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Abstract
We show that certain topologically defined uniform spanning tree probabili-
ties for graphs embedded in an annulus can be computed as linear combinations
of Pfaffians of matrices involving the line-bundle Green’s function, where the
coefficients count cover-inclusive Dyck tilings of skew Young diagrams.
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—In [KWIId it was shown that the probabilities of topologically defined uniform
«— spanning tree events can be computed as linear combinations of determinants of
— matrices whose entries involve the Green’s function G and the derivative G’ of the
<1 “line-bundle Green’s function” These probabilities were used to compute the intensity
[~ of loop-erased random walk [KWTIc| and the probabilities of local events in the abelian

- sandpile model [Will4]. We give another formula involving Pfaffians. In addition to
o being (somewhat) computationally more efficient, the Pfaffian formula implies some
<I structural properties of the polynomials in G and G’. First, it becomes apparent
_F! that the coefficients of the polynomials are integers — previously the coefficients
= were only known to be half-integers. Second, if each G, variable is replaced with
> G, + f(u) — f(v), then each polynomial is unchanged. This invariance property was
R observed earlier for small sizes, but a general proof was missing until now, and it

simplifies some of the sandpile calculations.

For background on the line-bundle Laplacian, response matrix, and Green’s function
for graphs embedded in surfaces, and their use in computing spanning tree probabilities,
we refer the reader to [KW11c]. Here we summarize the key facts that we use.

The line-bundle Green’s function ¥, ,(z) is a generalization of the usual Green’s
function G,,, where v and v are vertices of a graph G, and z € C. When z =1 it
specializes to the usual Green’s function:

Gu,v - Gv,u - gu,v<1> .
The line-bundle Green’s function ¢ has the symmetry %, ,(2) = 9,.,(1/z). We define

;1 d
Gu,v - [dzgu7v(z)] - )
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which is antisymmetric, and is what we referred to as the derivative of the line-bundle
Green’s function. From the symmetry of ¢ it follows that G’ is antisymmetric:
G, = —G,,,. For the Green’s function there is a designated sink vertex s (which has
been suppressed from the notation) for which

Gus =0

for each vertex wu.

There is another set of electrical variables that are useful to work with, the response
matrix, or the Dirichlet-to-Neumann matrix L, ,. The response matrix is defined with
respect to a designated set of vertices which we call nodes. We think of the nodes as
being “boundary vertices”, and the other vertices as being internal, and the response
matrix gives the linear map from voltages to current flows. In the line bundle setting
we denote the response matrix by %, ,(2). Here too .Z, ,(2) = Z,.,(1/2), and the
line-bundle response matrix specializes to the usual response matrix when z = 1,

Lu,v = Lv,u = ["E/ﬂu,v(z)]zzl )
which is symmetric, and we define

N
Lu,v - [M$u7ﬂ(z)1

z=1

which is antisymmetric. The response matrix variables satisfy the additional relation
> Lyw=0
v

for each vertex u.

Spanning tree probabilities for a graph G embedded on an annulus can be computed
in terms of either set of variables, {Gy., G}, ,} or {Luw, Ly, , }-

Suppose that graph G has n nodes, which we label {1,...,n}. A grove is a forest
such that each tree contains at least one node. Groves were first studied by Carroll
and Speyer [CS04], and then more systematically by Kenyon and Wilson [KW1la],
who gave this current definition. Any grove induces a set partition o on the nodes
where each set consists of the nodes from the same tree. We let Z[o| denote the
weighted sum of groves whose induced partition is . The weighted sum of spanning
trees Z[tree| = Z|[1,...,n| can be computed via the matrix-tree theorem, so we are
interested in computing the ratios

N
" S 2l
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Suppose that the graph G is embedded in an annulus so that the nodes 1,... ,n—1
are arranged in cyclic order on one boundary of the annulus, while node n is on the
other boundary of the annulus. The grove partition function ratios and for
these “annular-one graphs” ¢ were used to compute probabilities for loop-erased
random walk [KW11c| and for recurrent sandpile configurations [Will4]. For annular-
one graphs, 7 [0] can be expressed in terms of a linear combination of determinants
involving L and L', while Z, can be expressed in terms of a linear combination
of determinants involving G and G’ [KW1lc|. We shall re-express them as linear
combinations of Pfaffians.

It turns out that Z[o] is itself a linear combination of Z[7|’s, where each 7 is a
“partial pairing” of the nodes 1,...,n [KW1lc|. A partial pairing is a set of pairs of
nodes, singletons, and “internalized” nodes, which are not listed in the partition, but
which may appear in any of the parts (like the other non-node vertices in a grove).
For example,

Z[2,6,9|3,4,5|7/1,8] = Z[2,9|3,5|7|1,8] — Z[2,9|3,6|7/1, 8]
— Z[2,913,5(6,7|1,8] — Z[2,9/3,5/1,6|7] + Z[2,9/3,5|1,6|7, 8] .

It turns out that for the LERW and sandpile applications it suffices to assume that
node n is in a doubleton part.

Kenyon and Wilson [KW1lc| showed that Z[r]/Z[1]|2|---|n] can be expressed
as a linear combination of determinants involving the L,;’s and L} ’s, and that
Z[t]/Z]1,2,--- ,n| can be expressed as a linear combination of determinants involving
the G;;’s and G} ;’s. We will give these determinant formulas in the next section,
since they are the starting point of the present work.

1.1 Partial pairings in terms of Pfaffians

For a partial pairing 7 in which node n is in a doubleton part, we can encode 7 by a
string A of n symbols, where the symbol at position ¢ encodes the role of node i in the
partial pairing. For bookkeeping purposes that will soon become apparent, we label
each symbol with the label of the node that it represents; when the labels are 1,...,n
we sometimes omit the labels. For example, for the annular partial pairing

@

7 =1,5[2[3,4/7,10[8,14[11]12,13 = (7) @ 5
10

the associated (labeled) encoding string is

910111213 14
I

USUD® . (3)



Here node n, which is on the other boundary, is given the special symbol (©. The
node paired with n is also given a special symbol, F. (So each A(7) has exactly one F
and one (® symbol.) | indicates that the node has been internalized, and S indicates a
node in a singleton part. The remaining nodes are assigned the symbols U and D so
that when the F is cyclically rotated to the end, the substring A\° formed by the U’s
and D’s defines a (labeled) Dyck path whose associated noncrossing matching is the
pairing of the nodes in 7. In the above example,

N

Ma N A f
101213134 5 7 Pl N y 1»2 1y “
A°=UubUUDDD = M R o= M g

We call the string A the augmented cyclic Dyck path associated with the partial
pairing 7 — “augmented” because it contains symbols not in the Dyck path \°, and
“cyclic” because its start is determined by the location of the F symbol.

Given two labeled augmented cyclic Dyck paths A and p, we say that A < p if
they are the same length, have the same labels, all the letters other than U and D are
the same in both A and p, and as Dyck paths, \° lies below p°.

If A is a labeled string, we let \; denote its ith labeled symbol, and we let A(7)
denote the label of A;.

For a labeled augmented cyclic Dyck path j, we define ! to be the labeled string
obtained from p by deleting all the S letters, and replacing each i with the two letters
éé We also define p° to be the labeled string obtained from by deleting all the |

letters, and replacing each S with the two letters O®. For example, if u is the labeled
augmented cyclic Dyck path in (), then

13456 6789 910121314
= UUDDOODFGOUUD®

and
12234578101 11121314

1° = UOGUDDDFUOGUD® .
Next We define ji and 7i. Recall that there is only one letter F in p; let f be its label,

so that F € p. For each letter U D F in ;°, we make the substitutions

N O

O i>f © i>f

f f
F— O

to obtain 7. We let Ji be the result of these same substitutions applied to u'. For our

example,
9 1012 13 14

= @@OO@OOO@OOO@@

and
8 10 11 11 12 13 14

@Q@@OOOOOO@O@@
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The original string i can be recovered from either i or ji.
Given a string o of m labeled symbols @, ©, O, ), such as as the ones above,
we define an m x m matrix M, (A, A’) by

0;#O 0;=0
oo — loj=a
M (A, A) = 770 | “Aotot) + Ao00) ( ' ) As(i)o )

_101':@ + 1Uj:@
0i=® —Ao(i),0()

j=1,....m

i=1,....m.

The symbols @, ©, and O are mnemonic for +1, —1, and 0, which go into the
coefficient of A, ;) »(;) when o0, 0; # ©. For example, when o is the above value for 7,
this matrix is

- ® — ® ®
_ 1 2 2 3 4 578 10 11 11 12 1+3 14
+1 0 Al,ZfA/Lz Al,? 714’1,3 A1,47Al1,4 """"" Al,ll A1,127A,1,12 2A1,137Al1,13 A1,14
2 A3,27A1,2 0 A2‘2 7A2,37A,2,3 7Af2.4 """"" A2,11 7/4‘/3712 A2,137A{z_13 A2‘l4
©2 —A1,2 —Aso 0 —A2,3 —A2,4 """"" 0 —A2,12 —As 13 0
+3 : : ’ 0 A3,4*A§,4 """"" As 11 A3,12*A§,12 2143,13*4{;,13 As g
4 0 e A4,11 7/411,12 A4,137A£;_13 A4‘l4
5 . . . . .
7

We define MlSL) = My(L, L"), and MISG) = Mz(G, G"), where G, is replaced with 1.
Both M /SL) and M ;SG) are antisymmetric. The new formulas involve Pfaffians of these
matrices M ,SLL) and M ,SLG)-

The new formulas have coefficients that are defined in terms of “cover-inclusive
Dyck tilings”, which were first defined in [KW11b] and independently in [SZJ12],

Figure 1: Cover-inclusive Dyck tilings of a skew shape. (This figure first appeared in
[KWT1h].)

5



and were studied further in [Kim12, KMPW14l, [KW11d, [KW14, [JVK14], and whose
definition we now recall. If A and p are Dyck paths such that A is below pu, then the
region A/p is a skew Young diagram (rotated 45°). A Dyck tile is a ribbon tile which
is shaped like a Dyck path, i.e., a collection of v/2 x v/2 boxes rotated 45° centered at
the points of a Dyck path. A Dyck tiling of A\/u is a tiling of it by Dyck tiles. We
say that one Dyck tile covers another Dyck tile if it contains a box which is directly
(not diagonally) above a box of the other tile. A cover-inclusive Dyck tiling is one for
which, whenever a Dyck tile T} covers another Dyck tile T5, the range of z-coordinates
of T} is a subset of the range of x-coordinates of T5. See Figure 1| for a list of the Dyck
tilings of a particular skew shape \/pu.

Theorem 1.1. Suppose T is a partial pairing of the nodes of an annular-one graph
with n nodes, where node n is paired in 7. Let X be the labeled augmented cyclic Dyck
path which encodes 7. Then

Z[7] . . L
—— L — ST [# of c.i. Dyck tilings of X°/u°] x Pf M(P) (4)
Z[1[2] - In] Z '
and
Z
I S[# of c.i. Dyck tilings of \°/p°] x Pf M. (5)
Z[l,?,...,n} s

1.2 Examples

We give a couple of examples:

123 4
For the partial pairing 1, 3|2, 4, the encoding string A is DFUQ®, the only y in the
123 4
sum is p = DFUQ®), for which the skew Young diagram A°/u° has only the empty Dyck
123 4 1234

tiling, so the coefficient is 1. For this p = DFU®, ji = OOO®, so

0 _L/1,2 —L'Lg L4
Z0,32.4] oo Ly 0 ~Ihy L
ZIEED Ly Ly 0 Ly
—Lyy —Los —Lss O

/ / /
= _L1,2L3,4 - L273L1,4 - L3,1L2,4 )

(L)
Mprye

123 4
which matches [KW1ld, eqn. 5.5b], and 7 = OOOQ, so

0 _G3’2 _0373 1
ZIL324) | Gl 0 =Ghs 1| .,
20234 | G Gy 0 1|7 GGG
-1 —1 -1 0
MO

which matches [KW11d, eqn. 5.6b].



123456 7
For the partial pairing 1,4|2|6,7 the encoding string is A = USIDIF(®), the only
123456 7 1334556
> Ais p=USIDIF®, and ji = @@OO@OO@ SO
0 LI,S L1,3 - L/1’3 LIA - L’l_’4 Ll,5 L1,5 - Lllys LI,G - L’l_]G L1,7-
—L3 0 —L33 —L34 0 —L3s —Lsg 0
Liz—Liz Lsgs 0 —Ly, Lss —Lys —Lyg L3
Z[L,4216,7] pf |Pa— L Lsa L, 0 Liys L, ~Lis  Lug
Z[1’2|3‘4|5’6|7] —Lis 0 —Lss —Lys 0 —Ls s —Lsg 0
L’1,5 —Lis Lss Lg75 Lﬁw Lss 0 ng,ﬁ Ls 7
Lig—Lig Lsg Lyg Lﬁw Lsg Ly g 0 L7
_L1,7 0 _L3,7 _L4,7 0 _Lo7 _L6,7 0 i
ML(Jél)DIFh
' 122467
while 7 = ©OOOOO, so
0 Gia— Gy Gip Gra— Gy Gie—Gig 1]
Gio—Gip 0 Gao =Gy —Gos 1
Z(1,4]2]6,7] _pt -G —Ga 0 —Gay —Gag 0
Z[1,2,3,4,5,6,7] Gy —Gia 54 Goa 0 ~Glig 1
Gie— Gue 26 Gag 16 0 1
. -1 -1 0 -1 -1 0]
G
MlSSII):)IFq

For 1,2|3,7|4,6 we have A = UDFUID®), there are two p’s such that p > A:

Z[1,23,74, 6]

G G
Z[1,2,3,4,5,6,7] = Pt Ml(JD)FUID@ + Pt MI(DD)FUIU@

For the partial pairing 1, 3|2|4, 10/5,6|7,9 we have A = USDFUDUID(®, there are
five p’s such that p = A, and for one of these p’s the skew Young diagram A\°/u° has
two Dyck tilings:

Z[1,3)2/4,10]5,6/7,9] G .
Z[1,2,3,4,5,6,7,8,9,10] P MiSorupuine + P Migbruupioe

G G G
+ Pt MIgS)DFUDUIU(D + Pt MIgS)DFUUDIUQ +2 x Pt MI(DS)DFUUUID(D

1.3 Corollaries

The formulas in Theorem [1.1] immediately imply the following statement.

Corollary 1.2. For a partition T on {1,...,n} in which n is not in a singleton
part, on an annular-one graph with n nodes, the ratio % s a polynomial in the
variables L and L' with integer coefficients. Similarly, % is a polynomial in G

and G’ with integer coefficients.



It was known that these ratios are polynomials in the L and L’ variables, or the
G and G’ variables [KW11c], but the integrality of the coefficients was previously a
mystery.
Recalling
Z[1,3]2,4]
Z[1,2,3,4]

observe that this polynomial is invariant under the substitution G ; — G} ;+f(i)— f(j).
The next corollary states that this is a general phenomenon for the G-G’-polynomials
of any partition:

_ ! / !
= _G1,2 - G2,3 —L31>

Corollary 1.3. For a partition 7 on {1,...,n} in which n is not in a singleton part,
on an annular-one graph with n nodes, the G-G'-polynomial for % s invariant
under replacing each G ; with G ; + f(i) — f(j).

Proof of Corollary[1.3. Consider each Pfaffian in the formula from Theorem|[I.1] Since
the last column (row) is all 1’s (—1’s), we can add an all-f(i)’s row to row ¢ and
subtracting an all-f(7)’s-column from column ¢, without changing the value of the
Pfaffian. Since G ; occurs only in row i and column j (and row j and column ), with
coefficient 1 (and —1), these operations replace each G ; with G; ; + f(i) — f(j) and
keep the Pfaffian invariant. n

We remark that it was known [KW1Ic] that substituting G} ; — G ; + f(i) — f(j)
and then evaluating the polynomial at the values of G and G’ that arise from an
annular-one graphs will give a result independent of f. Corollary is a stronger
statement, since it was not known whether the values of G and G’ that arise from
annular-one graphs are full-dimensional or whether they satisfy algebraic relations
which cause the substituted G-G’-polynomials, when evaluated at these values, to be
independent of f.

2 Determinant formulas

For an annular partial pairing 7 on n nodes, let A be its encoding string, let T" denote
the set of internalized nodes, and () denote the set of singleton nodes. Let k denote
the order of the Dyck path \°, i.e., half its length, so that n = 2k + 2 + |Q| + |T|.

Let S C{1,...,n}\ (QUT) be a subset of the paired nodes which has size k + 1
and includes n, and let R = {1,...,n}\ (SUQ UT) be the complementary set of
paired nodes. Given A and S, Kenyon and Wilson [KW11c] defined

B — of c.i. Dvck tilines of \ % # indices in S at which p has an up-step %
A8 y g H
H=A
C_# indices in S\ {n} after X’s flat step + # down steps of X after \’s flat step (6)
)



and showed how to use these polynomials By g to compute the ratios of grove partition
functions. Specifically

Z[T] . B)\ S(ZQ) ST
Z[2|--|n] (1) X;ﬂg;(l—z?)k det Zir | (1)

where zﬁ% denotes the submatrix of . whose rows are indexed by R and 7" and
whose columns are indexed by S and 7', and we need to specify a pairing between
the indices of R and S to determine the signs of the determinants. We use the
Dvoretzky-Motzkin cycle lemma bijection to make this pairing, as indicated below
(figure taken from [KW11c]). Essentially we make a path with period 2k + 1 which
has an up step at each index in R and a down step at each index in S\ {n}. The up
and down steps are the endpoints of chords underneath the path, and these chords
define the pairing, where the extra up step is paired with n.

1z

g G/BAQ“ y &
§={1.2,5.91012} # 9\101,1\ ~ 1014 g\loyp 512110

911 12
R={BA6T81} 770, A8 2, = alsl 7 lslnls

Recall that % ; = % ;(2) is a function of z. We change variables to z = €'

(here we differ slightly from the notation in [KW11c], which used ¢ = 2z = ¢'). We
expand .Z ;(e") = L; ; + L;jt +---, and let .Z} ; denote its linearized approximation
jm = L;j + L} t. In general the series expansion for %, i(e") will have more terms,

but while it is not a priori obvious, the limit can be evaluated using f,??” in place

of Z.;(et):

44 1 X
S L e AN B 2 ST
Z)- )~ Y gy 2 Bas(e) det L 3)
and a similar formula
Z|7] _ 1 ) I
_— = ]_ —_— B t t 7Q
Z[1,2,...,n] 50 (—2t)k 1%; As(€7) det GR's 9)

holds, where %A” = G + G} ;t and each %Am is replaced with 1 [KW11c]. From these
formulas we derive the Pfaflian formulas.

3 Pfaffian formulas

We start in section by showing that a Pfaffian can be expressed as a sum of
determinants. In section we give an application of this identity to tripartite
pairings. Then we use the Pfaffian identity and equations and (9) to prove
Theorem [L.1] in section [3.3



3.1 The Pfaffian as a sum of determinants

For any matching M = (i1, 1),..., (ix, jr), we define sign(M) = (—1)"™) where
cr(M) is the number of crossings of arcs from M when M is drawn as k arcs between
the points {1,...,2k} on a line. For the left endpoint of each arc we can associate an
up-step, and for each right endpoint we can associate a down-step, which results in a
Dyck path. The down steps of the matching M are the down steps of its Dyck path,
i.e., {max(i1, 1), ..., max(ig, jx)}-

Given a set of positive integers R for which R C {1,...,2|R|}, we define dgy as
follows. We let n = 2|R| and S = {1,...,n} \ R. For an arbitrary matrix A we define

where R and S are ordered according to the Dvoretzky-Motzkin bijection as described
above. For example,

disa67s11)(A) = det[A; [0 678115" -
Lemma 3.1. Suppose n > 0 is even, R C {1,...,n}, |R| =n/2, and S = {1,...,n}\
R. Let A be an arbitrary n x n matriz. Then

dr(A) = 3 (=)= T (1) A,,.

directed matchings M s.t. (r,s)eM
M matches R to S

Proof. Let k =n/2. The arrangement of elements of R and S in dg is given by the
Dvoretzky-Motzkin cycle lemma bijection, and in particular corresponds to a matching
My = {(r1,51),...,(rk,sx)} (each r, € R and s, € S) which has no crossings when
drawn in the annulus. By the determinant expansion,

k
det A7, = Y sign(m) [] Ay (11)
=1

TeS

Suppose n ¢ R. When we draw matching M; on a line, there may be crossings of
the arc (j,n) from arcs (a,b), such that a > j > b; these are precisely the arcs whose
starting point is larger than its endpoint. When drawn on the line, the number of
crossings is cr(Mo) = X(; jjem, Li>;- If instead n € R, then cr(Mo) = X(; jjenm, Li<j-

For a permutation m let the matching M (7) be M (7) = {(71, Sx(1))s - - -+ Ths Sx(k) }-
The matching M, corresponds to the identity permutation, so at least when the
permutation 7 is the identity, we have

sign(m) = (_1)Cr(M(7r))(—1)2(7‘,5)61\/1(#) tr>s (_1)(/2) ner

a formula which we now verify for the other permutations. Any permutation 7 can
be expressed as a sequence of transpositions, and it is a straightforward case analysis
to verify that any transposition changes the parity of the number of crossings in the
matching plus the number of arcs directed backwards. O]

10



Theorem 3.2. Suppose n > 0 is even. If A is an arbitrary n X n matriz, and dr(A)

is as defined in (10)), then
> dp(A)=Pf[A-AT], (12)

RcA{1,...,n}
|R|=n/2

where AT is the transpose of A.

Proof. From Lemma we see that the left-hand side of equals

(_1)cr(M) H (_1)1T>SAT73_

directed matchings M (r,s)eM

Let n = 2k, and let W, ; = A; ; — A;;. We can expand the Pfaffian as

PEHW] = > (=10 T Wi
undirected matchings M /=1
M={(i1,51)-,(ik,Jk) }
11<J1,e-0k <Jk
J1<<Jik
When we make the substitution W, ; = A;; — A, ;, this has the effect of choosing
directions for each pairing, converting the sum over undirected matchings into a sum

over directed matchings:

PfA—A"] = 3 (=)D I (~1)'>A,,. O

directed matchings M (r,s)eM

3.2 Applications of the Pfaffian identity

Before continuing with our main result, we mention an interesting consequence of
Theorem [3.2] Curtis, Ingerman, and Morrow [CIM98] gave an interpretation of the

determinant det L when R = {ry,...,r,} and S = {sy,..., s} are disjoint subsets
of {1,...,n}, which, when translated into the language of groves, asserts that
Z[r1, szl - |7k, Sy | (other nodes singletons)]

det L3k = 3~ sign()

TeSy

Z0] -~ Jn] (13)

This formula holds for any graph.

If B and C are two disjoint sets of nodes, and we set A; ; = 0 wheni € C or j € B
and otherwise set A; ; = L; ;, then Theorem with the above interpretation of the
minors implies Pf[A — AT] is a sum over directed matchings for which the nodes in B
are sources and the nodes in C' are destinations, of the sign of the directed matching
times the grove ratio associated with that matching. In particular, nodes of B are only
paired with nodes not in B, and nodes in C' are only paired with nodes not in C. If a
matching M contains a pair (i, j) where i, j € B or i,j € C, then M is not included
in the sum. Notice that if 7,7 ¢ B U C, then the matching (M \ {(4,5)}) U{(4,7)}, in

11



which the pair (7, j) has been reversed, has the same weight as M but opposite sign.
Thus

jeB  j¢BUC  jeC

i€B 0 Li,j Li7j
pt 1¢BUC _Li,j 0 Li,j =
ieC _Li,j _Li,j 0

directed matchings M
if (4,7) € M then
i € Bor j € C or both

_ Z ((_1)cr(M) H (_1)1j<i) Z[Zh]l’ - ‘in/Quj’n/2] . (14)

When the graph is circular planar (i.e., the nodes lie on the outer face of a planar graph),
and B = {1,...,|B|} and C' = {n+1—|C|,...,n}, there is only one matching M for
which Z[M] # 0, and the sign is positive, so Z[M] is the Pfaffian. For example,

0 0 Lis Ly Lis Lyg]|

-52) 0 0 L273 L2,4 L2,5 L2,6

P 3 Dl Z[1,6/2,34,5] . |—Lis —Lyz 0 0 L35 Lsg
A ® — Z[1213/4]5]6] —Lyy —Loy O 0 Lis  Lug
> “Lis ~Las ~Lys ~Lis 0 0
|—Lis —L2g —Lse —Lig O 0

This is one of several tripartite matching formulas that were derived earlier by Kenyon
and Wilson [KW09] using a different method [KW11a].

The determinant formula has been extended in several directions. Kenyon and
Wilson [KW11c] showed that if @ = {q1,...,q} and T' = {t1,...,t,n}, and Q, R, S, T
partition {1,...,n}, then

Z[O 5P ] - la]

d thI ..... Skyllyeeny tm — _1 m :
€ T1yesThst1y s tm ( ) Z Slgn(ﬂ.) g[u . |n] ’

TeS

(15)

where the 27’s give the weighted sum of “cycle-rooted groves”. (The cycle weights
go to zero and Z converges to Z when z — 1, see [KW11c| for further explanation.)
When we combine Theorem [3.2] with the above formula, we obtain the following:

Theorem 3.3. Suppose there are n nodes, P,Q,T partition {1,...,n}, and |P| = 2k
is even. For each i € P let o; and 3; be parameters, and for i € T let o; = 5; = 1.

List the nodes py,...,pox,ty,t1, ...t tm, where t. is a second copy of t;, and let
T =A{t,....t.,}. Then

12



jePUT jeT’
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directed matchings M of P ( (r,s)eEM ”@F[” e |n]
M={(r1,51),-,(Tk,8%)}

(16)

Proof. If i € T' then take a; = 0 and 3; = 1. Then apply Theorem with
A, j = 0;3;%, ;, and use to interpret the determinants. The factor of (—1)™ in
is absorbed into the Pfaffian because we listed each ¢ before ¢;. O

Any of or or can be recovered from by choosing the a’s and
f’s suitably and/or setting z = 1.

3.3 Proof of main theorem

Our approach to proving the Pfaffian formulas in Theorem is to prove that the
right hand sides of and @ are equal as polynomials in formal variables to the
Pfaffian expressions. We will not, for example, use the fact that 3°; L; ; = 0 or other
relations that the electrical network quantities might satisfy, since the L; ;’s and the
G ;s satisfy different relations. By working with formal variables that do not satisfy
these extra relations, the same proof works for both the L-L’ polynomials and the
G-G' polynomials.

The roles of the S and | symbols are reversed between the L-L’ polynomials for
Z[7] and the G-G’ polynomials for Z[r]. As a matter of convenience, we will give these
symbols the roles they have for the G-G’ polynomials. To obtain the L-L’ polynomials,
we will at some point substitute | for S and S for I.

Let X be a labeled augmented cyclic Dyck path with n symbols. Let A* be the
substring obtained from A by excising all S and | symbols that it contains, let n* be
the length of A\*; and let F\ be the set of labels of S symbols. For our running example

1234567891011121314

A = USUDDIDFIUSUD®

we have

1345 7810121314

A" =UUDDDFUUD®, n* =10, E,={2,11}.
For an arbitrary n x n matrix &/ we define
* B)\*,S* <€2t) A5 (S* 7Ev
A= D det A i (17)
R*c{1,...n*}
|R*|=n*/2
{n*}NR=02

S*={1,..;n* \R*

13



Recall from (6) that By g(¢) is a sum over p = X of (# of c.i. Dyck tilings of A°/u°)
times ¢ to the power

(# up steps of p in S before flat step)
— (# down steps of p in S after flat step)
+ (# down steps of \ after flat step).

We define
i 1 w*(S*) E
_ tszf o
L) (1— )k > det e (o), X
Ru%l:’ﬁ;’;zz} exp {Qt ‘(up steps of p* before flat step) N .S* }%
{n*}NR*=

S*={1,..., *}\R* exp {275 ‘(down steps of p* after flat step) N .S*
(18)
Observe that if g = A then p*(-) = X*(:) and E, = E), so

*

(o) = exp [Qt (# down steps of A after flat step)} X
> [# of c.i. Dyck tilings of )\O/uo]fézu(ﬂf) . (19)

H=A

The following lemma will help us evaluate 2 Ma):

Lemma 3.4. Suppose n > 0 is even, B,C,U,V C {1,...,n}, BNC = &, and
UNV =@. Let A be an arbitrary n x n matriz. Then

> exp [2t<|5 NU|—|SN Vy)]dR(A) =

Rc{1,...,n}
|R|=n/2
BCR
CNR=o
S={1,...n}\R
jeB j¢BUC jec
i€B 0 zzli,j lei,j
= exp {t(|U| - |V|)] x Ptigpuc _Aj,i ;12] - Agz ;12] (20)
iec —Aj; Yy 0 Z:l ’’’’’’’’ :
where

Aij = Aijexp [t(ljeU — Licv = Ljev + ]-iEV>] -
Proof. Observe that 2|SNU| = [SNU| - |[RNU|+ |U|, and similarly for 2[S N V].
Since A is obtained from A by multiplying the ith row by exp[t(ligv — liey)] and jth
column by exp[t(l;ey — Ljev )], the determinants dp(A) and dr(A) differ by a factor
depending on R and S:

exp {215(\5 AU =15 N V])| x dr(A) = exp [1(|U] = [V])] x da(A).
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We can set A; ; = 0 whenever j € B or ¢ € C, since these variables do not occur

in equation (20). We then remove the restrictions B C R and C N R = & in the

summation on the left-hand side of equation , since with the above variables

zeroed out, dr(A) = 0 whenever R or C'N R # @. Without these restrictions on
3.2

the sum, we can apply Theorem to sum up the d R(ﬁ)’s to obtain ([20)). ]

Lemma 3.5. Let p be a labeled augmented cyclic Dyck path with n symbols, and
suppose i has length m. Let U denote the set of labels in i above B symbols, and let
V' denote the set of labels in i above © symbols. Let of be an arbitrary n x n matriz,
and let

«QZ',J* = 4, j exp {t(ljeU — Licv — ljev + 1ieV)} ‘ (21)
Then
ﬁ]7£® ﬁj:®
D 56) = Faaa) 7
) 4G fi(3) i (j A()F A
. 92 j=1,....m
=0 —5(5),7(0) 0 I

Proof. Recall that p° is the string obtained from p by replacing each é symbol with

O® and omitting each | symbol. Let B, denote the positions of these new O’s
(replacing an S) in u°, let C), denote the positions of these new ©’s in 1. The strings
1> and 7@ have the same length, which we are calling m. If 4 is our earlier example

1234567 891011121314
# = USUDDIDFIUSUD® ,
then
g 12234578101 1121314
> =UOGOUDDDFUO®UD®
and

2 11 2 11
B,, = positions of {O, O} = {2,10} and C,, = positions of {®,®} = {3,11}.

Let U, denote the set of positions at which ;1 has an U before its F, and let V,,
denote positions at which p has a D after its F.

For a given p, the subsets R* of {1,...,n*} for which |R*| = n*/2 are in straightfor-
ward bijective correspondence with those subsets R of {1, ..., m} for which |R| = m/2,
B,C Rand C,NR =@, ie., R=p'(p*(R*))UB,. Consider the pairing between R*
and S* = {1,...,n*} \ R* given by the cycle lemma bijection. This pairing naturally
extends to a pairing between R and S = {1,...,m} \ R, where a pair (r*, s*) gets

mapped to the pair (7~ (u*(r*)), m " (*(s*))), with the pairing between R and S also
containing the pairs (b,b+ 1) for each b € B,,. Provided n* ¢ R*, this extended pairing

15



is precisely the pairing between R and S given by the cycle lemma bijection. Thus

* * S
> det ] () ) % = > det s ) x (23)
R‘*}%i’;;’%} exp [215 ‘Uu* nS* }+ R%l:’;l"/";} exp [215 ’Uus N SH <
{n*}NR*=g N {m}NR=o
S*={1,..n*\R* \ exp [Zt ‘V#* ns ] CBﬁJ%R exp [Zt 'VMS N SH
=g
S={1,..m}\R

We could apply Lemma |3.4 with B = B, and C = C,,U{m} to evaluate the right-hand
side of (23), but it turns out to work better with B = @, C = C, U {m}. So long
as (C,U{m})NR =0, if B, Z R, then the determinant det %’és((lg)) has at least one
repeated column and therefore does not contribute to the sum. Applying Lemma
with B =@, C = C,U{m}, U=U,,V =V,s, and n = m, and then using the fact
that u3(+) = 71(+), we see that the right-hand side of equals

ae jec
1 ¢ C | Sata6) ~ FaGae)  Tai o) |
Pf i — Jj=1,....m
ieC — %535 () 0 Jieim

with & defined as in ([21). Observe that C,, U {m}, U,s, and V,s are the locations of
©, @, and © symbols in @ respectively (which is of course the reason we defined
the way we did).

The definition of 2% () also contains a factor of 1/(1 — 2)7"/2=1. If for some z
we scale the rows and columns not in C' by a factor of z'/2, and scale the rows and
columns in C by a factor of /2, the Pfaffian is scaled by a factor of zl(m=ICD=IC1/2,
Now m = n*+2|E| and |C| = |E|+1, so [(m —|C|) — |C|]/2 = n*/2—1. Upon taking
r=1/(1 —€*), we obtain (22). O

So far all these calculations are exact. Next we take the limit ¢ — 0:

Lemma 3.6. Let p be a labeled augmented cyclic Dyck path with n symbols, and
suppose i has length m. Let o/ be an n X n matriz of formal power series for which

A 5(t) = A i(—t) = Aij + Aj jt + O(t?). Then

ﬁ];é@ EJ:G)
. +1ﬁi:@ - ].ﬁ.:@ +O t
9}#(%) — pf MO (-1;»@ + 1ﬁ1@ Az — Asmg)  Areae) t)
i i j=1,...m
=0 —Aui)a0) 0 Jiim
M(A,A)
Proof. Straightforward series expansion of the expression from Lemma [3.5] O

It is also straightforward to extract the coefficients of higher powers of ¢ in the
series expansion ¥ H(gf) using Lemma . As discussed earlier, the constant term
is relevant for computing grove probabilities. The term linear in ¢ is relevant for
computing expected winding [KW1lc], and also depends on just the A; ;’s and Aj ;’s.
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Proof of Theorem [1.1. Immediate from (§), (9), (L7), (18), and Lemma [3.5] For

the G-G’ polynomials we substitute G for A and G’ for A’. For the L-L’ polynomials
we first substitute | for S and S for |, and then L for A and L’ for A’, and we absorb

the factor of (—1)I”! from (§)) into the Pfaffian by writing é)é rather than éé) O

4 Open problems

The coefficients in the Pfaffian formulas in Theorem count Dyck tilings whose
lower path is A° and whose upper path depends on the summand. It is known that the
sum of these coefficients is the number of increasing labelings of the planted plane tree
associated with the Dyck path A\° [KMPW14]. Is there something more to understand
here?

Is there a polynomial-time algorithm for evaluating Z[r|? For certain 7’s there
will be few or even just one Pfaffian, though for general 7 the number of Pfaffians is
exponentially large in the number of nodes. But these Pfaffians are all closely related
to one another, which suggests the possiblity that some clever linear algebra could be
used to evaluate the sum without evaluating each individual Pfaffian.
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