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Spanning trees of graphs on surfaces
and the intensity of loop-erased random walk on Z2
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Abstract

We show how to compute the probabilities of various connection topologies for
uniformly random spanning trees on graphs embedded in surfaces. As an application,
we show how to compute the “intensity” of the loop-erased random walk in Z?2, that is,
the probability that the walk from (0,0) to co passes through a given vertex or edge.
For example, the probability that it passes through (1,0) is 5/16; this confirms a 15-
year old conjecture about the stationary sandpile density on Z?. We do the analogous
computation for the triangular lattice, honeycomb lattice and Z x R, for which the
probabilities are 5/18, 13/36, and 1/4 — 1/7? respectively.
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1 Introduction

1.1 Response matrices and groves

Let G be a graph and c¢: G — Ry a positive conductance on each edge. Let A/ be a subset
of its vertices. The triple (G,c,N) is a resistor network. Associated to this data is the
Dirichlet-to-Neumann matrix (also called response matrix) L, defined as follows. Given a
function f: N — R find its harmonic extension h on G, that is a function on the vertices
of G that is harmonic on G\ N and has values f on N. Then L(f) = —A(h)|yx is a linear
function of f, where A is the (positive semidefinite) graph Laplacian. In electrical terms,
L(f) gives the current flow into the nodes N when they are held at f volts. While it is not
obvious from this definition, L is a symmetric negative semidefinite matrix.

Planar resistor networks where N is a subset of the outer face were called circular
planar networks in [CIM98], and were studied in [CdV94] [CAVGV96, [CIM98]. These
authors classified which matrices occur as response matrices: they are precisely the matrices
whose ‘“non-interlaced” minors are nonnegative. (A non-interlaced minor is one in which
there are no 4 indices a < b < ¢ < d for which a and ¢ are rows and b and d are columns
or vice versa.) Furthermore they showed how to construct a graph having a given matrix L.

On a circular planar graph a grove is a spanning forest (set of edges with no cycles) in
which every component contains at least one vertex in /. In [KW11a] we studied the natural
probability measure on groves (where each grove occurs with probability proportional to the
product of its edge weights), showing how to compute the probability that a random grove
has a given connection topology in terms of the entries in L.

1.2 Graphs on surfaces

We study here the same problem for a graph G embedded on a surface . Here the usual
notion of response matrix is not rich enough to extract information about the underlying
topological structure of a grove. Given a resistor network on a surface X, a natural general-
ization of the response matrix is a matrix-valued function £ on the representation variety
Hom(m(X), H) of flat H-connections on G; here H = C* or SLy(C). We show here how
Z can be used to compute connection probabilities of (certain types of) groves on G.

The question of characterizing which matrices £ occur as a function of the topology
of ¥ remains open. See Lam and Pylyavskyy [LP11a] for related work in the case when the
surface ¥ is an annulus.

We give special attention to the case where the surface Y is an annulus; this is the
easiest case beyond the planar one (but already quite involved) and also has applications to
the study of spanning trees on planar graphs.



1.3 Applications to planar graphs

Using these techniques one can in principle compute the probability that the path of the
uniform spanning tree from a to b in a planar graph passes through a given set of edges or
vertices (as in [Figure 1]). We carry out this computation for Z?* for a single edge or vertex
(see [Figure 2)); our method shows that the answer is in Q(7); we conjecture it to in fact be
in @[%] For the triangular and hexagonal lattices, we conjecture these probabilities to be
in @[?] (see [Figure 13| and [Figure 15]).

For example, we show that the probability that the loop-erased walk in Z? from (0, 0) to
oo contains the point (1,0) is 5/16. (See [Figure 1) This number was predicted by Levine
and Peres [LP11b] and by Poghosyan and Priezzhev [PP11], by relating this probability to
the average stationary density of the abelian sandpile model.

The connection between the spanning trees and the abelian sandpile model was discovered
by Majumdar and Dhar [MD92], and Priezzhev [Pri94] used this connection to compute
the height distribution of the abelian sandpile model, in terms of two integrals that could
not be evaluated in closed form. Grassberger evaluated these integrals numerically, and
conjectured that the stationary density of the sandpile on Z? is 17/8. Later Jeng, Piroux,
and Ruelle [JPRO6] showed how to express one of these two integrals in terms of the other,
and determined the sandpile height distribution in closed form, under the assumption that
the remaining integral, which numerically is 0.5 & 10712, is exactly 1/2. Our derivation of
this probability that LERW passes through (1,0) confirms these conjectures (although our
methods are different), and shows that this aforementioned integral is exactly 1/2.

Similar computations compute this probability on the triangular grid and honeycomb
grid; the probabilities are 5/18 and 13/36, respectively. We do not know why these are
rational numbers. On Z x R (with exponential horizontal jump rates) the probability is
1/4 —1/m2.

We can also compute these probabilities for other vertices. For example, in the square
lattice, the probability that the LERW from (0,0) to oo passes through (1,1) is 1/4 —
1/(47) 4+ 1/(27?), and the probability of that it passes through (2,0) is 1/8 + 1/(4w) +
1/(47%) = 3/(27%) +1/(2n*) (sce [Figure 2).

While we were writing up our results, Poghosyan, Priezzhev, and Ruelle independently
found another proof that the probability of visiting (1,0) is 5/16 [PPR11]. They also asked
about the probability about visiting other points, and remarked that the probability that the
LERW visits (1,1) is numerically close to 2/9. (This differs from the true value by about
1073.)

There are some intersting coincidences in the (undirected) edge intensities of loop-erased
random walk. For each of the square, triangular, and hexagonal lattices, there are several
groups of edges which are unrelated by any symmetry of the lattice for which the undirected
edge intensities are identical (see Figures [I1], I3 and [I5]). We do not have an explanation
for this phenomenon.
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Figure 1: A portion of the uniform spanning tree on Z? (actually a portion of the UST on
a very large grid), with the path from (0,0) to oo shown in bold. The uniform spanning
tree on Z? can be constructed as a weak limit of uniform spanning trees on large boxes.
It is known that the limiting measure exists, is unique, and is supported on trees of Z?
[Pem91]. (This is in contrast to e.g., Z°, where the limiting measure is supported on forests
with infinitely many trees [Pem91].) Almost surely, within the uniform spanning tree of Z?,
each vertex has a unique infinite path starting from it [Pem91] (see also [BLPS01, [LP11c] for
modern proofs). The path to infinity (or in the case of a finite graph, the path to a boundary
vertex) is a loop-erased random walk (LERW) [Pem91] (see also [Wil96]). In this example,
the LERW from vertex (0,0) to oo passed through the vertex (1,0). The probability that
this happens is the LERW intensity at (1,0), which is 5/16.
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Figure 2: Intensity of loop-erased random walk on Z2. The origin is at the lower-left, and
directed edge-intensities as well as vertex-intensities of the LERW are shown.

Figure 1)

(See also



2 Bundles and connections

Let G be a graph. Given a fixed vector space V', a V-bundle, or simply a vector bundle
B on @G is the choice of a vector space V, isomorphic to V' for every vertex v of G. A vector
bundle can be identified with the vector space Vg = @,V, = V19l A section of a vector
bundle B is an element of Vj.

If H is a subgroup of Aut(V), an H-connection ® is the choice for each directed
edge e = (v,w) of G of an isomorphism ¢,,, € H between the corresponding vector spaces
Gvw @ Vo — Vi, with the property that ¢, ,, = ;}v. This isomorphism is called the parallel
transport of vectors in V,, to vectors in V,,. Given an oriented cycle v in G starting at v,
the monodromy of the connection is the element of Aut(V,) which is the product of these
isomorphisms around . Monodromies starting at different vertices on v are conjugate.

Two connections ® = {¢.} and & = {¢.} are gauge equivalent if there are maps
Wy + Vi, =V, such that ¢, 01, =1y, 0 gb;,w for all vertices v and w of G. A connection is
trivializable if it is gauge equivalent to a trivial bundle (in which all ¢, ,, are the identity).

It is useful to extend the notion of bundle and connection to the edges as well: define for
each edge e of G a copy V. of V', and define maps ¢, . : V, = V. whenever v is an endpoint
of e, with the property that ¢.., o ¢, . = ¢, Whenever edge e joins vertices v and w.

A line bundle is a V-bundle where V' = C, the 1-dimensional complex vector space.
In this case if we choose a basis for each C then the parallel transport is just multiplication
by an element of C* = C\ {0}. Furthermore, the monodromy of a cycle is in C* and does
not depend on the vertex of the cycle.

In this paper we will take V = C! or C?, and use H = C*- or H = SLy(C)-connections.
In some applications it is more appropriate to use U(1) C C* and SU(2) C SLy(C) as
structure groups.

2.1 Laplacian A

Let ¢: E — Ry be a conductance associated to each edge. We then define A : Vg — Vg
acting on sections by the formula

Af@) = Y cowl(f(V) = duuf(Ww)). (1)
w:(v,w)eEE

A section is said to be harmonic if it is in the kernel of A.
We define an operator d from sections of the bundle over vertices to sections over the
edges, for an oriented edge e = (v, w), by

df(6) = Cv7w(¢v,ef(v) - wa,ef(w))a
and its “adjoint”

d'w(v) = Z Geow(e).

e~v
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Then the Laplacian can be written A = d*d [Kenl0)].
A cycle-rooted spanning forest (CRSF) in a graph is a set of edges each of whose

components contains a unique cycle, that is, has as many vertices as edges. A component of
a CRSF is called a cycle-rooted tree (CRT).

Theorem 2.1 ([For93, [Kenl0]). For a C*-connection,

wa= > L0 ] (2-v-1),

CRSFs edges e cycles

where the sum is over cycle-rooted spanning forests, where the first product is over all edges
of the CRSF and the second is over cycles of the CRSF, and w is the monodromy of the
cycle defined above.

For a U(1)-connection, A is Hermitian and positive semidefinite [Kenl0]. The mon-
odromy of a loop is in U(1) and so 2 —w — 1/w > 0 and thus we can define a probability
measure on CRSFs where a CRSF has a probability proportional to [], c(e) [T(2—w —1).

A similar result holds for a SLy(C)-connection. Now A is a quaternion-Hermitian matrix,

that is, a matrix with entries in GLy(C) which satisfies A;; = A%, where {CCL Z] =

[ d _ab} . Its g-determinant counts CRSFs:

Theorem 2.2 ([Kenl0]). For an SLy(C)-connection,

qdet A = Z H c(e) H(Q—Trw),

CRSFs edges e cycles

where the sum is over cycle-rooted spanning forests, where the first product is over all edges
of the CRSF and the second is over cycles of the CRSF, and w is the monodromy of the
cycle.

For information on g-determinants, see [Dys70]; for the purposes of this paper one can

define qdet M = V/det M, where if M is an N x N matrix with entries in GL2(C) then M
is the 2NV x 2N matrix with C entries obtained by replacing each entry of M by its 2 x 2
block of complex numbers. In the cases of primary interest M is a quaternion-Hermitian,
or “self-dual”, matrix; for self-dual matrices qdet is a polynomial in the matrix entries.
Matrices with GLy(C) entries enjoy many of the properties of usual matrices: for example,
multiplication and addition work the same way. The inverse of a self-dual matrix is well-
defined and is both a left- and right-inverse, see e.g., [Dys70].

For an SU(2)-connection, 2 —Trw > 0 and this allows us to define a measure on CRSF's
as above.



2.2 Dirichlet boundary conditions

If B C G is aset of vertices, the Laplacian with Dirichlet boundary conditions at B is defined
on sections over G \ B by the same formula (Il) above with v € G\ B and the sum over
all G. In other words A is just a submatrix of the usual Laplacian on G. Its determinant
also has an interpretation. A CRSF on a graph with boundary B is a set of edges such that
each component is either a CRT not containing any vertex of B or a tree containing a single
vertex of B. In this setting Theorems 2] and have the same statements (where tree
components do not have any monodromy term). See [Kenl0].

2.3 Green’s function ¢

The Green’s function for the standard Laplacian (with Dirichlet boundary conditions) is the
inverse of the Laplacian. It has the probabilistic interpretation that G, is (3, ;)" times
the expected number of visits to ¢ of a simple random walk started at p (and stopped at the
boundary); equivalently, it is (3, ¢,) " times the sum over all paths from p to ¢ which do
not hit the boundary, of the probability of the path.

In the case of a graph with connection, the Green’s function ¥ is again the inverse of
the Laplacian, and has a similar probabilistic interpretation:

Lemma 2.3. 9,, is (3., c,r)”" times the sum over all from p to q of the product of the
parallel transports along the path (from q to p) times the path probability (from p to q).
This will be matriz-valued for an SLy(C)-bundle.

Proof. Using the above definition of ¢ as a sum over paths,

Z GoalDrg =Gpyg Z Cqr — Z Do CraPar

re~q req

and since any nontrivial path to ¢ must have last step from a neighbor of ¢, this equals zero
unless p = ¢ and the path has length 0, in which case the second sum is zero and the first

term is (3 o) P D0 Crg = 1. O

2.4 Response matrix Z

Let N be a nonempty set of nodes of G, and n = |N|. For each node v pick a preferred
basis for V,,, the vector space over v.

We define an nxn matrix .2 = % (with entries in H ), the response matrix, or Dirichlet-
to-Neumann matrix, from this data: Z: VN — V¥ is (minus) the Schur reduction of the
Laplacian A to N. That is, . is defined as follows. Order the vertices so that N comes
first. In this ordering the Laplacian is

A= [A B} |

B* C



Then .¥ = —A+BC~!B*. Note that C is the Laplacian with Dirichlet boundary conditions
at NV, and since G is connected, C' is (for generic connections) nonsingular.

From the viewpoint of harmonic functions, .Z is the Dirichlet-to-Neumann matrix: given
f € VN, find the unique section h with boundary values f at the nodes and harmonic at
the interior (non-node) vertices. Then .Zf is —Ah evaluated at the nodes. To see this, let

h1 be h at the interior vertices, that is, h = (}{) Cf
1

= (i e) (1) =)

then B*f +Ch; =0, ie., hy = —C~'B*f, and then ¢ = Af — BO7'B*f = - %f.

The response matrix £ has entries which are functions of the parallel transports. See
[Theorem 4.2 below for an explicit probabilistic interpretation of the entries of .. In order
to define .Z as a matrix one must choose a basis in V,, for each node v. Base changes in
the V, then act on .Z by conjugation by diagonal matrices with entries in H .

Lemma 2.4. When the Laplacian A is nonsingular, the response matriz £ is given by
£ = (a0

A B

B* C

is invertible since it is the Laplacian with Dirichlet boundary conditions. We have

Proof. Write A = where A is the submatrix indexed by the nodes. Submatrix C

A_[A=-BCB BC[1 0
- 0 I ||B C

and using ¥ = —A + BC~'B*,

0 ] [_Ds,ﬂ—l 5—130—1} _ [_g—l 1 -
* *|

-1 _
AT = {—C‘lB* c! 0 I
If ¢ is the Green’s function with boundary at node n, then ¢4 = A~!, where the Dirichlet

Laplacian A is obtained from A simply by removing row and column n. Since Z has the
same response as A on the set N, the response matrix of A is just £ with row and column

n removed. Thus [.i’@]f:ll """" " :11 = —A7p\(n}, or equivalently,
-1
i=1,...,n—1 i=1,...,n—1
Ll = = (o)) @)

By perturbing A, we see that (2]) holds even if the Laplacian A is singular, so long as the
Dirichlet Laplacian is nonsingular.
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3 Graphs on surfaces

Let ¥ be an oriented surface, possibly with boundary, and G a graph embedded on ¥ in
such a way that complementary components (the connected components of the surface after
it is cut along the edges of G) are contractible or peripheral annuli (that is, an annular
neighborhood of a boundary component). We call the pair (G,3) a surface graph.

@

Figure 3: On the left is a graph G, which is the square grid restricted to a finite box with
wired boundary conditions: the outer boundary is one vertex (and the bottom edge is a
self-loop). This graph will be relevant to our later loop-erased random walk computations.
The middle diagram shows G embedded in a surface Y, which in this case is an annulus
whose inner boundary is one of the squares of the grid. There is a “zipper” (edges crossing a
dual path) connecting the inner boundary to the outer boundary of the annulus, and edges
crossing the zipper have parallel transport z from their left endpoint to their right endpoint.
We have labeled four of the vertices on the boundary of ¥, which we call nodes. On the
right is a schematic diagram of the surface graph which shows the surface X, the zipper, and
the nodes of G, but not the internal vertices and edges of G.

3.1 Nodes and interior vertices

For each boundary component of the surface ¥ there is a “peripheral” cycle on G, consisting
of those vertices and edges bounding the same complementary component as the boundary
component. We select from this cycle a (possibly empty) set of vertices. The union of these
special vertices over all boundary components will be the nodes A; the non-node vertices
are interior vertices (even though these may be on the boundary of ).

Planar maps, in which X is topological disk, are examples of surface graphs: these are
called circular planar graphs in [CIM98]. In this case the nodes are a subset of the vertices
on the outer face.

11



3.2 Flat bundles

Given a surface graph (G, ), a vector bundle on G with connection @ is flat if it has trivial
monodromy around any loop which is contractible on . In this case, the monodromy
around a loop only depends on the homotopy class of the (pointed) loop in m;(X), and so
the monodromy determines a representation of m(3) into Aut(V,), where p is the base
point. This representation depends on the base point p for m; choosing a different base
point will conjugate the representation.

Conversely, let p € Hom(m (%), Aut(V)) be a representation of 7 (X) into Aut(V'); there
is a unique (up to gauge equivalence) flat bundle with monodromy p. It is easy to construct:
for example start with a trivial bundle on a spanning tree of G; for each additional edge
the parallel transport along it is determined by the topological type of the resulting cycle
created.

In the case of a line bundle, Aut(C) = C* is abelian and the monodromy of a loop is
well defined without regard to base point. Moreover in this case p(y) only depends on the

homology class of the loop ~, since any map from 7 (X) to an abelian group factors through
H{(%).

4 The response matrix and probabilities

4.1 Circular planar graphs

In the case of a planar graph, there is no monodromy and . = L is a matrix of real numbers.
This case was analyzed by [CdV94], see also [CAVGV96, [CIM98]. Colin de Verdiere showed
that response matrices L of planar graphs are characterized by having nonnegative “non-
interlaced” minors. Given two disjoint subsets of nodes R and S, we say that R and S
are non-interlaced if R and S are contained in disjoint intervals in the circular order on the
nodes. When |R| = |S|, the corresponding minor is det(L%) > 0 (the determinant of the
submatrix whose rows are indexed by R and columns by 5).

In [KW1Ial Proposition 2.8] (see also [CIM98, Lemma 4.1]), there is an interpretation
of the entries of L in terms of groves. A grove is a spanning forest with the property that
every component contains at least one node. The weight of a grove is the product of the
conductances of its edges.

Theorem 4.1 ([CIM98, KW1lal). When i # j, L;; is a ratio of two terms: the numerator
1s the weighted sum of groves in which nodes 1,7 are in the same component and every other
node is in a component by itself; the denominator is the weighted sum of groves in which
every node s in its own component.

The diagonal terms have a slightly different interpretation: L;,; has the same denominator
as the others; but its numerator is minus the weighted sum of components in which nodes

12



different from i are in separate components, and i is in one of these components.

More generally, for disjoint non-interlaced subsets R, S C N with |R| = |S|, det(L3) is
a ratio of two terms: the denominator is the weighted sum of groves in which every node is
in its own component, and the numerator is the weighted sum of groves in which the nodes
i R are connected pairwise with nodes in S, and other nodes are in their own component.

In particular the last statement proves that the non-interlaced minors of L are nonneg-
ative.

Groves can be grouped into subsets according to the way they partition the nodes (that
is, the way the nodes are connected in a grove). For example, a grove of type 1,2 |3,4,5|6
is one in which nodes 1 and 2 are in a tree, nodes 3,4,5 are in a second tree, and node 6
is in its own tree. For a partition o of the nodes, we let Z[o| denote the weighted sum of
groves of type o. For circular planar graphs with n nodes on the boundary, we previously
showed [KW1la] how to compute the ratio Z[o]/Z[1]2]---|n] for any planar partition o of
{1,2,...,n}. This ratio is an integer-coeflicient polynomial in the L;; [KW11al.

4.2 £ matrix entries

Like in [Theorem 4.1] in the case of a flat bundle on a surface graph there is a combinatorial
interpretation of the entries of 2. A collection of edges of a surface graph (G,X) is a
cycle-rooted grove (CRG) if each component is either a CRT (a component containing
one cycle) not containing a node, or a tree containing at least one node. Moreover for each
CRT component, the cycle must be topologically nontrivial. A CRG is distinguished from a
CRSF by the fact that in a CRG the tree components may contain several nodes, while in
a CRSF the tree components contain a unique node.

A CRG has a weight which is the product of its edge conductances times the product
over its cycles of 2 —w —1/w (for a line bundle) or 2 —Tr(w) (for a SLy(C)-bundle), where
w is the monodromy around the cycle. For a partition ¢ of the nodes, we define

% [o] := weighted sum of cycle-rooted groves of type o

% = weighted sum of cycle-rooted groves in which all nodes are connected

For example, the weighted sum of CRSFs is Z[1|2|---|n]. Suppose the partition o is a
partial pairing, i.e., o consists of doubleton and singleton parts, say ¢ = ry,s1 | - -+ | 7%, Sk
t1 |-+ | te. We can define

k
] - [te] = Z o] x H parallel transport to r; from s;

1
1=1

for line bundles (so that the structure group is commutative and the above product makes
sense), and for vector bundles when ¢ has only one doubleton part.
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Theorem 4.2. If i # j, then

.ﬁ?m(nodes other than i and j in singleton parts)]

“i = Z2]-|n]

Proof. Let us first do the line bundle case. Let A = [ ﬁ* g
A indexed by the nodes N .

We make a new graph G by adding an edge ei; to G which connects i and j and has
parallel transport z when directed from i to j. Let A be the line bundle Laplacian on the
new graph G, with Dirichlet boundary conditions at the nodes except nodes i and j, that
is, A = [Ci b} where a = {A“ 1oy =z 1} and b is the 7th and jth column of B.

b C Ajﬂ' -z A]"j + 1

By [MTheorem 2.1] (and its extension discussed in section 2.2), —[z](det A) is a sum of
CRSFs with each node except 7,7 in its own tree component, and nodes i,j in a cycle
containing edge e; ;, and the weight includes the parallel transport of the path in G from j

to ¢. (Here [2%]f(z) refers to the coefficient of 2® in f(z).) We can write
i [o—be bC [T 0
N 0 I e C|’
det A = deta — bC~'b*] det C
—[z]det A = —[2°][a — bC1b*]y 5 det C

} be the Laplacian of G, with

(3)

However

[ZO] [CL — bC_lb*]Lg = [A - BC_lB*]Z'J' = —D%J'.
Finally, det C' is the sum of CRSFs.

The proof in the SLy(C)-bundle case is similar. Let A = A B

B* C
bundle Laplacian of G. Add an edge ¢;; to G from node ¢ to node j with parallel transport

-1
M € SLy(C). As above let A = {gi g} ;SZ::L]\Z A;ij_wj } and b is the
ith and jth column of B. Now det A gives a weighted sum of CRSFs with each node except
1,7 in its own tree component, where the weight is the product of the monodromies along
the cycles. If the CRSF contains a cycle that uses edge e; ;, then the monodromy of this
cycle will depend on M, and otherwise, the weight of the CRSF does not depend on M.
We can write

} be the SLy(C)-

where a = {

qdet A = Co + Y Cop(2 — Te(K, M)), (4)

where the sum is over configurations w with a cycle  containing edge e; ;, K, is the parallel
transport to ¢ from j in the cycle v, and Cy, C, and K, do not depend on M.
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We have (3] in this case as well, where C' does not depend on M. Letting D = bC~1b*,
which does not depend on M, we can write

_ Aii+I1—-D;; Ay —D;j— Mt
o 1% — 1,1 1,0 2,7 %]
This is a 2 x 2 matrix with entries in GLy(C), whose qdet equals
qdet(a — bC~'0*) = Tr((As; — Ds ;) M) + Cy

where C does not depend on M. Comparing with (4]) we see that, since M was arbitrary,

— Z CwKw = Ai,j — Dij = [A — BC_lB*]Z'J' det C = —D%Z"j. ]

Principal minors of £ also have probabilistic interpretations:

Theorem 4.3. Let S C N, then the S x S minor det £5 is the ratio of two terms: the
denominator is the weighted sum of CRSFs; the numerator is (—1)I%! times the weighted
sum of CRGs of Gg, the graph G in which all nodes in S are considered interior, and in
which the remaining nodes are in separate components. If Q ={q1,...,q} =N\ S, then

Zqilge! - -l
S _ (_1)ISI
det £5 = (—1) Z1R ]

Proof. Order the vertices of G by first N'\ S, then S, then the internal nodes. In this order
we have

Al A2 Bl
A: A; Ag Bg
B: B} C
Then LA 5
_ 1 2 1 -1 * *
L = {A;‘ AJ+{BJC [Bi Bj]

and Z§ = det(—Az + BoC~1B3). The proof follows from the identity
As By o Ag — BQC_IB; B2C—1 I 0
By C| 0 I By C
upon taking determinants: the left-hand side determinant is the weighted sum of CRGs of
Gs, the right-hand side determinant is (—1)!¥ times the product of .£5 and det C' which
counts CRSFs. In the SLy(C)-case we used the fact that qdet [)g };] = qdet K/( 9]
qdet X .
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For line bundles there is an interpretation of more general minors:

Theorem 4.4. Let Q, R, S, T be disjoint sequences of N for which N = QURUSUT and
|R| = |S|. Then det L{5% is the ratio of two terms: the denominator is the weighted sum
of CRSF's; the numerator is a signed weighted sum of CRGs of Gr, the graph G in which all
nodes in T are considered interior, the nodes in () are in singleton parts, and in which nodes
i R are paired with nodes in S, with the sign being the sign of the pairing permutation,
times the parallel transports from S to R:

L[] - lae)
det Ly = 1) -
R AP DR TERNT

permutations p

Proof. The previous proof shows how to reduce to the case T is empty. Furthermore
det Z5 det C = det A%l where I is the set of internal nodes. So we need to evaluate
det A22L. The proof now follows the proof of Theorem 2.1] which is found in [KenI0, proof
of Theorem 1]. Write A = d*d where d is the operator from sections over the vertices to
sections over the edges. Then AL = d% ;drur where dx is the restriction of d to sections

over X . By the Cauchy-Binet theorem,

det di, dror = Y det(dy, ;)" det dp;,
Y

where the sum is over collections of edges Y of cardinality |SUI|. The nonzero terms in the
sum are collections of edges in which each component is a CRT if we glue r; to s; for each i.
Equivalently, each component is either a CRT or a tree containing a unique r € R and
s € S. The weight of a component with a cycle is 2 — w — 1/w where w is the monodromy
of the cycle; the weight of a path is the parallel transport to the r from the s. It remains
to compute the signature of each configuration.

This signature is the same as the signature in the case of a trivial bundle, which is
determined by |[CIM9§| to be the signature of the permutation from R to S determined by
the pairing. O

4.3 Cycle-rooted grove probabilities

Theorem 4.5. The probability of any topological type of CRG involving only two-node con-
nections and loops is a function of £ and the weighted sum of CRSFs.

Proof. By a result of Kenyon [Kenl0Q] (based on a theorem of Fock and Goncharov [FG06]),
on a graph embedded on a surface with no nodes one can compute the probability of any
topological type of CRSF (that is, the probability that a CRSF has a given set of homotopi-
cally nontrivial cycles up to isotopy) from the determinant of the Laplacian considered as a
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function on the space of flat SLy(C)-connections. Indeed, as X runs over all possible “finite
laminations”, that is, isotopy classes of collections of finite, pairwise disjoint, topologically
nontrivial simple loops on the surface, the products Hcydes m x(2 = Trw) form a basis for
a vector space (the vector space of regular functions on the representation variety) and the
Laplacian determinant is an element of this vector space. In other words, above
shows that det A = v Cx [ yaes in x(2—Trw), where X runs over finite laminations; such
an expression determines each coefficient C'x uniquely.

To compute the probability that a random CRG Y on ¥ has a fixed topology of node
connections, add edges e;; to G connecting endpoints of all two-node connections ¢ — j
of Y'; the resulting graph G’ can be embedded on a surface ¥’ containing ¥, and the union
of Y and the new edges is a CRSF on G’. (We obtain ¥’ from ¥ by gluing a single strip
running from ¢ to j for each e;;; in this way cycles containing different e; ;s are in different
homotopy classes.)

Any CRG on G with the same node connection type as Y can be completed to a CRSF
on ¥’ by adding the edges e;;. Conversely (since each added edge e;; is in a different
homotopy class on ¥') each CRSF of this topological type comes from a CRG on G with
the same connection type as Y.

The flat connection on G can be extended to a flat connection on G’ by taking generic
parallel transports ¢; ; along the e; ;.

It remains to show that the Laplacian determinant of G’ is a function of &, the new
parallel transports ® = {¢;;}, and det C'. However AY = A + Sg where Sg is supported
A B

B C] we have

on the nodes; using A = [

_ —1 D= -1
demg,:det{fus<I> B}:det{AjLS@ BCY'B* BC HI 0}

B C 0 I B* C
= det(—Z + Sp) det C. O

5 Basic surface graphs

The simplest non-circular-planar case is the annulus. Since m(X) is abelian in this case
it usually suffices to consider a line bundle rather than a two-dimensional bundle. The &
matrix then depends on a single variable z € C* which is the monodromy of a flat connection.
For simplicity we choose a connection which is the identity on all edges except for the edges
crossing a “zipper”, that is, a dual path connecting the boundaries; these edges have parallel
transport z.

Suppose (G, Y) is a surface graph on an annulus with n; nodes on one boundary compo-
nent and ny on the other. Then .Z is an (n; + ny)-dimensional matrix with entries which
are rational in z. Let 25 = Z[1]2|---|n] be the weighted sum of CRSFs of G (CRGs in
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which each node is in a separate component). We have
Z(1)2]-- ZakQ—z—z DLs

where ay, is the weighted sum of CRSF's Wlth k cycles winding around the annulus.
While we have not attempted to show that every connection probability can be computed
via the £ -entries, we present here some case of small ny,ns.

5.1 Annulus with (2,0) boundary nodes

Suppose there are two nodes on one boundary and none on the other. Then .2} 5(z) counts
connections to 1 from 2. There are only two topologically different configurations, which

are illustrated in [Figure 4 We have the following theorem.

Figure 4: The two topologically distinct ways to connect the nodes on an annulus with (2,0)
boundary nodes.

Theorem 5.1. % log 2 2(%)].=1 is the probability that the LERW to 1 from 2 crosses the
Zipper.

Proof. Let Ay, By, and «ay (respectively) be the weighted sum of cycle-rooted groves which
contain k cycles winding around the annulus, and in which nodes 1 and 2 are (respectively)

connected by a path not crossing the zipper, connected by a path crossing the zipper, or are
not connected. Then

ZB = [A2—2—1/2)" + Bra(2 — 2 — 1/2)"] = Ay + Boz + O((z — 1)*)

k>0
N2 =D a2—z—-1/2)" =g+ O((z — 1)?)
k>0
Bym 3172 = g[ﬂ/f[lp]
) 83ﬂ o212 B
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5.2 Annulus with (1,1) boundary nodes

0OOC

Figure 5: Different numbers of windings of the path to 1 from 2. These configurations
contribute to ¢y, ¢, c_1, and c_s respectively.

We let ¢; denote the weighted sum of CRGs connecting 1 and 2 and such that the path
from 1 to 2 crosses the zipper j times algebraically (see|[Figure ). Then Z°[3] = iz ;2
from which one can extract ¢; for each j. [Theorem 4.2 shows that %, = 27}/ Z[1]|2],
so Lo and Z[1]2] together determine the winding distribution (which we knew already
from [Theorem 4.5)). But 2°[1]2] is also a function of z, so .Z] 2 does not by itself determine
the winding distribution. But from .72} » we can extract the expected number of algebraic
crossings of the zipper via

E[# algebraic crossing of zipper| = 83 log 29
2

z=1

5.3 Annlus with (2,1) boundary nodes

Suppose that nodes 1,2 are on the inner boundary and 3 on the outer. Suppose the zipper
starts between 1 and 2 (cclw) as in Figure [6

This case can be reduced to the previous cases using [Theorem 4.4l For example, consider
the case that all three nodes are connected, and the path from 1 to 2 goes either left or
right of the hole, as illustrated in

Here by [Theorem 4.4 above, £73 is 1/Z; times the sum of CRGs in which 1 and 2 are
connected by a path, and 3 is considered an interior vertex (that is, either connected to this
component or connected to a CRT disjoint from it); such configurations are weighted by the
power of z determined by the path from 1 to 2. Thus f%g% =A+Bz+C2—-2-1/2)
and A and B are the desired quantities.

The quantities ‘Z%;’ and £ };’ carry additional information about the winding of the
path from 1 to 3 (respectively from 2 to 3) around the zipper.
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e

Figure 6: The two main cases for connecting three boundary points on the annulus in the
(2,1) case (ignoring windings of the connection to vertex 3).

5.4 Annulus with (3,0) boundary nodes

This is a case which can be derived from the (2,0) case using [Theorem 4.4l Suppose nodes
1,2,3 are in counterclockwise order on the inner boundary, with a counterclockwise zipper
between nodes 1 and 3. Consider the case when all nodes are connected; there are three
possible configurations A;, Ay, A3 correspond to which complementary component of the
triple connection the outer boundary component lies (see [Figure 7). The numerator of .Z §§
is Ay + Ay + zAs, the numerator of oiﬂi’g is zA; + Ay + zA3, and the numerator of ‘,2”3} is
zA1 + Ay + As. These three quantities suffice to determine A;, Ay, As.

P QG

Figure 7: The three topologically distinct subcases when the three nodes are connected (for
the annulus with (3,0) nodes).
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5.5 Annulus with (3,1) boundary nodes

This is a case we will need when we do the LERW computations
below. Suppose there are 4 nodes in all, with nodes 1,2,3 on the
inner boundary in counterclockwise order and 4 on the outer bound-
ary. Suppose the zipper starts between 1 and 3 and is oriented
counterclockwise, as in the figure. We wish to compute the ratios
Z[1,2|3,4]/Z[1|2|3|4] and Z[1,2|3,4]/Z[1,2,3,4] (as before, Z[o]| de-
notes the weighted sum of groves of type o, for the trivial bundle).

Recall that Z°[%|3] denotes the weighted sum of cycle-rooted
groves of type |3, times the parallel transport of the path to node 1
from 2 and the path to node 3 from node 4, so that for a trivial bundle, Z[}|3] = Z][1, 2|3, 4].
Because of the path connecting nodes 3 and 4, in fact there will be no cycles in the CRG.
Similarly, 2°[3|3] and Z2°[3|1] denote the weighted sum of CRGs of type 3|3 and 3|}, times
their respective parallel transports.

Now by Mheorem 4.4, ¢ has numerator counting connections 3|3 and {J3 (with a

minus sign). Similarly for & ?g and & %Z With 2 denoting the sum of CRSFs, we have

[511] = Z[ils] — Z[0]
sl = Z[312] — 2ZT33] ()
[il2] = Z 1] = 2* 231

Zydet L75 = 2[5 - 2
Zydet L35 = L[ - 2
Zydet L35 = LB - 2

As a consequence
PRI _ L+ L+ L0 ;
When z — 1 both the numerator and denominator of (€) converge to 0, so we evaluate the
limiting ratio using I'Hopital’s rule. We can expand %, , = Ly, + (2 — 1)L;, , + O((z — 1)),
where L, , is symmetric and L/ , is antisymmetric. Then in the limit z — 1 this gives

U,V

20234 o ZRE] L+ 2L+ 2
Z[12|13/14] =1 Z[1)2|3|4]  =-1 1— 22
B L1,2L§,,4 + L/172L3,4 — L1,4L§,,2 - L/174L3,2
B —2
n (L3,1L,274 + Ly Loy — Loa Ly, — Ll2,1L3,4) +2(LgyLog — Loy Lsy)
—2
n L2,3L/174 + L/273L1,4 - L1,3L/274 — L/1,3L2,4
—2
= —L/1,2L3,4 — L/2,3L1,4 — L§71L2,4 + LioLsg — Li3Lloy. (7)
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It is useful to express this above formula in terms of the Green’s function where the nth
node is the boundary. We can express L;, = —Z;L:_ll L;; and Z1,2,3,4]/Z[1]2|3|4] =
det[.Z ;12=) "1 using [Theorem 4.3l Let % = Gij + (2 — 1)G} ;+O((z—1)?). Then using
@) to express .Z in terms of ¥ and taking the limit z — 1, some algebraic manipulation
yields

Z[1,2]3,4]
Z[1,2,3,4]

(In we will see a much easier way to convert an L-formula into a G-formula.)

While the left-hand sides of these formulas (7]) and (§]) are symmetric in nodes 1 and 2,
the right-hand sides are not. This asymmetry is due to the location of the zipper, and moving
the zipper would change the values of the L ; and the Gj; (albeit in a predictable way).
If we keep the zipper between nodes 1 and 3, then we should expect a different formula
for Z][1,3|2,4] than what we would get by permuting the indices 1,2,3 in the formula for
Z[1,2|3,4]. Indeed, if we carry out the computations as above, we obtain

= -Gy — Gy — Gy +Gro—Gia. (8)

% = —LyoLsa — LysLia— Ly Loa + LipLaa — LizLay (%a)

% = —LyyLsq— LyzLia— Ly Loy (9b)

% = —Liolaa—Lyzlng— Ly Loy + Lialosz — Lizlay (9¢)
and

5.6 Pair of pants with (2,0,0) boundary nodes

The remaining two annulus cases are most easily viewed as special cases of the case when the

surface X is a pair of pants with 2 nodes on one boundary and no other nodes, see [Figure §

Put an SLy(C) bundle with monodromies A and B around the two central holes C'y and

Cp, and supported on zippers from the holes to the boundary between nodes 1 and 2.
The parallel transport of a path to node 1 from node 2 is of the form

1. I, if the path has both holes on its right
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§350600

ABA™! B™'AB ABAB 1A !
=(AB)A(AB)° :(AB B)® =(AB)B(AB)~ (AB )"1A(AB) =(AB)A(AB)-
Figure 8: Some of the possible topological types for the path between nodes 1 and 2 when
the surface is a pair of pants with both nodes on one boundary. The lower zipper (in red)
has parallel transport A, and the upper zipper (in blue) has parallel transport B. For each
diagram, the parallel transport of the path to 1 from 2 is shown.

2. AB, if the path has both holes on its left

3. (AB)™"A(AB)* for some k € Z, if the path has the lower hole on its left and the
upper hole on its right, and k is the algebraic number of crossings that a dual path
from the lower hole to the left boundary makes across the upper zipper

4. (AB)"®*B(AB)* for some k € Z, if the path has the lower hole on its right and the
upper hole on its left, and £ is the algebraic number of crossings that a dual path from
the upper hole to the left boundary makes across the lower zipper

We let ¢®BR) - ((LL) céLR), and c,gRL) (for k € Z) denote the weighted sum of cycle-rooted

groves of the above types. We further let CERR) and CELL) denote the number of cycle-rooted
groves of type ¢'®®) and ¢ in which there are £ € N loops that surround both holes.

We need to choose matrices A and B for which det A = 1 and det B = 1, and it is
convenient to choose them so that Tr(A) =2 and Tr(B) = 2 (so that loops which surround
one hole but not the other have weight 0), and so that AB is diagonal. We can take

B 2x
a1 Yy
z+1
A — . (Z‘—l)2 2
y(z+1)2  z+1

2
Ly(z+1)2  z+1

[ 2z _y
z+1 T
B = (z—1)2z ]
for variables x and y. Then we have
x 0
AB = [0 1 /x] ’
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and since AB is diagonal, it is straightforward to evaluate

(AB)FAAB) = | e 5 ]
y(z+1)2 z+1
B 2x —2k—1
a1 YT
(AB)™*B(AB)" = (x_l);jmk ) ]
L y(z+1)2 z+1

—IZ MR _ gz —1/z) —i—ABZ M9 — g —1/2)"

leN LeN

+> " (AB)FAAB) + > (™ (AB) T B(AB)*.

keZ keZ

Only the last two sums contribute to the 1,2 entry of Z[3]:

By 3 [ ]

keZ
This is a Laurent series in « from which one can extract the coefficients c,(fLR and C(RL).
Once these are known, the coefficients CéRR) and C§LL) can be extracted from Z°[f];; and

Z M2

5.7 Annulus with (2,2) boundary nodes

On the annulus with 4 nodes, put nodes 1,2 on the outer boundary and 3,4 on the inner
boundary. Suppose we wish to compute the probability of the connections 13|24 and 14|23.
This computation can be used to compute the probability that an edge e is on the LERW
from 1 to 2 (an equivalent calculation was done in [Ken0Oal).

Insert an extra edge esy from 3 to 4; this “splits” the inner boundary into two (See
Figure [@)). This is then a special case of the construction of section In the notation of
that section, it suffices to use x = —1 and = =1 to distinguish crossings 13|24 and 14|23:
[Z1.2]12 in the case x = —1 gives the sum and in the case © = 1 the difference of the two
desired quantities.

5.8 Annulus with (4,0) boundary nodes

When 4 nodes are on the outer boundary and none on the inner (and nodes 1,2, 3,4 are in
cclw order), the case we have not yet discussed is the 14|23 case: there are three subcases
depending on whether the paths from 1 to 4 and 2 to 3 go left or right of the inner boundary.
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Figure 9: Computing crossings 13|24 and 14/23.

Again this is a special case of the (2,0,0) case if we put an extra edge between nodes 3
and 4.
In this case the only possible parallel transports to 1 from 2 are (using the connection

from that section)
AB.I,B,A B 'AB,

and only in the first two cases is there a possible extra loop surrounding both Cy and Cp.
Thus

Po= 1™ 4™ (2 z-1/2))+ AB(c™ +c" (2—2—1/2))+ B + Ac™ + B~ ABM™.
The 1,2 entry in 2 is

From this we can extract the three cases of interest.

6 Annular-one surface graphs

Suppose n is even and that the first n — 1 nodes are on the inner boundary of the annulus
arranged in counterclockwise order, and node n is by itself on the outer boundary, and that
the zipper is between nodes n—1 and 1 and directed in the counterclockwise direction (from
1 ton—1), as in section 5.5l We call these annular-one surface graphs; they are the next case
after circular planar graphs, and they play an important role in our loop-erased random walk
calculations in section [§ Annular-one surface graphs of course include the (1,1) and (3,1)
cases that we did in the last section, but for expository purposes we treated those special
cases in separately. We are interested in computing, for any partition o, the weighted sum
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of groves of type o, which we denote Z[o]. We show how to compute Z[o]|/Z[1]2]---|n] in
terms of the response matrix .2, and Z[o|/Z[1,2,...,n] in terms of the Green’s function
¢ . We treat first the case when o is a complete pairing, and then show how to reduce the
computation for general partitions to the computation for pairings.

6.1 Complete pairings

There are n— 1 ways to connect the two boundaries (ignoring windings). When the annulus
is cut along this connection, the domain becomes planar, so there are C),/2_; ways to pair
up the remaining nodes. We have

- (n—2)! 1 n! _Ifn
(n—=1)Cpja-1 = (n—1) (n/2—Di(n/2)! — 2(n/2)(n/2)! 2 (n/Q)

So the number of annular pairings equals the number of equations arising from the deter-
minant formula. In fact, there is a natural bijection between the .Z-determinants and the
annular pairings which is based on the cycle lemma of Dvoretzky and Motzkin [DM47],
which we use in [Appendix A.1|to show that these equations are linearly independent for any
even n.

The approach to computing the normalized probability of pairings is similar to the (3,1)
case above. In any directed pairing, the connection between node n and the other boundary
determines whether or not and in what direction that any other directed pair crosses the
zipper. Reversing the direction of any directed pair (other than the pair containing n)
that crosses the zipper introduces a factor of z2. Since only even powers of z appear, it is
convenient to change variables to

¢ =22
For example, Z[3[1|3] = CZ[3[3[3]-
For more compact notation let 2, := m. When expanding an .Z-determinant

into a 51gned sum of ffg s, where o is a directed pairing, %, can be put into a canonical form
¢Pover o, where o’ is a directed pairing in which the pairs are directed counterclockwise
around the annulus. We can then solve for any given 2. = %,(z) in terms of the .Z-
determinants and ¢ and take the limit ¢ — 1.

The system of linear equations can be represented by a matrix A,. When recording the
linear equation corresponding to det .5, we can re-order R and S in any manner, and this
would just scale row det Z5 of A, by 41, which has no effect on our ability to solve for
the #[o]s. But the signs in A1 are surprisingly nice when we order R and S in a manner
that corresponds to det Z5 s associated pairing in the aforementioned bijection.

The matrix for Ay is just the 1 x 1 matrix whose entry is 1 (since Z[3]/Z[1]2] = L2 =
det £2):
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det £2 [ 1 }

The matrix A, encodes the system of equations (B we saw for the (3,1) case:

~ 2[5
A= o Zhl
2

det iﬂfé -1
1,4
det iﬂg’ﬁ 0 1

The next matrix Ag is

det 331 -1 0 0 -1 0 0 0 —1]
detZy55|10 1 0 0 0 0 0 ¢ -1 0
det L5551 -1 1 -1 0 0 -1 0 0 0
det 373 |-1 0 0 1 0 0 0 0 0 1
det 231510 0 ¢ —¢ 1 —¢ 0 0 -1 0
detZ%55/0 1 -1 0 0 1 0 0 0 0
det Zy55|-1 0 0 0 1 —¢ 1 -1 0 0
det L5750 0 0 ¢ -1 0 0 1 0 0
det £y 0 0 —¢C 0 0 0 ¢ ¢ 1 -1
detZ35% [0 0 0 0 0 ¢ = 0 0 1

Each det.Z7 is a signed-sum of (n/2)! of the Z[o]’s, but not all of these o’s can be
embedded in the annulus, so the rows generally have fewer than (n/2)! nonzero entries.
For each pairing o that embeds in the annulus, the column %[o] contains 2"/%~! nonzero
entries: for each pair {i,j} in o, except the pair containing n, either ¢ € R and j € S or
else je Rand i € S.
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L of these matrices are

n

The inverses A

wm\wu Pp o~ o~
TE 7 0p C
AXH&G m_v @ —

Fab WP~ o

(1-¢)?

—
X
— —
N~ N+ 4+ A4 N~ 4 A
o o

— — — —
Ay \» o \»

— —

o o

— o — o
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For example, the fifth row tells us
2¢ det L7538 + 2 det L7558 + (¢ + ¢) det £5578
ZERE 1 +2¢ det L33+ (C+ 1) det 25775 )
Z1[2[3[4]5]6] (1 —¢)? (P + Q) det L7355 + (P + ¢) det L5755
+2¢ det L3754+ (C+ 1) det £33 + (¢ + 1) det £535

and the sixth row tells us
o . det L7535 + det 2150 + det Z155
41513 N 3,2,6 5,2,6 2,1,6 4,1,6
FR(3M4[56] ~ (1=c) +det L7 +det L7 + det L5 + det L35, (12)
+det £35S + det Z358 + det 2558

Theorem 6.1. For positive even integers n, the matriz A, is nonsingular.

We postpone the proof of this theorem until the appendix.
There are some clear patterns in A, ! which warrant further investigation:

Conjecture 6.1. For positive even integers n, the entries of the matriz (1—C)"* ' xA-" are
all polynomials in C, with nonnegative integer coefficients, and with degree at most n/2 —1.
These polynomials, when evaluated at ( = 1, only depend on the row of the matriz, and
always divide (n/2 — 1)!. These numbers count “Dyck tilings” (certain objects defined in
[KW11b]) whose lower boundary is the Dyck path associated with the pairing that indezes
the row of A;'. (We have verified this for all n < 14.)

Conjecture 6.2. For positive even integers n,
det A, = (1 — O2"’2—%(n72),
(We have verified this for all n < 16.)

Proposition 6.2. For positive even integers n, the row in (1—C)?7'A-1 corresponding to

Flnliral - latale]

consists of all 1’s.

Proof. We compute the all ones horizontal vector multiplied by A,,. The resulting vector
is indexed by pairings o. If the matrix entry (A,),p) is nonzero, then o pairs A to B.
If o contains a pair which does not cross the zipper, then let (i,j) be the lexicographically
smallest such pair. We can “swap” the pair (4,7) and find that

(An) (AL Dot B\ Hui e = — (An)(A\ (i HUl B\l H U)o
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so the o entry of the product vector is zero. If every pair of o crosses the zipper, then o
b _ n/2—-1|n/2-2 1 n We h
must be 00 =55 1| o]+ [l ja- We have

(A")((A\{ivj})U{i}7(3\{1'7]'})U{j})700 =—( X (An)((A\{M})U{j}v(B\{i,j})U{i})ﬂo’
for i < j, and hence the product vector is (1 — ¢)"/?~! at 0. O

We can expand out the .Z’-determinants into sums of products of the .%; ;, each of which
depends on ¢, where %;;(¢) = % ;(1/¢). Since the denominator is (1 —¢)"/?71, to evaluate
the limit ( — 1, we can differentiate the numerator and denominator n/2 — 1 times with
respect to ¢ and then set ¢ to 1. The denominator of course becomes (—1)"271(n/2 —1)!.
The numerator will consist of monomials of degree n/2 in the quantities

8n/2—1

82
’”.7W9%7j

0
- 0T

D%,j|<:1 ? 8_g$

Z‘?j

¢=1

In each case all the terms involving higher order derivatives of . ; cancel upon setting ¢
to 1. This is quite convenient, since there are fewer quantities that we need to evaluate later.
We already have

Li,j == Dg/ﬂi,j|zzl = Dg/ﬂi,j|<:17

let us define

, 0

)
L= 5%

z=1 8g !

Theorem 6.3. For all positive even n and pairings o of {1,...,n}, Zs/Z1jg..;n 15 a poly-
nomial of degree n/2 in the quantities

¢=1

{Lij:1<i<j<n} and {Lj;:1<i<j<n-—1}
We prove this theorem in the appendix.

Conjecture 6.3. The coefficients in the polynomials in are all integers. (We
have verified this for all o for all n < 10.)
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In the above two examples we obtain
Z[4,5/1,2|3, 6]
Z[1|2|3|4|5|6]
— LyolssLlyg — L3,6L4,5L,172 + L3,5L4,6L,172 + L2,6L4,5L,173 — L2,5L4,6L,173
— LogLssLy 4+ LosLseL 4 — LigLasLy s +2L1 5046055 — LiaLseLy
+ 2L576L'174L'273 — 2L476L'175L'273 + L176L3,5L'274 — 2L1,5L376L'274 + L1,3L576L'274
— 2L5 6Ly 3Ly 4 +2L36L% 5Ly 4 + LiaLseLys — LisLasLy s+ 2LasL 3Lo
—2Ls6L} 4Ly — LigLosLy, + 2Ly 5Lo6L5, — LioLsgLy, + 2Ls 6L} 5Ly,
— 2L2,6L/1’5Lg74 + 2L176L/275Lg’4 — L1,4L276Lg’5 + L1,2L476Lg’5 — 2L476L/1’2Lé’5
+ 2Ly 6L 4Ly s — 2Ly L5 4L 5 + LigLogLy 5 — LioLsgLy s+ 2LseL oLy 5
— 2L2,6L/173L;5 + 2L176L/2’3Lﬁ1’5

LsgLy 4Ly — LagLy 5Ly 5 — LsgLy gLy g + LagLh 515 4 + LagLh 3L 5

= —LyeLy 4 Los+ LssL oLy — Logly 5Ly 4 + LigLy 5Ly, — LagLy o Ls 5

+LogLh yLys — Ll 4Ly 5+ Lagly oLl 5 — LogLy 3Ly 5+ LigLys Ly 5
This last formula can be written as a Pfaffian:

[0 Ly, Liy Liy Lis Ligs

_L,1,2 0 L,2,3 L:2,4 L:2,5 Lag

= Lyaloglss — LiaLosLae — Li3loglys + LyoLseLas + L1 3LosLag

Z[4,2]5,1|3, 6]
Z[112]34|5(6]

ZI425.13,6] _ oo | <Ly —Lhy 0 Lh,  ILhs Lag
Z2I3[4]5(6] “Liy ~Lhy —Lhy 0 Ly Lig

_L/15 _L/25 _Lgxs _L2,5 0 L
|—L1g —Los —Lzeg —Liss —Lsg 0 |

Notice that the derivatives appear everywhere except the last row and column.

6.2 Partial pairings

When we carry out our loop-erased random walk computations, we also need to handle
partial pairings, where the grove partition has singleton components as well as pairs, so
long as node n is in a pair. The determinant formulas from [Theorem 4.4 are, as formal
polynomials in the matrix entries of the response matrix .Z, exactly the same as they would
be if the singleton parts of ¢ were removed, and these singleton nodes were made internal
vertices. As a result, the “L-polynomials” look the same, even though the underlying L-
variables depend on the set of nodes. For example, to find Z[1,2|3,5]4] we can take (Qal)
and simply replace the 4-indices with 5’s:

Z[1,23,5/4]

= I Las—L\.Lys— L Los+ LioLas — Ly aLos.
Z[112|3]4/5] 12085 — Loglas — Ly Llos + Lialss 13025
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The formula in terms of G and G’ does however look different.

Theorem 6.4. Let o be a partial pairing, in which the nodes T' are in singleton parts, with
n ¢ T. In the above formulas expressing Zlo]/ Z[1|2[---|n] in terms of £ -determinants,
we can replace each det fg with det gﬁﬁ%, where %] =%, for j <n and %n =1, and
the result will be a formula for Zlo|/Z[1,2,...,n].

Proof. Since the higher derivatives of L;; and the first derivative of L;, always cancel out,
we may compute Z [o] using any convenient choice of L;, , and for present purposes it is
convenient to make the choice for which > i 7, ; =0 for each 7. Then writing the sequence
S as S = S* n, where n ¢ S*, we may express the determinant det .£3 as

det L5 = — Z det fg’
i¢s
Let T be the sequence {1,...,n — 1} \ (RN S*) in sorted order. Suppose for now that R

and S are also in sorted order, and that R,T and S*,T are also in sorted order. We can
use Jacobi’s formula on each summand to obtain

det.i”s . s _
_ ZR-‘,—ZS +it|{s€S*:s>1}| E/ﬂ—l {1,..n=1}1\R
det 317 5T o Z det( ){1,,71—1}\{5*,2}'
¢S

Now we use {1,...,n—1}\ R =S5*T and {1,...,n — 1} \ {S*,i} = R, T\ {i}, and the
fact that & 1’ - 1 and ¢ 1’ "1 are negative inverses to write

det 5

_ R _ (1 STR+YS*+|R|H|T . H—I{SES* s>z}|detg5’ T
det ) =1) 2 (-1

RT\{i}"
i€RUT

When we expand det gng"T along column n, we obtain

|RUT|

2S* T R
det g ) Z ( 1>J+| | det g T Wlth jth item removed

j=1
If the jth item of R, T is i, then i —j = |[{s € " : s < i}|, so
|RUT|

S nT R|+|S* 2 SES*:18>1

and so

det 5
det &)

* * /\S*’ 7T‘
= ()T BT S HEHTIHRIAS qop ST 0T,
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and since RU S* = {1,2,...,2|R| — 1}, which adds up to |R| modulo 2, we have

— =det Y. (13)

Now observe that if we relax the assumption that R, S, R,T, and S*,T are in sorted order,
the left- and right-hand sides of the above equation change signs the same number of times.

Finally, recall that % = det —fﬁjj:;f__ll. O
Corollary 6.5. For a complete pairing o, the Green’s function formula for Z|o|/Z[1,2,...,n]
can be obtained from the response-matriz formula for Zlo|/Z[1|2|---|n] simply by replacing
each L;; with G;; and each L;J» with Gg’j, and then setting G;, = 1.

Corollary 6.6. For a partial pairing o in which node n is paired, the Green’s function
formulas for Z[o|/Z[1,2,...,n| are invariant under the addition of global constant to the
Green’s function.

Proof. The column indexed by n in det Eé}}q; is all-ones. U

6.3 Windings

We can also extract information about the windings of the paths within a grove pairing in a
manner similar to that described in the (1,1) case. For a given directed pairing o, we have

Zlo] =) 7o, (k)],

where Z[o, (k)] is the weighted sum of groves of type ¢ in which the algebraic number of
zipper crossings (involving all pairs in o) is k. Then

9 e Zlo]
192 F2 ]

z
E[algebraic number of zipper crossings for groves of type o] = lim ]
z—

6.4 General partitions

For more general partitions o, we can express Z[o] as a linear combination of Z[r]’s where
the 7’s are partial pairings which may have unlisted nodes. We explain first how to do this
with circular planar graphs (where the surface is a disk), and then for annular-one graphs.
It is also possible to do this reduction for the annulus with 2 nodes on each boundary, but
we do not know how to do it for the annulus with 2 nodes on one boundary and 3 on the
other.

Consider the disk with nodes labeled 1,...,n in counterclockwise order on the outer
boundary. For a partition o, let 7 be the smallest node label that is in a part of ¢ of size
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more than 2, and let s be the size of this part. We will measure the “badness” of the
partition ¢ by the quantity n(n —i) + s. Let j be the next-smallest item in i’s part of o.
Let o* denote the partition obtained from ¢ by “de-listing” 7, i.e., by regarding j as an
internal vertex which can occur in any of ¢*’s parts. If ¢ has k parts, then we can write
Zlo*] = S35, Z[o* with j added to fth part]. One of these terms on the right will be Z[o],
SO

Zo] = Z[o"] = ) _ Z|o" with j added to (th part].

¢

where the sum runs over all parts of o* except the one containing i. Because the graph is
circular planar, unless j is added to a part of ¢* that is “covered” by the part containing i,
there will be no groves of that partition type. Thus each of the nonzero terms on the right
has a smaller badness than o, so we can iterate this process to eventually express Z[o] as a
linear combination of Z|7]’s where 7 is a partial pairing. For example,

Z[1,5,8|2,3,416,7) = Z[1,82,3,4/6,7] — Z[1,8|2,3,4,5|6,7] — Z[1,8]2,3,4/5,6, 7]
= 7Z[1,82,416,7] — Z[1,8|2,56,7] — Z[1,8|2, 4|5, 7).

For an annular-one graph, we can do essentially the same procedure as for a circular
planar graph, except that we start with the part containing node n, reducing its size if the
part has more than two nodes. Once this part has size two, say that it is {h,n}, then we
list the remaining nodes in the order h+1,h+2,...,n—1,1,2,...,h—1, and do reductions
described above. If any node gets adjoined to the part {h,n}, then the term for that partition
will be zero. If n started out in a singleton part, we can start out as in the circular planar
case (with the order 1,...,n— 1) until a node gets adjoined to n’s part, and then cyclically
re-order the nodes as in the doubleton case.

7 The Green’s function and its monodromy-derivative

To carry out our loop-erased random walk computations for various lattices, we will use our
formulas for the connection probabilities in annular-one graphs developed in section [6, and
for this we need the Green’s function G together with its derivative G’ with respect to a
zipper monodromy. We will need G and G’ for both the full lattice, and the lattice after
some of its edges have been cut.

7.1 Green’s function and potential kernel

The Green’s function G, is infinite for recurrent lattices such as Z?, but there is a quantity
known as the potential kernel A, , which behaves like a Green’s function, except that A, , =
0, and G,, and A, , have the opposite sign convention (see [Spi76]). Suppose that a graph G
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is the intersection of Z? or another lattice . with a region surrounding the origin, with
“wired boundary conditions”, i.e., all the lattice vertices in I that are not in the region are
merged into a single vertex in G that plays the role of boundary. If R denotes the electrical
resistance within G from the origin to the boundary, then

Gg,v =R— A%,v + 0(1)’

where the error term tends to 0 for fixed v and v as R — oo. For translation invariant
lattices, Ay, depends only on u — v, and is written as a,;_,.

Since all of our formulas for crossings of the annulus are invariant when a global constant
is added to the Green’s function (involving terms such as G2 — Gy 3), it is straightfoward to
take the limit limg_,. of these formulas by replacing each G, in the formula with —Ay;
which we shall also denote by G .

For convenience let us work with a modified finite graph G approximating the lattice L,
obtained by adjoining an edge with conductance —1/R to node n of G, taking node n of
G to be the other endpoint of this edge. This has the effect of making the resistance in G
from the origin to node n exactly zero. )

~For any partition ¢ for which n is not in a singleton part, we have Z9 = —Z/R and
Z9 o) = —Z|o]/R, so in particular we can compute Z[o]/Z = Z9[0]/Z9 by working with
the Green’s function 49 of this modified graph. We define G, and G;w by the expansion

G9, = G+ (2 = 1)Gl,, + O((z — 1)?).

Then in the limit G — L, we have G, — —Ay .

It is well-known how to compute the potential kernel on periodic lattices by taking the
Fourier coefficients of the characteristic polynomial of the lattice [Spi76]. The potential
kernel can also be computed for any “isoradial” graph by doing local computations [Ken02].
The square, triangular, and hexagonal lattices are both periodic and isoradial, so for these
lattices either method can be employed.

We shall make use of the following smoothness result:

Lemma 7.1 ([St650, Ken02]). For points z = (z1, 22) far from (0,0), the potential kernel
on Z? behaves like ,

= 0(1)2P),

1
AZ = —1
where v is Euler’s constant.

Similar formulas hold for other lattices [Ken02].
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7.2 Derivative of the Green’s function
7.2.1 Infinite sum formula

Let S be the adjacency matrix of the zipper, i.e.,

1 there is a zipper edge directed from k to /¢
kit = .
0 otherwise.

Then A(z) = Ao+ (1 —271)S + (1 — 2)8*, so

1

A(z) 7 = (Aol + (1 — 2" HAG'S + (1= 2)A;'S))
= Ay = (1= 2 HATSA — (1 —2)A;'S* A+ O((2 — 1)?)

Guw = Gup — (2 — 1) Z t(GupGew — GuiGro) + O((z — 1)%)

zipper edges (k,()

The sum is over zipper edges (k, /) in which the zipper direction is from k to ¢, and ¢y is
the conductance of edge (k,¢). The linear term in z — 1 gives us the desired derivative:

G;m = azgu,v‘zzl == - Z Ck,Z(Gu,kGZ,v - Gu,ZGk,v>- (14)

zipper edges (k,()

For the modified graph G, we of course have

G;m = 82%% = — Z Ck,g(éu,ké&v — Gu,gék,v). (15)

zipper edges (k,¢)

z=1

For a vertical zipper in Z? (or the triangular lattice or hexagonal lattice) started in the
face whose lower-left corner is the origin, directed down towards infinity, we define

G_!/%,v == Z Ckf(é%,kéﬂlzv - G%,ZG%,U)‘ (16)

zipper edges (k,f)

For fixed u and v, for zipper edges (k, {) at a distance r from the origin, it is straightforward
to use the smoothness result in [Lemma 7.1] to show that edge (k,¢) contributes O(r~%logr)
to the sum [I6] so this sum is absolutely convergent.

We would like to know that G’ g’v converges to G’ Hﬁ,v as defined in ([I6]) for a sequence
of G’s converging to LL. For our purposes in section [§ when we analyze loop-erased random
on the lattice, we do not need this convergence of G’ for every sequence of G’s converging
to L, it will suffice to have convergence for some sequence of G’s tending to IL. Perhaps
the easiest way to show this is to exploit the reflection symmetry that each of the square,

triangular, and hexagonal lattices possess.
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Lemma 7.2. If L is the square, triangular, or hexagonal lattice, and L € N, let G, =
[—L3, L3 x [~ L, L3}]NL be the off-center box surrounding the origin and zipper (as in[Figure J
except with the lower boundary much closer to the origin than the other boundaries), where
the lower boundary of the box is aligned with an axis of reflection symmetry of the lattice 1.
Let u,v be fized points in I.. Then

lim G'gL = G']L

L—oo

Proof. We can approximate Gng and G%}w (for w within distance L of the origin) using
the Green’s function of the lattice intersected with the upper-half plane. More precisely, we

approximate G by
G5, = —Ar, + AL

P*,q’

where p* = p— (0,2L) is the reflection of p through the lower boundary of the box, and A"
is the potential kernel of the lattice. By construction G, is zero for ¢ along the lower side

of the box, and by the smoothness result from [Lemma 7.1, G}/, = O(1/L?) along the other
three sides of the box. Both G7, and ng are harmonic in both p and ¢ within the box

(except on the boundary), and Ggf] is zero along all four sides of the box. By the maximal

principle for harmonic functions, for p and ¢ within G; we have
|Gy — Goal = O(1/L?),
ie., -
Gt = —Ar + AL — Ay +O(1/L3).
Next we compare the contribution of a zipper edge (k,¢) to G gLv and G %ﬂ). We have

—(GUAGTE = GUGHE) = = (AL, + Ay g — AG o) (=AY, + AL, — 4G )
+ (AL + Ay — AGe ) (—AS 4+ Al — Ao o) + O(L 2 log L)
- (Gy kG — Gu,GiL)
(Gu k*Gg* —Gx E*GH‘* »)
+ Ay A+ A LAY — AL AL — AL AT
+ Ageo[ = A+ A — Ay + A e T A — Ao+ Ay — Ay ]
+O(L %log L)
== (G%,kéﬂi;v - GHJ,ZGHIS, ) — (Gu k*GHZ* Gu o GL*,v)
+ Ay (A — Ageg) = (A g — AGe 0) Ay,
— Ay (A g = Ag o) + (A g, — Ag- o) Aui
+O(L%log L)
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Recall that u and v are fixed, so they are within distance O(1) of the origin. The second
term is O(L™2logL). If the zipper edge (k,{) is at distance r from the origin, then the
next four terms largely cancel one another and add up to O(1/(rL)). Upon summing over
all zipper edges, we find C_J’gfv = G/]zl;v +O(L logL). O]

7.2.2 Zipper deformations

The next task we have is to evaluate in closed form the infinite sum in ([I6]). This we can do
for many lattices L, including the square lattice, triangular lattice, and hexagonal lattice,
although it is not clear how to do this for arbitrary lattices.

We shall need to deform the path that the zipper takes. In general deforming the zipper
while keeping its endpoints fixed has no effect on Giw, unless the zipper is deformed across
either v or v. If the zipper is moved across u in the direction of the arrow on the zipper,
then Gﬁw decreases by G, and similarly, moving the zipper across v (in the direction of
the arrow) increases G’u,v by G... We can also move the endpoint of the zipper by adding
a new zipper edge (k,¢) (or removing an old one) near the endpoint of the zipper, which of

course just adds (or removes) one term to the summations (I5]) and (IGI).

7.2.3 Closed-form evaluation of G’ on Z2

Next we evaluate G’ for Z?>. The first step is to rotate the entire lattice 180° about the
terminal square of the zipper. The rotation of course preserves the lattice Z?, and maps u
and v to (1,1) —u and (1,1) — v respectively, but now the zipper goes up to infinity rather
than down to infinity. Let G'T denote G’ with the repositioned zipper. We have

_ A
G/U,U - G(l,l)—u,(l,l)—v'

The next step is to deform the zipper so that it once again goes downwards. We can
deform the initial segment of the zipper so that it goes downwards, then circles around back
up along a large-radius circle, and then continues back up as before. By [Lemma 7.2 the
summands along the zipper starting with the large-radius circle and the subsequent path to
infinity are negligible. So we have

G/u,v = G/(E,l)—u,(l,l)—v = G/(l,l)—u,(l,l)—v + another term,

where “another term” refers to the term for the zipper being deformed across u or v.

Next we move the location of the start of the zipper, translating it by v+« — (1,1), by
adding a finite number of new zipper edges. Then we deform the zipper again, making it go
straight down; we have to add another term if the zipper gets deformed across either (1,1)—u
or (1,1) — v. Because the lattice Z? is invariant under such translations, translating the

38



starting face of the zipper is equivalent to translating the vertices in the opposite direction.
Thus we have B B
G, = G, + finite number of terms.

Finally we use the antisymmetry of G_’ﬁwz

-, finite number of terms
Gu,v = 2

This procedure is perhaps better explained by way of an example. We can write

7/(0,0),(2,1) - G/(T1,1),(—1,0)
= G/(1,1),(—1,0) + G(l,l),(—l,o)
=Gl 00 t (Gan.00G00.-10 — Gan.nGoo.-10) + a0
(G1,1),00G0,,(-1,0 — Ga,0,010G00),-1,0)) + G1,1),(-1,0)

2
G- g+
2
1 +1 5
o2 o 32

In like manner we can compute G;w for any pair of vertices u and v in Z?. The answer
will always be in Q + %Q + #Q.

7.2.4 Closed-form evaluation of G’ on the triangular lattice

We can compute G’ on the triangular lattice in essentially the same manner as for Z2. The
key properties of the lattice that we used is that it is invariant under 180° rotations, and
that for any pair of vertices there is a lattice-invariant translation that maps the first vertex
to the second vertex.

7.2.5 Closed-form evaluation of G’ on the hexagonal lattice

The hexagonal lattice is invariant under 180° rotations and is vertex-transitive. However,
there are not lattice-invariant translations between any pair of vertices: we can partition the
vertices into two color classes, black and white, such that any lattice-preserving translation
will map the black vertices to the black vertices and the white vertices to the white vertices.

Suppose u is a black vertex and v is a white vertex. After a 180° rotation about a
hexagon, v is mapped to a white vertex v’ and v is mapped to a black vertex v'. We can
then translate v’ to v and v’ to u while preserving the lattice. This allows us to compute
G! ., when u is black and v is white (or vice versa).

U,V

39



Since G, , is harmonic in both u and v (except along the zipper), when u and v have

u7v —
the same color, G , can be expressed as

1

el
3 +

Gro = 3Gl + G, wws)

U, W1 U, W3
(plus another term if one of the edges (v,w;) crosses the zipper), where the w;’s are the
neighbors of v, and the right-hand side we can compute by the above method.

7.3 Cutting edges

Suppose that in the vector bundle setting, we know the Green’s function ¥ = 49 for a graph
G, and we wish to know the Green’s function for the graph G\ {s,t} obtained by deleting an
edge {s,t} of G. Recall that c,, denotes the conductance of edge (s,t), and let us denote
by 7 the parallel transport to s from ¢, so that Ag,t = —cs7 and Ags = —cs47*. Then it
is readily checked that

(gu,s - gu,tT*)(gs,v - Tgt,v)

as,t

g\ =g, (17)

where

Qg = gs,s + gt,t - gs,tT* - T%,s - 1/Cs,t (18)

(which is a scalar). Indeed, if we let f(u,v) denote the purported Green’s function on the
right-hand side of (I7), then f(u,v) =0 when either u or v is the boundary, and we have

gu,s - gu,tT*)((Ss,w - T(St,w)

as,t

S, 0) AT = b —

If w+#sand w#t then ALV = A9 50

VW

Z f(u, U)Ai\u;{s’t} = Ouw (if w # s and w # t).
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Suppose now w = s. Then

Z f(uv U)Ag,\s{s’t} = Z f(u7 U>Ag,s + f(uv t)CLST* - f(uv S)Ct,s

gus_gu * gus_gu * gs - g
= 5u,s - 7 27 + |:gu,t - ( : 27 )( ! ’ t’t):| Ct,s7—>’<
Qg t as,t
gus_gu * gss_ gs
|:gu,s - ( : ’tT )( : ! L ):| Ct,s
as,t
gu s gu T 1 *
= 5u,s - ! t,s |i_ + Qg t + (gs,tT - gt,t - gs,s + Tgt,s):|
as,t Ct,s
= 6u,s

by the choice of a,;. The case w =t is similar.

Let us return to the line bundle setting, with a zipper monodromy of z, that we are
interested in near z = 1. If (s,t) is a zipper edge then 7 = z or 7 = 1/2z (depending on
the zipper direction), and otherwise 7 = 1. Let 7/ = 0,7|,—1. Recall that G = ¢|,—; and
G' = 0,9|.—1. From (I7) it is evident that

Gi\v{&t} = Gy — (Gu,s — Gu,t)(Gs,v — Gt,v) (19)

as,t

where

Qs = Gs,s + Gt,t - 2Gs,t - ]-/Cs,t- (20)
We have

azO‘s,t = azgs,s + azggt,t - (azgs,t)T* - <(%s,tazT)i< - (azT)gt,s - Tazgt,s

82063715‘2,:1 = 0.

Using this, we can differentiate (IT) with respect to the zipper monodromy z and set z = 1
to obtain

(G;,s - G;,t + Gu,tT/)(GS,v - Gt,v) + (Gu,s - Gu,t)(Gls,v - Gé,v - T/Gt,v)

(G =G, -

as,t
(21)
One final edge-cutting formula is
Zg\{s,t}
Zg =1- Cs,t(Gs,s + Gt’t - 2Gs,t>- (22)
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This holds because directed edge (s,t) occurs in a uniform spanning tree of G with proba-
bility ¢s:(Gss — Gst), and likewise directed edge (t,s) may occur in the spanning tree.

These formulas ([[J), @0), 1) and 22) of course apply to the modified graph G simply
by replacying G and G’ with G and G’. These formulas are well-suited to computer
computations, so in later sections we shall use G and G’ as needed on graphs with one more
cut edges without showing the steps used to compute these quantities.

8 Loop-erased random walk

In this section we compute the probability that the LERW in Z? from (0,0) to oo passes
through the vertex (1,0), and the analogous probabilities for other points and for other
lattices.

8.1 General remarks

We let P, ., denote the probability that the LERW started from (0,0) to oo passes through
edge (v,w), in the direction from v to w. Likewise we let P, denote the probability that
the LERW passes through vertex w. It is straightforward that

Pw: Z Pw,v: Z Pv,w+5w,0-

vIv~NYw vIv~Nw

Our strategy is compute these edge probabilities.

We find it conceptually convenient to work with finite graphs G, set up our equations
for spanning tree and grove event probabilities in terms of the finite-graph Green’s function
GY and its derivative (G9)" using the formulas from section [6] and then afterwards take the
limit ¢ — IL using the formulas from section [[l We are at liberty to use any convenient
sequence Gy of finite graphs that converge to the lattice IL, since the limiting measure on
spanning trees of IL is independent of the choice of G, and the event that the LERW from
(0,0) to oo uses a given edge is a measureable event in the limiting measure. So we choose
a sequence Gy, for which it is convenient to compute (G9), as described in section [§ 7.2}
These graphs G, have a wired boundary vertex (see that we will label oo, even
though the graphs are finite. The other vertices of G, we will label by their coordinates in
L. We define Pgw and Pg in the same way as we defined P,, and P, ; for fixed v and w,
liIIIg_>L Pgw = wa .

We remark that once an edge traversal probability ngw has been computed, finding the
corresponding probability PE;,U for the reversed edge is straightforward:

Lemma 8.1 ([Ken00b]). ) )
ngw - P@H;v = Cv,w(GO,v - GO,w)
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Proof. Let the origin 0 be at the center of a large box with wired boundary whose size we
will send to infinity. For simple random walk started at 0, the expected number of traversals
of (v,w) minus the expected number of traversals of (w,v) is the edge conductance c¢,,,
times the difference in Green’s functions. The same also holds for loop-erased random walk
started at 0, since cycles are reversible. O

The intensity of the undirected edge {v,w} is P, ,, = Py, + Py, and the undirected
edge intensities turn out to be nicer numbers than the directed edge intensities. The vertex
intensities are easily calculated from the undirected edge intensities, and given the potential
kernel of IL, the directed edge intensities are easily recovered from the undirected intensities.

We show below how to calculate the specific edge intensities relevant to the P ) com-

putation before describing the general method that can be used for any edge.

8.2 Loop-erased random walk on Z?
We first recall the potential kernel for Z? in [Figure 10}

20 184 40 49 118 12 1 176
3n n 4 157 57 4 1057
17 12 23 2 1 . 2 23 12 1
4 n 3n 4 3n 157 57 4
2 2 1 4 1 2 118
1-- -——= — -+ — -—
n T 4 3n 4 3n 1571
1 2 1 23 2 40 49
4 Fis 4 3 T 4
1 2 17 12 184
0 — 1-- — - — 20— —
(origin) 4 m 4 n 37

Figure 10: Square lattice potential kernel.
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8.2.1 Probability LERW uses edge (1,1)(1,0)

To compute Fq1),1,0), the probability that the LERW uses
edge (1,1)(1,0), in fact we use the annular surface graph shown
in and shown more schematically on the right. There

are four nodes, whose coordinates are (1,0), (1,1), (0,0), and €)
oo, and which we also refer to as nodes 1, 2, 3, and 4. e
Consider a uniformly random spanning tree of this graph G, @ 9

and within it the path from (0,0) to oo, i.e., the path from
node 3 to node 4. Those spanning trees in which the path from
(0,0) to oo contains the directed edge (1,1)(1,0) are in bijective
correspondence with groves with connection type 3,2|1,4; the bijection is simply to delete
the edge (1,1)(1,0) from the spanning tree, or in the reverse direction, to add the edge to

the grove. Therefore,
Z[3,211,4 - . e
P(ng)v(l,O) = Z[l 2.3 4] = _G/%Q - G,g,?» - G,gl + Gg,?, - G%B
by (I0d) from section [6l Using the method described in section [7], we (or the computer) can
compute

G (1,00 (1,1) (0,0) G (1,00 (1,1) (0,0)
(1,0) | 0 -+ -3 (Lo o -% -3
Ly -3 0 - LD 5% 0 -5
0,0 | -+ -1 0 0,00 | & 5= 0
We can now evaluate limg_,z2 P(%l)’(w) by substituting GZ° for G9 = GY9 and G'Z for
G'9 = (G9Y":
31 5 1 1 31
pz =2 4 - -4 =
0,00 =33 o TR T T T T T 2 (23)
ZZ 1

Plopamy = 3

With P(Z1?1),(1,o) in hand, it is possible to compute P(ZI?O) using an ad hoc argument and
existing techniques [BP93| [Ken97] for computing finite-dimensional marginals of the random
spanning tree. However, here we take the systematic approach of computing the probabilities
that various edges are on the LERW path.

8.2.2 Probability LERW uses edge (2,0)(1,0)

Next we show here how to compute P(Z;O) (1,0 using the methods developed in sections
and [[l The vertices of interest are (0,0), (2,0), (1,0), and oo, so we make them the nodes
of an annular-one graph. Since vertices (0,0) and (2,0) are not on the boundary of the same
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face in Z%, we cut (undirected) edge (1,0)(1,1) of the lattice, so that all the nodes (other
than oco) are on the boundary of the same face. The endpoints of any cut edge also become
vertices of interest, so they are included as nodes in the resulting annular graph. Thus our
annular graph has five nodes: (1,0), (2,0), (1,1), (0,0), and oo, which we also refer to as
nodes 1, 2, 3, 4, and 5. Nodes 1,2,3,4 are arranged counterclockwise on the inner face
with a zipper between nodes 1 and 4, as in section

Next we relate the spanning trees of the original (uncut) graph to groves in the graph
without (undirected) edge {(1,0),(1,1)}. Suppose the LERW from (0,0) to oo passes
through edge (2,0)(1,0) (which we also call edge 2 — 1). There are three cases depending
on whether or not edge (1,1)(1,0) or (1,0)(1,1) (edge 3 — 1 or 1 — 3) also occurs in the
tree:

@ €) @
ORESE) < (B (H~(2) < GNEY Y

42|15|3 42|35|1 42|15

1. Edge 3 — 1 occurs in the tree. Trees in this case are in bijective correspondence with
groves of the cut graph of type 4, 2|3|1,5, where the bijection deletes edges 2 — 1 and
3 — 1 from the tree to get the grove, or adds them to the grove to get the tree.

2. Edge 1 — 3 occurs in the tree. Trees in this case are in bijective correspondence with
groves of the cut graph of type 4,2[1|3,5 (with the obvious bijection).

3. Neither 3 — 1 nor 1 — 3 occurs in the tree. Trees in this case are in bijective
correspondence with groves of type 4,2|1,5 (with the obvious bijection). (When a
node is not listed in the partition, it is treated as internal, and could in principle occur
in any of the parts, though in this case it would necessarily occur in the 4,2 part.)

Putting these three cases together, we obtain

Z9[4,2|3|1,5] + Z9[4,2[1]3,5] + Z9[4, 2|1, 5]

g _
P(2,0),(1,0) - 76

g G G ;

P 0o = Z°[4,231,5] 294, 20113,5]  Z9[4,21,5]| 29

’ ’ ’ Zg Zg Zg Zg
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Each of the expressions within the brackets is of a type which section [l shows us how to
compute in terms of G9 and G'9. These are

—G1,3G,273 + G/1,3G2,3 — G/1,4G2,3 +G14Goz + G1,3G,274 — Gi13Gao4
= —G5G33+ G Gs3 — GraGss — Gy Gss + GauGss — G1 3Gy,
+Ga 3Gy, + G oGsa — G 5G4+ Gr3G34 + GY 3Gy — GosGay
Z[4,2|113,5] { G1,2G/1,3 — G,172G1,3 — G1,2G,174 + G1,3G,174 + G,172G1,4 - G,173G1,4 }
Z —G11GYy g+ GGl s+ G11GYyy — Gr3Ghy y — GGy, + GGy,
Z[4,2|1, 5]
Z

Z[4,2|3|1, 5]
Z

= _G/Lz + G/174 - G1’4 - G/274 + G2’4

From section [l we know how to compute GY and (9 and also the ratio Z9 /Z9 in the limit
G — Z?. These values are

y 79 1
im — = —
G722 79 2’
and _
GENOODY (1) (2,0) (1,1) (0,0)
1 1 3 3 1 3
(L0) | g i 8 3 T8
(20) [5: =% stZ2—7 -3 —st=tz
3 1 3 1 1 3
(LD =5 § o 5 § o
0,0) |5-—8 —§+=+7 55— sT=—71
and _
GEMIOMD}  (1,0) (2,0) (1,1) (0,0)
1 3 3 7 9
(1,0) 0 Tor ~ 3 —3 Tor 32
3 1 1 9 9 3 5
(2,0) | 55— 7or 0 % i it tEs
3 9 1 1 9
LD 5 Tor 33 0 3~ Tor
9 7 9 3 5 9 1
0,0) |35~ T6r 6~ 32 & ior 3 0 ]
Upon substituting and simplifying we obtain
Z2 o 5 1 Z2 o 1
Poooo =15+ Piiocoy = g (24)
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8.2.3 Probability LERW passes through (1,0) (sandpile value)

Combining (23)) and (24]) together with the symmetry relations P(Zl?_l)7(170) = P(Zlfl),(LO) and
2 .
Po).o) = 1/4, we obtain
2 5
Pio = 16 (25)

8.2.4 Probability LERW uses edge (2,1)(1,1)

We delete edge (1,0)(1,1) from Z?’s finite graph approximation G, the same edge that we
deleted in section B2 and again view G = G\ (1,0)(1,1) as an annulus with 5 nodes, but
this time nodes 1-5 are (1,0), (2,1), (1,1), (0,0), and oco.

For spanning trees that use edge (2,1)(1,1), there are again three cases depending on
whether or not and in what direction the cut edge {(1,0),(1,1)} is used. Spanning trees
in each of these cases are as before in bijective correspondence with groves pairings on the
annulus:

42[15|3 42|35|1 42|35

At this point it should be clear how to carry out the computation, which we did by
computer, so we just state the answer:

72 3 1 5 72 1 1 1
Poyay = +E + 2 8 Py, = 3 + 52 I (26)

8.2.5 Probability LERW passes through (1,1)

Since vertex (1,1) lies on a symmetry axis, two edge probabilities suffice to determine P(Zlfl) .
Combining (26) and (23) we obtain

11 1
72 _
Fiy =+ 33 — 7 = 0221083 (27)

This compares well with the empirical probability of 0.221088 based on 107 LERW’s from
the center of a 1400 x 1400 grid with wired boundary.
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8.2.6 Probability LERW uses edge (2,1)(2,0)

Again we delete edge (1,0)(1, 1) from Z?*’s finite graph approximation G. This time we need
six nodes, which in order are (1,0), (2,0), (2,1), (1,1), (0,0), and co. There are three
main cases as before, depending on whether or not and in what direction the spanning tree
of G uses edge (1,0)(1,1) (which we now refer to as 1 — 4 or 4 — 1), but now there are
several subcases. The edge we are studying is 3 — 2:

GINE) GINE)

@g%/g abd AL \add

53/26/4 54/13|26 53]26|1

€
v
(o)
D
O
()
€
€w)
()

@Q@ 5,3

53(21|46 51]43|26 53|26

Once we have this list of cut edges, nodes, and grove types, we can carry out the computation
and obtain

3 1

72 _ 72 _
Poneo =3 32 I Pleoeny =732t 5 (28)

8.3 General edge intensities

The calculations in section illustrate the general method for computing the probability
that LERW passes through an arbitrary given edge. We identify a set of edges to cut so as
to place the starting point of the LERW and the endpoints of the edge on the same face.
These three vertices, together with the endpoints of all of the cut edges, comprise the nodes
on the inner boundary of the annulus. We number these nodes in counterclockwise order so

48



. £l
a3 ER s
R £l L
B ia (R ERE]
T B i3
sl HAE] |3
. :ia
(K] Bl sl
£ - Bl B
H 3 al £ %
. 5 ia
B e
LR LI .
gl sia
2ia .
.
oo e oo e @ s s ww ws s m om
T e e o o 0 et e @ A ke oo mdt imd w0f @
. - e
el - 14 =13
N ol a % :
aln L Al 5%
<l a3 < 1 N
- 2% ‘: By
v LA ol K
N 50 3% gl
oie 8% 8% Fle
- * 8%
PR Bl%
R 3 8 4 7 3 T e o0 ow .1 R .
. . e —- = . . . . . .
48 S A B a2 16 725 32° 822 4n 2 08 os5 ort o 1822 127 P T R
s
3 a |
3 F
& =& |3 ils
[ ! o | % el
o - o = ]
ol o |% Ve o
o % i ~ 1%
~ | o
! | < % 8l
- % ~ | "o 8%
+ 1k ”‘rﬁ 2%
— | - | © ﬁig Emﬁ
wis
1 3 1 2 2 3 1 18 4 7 13 5 12 e o0 1 B 1
R [P e P
8 2t 1 222 2nm 16 35 x* 33 1222 24n 2 06 95 o 93 182 12r
2n  A4An?®
3 - | K& "’|§ N-f
H|Q‘ !N IN ERR
o 13 g | %
[ % ~ 1%
~ +“‘ + 8%
— |0 | & ~ % <% 2%
N | + 8%
IR @ |9 K
+ & R
+ + FRRS
|0 RRE) olg
e s om owom s o .
1 1 1 1 12 2 3 1
g a7 ﬁ - E 8 A B 22 27 Y ek od 2 = u e 0 e e wd e er
o o 2]y
m| K 2% ERES
< A 8l
| <t — | 00 | EERS K
o | e ERRS
H| N\ e i
N aie EREN
B

(origin)

|-

Figure 11: Undirected edge intensities of loop-erased random walk on Z2. The edge-
intensities of (z,x)(z,x — 1) and (z,x — 1)(x + 1,2 — 1) are identical for z = 1,2,3 (and
perhaps larger values), despite there being no lattice symmetry that would imply this.
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that the zipper starts between nodes 1 and n — 1. The vertex labeled co becomes node n,
which is on the other boundary of the annulus. For each possible set of the cut edges that
might occur within a spanning tree of the original graph G, we associate spanning trees
containing precisely those cut edges with groves in the cut graph G. We can enumerate
all possible compatible grove partitions, and then rewrite these as a linear combination of
partial pairings as described in section [6.4. Using the methods described in sections [0 and [7,
we compute the probability that the resulting grove is of the appropriate type for the edge
of interest to be on the path from (0,0) to co.

8.4 Loop-erased random walk on the triangular lattice

In this section we sketch the computation showing that on the triangular lattice, a LERW
from (0,0) to oo passes through vertex (1,0) with probability 5/18. (We choose coordinates
for which vertex (x,%) is the one located at position (z + /2,yv/3/2) in the plane.) The
starting point of the calculations is of course the potential kernel, which is shown in[Figure 12
The undirected edge intensities are shown in [Figure 13|

27 243 64V3 123 111V3 1989v3
- -35 S -219
2 bd Vg 2 Vg 5n
4 243 5V3 5 o 143 123 1113 2096 90543
3 n g 2 T 2 n 3 51
} V3 o1 5vV3 5 643 o 808V3 2671
6 T 3 T 2 n n 6
0 } 4 243 27 243 464 2803 11249 3400V3
(ori gl n) 6 3 n 2 bis 3 n 6 P s

Figure 12: Triangular lattice potential kernel.
The following diagrams indicate how to compute the probability that, respectively, edge

(0,1)(1,0), edge (1,1)(1,0) and edge (2,0)(1,0) are on the LERW from (0,0) to oo. The
methods of sections [7] and [§ automate these computations.
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triangular
P g _

(0,1),(1,0) — 9y

- 1
triangular ~__ *+
P00y = 13-

32(14

triangular 31 \/g

&339 ® Fanoe =18 " 2

; 2
triangular <
Py = 37

3 Q)
ol A

4215/3 42351

® @ @ @ @ @ & @
- /A a2 \adal 2 saa ©
52|16 52/16]4 52/16|3 52|46|1

@ @ e & @ e
saa O \eulal S mata O aibla O
52|36(1 52|16/3/4 52|46/3|1 52|36|1/4

Ptriangula.r - \/g 59 Ptriangular 2

(20110 — 1 7 708 {1,0,20}) = 97

Combining these probabilities we obtain the “sandpile value” of Pg,ig)“g“lar = 1%.
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Figure 13: Undirected edge intensity of loop-erased random walk on the triangular lattice.
The edge-intensities of (z,z)(x,z — 1) and (x,z — 1)(z + 1,2 — 1) are identical for z = 1,2
(and perhaps larger values), despite there being no lattice symmetry that would imply this.
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8.5 Loop-erased random walk on the hexagonal lattice

The potential kernel of the hexagonal lattice is shown in [Figure 14} Using the methods
described above, we computed the undirected edge intensities for a LERW from (0,0) to oo,
which are shown in

2V3 69 61V3
24— -

V3 192V3

15V3 15 45V3
7 2

3V3 4V3 3 81 72V3 799 240V3
1 2 i —
T s 2 2 6
V3 6V3 37 21V3 1923
4- == ~105
ps T 3 b ke
1 7 V3 15V3 15 55V3 59
2 6 =« 2 2
1 3V3 11V3 16 2V3 2363
0 Y -1 -— 24— 131 -
(origin) F 4 3

Figure 14: Hexagonal lattice potential kernel.

8.6 Loop-erased random walk on Z x R

We consider next a weighted version of Z?, where each horizontal edge has weight ¢, and each
vertical edge has weight 1/c¢. This graph is isoradial, so we may compute the Green’s function
using [Ken02]. Because the lattice is symmetric under a 180° rotation and invariant under
translations, we can also compute G’. This gives us all the necessary information we need
to compute the probability that LERW from (0, 0) passes through (1,0). It is convenient to
let ¢ = tanf. After a computation similar to the ones above, we find that the LERW passes
through vertex (1,0) with probability

1 0 62 20

-4+ ————(1-—.
4 27 7T251n29( 7T)

When 6 = 7/4, we have ¢ = 1, and this above probability reduces to 5/16, in agreement
with our earlier calculation for Z2.
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Figure 15: Undirected edge intensity of loop-erased random walk on the hexagonal lattice.
Using coordinates for which vertex (z,%) is the one located at position (z — y/2,yv/3/2),
the edge intensities (3z — 1,3z — 1)(3z — 1,3z — 2) and (3z — 1,3z — 2)(3z,3z — 2) are
identical, as are the intensities for edges (3z,1)(3z 4+ 1,2) and (3z,1)(3z,0) (for x = 1,2
and perhaps larger values), despite there being no lattice symmetry that would imply this.
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Figure 16: Portion of uniform spanning tree and LERW from (0,0) to oo on Z x (Z/20),
which approximates Z x R. The probability that the LERW from (0,0) passes through
(1,0) is 1/4 — 1/72.

In the isoradial embedding of the lattice into the plane, if the horizonal edges have
length 1, then the vertical edges have length c¢. An interesting special case is the limit
¢ — 0. Then random walk on this weighted graph converges to a standard Brownian
motion in the vertical direction, except at a Poisson set of times with intensity 1, where the
walk jumps left or right with equal probability. The random walk on this graph is then a
continuous-time random walk on 7Z in the horizontal direction and a Brownian motion on
R in the vertical direction. illustrates a portion of the uniform spanning tree on
this graph, together with the path from (0,0) to co. From the above formula, we see that
in this limit, the probability that the LERW passes through (1,0) converges to 1/4 —1/72.

A The annular-one matrix A,

A.1 Association of rows and columns

Recall the matrix A,, for the annulus with n — 1 nodes on one boundary and 1 node on the

other boundary. We prove that A, is invertible. More specifically, we prove that det A, is
a polynomial of degree 2"~2 — %(752) with lead coefficient +1 and constant coefficient +1.

A key part of the proof is a natural correspondence between the rows and columns of
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the matrix A, . This correspondence is based on the “cycle lemma” bijection of Dvoretzky
and Motzkin [DM47] (see also [DZ90]). This bijection maps a cyclic sequences of k+1 +’s
and k£ —’s to a Dyck path of length 2k together with an “offset”, a number between 1 and
2k + 1. (There is a unique + that can be deleted so that the subsequent sequence defines a
Dyck path; the position of this + is the “offset”. Given the Dyck path and offset, the Dyck
path is interpreted as a sequence of +’s and —’s, a + is prepended to the this sequence, and
the offset determines a cyclic shift.) In our setting, k = n/2—1, in det .5, the indices in R
give the locations of the +’s, and the indices in S give the locations of the —’s. The offset
that the cycle-lemma bijection gives (a number from 1 to n — 1) determines the index with
which n is paired, and the chords under the Dyck path determine the rest of the pairing.
The following example illustrates the bijection adapted to (n — 1,1)-annular pairings:

{1,2,59,10,12} __ «
(3,4,6,78,11) 1\&1/‘/\

= BRI,

L

‘12
3

and in the reverse direction,

L1112, 613, 12/4,5/7, 10[8,9 = 5 4 @ = FRO|L |12 5 52109122

A.2 Invertibility
We prove more than [Theorem 6.1k

Theorem A.1. The determinant of the annular-one matriz, det A,,, as a polynomial in C,

takes the value 1 when ¢ =0, has degree 2" 2 — %(HT/LZ) , and has leading coefficient 1.

Proof. It is convenient to work with a slightly different annular matrix A’ which corresponds
to a symmetrized placement of the zipper, with a zipper starting from each interval of the
first boundary between each pair of nodes. We do this by splitting the original zipper into
n — 1 zippers each with parallel transport z'/(~Y and then deforming these zippers so
that their endpoints lie in each of the n — 1 intervals between the nodes. When we deform
a zipper across node i(# n) in the counterclockwise direction, then the parallel transport
from 4 to any other node j is multiplied by z'/"=D _ For each column of the annular matrix,
say indexed by directed pairing o, the column is scaled by zFY/(=1 according to whether
node ¢ is a source or destination in ¢. Likewise, each row of the annular matrix, say indexed
by det.Z5, is scaled by 2*Y/("=D according to whether i € R or i € S. Thus the effect
of deforming these zippers is to conjugate the annular matrix by a diagonal matrix, so in
particular det AY = det A,,. We change variables to

w = 21 — gl/(n—l)
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so that the nonzero entries of A’ are integral powers of w. For example, the first two rows
of Aj are

58 owv &9 53 L8 b» oo Lo o2 &2
R e T B B Lo S e e T S T S S T
LY B TS e B o T B i S s ST B o
2,4,6
det £73: 11 —w 0 0 —w 0 0 w?  —w?
3,4,6
det £575 | 0 1 0 0 0 0 0 w' —w 0

and the other rows are determined by cyclic rotations.

From the determinant formula, we see that the diagonal entries of Ay are all 1. Consider
the column indexed by directed pairing o. Since A’ is symmetric under cyclic rotations of
the indices 1,...,n — 1, let us assume for convenience that o pairs n — 1 to n, so that we

can write
An/2—1,1| n
an/2-1,0ln—1"

ata| ...

0= ai1,0

Referring to the above bijection, since n — 1 pairs to n, for each j we have a;¢ < a;;.
Column o contains 2/2~! nonzero entries, one for each sequence fi,..., f, so-1 0f n/2 =1
0’s and 1’s, where the row is indexed by
A11—frs- s An/2—11—f,, 51> T

det gal,fl, sy On2-1f, 0 4TV 1-
Since the pair (aj,a;1) crosses a;; — a;o zippers, this pair contributes w/i to the matrix
entry. In particular, all nonzero nondiagonal entries of A’ have positive powers of w. This
implies

det A, |,y = det ALl =1,

which of course implies that the annular matrix is nonsingular.

We can also compute the degree of the polynomial det A} . For a given column, the row
that maximizes the power of w is the one for which fy,..., fn2—1 =1,...,1, and the power
is the area under the Dyck path. The mapping from a column o to the row det %5 which
has the highest power of w is also a bijection, in fact it is a simple variant of the bijection

described above. This implies that the leading coefficient of the polynomial det A} is +1,
and the degree is

degdet AY = (n—1) x Z area under Dyck path.

Dyck paths of length n — 2
For Dyck paths of length 2k = n — 2, the above sum is known (see Sloane’s ' A008549) to be

() (5 )

Consequently, the degree of the polynomial det A, (a polynomial in () is 2772 — %(n%) . O
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A.3 Cancellation of higher order derivatives

Next we restate and prove [Theorem 6.3}

Theorem A.2. For all positive even n and pairings o of {1,....,n}, Z,/Zj9)..;n is a poly-
nomial of degree n/2 in the quantities

{Lij:1<i<j<n} and {L;;:1<i<j<n-—1}.

Proof of [Theorem 6.3. For a general finite graph with general parallel transports, define
%|o] as in the case of a planar graph or annular-one graph. Let us then define D% to be
the result of multiplying row (R, S) of the matrix A, by the vector of %[o]’s. For annular
graphs we have D% = det %5, but for general graphs these two quantities will be different.
We can “recover” the %[o]’s from these D3’s by multiplying by A-*':

Z o] 1

f[1‘2| c. |n] - (1 _ C)ma RZSQJ7R7S(<)D§’ (29)

where

aors = (1= Q)" (A )ors
and m, > 0 is the smallest integer such that for each (R, S), the coefficient (1—¢)™ (A1), r.s
is nonsingular at ( = 1.

Let us consider now the complete graph on n nodes, so that .2 = —A and . ; is the
edge weight between nodes ¢ and 7, times the parallel transport to ¢ from j. Note that in
this case . is (except for the diagonal entries) a general Hermitian matrix. Each D% is a
polynomial in the entries of .Z, with coefficients that involve powers of . (For the complete
graph, any matrix times the vector of %[c|’s will yield polynomials in .#.)

Next we change variables by setting ¢ = e'. This makes it more convenient to differentiate
the annulus response matrix, since %‘ZM = —%ZJ—. The ¢ — 1 limit is of course equivalent
to t — 0, and (1 — e')™ has a zero of order m at t =0, with 4£-(1 — e")™ = (—1)™ml.

For general nonzero edge weights and smooth (in ¢) parallel transports on the complete
graph, Z[o] is finite and Z°[1]2]---|n] = 1, so for any ¢ < m, it must be that we get zero
when we differentiate the numerator from ([29), i.e., 5 ¢ 0o rs5(C) D5, £ times with respect
to t and then set t to 0:

4

f d@—k dk s
0=2 (k) ; dtf-ko‘”ﬂ’s’t:o < arPn

k=0

t=0

Since . is generic, we can rescale the kth derivative of each % ; by a factor of ¥, and
deduce that for each k,¢ with k£ < /¢ < m,

t=0

dZ—k dk s
0= —aons|  x 2Di| . (30)
R,S
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Next we write D3() for the polynomial function of a Hermitian matrix, which, when
evaluated on the response matrix .# of the complete graph, gives D% = D2(%). Let
d; denote the differential operator for which d;.%; = 14.%; and d;.%); = 14.%;; but
di%n; = 0 for h,j # i. For the complete graph, each monomial of the polynomial D?,
includes each index i exactly once. (This also holds for annular graphs, though of course
the polynomials are different.) Using this property of these polynomials, we can write the
kth derivative of £ = Z(t) as follows:

d* s S
CDUL) = Y dydy DY), (31)

i17i27"'€{17"'7n}

t

of 3, without changing any of the other derivatives at t = 0. If i,j € T, then we rescale
d2
dt?

The coefficient of 3% within the kth derivative is obtained from (3I]) by including only those
terms for which iy, ..., 4 is a permutation of 7. Then substituting (31]) into ([B0) and taking
the coefficient of 3%, we find

Given a set T of k nodes, for each i € T' and each j we rescale di.i’é,j by a factor
=0

Z]’ by a factor of 5%. (Recall that . is generic Hermitian, so we can do this.)
t=0

dt=F
0= WQU,R,S
R.S

x D3(Z™)| (32)

L:O t=0

where ZT) where is the Hermitian matrix obtained from £ by replacing .%;; with £.%; ;
for each i € T and j ¢ T or ¢ ¢ T and j € T, and replacing .%; ; with %L@,j for each
t,j€T.

From our definition of D7, for the complete graph we have

T
DHEZDEDCHITH || 7
T {i,j}er
i€R,j€S
where the sum is over directed pairings 7 that happen to be annular. Next we take the
pairing o, and for each pair {i,j} of o, we rescale DSZ(;‘F) by a factor 5. Then the coefficient
of "% in (B32) only arises when 7 = ¢ in the above sum, so

d@—k 1)
dtf_k; aavRvs ’t:o X (AN)R,SJ' X | | zlh]
R7S {27]}60
i€ER,jES

0=

(33)

)
t=0

The product term is the formula always takes the same (generically nonzero) value, except
for a sign, which is given by the parity of the number of indices in 7" which are also in S.

29



So we cancel this factor (keeping the sign), rewrite « in terms of A, , and obtain

0—|T|
0= Z % [(Ar_tl(et))mR,S(l - et)mo}

R,S:0 pairs R to S

X (EET 3

whenever |T| < ¢ < m. This is purely an identity about the matrix A *.
Next we return to annular graphs, and differentiate the numerator m = m, times:

= (m dmk d*
—— —d tgs} :
Z (k) R,S dtm_ka S P 8 dtk LR t=0

k=0

We can rewrite the kth derivative of det .#5 using the differential operators d;, as in (B1]).
Let T be the set of nodes for which we applied d; an odd number of times. If for some i
we applied d; more than once, then the size of the set T will be less than £, and then from
([B4) we see that the coefficient of such terms is 0.

Next, suppose the variable .%;,, is differentiated. Since n is in each set S, we may as
well replace T with T\ {n} and introduce a global sign, but then since |T| is smaller, we
see from (B4]) that the coefficient of such terms is 0. O

References

[BLPSO01]  Itai Benjamini, Russell Lyons, Yuval Peres, and Oded Schramm. Uniform span-
ning forests. Ann. Probab., 29(1):1-65, 2001. MR1825141 (2003a:60015)

[BP93] Robert Burton and Robin Pemantle. Local characteristics, entropy and limit
theorems for spanning trees and domino tilings via transfer-impedances. Ann.
Probab., 21(3):1329-1371, 1993. [MR1235419 (94m:60019)

[CdV94] Yves Colin de Verdiere. Réseaux électriques planaires. I. Comment. Math.
Helv., 69(3):351-374, 1994. MR1289333 (96k:05131)

[CAVGV96] Yves Colin de Verdiere, Isidoro Gitler, and Dirk Vertigan.  Réseaux
électriques planaires. II. Comment. Math. Helv., 71(1):144-167, 1996.
MR1371682 (98a:05054)

[CIMO§] E. B. Curtis, D. Ingerman, and J. A. Morrow. Circular planar graphs
and resistor networks. Linear Algebra Appl., 283(1-3):115-150, 1998.
MR1657214 (99k:05096)

[DM47] A. Dvoretzky and Th. Motzkin. A problem of arrangements. Duke Math. J.,
14:305-313, 1947. MR0021531 (9,751)

60


http://www.ams.org/mathscinet-getitem?mr=1825141
http://www.ams.org/mathscinet-getitem?mr=1235419
http://www.ams.org/mathscinet-getitem?mr=1289333
http://www.ams.org/mathscinet-getitem?mr=1371682
http://www.ams.org/mathscinet-getitem?mr=1657214
http://www.ams.org/mathscinet-getitem?mr=0021531

[Dys70]

[DZ90]

[FGOG6]

[For93]

[JPRO6]

[Ken97]

[Ken00a)]

[KenOOb]

[Ken02]

[Kenl10)]

[KW11a]

[KW11b]

[LP11a]

[LP11b]

Freeman J. Dyson. Correlations between eigenvalues of a random matrix.
Comm. Math. Phys., 19:235-250, 1970. MR0278668 (43 #4398)

Nachum Dershowitz and Shmuel Zaks. The cycle lemma and some applications.
European J. Combin., 11(1):35-40, 1990. MR1034142 (91¢:05011)

Vladimir Fock and Alexander Goncharov. Moduli spaces of local systems and
higher Teichmiiller theory. Publ. Math. Inst. Hautes Etudes Sci., (103):1-211,
2006. MR2233852 (2009k:32011)

Robin Forman. Determinants of Laplacians on graphs. Topology, 32(1):35-46,
1993. MR1204404 (94g:58247)

Monwhea Jeng, Geoffroy Piroux, and Philippe Ruelle. Height variables in the
abelian sandpile model: scaling fields and correlations. J. Stat. Mech., page
P10015, 2006. cond-mat/0609284.

Richard Kenyon. Local statistics of lattice dimers. Ann. Inst. H. Poincaré
Probab. Statist., 33(5):591-618, 1997. MR1473567 (99b:82039)

Richard Kenyon. The asymptotic determinant of the discrete Laplacian. Acta
Math., 185(2):239-286, 2000. MR 1819995 (2002g:82019)

Richard Kenyon. Long-range properties of spanning trees. J. Math. Phys.,
41(3):1338-1363, 2000. Probabilistic techniques in equilibrium and nonequilib-
rium statistical physics. MR1757962 (2002a:82027)

R. Kenyon. The Laplacian and Dirac operators on critical planar graphs. Invent.
Math., 150(2):409-439, 2002. MR1933589 (2004¢:31015)

Richard Kenyon. Spanning forests and the vector bundle Laplacian. Ann.
Probab., 2010. To appear. arXiv:1001.4028.

Richard W. Kenyon and David B. Wilson. Boundary partitions in trees and
dimers. Trans. Amer. Math. Soc., 363(3):1325-1364, 2011. MR2737268

Richard W. Kenyon and David B. Wilson. Double-dimer pairings and skew
Young diagrams. Electron. J. Combin., 18(1):Paper 130, 2011.

Thomas Lam and Pavlo Pylyavskyy. Inverse problem in cylindrical electrical
networks, 2011. arXiv:1104.4998.

Lionel Levine and Yuval Peres. Is the looping constant of the square grid 5/47,
2011, arXiv:1106.2226.

61


http://www.ams.org/mathscinet-getitem?mr=0278668
http://www.ams.org/mathscinet-getitem?mr=1034142
http://www.ams.org/mathscinet-getitem?mr=2233852
http://www.ams.org/mathscinet-getitem?mr=1204404
http://arxiv.org/abs/cond-mat/0609284
http://www.ams.org/mathscinet-getitem?mr=1473567
http://www.ams.org/mathscinet-getitem?mr=1819995
http://www.ams.org/mathscinet-getitem?mr=1757962
http://www.ams.org/mathscinet-getitem?mr=1933589
http://arxiv.org/abs/1001.4028
http://www.ams.org/mathscinet-getitem?mr=2737268
http://arxiv.org/abs/1104.4998
http://arxiv.org/abs/1106.2226

[LP11c]

IMD92]

[Pem91]

[PP11]

[PPR11]

[Pri94]

[Spi76]

[St550]

[Wil96]

Russell Lyons and Yuval Peres. Probability on Trees and Net-
works.  Cambridge University Press, 2011. In preparation. Available at
http://mypage.iu.edu/~rdlyons/prbtree/prbtree.html.

S. N. Majumdar and Deepak Dhar. Equivalence between the Abelian sandpile
model and the ¢ — 0 limit of the Potts model. Physica A, 185:129-145, 1992.

Robin Pemantle. Choosing a spanning tree for the integer lattice uniformly.
Ann. Probab., 19(4):1559-1574, 1991. MR1127715 (92g:60014)

V. S. Poghosyan and V. B. Priezzhev. The problem of predecessors on spanning
trees. Acta Polytechnica, 51(1):59-62, 2011. larXiv:1010.5415.

V. S. Poghosyan, V. B. Priezzhev, and P. Ruelle. Return probability for
the loop-erased random walk and mean height in sandpile: a proof, 2011.
arXiv:1106.5453.

V. B. Priezzhev. Structure of two-dimensional sandpile. I. Height probabilities.
J. Stat. Phys., 74:955-979, 1994.

Frank Spitzer. Principles of random walks. Springer-Verlag, New York, second
edition, 1976. Graduate Texts in Mathematics, Vol. 34. MR0388547 (52 #9383)

Alfred Stohr. Uber einige lineare partielle Differenzengleichungen mit konstan-
ten Koeffizienten. III. Zweites Beispiel: Der Operator V®(y1,12) = ®(y1 +
Lys) + (1 — Ly2) + P(y1, 92 + 1) + P(y1, 42 — 1) — 4@ (y1, y2) . Math. Nachr.,
3:330-357, 1950. MR0040555 (12,711d)

David Bruce Wilson. Generating random spanning trees more quickly than the
cover time. In Proc. 28th Annual ACM Symposium on the Theory of Computing,
pages 296-303, 1996. MR 1427525

62


http://mypage.iu.edu/~rdlyons/prbtree/prbtree.html
http://www.ams.org/mathscinet-getitem?mr=1127715
http://arxiv.org/abs/1010.5415
http://arxiv.org/abs/1106.5453
http://www.ams.org/mathscinet-getitem?mr=0388547
http://www.ams.org/mathscinet-getitem?mr=0040555
http://www.ams.org/mathscinet-getitem?mr=1427525

	1 Introduction
	1.1 Response matrices and groves
	1.2 Graphs on surfaces
	1.3 Applications to planar graphs

	2 Bundles and connections
	2.1 Laplacian
	2.2 Dirichlet boundary conditions
	2.3 Green's function G
	2.4 Response matrix L

	3 Graphs on surfaces
	3.1 Nodes and interior vertices
	3.2 Flat bundles

	4 The response matrix and probabilities
	4.1 Circular planar graphs
	4.2 L matrix entries
	4.3 Cycle-rooted grove probabilities

	5 Basic surface graphs
	5.1 Annulus with (2,0) boundary nodes
	5.2 Annulus with (1,1) boundary nodes
	5.3 Annlus with (2,1) boundary nodes
	5.4 Annulus with (3,0) boundary nodes
	5.5 Annulus with (3,1) boundary nodes
	5.6 Pair of pants with (2,0,0) boundary nodes
	5.7 Annulus with (2,2) boundary nodes
	5.8 Annulus with (4,0) boundary nodes

	6 Annular-one surface graphs
	6.1 Complete pairings
	6.2 Partial pairings
	6.3 Windings
	6.4 General partitions

	7 The Green's function and its monodromy-derivative
	7.1 Green's function and potential kernel
	7.2 Derivative of the Green's function
	7.2.1 Infinite sum formula
	7.2.2 Zipper deformations
	7.2.3 Closed-form evaluation of G' on Z²
	7.2.4 Closed-form evaluation of G' on the triangular lattice
	7.2.5 Closed-form evaluation of G' on the hexagonal lattice

	7.3 Cutting edges

	8 Loop-erased random walk
	8.1 General remarks
	8.2 Loop-erased random walk on Z²
	8.3 General edge intensities
	8.4 Loop-erased random walk on the triangular lattice
	8.5 Loop-erased random walk on the hexagonal lattice
	8.6 Loop-erased random walk on Z x R

	A The annular-one matrix A(n)
	A.1 Association of rows and columns
	A.2 Invertibility
	A.3 Cancellation of higher order derivatives

	References

