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DETERMINANTAL RANDOM SUBGRAPHS

ADRIEN KASSEL AND THIERRY LEVY

ABsTRACT. We define two natural families of determinantal random subgraphs of a finite con-
nected graph, one supported by acyclic spanning subgraphs (spanning forests) with fixed number
of components, the other by connected spanning subgraphs with fixed number of independent
cycles. Each family generalizes the uniform spanning tree and the generating functions of these
probability measures generalize the classical Kirchhoff and Symanzik polynomials. We empha-
size the matroidal nature of this construction, as well as possible generalisations.
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INTRODUCTION

Since the work of Kirchhoff [Kir47], algebraic properties of spanning trees on finite connected
graphs have kept fascinating and being rediscovered in various guises using a variety of tech-
niques. They are ubiquitous in large areas of the literature in combinatorics, mathematical
physics, probability, and linear algebra. Important foundational works of Whitney [Whi35] and
Tutte [Tut54], followed by many others, have shown how fundamental these objects are in com-
binatorics, and also how they can be seen in a broader context, notably that of matroids. This
point of view percolated in probability theory, notably through the work of Lyons [Lyo03].

It is known since the work of Burton and Pemantle [BP93, transfer current theorem| that
the uniform probability measure on the set of spanning trees of a finite connected graph is a
determinantal point process, a class of processes first introduced by Macchi [Mac75] and named
that way by Borodin and Olshanski at the turn of the century, see [Borll]. This measure had
been studied earlier, in particular in relation to the Markov chain tree theorem (see [Ald90| and
references therein), and extended to infinite graphs in [Pem91, BLPS01]; see the textbook [LP16].
In the planar case, the study of its scaling limit led Schramm to the discovery of SLE, see [Sch00,
LSWO04]. Analogs of uniform spanning trees on higher dimensional simplicial complexes were
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2 ADRIEN KASSEL AND THIERRY LEVY

defined by Lyons |Lyo09], who also highlighted why the support of a determinantal probability
measure is the same thing as the set of bases of a linear matroid. Later, Kenyon [Kenll]
defined a determinantal probability measure on the set of cycle-rooted spanning forests of a
graph, determined by a 1-form on the graph. There are quaternion determinant analogs of these
probability measures [Kas15, KL19].

On a graph, spanning trees and cycle-rooted spanning forests are the set of bases of the circular
and bicircular matroids, respectively [Ox111]. The circular case is the one from which the theory
of matroids arose in the first place, whereas the bicircular case was only discovered later in [SP72]
and further studied in [Mat77]. These are moreover the only matroids on the set of edges of a
graph for which the set of circuits consists in all subgraphs homeomorphic to a given family of
connected graphs [SP72].

The purpose of the present paper is to describe new families of determinantal probability
measures on graphs, yielding random subgraphs with more complicated topology than trees, and
an explicit geometric formula for the weight of each graph appearing in the associated partition
function. This is the content of Theorems 4.3 and 4.6. The partition functions of these probability
measures generalize the classical Symanzik and Kirchhoff polynomials (see Section 5). Moreover,
we generalize these results to the case of linear matroids in Theorem 6.17 and suggest some
possible further specializations of this theorem in Section 6.10.

Let us explain the content of Theorem 4.3. On a weighted graph (G, z), given an integer k > 0,
we consider the set Cx(G) of connected spanning subgraphs with exactly & linearly independent
cycles. Let us choose linearly independent 1-forms 64, . .., 8, which span a subspace that does not
contain any non-zero exact 1-form. For every K € Ci(G), we choose an integral basis (71, . ..,7x)
of the free abelian group of cycles of K and assign to K the weight

w(K) = | det (6:(%))), <, ;| 2",

where 0(v) = 3., 0 and 2 is the product of the weights of the edges of K. We prove that the
corresponding probability measure is determinantal, associated with the orthogonal projection
on the direct sum of the space of exact 1-forms and the span of 0y, ..., 0.

Our main tools for proving these results are an exterior algebra version of the matrix-tree
theorem (Propositions 2.1, 2.4, and 6.4), and consequences of it, and the mean projection theo-
rem for determinantal point processes (Theorem 3.2). The latter theorem was proven in [KL19,
Theorem 5.9] and another proof was given in [KI1.22al; earlier instances of special cases of this
statement appeared in [NS61|, [Mau76, Theorem 1|, [Big97, Proposition 7.3|, [Lyo03, Proposi-
tion 6.8], and [CCK13, CCK15, Theorem A].

Our approach allows us to unify the presentation of several statements concerning spanning
trees (Sections 1 and 2), the Jacobian torus (Section 2.3), duality (Section 4.5) and complexes
(Section 4.6), the Kirchhoff and Symanzik polynomials (Section 5), determinantal probability
measures (Sections 3 and 6), cycle-rooted spanning forests (Section 6.10) and matroids (Sec-
tion 6). Incidentally, it also yields a new formula for the probability density of a determinantal
process (Proposition 6.8) and its restrictions (Corollary 6.11), in addition to the description of
the above-mentioned families of examples of determinantal random subgraphs. In that respect,
this paper also provides yet another, almost self-contained, presentation of these classical topics,
expressed in the unifying language of exterior algebra.

The paper is organized as follows. In Section 1 we introduce some basic definitions about
graphs and associated objects (chains, cochains, cycles, cuts, and integral bases determined by
spanning trees). In Section 2, we review combinatorial multilinear identities involving spanning
trees. In Section 3, we introduce four independent tools from the theory of determinantal proba-
bility measures and determinant computations. In Section 4 we show the existence of noteworthy
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determinantal probability measures on two families of subgraphs of constrained Betti numbers,
which generalize the uniform measure on spanning trees. In Section 5, we make the connection to
multivariate homogeneous polynomials from theoretical physics and derive a few consequences.
Finally, in Section 6 we explain how the results presented extend from the circular matroid case
to the general case of linear matroids, which in particular encompasses the case of the bicircular
matroid, or ‘circular’ and ‘bicircular’ matroids on the set of cells of higher dimensional simplicial
complexes.

Acknowledgements. We thank Omid Amini for inspiring discussions during work visits in
Paris and Lyon on the topic of Symanzik polynomials and related structures. In particular, we
realized while completing this work, which was motivated by different considerations in [KL22b],
that the natural generalization of Symanzik polynomials we encounter here (see (50) in Section 5)
had already been imagined by him several years ago, in the guise of the determinantal expression
in the right-hand side of Proposition 4.5, based on the abstract construction of these polynomials
in [ABBGF16, Section 2.1]. This paper thus also provides an answer to the question of Omid
Amini of providing a concrete description and some properties of these polynomials. We also
thank Javier Fresan for conversations at ETH Zurich which introduced us to [ABBGF16] back
in 2015.

1. SPANNING TREES, CYCLES, AND CUTS

Most of what follows in this section is already known, but not presented exactly in that way;
see for instance [Big74, Big97, BAIHN97|.

Throughout the paper we will perform computations in the exterior algebra. For definitions
and notations we refer to [KL19, Section 5].

1.1. Graphs and orientations. We denote by G = (V, E) a finite connected graph, where V is
the set of vertices, and E the set of edges, which we assume come with both possible orientations.
Given an edge e € E, we let e and € be its starting and ending vertices, and let e~! be its inverse.
We let [E] be the set of pairs [e] = {e,e™ 1}, which we call geometric edges.

For a subgraph S of G, we denote by V(5) and E(S5) its set of vertices and edges respectively;
each edge of S appears with both orientations in E(S). A subgraph needs not be connected, and
can have isolated vertices.

A subgraph S is said to be spanning when V(S) = V. A spanning tree of G is a connected
spanning subgraph which is minimal for inclusion. We denote by 7(G) the set of spanning trees
of G.

We fix an orientation of G, that is, a subset E™ of E containing exactly one element of each
pair {e,e!}. Given a subgraph S of G, we will write E*\ S for E*(G) \ E(S). Moreover, we will
write ST for the directed graph whose vertex set is V and edge set is E*(S) = ET N E(S).

1.2. Chains and cochains. Let us denote by Cy(G,Z) the free Z-module over the set V of
vertices of our graph, and by C1(G,Z) the quotient of the free Z-module over E by the submodule
generated by {e +e~! : e € E}. The classes of the elements of E* form a basis of C1(G,Z), that
we call the canonical basis, and we use this basis to identify C}(G,Z) with ZE".

In order to be able to write matrices, we pick once and for all an arbitrary total ordering of ET.
In particular, exterior products over sets of oriented edges will always be taken in this order.

The boundary operator 0 : C1(G,Z) — Cy(G,Z) is defined by de = € — ¢ and we define the
group of cycles as

Zl(G, Z) = ker 0.
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The groups of cochains are defined by
C%(G,Z) = Hom(Cy(G,Z),Z) and C(G,Z) =Hom(C,(G,Z), 7).

We denote by (1,),ev the canonical basis of CY(G,Z) and by (e*).cg+ the canonical basis
of C(G,Z). We have, for example, e*(e™1) = —1.

The pairing between chains and cochains is denoted by round brackets: for all chain a and
cochain « of the same degree, we write (o, a) = a(a).

The coboundary operator § : C%(G,Z) — C*(G,Z) is the adjoint of the boundary operator,

given by
01, = Z e*.
e€Ee=v
We define the group of cuts as
BY(G,Z) =im$.

1.3. Integral bases from spanning trees. In this section, the bases we refer to are bases
of Z-modules. We call them integral bases to distinguish them from bases of vector spaces that
we consider later.

Let T be a spanning tree of G. To T, we associate two integral bases, respectively of Z;(G,Z)
and BY(G,Z). Given two vertices v, w of G, we denote by [v, w]r the unique simple path from v
to w in T, seen as an element of C4(G,Z).

Firstly, for each edge f, we define v(T, f) = f + [f, flr € Z1(G,Z) to be the unique cycle
created by adding f to T. This cycle is oriented by f, and it is zero if and only f belongs to 7.
It is well known (see for instance [Big74, Theorem 5.2|) that the family

Zr={y(T,f): f€ET\T}

is a basis of Z1(G, Z). Indeed, we have, for every cycle ¢ € Z1(G,Z) written as ¢ = e1e1+. . .+epey,
with 1,...,e, € {—1,1} and ey, ..., e, € ET, the equality

(1) c=e1y(T,e1) + ... + ey (T,ep),

which follows from the fact that for all vertices w, v, w, the equality [u,v]p + [v,w]p = [u, w]|r
holds in C1(G,Z).

Secondly, for each edge e, we define U(T), e) as the set of vertices of G that are connected to €
in T\ e and set

k(T e) = 6(Ly(r,)) € B'(G,Z).
The cut k(T e) is zero if and only if e does not belong to 7" and the family
Br ={k(T,e):e €T}
is a basis of BY(G,Z) (this is also known, see for instance [BdIHN97]). Indeed, given an element
b=mief + ...+ mpe} of BYG,Z), we have
(2) b=mik(T,e1) + ...+ mpr(T,ey).

This is because the difference between the two sides of this equation is an element of B'(G,Z)
that is supported on E\ 7. It is thus of the form 7 for some 1 € C°(G,Z) and since T' connects
any two vertices of G, the values of 1 on any two vertices are equal. Thus, dn = 0.

Whenever an order of the bases 27 or %r is needed, it will be that inherited from the total
ordering on ET.
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1.4. Projections on submodules. A spanning tree T of G determines a splitting

(3) Cl(GaZ) = Cl(Taz)@Zl(G7Z)’
according to the formula f = —[f, f]r -+ (T, f) valid for each edge f. We denote by
(4) ZTCI(G7Z)_>Zl(Gaz)7 f’_>f>/(T7f)

the associated projection.
A spanning tree T also determines a splitting

(5) C'(6,2) = BY(G,Z) & CY(T*, Z),
according to the decomposition e* = k(T e) + (e* — k(T e)). We denote by
(6) Br: CY(G,Z) — BY(G,Z), ¢+ x(T,e)

the associated projection.

For every subgraph S, let us denote by ng : C1(G,Z) — Ci(S,Z) the projection corre-
sponding to the decomposition C1(G,Z) = C1(S,Z) & C1(S° Z). We use the same notation
for the projection g : C1(G,Z) — C*(S,Z) corresponding to the decomposition C1(G,Z) =
CY(S,Z) @ CH(S¢, 7).

For every spanning tree T' of G, a rewriting of (1) and (2) yields the following equalities of
endomorphisms, respectively of Z;(G,Z) and B'(G,Z):

(7) Zr o e = id g, (6,2);
(8) Br omr = idpi(gz)-

1.5. Inner products. Let us choose a base field K = R or C. We consider the spaces Q2°(G) =
C%(G,Z) ® K and QY(G) = C1(G,Z) ® K, consisting respectively in functions over the vertices,
also called O-forms, and in antisymmetric functions over edges, also called 1-forms.

We endow °(G) with the inner product

(9) (f,9) = fogo-

veV

We consider a collection = (z¢)ecg of positive real weights on the edges of our graph, such
that x,-1 = z.. We endow Q!(G) with the inner product

(10) (@.8) = 3 zeaizpe.

ecEt

This definition is independent of the choice of orientation E™.

Note that the inner product (10) depends on z, whereas (9) does not. In the following, we
will not stress this dependence more explicitly, but it plays a key role in several proofs, where
identities between polynomials in z are considered, see in particular Sections 3.2, 4, 5, and 6.

Every 1-chain defines a linear form on Q'(G), that can be represented, thanks to the inner
product on this space, by an element of Q'(G) itself. We denote by

(11) J;:C1(G,Z) 9 K — QYG), ez te*
this antilinear isomorphism. A similar but simpler antilinear isomorphism
(12) 102 Cy(G,Z) K — Q%G), v 1,

exists, that does not depend on the inner product structure. For all v € V, e € E, f € Q°(G)
and a € Q1(G), the following relations hold:

(13) (W%, £) = (f,v) = f(v) and {Jge,a) = (a,e) = afe).
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In the following, we will sometimes use adjoints of maps, denote u* for a map w, and this will
be with respect to this weighted inner product (where the dependence on = will be implicit in
the notation).

For instance, we define d = 6 ® idg : Q°(G) — Q'(G), the usual discrete differential, and its
adjoint d* = Q(G) — Q°(G).

The operators 0 and d* are related by the equation
(14) Pod=d"ol,.

Indeed, for all e € E, f € Q°(G), we have (d*Jze, f) = (Jze, df) = (df,e) = (f,0e) = (f, I°0e).

1.6. Projections on subspaces. We have the orthogonal decomposition
(15) QY(G) =imd @ kerd*.

On one hand, it follows from (14) that J;(Z1(G,Z) ® K) = kerd*. On the other hand, since
d = 0 ® idg, we simply have imd = B(G,Z) ® K.

Let T € T(G) be a spanning tree. We have J,(C1(T,Z) ® K) = QY(T), so that starting
from (3), tensoring by K and applying J,, we find
(16) QYG) = QNT) @ ker d*.

We denote by Pl}erd* the associated projection on kerd*. According to the way in which we
established the splitting, we have

(17) PR = Ju(Zr ®idg)J, "
Starting from (5), we obtain simply by tensoring by K the splitting
(18) QYG) =imd @ QY(T°).

Note that Q(T°) is the orthogonal of QY(T), independently of the choice of z.
We denote by P%nd the associated projection on imd. We have

(19) Pijgld = Br ® idk.

1.7. Monomials and exterior powers. For any subgraph S of G and for any collection of
edges A C E(G), we define

QS: H T, and QA: H Te.

ecET(S) e€(AUA-1)NEH

For every subgraph S, or every subset of edges, we denote by eg the exterior product of the
positively oriented edges of S, taken in the order fixed in Section 1.2. Similarly, we denote by e’
the exterior product of the elements of the dual canonical basis of C!(G,Z) associated to the
positively oriented edges of S, taken in the same order.

For every k > 0, the family {e% : S C E*, |S| = k} is orthogonal in A*C1(G, Z)oK = AFQY(G),
and for each S C ET,

(20) les)? = 2.

It will be useful to observe that if S and S’ are two subsets of ET, then (75)"%'(egs/) = eg if
S’ C S, and 0 otherwise.
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1.8. Edge weights and inner products: choice of convention. Let us make a comment
about our choice of conventions for edge weights and inner products. We choose in this paper
not to endow 21(G) = C1(G,Z) ® K, nor Qy(G) = Cy(G,Z) ® K with any inner product. If we
were to choose one, we would take the one which turns the maps J, and J° into isometries.

The case of ©y(G) is of no surprise, since there is no dependency on z there. On ;(G) =
C1(G,Z) ® K this would be the inner product for which the canonical basis is orthogonal and for
which ||e||? = 2! for every edge e. This may seem surprising for some readers, but we believe
this is the most natural choice.'

Under this inner product, for every k > 0, the family {es : S C ET,|S| = k} is orthogonal in
ANFC1(G,Z) @ K = A*¥Q4(G), and for each S C ET,

(21) les]* = ().

2. MULTILINEAR IDENTITIES

Given two bases %) and HBs of the same Z-module, we will denote by det(%; /%) the deter-
minant of the change of basis between % and s, which is an element of {—1,1}. This element
can be computed as follows: if ) = (v1,...,v,) and By = (w1, ..., w,), then

vl/\.../\vr:det(%l/ﬁg)wlA...Awr.

We will use several times the following elementary fact: if a subgraph of G has the same
number of edges as a spanning tree, that is, |V| — 1, without being a spanning tree itself, then
this subgraph has at least one non-trivial cycle, and at least two connected components.

2.1. The Symanzik cycle-tree identity. The content of this section is somewhat related to
a result of [ABKS14|, although our statement and proof is different and elementary.

2.1.1. Spanning trees. Let us introduce the notation by = b1(G) for the rank of Z;(G,Z), called
the first Betti number of G. We have b1(G) = [ET| — |V| + 1.

Proposition 2.1 (Cycle-tree identity). Let 2 = (y1,...,7,) be a basis of Z1(G,Z). Then, in
the free abelian group \"*C1(G,7Z), we have

(22) NA Ay = > det(Z/Fr)ere.
TeT(G)

Proof. Let us decompose the element 1 A ... A v, of A" C1(G,Z) on the basis {eg : |S| = b1}

YIN NV, = Z ases.
SCE+:|S|=by

Consider a subgraph S with b; edges and assume that S¢ is not a spanning tree. Then S°¢
contains a non-trivial cycle. This means that there exists a non-zero linear combination of
Yy -5 Vby, SAY N = N1y1+. . .+np, W, that is supported by S¢. By reordering 71, . . ., vy if needed,
we make sure that ny # 0. Then 0 = (7))t (nAY2A. . AW, ) = n1(7s) P (V1A. . .AYp,) = niases,
so that ag = 0.

Consider now a spanning tree 7' of G. Using (7), we find that

AN ANy = (ZT o WTc)Abl ('71 FANPIRAN ’ybl) = Z ag (ZT)/\b1 ((ﬂ’Tc)/\bl (65))
SCE*:|S|=b1

IWe like to remember this convention, viewing x. as conductances, by the following invented rule of thumb
from electrical network theory: chains resist, cochains conduct.
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and the only non-zero term of the last sum is that corresponding to S = T, so that

Y1 VANIVAN Yo, = ATec (ZT)/\bleTe.

The result follows from the observation that (Z7)"?'ere is the exterior product of the elements
of the basis Zp. This identifies the coefficient are as det(Z/27) and concludes the proof. [

Corollary 2.2. For every spanning tree T of G, we have
(23) mre(Y1) A ... Amre(Y, ) = det(Z/ %) ere = Lere.
Moreover, on N\ Z1(G,Z),
(24) > Arrge =id
TeT(G)

Proof. The first equality follows from applying AP 77e to (22) and using the fact that if S and T
are spanning trees, then A" 7pe(ege) = ege if S = T and 0 otherwise.

The second equality follows from the first one, from (22), and the fact that A Z,(G,Z) is a
module of rank 1 generated by y1 A ... A7, . U

2.1.2. Symanzik polynomial. It follows from an application of /\le£ to Proposition 2.1, Equa-
tion (20), and Pythagoras’ theorem in the Euclidean space A" C*(G,Z) @ K that

(25) eyt A AP = D0 @)™ =@ Y 2

TeT(G) TeT(G)

This can alternatively be phrased as follows: let C' = diag(x. : ¢ € ET) be the diagonal matrix
of weights z. and M the |ET|x b; matrix formed by writing the cycles 71, ..., s, in the canonical
basis of C1(G,Z). Then
(26) det(MCT'M)= > (""",

TeT(G)

an equality which appears in [Amil9, Lemma 3.1].

In the theory of Feynman integrals of Fuclidean quantum field theory and associated graph
polynomials [BW10], the right-hand side of (26) is called the first Symanzik polynomial (applied
here to 2! because of our conventions, see Section 1.8), so we propose to call (22) the Symanzik
cycle-tree identity.

2.1.3. Connected subgraphs. Let us now turn to an application of Proposition 2.1. For each
k€ {0,...,b1(G)}, let Cx(G) be the subset of connected spanning subgraphs with Betti number &,
that is connected spanning subgraphs K such that Z; (K, Z) has rank k (i.e. K has an excess of k
edges compared to the |V| — 1 edges of a spanning tree). In particular, we have Cy(G) = T(G)
and Cbl(G)(G) = {G}

Proposition 2.3. Let K € C,(G) be a connected spanning subgraph. Let (y1,...,7vk) be a basis
of Z1(K,Z). Then in (/\kZl(G,Z))®2, we have

> NZr(exvr) @ e = (n A A )2

TeT(G)
TCK

In more concrete terms, if for every spanning tree T of K we let eq,..., e, be the positively
oriented edges of K \ T, then

S (WTer) A AYT er)) @ (er A Ae) = (7 A A )2
TET(K)
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Proof. Let us compute the right-hand side of the equality to prove. We apply (24) on the graph K
to the second factor, and then the k-th exterior power of (7), also on the graph K, to each term
of the sum, to find

MA A= DT (A A @ Noare(m AL A)
TET(K)

= Z NezZro /\kTrTc(’h Ao Ag) ® /\kch('yl Ao Ak
TET(K)
For each spanning tree T' of K, an application of (23) gives mpe(y1 A ... Ayk) = +eg\r and the
result follows. 0

2.2. The Kirchhoff cut-tree identity. In this section, we consider the ‘dual case’ of the
preceding section, and as a byproduct we derive a more classical version of the matrix-tree
theorem by a similar strategy.

2.2.1. Spanning trees.

Proposition 2.4 (Cut-tree identity). Let 2 = (k1,...,Ky|—1) be an integral basis of B'(G,Z).
In ANVI=1CY(G, Z), we have

(27) KiA. L NEy = Y det(B/Br) et .
TeT(G)
Proof. Let us decompose K1 A ... AKy|—1 € ANVI=LCY(G, Z) on the basis {e% : |S| = |V| — 1} :
KIA . NKy—1 = Z bseg.

SCE+:|S|=|V|-1
Consider a subgraph S with |V| — 1 edges that is not a spanning tree. Then S has at least
two connected components. Let S1 be one of them. Then d(1y(g,)) is a non-zero element
of BY(G,Z) that is supported by S¢. Thus, there is non-zero linear combination of x1, ..., K|V|—15
say & =nik1 + ...+ nyy|—1K|v|-1, that is supported by 5S¢ Reordering £1,..., -1 if needed,
we assume that n; # 0. Then

0= (ﬂ's)/\(lvl_l)(a AN WANAN ’€|V|—1) =n1 (ﬂ's)/\lvl_l(/ﬁ VANA ’{|V\—1) = nlbseg,

so that bg = 0.
Consider now a spanning tree 7" of G. Using (8), we find that
I AYA KV|—-1 = (BT o 7TT)/\(|V|_1)(/€1 VANAN H\V\—l) = Z bs (BT o WT)/\|V|—1(€§)

SCE+:|S|=|V|-1
and the only non-zero term of the last sum is that corresponding to S = T, so that

K1A ... A Klv|-1 = br (BT)/\(|V|_1)6§~.

The result follows from the observation that (BT)/\(M_Ue} is the exterior product of the elements
of the basis #p. This identifies the coefficient by as det(#/%r) and concludes the proof. [

Corollary 2.5. For every spanning tree T' of G, we have

(28) (k1) A ... ATr(Kpy—1) = det(B/PBr) e = +er.
Moreover, on /\M_lBl(G,Z),

(29) S AVlen—id,

TeT(G)
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Proof. The first equality follows from applying AV=17p to (27) and using the fact that if S
and T are spanning trees, then AVI=l7r(e%) = et if S = T and 0 otherwise.

The second equality follows from the first one, from (27), and the fact that AVI=1BY(G,Z) is
a module of rank 1 generated by k1 A ... A Kjy|—1. g

2.2.2. Kirchhoff polynomial. Applying Pythagoras’ theorem, as in Section 2.1.2, to both sides of
the equality (27), we find

(30) k1 A ARylP= )0 2T
TeT(G)

The right-hand side of (30) is famously called the Kirchhoff polynomial and we hence propose
to call (27) the Kirchhoff cut-tree identity.

To recover the classical matrix-tree theorem (see for instance [KL20]), we apply Proposition 2.4
to a special basis of B'(G,Z). To this end, we need to choose an ordering of the set V of vertices
of G. Let us fix a reference vertex vg. Then %,, = {§(1,) : v € V\ {vg}} is a basis of B(G,Z).
Then, using the notation D of the proof, the matrix ‘DCD is the principal submatrix of the
combinatorial Laplacian on C°(G,Z) where the row and column corresponding to vy have been
erased. The equality (30) reads, in this case,

(31) det('DCD) = Z zT
TeT(G

which is the most classical form of the matrix-tree theorem.

2.2.3. Spanning forests. As in Section 2.1, we now derive a consequence of Proposition 2.4.

For each k € {1,...,|V|}, let Fi(G) denote the set of k-component spanning forests of G.
With this notation, note that F1(G) = 7(G) and Fy|(G) = {(V,2)}.

For F € Fi(G), we will consider the quotient graph G /r obtained from G by contracting the
edges of F'. This graph has one vertex for each connected component of F', and its edges are
the edges of G which join distinct connected components. Spanning trees of G, are the sets of
edges of G which, when added to F', produce a spanning tree of G.

We denote by C’O(G/F, 7)) the submodule of C°(G, Z) consisting in the integer-valued functions
on V that are constant on each connected component of F. We denote its image by & by

Bl(G/F) Z) - Cl(Gv Z)
Proposition 2.6. Let F € Fj,1(G) be a spanning forest. Let (k1,..., k) be a basis of BY(Gp, Z).
Then in (/\kBl(G,Z))®2, we have

Z /\kBT(e}\F) & 6}\F = (K;l VANAN Klk)®2.

TET(G)
ToF

In other words, if for every spanning tree 7 of G,r we let e1,...,ex be its positively oriented
edges, then

> w(FUume) A ARFUT )@ (el A Aeh) = (k1 Ao Arg)®
TGT(G/F)

Proof. Let us compute the right-hand side of the equality to prove. We apply (29) in the
graph G/ to the second factor, and then the k-th exterior power of the identity (8) to each term
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of the sum, to find

(K1 A A Rg)®2 = Z (K1 A A k) @ N (k1 Ao A Rg)
’TET(G/F)

= Z AFB, o /\kwf(nl Ao NEE)® /\kTrT(/-@l Ao N EE).
’TET(G/F)
For each spanning tree 7 of G,p, applying (28) gives (k1 A ... A Kkg) = Fe; = :i:e’:‘F\F and the
result follows. O
2.3. Real tori and finite abelian groups. Recall Equations (25) and (30), and let us use the

same notations. Using (30) and the fact that J,(Z1(G,K)) = ker d* is orthogonal to B*(G,K) =
imd, we find

eyt Ao AdaYoy ARt A AN llP = et A Adaw PR A - A Ky |

e (5 )

TET(G)

On the other hand, taking the exterior product of (22), to which we apply A" J,, and (27), we
find

c\ __ +\
Jl’yl/\.../\Jﬁ’}/bl/\1431/\...Ali|v|,1: Z :i:(gT) le%c/\e}:(gE ) 1( Z :th>€E+'
TeT(G) TeT(G)

Comparing with the previous equality, we deduce that all signs in the sum are the same.? Thus,
we have proved the following proposition.

Proposition 2.7. Let (1,...,7,) be a basis of Z1(G,Z) and (K1, ..., Kjy|—1) a basis of BY(G,7Z).
Then in the line NETIQY(G), we have

Jei A AN g, ARLA ARy -1 = i(azE+)1< Z a:T> eE+ -
TET(G)

In particular,

+y_1
[dzyr Ao Adgyey ARLA ARy -1l = ()2 E zl.
TET(G)

In the vector space Q1(G), the elements Jzv1, . .., Jx Yy, K1, - - - K|v|—1 form a basis, and gen-

erate a lattice. This lattice, as a discrete abelian subgroup of Q!(G), does not depend on our
choice of basis, indeed it is equal to J,(Z1(G,Z)) ® B(G,Z). The quotient

CY(G,R)/(Jx(Z1(G,Z)) & B'(G,Z))

is a real torus, of which the second assertion of the proposition computes the volume. In the
case where all the weights x. are taken to be equal to 1, this volume is equal to the number of
spanning trees of G.
Still in the case where z is identically equal to 1, this volume is equal to the cardinal of the
finite group
CY(G,Z)/(J1(Z1(G,Z)) & B'(G,Z)).

2The fact that all signs are the same in the above formula is also a reflection of the fact that Jyv1 A... AJzvs,
and k1 A ... A Kjyj—1 are Hodge dual of each other, up to a constant.
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Taking z identically equal to 1 blurs the distinction between chains and cochains and we can
identify them. Then, we can write the last group as

Cl(G, Z)/(Zl(G, Z) (5] 5CO(G, Z))

The boundary map 9 descends to an injective map on this quotient, and induces an isomorphism
with the group
0C1(G,Z)/006Cy(G,Z),

sometimes called the Jacobian group of the graph, itself isomorphic to the sandpile group

Co(G\ {vo},2)/05Co(G\ {vo},Z),

where vy is an arbitrarily chosen vertex, see [CP18, Corollary 13.15] and [BAIHN97, Big99].
Kotani and Sunada also define the Jacobian torus [KS00], see also [ABKS14].

3. DETERMINANTAL TOOLBOX

In this section, we collect four useful and fairly independent properties of determinantal prob-
ability measures and determinants.

3.1. Determinantal measures on finite sets. Let (E, (-,-)) be a finite-dimensional Euclidean
space. Consider a linear subspace H of F and an orthonormal basis (e;);cs of F, indexed by
some finite set S.
A random subset X of S is determinantal associated to H in the basis (e;);eg if for all subset
J C S, we have
P(J C X) = det(N") 7

where M# is the orthogonal projection on H and (M* )gj its compression on the coordinate
subspace Ej = ®;cjKe;.

3.2. The routine construction lemma. The following lemma states that showing that a
random subset is determinantal associated with a self-dual projection is equivalent to showing a
matrix-tree type formula, as an equality of polynomial, where the name comes from the special
case (31).

For each set of non-zero positive weights z = (x;);cs, we twist the inner product on E by
setting, for all u,v € F,

(32) (u,v)g = Z T V4
€S
where (u;);cs and (v;);es are the coefficients of u and v in the basis (e;);cs. Note that the

basis (e;)ics is still orthogonal with respect to the twisted inner product (which takes the most
general form of an inner product with this property).

Lemma 3.1. Let w: 2% — R% be a map that is not identically zero. Let a be an injective linear
map from some inner product space into E. Assume that for all z € (0,00)°, we have

(33) det(a*a) = Z zP w(B),
BCS

where a* is the adjoint of a with respect to the twisted inner product (32) on E. Then, for any
2 € (0,00)%, the probability measure on 2° which assigns B a probability

(34) P(B) o z"w(B)

1s determinantal, associated with the orthogonal projection on im a, where orthogonality is defined
with respect to the twisted scalar product (32).
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Proof. Let y € (0,00)° be another set of positive weights. Let ¢y be the endomorphism of E
defined by Ey(ei) = y;e;. Then the adjoint of a with respect to the zy-twisted inner product
is a*c, where a* is the adjoint with respect to the z-twisted inner product.

If the assumption (33) holds, then the generating function of the probability measure (34) is

B B EBgsyBiBw(B) _ det(a*cga)
B;Sy PIB) = Engle(B) B det(a*a)

On the other hand, according to [Lyo03], or [KL19], the generating function of the determinantal
measure on 2 associated to Mm® = *

(35)

=a(a*a)"ta* is
det(id + (cy — id)M™a) = det(id + (cy — id)a(a*a) ta*)
= det(id + a*(c, — id)a(a*a)™")
= det(a"cya)/ det(a a),
and the second assertion is proved. O

3.3. A variant of the mean projection theorem. For a vector space E written as the direct
sum of two subspaces F' and H, we write PfH for the projection of E onto F parallel to H. We

however keep the notation M when F is the orthogonal of H with respect to an inner product.
We use the notation /\a for the endomorphism of the exterior algebra /\E of E induced by an
operator a € End(FE) (see [KL19, Section 5.4]).
Let E be a finite-dimensional inner product space and (e;);es be an orthonormal basis of E.

Theorem 3.2. Let H be a linear subspace of . Let X be the determinantal random subset of S
associated with M in the orthonormal basis (€i)ics, and let Ex = ®,exKey. Then

AN = E[APf ]

Proof. We apply [KL19, Theorem 5.9] to the determinantal subset of S associated with M " and
use the fact, proved in [KL19, Proposition 4.2], that X is the complement of this determinantal
subset. O

3.4. Conditional probability measure. The following result will only be needed in Section
6.6, but we record it here for future reference.

Lemma 3.3. Let H be a linear subspace of E. Let X be the determinantal random subset of S
associated with M in the orthonormal basis (e;)ics. Let K C S be such that P(X C K) > 0. Then
the random subset X conditioned on staying inside K 1is distributed according to the determinantal
probability measure on 2K associated with the orthogonal projection on the subspace FIEK(H),
where Ex = ®;cxKe;.

Note that the assumption P(X C K) > 0 is equivalent to Exe N H = {0}, or Ex + H- = E.

Proof. The gist of the proof is to use Pythagoras’ theorem in the n-th exterior power of E in
an associative way. More precisely, let us denote by ¢tz a normed Pliicker embedding of H, that
is, the exterior product of the elements of an orthonormal basis of H. This vector is uniquely
defined only up to a sign (when K = R) or a phase (when K = C).

For all T = {i1,...,in}, set ep = e;; A ... Ae;,. Then, summing only over subsets of S of
cardinality n, we have

L=l = S lemen)P = 3 lemrer) P+ S e en)P.
T

TCK TNKc#o
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The first sum of the above right-hand side is equal to P(X C K), which is positive by assumption.
It is also equal to |[TA"Ex (15)[|2. We also observe that B = OA"Ex (1) /||[NAEE (L)) is a
normed Pliicker embedding of M¥x (H) in A"Ef.

Thus, for all T' C K, we have

P(X=T|XC K) =|[(fy,er)|?

which proves the claim. O

3.5. Schur complement. We use the following notation: for every subspace H of an inner
product space E, we denote by 1y the inclusion of H in E and 1¥ its adjoint, that is, the
orthogonal projection on H.

Lemma 3.4. Let u : By — Ej be an injective linear map between finite-dimensional inner
product spaces. Let H be a subspace of Ey. Then

L *
det(u*u) = det <1HLU*U1HJ_) det (lHu*I_Iker(lH u )u1H> .

The determinant det(u*u) is the square of the volume in E; of the image by u of a unit
parallelotope in Ejy. This result expresses this volume as a product of two lower-dimensional
volumes corresponding to a decomposition of Ey in the sum of two orthogonal spaces.

Proof. Let us start by writing
u=uly +uly and u* = 1y 17y,
Using the Schur complement formula, we find
det(u*u) = det (1HLU*U1HL> det <1Hu*u1H - 1HU*U1HJ_(1HLU*U1HL)_11HJ_U*U1H>
= det <1HLU*U1HL) det <1Hu* [idE1 — ulHL(lHLu*ulHl)*llHLu*}u1H> .

Between the square brackets, we have an operator idg, — p, where p is the orthogonal projection
on the range of ul.. Hence, this operator is the orthogonal projection on ker(1# B u*). g

4. RANDOM SPANNING CONNECTED OR ACYCLIC SUBGRAPHS

We now introduce two families of determinantal probability measures on the bases of matroids
obtained from the circular matroid either by adjoining k£ edges, or removing k edges. Later in
Section 6.10 we extend these to a family of determinantal measures on subgraphs with constrained
Betti numbers.

The random subgraphs are connected subgraphs or spanning forests with fixed Euler charac-
teristics, see Figure 1.

In general, our probability measures are mot uniform. In fact, in view of the complexity
results stated below (see the last paragraph of Section 4.5), the uniform measure on Cg(G)
and Fj(G) cannot be determinantal in general (otherwise there would be a determinantal formula
for enumerating them, contradicting the # P-hardness). Studying the uniform measure would
be a more difficult task; on that matter, see [GW04| for conjectures about the uniform measure
on connected subgraphs, or spanning forests, without constraint on the Betti numbers.
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FIGURE 1. A random element of C4(G) (its 2-core is represented by thickened edges)
and a random element of F5(G) on a 15 x 15 square grid determined by 4 random 1-

forms. The sampling algorithm we used here, and for the other figures, is the classical
one of [HKPV06, Algorithm 18] for sampling determinantal probability measures.

4.1. Determinantal random subgraphs. The general idea we describe now is how from sub-
spaces of Q1(G) or Q1(G) it is possible to produce determinantal measures on [E] corresponding
to geometric-topological ‘Boltzmann weights’ on the families of subgraphs. The procedure in-
volves the pairing of K-valued 1-chains or 1-forms taken in theses subspaces with special Z-valued
1-chains or 1-cochains built from integral bases of Z-modules determined by the subgraph.
Specializing the definition of Section 3.1, we say that a random subset X of E* is determinantal
if there exists a matrix K indexed by E™, called a kernel of the point process, such that for
allm>1andey,...,e, € ET, we have
(36) Pler, ..., em € X) = det (K(e;, €5))

1<i,j<m *

We view X alternatively as a subset of E*, a subset of [E], or a spanning subgraph of G.
Recall that if e € ET, we let €* be the 1-form which takes value 1 on e, and zero for ¢’ € ET\ {e}.
Let we = €*/,/Z¢ be the corresponding orthonormal basis of Q'(G). If H is a subspace of Q!(G),

then the matrix K = ({we, M7 we)) defines a determinantal measure on E™.

e,e/’cEt+
4.2. Random spanning trees. It is well known, since the work of Burton and Pemantle [BP93],
that the probability measure on spanning trees of G which assigns a spanning tree 1" a probability

P(T) o< 2T

is determinantal, with kernel given by the matrix of the orthogonal projection on imd in the
orthonormal basis (we)ecgr of Q1(G). To prove this fact, it suffices to combine the classical
matrix-tree formula (31) with Lemma 3.1. See Figure 2 for a sample of this measure in an
example.

In the following, we let

(37) To(z)= Y, "
TeT(G)

be the generating polynomial of spanning trees of G. By the classical matrix-tree theorem (31),
combined with a routine calculation, summing over all choices of vertex vy and writing the
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FIGURE 2. A random spanning tree on an 15 x 15 square grid.

non-zero coefficient of the characteristic polynomial of d*d, we have

_ * ker d)+
(38) To(x) = V|~ det(d*d){or ), -

It follows from the mean projection theorem ([KL19, Theorem 5.9]) and its variant (The-
orem 3.2 above), applied to the random spanning tree determinantal measure, that for any
integer k > 1, we have

(39) > AP = Te(x) AP

TeT(G)
and
(40) Z ET/\kplj{grd* _ TG(Q) /\kl—lkerd* ]
TeT(G)

4.3. The Symanzik case: connected spanning subgraphs. Given a subgraph S of G with
first Betti number k& > 0, we denote by +z5 € Z1(G,Z)"* the exterior product of the elements
of an integral basis of Z1(S,Z). This element is defined only up to a sign.

To a subgraph S of G with rk Z1(S,Z) = k, and an element ¢ € Q'(G)"¥, we associate the
weight |(, 25)|?. A case of interest is that where ¥ = 61 A ... A 0 for some 01,...,0; € Q1(G),

in which case for any choice of an integral basis (v1,...,v%) of Z1(S,Z), we have
2
(41) ‘(197 ZS)|2 = ‘ det (ei(yj))lgi,jgk‘ :
We let
(42) W= > (@)l "
KeCk(G)

be the generating polynomial of weighted connected spanning subgraphs with k independent
cycles.

Proposition 4.1. Let k > 1 be an integer. Let ¥ be an element of QY(G)"*. Then
W, z)
Te(z)

Let us note that this proposition also makes sense when k& = 0.

(43) = || AFnkerd ()|,



DETERMINANTAL RANDOM SUBGRAPHS 17

Proof. Let us denote by ¥ the element of Q'(G)"* that is conjugated to ¥ with respect to the

basis induced by the basis (e*),cg+ of Q1(G). Since zg has real (indeed integer) coefficients in

the basis of Z1(G, Z)"\*¥ induced by the canonical basis E* of Z(G, Z), we have (9, zx) = (¥, 2k ).
We can thus start by writing

C(Gk) (V,z) = Z (I @9, 25 ® 2 )z = (19 ® 9, Z 2"z ® ZK> .
KeCk(G) KeCk(G)
By Proposition 2.3 and (17), we have
k@ = Y NZrlexwar)@er= > NUZPET 1) (enr) @ et
TeT(K) TeT(K)

We now replace the duality pairing by evaluations of the inner product, using the equalities

(0, ex\) = @K\T)A«e;(\% I,

and (19 /\k( 1plerd” | )eK\T) _ @K\T)—1<< Akplﬁrd*e;{\pg»-
Combining the previous equations, we find
C( << Z Z (£F\T) =L \kplerd” (€ievr) @ eK\T719®19>>
KeCi(G) TeET(K

Exchanging sums, and relaxing a constraint which yields only additional zero coeflicients, we

find
o= X X LSNP eg o)

TeT(G) FCET\T:|F|=k

SN ENHTINPE T () @, T @ 79>>

TET(G) FCE+:|F|=k

:<< Z (a;F)ll Z xT/\kpl%erd*](e})®e},q9®0>>.

FCE+:|F|=k TET(G)

We now apply the variant of the mean projection theorem (40) for the random spanning tree mea-
sure to compute the sum between the square brackets. Using also the self-adjointness of Mkrd”,
and the fact that its matrix in the canonical basis of Q!(G) has real entries, so that it commutes
to complex conjugation, we find

P2 =Tew (3 @A ()@ To0)

FCE+:|F|=k

=Telw) Y @) (AT (eR), 9 ) ek, 9)

FCE+:|F|=k

= TG(@) Z (QF)_1<< e}’ /\kﬂkerd*,ﬂ >><<6}7 9

FCE*:|F|=k
= Tg(z) (AP 9,9 ),

where for the last equality we used the fact that {(z)~"/2¢}. : F C EY,|F| = k} is an orthonor-
mal basis of Q' (G)"F. O
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Let us choose 01,...,0; € Q'(G). Define the map wp : C¥ — QI(G,C) by (ay,...,ax)
101 +. ..+ 0. We endow C* with |V| times the usual inner product, where |V| is the number
of vertices of our graph.® On the orthogonal direct sum im d* @ C¥, we define the linear operator
d @ wy, taking its values in Q(G), and we set

Ay = (d®wy)™(d S w).
Proposition 4.2. Set 9 =01 A ... A\ 0Or. We have
(9, z) = |V[* ' det Ay
For k = 0, this proposition reduces to the classical matrix-tree theorem.

Proof. Let us apply the Schur complement formula, under the form given by Lemma 3.4, with
Ey =imd* ® CF, By = QY(G), H = C¥ and u = d ® wy. We find

im d*

det Ag = det(d*d)™ % det (wgnkerd*wg).

The first factor is equal to |V|Tg(z) by (38). Let us compute the second. For this, let us observe
that the adjoint of wy is given, for all 3 € Q1(G), by

wp(B) = V|7 ((01, B, - .., (On, B)).

It follows that the matrix in the canonical basis of CF of wj M5 wy is [V| =1 ((6;, < 2°6,))

1<i j<k
and its determinant is

et (w17 ") = V][ AT g2
The sought-after identity follows directly from Proposition 4.1. 0

Theorem 4.3. Let k > 1 be an integer. Let © be a k-dimensional linear subspace of Q'(G) such
that © Nimd = {0}. Let ¥ be the exterior product of the elements of a basis of ©. The measure
on Ci(G) which assigns to a subgraph K the weight

2" |(9, 2k

1s not zero and the corresponding probability measure is determinantal, associated with the or-
thogonal projection on the subspace imd @ ©.

See Figure 1 (left) for an exact sample of this measure in an example.

Proof. Let 61,...,0; be a basis of ©. The assumption that ©® Nimd = {0} implies that the
operator d & wy has full rank |V| — 1 + k&, so that det Ay > 0. In particular, by Proposition 4.2,
the generating polynomial of the weights considered, and hence the measure, is not zero.

By Lemma 3.1, the induced probability measure is determinantal, associated with the orthog-
onal projection on the range of d ® wy, that is imd @ ©. O

It follows from Theorem 4.3 that the support of the measure (which is contained in Cx(G) and
coincides with Ci(G) for a generic ©) is the set of bases of a matroid [Lyo03]. The fact that C(G)
is the set of bases of a matroid is immediate from the fact that the corresponding matroid is the
union of the circular matroid and the uniform matroid on k elements [OxI11].

3The reason for this normalisation is that we identify C with the space of constant functions on G, that is, ker d,
which inherits the inner product of Q°(G). See [KL22b| for more details.
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4.4. The Kirchhoff case: acyclic spanning subgraphs (spanning forests). Given a sub-
graph S of G with k41 > 1 connected components, we denote by +bg € B'(G, Z)"* the exterior
product of the elements of an integral basis of B'(G /55 Z). This element is defined only up to a
sign.

To a subgraph S of G with rk B'(G,g,Z) = k, and an element ¢ € Q1(G)"*, we associate the
weight |(¢,bs)|?. A case of interest is that where p = ¢ A ... A ¢y for some ¢y, ..., ¢ € Q1(G),

in which case for any choice of an integral basis (k1, ..., k) of Bl(G/S, Z), we have
2
(44) ‘(907 bS | det ( </>u R]))lgi,jgk’ :
We let
k
(45) Ad(pr) = Y lpbp)Pa”
FE.Fk+1(G)

be the generating polynomial of weighted acyclic spanning subgraphs with k& connected compo-
nents.

Proposition 4.4. Let k > 1 be an integer. Let ¢ be an element of C1(G,K)"*. Then

AL (g, 2)
Te(z)

Proof. Just as in the proof of Proposition 4.1, let us denote by % the element of ;(G)"* that is
conjugated to ¢ with respect to the basis ET. Since bg has real (indeed integer) coefficients in the

basis of B'(G,Z)"* induced by the canonical basis E* of B!(G,Z), we have (3, bx) = (¢, bx).
We can thus start by writing

FeFi41(G) FeFi41(G)

(46) = AT (g0) |1

By Proposition 2.6 and (19), we have

br@br= >  NBrlehp)®@enp= >, NPRUG ) @ehp.
TeT(G):TDOF TeT(G):TOF

We now replace the duality pairing by evaluations of the inner product, using the equalities
— Akpimd kpimd
(0.6 = (e ier) and (B AP Ueir)) = (T AP ek ) )
Combining the previous equations, we find

Ao = (Twede, Y. > 2 NP Oehs ).

FeFi,11(G) TeT(G):TOF

Exchanging sums, and relaxing a constraint which yields only additional zero coefficients, we

find
Aék)(wai) _ <<J£7(p®,]£907 Z Z T\T/\kpnnd( )®e >>

TeT(G) 7CT:|1|=k

=(Tpene X SRR o)

TeT(G) TCE*:|7|=k
() ee).

= <<J£7(p®.]£<p, Z (27—)—1 [ Z T/\kplmd

TCET:|7T|=k TeT(G)
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We now apply the mean projection theorem (39) for the random spanning tree measure to
compute the sum between the square brackets. Using also the self-adjointness of M™¢, and the
fact that its matrix in the canonical basis of Q'(G) has real entries, so that it commutes to
complex conjugation, we find

AL (p,2) = Te(x) <<Jjgo ®Jp, > (@) A e @ ek >>

TCET:|7|=k

=Tole) Y @) {(Jup A (ED) ) (Juip, )

TCE*:|r|=k

=Tolz) Y (@) {er e (e AN e )
TCE*:|7|=k

=Tg(z) << Jzp, /\knidegSO >> )

where for the last equality we used the fact that {(z7)~'/2e* : 7 € ET,|7| = k} is an orthonormal
basis of Q!(G)"F. O

Let m : Z1(G,K) — 21 (G) be the inclusion map.
We endow Z;(G,K) with the unique scalar product for which any integral basis of Z;(G,Z)
has volume 1. Let us choose ¢1,...,¢, € Q'(G). Define the map wg CF — QYG,C) by

(ai,...,00) — a1d1+. .. +agdr. We endow C* with the usual inner product. On the orthogonal
direct sum Z1(G,K) @ C¥, we define the linear operator (J,m) @ wy, taking its values in Q!(G),
and we set a

s = (Jz(m @ wg))" (Jz(m & wy)) -
Proposition 4.5. Set p =1 A ... A ¢pp. We have
A(Gk)(cp,g) = (1E+)*1 det [ .
Proof. Let us apply the Schur complement formula, under the form given by Lemma 3.4, with
Ey = 7Z1(G,K) @ C*, By = QY(G), H = CF and u = (J;m) ® wy. We find
det T, = det(m*(Jy)*Jym) det (w;(Jg)*ﬂker(m*(Jﬂ)*)ngg).

Let Z be an integral basis of Z1(G, Z). The first factor of the right-hand side is the determinant
of the Gram matrix of the images by J, of the elements of 2. By (25), this is equal to

det(m*(Jg)"Jgm) = (5") "' Te(a).
For the second, observe that
ker(m*(Jz)*) = imd.
Let us compute the second. For this, let us observe that the adjoint of wy is given, for all
B € Q1(G), by -
wy(B) = ((b1,B),- - -, (b, B))-

It follows that the matrix in the canonical basis of C¥ of w;(Ji)*ﬂkCr(m*(Jﬂ)*)ngé is

((Jzgi, 1™ dJ£¢j>>)1Si7j§k7
and its determinant is
det (wzl'lkerm*wg) = H/\kl'limd(ng)HZ.
The sought-after identity follows directly from Proposition 4.4. O
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Theorem 4.6. Let k > 1 be an integer. Let ® be a k-dimensional linear subspace of Q1(G) such
that ® N Z1(G,K) = {0}. Let ¢ be the exterior product of the elements of a basis of ®. The
measure on Fi+1(G) which assigns to a subgraph F' the weight

z((p, br)

is not zero and the corresponding probability measure is determinantal, associated with the or-
thogonal projection on the subspace (ker d* @ J,®)t =1imd N (J,®)*+

See Figure 1 (right) for an exact sample of this measure in an example.’

Proof. Let ¢1,...,¢r be a basis of ®. The assumption that ® N Z;(G,K) = {0} implies that
the operator m @ wyg has full rank, so that detU; > 0. In particular, by Proposition 4.5, the
generating polynomial of the weights considered, and hence the measure, is not zero.

By Lemma 3.1, the induced probability measure is determinantal, associated with the orthog-
onal projection on the range of J,(m @ wy), that is (ker d* @ (J,®))* = imd N (J,@)*. O

It follows from Theorem 4.6 that the support of the measure (which is contained in Fi1(G) and
coincides with Fy11(G) for generic ®@) is the set of bases of a matroid. The fact that Fj11(G) is
the set of bases of a matroid is immediate from the fact that the corresponding matroid is the dual
of the union of the dual of the circular matroid and the uniform matroid on k elements [OxI11].

4.5. Planar duality. Let us conclude this section by discussing the relation between connected
spanning subgraphs and spanning forests in the case where G is the 1-dimensional skeleton of a
2-dimensional complex.

Let us start by assuming that G is a graph embedded in an oriented sphere. Let G' be the
dual graph. On a set-theoretic level, the orientation of the sphere induces a bijection between
the oriented edges of G and those of G, and we denote simply by el the oriented edge associated
to e. This bijection determines two isomorphisms

t:C1(G,Z) — CHGT, Z) and b: CYG,Z) — C1(G',Z)
er— e = (el)* e — () = ¢l

which are related by (¢f,a”) = (a, ¢), for all ¢ € C1(G,Z) and a € C*(G,Z).

The first isomorphism sends Z1 (G, Z) to B'(G', Z), and the second sends B (G, Z) to Z, (G, Z).
Extending the scalars to K yields isomorphisms from Q3 (G) to Q'(G'), and from Q'(G) to Q;(G?).

Let us consider an integer k& > 0 and choose ¢ € Q(G)"*. Let us consider ¥ = ¢f € Q'(G")
the tensor associated to ¢ by the k-th exterior power of the first isomorphism.

Let F € Fj41(G) be a spanning forest of G with k + 1 components. Then K = (F¢) belongs
to Cj,(G') and, with the notation of the previous sections, zx = £(bg)’. Then,

Let x be a set of positive weights associated with the edges of our graphs. The following
proposition is then a consequence of the definitions (45) and (42) of the generating polynomials.

4Note that this random subgraph (which has a fixed total number of edges) is not the same thing as the
often considered determinantal probability measure on spanning forests (with no restriction on the number of
components) which assigns to each spanning forest F' = {T;}1<;<p,(r) a weight proportional to z* H?i(f) q\V(Ty)),
where g : V — Ry is a nonzero function over vertices, and we have defined ¢(V(T%)) = >, cy(r;) 4(v) for all i. The
latter probability measure is simply the restriction to G of the classical random spanning tree measure defined
on an augmented graph with vertex set V Ll {w}, where w is a new vertex, and with additional edges connecting
each vertex v € V to w, endowed with the weight g(v) > 0.
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Proposition 4.7. For all ¢ € Q1(G)"*, we have the equality of polynomials
k + ~(k —
(47) A (p.z) =25 (e ).

It follows from (47) that the determinantal measures described in Theorem 4.3 on Fj11(G)
and in Theorem 4.6 on C(G!) correspond, via the map S — (S°)*, up to the replacement of the
subspace ® of Q1(G) by the subspace © = &% of Q'(G'), and of the positive weights by their
inverses.

Equation (47) can also be seen as a consequence of Propositions 4.2 and 4.5, using a relation
of conjugation between the operators [, on G' and Ap on G.

Incidentally, while enumerating elements in F3(G) can be done in polynomial time, using a
combination of determinants (see [LC81|, further simplified by [Myr92] and [KW16]), we do
not know if elements of Ci(G) can be enumerated in polynomial time. In the case where G is
planar, this can be done by the duality discussed in this section. However, the enumerations
of Ug>0F%(G) and Ug>oCr(G) are known to be impossible in polynomial time, as they are #P-
hard evaluations of the Tutte polynomial of G, see [Wel93, PB83]. In particular, the uniform
measure on these sets is not determinantal in general. It is nevertheless conjectured that they
satisfy a form of negative dependence, see [GWO04].

4.6. Two-dimensional simplicial complexes. Assume now that G = (X, X;) is the 1-
skeleton of a simplicial complex X = (X, X1, X2) of dimension 2. Let d’' : Q'(X) — Q?(X),
be the coboundary map from 1-forms to 2-forms. Since d’ o d = 0, we have imd C kerd'. Let
HY(X,7) = kerz d'/imz d. Then dim H'(X,7Z) ® K = b;(X), the first Betti number of X.

Applying Theorem 4.3 with © = H'(X,Z) ® K (or more precisely with a supplementary
subspace of imd in kerd') yields a determinantal probability measure on Chy( X)(G) supported
on the set H1(X) of all K € Cy,(x)(G) such that the natural map Z1(K,Z) — H1(X,Z) is an
isomorphism. In particular, H1(X), which is the support of this measure, is the set of bases of
a matroid. This case was considered by Lyons in [Lyo09, Section 3], under the name P*.

Let 01,...,0p,(x) be an integral basis of HY(X,Z)and set ¢ = o1 A... A 0y, (x)- Then for any
K € H1(X), we have (¢, zx) = £1 and our construction yields the uniform measure on H;(X).

For example, take X to be a 2-cellulation of a closed surface ¥ of genus g > 1. Then b;(X) =
2g and H{(X,Z) ~ Hy(X,7Z) ~ Z?9. Elements of the support of our measure, H1(X), are
then sometimes called g-quasitrees of the map X in the combinatorics literature. Along with
lower genera quasitrees, they appear in the definition of the Bollobas—Riordan polynomial of
the cellulation [CKS11|, which is known to fit in the general framework of Tutte polynomials of
matroids [MS18].

Our construction can be generalized to higher dimensional complexes, following [Lyo09], see the
brief discussion in Section 6.10. The above duality is then Poincaré duality X — XT between k-
cells and (d — k)-cells in a d-dimensional complex.

4.7. Choice of convention. Note that we could have given alternative definitions for the poly-
nomials Ag (", z), replacing the terms z" by 2™, like in the definition of Symanzik polynomials.
This would have had the advantage of simplifying certain formulas, notably those that make
use of the planar duality, such as (47). However, we have chosen to endow only cochains (that
is, O-forms and 1-forms) with inner products (see Section 1.8) and we also prefer to define deter-
minantal processes on the set of edges with respect to subspaces of Q'(G) (not of 2(G)), so as
to compare more easily with the classical cases of the uniform spanning tree. Defining the poly-
nomials so as they would be generating functions for these determinantal probability measures
(and not their dual determinantal probability measures) was a further argument in favor of this
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choice. This choice will also be apparent in the way we treat with the matroid generalisation in
Section 6.

5. MULTIVARIATE HOMOGENEOUS REAL STABLE POLYNOMIALS

In this short section, we derive a few consequences about the multivariate polynomials Cgﬂ (9, x)

and A(Gk) (¢, z), and emphasise the link with the Symanzik polynomials of theoretical physics.

5.1. Real stability. Since the multivariate polynomials Cék) (9, x) and Aék)(gp,g) are the gen-
erating functions of determinantal probability measures, which are strongly Rayleigh measures,
these polynomials are real stable, which means that they (have real coefficients and) do not vanish
when all the variables z, have strictly positive imaginary part, from [BBL09, Definitions 2.9-2.10,
and Proposition 3.5].

Corollary 5.1. The real multivariate polynomials C(Gk)(ﬁ,g) and Aék)(cp,g) defined in (42)

and (45), respectively, are real stable.

Proof. This is a corollary of Propositions 4.2 and 4.5 using [BBL09, Definition 2.9, 2.10, and
Proposition 3.5]. O

Homogeneous stable polynomials as above are a special case of Lorentzian polynomials, a
family of polynomials with deep connections to matroid theory [BH20].

5.2. Symanzik and Kirchhoff polynomials. Symanzik polynomials appear in Feynman in-
tegrals associated with finite graphs. We refer to the introduction of [ABBGFEF16] for a math-
ematical presentation of these integrals. Combining the (slightly modified) notations of these
authors with ours, the amplitude associated with an unweighted graph G endowed with external
momenta ¢ € (RP)V is the real number defined by

(2)
\I]G "(g) dg;e
(48) 16(9) =/ L exp | —i (1% [Tece+
(R+)E Ue'(z) Ye(x)
where
\P(Gl)(i) = Z £E+\T and \I/(GQ,)?{(g) = Z _<E(V(T))>E(V(T/))> £E+\F7
TeT(G) o F={TT"}eF(G)

and (-,-) is a Minkowski bilinear form on R”. Here we used the notation

TV(T) = ) ) eR”.

veV(T)

As already alluded to in Section 2.1.2, these polynomials are called the first and second Symanzik
polynomials in the literature, see [BW10].

In physical terms, D represents the dimension of space-time, so that the case D = 1 that
we will now consider seems to have little physical relevance. When D = 1 and considering the
usual norm on K instead of a Minkowski bilinear form, taking ¢ € (kerd)* = im d* and writing
it ¢ = d*Jyp for some ¢ € Q(G), we readily find that the second Symanzik polynomial is

(49) W@ = 3 gv@)PaE = 2f AL (g, 7Y,
F={TT"'}eF2(G)

where the polynomial in the right-hand side is defined in (45).
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This suggests the following generalization. Let k > 2 be an integer. Let (¢1,...,¢x) be
elements of Q(G) and set ¢; = J00¢; = d*J¢; for all i € {1...,k}. For all F € Fj.1(G)
we choose T1,...,T; an enumeration of the trees of F' except one, and consider the integral
basis of BY(G,p,Z) consisting in the set of cuts {r; = 6(Ly(r,)) : 1 < i < k}. Thus, for all
je{l,... k},

(K5, 0i) = (Jetir d(Ly(z)) = { "Iz, Ly(ry) ) = Z qi(v)
’UEV(T]‘)
a quantity which we denote by ¢;(V(7})). The weight of the forest F' given by (44) is then

‘ det ((¢s, “j))1gi,jgk‘2 = ’ det (ql'(V(Tj)))lgi,jng :

We may thus consider the polynomial

2 gt
(50) Z ‘det ((]i(V(TJ’)))lgajgk‘ EE \F S R[@]
FeFi41(G)
as a natural generalization of the second Symanzik polynomial (49) to higher order k + 1 > 3.
This polynomial is simply §E+A(Gk)(%£71) defined in (45) above, where ¢ = ¢1 A ... A ¢p.”
Symanzik polynomials, and their ‘duals’, Kirchhoff polynomials, have also been generalized
to higher order and matroids by Piquerez |[Piql9|, where a link to determinantal (and even
hyperdeterminantal) probability measures is also briefly mentioned in the introduction. Along
with the family of polynomials A(Gk)(go, z), another natural generalization of these polynomials is

the family of polynomials C(Gk) (9, z) defined in (42).

5.3. Ratios of Symanzik polynomials and Amini’s strong stability theorem. The first
and second Symanzik polynomials are known to have interesting analytic properties. In partic-
ular, Omid Amini has shown in [Amil9, Theorem 1.1 that the ratio of the two first Symanzik
polynomials, seen as a rational function of the weights x, which appears in the computation of
the Feynman integral (48), has bounded variation at infinity. This has applications to tropical
geometry [ABBGE16].

We may rewrite this ratio of polynomials, for all ¢ € imd* = J%(im d), using our notations
and considering ¢ € ©1(G) such that ¢ = J%0¢p, as

v (@) AP gz )
v (@) Tel@™)

(51) = ||yl -

where, to prove the second equality, we used Proposition 4.4 with k =1 and y z L

Let us define the discrete Green function

imd*\ ~1
Gy = ((Ag)imd*) € End(2°(G))
to be the inverse of the compression of the Laplacian Ag = (d*d) on the orthogonal of its kernel
(here the adjoint it with respect to the inner product determined by y). Since nimd — gg—1q*,

and since d*(Jyp) = 1°9¢ by (14), we can simplify (51) further to

(52) = (a0, Gyq) -

5Although the choice of nomenclature is not perfectly consistent with our choice of attributes to Kirchhoff and
Symanzik.
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Note that Ay f(v) = > .o, ve(f(v) — f(w)) for each f € Q°(G) and vertex v. Moreover, since
both im d* = J°im d and the inner product on Q°(G) are independent of y = 27!, the dependence
in z of the right-hand side of (52) is only via its dependence inside A,.

The expression (52) seems to be a discrete analog of the archimedean height-pairing considered
in [ABBGF'16], in view of its expression in terms of the Green function of the Riemann surface
whose ‘dual graph’ (in the sense of algebraic geometry, not of graph theory) is G ([ABBGF16,
Lemma 6.3]). This archimedean height pairing is shown in that paper to be equal to the ratio
of Symanzik polynomials in a certain limit, which suggests from the above it has to do with the
continuous Green function converging in that limit to the discrete Green function.

Corollary 5.2. For all ¢ € Q°%(G) such that Y, .\, q(v) = 0, and all set of positive weights x,
the rational function Fy : (R*_L)E+ — Ry, z << q,Gy1q >> satisfies Fy(x + xy) — Fy(z) = Ogx(1)
as T — 0o.

Proof. We combine (52) above and a special case of [Amil9, Theorem 1.1]. O

In view of the expression (52) for the ratio of polynomials in terms of the Green function, one
may wonder if there is an alternative proof of (this special case of) Amini’s stability theorem
based on the study of variations of the Green function when changing edge weights, and if his
stability result extends to other ratios of multivariate polynomials, such as the ones appearing
in Proposition 4.4 and Proposition 4.1.

6. MEASURED MATROIDS

The link between matroids and determinantal probability measures on discrete sets was ex-
plicited by Lyons [Lyo03, Section 2]. The goal of this section is to generalize the content of the
previous sections, which was concerned with the circular matroid and its dual, to a general linear
matroid on a finite set.

In particular we wish to emphasize that both the Kirchhoff and Symanzik identities (Propo-
sitions 2.4 and 2.1) are two specializations of the same general identity for linear matroids (see
Proposition 6.4 below).

For background on matroids (also known as combinatorial geometries®) we refer to the text-
book [OxI11] and the short introductory paper [Ard18|. Let us recall the definition: a matroid
M = (S,7) on a finite set S is a non-empty collection Z of subsets of S, called independent
subsets, such that

eif JCIand I €Z, then J €7,
e forall I,J € Z with |J| < |I], there exists ¢ € I\ J such that JU{i} € Z.

6.1. Linear matroids. Consider a matroid M = (S,Z) on a finite (ordered) set S. For con-
creteness, we will take S = {1,...,d}. We assume the matroid to be representable on K (see the
definition just below).

6.1.1. Bases. Let By = B(M) be the set of bases of M, that is, maximal elements of Z. Let n
be the rank of this matroid, that is, the common cardinality of any of its bases.

For each k € {0,...,d —n}, let By = Bx(M) be the collection of elements of 2° of cardinality
n+k which contain an element of By. Then By, is the set of bases of a matroid denoted by My, and
that is the union of the matroid M and the uniform matroid of rank k& on S [OxI11, Section 11.3].

6This terminology was proposed by Gian-Carlo Rota to replace the term matroid introduced by Hassler Whit-
ney (1935) in his seminal study (independently carried out by Takeo Nakasawa). See [Ard18].
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6.1.2. Representing map and kernel. Let K be R or C and let E be a d-dimensional vector space
on K. Let (e1,...,eq) be a basis of F indexed by S. To say that the matroid is representable
means that there exists a linear map R from F to some target space F', such that the elements
of T are those I C S for which the family {R(e;) : ¢ € I} is linearly independent. Thus, the
subspace Z = ker R encodes the linear dependence of the matroid.

Let b be the dimension of Z. By the rank theorem in linear algebra, the rank of the matroid
is thus n = dimimR =dim F —dim Z = d — b.

For all J C S, we define E; = Vect(e; : j € J).

6.1.3. Restriction of a matroid. Given a subset K of S, we define a matroid Mg = (K,Zk)
on K by taking the collection of its independent sets Zx to be the set of those I € Z which are
included in K. This construction is called the restriction of the matroid M to K, see [OxI11,
Section 1.3].

The linear map R representing M, when restricted to Fx, also linearly represents the restricted
matroid M. Its kernel is Zg = ker RN E.

We will only consider the case where K contains at least one basis of M. In this case, the set
of bases of Mg is B(Mg) ={T € By : T C K}. In particular, the rank of the matroid Mg is
equal to n, the rank of M.

Thus, for any k € {0,...,d —n}, when K € By, the dimension of Zx is dim Ex — rk Mg =
(n + k) —n =k, again by the rank theorem of linear algebra.

6.2. Fundamental circuits and bases. Let T' € By be a basis of the matroid M. For any
j € S\T, the subset TU{j} ¢ Z is dependent, hence there is a linear combination of {e; : t €
T} U {e;} which lies in Z. By independence of {R(e;) : t € T'}, there is a unique such linear
combination giving coefficient 1 to e;.

Call v(T, j) this uniquely defined element of Z. Its support, defined as those i € S for which e;
has a non-zero coefficient in the decomposition of (7}, j) in the basis (e;);es, is, in the language
of matroids, the fundamental circuit associated with T' and j, see Corollary 1.2.6 of [OxI11] and
the paragraph after it.

Lemma 6.1. The family {v(T,j) :j € S\ T} is a linear basis of Z.

Proof. If j' # j are both in the complement of T in S, then (T, j) has zero coefficient on e;.
This shows independence. Moreover, the family has cardinality d — n = b = dim Z. O

We denote by 27 the family {~v(T,j) : 7 € S\ T}, and call it the fundamental basis of Z
associated with T'.

Let Zp : E — Z be the linear map defined by setting Z7(e;) = y(7, j) for all j € S\ T and
Zr(ej) =0forallieT.

Lemma 6.2. The linear map Z7 : E — Z 1is the projection associated to the splitting

E=FEr®Z.
Proof. For all j € S\ T, we have e; —y(T,j) € Er = kerZr, so that Zr(y(T,j)) = (T, j).
Thus, Zr is the projection on Z parallel to Erp. O

For all J C S, let us denote by 7y : F — Ej the projection parallel to Fjc. It follows from
this lemma that

(53) ZTOﬂ'Tc = le

This is the analog of (7).
Let us consider k € {0,...,d —n} and K € By, such that T C K.
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Lemma 6.3. The subfamily 25 = {v(T,j) : j € K\ T} of 27 is a linear basis of Zx.

Proof. Since T' C K, each element of QFYK belongs to Ex. The family f'fjf( is linearly independent
as a subfamily of %7 which is a basis of Z by Lemma 6.1. Finally, the cardinality of QFTK is k,
equal to the dimension of Z. O

6.3. The circuit-basis identity for linear matroids. The following proposition generalizes
both Proposition 2.1 and Proposition 2.4. For all J = {i; < ... < it} C S, we define e; =
(I ANAY T € BNk,

For any two bases % and s of the same space, we denote by det(%;/%2) the determinant
of the matrix of the vectors of %, in %>.

Proposition 6.4 (Circuit-basis identity). Let 2 = (v1,...,%) be a basis of Z. Then in E"?,
(54) NA A=Y det(Z/27)ere,
TeBoy

where %7 is the fundamental basis of Z associated with T .

Proof. Let us decompose the element v; A ... A7, of EY on the basis {e; : |J| = b}:
YIAN N = Z ajeyj.
JCS:|J|=b

Consider a subset J of cardinality b and assume that S\ J is not a basis of M. Then Eg\ ;
intersects Z in a non-trivial way. This means that there exists a non-zero linear combination
n=u1y1+...+upy that belongs to Eg\ ;. By reordering 71, ..., 7, if needed, we make sure that

u1 # 0. Then 0 = (WJ)Ab(n/\’}/Q VAN /\’yb) = ul(ﬂj)/\b(’}q VAN /\’)/b) = ujajyey, so that ay = 0.
Consider now a basis 7" of M. Using (53), we find

I ANIAN T (ZTOﬂ'Tc)/\b("yl VAN /\’yb) = Z aj (ZT)/\b((T('Tc>/\b(€J))
JCS:|J|=b
and the only non-zero term of the last sum is that corresponding to J = T, so that
YL AV = are (ZT)/\beTc.

The result follows from the observation that (Z7)"Pere is the exterior product of the elements of
the basis Z7. This identifies the coefficient ape as det(Z2/Z7) and concludes the proof. O

Corollary 6.5. Let 2 = (y1,...,v) be a basis of Z. For every basis T of M, we have, in E"?,
(55) 7TTc(’)/1) A .../\7TTc(’yb) = det(g/fgf) €7ec.

Moreover, on Z"?,

(56) > Nowpe =idg.

TeB(M)

Proof. The first equality follows from applying A’mre to (54) and using the fact that if S and T
are bases of M, then A\’77e(ege) = ege if S =T and 0 otherwise.

The second equality follows from the first one, from (54), and the fact that Z? is a line
generated by v1 A ... A Y. U

The following proposition generalizes Proposition 2.3.
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Proposition 6.6. Let k € {0,...,b} and K € By. Let ZK = (y1,...,7) be a basis of Zk.
Then in (/\kZK)®2, we have

> det(Z/ ZFPNZr(eenr) @ ey = (n A A )2
TeBy
TCK
In more concrete terms, if for every basis T' of M we let i1, ..., be the elements of K \ T,
then

Z det (25 2NV (V(Tyi)) Ao AY(Tyig)) @ (s, Ao Aeiy) = (71 A A )2
TeB(Mk)

Proof. Let us compute the right-hand side of the equality to prove. We apply (56) on K to the
second factor, and then the k-th exterior power of (53), also on K (noting that Zp, when applied
on Fg, acts as the projection on Zk parallel to Er), to each term of the sum, to find

MAA W= Y (A A @ Nrre(m AL A
TEB(MK)

= Z N¥Zp o Nempe(yi Ao Ayg) @ NFmrpe(ya Ao A).
TeB(Mg)

For each basis T' of M, an application of (55) gives mre(y1 A ... Av) = det(Z5 ) ZF e\ r
and the result follows. O

6.4. Euclidean setting and determinantal probability measure on bases. We keep con-
sidering a linear matroid M = (S,Z) on S = {1,...,d}, with a representation R : £ — F', where
a basis (e;);es of E is fixed. Let D : F* — E* be the transposed linear map of R, where E*
and F* are the dual spaces of E and F.

Let us endow E* with the dual basis (€]);cs and with an inner product for which this dual
basis is orthogonal. Thus, there exist a collection of positive weights {x; : ¢ € S} such that this
scalar product is given, with a natural notation, by

(57) (u,0) =z,
€S
Let us also assume that the target space F' of R is Euclidean. Then F™* inherits a Euclidean
structure from that of F', and we can consider the adjoint operator D* : E* — F™.
Then to each subset T' C S of cardinality n, we associate the subspace E7}. = Vect(e :i € T)
and the non-negative weight

(58) w(T) = det(DD*@

which is positive if and only if T" is a basis of M. These weights thus define a measure on By, and
in this situation where the linear data representing our matroid M is endowed with Euclidean
structures, we speak of a measured matroid.

Proposition 6.7. The probability measure on 2° given by normalizing (58) is supported by By
and is the determinantal measure associated with the orthogonal projection on imD.

Proof. The determinantal measure is supported by subsets of S of cardinality equal to the rank
of D, that is, codim(kerR) = n. Let T be a subset of S with |T| = n. Let us compute the
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weight w(7T) and show that it is proportional to the probability of T' for the determinantal
measure. Using the fact that D = M™PD, we have

N im Dyy*Aim D) £7
det(DD") g = det (MDD ™) 1
_ << /\nl—limDe;7 /\n(DD*)/\nl—limDe? >>/He§"|2
The range of A"M™P is the line (im D)"", on which A" (DD*) acts by multiplication by the scalar
det(DD*)%ﬁB. Thus, denoting by timmp the exterior product of the elements of an orthonormal
basis of im D,
o\ i 2
w(T) = det(DD* )P [|A"T*P (e} /||ef )]
i 2
= det(DD*)R B | (eimp, 7/ lez )|

According to the general theory of determinantal point processes (see for instance [KL19, Propo-
sition 5.8]), the second factor is exactly the probability P(X = T'), where X is the determinantal
random subset of S associated with M™P. ]

Note that w(T") can also be written as w(T") = det(1'™ P D*NFT D1, p+) and that under this
form, the Cauchy—Binet formula gives the expression

(59) > w(T) = det(D*D) i B-
TeBy

for the normalisation constant, that is also equal to det(DD*)imDB.

The natural pairing between E* and E extends to exterior powers: for each k € {0,...,d},
we have, with natural notations,

(60) (Oq NNk, et Ao A ek) = det((ai, ej))lgiﬂ‘sk .
We define the antilinear isomorphism
(61) Jp i E— E* e; v x; el

Thus, for all « € E* and e € F, we have

(62) (ase) =Y aleef(e) = (Jue,a).
€S

More generally, we have
(63) (it Ao ANag,er Ao ANeg) = <<J£61/\.../\Jgek,al/\.../\ak».

The endomorphism
(64) Pr=J,ZrJ;"
of E* is the projection on J;(Z) = ker D* parallel to J,(E7) = Vect(e} : i € T') = Ex.
6.5. Probability density. Let X be the random determinantal subset of S associated with the
orthogonal projection on im D. This is the random subset of S considered in Proposition 6.7.

Let us give an alternative expression of the probability P(X = T'), which involves the basis 27
of Z.

Proposition 6.8. Let & be a basis of Z. For oll T € By, we have
P(X =T)  |det(Z/27)|? T .
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Proof. Let us write 2 = (71,...,7%) and define the linear map a : K® — E* by setting
a(ri,...,rp) = ridym + ...+ rpdy . Endowing K® with the usual scalar product (-,-), and
denoting by (k1, ..., ks) the canonical basis, we have, for all 4,j € {1,...,b},

(ki,a*ak;) = (aks, ak;) = {Jyvi, Jyvide,
so that
det(a*a) = [[Jy11 A... A Jg%H;.
Applying J, and Pythagoras’ theorem to Proposition 6.4 yields

det(a*a) = > |det(Z/27))* (y°\) 22"\

TeBy

Lemma 3.1 applied to the linear map a, of which the range is J,(Z), implies that the de-
terminantal measure associated with the orthogonal projection, with respect to the z-weighted
scalar product, on J,(Z) gives to the complement of every basis 7" a probability proportional to
| det(2/27)* (y*\7) 22\

Specializing this result to y = z, the determinantal measure associated with the orthogonal
projection on J;(Z) gives to the complement of every basis T' a probability proportional to
|det(2°/27)|? 7. The result follows from the fact that the complementary random subset of S

is determinantal associated with the orthogonal projection on J,(Z)+ = imD (see for instance
[KL19, Proposition 4.2]). O

For the record, the normalizing constant is
(65) > Jdet(2/2p))? 2" = 25| Jpgr A A Sl
TeBy

For totally unimodular matroids such as the circular matroid, the numbers | det(2/27)|? are
independent of T, and the probability measure considered here turns out to be almost uniform,
proportional to z”.

Let us express in this framework the mean projection theorem.

Corollary 6.9. Let % be a basis of Z. For each k € {0,...,b}, we have

(66) > alldet(2/ 27))* N'Pr = ( > xT|det($/%)|2> AFmEerD”

TeBy TeBo

Proof. We combine Theorem 3.2 and Proposition 6.8. 0

6.6. Conditional probability measures. We now compute the probability density of the de-
terminantal measure conditioned on staying inside a subset K of S. It turns out to be the
determinantal measure on the set of bases of the restricted matroid My (see Section 6.1.3)
measured by the same linear map R into the Euclidean space F'.

Proposition 6.10. Let K € By. Let X be a random subset under the determinantal probability
measure on 2° associated with the orthogonal projection on H = imD. The determinantal random
subset X of S conditioned on being included in K is the determinantal probability measure on 25
associated with the orthogonal projection on NFk (H) in E%. Moreover,

(67) (N (H))* N Ex = JoZx |

and this space is the range of the transposed linear map of the restriction of R to Ek.
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Proof. The first assertion is a specialisation of Lemma 3.3. To prove the second equality, we
observe the general identity N%(H) = G N (G N HY)*, that holds for any two linear subspaces
of a Euclidean space, and follows from the fact for all x € G and y € H, we have

{,y) = (N, y) = (2,N%).

Thus, (NFkx(H))* N Ej = H-NE} =kerD* N E} = J, Zk. O
Corollary 6.11. For any basis Z% of Zy, and all T € B(Mf), we have

(68) P(X=T|X C K) ocz”|det(2" ) 2/)*.

Proof. We combine Propositions 6.8 and 6.10. O

We use these preliminary observations to show the following property.

Lemma 6.12. Let & = (n1,...,m) be a basis of Z. Let k € {0,...,b} and let K € By. Let
ZK = (y1,...,m) be a basis of Zx. The ratio
| det (2 27)|?
| det(2ZK /252

does not depend on T € B(Mk).
Proof. In view of Proposition 6.8 and Corollary 6.11, the ratio is equal, up to a constant that
may depend on K but not on 7', to
P(X=T)
P(X=T|X CK)
and is thus independent of T'. O

=P(X C K)

In view of Lemma 6.12, we define

oy |det(Z/ 20

| det(27/ 245
for any choice of T' € B(M ). Let us record an alternative expression for this ratio, manifestly
independent of T'.

Lemma 6.13. Let 2 = (m,...,m) be a basis of Z. Let k € {0,...,b} and let K € By. Let
ZK = (y1,...,v) be a basis of Zy. Then
e [Uamee) P (m AL A )|

1) (A A )12

Proof. We use Proposition 6.4, applied to K and Pythagoras’ theorem to find

S @) det (25 )P = e A A el
T'eB(Mk)

(69) (% . Z

r(%: 28 =z

Moreover, by applying Proposition 6.4 to S, applying wxe<, and using Pythagora’s theorem again,
we find
o @) det (2 Zp )| = [|Jamree)(m A AP
T'eEB(Mp)
The result follows by taking the ratio of the second equation by the first, and replacing each
term | det(2'/Z7)|? of the numerator in the left-hand side by r(2 : ZK)|det(2Z %/ Z5)|?. O

Using (69), we can recast Proposition 6.6 in the following form.
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Corollary 6.14. Let 2 be a basis of Z. Consider k € {0,...,b} and K € By. Let 2% =
(Y1, .- -,7k) be a basis of Zx. Then in (Z"\*)®2, we have

(70) D [ det(2/ 27)1P NeZr(epvr) @ ey =1(Z Z5) (A A2

TeBy

TCK
6.7. Dual perspectives on the measured matroid and review of the approach. In the
following it will be handy to view the weights z as variables of multivariate polynomials. This
will help us to prove Theorem 6.17 based on an application of Lemma 3.1.

We have seen two ways of describing the density of the determinantal probability measure
associated with a measured matroid (M, R) (see Propositions 6.7 and 6.8). One is based on
the direct Pythagora’s approach to defining a determinantal point process from a subspace im D
where D is the transposed linear map of R. The other corresponds to the fact that the natu-
ral circuit-basis identity (Proposition 6.4) determined by the representing map R gives rise to
the dual probability measure on the complement of the first process (as is apparent from the
expansion (54), and as we further saw in the proof of Proposition 6.8).

We use these dual perspectives below to define two natural generating polynomials: B r(z)
and Ky r(Z,z). The first is somewhat more canonical than the second, since the latter also
takes into argument an arbitrary basis of Z. The two are related by (74) so that we can play with

both polynomials equally well. From the first, we establish the correspondence to the operator D
and find a practical determinantal expression for the partition function LE\?R(QF ,9,z) of the
determinantal measures on By in 6.16. Thanks to the second, we are able to use our preparatory
computations, notably Corollaries 6.14 and 6.9 to prove Proposition 6.15, which computes the
ratio of the polynomials LS@R(EX 9, x) and Ky r(Z, z). This result is instrumental for proving
Proposition 6.16 and is of independent interest in the light of Section 5.3.

6.8. Partition functions. Let us hence define the following multivariate polynomial

(71) Brr(z) = w(T) = det(D*D)imp-
TeBo
where w(T') was defined in (58), and the second equality is (59).

This is indeed a polynomial, seen as a function of z. Indeed, note that D*J, = JOR, where
J0: F — F* is the isomorphism determined by the Euclidean structure on F. For each T € By,
we may rewrite the weight w(7T) as

_\E:
w(T) = det (DJ'R(J,) 1)E§ :
Writing this determinant in the canonical basis of E7, and using the canonical basis of E7, we
see that it is a scalar multiple of 27, with a scalar that does not depend on z.
Let us define, for each basis 2 of Z, the polynomial

(72) Kr(Z,2) = 3 al|det(2/ 27)2.
TeBy

Recall that an expression of this polynomial was given in (65).
Given two bases 2 and 2" of Z, and for all 2, we have

(73) Kmr(Z,z) =|det(Z/2")* Kmr(2', z).

By Proposition 6.7 combined with the observation made in the paragraph following (71) that
w(T) is a monomial proportional to z7, and Proposition 6.8, we can write the generating function
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of our determinantal probability measure on By in two ways as a ratio of polynomials: for all z,
we have
B[] = Bvmr(zz)  Kmr(Z,zz)
B Bumr(z)  Kumr(Z,z)

Taking z = 2~ !, we thus find

(74) Krmpr(Z,2)Bar(l) = Bagr(2)Kar(2,1).
Let 2 be a basis of Z such that

(75) Bar(L) = Kymr(Z20,1).

This exists in view of (73). Then, for all z, we have

(76) Bur(z) = Kpmr(20,2) -

We now define the generating polynomial of weighted bases of Mj,. For all bases & of Z and
all ¥ € (E*)"*, define

(77) LW r(Z,0,2) = Y o 1( 2 25) (9, 210)
KeBy,
where for each K, we have chosen a basis 2% = (vy,...,v) of Zx and have defined zx =

YA ... Ay € Z™ to be the exterior power of its elements.
In the definition of LE@?R(D@” , ¥, z), the summand indexed by K does not depend on the choice
of the basis 2% of Z. Indeed, let # X be another basis. Then wx = det(# 5 /2 5)zk and,

by Lemma 6.13, r(Z : # X)) = |det(W K ) 25)|2r(Z . 2F).
Given two bases 2 and 2’ of Z, and for all 2, we have

(78) LW r(Z,9,2) = | det( 2/ 2") P LY o (27,9, 2).
The following proposition generalizes Proposition 4.1.

Proposition 6.15. For each basis 2 of Z and all ¥ € (E*)"*, we have
Lg\’il),R("@pv U, z)
KMmr(Z,2)
Proof. First of all, for each K € By, we have

(0, 2) 2 = (F@ 9, (3 A Ap)®2).

By Corollary 6.14, interverting sums and removing a constraint on indices which adds only zero
terms, we find

> (2 25 | z0P = (Pev, Y 2 r(Z 2) (u AL A
KeBy, KeBy,

(79 ® Y, Z Z | det(ff/ffT)F/\sz(eK\T) ® 6K\T>

KeBy  TeB(Mg)

=Y (Fev, X (det(Z/ %) Pala NZr(es) @ )

TeBy JCS\T|J|=k

=3 (Ew, 3 |det(o@f/gT)\2mT/\sz(eJ)@eJ)

TeBy JCS:|J|=k

(79) = [IAP T (@)1
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Further, by Equation (64) and (62), and recognizing an expansion over the orthonormal basis

{(z7)~Y2e% . J C S,|J| = k} of EM*, we thus find

LW p(Z0,0)= > (z")1<<[Zmﬂdet(%/%)ﬁ/\k%}(ej)@ej,ﬁ®z9>>

JCS:|J|=k TeBo
— << { > xT]det(f/fT)\Q/\kPT] q9,q9>>.
TeBy

Using now the mean projection theorem, in the guise of Corollary 6.9, and noting that the
coefficient for which we use antilinearity of the inner product is in fact real, we find

(| T arraacziznpnied 0.0) = (3 oflaez/20R) (ATD0,0),
TeBy TeBy
which is equal to Ky r(Z, 2) << 9, \FnkerD*y >> O
Let us pick 01,...,0; € E*. Define the linear map wp : K¥ — E* (aq,..., 1) — Zle ;0;.
Its adjoint is given, for all g € E*, by
wy(B) = ({61, B), - -, (Ok, B))-
The following proposition generalizes Proposition 4.2.
Proposition 6.16. Set ¥ =01 A ...\ 0. Let Zy be such that (75) holds. Then
L% v (26,9, z) = det (D + wp)*(D + wp)) -
Proof. By the Schur complement formula, in the guise of Lemma 3.4, and (71), we have
det (D + wp)*(D + wp)) = det(D*D)EB det (wiM* P wy) = Buyr(a) | AT P92
Since Bpmr(z) = Kmr(Z0,2) by (76), the conclusion follows from Proposition 6.15. O
6.9. A family of determinantal probability measures. The following theorem generalizes

Theorems 4.3 and 4.6. It describes a family of determinantal probability measures on the set of
bases By of the matroid My, with explicit weight.

Theorem 6.17. Let & be a fized basis of Z. Let k > 1 and © be a k-dimensional subspace
of E* such that © Nker D* = {0}. Let (01,...,0)) be a basis of © and set ¥ =01 A...N\0O. For
each K € By, let ZK = (v1,...,v) be a basis of Zx and set zx =1 A ... Ayx. The measure
on By, which assigns to each K the weight

zKr(2 25) |9, 21))?

s not zero and the induced probability measure is determinantal associated with the orthogonal
projection on the subspace im D @ © in the orthogonal basis (€])ics.

Proof. Under the hypothesis © N kerD* = {0}, the map D + wy is injective. Therefore, the
determinant of (D 4 wp)*(D + wp) is positive.

Without loss of generality, we may assume that 2 is the basis 2 from above, satisfying (75).
We now combine Proposition 6.16 and Lemma 3.1, noting that im(D+wyp) is equal to im D+©. 0O

6.10. Examples. In this concluding section, we record a few examples giving rise to interesting
determinantal probability measures.
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6.10.1. Subspaces. As is well known [Lyo03|, and as we have recalled in Section 3.1 and in
Section 6.4, any subspace H of a finite-dimensional Euclidean F, coming with an orthogonal
basis (€;);ecs, defines a determinantal probability measure on S whose support is the set of bases
of a matroid.

This probabilistic point of view implies the following interpretation of the matroid stratification
of the Grassmannian of [GGMS87]. It can be understood as partitioning Gr,(FE) by assigning
to each matroid M on S of rank n, the set Gaq of subspaces H € Gr,(F) whose associated
determinantal measure Py in the basis (e;);es has support equal to the set of bases B(M) of M.

On the complex Grassmannian, there is a natural action of the torus (C*)4/C* on Gr,(E) by
scaling in each direction of the basis (e;);es, modulo global scaling. This action is Hamiltonian
with respect to the natural symplectic structure of the Grassmannian and gives rise to a moment
map, which turns out to be a vectorial form of the incidence measure p g, restricted to singletons,
of the corresponding determinantal measure:

d d

piGr(E) »RY Hies Y Pa(X=T)(D e)=> PulicX)e;=> uu({i})ei.

TeB(M) i€l i=1 i=1

Furthermore, for each matroid M of rank n, the closure of the image of G by the moment
map p is the matroid polytope of M, defined to be the convex hull in R™ of the collection
{Dierei: T € BIM)}, see [GGMS87, Ard21].

6.10.2. Random subgraphs. Let us stress that any subspace of H of Q!(G), or more generally any
self-dual operator k € End(Q!(G)) satisfying 0 < k < 1, gives rise to a determinantal random
subgraph by means of the general theory [Lyo03].

For example, independent bond percolation, with the probability of an edge e being open equal
to pe, corresponds to k(we) = pewe, for e € ET (where w, was defined in Section 4.1). However
some of these determinantal random subgraphs are more interesting or tractable than others.
We give a few examples of interest in what follows.

It is well known that the circular and bicircular matroids of a graph are the only two matroids
such that their sets of circuits are homeomorphism classes of connected graphs [SP72]. We
consider now other examples of matroids on graphs.

6.10.3. Subgraphs with fized Euler characteristic. For each (k,¢) € {0,...,|V|—-1}x{0,...,b1(G)},
there is a matroid My, ¢(G) on the set of edges of G whose set of bases By, ¢(G) is the collection
of subgraphs B of G satisfying

e X(B)=k—(+1

e max(0,0 — k) <b1(B) </
where x(B) = bo(B) — b1(B) = |[V(B)| — |E(B)] is the Euler characteristic of B. We recover
the previously considered families of subgraphs: By o(G) = T(G), By ¢(G) = C¢(G) and By, ¢(G) =
Fi+1(G). The elements of By ¢(G) are the subgraphs obtained by taking any spanning tree,
adding ¢ edges, and then removing k edges. See Figure 3.

The existence of these matroids, simply obtained by taking unions with the uniform matroid,
or duals, starting from the circular matroid, does not contradict the result of [SP72| mentioned
above. Indeed the circuits of My, o consist in simple cycles and spanning forests with & compo-
nents; because of the spanning assumption this is not the class of subgraphs homeomorphic to a
fixed subclass of connected graphs. Similarly, the circuits of Mg ¢(G) are the minimal subgraphs
with £+ 1 independent cycles; because these subgraphs are not necessarily connected, this is not
the class of subgraphs homeomorphic to a fixed subclass of connected graphs.
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FIGURE 3. A determinantal random element of B4 4(G) on a 15 x 15 grid. Note that
this subgraph also belongs to Bs 3(G), and indeed to By x(G) for any k > 3.

75|
J 1L

For all (k,¢) in the above range, one can define natural determinantal probability measures
whose supports are included in By ¢(G) by taking a subspace of the form imd N (J(®))* @ ©,
with ® C Q;(G) a k-dimensional subspace such that ® N Z;(G,K) = {0} and © C Q!(G) an (-
dimensional subspace such that © Nimd N (J.(®))+ = {0}. Repeated uses of Theorem 6.17 can
in principle allow us to describe explicitly these measures via geometric-topological weights on
subgraphs.

6.10.4. Cycle-rooted spanning forests. The bicircular matroid of a graph G is the matroid on its
set of unoriented edges [E], the set of bases of which is the set U(G) of cycle-rooted spanning
forests. Its collection of circuits is the set of connected subgraphs with one more edge than
vertices, that is the subgraphs with Betti numbers (bg,b;1) = (1,2). Forman [For93| proved a
matrix-tree type formula for ¢/(G) and this implies the existence of a determinantal probability
measure on U (G) according to Lemma 3.1, a fact first proved by Kenyon [Ken11]| who rediscovered
Forman’s result, and extended it to the quaternion case. See Figure 4.

This determinantal probability measure is determined by an element § € Q(G), and the
weight assigned to a cycle-rooted spanning forest is zf [] |1 — holy(c)|? where holy(c) =

¢?(©) is the holonomy of the cycle ¢. The corresponding subspace of QY(G) is the range of
a discrete covariant derivative dj, a twisted analog of the coboundary operator d, where h
is a connection which represents 6 in the sense that h. = exp(if.) (for detailed definitions,
see [Kenll, Kasl5, KL19, KL22b]).

As in the circular case above, we may define, for all (k,¢) € {0,...,|V|} x {0,...,b1(G) — 1},
variants szfirc(G), where MgfgirC(G) is the bicircular matroid of G. The collection of bases
of MfoirC(G) is obtained as the collection of subgraphs of G built by adding k£ edges to any
element of U(G), and then removing ¢ edges.

For all (k,¢) in the above range, we can define natural determinantal probability measures
whose support is included in B}jfgirc(G), by considering a subspace of the form im d,N(J(®))+®O
with assumptions similar to those in the circular case. The description of weights can in principle
be obtained using Theorem 6.17 but we have not worked this out.

As proved by Kenyon in [Kenl1, Theorem 3|, when we consider €6 in place of 0, then, letting e
tend to 0, we have a family of determinantal measures on U(G) converging to a determinantal

ccycle
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FIGURE 4. A determinantal random cycle-rooted spanning forest, that is a random
basis of the bicircular matroid of a 15 x 15 grid. Its cycles are represented by thickened
edges. Note incidentally that this subgraph also belongs to Bs 4.
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measure on C1(G), which is precisely the measure described in Theorem 4.3 for the line © = K6.
We generalize this convergence result to higher rank in [KL22b].

Incidentally, let us record the following interesting fact. Finding the number of elements
of U(G) is known to be # P-hard [GN06, Section 3|7, and thus there can be no polynomial time
computable formula for it.* In particular, the uniform measure on U(G) cannot be determinantal,
by Lemma 3.1, or by [Lyo03, Corollary 5.5|. However, the uniform measure on U(G) may be
sampled exactly in polynomial time, see [KIK17, Theorem 1|, [Kas15, Section 2.4], and [GJ21].”
This yields a fully-polynomial approximation scheme (FPRAS) for enumerating 4(G), as shown
in [GJ21].

Further note, that the bicircular is not unimodular (otherwise there would be a determinantal
expression for its number of bases [Mau76]), hence it is not regular [Whi87, Theorem 3.1.1],
and hence, by a theorem of Tutte, it is not representable both on Fy and F3. However as any
transversal matroid, bicircular matroids are representable over any infinite field. The question
of finding over which finite fields they are representable has been studied partially by Zaslavsky.

6.10.5. Quantum spanning forests. In [KL19, Section 1.5] and [KL.22b], we consider higher rank
vector bundles on graphs, following our work [K1.21]. We consider a subspace im dj, of Q!(G, K")
where dj, is a U(N, K)-twisted discrete covariant derivative. Here, U(NV,K) is the unitary group
of K¥. The quantum spanning forest is the determinantal linear process [KL19, Definition 3.1]
associated with the subspace im dj, and the natural splitting of Q!(G, K") as sums of blocks K,
where the sum is over E*. It is a certain random subspace Q of the form Q = Pece+ Qe which is
h-acyclic in the sense that Q Nkerd; = {0} and which is maximal for these properties.
Viewing Q'(G) as a linear subspace of Q'(G,K") by picking a line over each edge, we then
consider the compression on that subspace of the orthogonal projection onto imd;. It is an
element of End(Q2!(G)), which defines a determinantal random subgraph, which we call a marginal

"The authors of that paper use a short two-step reduction to the counting problem of perfect matchings of a
graph, which is known to be #P-hard by a celebrated work of Valiant [Val79], where this computational complexity
class was in fact introduced.

8Bounds on the cardinality of /(G) in terms of that of 7(G) were obtained in [GdMNO5].

9Similar variations on Wilson’s algorithm [Wil96] were proposed in [BBGJ07, GP14]. A general theory of
partial rejection sampling was developped recently in [Jer21] which encompasses these as special cases.
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of the quantum spanning forest. See Figure 5. If we take a full orthogonal basis of each block K~
over each edge, we then obtain a collection of N correlated marginal subgraphs, which are the
marginals of the quantum spanning forest.
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FIGURE 5. The marginals of a rank-2 quantum spanning forest on a 15 x 15 grid.

By [KL19, Proposition 6.13], in the case where holonomies of loops are in SU(2), the law of the
total occupation number of the marginals of the quantum spanning forest (like those in Figure 5)
is equal to the occupation number of the union of two independent samples of the associated
Q-determinantal measure on U(G) (like that in Figure 4).

6.10.6. Higher dimensional random simplicial complezes. Instead of the circular or bicircular
matroids and their variants on graphs, one can consider matroids on the cells of higher dimen-
sional simplicial complexes such as the ones defined in [Lyo09] (see also [Kal83, CCK15, DKM15]),
which could be called ‘circular’ or ‘co-circular’, and those mentioned in [KL19, Section 1.5] which
are associated to twisted coboundary maps, and could be called ‘bicircular’. The correspond-
ing partition functions would generalize the Kirchhoff and Symanzik polynomials, and might be
related to those of [Piql9].
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