible subsequence.

Proof. The space ST‘EPI is compact, and thus the sequence {Pp(Cy)} C SﬁlEFl

must contain a convergent subsequence, which by definition corresponds to an
admissible sequence of smooth curves. [

Proposition 3.14. Let { X} C .4 be a sequence of smooth jet curves converging
to a stable jet curve X. If the limit RN differential exists, then it is given by
a collection of RN differentials on Cv with prescribed singularities at py and with
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the residue at q. being i times the solution of the multi-scale flow Kirchhoff problem

#IE|-1
for some Pp € ST .

Proof. By Lemma 3.13, the sequence { X}, } must contain an admissible subsequence,
with resistances converging to some Pp € Sf‘El_l. By Lemma 1.13, in such a subse-
quence there exists a limit of solutions of the flow Kirchhoff problem, and it is given
by the solution of the multi-scale Kirchhoff problem with resistances Pp. Finally,
by Theorem 3.7, the convergence of solutions of the flow Kirchhoff problem implies
the existence of the limit RN differential in this subsequence, of the form claimed.
Since the limit RN differential is assumed to exist for all of the original sequence,
it must be of the form claimed. [J

This completes the statement of our results on limits of RN differentials. The
full details and statements of our results on limits of zeros of RN differentials will be
given in § 8, after the main technical tool of solving the jump problem is introduced.

4. Plumbing setup for Riemann surfaces

We now recall the full details of the plumbing construction discussed in the
introduction, and we fix the notation that will be used throughout the rest of
the paper and in all the proofs.

Definition 4.1 (standard plumbing). Let ¢1,¢q2 € C (with C a possibly discon-
nected Riemann surface) be two distinct points. Let 21, 2z be local coordinates
on C near g1, g2 such that z;(¢g;) = 0 and furthermore sufficiently small so that
the inverse maps z;l embed the unit disk into C as disjoint neighbourhoods Vj :=
{|zj] <1} € C of g;. Then for any s € C with |s| < 1 we denote by

U; = U3 ={l51 < Vs €V
the corresponding disks and denote by
v = 0Uj

their boundary circles, which we orient negatively with respect to U;. The standard
plumbing Cy with parameter s is the Riemann surface

Cs = [C\ (U1 UUs)]/(m1 ~ 72),

where 71 is identified with v via the diffeomorphism I(z1) := s/z;. The structure of
a Riemann surface on Cj is defined by saying that a function on Cj is holomorphic,
if it is holomorphic on the complement of the seam v (the image of «; and 72) and
continuous along the seam.

Definition 4.2 (plumbing coordinates on moduli). Local plumbing coordinates
on ]gm near a stable curve C € 8]_%” are defined as follows. Let C be the
normalization of C, which is a smooth (possibly disconnected) Riemann surface
with marked points py, and also with all the pre-images of the nodes as marked
points. _

We think of C as a point in a suitable Cartesian product of moduli spaces of
curves with marked points. Let u = (ug, ..., u,) be some local coordinates on this
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product of moduli spaces; we write éu for the (possibly disconnected) curve in this
moduli space with coordinates u, so that all the coordinates of C are u; = 0. Choose,
for all sufficiently small u, a holomorphically varying family of local coordinates z,
in the neighbourhood on C,, of every pre-image g. of every node of C,, scaled (by
dividing by a large real number) to be sufficiently small so that the unit disks in
these coordinates are all disjoint on Ch.

Then u together with a set of plumbing parameters

5= {S|e|} c A#|E|,

for A C C a sufficiently small disk, give local coordinates on .# , , near C (see [3]).

Remark 4.3. Different versions of plumbing are available in the literature. First of
all, one usually considers the neighbourhoods V; = {|z;| < ¢} in the local coordi-
nates, for some sufficiently small ¢; by rescaling z; by a real number this is of course
equivalent to our setup.

The plumbing that we use, by identifying the boundaries of two cut out disks
directly, is perhaps the earliest one, going back to [3]. It is clearly seen to be
equivalent to cutting out closed disks of radii |s| around ¢;, and then identifying
two boundary annuli in this open Riemann surface: if one has identified along the
annuli, then one can alternatively cut the glued surface along the middle circle of
the resulting glued annulus, and switch to our viewpoint.

In [1], [21], and [2], plumbing using a plumbing fixture is performed —which is
the analytic description of the algebraic versal deformation coordinates. This third
kind of plumbing can also easily be seen to be equivalent to the original version
that we use, by cutting the plumbing fixture xy = t along the circle |z| = |y|.
The advantage of the approach using a fixed plumbing fixture is the ability to see
explicitly the algebraic structure of the degenerating family of Riemann surfaces
as the node forms, and to interpret plumbing coordinates as versal deformations of
nodal curves.

Remark 4.4. The version of plumbing that we use is most suited to understanding
limits of 1-forms under degeneration. Indeed, in our setup if {C}} is a sequence of
smooth Riemann surfaces converging to C', then each C is obtained by identifying
the boundaries of a subset of C. Thus we can interpret a sequence ®; of mero-
morphic differentials on C} as a sequence of differentials on a sequence of growing
subsets of C, tending to all of C' as k — oo. Therefore, the limit limy_ .o, Py, if
it exists, automatically makes sense as a collection of meromorphic differentials ¢
on the irreducible components C? of C.

To keep the notation manageable, we will write C = 6'%9 for the normalization
of a nodal curve, and will consistently drop 4 when no confusion is possible. We
write C' as the union of its connected components

c=Jcv
indexed by vertices v € V(I') of the dual graph I" of C. Recall that we write e for
an oriented edge of I and |e| for the unoriented edge. We write

ge € CV®), v(e) := target(e),
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for the corresponding pre-image g. of the node g = ge ~ q— of C. To simplify
notation we will also write se = s_ = s||. We then write

GE:ZG\UUSB

for the closed Riemann surface with boundary obtained by removing these open
disks from C. Identifying for each |e| € |E|(T') the boundaries v and v*, of C; via
the map I, sending z, to s./z. gives precisely the plumbed Riemann surface C’ué.
When speaking of a 1-form w on C or on C , we mean a collection of 1-forms w"” on
the set of connected components of C' or of C.

Since . is the total space of a fibration over .#, ,, local coordinates on it near
some X € 0.4 are given by u, s, together with some local coordinates w for the
fiber of the fibration. We will thus write a stable jet curve with these coordinates
as Xy,u,s, with C,, s as the underlying stable curve.

A meromorphic differential ® on 5§ (which is, recall, the shorthand for a collec-

tion of meromorphic differentials ®¥ on 6;) glues to define a meromorphic differ-
ential on C; if and only if

v

=1:(e"9 ) (4.1)

Ve
for all e.

Remark 4.5. Of course not every differential ® on 6§ satisfies (4.1) and glues to
a differential on C5. One standard setup is for differentials with simple poles at
pre-images of the nodes, with opposite residues. Choosing the coordinate z, near
ge such that locally ®*(¢) = a.dz./z., with a. = —a_,, and performing plumbing
in these coordinates, one constructs a glued differential on C,. More generally, one
can choose standard coordinates associated to a differential to glue a zero of order k
to a pole of order k+ 2 with no residue, as discussed and applied in [6], [4], and [2].
As a result, and with much further work to deal with the residues appearing, one
constructs a meromorphic differential on some smooth Riemann surface Cs near C,
in plumbing coordinates. However, since the local coordinates z. depend on the
differential, it is hard to ensure from this viewpoint that all suitable differentials
on all smooth Riemann surfaces in a neighbourhood can be obtained in this way.

Our approach is direct and analytic. We start with any collection of fixed local
coordinates z, near ¢, (for any u) and thus with fixed plumbing coordinates on the
moduli space. Given any ® on Cs, we will subtract from it another differential w
on C’ such that their difference satisfies (4.1), and thus defines a differential on Cs.
The condition for w must then be that its ‘jumps’ on . are the same as for ®, and
we construct it by explicitly solving the jump problem.

5. The jump problem

Given a compact Riemann surface with a collection of closed loops in it, the jump
problem is the problem of constructing a holomorphic differential on the comple-
ment of these loops, such that it extends continuously to each loop from the two
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sides, and its boundary values there differ by a prescribed jump. Equivalently, we
think of the jump problem as posed on a Riemann surface with boundary, where the
boundary components are identified pairwise, and the solution of the jump problem
is a differential on the interior that extends continuously to the boundary, and such
that the differences of its boundary values are the prescribed ‘jumps’. The classical
approach to solving the jump problem is surveyed in [22] and explained in full detail
in [19]. The jump problem is solved by integrating the jumps with respect to the
Cauchy kernel on the Riemann surface.

We are interested in constructing RN differentials in plumbing coordinates, and
thus in solving the jump problem on Cj. Since the Cauchy kernel on C depends
on s, determining the behaviour of the solution of the j jump problem under degen-
eration as s — 0 is hard and has not been accomplished in the literature. Instead,
we use the Cauchy kernel on the normalization C' of the nodal curve, to construct
differentials on C' with prescribed jumps along the seams, considered as closed loops
on C. By an explicit control of the constructed solution of the jump problem in
small neighbourhoods of the nodes, we can then correct this solution, in an iterative
way, to eventually construct the desired solution of the jump problem on C,. As

this only uses the Cauchy kernel on C , which is independent of s, we can determine
the behaviour of the solution under degeneration. Our interest in the current paper
is in solving the jump problem to construct RN differentials; our method was then
used by Hu and the third author in [11] to study a normalized basis of differentials,
which turns out to be easier as holomorphic dependence on parameters can be used.

Throughout this section, we will only work on smooth jet curves, that is, all s,
are always assumed to be non-zero. For convenience, we write

[s| := max|s,|.
€

The jump problem is an additive analogue of the (multiplicative) Riemann—
Hilbert problem posed on a Riemann surface éuﬁ with #F boundary components.
The initial data for the jump problem is a set ¢ of complex-valued smooth 1-forms
be on e, which we call jumps. The jumps are required to satisfy

e =—1I7(d_.) and / ¢ =0 foralleckFE.

e

Definition 5.1. The jump problem is to find a holomorphic 1-form w on the interior
of Cu s that extends continuously to every boundary component 7, of Cu s, and such
that the boundary extensions have jumps ¢., that is, satisfy for any e the equation

wh, = I (W) = de.

Equivalently, the jump problem is the problem of constructing differentials
on C, s continuous away from the seams 7). and with prescribed differences of
boundary values on the two sides of each seam. R

The solution of the jump problem is never unique: the pullback to C,, s of any
holomorphic differential on C,, s has zero jumps, and can be added to any solution
to produce another solution. Our main technical tool is an explicit construction of
a suitably normalized solution, which we will call ARN, with explicit bounds for it.
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Proposition 5.2. There exists a constant t independent of u, such that for any
|s| <t and any ¢, the jump problem has a unique solution w on Cy s satisfying

(a) / w =0 for any node e;

(b) /w €R for any cycle v € Hi(Cy,Z).
2!

The solution w is given explicitly as the sum §+x, with § and x being the restrictions
to Cys of the integrals (5.7) and (5.18), where the smooth real 1-forms h. and g.
on . are defined as the sums of the series (5.26).

We will call this w the almost real-normalized (ARN ) solution of the jump prob-
lem. Note that the condition (b) on + is equivalent to taking v € Hy(C,, s,Z) not
intersecting any of the seams.

The importance of the proposition is the explicit construction, which will even-
tually allow us to give estimates for the ARN solution as the curve degenerates.

Proof. The proof of this proposition will occupy the bulk of this section.

1) Uniqueness of the ARN solution. Suppose that w; and wy were two different
ARN solutions of the jump problem with the same initial data. Then w := w; — ws
would have zero jumps, and would thus be a holomorphic 1-form on C,, s with zero
integral over any seam ., and with real integrals over any path contained in éfjg

To deduce that w is identically zero we use the Stokes’ theorem on each 6};@

and then sum over the components (a similar method will be used again later on).
Choose an arbitrary point py € C?; then

P
F?(p) := Im/ w|ev
Po

is a single-valued real harmonic function on C7

w.s» since all the periods of w” are
real. The harmonic conjugate function

F”*(p):Re/pw

Po

is multiple-valued, but locally defined up to an additive constant, and thus we can
still write w® = dFV* + idF". We use Stokes’ theorem to compute the L?-norm
of w¥ on C":

3/ wmvzi/ (dF** +idFY) A (dFP* — i dFY)
2 Jgw 2 /g

v
u,s u,s

:/A dF"* NP == ) / FVdF, (5.1)

cy )8 eck,

where we have used the fact that F" is a well-defined single-valued function on éﬁ,ﬁ
and that the boundary of Cv _is the collection of v, for all e € F,.

u,s
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We now take the sum of these equalities over all v; the summands on the right
come in pairs {e, —e}. Since w is a holomorphic differential on the plumbed sur-
face Cy s, the restrictions FU(®)|, and I} (F*(=)|, ) on any seam differ by some
constant of integration C,, while the restrictions of the differentials dF*(9)*|, and
dF ”(_e)*|%e are equal under pullback by I.. We thus compute

/ Fu(e) dFv(e)* _|_/ Fv(fe) dFv(fe)* _ Ce de(e)>|<7

. Y- Ye
where we recall that the map I.: . — y_. is orientation-reversing.  Since

/ w"(®) = 0 by the definition of the ARN solution, it follows that also

/ dFv©* =,
.

e

and thus, finally, the sum of (5.1) for all v vanishes. Altogether it then follows that

/ wAw=0,
Cu,s

which implies that w is identically equal to zero.

2) Construction of the ARN solution. We first recall the notion of Cauchy
kernels, then use appropriate versions of the kernel to essentially deal with the
real and imaginary parts of the initial data, and then construct the ARN solution
by explicitly writing the inverse of the relevant integral operator as the sum of a
convergent series.

3) The Cauchy kernels. Recall that for a genus g compact Riemann surface €
with a symplectic basis {Ay, B} of Hy(%,Z), the normalized basis of the space of
holomorphic differentials on ¥ is prescribed by the condition

/ Wi = 5]’,1@-
Ag

Denote by ;1 = / w; the period matrix of ¢, and by 6(z) = 6(r, z) the corre-
B

sponding theta functkion. We denote by A the Abel map of ¥ to CY sending gy to
zero, and denote the corresponding Riemann constant by «. Then for any suffi-
ciently general collection of fixed g points qo,...,qg—1 € € the normalized Cauchy
kernel is defined as

0(A(p) — Alg) — 2)

1
where )
g—
Z = ZA(QJ) + K
j=1

and by d;, we mean the exterior differential with respect to p, for g fixed, so that the
result is a differential form in p. For ¢ fixed, K¢ is then a meromorphic differential
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in the variable p with simple poles with residues +(27i)~! at p = ¢ and at p = qo,
respectively. For p fixed, K is a multi-valued meromorphic function of ¢ with the
only pole at ¢ = p.

The Cauchy kernel K is normalized in the sense that all its A-periods are zero:

K¢ (p,q) = 0.

pEAK
On the sphere, the Cauchy kernel becomes simply

1 dp

K]P’l (pa Q) 27TZ p— q

The Cauchy kernel is used to solve the jump problem, as we now recall (see [19]).
Given a smooth closed simple curve v C % and a smooth 1-form ¢ on -, the Cauchy

integral transform / K¢ (p, q)¢(q) defines a holomorphic 1-form in the variable p,

IS
for p ¢ ~ (the holomorphicity for p # qo follows from the holomorphicity of the
kernel K¢ in p, so that we can then differentiate under the integral sign, while
the holomorphicity at p = ¢o follows from the fact that the residue of the Cauchy

kernel is independent of ¢, while / ¢ = 0). The Sokhotski—Plemelj formula is the

Ve
statement that the boundary values of this expression for z € v are

i [ Ko, 00 =500+ f Kelr.a)pl)  (63)

PPy Jgey g€y

where we used the classical notation ][ for the Cauchy principal value of the sin-

gular integral. Locally the neighbourhood of v C % looks like an annulus with
being the middle circle, and then the limit is taken for p’ lying in a fixed component
of the complement of « in this annulus. The sign in the Sokhotski-Plemelj formula
is the orientation of the contour v as the boundary component of the correspond-
ing half of the annulus. The Sokhotski-Plemelj formula implies that the integral
transform with respect to the normalized Cauchy kernel solves the jump problem.

To continue the construction of the RN differential, instead of the A-normalized
Cauchy kernel we will now introduce the suitably real-normalized Cauchy kernel,
defined as follows:

KZ(p,q) = K¢(p,q Z (5.4)

where ay, are the coordinates of the vector a(q) := (Im7)~*Im A(q). For ¢ fixed,
K¥ is also a meromorphic differential in p with simple poles at p = ¢ and p = ¢o
with residues +(2mi)~*. For p fixed, K is a single-valued real-analytic function
of the variable ¢, away from g = p. It can easily be checked from the monodromy
properties of the theta function that all periods of K are real:

ch p,q) €ER Vv € Hl((f,Z)
PEY
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Similarly, we introduce

K§(p,q) == iK¢(p,q) —i Y Br(q)wk(p), (5.5)
k=1

where 3, are the coordinates of the vector 8(q) := (Im7)~! Re A(q). For q fixed,
K%“ is a meromorphic differential in p with simple poles at p = g and p = g9 with
residues £(27)~!. For p fixed, KZ* is a multi-valued real-analytic function of ¢
away from g = p. We note that

Im/ K&(pq) €Z Vv e Hi(¥,Z).
PEY

Analogues of the Sokhotski-Plemelj formula hold for K*® and K'™. For these ana-
logues, in the right-hand side of (5.3) the Cauchy principal value of the integral
transform of ¢ with respect to K or K%“, correspondingly, should be taken, while
for KiI', ¢ is also multiplied by i. To prove this, note that K¢ and K" differ from
K< by adding some differential w(p, q¢) which is holomorphic in p (while K™ further
multiplies by ¢), so that the Cauchy principal value of the integral transform of ¢
with respect to this added holomorphic differential is simply the value of the inte-
gral, which thus contributes / w(p, ¢)p(q) on both sides of the Sokhotski—Plemelj

€y
formula (5.3).

4) The integral transform with respect to K. We now apply the Cauchy kernels
to obtain a solution of the jump problem, using K*® and K'™ to ensure the ARN
condition.

For any set h = {h.} of real-valued smooth 1-forms on {7.} such that h, =
—I*(h_.) for any e and all periods are zero, that is,

/ he(q) =0, (5.6)

we define for p € CV the Cauchy integral transform

)= / K& pa)helo) (5.7)

ecE,

We emphasize that the formula above is an integral transform on the normalization
C" of the irreducible component of C,, . In particular the kernel K° is independent
of s. A priori, £¥ can have a pole at p = qo. However, since the residue of K!° at
p = qo is equal to —1/(27i) for any ¢, the residue of £ at p = qo is equal to

1 /
- . he (q)a
2m Z 9€7e

eck,

which vanishes by (5.6). We thus view £” as a collection of holomorphic differentials
e on each U, for e € FE,, and the holomorphic differential {” on Cy. We observe
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that for any closed path v C C" the integral

-y K2 (. )he(0)
pEY ecE, ' PEY V 4E€Te

> [ ([ s

is real, since / Kg.(p,q) € R, and h, is real-valued.
pEY

ecekE,

We now study the singular part of the kernel in more detail. For e, e’ € E,,
e #£ €', we write ze = z.(p) € V. and wer = wer(q) € Ve for the local coordinates in
these disks, and we write

Ki¥(ze, wer ) dze := KJ%(p, q) . (5.8)
For p,q € Vg, let K¢ be the holomorphic part of K °:

dze

K% (ze,we) dze := K3 (p,q) — e

We define the integral operator J£*¢ by

(Ji/reh) Ze = dze Z / v( 3 ze,we )he/(we/). (510)

EEE() of €Ye!

Since each KI° is holomorphic in z., the operator .2 sends a collection h of
real-valued 1-forms on the set of seams 7. to a collection of holomorphic 1-forms
on the disks V. — again, holomorphicity is simply due to the fact that each K} is
holomorphic in z.. By definition, for any z. € V. we have

he(we)

i (5.11)

€ (20) = (H°h)e(20) + dze /

We €EYe

The integral in this expression is singular, and its boundary values for z. € 7. are
given by the Sokhotski-Plemelj formula (5.3):

€1(:0) = (A7W)ul) + phe(e0) + . f E m (5.12)
and . .
Ee(Ze) - (%reﬁ)e(ze) - ihe(ze) + dze][ . méuf)we) . (513)

Since &, is holomorphic on Uy, its integral over v, = AU, vanishes by the residue
theorem. Using assumption (5.6), we thus obtain

/pe% &) :/pe%, §e(p)+/p€% he(p) = 0. (5.14)



292 S. Grushevsky, I. M. Krichever, and C. Norton

To use this for solving the jump problem on 6§ , we need to compare E”(e)he to

I;(Ev(—e>)|%. Using I} (h_.) = —he and recalling that I} is orientation-reversing,
we compute
e hlw) _domz) f_helw
20 Sy ey, Ze — We 2mi - szot — swit
dze
= he e) = 0 5.15
2z, /wee% (we) (5.15)

for the jump of the singular integral in (5.12). Using again that h, = —I}(h_.), we
can write the jump of £ at a point z, € 7, as

(€ = (€ N) (2e) = (he + (H™h)e — I;((H™°h) ) (0)- (5.16)
We define the matrix-valued (with indices e € E) operator £ by
(lmﬁ)e = (%reh)e _ I:((%reh)_e) (517)

and then reinterpret equation (5.16) as saying that the jump of E across . is equal
to [(I + X °)h]., where I is the identity matrix.

5) The integral transform with respect to K'™. We now perform an analogous
construction starting from K'™, to deal with the imaginary part of the jumps while
preserving the reality of the periods. For any set g of real-valued smooth 1-forms
ge on the seams -, such that a

Je = —]:(g,e) and / ge =0,

e

for any e, we define the Cauchy integral

X'p) = K™ (p, q)ge(q)- (5.18)

eckE, q€Ye

Recall that, unlike K¢, the kernel K™ is a multi-valued function of ¢. However,
we claim that xV is well-defined. Indeed, the difference of any two values of K™
is some holomorphic differential w(p, q), and from the definition of K™ it follows

that for any ¢

Im w(p,q) € Z for any cycle v C C".
pEY

Thus for v fixed and ¢ varying, Im w(p,q) € Z is locally constant in ¢, and so
pEY

Im Oqw(p,q) =0 for any ~.
peY

But then d,w(p, q), considered as a function of p, is a holomorphic real-normalized
differential —which is thus identically zero, so that w(p, ¢) is independent of ¢. It
then follows that

[ et =sto) [ aw=o

qE€Ye

Hence, finally, the multivaluedness of K™ cancels in the definition of x?(p).
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We again think of each x” as a collection of holomorphic 1-forms x. on each
disk U, for e € E,, and a holomorphic 1-form X* on C¢. The Sokhotski-Plemelj
formula in this case yields for z, € 7,

SC\U(Z@) = (Ji/img)e(ze) + %ge(ze) + dze][ . 27:.(922(% (519)
and . .
Xe(ze) == (%img)e(ze) - %ge(ze) + dzef c % . (520)

Similarly to the case of £, this implies / x" = 0 for any e € E,, analogously

to (5.14). Moreover, although the periods of K™ are not real, the period of X"
over any cycle v C CV is real by the same argument as above: the imaginary part
of any period of K, is an integer. This integer is then independent of ¢, and thus

when it is multiplied by ge(q), the integral over 7, vanishes since / ge(q) = 0.
qE€Ye
Similarly to (5.16), we compute the jump of X at z. € 7. to be

(R~ RN (=) = (ige + (F™g)e — LA ™)) (=), (5:21)

and we interpret the right-hand side as the operator il + Z im applied to g.
6) The ARN solution as a recursively defined series. We now combine the pieces
above to construct the ARN solution of the original jump problem on C, s, with

initial data ¢. The jumps of Eand X are given by (5.16) and (5.21). Therefore,

w = E + X is the ARN solution of the jump problem on C,, ; with initial data ¢ if
the jumps are correct, that is, if h and g satisfy the linear integral equation

6= +H)h+ (il +4™)g. (5.22)

To keep track of the reality of h and g, we write out the real and imaginary parts
of this equation separately, so it becomes

9w ()

_ (Ret™ Rex™
T Imlre Imllm

where
(5.24)

is now a real matrix-valued integral operator. Thus, finally, our goal is to show that
for any given ¢ the linear integral equation (5.22) has a solution h, g. If the norm
of the operator % is sufficiently small, then the inverse of the operator I + ¢ is
given by the sum of the convergent series I + > ;7 (=)', so that (5.23) is solved
by the convergent series

oo oo

h = Z(—l)lﬁ(l) and g¢:= Z(—l)lg(l) (5.25)

=0 =0
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with the leading terms K’ = Re ¢ and go := Im ¢, and the higher order terms
defined recurrently by

0 +Z~g(l) = prept=b +limg(l—1), (5.26)

7) Bounds for the terms of the series. To complete the construction of the ARN
solution, it thus remains to show that the series (5.25) with terms defined by (5.26)
are indeed convergent. For this, we estimate the norm of the integral operator 2 .
The explicit recursive bounds that we obtain for the terms of the series (5.26) will
be crucial in our further analysis of the behaviour the ARN solution as s — 0,
yielding eventually Proposition 5.3, going beyond proving the convergence of the
series (5.26).

We define the L>®-norm of a collection of 1-forms ¢, = ¢, dz. on the seams by

2T Pe

:rngx(27r |se] sup \g5@|) (5.27)

Ze €7

and our goal is to bound |A) 4 ig® |s for the terms recursively defined by (5.26).
Since K™(p, q) is a real-analytic function of ¢, there exists a constant M; such

that
K (ze, wer ) — K5 (26, 0)] < My|wer| (5.28)

holds for all v, all e, ¢’ € E,,, and any z. € V, and we € Ver. Since K™(p, ¢) depends

real-analytically on the moduli coordinate u, the constant M; can be chosen to be

the same for all u in some neighbourhood of uw = 0. As we emphasized above and

proved in equation (5.14), / (A °h)e(p) = 0 for any h such that / he(p) =0
PETe ‘ PETe

for any e. A similar analysis applies to £ g, and it thus follows from the recurrent

definition (5.26) that

/ hgl)(p) = / gél)(p) =0 foralleand].
PEYe PEYe

On multiplying (5.28) by hgl,) and integrating over 7,/ the contribution from K(z., 0)
vanishes, so that for any z. € V. we obtain

2mih(Y)

K™ (2o, wer h(l,) wer )| < Min/|se| sup |——&—

/’l‘UéE’Ye/ ( ) N ( ) ! | |we/€'ye/ dlogwe/
< Miy/]s] Y. (5.29)

By recalling the definition of 2 . the bound above implies the same bound for it;
the bound for Z™ is obtained analogously. Adding these inequalities and applying
them recursively with respect to [, it follows that there exists a constant Ms such
that

6 +igVs < (M2/[s])'[9]s (5.30)

for any I. Thus for \/|s| < (2M3)~! the terms of the series h and g are bounded by
the geometric sequence with ratio less than 1/2. Since the sum of such a geometric
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series is less than 2, for further use we record that we have proven the crucial
inequality
b +igls < 2[¢ls (5.31)

for any |s| < (2M3)~2. To finish the proof of convergence we note that in particular
the sum of the left-hand sides of (5.30) for all [ converges, and thus the convergent
series (5.25) give a solution of the linear integral equation (5.23). Therefore, the sum
of the corresponding Cauchy integrals E + X gives the ARN solution of the original
jump problem with initial data ¢, finally proving Proposition 5.2. [J

Our main interest is the behaviour of the ARN solution as s — 0, and the setup
is as follows. Let

i = {fe} = {fe(ze) dze}

be a collection of holomorphic 1-forms defined on the unit disks V.. Then for any
|s| < 1 we consider the jump problem with initial data

{(bE} = {(fe - I:f—e) ve© }

Note that by the residue theorem, / fe = 0 for any e, so this ¢, can be used as

initial data for the jump problem. T’Yﬁe fact that ¢, is the restriction to the seam
of a holomorphic 1-form will allow us to explicitly compute the Cauchy principal
value appearing in the Sokhotski-Plemelj formula, while we will crucially use the
fact that our Cauchy kernels K'° and K™ are taken on C?, and are independent
of s.

We define the L*°-norm of f by

Je
dlog z.

= 27 max sup |fel. (5.32)

¢ [ze|=1

|f| := 27 max sup
B ¢ |ZC|:1

The Schwarz lemma on the disk U, = {|z¢| < /|se|} implies

s = Fhze | < 1A V1sh L (5.33)

where we have written ord f := min.(ord,, f.). We further write, for any irreducible
component C?,

Se
Ve

] = max|sc|.

We finally denote the usual L?-norm of a differential on 6’; by
2 i v oA U
lwl|lz, = 7/ w’ ANw".
ES 2 é\;’

Our main bound is then the following.

Proposition 5.3 (a bound for the ARN solution). For a fired f and any suffi-
ciently small |s|, let ws be the ARN solution of the jump problem with initial data

{(be} = {(fe - I:f—e) ~ee }
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Then there exists a constant M independent of sufficiently small u and s such that
for any irreducible component CV the following inequality holds:

lwsllg, <MIf](V]s, ) (5.34)
Since Cf := C” \ U,ep, Ve is a compact set on which L?- and L'-norms can be
bounded in terms of each other, we have the following.

Corollary 5.4. For any fized path v C CY there exists a constant M., such that
the following inequality holds for all sufficiently small u:

.

To prove Proposition 5.3 we first obtain a pointwise bound.

< My lf1 (Vs )4 L

Lemma 5.5. In the setup as above, there exists a constant M3 independent of u and
s such that for any z. € vi¢ and with the ARN solution written as wy = @Y (ze) dze,
the following inequality holds:

0° (ze)] < Ml f] (v/]5, )L (5.35)

Proof. To obtain this bound, we return to the details of the construction of the ARN
solution; using the fact that the initial data is the restriction of a holomorphic 1-form
will eventually allow us to evaluate the singular integral by the residue theorem.
Writing the ARN solution for any z. € V. as the sum of (5.11) and the similar
formula for y gives

wv(ze) = (%/reﬁ)E('ZE) + (%img)E(ze) +

211 Ze — We

dz. / he(we) + ige(we)
We EYe .

The first two summands are holomorphic functions of z. € V. (see the discussion
after formula (5.10)). For the singular integral, recall that h and g are given by the
sums of the series (5.25), with the terms defined recursively by

(ﬁ(l) +7/g(l))e — (lreh(l_l) +limg(l71))e
_ (z%/reh(l—l) +<%/img(lfl))e o I:((z%/reb(l—l) +:%/img(l71))_e>7

where we have recalled the definition of the operator £ in formula (5.17) (and
™ is similar). In this recursive definition we clearly see a holomorphic form on V,
and a pullback of a holomorphic form on V_. under I}. To make use of this, we

define the series
o0

Pe 1= Z(—l)l%?g)
1=0
with the first term <p£°) = f. and the further terms simply being the holomorphic
forms appearing in the recursion above:

ng) — :%/reh(l—l) _'_tz/img(lfl)
=dz Y / (K2 (2, wer )0 (wer) + K (2, wer ) gl (wer)].

e’ CE, Wer €Yol

(5.36)
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Now <pg0) is a holomorphic form on V,, and so is every <pgl); moreover, equation (5.30)

gives a bound on |<p((f)| for I > 1, which shows that for |s| sufficiently small the series
defining ¢, converge uniformly —and thus their sum (. is also a holomorphic 1-form
on V.. Moreover, the bound (5.30) combined with the Schwarz inequality (5.33)
implies that

lels < 2|fls < 2|f1 (V]s, )L (5.37)

Finally, we rewrite the ARN solution as
W' (ze) = (Hh)e(ze) + (H™g)e(2e)
4 dze Pe(we) — 17 (p—c)(we)

21 /wﬁ_ /\Se| Ze — We

: (5.38)

and now estimate each term in this formula. Since ¢, is holomorphic, by the residue
theorem we compute the singular integral to be

dz. Pe(we) — IF(p_e)(we) (o.M 30
i [ o) 639)

for any |z.| > +/|Se|- Indeed, since each . is holomorphic for w, € V., the first
term in (5.38) has no residues in the disk |we| < /|s¢|. The second term is equal
to (recall that I, is orientation-reversing)

dze/ pelw_e)  dz /, w_cp_e(w_)

271 wel=y/Tsc| Ze — sew:; 212, wol=/Tod] Seze l—w_,
Sedze . _ y
= 622 - P—e(se2e 1) = —I;(p—e) (5.40)
e

Equation (5.40) extends continuously to |z.| = 1/|se|. Thus equation (5.37) implies
that the singular integral in (5.38) is bounded by 2|f| (\/]s,])*"*£, which is the
order of the bound that we want. B

On the other hand, we have the bound (5.29) for the norm of .#*¢, and an
analogous bound for the norm of J#™. Then combining the bound (5.31) with the
Schwarz inequality gives

A A gl < M (s DL

which is of smaller order than the bound for the singular integral. We have thus
obtained bounds for both summands, giving w” in formula (5.38), and the lemma
is proven. [J

Now we are ready to prove the bound for the L?-norm of w.

Proof of Proposition 5.3. As in the proof of uniqueness of the ARN differential,
we use the Stokes’ theorem expression (5.1) for the L?-norm of w?. For a given e,
we thus need to compute

/ _ PO P () = / FUO(z0) - (@ (z) 4@ (). (541)

e
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Recall that since / w¥®(z,) = 0, it follows that this integral does not depend
Ze€e

on the choice of the constant of integration for the definition of F*(¢), so we can

pick any point 20 € . and replace F*(¢)(z,) on the right-hand side of (5.41) by

FU©)(z,) — F¥()(29). From Lemma 5.5 we have the pointwise bound

&7 < Ms| f] (V]s])r4L

for some constant M3 independent of u and s. As the length of the arc from 22 to
Ze is at most 2m/|s.[, it follows by integrating w that

FO(z) = Y (2) < 2nMs] f| (v/]s])" L4

We thus obtain

/ F©) (20) AP (z.) < 2nMs| f] (v/]s])°"4 £+ / 20" (ze)|-
Ze€Ye

Ye

Lemma 5.5 again gives a pointwise bound for the integrand, while integrating over
the seam introduces another factor of 2m/|s.|, so that by summing over all e we

finally obtain
V12 < 422 (
lo® | < dm* M| f]{ | /max|s. |

Thus, finally, there exists a constant M such that inequality (5.34) holds. OJ

2ord f+2
) HE,. (5.42)

6. The RN differential in plumbing coordinates

In this section we construct explicitly the RN differential on any smooth jet curve
Xw,u,s in plumbing coordinates. The construction starts with a collection of RN
differentials on C¥ with prescribed singular parts at p, and with residues at the
nodes given by a solution of the flow Kirchhoff problem. Note that this differential
is strictly speaking not real-normalized: already for the case of an irreducible nodal
curve and a differential with no residues, when there are no residues in the limit
either, the period over a loop passing through a node is equal to the integral of
the RN integral on the normalization from one pre-image of the node to the other,
which may not be real.

We then use the ARN solution of the jump problem with the initial data matching
the jumps of this collection of differentials on C' to construct a differential on C, ;.
Since the ARN solutions have zero periods, the resulting differential will not be
real-normalized. We thus proceed recurrently, using RN differentials with residues
solving the force Kirchhoff problem with the electromotive force being equal to the
imaginary part of the periods of the differential constructed at the previous step.
The bound of the ARN solution of the jump problem from Proposition 5.3 is used
crucially to show that this construction converges.

We continue to use the notation for plumbed surfaces and the jump problem as
in the previous section.
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Notation 6.1. For a fixed smooth jet curve X, . s, given any collection of real
numbers ¢ = {cc}cepr) satisfying conditions (0) and (1) of the Kirchhoff problem,
we denote by

P(c) = {q’v(g)}vev(r)

the collection of RN differentials on C}, with prescribed singular parts oy and pre-
scribed residues 7y (encoded by the coordinate w) at the marked points p,, with
residue ic, at the pre-image ¢. of every node, and holomorphic elsewhere.

Lemma 6.2. For any c satisfying conditions (0) and (1) in the Kirchhoff problem,
let .
ic
fe(c) = <I>”(€)(g)|ve - 76 dze
be the collection of holomorphic differentials on V. Let w(c) = {w”(c)} be the ARN
solution on Cy s to the jump problem with initial data (fe(c) — 17 f-c(c))|yze . Then
the collection of differentials

U¥(c) = 2%(c) —w’(c) (6.1)
is the unique meromorphic differential on C, s with singularities oo and residues
r¢ at pp prescribed by the coordinate w, and holomorphic elsewhere, such that

U(c) = 2mee for any e and / U(c) € R for any cycle vy € Hy (@L@Z).

Ve ol

Again, recall that the last condition is equivalent to

/\I!(g) eR

for any v € H1(Cy s, Z) not intersecting the seams. As in the previous section, we
will drop w and u in the notation from now on.

Proof. Since

1C_e 1C_e 1Ce
I;‘( dz_e> = — dze = — dze,
Ze

the jumps of w(c) on the seams are equal to those of ®(c), and thus by construc-
tion the differential ¥(c) on Cs has no jumps. Thus ¥(c) defines a meromorphic
differential on C, with prescribed singularities at py, and holomorphic elsewhere

(the simple pole of ®(9)(c) at ¢, is cut out by plumbing). Since / W@ () =0

Ye
for any e, by definition of the ARN solution the residue theorem on U, yields

/ U(c) = —2miResy, Y(c) = 2me.
Ye

(for the sign, recall that . is oriented as the boundary of 6v<€>). Since ®(c) is
real-normalized on CV, while the period of w”(c) over any cycle on CY is real, it
follows that the integral of ¥(c) over any cycle on @ is also real.

The uniqueness of ¥(c) follows from the uniqueness of the ARN solution of
the jump problem. Indeed, if ¥’ is another such differential, then ¥(c) — ¥’ is
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a holomorphic differential on C with zero periods over the seams, and with real
periods over all cycles not intersecting the seams. Hence it is the ARN solution of
the jump problem with zero initial data, which must then be identically zero. [J

Notation 6.3. The construction above can be applied to the case when there are
no prescribed singularities. In this case suppose that ¢’ = {c.,} satisfy conditions (0)
and (1) of the Kirchhoff problem with no inflow, that is, when all f, are equal to
zero. We denote by (c’) the differential constructed on C by the above procedure.

Then Q(¢') is the unique holomorphic differential on C, such that / Q) = 2nc,

e

for any e and /Q(g’) € R for any v € H,(Cs, 7).
v

From uniqueness it follows that
U(c+ ) =T(c)+ Q) (6.2)

for any such ¢ and ¢/, since the right-hand side is a differential on Cj satisfying the
same conditions as the left-hand side. This relation will be used in the next section.

Consider the RN differential ¥x = W¥,, ,, ; on X, , s: it has prescribed singular-
ities at py, is holomorphic elsewhere, and its periods over all cycles are real. There-

1
fore, by the uniqueness of the latter, ¥,, ,, s is equal to ¥(c), for ¢, := o / U, s-
s - s
.

Thus constructing the RN differential W x is equivalent to determining ¢ (deepending
on w, u, and s) such that ¥x = ¥(c). We will construct ¢ recursively, starting with
the solution of the flow Kirchhoff problem, and then recursively solving the force
Kirchhoff problem, with the force being the imaginary parts of the periods of the
previous term in the series. The difficulty is that the periods over the paths pass-
ing through the nodes may diverge. We first show that they have well-controlled
logarithmic divergences.

Notation 6.4. For any closed path v on C, let 7, be the collection of paths that
are the intersections v N a:’ (conveniently, in our plumbing setup é;’ is a subset
of CV for any s). These 7, do not form a closed path on Cs, as the point ¥ N, may
not be the pre-image of v N vy_. under the identification I.. We choose a starting
point on ~y arbitrarily, and then denote by ve,, ..., Ve, (possibly with repetitions)
the set of seams that v intersects (oriented so that v crosses from 7., to v_,), and
denote by C"7 the component of C' that 7 lies on after crossing v.,;. Let then 7 be
the segment of v contained in C*7 and going from 7., , to 7.;. Let d; be an arc
of e, connecting the point v N e, to I Y(yN~_e,). Finally, let s be the closed
path on Cs obtained by traversing {31,6y,...,7Y, 0y} in this order.

Lemma 6.5. For any closed path v on C and any c satisfying conditions (0)
and (1) in the Kirchhoff problem, there exist constants I1,(c) (independent of s,
but depending on w and u) and Ms(c) (independent of w, u, and s) such that

N
i [ 90 = 3, o, | - T )| < Ms(o) (63)

for any sufficiently small w, u, and s.
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Furthermore, the constant IL,(c) only depends on the class of v in the cohomology
of the dual graph ' of C.

We note that for each j there are two choices of d.;, by going in opposite direc-
tions around 7., ; however, since Im / U(c) = 0 by definition, the imaginary part
Ve

of the integral of ¥(c) is the same for either choice.

For the second statement, note that there is a map Hy(C,Z) — Hy(T',Z). This
map is obtained by ‘extending’ every node of C' to a segment, and then contracting
every irreducible component of C to a point. Geometrically, the image of « in
H,(T',Z) simply encodes the sequence in which ~ passes through the nodes of C.

Proof of Lemma 6.5. We recall from Lemma 6.2 that
U(e) = ®(¢) — w(o),

and we start by estimating the periods of ®(c). We break each path 47 into three
parts: 71 contained in V¢, , and connecting a boundary point of U;jfl to the
boundary of V.,_,, a similar path ¥2 contained in V,,, and the path 3 connecting
a boundary point of V,,_, to a boundary point of V. Since the neighbourhoods

V, are independent of s, / ®(¢) is independent of s. For 75, we write
Y3
1Ce.,
®(c) = —Ldze, + P’ (c)

Ze.?'

in V¢, where ®'(c) denotes the regular part. Integrating the singular part over
72, which goes from some 2’ € 9V,, (that is, |2’| = 1) to some z € dU,, (that is,

2] = /Tsc, ) yields

—ic z
Im/ ° dze; = —celog
Y2

Ze; z!

= —cclog/|se,|.

To estimate / ®’(c), we can add to 42 a path connecting z to 0. The resulting

path does not ZIZepend on s, and thus the integral of ®’(c) over it is independent of s.
Since ®’(c) is regular in V,,, its norm there is bounded, and thus the integral of ®'(c)
over a path in V,, connecting z to 0 is bounded by a constant times |z| = /s, |.
We thus see that there exist constants o and 3 independent of s (but depending
on ¢, and on w, u) such that

‘Im/ P(c) — a — ce; log/[se; ]| < By/I8e; -
2

An analogous estimate holds for Im ®(c), where we note that the path is now

¥
oriented from the boundary of U,,_, tlo the boundary of V, but also that the

residue is equal to ic_.,_, = —ice;_, -

j—19
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Combining 71, 2, and 3 together, we thus finally see that there exist a constant
117 (¢) independent of s (and depending smoothly on w and u) and a constant Me(c)
independent of w, u, and s such that

M, A4
3 : : < Ms(@)V/lsl (6.4

) 1 1 .
i [ @%(0) = Jea, ol 4| = g, Yol |~ (0

for all w, u, s sufficiently small.
We now estimate / w(c). By Corollary 5.4, ’/ w(c)
V3

J

is bounded by a constant

s

times |f|y/|s], which is the size of the bound we want. Corollary 5.4 does not apply

to / w(c) and / w(c), as these paths depend on s. However, 75 is contained
71 Y2

in V,, and formula (5.38) with the singular integral computed in (5.39) expresses

w|ve]_ as the sum of a holomorphic form on V., and —f_.(scz; D). Similarly to

the case of @’ (¢), the integral of the holomorphic form has the form required,

z se /2

while —/ [oelsezst) = / f—e(z—e) is also the integral of a holomorphic
z! Se/z

form on V_, from a point s./z of absolute value \/|s.| to the point s./z’ of absolute

value |s.|. Thus the same argument applies, and altogether w(c) differs from
72
some constant o’ by less than 3'y/|s.,|, for some other constant 3’. The integral

/ w(c) is completely analogous, so in the end we obtain the bound
71

o [ w0~ Bl

K

< Mz(c)V/ s (6.5)

with some constant E7 independent of s (but depending on w and ) and My
independent of w, u, and s.
To estimate the integral of ¥(c) over the segments §;, we first note that

Im / ice, dlogze, =0
6 N

J

for the singular part of ®(c). Then / ®’(c) is bounded by a constant independent
5 .

J
of s times the L?-norm of ®’(c) on V,, (which is also a constant independent of s)

times the length of ¢;, which is at most 2m/|s.,|. Similarly, Im/ w(c) is bounded
2

by a constant independent of s times /|sc,|, since w(c) restricted to the seam is
the sum of a form holomorphic on V, and a pullback of the form f_. holomorphic
on V_., restricted to the seam.

Thus, altogether the lemma follows by subtracting equation (6.5) from equa-
tion (6.4) and summing over all j (notice that each e; appears twice in the sum
and thus the two fractions 1/2 in front of c.; log|s.,| appearing in (6.4) for 7; and
7j+1 add up to the coefficient 1 in (6.3)).
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To prove that IL,(c) only depends on the class of the image of v in Hy(T',Z), w
note that on each C? the differential ¥(c) is real-normalized, so that

Im/ c

for any closed loop v¥ € Hy{(C",Z). Therefore, II,(c) = II,(c) for any paths
~v and 4" that only differ on C?, which is exactly to say that IT only depends
onvye€ H(I,Z). O

Remark 6.6. The above proof uses details of the estimates of the ARN solution.
Obtaining similar results using the classical approach to the jump problem, with
the Cauchy kernel K¢, on a varying Riemann surface, appears to be much harder.

We now construct the RN differential ¥,, ,, s on any smooth jet curve explicitly,

as U(c), with ¢ defined as the sum of a series. We let ¢(¥)(s) := {C(O)( )} be the
solution of the flow Kirchhoff problem on the dual graph of C,, ¢ with inflows iry,
and resistances pj.|(s) = —log|s.| being the log-plumbing coordinates. While our
construction depends on w, u, and s —and here we write this out explicitly —note
that the Kirchhoff problem and its solution are independent of u. We only work
with smooth curves here, that is, all the s, are non-zero.

A priori, by Lemma 6.5 the imaginary parts of the integrals of ¥(c(?)) may have
logarithmic divergences. However, the sum of these logarithmic divergences on

a closed path
> coglsel = => cVpy

is precisely the left-hand side of equation (1.2) (condition (2)) of the Kirchhoff
problem. Since ¢(® is the solution of the low Kirchhoff problem, this sum is equal
to zero, as there is no electromotive force. Hence the corresponding logarithmic
divergences cancel, so that we have

[ 0(®) - 11| < M)V (6.6)

s

with the constant M independent of w, u, and s and II, independent of s. To
deal with those periods of \Il( ) that have a non-zero imaginary part, we introduce
the correction ¢! (s) to be the solution of the force Kirchhoff problem on the dual
graph of C, o, with electromotive force

0) ._ 0
&0 = —Im/7 (D). (6.7)

Recall that by (6.2)
(D (s) + M (s)) — U(cV(s)) = Qc(s)),

where (2 is defined in Notation 6.3. Lemma 6.5 also applies to bound the periods
of Q(c(s)), where we change notation to emphasize that the constants here are for
the holomorphic differential,

\Im [ 06— 3 og sl - Ly )| < W)L

s €: ge€y
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Therefore, altogether we can estimate the imaginary parts of periods:

[ () () - 1y ()] < BV (638)

s

We therefore proceed recursively, defining for any [ > 1 the electromotive force

éig) = Z cWloglse| —Im [ QD) (6.9)
e: qe €y Vs
and letting ch)(g) be the solution of the force Kirchhoff problem with electromo-
tive force @@7(3, so that the estimate analogous to (6.8) holds:

! . ~ —
n w(;“ () - TL,(e)] < BV (6.10)

Vs
Thus once we show that (s) converge to zero as | — oo, since I~LY (V) and M(g(l))
depend continuously on ¢ and vanish for ¢ = 0 (the differential Q(0) vanishes as
it is the ARN solution of the jump problem with zero jump), it will follow that the
imaginary parts of the periods of \11(220 Q(l)) are equal to zero—provided that
the sum of the series converges, which we will now prove.

Proposition 6.7. For any stable jet curve X there exists t € Ry such that for any
s satisfying |s| < t the series

ce(s) =P (s) (6.11)

=0

~

with terms recursively defined above, converge and the differential U(c) is the RN
differential on X 4 5.

Proof. Since Q(c) depends linearly on ¢, the map sending c¢(¥) to &W is a linear map
of finite-dimensional real vector spaces. Denoting by M the norm of this linear map,
it follows that [£Y| < M|c®|, where |¢| := max, |c.|. By construction, (1) (s)
is the solution of the force Kirchhoff problem with electromotive force & O The
a priori bound for the solutions of the force Kirchhoff problem given by Lemma 1.7
yields

D ()] < (~log |s)N|EW| < MN(~log s])|cV (s)] (6.12)

(where we recall that N is the rank of H*(I") and is thus some constant). Hence
for |s| <t = e"MN the terms c(!) are bounded by a geometric series with ratio less
than 1. Therefore, the individual terms go to zero, while the sum of the series (6.11)
converges, and as explained above, this implies that ¥(c) constructed from the sum
of these series is an RN differential. [
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7. The limit RN differential: proof of Theorem 3.7

We now prove the main result on limits of RN differentials. The proof will
crucially use the a priori bounds on solutions of the Kirchhoff problem given by
Lemmas 1.6 and 1.7, which in particular imply that the residues of RN differentials
are a priori bounded uniformly in a neighbourhood of any given stable curve.

Proof of Theorem 3.7. Let {X}} be a sequence of smooth jet curves converging to
a stable jet curve X. Let Q(IS ) be the solution of the flow Kirchhoff problem with
resistances pje|r = —log|se x| and inflows fy;, which we assume to converge to

some limit ¢(%). Let ¥;, denote the RN differential on X, which by Proposition 6.7
is equal to Uy(c;), where ¢, is the sum of the series constructed there, of which
gfco) is the first term. As in the proof of uniqueness of the ARN solution, and as
in the beginning of the proof of Proposition 5.3, we apply Stokes’ theorem as in
formula (5.1) for the norm of ¥y, — \I/;C(g,(co)). As before, we now sum the results over
all e, and look at the pairs of terms corresponding to e and —e. Since all periods
of Wy, are real, it follows that Fj, = Im [ U} is a single-valued global function on Cj,

and thus its values on v, and the pullback of its values on v_. under I, are equal.
On the other hand,

Filel?) =t [ (el

is multi-valued on Cj, as the integrals over cycles intersecting the seams may not
be real. Thus the difference of the values of Fk(ggco)) on OV restricted to Ye,
and on C¥(~®) restricted to v_, and pulled back under I, is equal to the imaginary

part of the integral of \Ilk(géo)) over some cycle 7Y on C, intersecting 7. Therefore,
altogether we see that

1= 0PI =3 [ (B Be) d(F - Fi(e?)

Im / m@g‘”)‘- / d(F,:—F,:(cf)))]
vy Ve

=73 e — ) - \Im / E« ()

where we recall that by Lemma 6.5 the period over 7Y only depends on the class
of this cycle in Hy(I[',Z), that is, only on the sequence of nodes that the path
passes through. We now take k sufficiently large so that wg, ug, and s, (which
all converge to zero as k — oo) are sufficiently small for all the bounds in all the
previous results to apply.

The integral on the right-hand side in the last line of (7.1) is by definition —57(9) i

used in the construction of the RN differential in the previous section. The class 7
does not depend on s, and thus by the proof of Proposition 6.7 we have

; (7.1)

0 0
|£'${),k‘ <M,y |§§c I
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We now let ¢, = {cer} be those constructed in the previous section, that is,
these are given by the sums of the series for Xy, and such that ¥, = Uy, (¢;).
Then by construction and (6.12) we have the estimate

(o9}
0 l
eos— U1 =[S %] <
=1

Since |¢(?)| is uniformly bounded by (1.3) for all w, u, and s sufficiently small (this
is a crucial use of the a priori bounds for solutions of the Kirchhoff problem!) —and
thus for all & sufficiently large, altogether (7.1) implies the bound

10|

log [s5|

10k — Ui ()] < M(—log |s,[) /2 (7.2)

for some constant M independent of sufficiently large k.

Recalling from Lemma 6.2 that \Ilk(g(lg)) — @k(g(lg)) is the ARN solution of the
jump problem, the norm of which is bounded by Proposition 5.3, we obtain

124 () = @ale) oy < Mils; ]/ (7.3)

for some constant M;. Thus, finally, the convergence of g;co) implies the convergence

of @k(géo)), which depend on them continuously, and then the two bounds above
imply the convergence of
Uy, = Uy, (),

which is to say that the limit RN differential exists.
Now for the second part of the statement, if the sequence {X}} is admissible,
then by Lemma 1.13, g(,?) converge to the solution ¢(?) of the multi-scale Kirchhoff

problem with generalized resistance
Pp = limPp, e 771,
By the above argument the RN differentials ¥;, then converge to ®(c(?)). O

8. Limits of zeros of RN differentials

In this section we finally state and prove our main result describing limits of
zeros of RN differentials. We will show that if the limits of zeros of WUy, exist as
a collection of points on C with multiplicities, then these limits are the divisor of
zeros of a suitable ‘twisted’ collection of RN differentials on the components C?,
which may have higher order poles at some of the nodes where we specify that the
residues are given by the series (6.11). This twisted differential ® arises as the limit
of restrictions of Uy to CV, scaled by some sequence of positive reals py depending
on v.

Suppose that X is a sequence of smooth jet curves such that C} converge to
a stable curve C, and that in this sequence the limit of the divisors of zeros of Wy
exists as a collection of points of C' with multiplicities. Since the space of singular
parts oy, considered up to scaling all of them at once by R, is compact, there
exists a subsequence in which the singular parts {og}, considered up to scaling
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by R, converge. Since the zeros of a differential are preserved under such scal-
ing, we can further rescale all singular parts in the sequence so that the singular
parts themselves converge (not just up to scaling). Hence without loss of generality
we can assume that the sequence of smooth jet curves X; converges to a stable jet
curve X. Furthermore, since every such convergent sequence contains an admissible
subsequence, without loss of generality for the rest of this section we will fix once
and for all an admissible sequence {X}.} = { Xy, u,,s, } converging to X. By The-
orem 3.7 there exists a limit RN differential ¥ on C', and our goal is to investigate
the limits of zeros of Uy, on those components C* where V¥ is identically zero.

Notation 8.1. By a subcurve D of a stable curve C' we mean the combinatorial
data of a subset of the set of irreducible components C* of C'. Geometrically,
we think of D as the union of the corresponding components, which in particular
may be disconnected. The data of a subcurve D C C then also defines subcurves
D, C Cy, of nearby stable curves. We will call two subcurves of C disjoint if no
irreducible component of C' is contained in both of them. In particular, subcurves
that we call disjoint may still intersect at the nodes.

Given a subcurve D C C, we let Ip be the set of internal nodes of D, that is, the
set of e € E(T") such that g.,q_. € D. We denote by Ep the set of nodes where D
meets its complement, that is, the set of e € E(T') such that ¢. € D but q_. ¢ D.

Definition 8.2. Given a sequence of meromorphic differentials v, on smooth curves

{Ck} converging to C, and a sequence of positive reals u, we say that there exists

a scale-p limit of v, on a subcurve D C C'if for any C¥ C D there exists a not

identically zero meromorphic differential v¥ on CV such that for any compact set

K C C”\U.ep, {4e}, the sequence of differentials pyvk|rc converges to vk
More generally, given a decomposition

D=DOyupMy...upk
into disjoint subcurves, and given sequences of positive reals u,(co), e ,u,(CL), we say
that there exists a multi-scale-p limit of vy on D if for any 0 < A < L there exists
a scale-u ) limit of v, on D). We denote the collection of limits v for all C¥ € D
by Phv.

Of course there is never a unique choice of a sequence py, such that the scale-u
limit exists; any other sequence pj such that there exists a finite non-zero limit
of py/u), yields the same notion of existence of scaled limits. For multi-scale limits
we will thus always number the subcurves D™ in such a way that
) :
——~ =0 forany A" < A

k— o0 @Y
Hi,
(if some such limit is finite, then we consider the union of D) and DX as one
subcurve). We think of the multi-scale limit P},v as a collection of meromorphic
differentials on all C” C D such that on each subcurve D®™ the collection of dif-
ferentials ]P’%( » V is defined up to rescaling all of it by a positive real constant.

In this terminology, the main theorem will consist of arguing that any admis-

sible sequence has a subsequence such that for this subsequence one can define
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a stratification C' = C® U ... U C¥) and sequences ug)), R ,u,(f) such that there
exists a multi-scale-y limit P{, W of ¥y, The proof will use auxiliary RN differentials
constructed on plumbed subcurves; to define them, we introduce more notation.

Notation 8.3. For our fixed admissible sequence {X}}, given a subcurve D C C,
we denote by Dy, the (possibly disconnected) smooth curve obtained by taking the
union of all irreducible components of C,,, o that are contained in D, and plumbing
them at every internal node e € Ip, with plumbing parameter s, ;. Denote by \I/Ek
the RN differential on Dy, whose only singularities are:

(a) oy at all the points p; € Dy, and

(b) simple poles at external nodes e € Ep, with residue ic

(Where we recall that the ¢, are such that ¥, = Wy, (¢,), which is to say that

27rce,k:/ \Ilk).

e

Given a subcurve D C C, we will also consider the differential on the comple-
mentary subcurve D’ := C'\ D, defined similarly, except that the singularities at
the external nodes in Fp, = —FEp will be prescribed by ‘balancing’ the jets of \I/Bk
at the nodes e € Ep.

Notation 8.4. Given a meromorphic differential ¥ on C¥ and given e € E,, we
write
me := ord,, v’

(which is negative if »¥ has a pole at ¢.) and denote by u; . the coefficients of the
Laurent expansion of vV near g¢., so that

o0
v . ]
Vo, =: g Uj e dZe.

Jj=me

We fix once and for all a positive integer m, which will eventually be assumed to be
sufficiently large. We then denote by J.(v") the sum of the first order polar part
and the holomorphic m-jet of the differential ¥ near ¢., that is, we define

m—1
Je(V) = Z uj ezl dz,
j=—1

(the inclusion of u_q ¢z, Ldz. in the jet is for convenience, so that the notation
below is simplified; by abuse of notation we will keep calling J. the m-jet).

Notation 8.5. Given a subcurve D C C, with complementary subcurve D', the
balancing differential is the RN differential ¥, on D;., whose only singularities are:
(a) oy at all the points p, € D}, and
(b) O—c = Iie(Je(\IJBk)) at each external node e € Ep, = —Ep.
Explicitly, this is to say that the singular part o_  of ¥, at g_. is

m—1
O ek = —(Se ) uk) dz_., (8.1)

j=—1
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where u; . 1 are the coefficients of the m-jet Je(‘I’Bk)v and we recall that u_; . =
ice,; by the definition of \IJJ]{,k.

From now on we will denote by

I = {oertpen i {0—cktecEn) (8.2)

the collection of all prescribed ‘balancing’ singular parts of ¥, . Thus 7 is
a point in the vector space

(C(m+1)#ED+Zpe€D/ (mi+1)

and we denote by P.# i, the corresponding point in the sphere, which is its quotient
by R;. In particular, P.#p ; only makes sense if at least one prescribed singular
part of ¥, is non-zero.

Definition 8.6. Given a subcurve D C C, we call the admissible sequence {Xj}
jet-admissible on D if at least one singular part in .%p is non-zero, and there exists
a limit P.%p = limy_,oc P.¥p 1 in the sphere.

We now define recursively a stratification of C' and the corresponding multi-scale;
first we simplify the notation.

Notation 8.7. Given some disjoint subcurves C(© ... CN) of C, we write

CEN .= 0O y...ucW,

and denote by
CBN =\ N

the complementary subcurve. We further write for brevity
A
yk( ) = yclig)\—l) and EW .= Eoon,

and we write < o)
S e > py— -
U, vt and ¥, = lI]Cz(fM.

= Yan
Ck

Definition 8.8. Suppose that for some X > 0 the disjoint subcurves C( ..., C™)
are already given. Suppose moreover that for some given multi-scale [LSCO), . ,u,(;\)
there exists a multi-scale- limit P‘é(gk) U of the differentials ¥;, on C(SY. Suppose
furthermore that

: (N) _
klgrolo,uk \Ilk|01(€>>\) = 0.

We then say that {X}} is jet-convergent at step X if it is jet-admissible on C(<N)
for any M < .

We call an admissible sequence jet-convergent if CSY) = C for some A\ = L. In
this case we call the decomposition C' = C(® U ... U C®E) the order of vanishing
stratification.

Remark 8.9. The notion of order of vanishing stratification is closely related to the
notion of a weak full order induced by a level function, as defined in [2].
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The definition of jet-convergent sequences is motivated by the fact (which will
be proven below) that for any sequence jet-convergent at level A, both the scale
1M and the scale-pM limit of the sequence of differentials on C*) are determined
uniquely by the behaviour at level A — 1.

Indeed, by the definition of jet-admissibility, for a sequence that is jet-convergent
at step A\ there must exist a sequence of positive reals u,(;\) such that there exists
a non-zero limit

N A »(N)
FN = klir&uk B (8.3)
The fact that Xj is an admissible sequence means that Pﬁk converge in Sﬁ‘El*l,

which implies that any subset of coordinates of ]P’pk also converges in the corre-

sponding blowup of the sphere. Therefore, it follows that the sequence of smooth

>A=1 i also admissible. Denoting by X ,£>)‘71) the smooth jet curve with

>A—1)

curves C lg

underlying curve Cli and with prescribed singular parts ul(:‘)yk()‘*l), we see
that the sequence converges to a stable jet curve X 21 with singular parts .7 ).
Thus Theorem 3.7 implies that there exists a limit RN differential

N = lim pMwN, (8.4)
— 00

In our recursive construction of jet-convergent sequences the subcurve CV
C>2=1 will be defined as the subcurve consisting of all irreducible components
of C' on which the differential ) is not identically zero.

Then the proof of the main theorem on limits of zeros of RN differentials essen-
tially reduces to proving the equality

oW = lim pMwy, (8.5)
on every irreducible component of the subcurve CV).
Assuming that this equality holds, we make the following definition.

Definition 8.10. For any component C” ¢ C™) we write
o A
PoY =P

and call the collection of all such {P®"} the twisted limit differential on C. The
divisor of zeros of the twisted limit differential is defined to be the set of zeros of
all P®? with multiplicities, away from all the nodes, together with every node g
of C' counted with multiplicity

ord,, P& 4 ord, PO~ 42,
and together with every marked point p, counted with multiplicity
my + 1 — ord,, P®",

where C" is the component containing py.

Remark 8.11. By Theorem 3.7 the differential P®¥ is an RN differential on C"
whose singular parts are the scaled limits of the singular parts o_. j given by (8.1)
and of the singularities o, at the marked points p, that lie on C”. Hence P®"
may have higher order poles at the nodes.
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We are now ready to state the main theorem on the limits of zeros of RN differ-
entials. Until now the integer m in the definition of the balancing differential was
arbitrary. Now we will choose it to be sufficiently large, in order to guarantee exis-
tence of jet-convergent sequences (and to ensure that the inequality (8.19) holds).
We write

mo =29 — 2+ Z(mg +1).
¢
Theorem 8.12. For any fized m > 2mg, any admissible sequence X}, contains
a jet-convergent subsequence. For any jet-convergent sequence of smooth jet curves
equality (8.5) holds, where ®) is defined by (8.4). For any jet-convergent sequence
the limits of zeros of Wy on Cy exist and form the divisor of zeros of the twisted
limit differential, counted with multiplicities.

We will prove the theorem by induction on the number of levels of the order
of vanishing stratification. The base case of induction is L = 0, in which case
C=00 v, = \I/,(f)‘), and the limit RN differential ¥ does not vanish identically
on any irreducible component CV of C. Therefore, the theorem in this case reduces
to showing that the limit RN differential ¥ is given by ® = ®©) which is precisely
the statement of the theorem on limit RN differentials, Theorem 3.7, in this case.

Inductive assumption at step A > 0: assume that for a sequence {Xj} that is
jet-convergent at step A, equality (8.5) holds, where ®®) is defined by (8.4); assume
moreover that if C(SY) C C, then the limit limg_, o u;/\)\llk |C(>M is identically zero.

To deduce the inductive assumption at step A+ 1 from the inductive assumption
at step A, we will need the following two lemmas. First we prove a lemma showing

that multi—scale—u,(co)7 . ,,u,(j‘) limits of ¥|o<n and \I/,(f)‘) are equal.

Lemma 8.13. If the inductive assumption at step \ holds, then for any X < X the
following equality holds:

(A

/ . . M) (€A
200 = lim "Wl = lim i

v

Proof. By the inductive assumption, the multi-scale limit of ¥ |~(<») is equal to @,

and thus we need to show that the multi-scale limit of \Il,(fk) is the same. Let v,(ﬁ)

be the ARN solution of the following jump problem on C(SV): v,(ﬁ) has zero jumps
on the seams 7, with e € I <»), and on v, with e € EW it has a jump equal to

(8.6)

e

(\I/k - Z'Ceykzeil dZE) ”

Formally it is a new type of jump problem since the collection of the initial data
are set not only on the seams at nodes of CSY but also on the seams 7., e € E?),
which are boundaries of the neighbourhoods Us®* of the points g. € CS. Since

[ (v icondrog =) <o,
Ye

the solution of this jump problem is verbatim the same and is given by the Cauchy
integrals which now contain integration over 4., e € E). The same bounds hold,

that is, the L?-norm of ’U,(c/\) is bounded by the L°°-norm of the initial data, which
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is the L°°-norm of ¥y — ic j dlog z. on 7.. Then by the assumption of the lemma
there exists a constant M such that

A N —
v )||C£<A> < M(uM) 7 skl (8.7)

Consider the differential \ngf)‘) which is equal to ¥y — U}E-/\) on CSV\U,cpo Ue"
and equals ic.  dlog z, — v,(;\) inside Use* . By the definition of v,(;\) it has zero
jumps on all the seams including 7., e € E™)| that is, it is a meromorphic differ-
ential on C(SY | has the same singularities as \I/,(f)‘)
Efff)‘) = \Ilgf)‘). Then (8.7) implies that on any compact set K ¢ C¥ ¢ C*) not
containing nodes

, and is real-normalized. Hence

Jim (0 -0 =0, O

We now obtain some bounds for the orders of zeros and poles of ®*).

Lemma 8.14. Suppose the inductive assumption holds at step X. For any e € E™)
let m = ord,, ®XN . Then the following inequality holds:

Z Me < M. (8.8)

eec EM™)

Proof. Recall that \ngx) is a meromorphic differential on C,Eg)‘) whose only sin-
gularities are poles of orders my + 1 at the marked points py, and possibly simple
poles at EX). Thus the total number of zeros of \Ilgf’\)
is at most

, counted with multiplicity,
Zg(C,ggk)) -2+ Z(mz +1) + #EX.
¢

Furthermore, from Lemma 8.13 we know that

. A) (<A
kh—>nolo “I(e )\Ijl(s: )|C(/\) = o0,

which is a differential that is regular at all ¢, for e € E?). Since for k sufficiently

large the total number of zeros and poles of \Ilgf)‘) within V., counted with multi-

plicities, is independent of k, and it is equal to m. for the limit differential ®™) it
follows that for any k sufficiently large \Il,(f’\) has m¢ +1 zeros in V., and one simple

pole there. Therefore, altogether we obtain for the number of zeroes of \Ilff)‘) the
inequality

Z (me +1) < 29(05’\)) -2+ Z(mf +1) + #EW,
e€cEMN) 14

which gives the statement of the lemma upon canceling #FE() that appears on
both sides and noticing that g(C,Ef)‘)) <g(Cr). O

We are now ready to prove the main result of this section.
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Proof of Theorem 8.12. Assume that for an admissible sequence {X;} the induc-
tive assumption is satisfied at step A. Our first goal is to show that there exists a
subsequence for which we can choose a scale 1| a differential @1 and a sub-
curve CO+D),

Indeed, consider the set of singular parts Yk()‘) of differentials \I/,(;)‘). At the
points g_., e € EX) | these singular parts are defined by the balancing condition

oo = I*(J(UVY).

By the inductive assumption, the differentials \I/Ef)‘) multiplied by u,(;\) converge
to ®. Lemma 8.14 then implies that the m-jet of ®*) is non-zero, and thus
not all singular parts Yk@) are zero. Thus the projectivization ]P’yk)‘ of this set of
singular parts is well defined. This projectivization is a point on a sphere, and since
the sphere is compact, there exists a subsequence of { X} such that P.#}* converge
on the sphere. Then for this subsequence there exists a sequence of positive real

numbers ,u,g 1 such that

SO+ = hm ,u(M_1 5”()‘4'1) (8.9)

Since X}, is an admissible sequence, the sequence IP’,O converges in S#‘ , and
thus every subset of components of Pp, also converges in the iterated real oriented

blowup of the corresponding sphere. Therefore, the sequence of jet curves C’,(f/\)

is also admissible. Denote by X (>Y the smooth jet curve with underlying smooth
curve C,g>’\ and with prescribed singular parts u, ’\H)Y D This sequence of
jet curves must then converge to a stable jet curve X (>*) Wlth prescribed singular
parts .#A1)_ By Theorem 3.7 there exists a limit RN differential in this sequence,
and thus we can define ®* 1 by equation (8.4), with A replaced by A+ 1. We can
then finally define the subcurve C**1) to be the union of all irreducible components

of C'\ C(SY on which ®*+1) is not identically zero.
Recall now that the equality limg_ o ué’\)\llk| oy = 0 s also a part of the
k

inductive assumption; it immediately follows that

hm u(/\)y A — .

Since there exists a finite ,u,(:‘H)—scaled limit #*D of the singular parts yk()‘ﬂ),
as defined above, it follows that

ra
lim = 0.
- A1
k—oo ME@ )
Thus, upon passing to a subsequence, we will from now on assume that { X} is
jet-admissible at step A, that is, that equality (8.9) holds.

The following lemma proves the crucial part of the step of induction.

Lemma 8.15. If the inductive assumption at step X holds, then on any compact
subset K C CAY that does not contain any nodes the differentials /AO‘H)\I/;C

restricted to K converge to ®A+D) |
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Before proving this essential lemma, we will analyze the behaviour of @ +1) in

a neighbourhood of a point ¢_. for e € EM.

Lemma 8.16. Suppose the inductive assumption at step A holds. Then there exists
a constant M such that for any e € EX) and any k the inequality

;L,(C)‘+1)|se,k|me+1 < Mu,(j\) (8.10)

holds.

Proof. Let uj. := limy_.o u,(f)uj’e,k be the limits of the scaled coefficients of the

Taylor expansions of \Ilgfk) at g. if these exist. Since ord,, &N = m, by defini-
tion, the limit w,,, . exists and is non-zero, while u;. = 0 for any 0 < j < me..
Jet-convergence at step A means that there exists the scale-;**1) limit of the sin-
gular part o_. . Hence for all e € E® and —1 < j < m — 1 (where we write
U_1ek = —iCc ) there exist limits

. A1 . A1) j+1

tim e = = Tim T
—where we have used the balancing condition. In particular, for j = m, there
exists a finite limit

a:= lim pMYsmety, (8.11)
k—o0 ’

of this sequence. Since the limit uy,_ . = lim ,u,(c’\)ume,e,k also exists and is finite and

non-zero, the ratio of these two sequences, which is M£A+1)ST£+1(M§:\))_17 tends

to the finite non-zero limit a/u,,, . and, in particular, is bounded above by some
constant M independent of k. [

We can extend this analysis to bound the pole order of @1 at ¢_,, which will
be used below. Recall that we have written m, = ord,, N,

Lemma 8.17. Suppose the inductive assumption at step A holds. Then for any
ec EV
ord, @MY > —m, 2. (8.12)

Proof. Continuing in the setup of the proof of the previous lemma, note that since

there exists a scale-u limit of \Ilgf)‘) on C™ | which by Lemma 8.13 is equal to

®M it follows that for any integer j with m. < j < m the coefficients /J](:\)Uj,e,k

are bounded independent of k. Hence there exist kg and a constant M such that
for all £ > ko the inequality
Um,, e,k

> M (8.13)

Uj,e,k
holds.

Suppose now for contradiction that the pole order of @A 1) at ¢_, is higher that
me 4 2, that is, for some j with m. < j < m the scale-u*t1 limit of U_j_ 2.k 1S
non-zero. By the balancing condition this is equivalent to the limit

— 1 (A+1) j+1
b:= khm i Se k. Whek
— 00
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being non-zero. Dividing equation (8.11) by this limit and using the bound (8.13)
yields for the absolute value

(A1) ;me+1

a _ 1 /j’k Se,k um€7eik o 1 umﬂ,qk‘ Me—7J M me—j __

7| = lm oI T = lim|—===s 77| > 1]Se k] = 00,
i Sek Ujek Ugek

which is a contradiction. [

We can now show that the divisor of zeros of ® indeed does not include nodes
with negative coefficients.

Corollary 8.18. The divisor of zeros of the twisted limit differential is a linear
combination of points of the nodal curve with non-negative coefficients.

Proof. By definition the statement means that we need to prove that
ordg, vl 4 ordy_, Pv=e) > 9

for every node e. For a node e such that there exists A such that Cv(¢) Cv(=¢) ¢
CW) | the twisted differential ) is a limit RN differential and thus has at most
simple poles at the nodes, so the inequality is immediate. For the other nodes there
exists A\ such that ¢, € CY while q_, ¢ CSV. In this case Lemma 8.17 gives
precisely the required inequality. [

We can now give the proof of the main technical lemma.

Proof of Lemma 8.15. Together, the differentials \Ilgf)‘) and \IIE;/\) define a dif-

ferential on the smoothing of C,, ¢ at all the nodes in E \ EW | which is then
real-normalized on all cycles not passing through nodes in E*). We thus consider
the jump problem with zero jumps at all seams corresponding to internal nodes
e € Io<n and e € In>» and with the jump on the seam ~, for any e € EMW given
by
(<) * (>XN)
) y% — I (V) \W_e) (8.14)

and let wl(:‘) be the ARN solution of this jump problem on Cj. Then the difference

V= (\I/l(f)‘) u \I'E;/\)) — w,(:‘)
is a differential on CS/\) U C£>)‘) that also has no jumps on any seam -, for any
e € EX. Therefore, v is a well-defined differential on the plumbed curve Cy,
satisfying the following properties:

(a) its only singularities are at py, with the singular parts prescribed by the
coordinates wy, (the singularities at g. for e € EW are cut out by plumbing);

(b) v has a real integral over any cycle on Cj not intersecting the seams 7,
for e € EXV;

(c) by the definition of the residues of \IJ,(SA) at ¢. the integral of v over any
seam 7, for e € EW is equal to 2mc, i, which is the integral of U, over that seam
(the integral of the ARN solution over the seam is zero).

Therefore, W), — v is a holomorphic differential on C} such that all its periods
over the cycles not intersecting the seams . with e € F() are real, and the
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periods over these seams are zero. Verbatim, the same argument that proves the
uniqueness of ¥x(c) by applying Stokes’ theorem shows that such a differential is
zero, and thus it follows that v is equal to Wy.

The advantage of this construction of W over the one used in §6 is that the
balancing condition (8.1) gives a much better upper bound for the initial data of
the jump problem whose solution is w,(c/\). Indeed, for any e € EX) let us define
holomorphic differentials f. on Ve and f_.; on V_, by

For =TV, = T (TY) = Z Uj e p2) dze, (8.15)

where u; . denote the coefficients of the Taylor series expansion of \IlffA)

and respectively

at ge,

frer =N —o_op =3 et dee, (8.16)
j=0

)

where u; _. ;, denote the coeflicients of the Laurent series expansion of \IIE; at q_e.

From the balancing condition (8.1) it follows that

U, O, ) = b = el )

Since f. 5 is holomorphic in V. and f_.j is holomorphic in V_., we can apply
Proposition 5.3 to bound the ARN solution w,(f) of the jump problem posed above.
Since C” \ {Ve}eer, is a compact subset of CV \ {¢e}ecr,, the sequence of dif-

) g ()

ferentials 1, on it converges. Thus each individual term of their Taylor

expansions also converges, and hence ,ug‘) fe, being the sum of all the terms of
the Taylor expansion starting from the mth term, converges on C¥ \ {V.}eep,. In
particular, ,u,(:‘) fe,x converge on the circle {|z.| = 1} = 0V, —which is where we
need to take the norm to apply the bound of Proposition 5.3. From (8.15) we see
that for any e € E™) the differential ugj‘) fe.r has a zero of order at least m at g..
Therefore, there exists a constant M independent of sufficiently small w, u, and s
(so that it works for all sufficiently large k) such that

(m+1)/2

ferls < M(u{) ™! max

We now recall that m. < mg < m/2 for any e by Lemma 8.14, so that |s., k| (mtD/2
< |Se.r|™e e+1/2 for any sufficiently large k. Using this inequality for the right-hand

side above and multiplying this bound by | M(AH | yields
M?H)\fe,kg < M max |se;|"?, (8.17)
eecE()

by applying the bound for M(M_l)/u(’\) given by Lemma 8.16.

We now bound f_. . By the assumption of jet-convergence at step A the dif-

(A+1)\Ij(>>\) (A1 )f_

ferentials u,; converge to ®A 1) Since oy e,k is the regular part
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of ul(:‘ﬂ)\lll(;)‘), these also converge, and thus there exists a constant M, indepen-
dent of sufficiently small s and sufficiently large k such that

PO F o kle < My max |se ]2, (8.18)
e€cEM)

Using for the initial data u,(c’\ﬂ)(fe’k —I¥(f—e,x)) of the jump problem the upper

bounds provided by (8.17) and (8.18), we finally get from Proposition 5.3 that there
is a constant M3 such that

P lle, < Malsy |2, (8.19)
Since the limit of u,(;\H)\Il,(:’\) is finite and non-zero on any component C¥ ¢ CA+1),

it follows that for any compact set K C C’,g>’\) we have

. A+1 . A+1 A A
Jim R =t M (0 - oY)
. A+1 A
= lim POV =00 O

This lemma completes the proof of the inductive step. Indeed, Lemma 8.15 shows
that if the inductive assumption holds at step A, then there exists a scale ,u,(:‘ﬂ)
such that the inductive assumption holds, for a suitable subcurve, also at step A+ 1.

In particular we have proven the following.

Corollary 8.19. Any sequence {Xy} that is jet-convergent at step A has a subse-
quence that is jet-convergent at step A+ 1.

Since the order of vanishing stratification is finite, to complete the proof of the
theorem it remains to determine the limits of zeros of ¥y. Away from the nodes
of C, the limits of zeros of ¥, are clearly the same as the limits of zeros of ,u,(c)‘)\I/ ks
which are simply the zeros of P® counted with multiplicities. We thus need to show
that a node g is the limit of ord,, G OME ord,_. ®v(=€) 1 2 zeros of Uy, counted
with multiplicities.

Denote by K. the compact set (V. \ Uc“*) LU (V_. \ U’S")/(7e ~ v—c), where
the seams are identified via I., as usual. The differentials dz. in V_. \ Ujee’“ and
se7kz:f dz_. in V_. \ Uf‘;”“ match each other on the seam 7. and hence define
a holomorphic differential (. on K, that is nowhere zero. Hence the number
of zeros of the differential ¥;, in K.} is equal to the number of zeros in K, j of
the function ¥y /(. 5. By the argument principle the latter is equal to the inte-
gral of (2mi)~! dlog(V¥y/Cc.r) over the boundary OK, j, which is the union of the
circles |z.| = 1 and |z_.| = 1, with opposite orientations. On these circles PU;, con-
verges to P®?(¢) and P®(=¢) | respectively, and thus the integrals of dlog(¥y/Ce x)
over them converge to the integrals of dlog(®*(¢)/dz.) and dlog(z2 ,®"(~¢) /dz_,),
respectively. Thus the total number of zeros of W) within K.y, for k sufficiently
large, is equal to the total number of zeros and poles of ®¥(¢) in V, plus the total
number of zeros and poles of 22 ®¥(=¢) in V_,, all counted with multiplicity. Since
the only zeros or poles of @ in these neighbourhoods are at the origins, the statement
about the multiplicity of the zero at g follows.
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The computation of the multiplicity of py as a limit of zeros of ¥y, is straightfor-
ward —the point p; is a smooth point of the component C that contains it, and
thus the multiplicity of it as the limit of zeros of W is precisely the difference of
the pole orders of ¥, and ® at py.

Our main theorem, Theorem 8.12 on limits of zeros of RN differentials, is thus
proven. [J

Corollary 8.20. Suppose that for a sequence of smooth jet curves { Xy} converging
to a stable jet curve X the limit of the zeros of the RN differentials Uy, exists. Then
the limits of zeros are the divisor of zeros of the twisted limit differential for some
jet-convergent sequence.

Proof. As argued in the proof of Proposition 3.14, the compactness of SfE_l implies
that any sequence {Xx} has an admissible subsequence. Furthermore, Corol-
lary 8.19 shows that there exists a jet-convergent subsequence of this admissible
subsequence. By Theorem 8.12 the limit of zeros of the RN differentials corre-
sponding to this jet-convergent subsequence is the divisor of zeros of the twisted
limit differential in this subsequence. Since the limit of zeros exists for the whole
sequence, it must then be equal to the limit of zeros for this subsequence. [

9. Appendix: m-balanced approximation

As we see in the proof of the main theorem, Theorem 8.12 on limits of zeros of
RN differentials, the main motivation for introducing the balancing condition (8.1)
for the jet of the differential at ¢. and the singular part at g_. is to ensure that the
jump is sufficiently small, so that Proposition 5.3 applies, and yields a bound for
the ARN solution. The bound shows that for s sufficiently small this ARN solution
is smaller than the differentials themselves. In this appendix we develop this idea
into a general notion of m-balanced approximations. The balancing construction
used in the previous section will correspond to the case m = 0 of this more general
construction. While not used for the proof of our main results, the notion of
m-balanced approximations for m > 0 gives a general framework for future works
aimed at understanding more precisely the asymptotic behaviour of meromorphic
differentials under degeneration.

For a fixed m € Zxo, we continue with the notation of the previous section.
Denote by W the set of all collections of RN meromorphic differentials ® = {®?}
on C" that have poles of order up to my+1 at each marked point py, are holomorphic
away from the marked points and the pre-images of the nodes, and have poles of
order at most m + 1 at the pre-images of all nodes, with opposite residues at ¢,
and g_. for any node e. We note that W is a finite-dimensional vector space, and
for further use we denote by Wy C W the vector subspace of those differentials
that are regular at all p, and have zero residue at any node (while still allowed to
have higher order poles there). For & € W we denote by u; . the coefficients of
the Laurent series of ®(¢) at ¢., by o, the singular part, and by J, the m-jet
of the holomorphic part of ®¥(¢) plus the polar term of order —1.

For a jet curve X = X, . s we continue to denote by ¢ = ¢(X) the sum of
the series as constructed in Proposition 6.7, that is, the values such that ¥y =
Ux(c(X)). The m-balanced approximation is then defined as follows.
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Definition 9.1. For a given X and for a fixed integer m > 0, an element
Ox[m]={Pm]"} e W

is called an m-balanced approximation if the following conditions hold.
(a) At each point py the singular part of ®[m] is as prescribed by the coordi-
nates w.
(b) At any pre-image ¢, of any node, the residue of ®[m]"(¢) is equal to
Res,, ®[m]"(©) = ic..
(c) At any pre-image q_. of any node, the singular part o_. of ®[m]"(=¢) is
equal to the pullback under I* of the m-jet J, of ®[m]"(®) at q.:

O—e = Ie*(‘]e(q)[m]v(e)))v
which is the balancing condition explicitly written in equation (8.1).

We note that condition (c) prescribes both o_,, in terms of the jet of ®[m]*(¢) and,
by choosing q_. instead, also the singular part o, in terms of the jet of @[m]“(_e).
Therefore, the existence of m-balanced approximations cannot be argued by con-
structing them starting from some component, and then proceeding to define them
explicitly on the adjoining component. We thus first need to prove that the
m-balanced approximations exist. To prove this, one could first argue unique-
ness as we do below, and then deduce the existence by noting that the conditions
imposed on an m-balanced approximation are a system of non-homogeneous linear
equations on the singular parts, which must then have a solution. However, for
possible applications it is important to be able to compute the m-balanced approx-
imation, and we thus give a proof by an explicit construction of the approximation
as the sum of a recursively defined series.

Proposition 9.2. For any fized m there exists a constant t,, such that for any
|wl, |u|, |s| < tm there exists a unique m-balanced approximation ®x[m].

Proof. Similarly to the construction of the RN differential in plumbing coordinates,
we will prove the existence by constructing the approximation as the sum of a series
dx[m] =32, @Y, now with the first term ®©) := ®(c(X)).

The further terms ®® for [ > 1 will lie in Wy, so that adding them to ®©) does
not change the singular parts of ® at p; or the residues at the nodes. To define &)
we introduce a linear operator R: W — W)y, which we think of as ‘balancing’ the
singular parts. An element of Wy is prescribed by its singular parts at each ¢, and
we define R(®) by prescribing its singular parts at each g_. to be

m—1
. o
seg sluj ez} " dz_e, (9.1)
7=0

where the u; . are the coefficients of the jet J. of ® (note that this formula prescribes
a singular part without residue, as required for an element of Wy).

We introduce a norm on W by taking the maximum of norms of the singular
parts. Let the linear operator R': W — W, be defined by prescribing the singu-
lar parts to be

R'(0)_«=5.'R(0)_e.
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Since it depends smoothly on u and the collection of singular parts R(o) is obtained
by multiplying the collection of singular parts R'(c)_. by the diagonal matrix of s,
it follows that there exists a constant M,, such that for any ® € W we have

[R(®)] < |s] |R'(®)] < My |5]|P]. (9-2)

We now define the terms of the series by setting ®(+1) := R(®1) for any [ > 0,
so that the above bound (9.2) shows that

2+D] < My, |s] |20 (9-3)

for any I. Thus, for |s| < M,,! the norms of the terms are bounded by a geometric
sequence with ratio less than 1, and thus the series converges.

To prove uniqueness of the approximation, suppose that @’ is the difference of
any two m-balanced approximations. Then ® € Wj is a collection of RN dif-
ferentials holomorphic at all the marked points and satisfying all the balancing
conditions (9.1). But then R(®’) = &’ by definition, and thus it follows that
|®'| < My, |s||®|, which for |s| < M, is a contradiction unless ®’ is zero. [J

By using techniques similar to the proof of Lemma 8.14 it can be shown that
for m > 2myg each meromorphic differential ®[m|” of an m-balanced approximation
is not identically zero. To prove this, one proceeds inductively by the number
of components of C' and uses estimates similar to those in Lemma 8.14 to show
that each m-jet J(®) is not identically zero —which then implies that no singular
part o_. is identically zero, and thus no RN differential ®[m|" is identically zero.

Furthermore, consider the jump problem with initial data

q)[m]v(E)

Yo Ie (@[m} ( )|'Yfe)'

Let wx [m] be the ARN solution of this jump problem, so that ®x[m] —wx[m] then
glues to define a differential on C, which is then easily seen to be equal to Ux. The
balancing condition then shows that the first m terms of the initial data of the jump
problem cancel (as in equations (8.15) and (8.16) in the proof of Theorem 8.12),
and thus gives a bound for the ARN solution. As a result, one obtains the following.

Lemma 9.3. For any w, u, and s sufficiently small there exists a constant M such
that for any compact set K C C"\ U,cp, {¢e} the inequality

W — @[]l < M]s| 72 (9-4)

holds.

This lemma says that on those components C¥ where the limit RN differen-
tial ¥ is not identically zero (that is, on C()), ®x[m] approximates ¥x up to
order [s|(™*1)/2 In the same spirit as before, we can also approximate ¥x|o(>0)
with the same precision, by using the order of vanishing stratification.

More precisely, suppose that X}, is a jet-convergent sequence, as defined in Defi-
nition 8.8, with multi-scale x(9), ..., u&). We define a new sequence of differentials
as follows.
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Notation 9.4. For any 0 < A\ < L we denote by ¥.[m]SY and Wy[m]>» the
RN differentials on O}ig,\) and C,(€>)‘), respectively, whose only singular parts are as
follows:
e at every point p; € CSV | the differential \Ilk[m](@‘) has singular part oy x;
e at every ¢, e € B the differential Wy [m](S has singular part o, x[m] of
order at most m + 1, with residue ic. x;
e at every ¢_., e € E™ | the differential \I/,(f’\) has singular part o_. ;[2m] of
order at most 2m + 1;
e the following enhanced balancing condition holds:

Teelm] + JE (0 [m] (V) = IF (0 e[2m] + T (0 [m] SN, (9.5)
where Jc[m]( -) is the polar term of order —1 plus the m-jet of the regular
part of the corresponding differential.

What the enhanced balancing condition says is that o, ;[m] is the singular part
that is m-balanced with the m-jet of ¥;[m]>" at q_., while o_, ;[2m] is the
singular part that is 2m-balanced with the 2m-jet of Wy [m]>*) at g.. Viewed this
way, the original balancing condition (8.1) requires 0-balancing in one direction,
and m-balancing in the other direction.

The existence of such a pair of differentials ¥y [m](SY and W [m]>Y requires

a proof, since unlike the case of \Ilgf)‘), which is defined directly, and unlike the

case of \IIEC>A), which is defined by prescribing its singular parts, the differentials
Ty [m](SN and Uy [m]>» must satisfy the enhanced balancing condition, which
restricts the singularities of both of them. However, arguing the same way as
in the proof of existence of m-balanced approximations, one can prove that such
differentials exist. Essentially the argument again boils down to noticing the extra
powers of s i appearing in front of the singular parts o, x[m] and o_. ;[2m], which
imply the uniqueness of solution. Then since the enhanced balancing condition
is a non-homogeneous system of R-linear equations, it follows that this system is
non-degenerate and has a solution. Similarly to our proof of Proposition 9.2, one can
construct these differentials explicitly as sums of recursively defined series —which
essentially amounts to inverting a linear operator as a recursively defined series
with terms decaying as powers of s.

Definition 9.5. For a given jet-convergent sequence Xj,, we let ®5[m]**1) be the

m-balanced approximation of ¥;[m]>*) on C’,(C>/\). We then call the collection of
differentials ®j,[m]A 1 on CA*Y the m-balanced approzimation on Xj,.

The use of the enhanced balancing condition is to guarantee a still better bound
on the initial data in the suitable jump problem, and the name of m-balanced
approximation is justified by the following main result about it.

Proposition 9.6. For any jet-convergent sequence Xy, any X\ = 0, and any C¥ C
COHY | the following inequality holds:

P, — @ [m] A [ n < My s | D2,
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The proof is completely parallel to the proof of Theorem 8.12, and since we
do not require Proposition 9.6 for the proof of our main result, Theorem 8.12,
we do not give the full details of the proof, just indicating the outline, for possible
future applications.

Idea of the proof. Mimicking the proof of Theorem 8.12, one first needs to prove the
statement analogous to Lemma 8.13, showing that the multi-scale-p limits of Uy,
and W,[m](SV are the same. The proof is by using the ARN solution of the jump
problem and noticing that the presence of positive powers of s, ; in each singular
part o¢j of \I/k[m}(@‘) at g for e € EX | as given by the enhanced balancing
condition, ensures that in the limit as k¥ — oo these singular parts go to zero. One
then shows, similarly to the main part of the proof of Theorem 8.12, that the RN
differential ¥y is equal to

U, = (q;k[m](@) L \I/k[m](>’\)) _ wk[m](k)7

where w[m]()‘) is the ARN solution of the jump problem with zero jumps at all
seams corresponding to internal nodes e € I~ <» and e € Io>x), and with the
jump on seam ~, for any e € EW given by

Wi[m] SV = (el Y], (9.6)

Identically to the arguments in the proof of (8.19), one can verify that the enhanced
balancing condition (9.5) indeed gives the extra mth power of s, j in the bounds for
the initial data for this jump problem, so that both upper bounds (8.17) and (8.18)
are improved by an extra factor of |s. x|™. Thus another application of the bound
for the ARN solution of the jump problem, given by Proposition 5.3, guarantees
that there exists a constant M such that for any C? ¢ C*+1D) the inequality

A+1 m
P wfm) Voo < M|, |(m /2

holds. The proposition thus follows. [J

By taking the limit as k¥ — oo, the proposition of course implies that in any
jet-convergent sequence the scale-p limit of ®1[m]™ on C™ is equal to the
twisted differential ®(*) that appears in Theorem 8.12. Moreover, the bound
in Proposition 9.6 then shows that the collection of differentials ®;[m]* for all
0 < A < L gives an approximation to Wy which, after scaling by the corresponding
scale 4| is still within |s|™. This information allows the study of differentials ¥,
in a degenerating sequence of jet curves with arbitrary precision; in more general-
ity, the method of considering m-balanced approximations can also be applied to
studying degenerations of other kinds of differentials on sequences of degenerating
Riemann surfaces.
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