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Combinatorial QFT on graphs: First quantization formalism
Ivan Contreras, Santosh Kandel, Pavel Mnev, and Konstantin Wernli

Abstract. We study a combinatorial model of the quantum scalar field with polynomial poten-
tial on a graph. In the first quantization formalism, the value of a Feynman graph is given by a
sum over maps from the Feynman graph to the spacetime graph (mapping edges to paths). This
picture interacts naturally with Atiyah—Segal-like cutting-gluing of spacetime graphs. In partic-
ular, one has combinatorial counterparts of the known gluing formulae for Green’s functions
and (zeta-regularized) determinants of Laplacians.

1. Introduction

In this paper, we study a combinatorial model of the quantum massive scalar field
with polynomial potential on a spacetime given by a graph X . Our motivation to do so
was the study of the first quantization formalism, that we recall in Section 1.1 below,
and, in particular, its interplay with locality, i.e., cutting and gluing of the spacetime
manifold. At the origin is the Feynman—Kac formula (4) for the Green’s function of
the kinetic operator. In case the spacetime is a graph, this formula has a combinatorial
analog given by summing over paths with certain weights (see Section 5). These path
sums interact very naturally with cutting and gluing, in a mathematically rigorous
way, see Theorem 3.7 and its proof from path sum formulae (see Section 5.5).

A second motivation to study this model was the notion of functorial QFTs with a
source a Riemannian cobordism. Few examples of functorial QFTs out of Riemannian
cobordism categories exist, for instance, [10, 11, 15]. In this paper, we define a graph
cobordism category and show that the combinatorial model defines a functor to the
category of Hilbert spaces (see Section 2.1).

Finally, one can use this discrete toy model to approximate the continuum theory,
which in this paper we do only in easy one-dimensional examples (see Section 3.4).
We think that the results derived in this paper will be helpful to study the interplay
between renormalization and locality in higher dimensions (the two-dimensional case
was discussed in detail in [11]).

Mathematics Subject Classification 2020: 81T25 (primary); 81T18 (secondary).
Keywords: functorial QFT, combinatorial QFT, first quantization formalism, scalar field with
polynomial potential, perturbative path integral, Feynman diagrams.
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1.1. Motivation: first quantization formalism

We outline the idea of the first quantization picture in QFT in the example of the
interacting scalar field'.

Consider the scalar field theory on a Riemannian n-manifold M perturbed by a
polynomial potential p(¢) = > ;-5 %qﬁk, defined by the action functional

s0) = [ (5008 +m20 -+ p(@))ax. <1>

Here, ¢ € C°°(M) is the field, A is the Laplacian determined by the metric, m > 0 is
the mass parameter and d” x denotes the metric volume element.

The partition function is formally given by a (mathematically ill-defined) func-
tional integral understood perturbatively as a sum over Feynman graphs I" (see foot-
note’),

_1
Zy = / D e 5@ = (deté (A + m?)) 2 Y . 2)
coo(M) T

Here, det’ is the functional determinant in zeta function regularization. The weight
®r of a Feynman graph is the product of Green’s functions G(x, y) of the kinetic
operator A + m? associated with the edges of I, integrated over ways to position
vertices of I" at points of M (times the vertex factors, a symmetry factor and a loop-
counting factor):

HEI-IVI

= —| Aut(F)| o d”xl ...d"x‘V| 1_[ G(xu,xv) . l—[(_pval(v))~ 3)

(u,v)eE veV

®r

Here, V', E are the set of vertices and the set of edges of I', respectively.

Next, one can understand the kinetic operator A + m? =: Hasa quantum Ham-
iltonian of an auxiliary quantum mechanical system with Hilbert space L2 (M ). Then,
one can write the Green’s function G(x, y) as the evolution operator of this auxiliary
system integrated over the time of evolution:

Glx.y) = /0 di(xle= A 1y).

Replacing the evolution operator (a.k.a. heat kernel) with its Feynman—Kac path inte-
gral representation, one has

o0
G(x,y) = / dz/ Dy =S, 4)
0 y:[0,t]>M, y(0)=x,y(t)=y

'We refer the reader to the inspiring exposition of this idea in [7, Section 3.2].
’In this discussion, we will ignore the issue of divergencies and renormalization.
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Here, the inner integral is over paths y on M parameterized by the interval [0, 7],
starting at y and ending at x; the auxiliary (“first quantization”) action in the exponent
is , " .
s = [ ar(Z 4w - ron). B
0 4 6
where R is the scalar curvature of the metric on M; y2: = g, (r)(y, ) is the square
norm of the velocity vector y € T, ;)M of the path with respect to the metric g on M
(see footnote?).
Plugging the integral representation (4) of Green’s function into (3), one obtains

the following integral formula for the weight of a Feynman graph:

RIEI-IV] »
Sbr= —— dt "-dl‘|E|/ Dy e S W
| Aut(T")] 0<1,....t| 5| <00 VLot g oM 6
(6)
. 1_[ (_pval(v))'
veV
Here, I't,,... 1z 1s the graph I" seen as a metric graph with 7, the length of edge e. The

outer integral is over metrics on I, the inner (path) integral is over maps y of I to M,
sending vertices to points of M and edges to paths connecting those points; S 9 (y)
is understood as a sum of expressions in the right-hand side of (5) over edges of T".
We refer to the formula (6), representing the weight of a Feynman graph via an
integral over maps I' — M (or, equivalently, as a partition function of an auxiliary 1d

sigma model on the graph I with target M), as the “first quantization formula.”*

3The action (5) can be obtained from the short-time asymptotics (Seeley-DeWitt expansion)
of the heat kernel

d(x,

a n )2
KOy = (le™ A ly) ~ @rn ™8 S (1 b (e )+ ba(e ) ),

with boy smooth functions on M x M (in particular, on the diagonal), with b> (x, x) = —m? +
%R(x); d(x,y) is the geodesic distance on M, see, e.g., [18]. One then has

K(x,y;t)
= lim d"xn—1--d"x1e(xy =x,XN—1:6t) -k (x2,x1;81)k(x1, X0 =y; 61)
N —o00 Jprx(N—1)

d(xj-,xj_l)z

: b A3 dx e To- (LS 4 (m2— L R(x;))) 81
= im 1) 2dx;)e = 4(81) - .

In the right-hand side one recognizes the path integral of (4) written as a limit of finite-
dimensional integrals (cf., [9]). We denoted ¢ = ¢/N.
4As opposed to the functional integral (2) — the “second quantization formula.”
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Remark 1.1. It is known that %R appears in the quantum Hamiltonian of the quantum
mechanical system of a free particle on a closed Riemannian manifold M ; see, for
example, [1,20]. Here, the difference is that %R is introduced in the classical action (5)
so that A + m? is the quantum Hamiltonian.

Remark 1.2. One can absorb the determinant factor in the right-hand side of (2) into
the sum over graphs, if we extend the set of graphs I' to allow them to have circle
connected components (with no vertices), with the rule

¢ OOdt —tﬁ
D :——logdet (A +m?) = E —tr(e )

/ dt/ Dy e S0, ™
VSI —-M

where the integral in ¢ is understood in zeta-regularized sense;
S} =R/tZ
is the circle of perimeter ¢.

1.1.1. Version with 1d gravity. Another way to write the formula (4) is to consider
paths y parameterized by the standard interval I = [0, 1] (with coordinate o) and
introduce an extra field — the metric § = §(0)(d o)?onl:

G(x,) = / DE Dy e S10H), ®)
(Met(1)xMap({,M)x. )/ Diff (1)

Here, Map(I, M),y is the space of paths y: I — M from x to y; the exponent in the

integrand is

5906 = | (1@-1 © 1) dpdy) 4 = CRO) | vol

=/01(Z; +m _-R(y))\/gda, ©)

with d volg the Riemannian volume form of / induced by &. Note that the action (9) is
invariant under diffeomorphisms of /. One can gauge-fix this symmetry by requiring
that the metric £ is constant on 7, then one is left with integration over the length ¢ of
I with respect to the constant metric; this reduces the formula (8) back to (4).

In (8), the Green’s function of the original theory on M is understood in terms of
a 1d sigma-model on I with target M coupled to 1d gravity. For a Feynman graph,
similarly to (6), one has

DE Dy ¢SV T] (= puawy).  (10)

B — HIEFIVI /
(Met(T")xMap(T", M))/ Diff(T") veV
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the partition function of 1d sigma model on the Feynman graph I' coupled to 1d
gravity on I'; §19(y, £) is understood as a sum of terms (9) over the edges of T" (see
footnote).

Formula (8) may be viewed as a 1d toy model for a correlator in perturbative string
theory, which is a correlator in a 2d conformal field theory (a sigma model), integrated
over the moduli space of conformal structures on the worldsheet surface. I.e., one has
a sigma model coupled to the 2d gravity on the worldsheet.

1.1.2. Heuristics on locality in the first quantization formalism. Suppose that we
have a decomposition M = M| Uy M, of M into two Riemannian manifolds M;,
with common boundary Y. Then, the locality of quantum field theory — or, a fictional
“Fubini theorem” for the (also fictional) functional integral — suggests a gluing for-
mula

Zy = / Doy Zm (py) Zm, (Py),” (11)
Coo(Y)

where Zyy; is a functional of C*°(Y'), again formally given by a functional integral
understood as a sum over Feynman graphs®,

-1 29
ZM,' (¢Y) = “/;GCOO(M) i)¢e hS(¢)
dly =¢y
_1
= (detg(AMi,Y + mz)) B Z Or(¢y),
r

where we are putting Dirichlet boundary conditions on the kinetic operator. Feyn-
man graphs now have bulk and boundary vertices, VV = V" | V9 where boundary
vertices are required to be univalent. The set of edges then decomposes as

3If one thinks of the quotient by Diff(I") in (10) as a stack, one can see the symmetry factor
m as implicitly contained in the integral. To see that, one should think of the quotient by
Diff(I") as first a quotient by the connected component of the identity map Diffy(I") and then a
quotient by the mapping class group mg Diff(I") = Aut(T).

One can interpret the 1/¢ factor in the right-hand side of (7) in a similar fashion: Diff(S!)
splits as Diff(S!, pt) x S — diffeomorphisms preserving a marked point on S, plus an extra
factor S! corresponding to rigid rotations (moving the marked point). It is that extra S factor
that leads to the factor 1/t = 1/ vol(S!) in the integration measure over ¢. The factor 1/2
in (7) comes by the previous mechanism from the mapping class group Z» of S! (orientation
preserving/reversing diffeomorphisms up to isotopy).

6 Again, for the purpose of this motivational section we are not discussing the problem
of divergencies and renormalization. For n = dim M = 2, a precise definition of all involved
objects and a proof of the gluing formula (11) can be found in [11].
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Figure 1. Decomposing a path y = y * y2 * y3.

where edges in E; have i endpoints in V9. The weight of a Feynman graph then is
RIEI-IV]

| Aut(T)| Jagvee
I Crae) TT orOow) [ Gary Gunx0)

Pr(py) = d"xy - d" x /Y d" " yreed"

veybulk wevo (u,v)€Eg
- [I EvasGuyo) [ —DNvsss G yo),
(u,v)eE, (u,v)eE,

where G,y denotes the Green’s function of the operator with Dirichlet boundary
conditions, Ey, y; (X, y) = 0,,G(x, y) is the normal derivative of the Green’s func-
tion at a boundary point y € Y, and DNy, is the Dirichlet-to-Neumann operator
associated to the kinetic operator (see Section 3.4 for details).

Let us sketch an interpretation of the gluing formula for the Green’s function
from the standpoint of the first quantization formalism. Let x € M;, y € M, and
consider a path y:[0,¢] — M with y(0) = x and y(¢) = y. Then, the decomposition
M = M; Uy M, induces a decomposition y = y; * y, * y3 as follows (“*” means
concatenation of paths). Let tg = 0,11 = min{¢, y(t) € Y } and t, = max{z,y(¢) € Y}
and 13 = 1, then y; = y|[;,_,.s,1- This gives a decomposition

Py(x,y) = |_| Py, (x,u) X Py (u,v) X Py, (v, ),

u,veY

where we have introduced the notation Pps(x, y) for the set of all paths from x to
y (of arbitrary length) and PI(J,- (x, u) for the set of all paths starting at x € M; and
ending at u € Y and not intersecting Y in between. See Figure 1.

Paths of a specific length ¢ will be denoted by P}, (x, y), or (Py,)" (x,u). Assum-
ing a Fubini theorem for the path measure Dy, additivity of the action suggests that
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we could rewrite (4) as

G(x,y)

o0
(L ”/ dn—ludn—lv/ dtl/ 0([))/1 e_Slq(yl)
YxY 0 )/1€(P1’w1 )1 (x,u)

°° sty [ —S"(y1)
x/ dtz/ , Dyse 2 / dl3/ Dyse Yo,
0 Y2€ P33 (u,v) 0 y3€(Pr,)"3 (v,y)

Comparing with the gluing formula for the Green’s function’
G(x,y) = / d"'ud" " Ey ar, (x.u) %y, (u. v) Eyan, (v, y),
YxY

with xy, ;s = (DNy, s, + DNy, M2)_1 the inverse of the “total” Dirichlet-to-Neumann
operator, suggests the following path integral formulae for the extension operator and
x:

o0

Eym; (x,u) =/ dt/ nye_Slq(”), (12)
0 )/E(P;\li)t(xau)
© 1

xy.m (U, v) =/ dt/ J)ye_s N2 (13)
0 yeP}w(u,v)

The results of our paper® actually suggest also the following path integral formula for
the Dirichlet-to-Neumann operator:

o0
DNy, um; (1, v) =/ dl/ JD)/e_Slq(”). (14)
0 ye(Pyy. )t (u,v)

Here, (PI(,’II_)t(u, v) is the set of all paths from y:[0,¢] > M; fromu €Y toveY
such that y(t) ¢ Y forall0 < t < ¢.

Assuming this formula, we have again a “first quantization formula” for weights
of Feynman graphs with boundary vertices

HIEI-IVI
0] = — dt;---dt
F(d)Y) | AUt(F)| 0<[1,‘..,I|E|<OO ! IEI
_ql
<[ Dy e [T paw) [] sr@e™).
yzrtl ..... t|E‘_>M[ pveYbulk I)BEVa

5)

7See [11, Proposition 4.2] and Section 3.4.1 of the present paper for details.

8 Another reason to guess that formula is the fact that the integral kernel of the Dirichlet-
to-Neumann operator is given by a symmetric normal derivative of the Green’s function
DNy, a; (U, v) = —0p,, 0n, Gar; y (in a regularized sense — see [11, Remark 3.4]), and for-
mula (12) for the first normal derivative of the Green’s function.
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Here, notation is as in (6), the only additional condition is that y respects the type of

edgesin I', that is, forall x € T';, we have y(x) € Y if and only if x € V2,

WU E|

1.2. QFT on a graph: A guide to the paper

In this paper, we study a toy (“‘combinatorial” or “lattice”) version of the scalar field
theory (1), where the spacetime manifold M is replaced by a graph X, the scalar
field ¢ is a function on the vertices of X and the Laplacian in the kinetic operator is
replaced by the graph Laplacian Ay. L.e., the model is defined by the action

1
Sx(@) = ) S¢((Ax + m*1d)¢)(v) + p(¢(v)), (16)
veVy
where Vy is the set of vertices of X and p is the interaction potential (a polynomial
of ¢), as before.
This model has the following properties.

(i)  The “functional integral” over the space of fields is a finite-dimensional
convergent integral (Section 2).

(ii)) The functional integral can be expanded in Feynman graphs, giving an
asymptotic expansion of the nonperturbative partition function in powers
of % (Section 4).

(iii)) Partition functions are compatible with unions of graphs over a subgraph
(“gluing”) — we see this as a graph counterpart of Atiyah—Segal functorial
picture of QFT with compatibility with respect to cutting-gluing # manifolds
along closed (n — 1)-submanifolds. This functorial property of the graph
QFT can be proven

(a) directly from the functional integral perspective (by a Fubini theorem
argument) — Section 2.1,

(b) at the level of Feynman graphs (Section 4.2).

The proof of functoriality at the level of Feynman graphs relies on the
“gluing formulae” describing the behavior of Green’s functions and deter-
minants with respect to gluing of spacetime graphs (Section 3.3). These
formulae are a combinatorial analog of known gluing formulae for Green’s
functions and zeta-regularized functional determinants on manifolds (Sec-
tion 3.4).

(iv) The Green’s function on a graph X can be written as a sum over paths (Sec-
tion 5, in particular, Table 3), giving an analog of the formula (4); similarly,
the determinant can be written as a sum over closed paths, giving an ana-
log of (7). This leads to a “first-quantization” representation of Feynman
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graphs, as a sum over maps I' — X, sending vertices of I to vertices of X
and sending edges of I" to paths on X (connecting the images of the inci-
dent vertices) — Section 6. This yields a graph counterpart of the continuum
first quantization formula (6).

(v)  There are path sum formulae for the combinatorial extension (or “Poisson’)
operators and Dirichlet-to-Neumann operators (Section 5.4, see, in particu-
lar, Table 4), analogous to the path integral formulae (12) and (14).

(vi) First quantization perspective gives a visual interpretation of the gluing for-
mula for Green’s functions and determinants on a graph X = X’ Uy X” in
terms of cutting the path into portions spent in X’ or in X” (Section 5.5),
and likewise an interpretation of the cutting-gluing of Feynman graphs (Sec-
tion 6.3).

1.3. Comparison to existing literature

Let us briefly discuss closely related works.

The thesis [19] also discusses path sum formulae for the propagator and the deter-
minant and gluing formulae derived from them; however, it uses a different model
“bridge gluing” for gluing of graphs’. In particular, our gluing formulae are different
and more adapted to combinatorial functorial QFT, with Y playing the role of “bound-
ary” of the graphs X;. Moreover, the path sum results derived in this paper go beyond
the results of [19] in several ways. Firstly, in [19] formulae for non-regular graphs are

only given in terms of hesitant paths'’

, whereas we give formulae both in terms of
hesitant and non-hesitant paths for not necessarily regular graphs. Secondly, in [19],
there is no notion of the combinatorial Dirichlet-to-Neumann and extension operators.
Their presence renders the combinatorial gluing formulae simple and explicit.

A free (Gaussian) version of the combinatorial model is considered in [17]. The
main focus of [17] is to provide an explicit construction of functorial QFT and estab-
lish a BFK-like gluing formula for the determinant of Laplace operators using quan-
tum field theoretic methods. In our work, we consider an interacting theory by adding
polynomial potentials to the free theory. We establish the gluing formula for propaga-
tors and utilize it to construct interacting combinatorial functorial QFTs. In this sense,

our work extends the free theory considered in [17].

°Tn bridge gluing, graphs I' = (Vr, Er) are decomposed as Vi = V-, U Vr,, where I'y and
I'> are disjoint full subgraphs, then Er = Er, U Er, U I(I") with I(I") the remaining edges
called “bridges”. We use “interface gluing,” where Vx = Vx, Uy, Vx, for full subgraphs X
and X» which intersect along a subgraph Y.

10See Section 5.2.1 for our definitions of paths and hesitant paths.
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Two-dimensional massive scalar field theories have been studied in functorial
QFT context in [11, 15]. In particular, [15] shows that the (non-perturbative) partition
function of an interacting theory with polynomial potentials satisfies a gluing formula,
leading to the construction of functorial QFTs. In [11], similar results are established
for partition functions derived from perturbative quantization. In the current work, we
establish a combinatorial analog of these results.

Notations

We will be using the following notations throughout the text.

Symbol  Description

X Spacetime graph

YorY; A subgraph Y C X (or several subgraphs ¥; C X)
of the spacetime graph

Ax Laplacian on X
Kx Kinetic operator on X, Kx = Ay + m?
r Feynman graph

G(x,y) The propagator or Green’s function of the kinetic operator Ky,
integral kernel (matrix) of G = K 1

Zx The partition function on X

zy" The perturbative partition function on X

Ey x The extension operator (also known as Poisson operator):
extends a field ¢y into bulk X as a solution of Dirichlet problem

DNy, x Dirichlet-to-Neumann operator

Sx Action functional on the space of fields on X

S )I(q First quantized action functional

det® A Zeta-regularized determinant of operator A

Px(u,v) The set of paths in X joining u to v
IMx(u,v) The set of h-paths in X joining u to v

P)? The set of edge-to-path maps from I" to X
H)I(‘ The set of edge-to-h-path maps from I" to X
deg(¥) The number of jumps in an h-path y

l(y) The length of a path (or h-path) y

h() The number of hesitations of an h-path y
s(¥) Weight of an h-path, s(7) = m~2/®) (1)@

w(y) Weight of a path, w(y) = [],ep () m
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2. Scalar field theory on a graph

Let X be a finite graph. Consider the toy field theory on X, where fields are real-
valued functions ¢ (v) on the set of vertices Vy, i.e., the space of fields is the space of
0-cochains on X seen as a 1-dimensional CW complex,

Fx = C%°(X).

We define the action functional as

1 m?
Sx(¢) = §(d¢’d¢) + <M’ 7‘15 + P(¢)>

= %((ﬁ, (Ax +m*)¢) + (1. p(9)) (17)
- zj—ww)—¢w%f+—§j( (w2+pww»)
ecEx vely

Here,

e d:C%X) — CY(X) is the cellular coboundary operator (we assume that 0 cells
carry + orientation and 1-cells carry some orientation — the model does not depend
on this choice).

e (,):Sym?C¥*(X) — R fork = 0, 1 is the standard metric, in which the cell basis
is orthonormal.

* {(, ) is the canonical pairing of chains and cochains; u is the 0-chain given by the
sum of all vertices with coefficient 1 (see footnote'!).

* m > 0is the fixed “mass” parameter.
* p(¢) is a fixed polynomial (“potential”),
_ Pk &
p(@) =) 4" (18)

k>3

. . . 2
More generally, p(¢) can be a real analytic function. We will assume that m7¢2 +
p(¢) has a unique absolute minimum at ¢ = 0 and that it grows sufficiently fast'”
at ¢ — 00, so that the integral (19) converges measure-theoretically.

"'The 0-chain y is an analog of the volume form on the spacetime manifold in our model.
If we want to consider the field theory on X as a lattice approximation of a continuum field
theory, we would need to scale the metric (, ) and the O-chain p appropriately with the mesh
size. Additionally, one would need to add mesh-dependent counterterms to the action in order
to have finite limits for the partition function and correlators.

m2
12Namely, we want the integral fR d¢ e~ h B2+ @) 1o converge for any A > 0.
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« Ax=dTd:C°X)— C°X) is the graph Laplace operator on O-cochains, where
dT:CY(X) — C°(X) is the dual (transpose) map to the coboundary operator (in
the construction of the dual, one identifies chains and cochains using the standard
metric). The matrix elements of Ay in the cell basis, for X a simple graph (i.e.,
without double edges and short loops), are

val(v) ifu = v,
(Ax)uw = § —1 if u # v and u is connected to v by an edge,

0 otherwise,

where val(v) is the valence of the vertex v. More generally, for X not necessarily
simple, one has

val(v) — 2 - #{short loops v — v} ifu = v,
(AX)uv = .
—#{edges u — v} ifu #v.
We will be interested in the partition function
_1g
Zx = | Dge kS, (19)
Fx
where b ()
v
Do =[]

N2rh

is the “functional integral measure” on the space of fields Fy (in this case, just the

veVy

Lebesgue measure on a finite-dimensional space); # > 0 is the parameter of quantiza-
tion — the “Planck constant.”'® The integral in the right-hand side of (19) is absolutely
convergent. One can also consider correlation functions

1 _1

B0 ¢w) = 5= [ DpeFIpEn - pw). @0
X JFy

Remark 2.1. We stress that in this section we consider the nonperturbative partition

functions/correlators and # is to be understood as an actual positive number, unlike in

the setting of perturbation theory (Section 4), where % becomes a formal parameter.

Remark 2.2. In this paper, we use the Euclidean QFT convention for our (toy) func-
tional integrals, with the integrand ¢ %5 instead of e#S , in order to have a better
measure-theoretic convergence situation. The first convention leads to absolutely con-
vergent integrals, whereas the second leads to conditionally convergent oscillatory

integrals.

30r one can think of % as “temperature” if one thinks of (19) as a partition function of
statistical mechanics with S the energy of a state ¢.
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2.1. Functorial picture

One can interpret our model in the spirit of Atiyah—Segal functorial picture of QFT,
as a (symmetric monoidal) functor

H.Z) .
GraphCob —— Hilb 21D

from the spacetime category'* of graph cobordisms to the category of Hilbert spaces
and Hilbert—Schmidt operators.
Here, in the source category GraphCob is as follows.

* The objects are graphs Y.
* A morphism from Yj, to Y, is a graph X which contains Yj, and Y, as disjoint

X
subgraphs. We will write Y;, — Y, and refer to Yi,, You as “ends” (or “bound-
aries”) of X, or we will say that X is a “graph cobordism” between Yi, and Y.

* The composition is given by unions of graphs with the out-end of one cobordism
identified with the in-end of the subsequent one:

BEn)emEn =rnin, 22)

where
X=X U X",
Y2

* The monoidal structure is given by disjoint unions of graphs.

All graphs are assumed to be finite. As defined, GraphCob does not have unit mor-
phisms (as usual for spacetime categories in non-topological QFTs); by abuse of
language, we still call it a category.

The target category Hilb has as its objects Hilbert spaces # over C (see foot-
note'”); the morphisms are Hilbert—Schmidt operators; the composition is compo-
sition of operators. The monoidal structure is given by tensor products (of Hilbert
spaces and of operators).

The functor (21) is constructed as follows. For an end-graph ¥ € Ob(GraphCob),
the associated vector space is

Hy = L*(C°(Y)), (23)

the space of complex-valued square-integrable functions on the vector space C°(Y) =
R,

14This terminology is taken from [16].
15 Alternatively (since we do not put i in the exponent in the functional integral), one can
consider Hilbert spaces over R.



I. Contreras, S. Kandel, P. Mnev, and K. Wernli 14

. X . .
For a graph cobordism Yj, — You, the associated operator Zy: Ky, — Hy,, is

Zx: Vi, — (qjout: Pout > D ¢in (Pout| Zx |in) Win (¢m)) (24)

Fyin

with the integral kernel

- _1 1 - )— 1
<¢out|ZX|¢in>::/ [D¢]¢m:¢ome h(SX(¢) 2SYi“(¢m) QSYO,J[(¢OUI)). (25)

F)‘?in .Pout

Here,

e F )‘f in:Pout {s the space of fields on X subject to boundary conditions ¢y, Poue imposed
on the ends, i.e., it is the fiber of the evaluation-at-the-ends map

FX — FYm XFY

out

over the pair (¢in, Pout)-

¢ The measure

[D¢]¢ina¢out — H d¢ (v)

velVy \(Vyin ] VYout) ZNh
stands for the “conditional functional measure” on fields subject to boundary con-
ditions.

We will also call the expression (25) the partition function on the graph X “rel-
ative” to the ends Yi,, You, or just the partition function relative to the “boundary”
subgraph

Y = Yin U You,

if the distinction between “in” and “out” is irrelevant. In the latter case, we will use
the notation Zy y (¢y ), with

¢Y = (¢inz (,boul)-

Proposition 2.3. The assignment (23), (24) is a functor of monoidal categories.

Proof. The main point to check is that composition is mapped to composition. It
follows from the Fubini theorem, the locality of the integration measure (that it is a
product over vertices of local measures) and additivity of the action:

Sx (¢) = Sx/(plx’) + Sx»(dlx”) — Sy, (@|y,) (26)

in the notations of (22). Indeed, it suffices to prove that

/F Dés (3| Zxr |92 2| Zx ) = (31 Zx ) @7)

2
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Combinatorial QFT Continuum QFT
graph X closed spacetime n-manifold M ;
field ¢: Vx — R scalar field ¢ € C*®°(M);
action (17) action S(¢) = [y, 3dp A xd¢ + (m72¢2 + p(¢))d vol
= [y (GH(A +m?)p + p(¢))d vol;
partition function (19) functional integral on a closed manifold;
graph cobordism Yj, i) You n-manifold M with in/out-boundaries

being closed (n — 1)-manifolds yin, Yout;
gluing/cutting of graph cobordisms gluing/cutting of smooth n-cobordisms;

matrix element (25) functional integral

with boundary conditions ¢in, Pou-

Table 1. Comparison between toy model and continuum QFT.

— again, we are considering the gluing of graph cobordisms as in (22). The left-hand
side is

D Da¢'191:92 Dao/"92:93
/Fy2 ¢2/F;)~¢2[ s [ 4]

X

1 1 1 1
X exp(—£((—§SY1 (¢1) + Sx/(¢) — 5SY2 (¢2)) + (_ESYz (¢2) + Sx»(¢")

Sx (¢)
- 55n00)))

= / [D¢]¢ls¢3e—%(sx(¢)—%Syl (¢1)_%SY2(¢3))
b1.93 s
X

which proves (27). Here, we understood that ¢ is a field on the glued cobordism X

restricting to ¢, ¢” on X', X”, respectively. Compatibility with disjoint unions is

obvious by construction. ]

Remark 2.4. One can interpret the correlator (20) as the partition function of X seen as
X

a cobordism {vy,...,v,} — @ applied to the state ¢ (V1) ® - ® P(Vn) € Hyv,,...,un}-

Remark 2.5. The combinatorial model we are presenting is intended to be an analog
(toy model) of the continuum QFT, according to the dictionary in Table 1.

When we want to emphasize that a graph X is not considered as a cobordism (or

X
equivalently X is seen as a cobordism & — &), we will call X a “closed” graph (by
analogy with closed manifolds).
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® ® ®
1 2 3

Figure 2. A line graph on 3 vertices.

3. Gaussian theory

3.1. Gaussian theory on a closed graph

Consider the free case of the model (17), with the interaction p(¢) set to zero. The
action is quadratic

S0(6) = 5. Kx9). e8)
where the kinetic operator is
Kx:= Ax + m?;
it is a positive self-adjoint operator on Fy. Let us denote its inverse
Gx:= (Kx)™",

the “Green’s function” or “propagator;” we will denote the matrix elements of Gy in
the basis of vertices by Gy (u, v) foru,v € Vy.
The partition function (19) for a closed graph X is the Gaussian integral

Zx =/ D e wSx@ — det(Ky) 2. 29)
Fx

The correlator (20) is given by Wick’s lemma, as a moment of the Gaussian measure

(1) $(vam)) = H" 3 G (vay . V8,) +++ Gx (Vay, . V8.

partitions {1,...,2m}={7L | {a; ,b; }
3.1.1. Examples.

Example 3.1. Consider the graph X shown in Figure 2.
The kinetic operator is

1 4+ m? -1 0
Kx=| -1 24m> -1
0 -1 1 4+ m?

Its determinant is
det Ky = m?(1 + m?)(3 + m?), (30)
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1 2 N -1 N

Figure 3. A line graph of length N.

and the inverse is

1 1+3m?+m*  14+m? 1
Gx = 1 4+ m? (1 +m?)? 1 4+ m?
2 2 2
m>(1+m*)(3 +m?) 1 L+m? 1+3m?>+m*

(€29)

Example 3.2. Consider the line graph of length N as shown in Figure 3.

The kinetic operator is the tridiagonal matrix
1+m? -1
-1 2+m? -1
Ky = -1 . (32)
2+m* -1
-1 1 +m?

The matrix elements of its inverse are

coshB(N —|i — j|) + coshB(N +1—i —j)

2 sinh B sinh BN
where f is related to m by
B m
sinh — = —. 34)
2 2
The determinant is
det Kx = 2tanh g sinh BN. 35)

We refer to Appendix A for the details of the computation.

Example 3.3. Consider the circle graph with N vertices as shown in Figure 4.
The kinetic operator is

2 + m? -1 -1
—1 24+ m?2 —1
Kx = 1
2 + m? -1
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Figure 4. A circle graph with N vertices.

(We are only writing the nonzero entries.) Its inverse is given by

cosh B(& —|i — j|)

Gx(i,j) = <i, j <N (36)
2sinh B sinh 2
Here, B is as in (34). The determinant is
N
det Ky = 4sinh? ’37 (37)
For instance, for N = 3, we obtain
. m? 4+ 1 1 1
Gy = ———FF— 1 m? + 1 1 (38)
2(m2
m2(m? + 3) 1 | m? 4 1
and
det Ky = m?(m? + 3)%. (39)

3.2. Gaussian theory relative to the boundary
Consider the Gaussian theory on a graph X with “boundary subgraph” ¥ C X.

3.2.1. Dirichlet problem. Consider the following “Dirichlet problem.” For a fixed
field configuration on the boundary ¢y € Fy, we are looking for a field configuration
on X, ¢ € Fy such that

dly = ¢y, (40)
(Kx$)(v) =0 forallv e Vy \ Vy. A1)

Equivalently, we are minimizing the action (28) on the fiber F)‘f ¥ of the evaluation-
on-Y map Fx — Fy over ¢y. The solution exists and is unique due to convexity and
nonnegativity of Sy.
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Let us write the inverse of Kx as a 2 x 2 block matrix according to partition of
vertices of X into (1) not belonging to Y (“bulk vertices”) or (2) belonging to Y

(Kx)™" = (%‘i). (42)

Note that this matrix is symmetric, so 4 and D are symmetric and C = BT .

(“boundary vertices”):

Then, we can write the solution of the Dirichlet problem as follows: (41) implies
Kx¢ = ((g)) for some £ € Fy. Hence,

¢=(Kx)_l(§)=(g§)@)(§f)‘

Therefore, § = D~ 1¢y and the solution of the Dirichlet problem is

o= (20) @)
by

3.2.2. Dirichlet-to-Neumann operator. Note also that the evaluation of the action
Sx on the solution of the Dirichlet problem is

-1
ser =2k = (77 ). (1)

= %((bY,E) = %(¢Y7D_1¢Y)- (44)

The map sending ¢y to the corresponding £ (i.e., the kinetic operator evaluated
on the solution of the Dirichlet problem) is a combinatorial analog of the Dirichlet-
to-Neumann operator'®. We will call the operator DNy x: = D™1': Fy — Fy the
(combinatorial) Dirichlet-to-Neumann operator'”’.

Recall (see, e.g., [11]) that in the continuum setting, the action of the free mas-
sive scalar field on a manifold with boundary, evaluated on a classical solution with
Dirichlet boundary condition ¢ is . 9X %(]53 DN(¢y). Comparing with (44) reinforces
the idea that is reasonable to call D! the Dirichlet-to-Neumann operator.

16 Recall that in the continuum setting, for X a manifold with boundary, the Dirichlet-
to-Neumann operator DN: C°°(dX) — C°°(dX) maps a smooth function ¢y to the normal
derivative 9,,¢(x) on 3X of the solution ¢ of the Helmholtz equation (A + m?)¢ = 0 subject
to Dirichlet boundary condition ¢ |y = ¢g.

7We put the subscripts in DNy, x to emphasize that we are extending ¢y into X as a solu-
tion of (41). When we will discuss gluing, the same Y can be a subgraph of two different graphs
X’, X", then it is important into which graph we are extending ¢y .
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We will denote the operator BD ™! appearing in (43) by
Eyx = BD™', (45)
the “extension” operator (extending ¢y into the bulk of X as a solution of the Dirichlet
problem)'®.

3.2.3. Partition function and correlators (relative to a boundary subgraph). Let
us introduce a notation for the blocks of the matrix Ky corresponding to splitting of
the vertices of X into bulk and boundary vertices, similarly to (42):

([ A=Kxy|B
KX—( o D)' (46)

In our notations, the subscript X, Y (asin Kx,y, Gx,y, Zx,y) stands for an object
on X relative to Y '”. On the other hand, the subscript ¥, X (as in DNy x, Ey, x) refers
to an object related to extending a field on Y to a classical solution in the “bulk” X.

The partition function relative to ¥ (cf. (25)) is again given by a Gaussian integral:

_1 _1
Zx,y(9y) = /F o [DP]PY e~ (Sx @)=3Sy (9v)

X
= det(KX,Y)_%e_ﬁ(qu:(DNY,X_%KY)¢Y). (47)

The normalized correlators (depending on the boundary field ¢y ) are as follows.

* I-point correlator:*"
(Pp())gy = (Evxdy)(v), veX\Y. (48)
* Centered 2m-point correlator:

(8(v1) -+~ 8¢ (vam))gy
=" Z Gx,y (Va;,vp,) -+ Gx,y (Va,,, Vb,,), 49)

partitions {1,...,2m}=J7L | {a; ,b; }

Ul,...,vszX\Y.

Here,

- $p(v): =) — (dp(v))¢y = $(v) — (Ey,x¢y)(v) is the fluctuation of the
field with respect to its average;

181n [17], this operator is called the Poisson operator.

.., we think of (X, Y) as a pair of 1-dimensional CW complexes, where “pair” has the
same meaning as in, e.g., the long exact sequence in cohomology of a pair.

20When specifying that a vertex v is in V \ Vy we will use a shorthand and write v € X \ Y.
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Figure 5. A graph with two vertices relative to one vertex.

LY
*e————— @& — ¢+ o0 —0—+@
1 2 N—1 N

Figure 6. A line graph relative to one endpoint.

- Gxy:= (Kx,y) ! is the “propagator with Dirichlet boundary condition on
Y (or “propagator relative to ¥ ).

* Non-centered correlators follow from (49), e.g.,

(p(v1)P(v2))gy = hGx,y(vi,v2) + (Ey,x¢y)(v1) - (Ey,x¢y)(v2). (50)

3.2.4. Examples.

Example 3.4. Consider the graph X shown in Figure 5, relative to the subgraph Y
consisting solely of the vertex 2.
The full kinetic operator is

C(14+m?] -l
KX—( _1 1+m2)1

and the relative version is its top left block, Kx y = 1 + m?. The relative propagator
1
1+m?

Kol 1 L+m?| 1
X T m2Q 4+ m2) 1 [1+m? )

The DN operator is the inverse of the bottom right block: DNy x =

isGxy =K );lY = . The inverse of the full kinetic operator is

2 2
% and the
extension operator (45) is Ey, x = H#

In particular, the relative partition function is

1 (m2(2+m2) mT2)¢)2/

Zxy(py) = (1 + m?)~% ¢ 2

Example 3.5. Consider the line graph of length N relative to the subgraph consisting
of the right endpoint Y = {/N} (see Figure 0).
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!
3 @ ° o o @ ‘ L J
L1 2 N -1 LN
Figure 7. A line graph relative to both endpoints.
The relative propagator is
sinh B(N — 3 —|i — j|)+sinh B(N + 3 —i — j
G, jy =SB — 5 —li—JDASORAWN +3-1-))

2 sinh B cosh B(N —

with § as in (34). The DN operator is the inverse of the (N, N') block (element) of the
absolute propagator (33),

2sinh & sinh BN

DNy,x =
nX cosh B(N — 5
The extension operator is
) coshB(i — 5 )
Eyx(i,N)= —————, 1<i=N-1,
cosh B(N — >
and the determinant is
cosh B(N — %
detKyxy = — (618
cosh 5

Example 3.6. Consider again the line graph, but now relative to both left and right
endpoints, see Figure 7.
Then, we have

coshB(N —1—|i — j|)—coshB(N+1—i —])

G .’._ 2<., <N—1a
xy (. J) 2sinh Bsinh B(N — 1) ==
(52)
2sinh®  cosh(N—3)  —coshf
DNY’X:_—( ) (53)
sinh B(N — 1) —cosh% cosh (N — 3
. sinh B(N — i) . sinh B(i —1)
Eyx(i )= 0 By (i N) = b 34
raCD=Ghpv = PO = G =) Y
hB(N —1
det Ky y = STAN = 1) (55)

sinh B
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3.3. Gluing in Gaussian theory: Gluing of propagators and determinants

3.3.1. Cutting a closed graph. Consider a closed graph X = X’ [ Jy X" obtained
from graphs X’, X” by gluing along a common subgraph X’ D Y C X”.

Theorem 3.7. (a) The propagator on X is expressed in terms the data (propagators,
DN operators, extension operators) on X', X" relative to Y as follows.
For both vertices v1,v, € X/,

Gx(1,v2) = Gxry (vi,v2) + Y Eyx/(vi,u1) DNy (1, u2) Ey,x/ (v2, 2).

uyp,Ur€Y
(56)
For both vertices in X", the formula is similar. Here, the total DN operator is
DNY,X = DNY,X/ + DNY’X// —Ky. (57)

Also, we assume by convention that G’y (v1, v2) = 0 if either of vi, vy isin Y. We
also set Ey x/(u,v) = 8, ifu,v €Y.
Forv; € X’, Uy € XN,

Gx(vi,v2) = Y Eyx/(v1,u1) DNy (u1,u2) Ey,x»(v2,u2)  (58)

uy,uUreY

and similarly for vi € X", v, € X'.
(b) The determinant of Kx is expressed in terms of the data on X', X" relative to
Y as follows.
det Ky = det(KX/,y) det(KX//,y) det(DNy,X). (59)

We will give three proofs of these gluing formulae.

(1) From Fubini theorem for the “functional integral” (QFT/second quantization
approach).

(2) From inverting a 2 x 2 block matrix via Schur complement and Schur’s deter-
minant formula.

(3) From path counting (first quantization approach) — later, in Section 5.5.

3.3.2. Proof 1 (“functional integral approach’). First, consider the partition func-
tion on X relative to Y:
_ oy ,—+(Sx ($)—3Sy (¢y)) _
ZX,Y(¢Y)—/};¢Y[D¢] Y RWXIEITaeY ey oo
X
_ neéy My ,—(Sx/ (@) +Sxr(@")—3Sy (¢y))
= [ o1 [, (pg1erehor @SS
’ X//
= (det Ky~ Y)_%(det Kxn Y)_%e_ﬁ(d)y’(DNY’X/ + DNy, x7 _%KY)¢Y).
(60)
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Comparing the right-hand side with (47) as functions of %, we obtain the formula (57)
for the total DN operator and the relation for determinants

det Ky y = detKy’y -detKx»y.

The partition function on X can be obtained by integrating (60) over the field on
the “gluing interface” Y:

Zx =/ D¢ e_%SX(‘p) :/ D¢YeﬁSY(¢Y)ZX’Y(¢Y)
FX Fy
=/ D¢y (det KX’Y)_%e_ﬁ@Y,DNY,X éy)
Fy

= (det Kx.y) "2 (det DNy x) 2.

Comparing the right-hand side with (29), we obtain the gluing formula for determi-
nants (59).

Next, we prove the gluing formula for propagators thinking of them as 2-point
correlation functions. We denote by ((-- - )) correlators not normalized by the partition
function. Consider the case vy, v, € X’'. We have

(o (1)@ (v2)))
—_—————

hGx (v1,v2)-Zx

- /F D e XD (1)) (v2)

1 () —1
= J,, pov [y 1081 ¢/ (e Srr @by @)
Fy FJY

X/

(0wDOEN5, = Zxry @y )Gy y 01,02+ (Ey x93 01-Ey,x167)(02)

./\ [D¢//]¢ye—%(SX//(qj”)_%SY(‘ﬁY))
¢y
F

X//

Zxny (@y)
N / Déy (det Ky y) "2 (det Kyry) "2 e n @Y PNYx 00 (1 Gy y (1, v2)
Fy
+ Y Evx(vi,ungy )¢y (u2) Ey,x: (v2,12))
ui,ur€eY

= Zx - h(Gxry(vi,v2) + Y Eyx/(v1,u1) DNyl (u1,u2) Ey x(v2,u2)).

ui,ux€Y

This proves the gluing formula (56).
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Finally, consider the case v; € X', v, € X”. By a similar computation we find

(@ (v1)9(v2)) =/ D¢y/¢ [D@'1?Y ¢/ (vy)e™# Sx'@)=3Sy @)
—_— Fy FYY

hGx (v1,v2)-Zx

~(0@0) 5y = Zx v Gy)(Ey xr8v)@1)

. / [D¢//]¢y (]5”(1)2)6_’]7(5"\/// @")—1Sy@y)
oy

FX//

—(0@))} =Zxr y @y (Ey xréy)(v2)

= / D¢y (det KX/,Y)_% (det KX//’Y)—%e—ﬁ(W DNy x ¢v)
Fy

: Z Ey x/(vi,u1)dy (u1)py (u2) Ey,x7 (v2, uz)

ui,ur€eY

=Zx-h Y Eyx/(vi,u1) DNy (u1,u2) Ey x7(v2,u2).

up,uUr€Y
This proves (58).

3.3.3. Proof 2 (Schur complement approach). Let us introduce the notations

= Gxy | O — Eyx
- (=% Evx=("" 1
Gx,y ( o To ) Y. X ( d ) (61)

for the extension of the propagator on X relative to ¥ by zero to vertices of Y and the
extension of the extension operator by identity to vertices of ¥ (the blocks correspond
to vertices of X \ Y and vertices of Y, respectively)’!. Using these notations, gluing
formulae (56) and (58) for the propagator can be jointly expressed as

1 = — L =
Gy = GX,Y + EY,X DNY’IX EIT:,X. (62)

The right-hand side here is

( Gxy + EDN'ET | E DN! ) B ( A"'+BD"'DD"!C | BD7'D )

DN~'ET | DN DD7IC | D
3 ( A"'+BD™'C | B
B C 2 )

2INote that one can further refine the block decompositions (61) according to partitioning of

vertices in X \ Y into those in X’ \ Y and those in X"’ \ Y. Then, the block Gx y becomes

Gy 0 FE /
( o GX”.Y) and the block Ey x becomes (E;';:N )-
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X//

I
Y

e & ®

1 2 3
L

[ X/ |
X

Figure 8. Gluing two line graphs into a longer line graph.

Here, we are suppressing the subscript Y, X for £ and DN; notations for the blocks
are as in (42) and (46). So, the only part to check is that the (1, 1) block above is
A. It is a consequence of the inversion formula for 2 x 2 block matrices, which, in
particular, asserts that the (1, 1) block A of the matrix K x inverse to Gy is the inverse
of the Schur complement of the (2, 2) block in Gy, i.e.,

A '=4-BD!C.

This finishes the proof of the gluing formula for propagators (62).
Schur’s formula for a determinant of a block 2 x 2 matrix applied to (42) yields
detKy'! =det D -det(A— BD"'C),
~—— —

DN~! A-1=Kyl,
and thus,
det Ky = detDN-det Ky, y = detDN-det Kx/y -det Ky~ y.

In the last equality, we used the fact that Kx y is block-diagonal, with blocks corre-
sponding to X’ \ Y and X" \ Y. This proves the gluing formula for determinants.

3.3.4. Examples.

Example 3.8. Consider the gluing of two line graphs of length 2, X', X" over a
common vertex Y into a line graph X of length 3 as pictured in Figure 8.

The data of the constituent graphs X', X" relative to ¥ was computed in Exam-
ple 3.4. We assemble the data on the glued graph X using the gluing formulae of
Theorem 3.7. We have

DNY,X = DNY,X/ + DNY,XN —Ky
——
=DNy, x (2,2)
~ m*2+m?) | m*(2+ m?) . m*(3+m?)

1+ m?2 1+ m?2 "= 1+ m?2




Combinatorial QFT on graphs: First quantization formalism 27

For the propagator we have, e.g.,

Gx(1.1) = Gx/y(1,1) + Ey x/(1,2) DNy 'y (2,2) Ey,x/(1,2)
1 N 1 1 + m? 1
I1+m2  14+m?2 m?2B+m?) 1+ m?

and

1 1+ m? 1
14+m2 m2(B3+m?2) 1+ m?’

Gx(1.3) = Ey,x/(1.2) DNy 'y (2.2)Ey, x~(3,2) =

which agrees with the 1-1 entry and 1-3 entry in (31), respectively.
For the gluing of determinants, we have

m?(3 + m?)

det Ky/y -det Ky~ y -detDNy x = (1 +m2)-(1 —}—mz)'
’ ’ ’ 1+ m?2

El

which agrees with (30).

Example 3.9. Consider the circle graph X with N vertices presented as a gluing by
the two endpoints of two line graphs X', X" of lengths N’, N”, respectively, with
N = N’ + N” —2, see Figure 9.

One can then use the gluing formulae of Theorem 3.7 to recover the propagator
and the determinant on the circle graph (cf., Example 3.3) from the data for line graphs
relative to the endpoints (cf., Example 3.6). E.g., for the determinant, we have

inh B(N' — 1) sinh B(N" — 1 2
sinh ¢ ) 5ok 5 )-det(DNy,X/-FDNY’XH—( ”8 ”(:2 ))

sinh sinh
detKy/ y det Ky y
. N
= 4sinh® /3— .
———
det Kx

Here, the 2 x 2 matrices DNy, x/, DNy, x~ are given by (53), with N replaced by N "
N”, respectively.

3.3.5. General cutting/gluing of cobordisms. Consider the gluing of graph cobor-
disms (22),

X’ X" X
Y1—>Y2—>Y3=Y1—>Y3.

Let us introduce the following shorthand notations.

DN operators: DNjj 4: = DNy,uy; 4, with 7, j € {1,2,3} and 4 € (X', X", X}.
Also, by (DN;;, 4)x; we will denote (Y%, ¥7) block in DN;; 4.

* “Interface” DN operator: DNi: = (DNy, uy,u¥3,X) (¥5,Y5) block-
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* Extension operators: Ejj 4 = Ey,uy; 4. We will also denote its (4, Y ) block by
(Eij,a)k-
* Propagators: G4 ;;: = GA,Yiqu.

One has the following straightforward generalization of Theorem 3.7 to the case
of possibly nonempty Y;, ¥3.

X

Theorem 3.10. The data of the Gaussian theory on the glued cobordism Y1 — Y3
X/ X//

can be computed from the data of the constituent cobordisms Y1 —> Y, Yo —> Y3

as follows.
(a) Glued DN operator DNj3 x :

(DN12,x/)11 —(DNi12,x7)12 DN;;! (DN23 x7)23
—(DNi12,x7)12 DN,/ (DN12,x7)21
(63)
—(DN23,x7)32 DN, (DN12, x/)21 (DN23,x77)33
—(DNa3,x)32 DN, (DNa3 x7)23

The blocks correspond to vertices of Y1 and Y. The interface DN operator here is
DNint = (DNi2,x7)22 + (DN23,x7)22 — Ky,. (64)
(b) Extension operator E13.x:

(E12,x')1 — (E12,x7)2 DN,/ (DN12,x/)21  —(E12,x/)2 DN} (DN23 x7)23

—DN;,/ (DN12,x/)21 —DN; 1 (DN23 x7)23
—(E23,x7)2 DNi;/ (DN12,x/)21 (E23.x7)3
—(E23,x7)2 DN (DN23, x7)23

(65)
Here, horizontally, the blocks correspond to vertices of Y1, Y3; vertically — to vertices
of X'\ (Y1UY3), Yoand X"\ (Y U Y3).
(¢) Determinant:

det KX,Y1|_|Y3 = det KX’,YlLIYz - det KX”,Y2|_|Y3 - det DNjyy - (66)
Propagator:
° Forvl,vzeX’,

Gx,13(v1, v2) = Gx/,12(v1, v2)

+ Z E12,x/(v1,u1) DN (1, u2) E12,x/ (v2, u2) (67)

up,ur€eY

and similarly for v, v, € X"
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Figure 9. Gluing a circle from two intervals.

v
\

=~

Figure 10. An example of self-gluing.

(d) Forvy € X', vy € X"

Gx,13(v1,v2) = Z E1p.x/(v1,u1) DNy Ny, up) Enz x7(va,uz)  (68)

ui,ux€Y
and similarly for vy € X", v, € X'.

3.3.6. Self-gluing and trace formula. As another generalization of Theorem 3.7,
one can consider the case of a graph X relative to a subgraph Y that admits a decom-
position Y = Y; U Y5, where Y7 and Y, are isomorphic graphs. Then, specifying a
graph isomorphism f:Y; — Y5, we can glue Y7 to Y5 using f to form a new graph
X with a distinguished subgraph Y2 Wehave Y =~ Y, =~ Y, if and only if there are
no edges between Y; and Y,. See Figure 10.

Then, one has the following relation between the Dirichlet-to-Neumann operators
of Y relative to X and ¥ relative to X .

22In the setting of Theorem 3.7, we have X = X’ U X", and there are no edges between X’
and X”. In the following discussion we will suppress f but remark that in principle the glued
graphs X and Y do depend on f.



I. Contreras, S. Kandel, P. Mnev, and K. Wernli 30

Proposition 3.11. Ler ¢ € CO(Yy) =~ CO(Y,) ~ C°(Y), then™

1 1 1
(69)
Equivalently,

(@1 (ONrx—3&0 =350 ) (5 ) =@ DNr g0 a0

Proof. We have
SX = SX,Y + SYl + SY2 + SY],YZ’

where the first term contains contributions to the action from vertices in X \ Y and
edges with at least one vertex in X \ Y, while the last term contains just contributions
from edges between Y, and Y,. Evaluating on the subspace of fields F)§¢’¢) that agree
on Y] and Y5, we get

SxIF;(d:,w = Sx,y +2S8y,(¢) + Sy,,v»(¢)

and | |
Sy — ESY = Sxy,y + Sy, + ESYI,Yz-
On the other hand, we have
1 1 1 1
Sz — ES'Y"|F;Q =Sgy+ ES?@) = Sxy + ESYl (¢) + ESYl,Yz(d))

1 1
=Sx — ESY(¢) - ESYI-

Therefore,
L
Zxy(($.9) = Zg g(@)e 7@,

Noticing that the relative operators agree with
Kxy =Kzy
and using (47), we obtain (69). To see (70), notice that the difference
Ky — Ky, — Ky, = Ky, vy, = Ky — Ky,,

so adding %Kyl,y2 to (69), we obtain (70). ]

ZBelow we are identifying using f to identify V(Y1) and V(Y>), and then also ¢ and
(f=H*e.
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Corollary 3.12. We have the following trace formula:

Zg = / (DOND| Zx.v1 1,6). an

F 1
Proof. We have
1
(D1 Zx.v, v, |p) = det K}z%e—ﬁ((db@),(DNy.X —3Ky,—3Ky,)($.9)
_1 1
_ ~3_,—5;(#.DNg )¢)
det KX,Ye 2 Y. X%

Integrating over ¢, we obtain the result. ]

Example 3.13 (Gluing a circle graph from a line graph). For the line graph L3 rela-
tive to both endpoints,

m?>+3 (m?+1 -1
DN = — .
Xl -1 o m2 4

In this case, we have Ky, = Ky, = m? and

(1 1)mz+3 m2+1 -1 1\ _ 2m*(m*+3)
m2+2\ -1 m2+1 1) m242

which implies

2m?(m? + 3) B 2 . m2(m? + 4)

m? +2 e m? +2
—2Ky,—3Kr,

Here, m> = K v, - On the other hand, X = C, is a circle graph with Ya point, and we
have

Ky — m? +2 -2 Gv — 1 m? +2 2
TN 2 m2a2) YT mxm2e e\ 2 m242)

therefore the corresponding Dirichlet-to-Neumann operator is

m?(m? + 4)

DNy ¢ =
r.x m2 4+ 2

as predicted by Proposition 3.11. The relative determinant Ky, x is m? + 2 so that the
trace formula becomes

A

mz(m2 +4)

1
-2
m2 +2 ) Z(mz(mz‘f“"))_%:ZCz'

[D¢]<¢|zx,yl,y2|¢>=(m2+2)—%(

1
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Similarly, for the line graph of length N relative to both endpoints, the Dirichlet-to-
Neumann operator is given by (53) and we have

1\ _ 4sinh £ (cosh B(N — 1) —cosh &)
(1 l)DNy,X( | )— T _

On the other hand, the Dirichlet-to-Neumann operator of X=cC ~N—1 relative to a
single vertex is

N -1
DNy ¢ = 2sinh,6tanhﬂT.

Then, one can check that

4 sinh g(coshﬁ(N — %) — cosh %)

—m? = 2sinh B tanh f——
sinh B(N — 1) m” = Zsinh § tanh §

N —1
7

Remark 3.14. There is of course also a common generalization of Theorem 3.10 and
Proposition 3.11, where we have several boundary components and are allowed to sew
any two isomorphic components together, we leave this statement to the imagination
of the reader.

3.4. Comparison to continuum formulation

In this subsection, we compare of results of Sections 3.2 and 3.3 to the continuum
counterparts for a free scalar theory on a Riemannian manifold. For details on the
latter, we refer to [11].

Consider the free scalar theory on a closed Riemannian manifold M defined by
the action

2
S(p) = / Lo nwdg + ™ p2d vol = / Lo +m>pdvol.
M 2 2 M 2

where ¢ € C°° (M) is the scalar field, m > 0 is the mass, * is the Hodge star associated
with the metric, d vol is the metric volume form and A is the metric Laplacian.
The partition function is defined to be

1
z=" / Dp e hS@: = (det (A + m?) 2,

where det® stands for the functional determinant understood in the sense of zeta-
regularization. Correlators are given by Wick’s lemma in terms of the Green’s function
G(x,y) € C®(M x M \ Diag) of the operator A + m?.

Next, if M is a compact Riemannian manifold with boundary dM , one can impose
Dirichlet boundary condition ¢|yy = ¢ — a fixed function on dM (thus, fluctuations
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of fields are zero on the boundary). The unique solution of the Dirichlet boundary
value problem on M,

(A+m*)p =0, ¢ly=dy
can be written as
px) = [a G (x3) () vol 72)

Here,

« d vol? is the Riemannian volume form on dM (with respect to the induced metric
from the bulk).

* Gp € C®(M x M \ Diag) is the Green’s function for the operator A + m? with
Dirichlet boundary condition.
» 0" stands for the normal derivative at the boundary. In particular, for x € M,

y €M,

ad ~
Ili=o0

where y;, ¢t > 01is a curve in M starting at yo = y with initial velocity being the
inward unit normal to the boundary.

Then, on a manifold with boundary one has the partition function

_l 2
Z(py) = “/ Doe #S5(®)
dlo=¢y
= (detg) (A + mz))_%e_ﬁ Jars 92 DN(¢p)d vol?

— (detg (A + mZ))_%ei Janrxon $a(x) LT Gp (x,¥) 93 (v)d vol?c d vol?, . (74

Here, in the determinant in the right-hand side, A + m? is understood as acting on
smooth functions on M vanishing on dJM (which we indicate by the subscript D
for “Dirichlet boundary condition”); DN: C*°(d0M) — C*(dM) is the Dirichlet-
to-Neumann operator (see footnote 16). The integral kernel of the DN operator is
—3%95Gp(x, y).

The integral in the exponential in the last line of equation (74) contains a non-
integrable singularity on the diagonal and has to be appropriately regularized, cf., [11,
Remark 3.4].

Correlators on a manifold with boundary are the following.

*  One-point correlator:

@Ney = [ 0Go(x. )3 vol.
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Scalar theory on a graph X | Scalar theory on a Riemannian manifold M
relative to subgraph Y with boundary oM
propagator Gx,y Gp(x,y)withx,y e M
extension operator Ey x d3Gp(x,y) withx € M,y € IM
DN operator DNy, x DN or —0397Gp(x, y) with x, y € IM
det Kxy det% (A +m?)

Table 2. Comparing the toy model and continuum theory, continued.

* Centered two-point correlator:

(60 (x)6p(¥))gy =1 Gp(x, ),

where
8 (x): = ¢(x) — (9 (x))g,-
* k-point centered correlators are given by Wick’s lemma.

When more detailed notations of the manifolds involved is needed, instead of
Gp we will write Gy pp (and similarly for detg) and instead of DN we will write
DNoas,u -

Continuing the dictionary of Remark 2.5 to free scalar theory on graphs versus
Riemannian manifolds (see Table 2).

Here, in the right column we are writing the integral kernels of operators instead
of operators themselves.

3.4.1. Gluing formulae for Green’s functions and determinants. Assume that M
is a closed Riemannian manifold cut be a closed codimension 1 submanifold y into
two pieces, M’ and M". Then, one can recover the Green’s function for the operator
A + m? on M from Green’s functions on M’ and M”, both with Dirichlet condition
on y, as follows”*.

e Forx,y € M’, one has
Gu(x.y) =Guy(x,y)
+/dvolz) / dvol? 97, Gy (x, w)x(w,2)07 Gy (2, y).
v ¥ 5

24This result is originally due to [3], see also [11].
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Here, x(w, z) is the integral kernel of the inverse of the total (or “interface”) DN
operator
DNiy: = DNy, a7 + DNy pr77 . (76)

For x, y € M", one has a similar formula to (75).

s Forxe M',y e M”, one has
Gu(x,y) = / d voll, / dvol? 97 Gy (x, w)x(w,2)07 Gy (2, y), (77)
v ¥

and similarly if x e M,y € M'.

In the case dim M = 2, the zeta-regularized determinants satisfy a remarkable
Mayer—Vietoris type gluing formula due to Burghelea—Friedlander—Kappeler [2],

det}, (A +m?) = dets,, (A + m?)det},, (A + m?)det] DN).  (78)

This formula also holds for higher even dimensions provided that the metric near the
cut y is of warped product type (this is a result of Lee [12]). In odd dimensions, under
a similar assumption, the formula is known to hold up to a multiplicative constant
known explicitly in terms of the metric on the cut.

Note that formulae (75), (77) have the exact same structure as formulae (56), (58)
for gluing of graph propagators™. Likewise, the gluing formulae for determinants in
the continuum setting (78) and in graph setting (59) have the same structure.

One can also allow the manifold M to have extra boundary components dis-
joint from the cut, i.e., to consider M as a composition of two cobordisms Y, K)

4

Y2, Y2 —> ¥3. One then has the corresponding gluing formulae which have the same
structure as the formulae of Theorem 3.10. In particular, one has a gluing formula for
continuum DN operators (see [15]) similar to the formula (63) in the graph setting.

3.4.2. Example: Continuum limit of line and circle graphs. The action of the con-
tinuum theory on an interval [0, L] evaluated on a smooth field ¢ € C*°([0, L]) can
be seen as a limit of Riemann sums

N

. . 2 N
S(6) :JEHMZS_N(MISN)_M(I —l)eN)) +Z£Nm72¢(i8N)2,

2 EN

i=

i=1

where in the right-hand side we denoted ey = L/ N. The right-hand side can be seen
as the action of the graph theory on a line graph with N = L /¢ vertices, where the

20One small remark is that the continuum formula for the interface DN operator (76) is
similar to (57), except for the —Ky term in the left-hand side which is specific to the graph
setting and disappears in the continuum limit.
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mass is scaled as m > em and then the kinetic operator is scaled as K > ¢~ 'K (and
thus the propagator scales as G — ¢G), where we consider the limit ¢ — 0 (we are
approximating the interval by a portion of a 1d lattice and taking the lattice spacing
to zero).

Applying the scaling above to the formulae of Example 3.6, we obtain the follow-
ing for the propagator (52):

coshm(L — |x — y|) —coshm(L —x — y)

Ggraph(x’ y) a:O sinhm L

where we denoted x = ie, y = je — we think of i, j as scaling with ¢ so that x,
y remain fixed. The right-hand side above is the Green’s function for the operator
A + m? on an interval [0, L] with Dirichlet boundary conditions at the endpoints”.

For the DN operator (53), we obtain

m coshmlL —1
DNgrph ~ ——— :
g "o sinh mL( —1  coshmL )

The right-hand side is the correct DN operator of the continuum theory on the interval.
For the determinant (55), we have

_ysinhmL
det Kgraph ~ &7 ——.
e—>0 m

For comparison, the zeta-regularized determinant on the interval is

_ 2sinhmL

detED (A +m?)
m

It differs from the graph result by a scaling factor ¢V and an extra factor 2 which
exhibits a discrepancy between the two regularizations of the functional determinant
— lattice vs. zeta regularization.

Remark 3.15. One can similarly consider the continuum limit for the line graph of
Example 3.2, without Dirichlet condition at the endpoints. Its continuum counterpart
is the theory on an interval [0, L] with Neumann boundary conditions at the endpoints,
cf., Appendix A. Likewise, in the continuum limit for line graphs relative to one end-
point (Example 3.5), one recovers the continuum theory with Dirichlet condition at
one endpoint and Neumann condition at the other.

For example, the zeta-determinant for Neumann condition at both ends is detf\,_ N
(A 4+ m?) = 2m sinh mL. For Dirichlet condition at one end and Neumann at the
other hand, one has

detZD_N (A + m?) = 2coshmlL.

26For the formulae pertaining to the continuum theory on an interval, see, e.g., [1 1, Appendix
Al



Combinatorial QFT on graphs: First quantization formalism 37

These formulae are related to the continuum limit of the discrete counterparts ((35)
for Neumann-Neumann and (51) for Neumann—Dirichlet boundary conditions) in the
same way as in Dirichlet-Dirichlet case (by scaling with ¢V and an extra factor of 2).

In the same vein, we can consider a circle of length L as a limit of circle graphs
(Example 3.3) with spacing ¢. Then, in the scaling limit, from (36), we have

coshm(% —|x =y

Graph (X, y) ~
graph (X, Y N
e—>0 2m sinh mTL

’

where the right-hand side coincides with the continuum Green’s function on a circle.
For the determinant (37), we have

det K. N 4 sinn? 12 (79)
graph e—0 2 '
For comparison, the corresponding zeta-regularized functional determinant is
mL
det® (A + m?) = 4sinh® -

which coincides with the right-hand side of (79) up to the scaling factor eV .

4. Interacting theory via Feynman diagrams

Consider scalar field theory on a closed graph X defined by the action (17) — the
perturbation of the Gaussian theory by an interaction potential p(¢):

1
Sx(¢) = §(¢, Kx¢)+ (u, p(9)) -
5%(9) Y@

We recall from Section 2 that p(¢) is a fixed polynomial or, more generally, a real
analytic function. The assumptions on p(¢) are that

2
S0+ p(@)

has a unique absolute minimum at ¢y = 0 and that it grows sufficiently fast at ¢ —
400, namely, we require the integral

/ d¢ e—%(mT2¢2+p(¢))
R

to converge for any 7 > 0.
The partition function (19) can be computed by perturbation theory — the Laplace
method for the # — 0 asymptotics of the integral, with corrections given by Feynman
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diagrams (see, e.g., [8]):

Zy = / D e FET@+SE@) — (o~ ESF @)
Fx

(-1)" 0 1 XD
=<<§O T p(¢(v1))~~-p(¢(vn>)>> o 400 ™D T P
(30)
Here,

«  {(---)° stands for the non-normalized correlator in the Gaussian theory.

* The sum in the right-hand side is over finite (not necessarily connected) graphs I'
(Feynman graphs) with vertices of valence > 3; y(I") < 0 is the Euler character-
istic of a graph; | Aut(I")| — the order of the automorphism group of the graph.

» The weight of the Feynman graph is*’
orx = Y J[Cpraw - [ Gx(f).fw). 81)

f:Vr—>Vyx veVr (u,v)€ET

where py are the coefficients of the potential (18); Gy is the Green’s function of
the Gaussian theory. The sum over f here — the sum over |V |-tuples of vertices of
the spacetime graph X —is a graph QFT analog of the configuration space integral
formula for the weight of a Feynman graph (cf., e.g., [11]).

The expression in the right-hand side of (80) is a power series in nonnegative
powers in %, with finitely many graphs contributing at each order’®. We denote the
right-hand side of (80) by Z§™ — the perturbative partition function. It is an asymp-
totic expansion of the measure-theoretic integral in the left-hand side of (80) — the
nonperturbative partition function.

4.1. Version relative to a boundary subgraph

Let X be graph and Y C X a “boundary” subgraph. We have the following relative
version of the perturbative expansion (80):

int _ 1 ginl
Zxy(py) = / oy [D¢]¢Ye—%(SX(¢)—%SY(¢Y)) — e—ﬁSY (¢Y)«e hSXl\y(tﬁ)»gY
X

11 ] int h—x(@)
~ det(K ~2 ¢~ 25 (@Y ,(DNy x =5 Ky)¢y)+Sy' (¢v)) 1) )
oot (Kx,y) Er Aut(D)| r.x.v)(@y)

(82)

?’We are using sans-serif font to distinguish vertices of the Feynman graph u, v from the
vertices of the spacetime graph u, v.

28This is due to the restriction that valencies in I are > 3, which is in turn due to the assump-
tion that p(¢) contains only terms of degree > 3.
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Figure 11. A Feynman graph with boundary vertices and a map contributing to its Feynman

weight.

Here, the sum is over Feynman graphs I" with vertices split into two subsets — “bulk”
vertices Vlﬁ’”“‘ and “boundary” vertices Vlﬁ’ — with bulk vertices of valence > 3 and
univalent boundary vertices. In graphs I' we are not allowing edges connecting two
boundary vertices (while bulk-bulk and bulk-boundary edges are allowed). The weight
of a Feynman graph is a polynomial in the boundary field ¢y :

@r (x,v)(dy)
= > [T Craw) - [ ¢r@)):
VRN = Ve \Vy veVpilk wevy
' VE2—Vy
[T Ger(Fw.fo-  [[ Erx(f@), f@). 83
(u,v) € E dulkcbulk W v)e Ellldry»bulk

The sum over f here can be seen as a sum over tuples of bulk and boundary vertices
in X. Similarly to (81), it is a graph QFT analog of a configuration space integral
formula for the Feynman diagrams in the interacting scalar field theory on manifolds
with boundary (cf., [11]), where one is integrating over configurations of n bulk points

and m boundary points on the spacetime manifold.
We will denote the right-hand side of (82) by Z;zr; (¢y).

Example 4.1. Figure 11 is an example of a map f contributing to the Feynman

weight (83).
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The full Feynman weight of the graph on the left is

Or,(x,v)(oy)

= > (p3)°Gx.y (a,b)’Ey,x(c,a)Ey,x(d,b) $(c)$(d),
a,beVx\Vy,c,deVy

where we denoted a = f(a),b = f(b),c = f(c),d = f(d).

Remark 4.2. (i) By the standard argument, due to multiplicativity of Feynman weights
with respect to disjoint unions of Feynman graphs, the sum over graphs I' in equa-
tions (80) and (82) can be written as the exponential of the sum over connected
Feynman graphs, Y -+ = @2-T connected™

(ii) One can rewrite the right-hand side of (82) without the DN operator in the
exponent in the prefactor, but instead allowing graphs I" with boundary-boundary
edges. The latter contribute extra factors — DNy, x (u?,v?) in the Feynman weight (83).

(iii) Unlike the case of closed X, the sum over I' in the right-hand side of (82) gen-
erally contributes infinitely many terms to each nonnegative order in % (for instance, in
the order O(#°), one has 1-loop graphs formed by trees connected to a cycle). How-
ever, there are finitely many graphs contributing to a given order in #, in any fixed
polynomial degree in ¢y . Moreover, one can introduce a rescaled boundary field ny
so that

oy = Vhny. (84)

Then, (82) expressed as a function of ny is a power series in nonnegative half-integer
powers of %, with finitely many graphs contributing at each order?.

4.2. Cutting/gluing of perturbative partition functions via cutting/gluing of
Feynman diagrams

As in Section 3.3.1, consider a closed graph X = X’ Jy X” obtained from graphs
X’, X" by gluing along a common subgraph X’ D Y C X" (but now we consider the
interacting scalar QFT).

As we know from Proposition 2.3, the nonperturbative partition functions satisfy
the gluing formula

Zx =/; Doy Zx: y (¢py)Zx»y (¢y).

. . — bulk_ 1 i}
2The power of i accompanying a graph is 4! £T =1V 1=z 1V

this normalization of the boundary field, boundary vertices contribute 1/2 instead of 1 to the

| i.e., one can think that with

Euler characteristic of a Feynman graph.
We also note that the rescaling (84) is rather natural, as the expected magnitude of fluctuations
of ¢y around zero is O(V/A).



Combinatorial QFT on graphs: First quantization formalism 41

Replacing both sides with their expansions (asymptotic series) in %, we have the glu-
ing formula for the perturbative partition functions:

Z§erl=/F Doy Zfﬁny(%) Yy (@r). (85)
Y

This latter formula admits an independent proof in the language of Feynman graphs
which we will sketch here (adapting the argument of [11]).

Consider “decorations” of Feynman graphs I" for the theory on X by the following
data.

» Each vertex v of T is decorated by one of three symbols {X’, X", Y}, meaning
that in the Feynman weight f(v) is restricted to be in Vxs \ Vy, in Vx» \ Vy, or
in Vy, respectively.

* Eachedge e = (u,v) of I is decorated by either u or ¢ (“uncut” or “cut”), corre-
sponding to the splitting of the Green’s function on X in Theorem 3.7:

Gx (f(u), f(v)) = Gx(f(u), f(v) + Gx(f(u), f(v)).
Here,

— if u, v are both decorated with X’, the “uncut” term is Gy:= Gx,y. Similarly,
if u, v are both decorated with X", Gy:= Gxr,y. For all other decorations of
u, v, Gy: = 0. Because of this, we will impose a selection rule: u-decoration
is only allowed for X’ — X’ or X" — X" edges,

— the “cut” term is

Gx(f(), fW):= Y Erae(f(u),w)) DNy (w1, w2)Ey,p(f(v), w2),

wi,wr€Y

where «, 8 are the decorations of u, v (and we understand Ey,y as identity
operator).

Let Dec(I") denote the set of all possible decorations of a Feynman graph I". The-
orem 3.7 implies that for any Feynman graph T its weight splits into the contributions
of its possible decorations:

(DF,X == Z qDl"'dec,X,
Tdecepec(I)

where in the summand on the right-hand side, we have restrictions on images of ver-
tices of I' as prescribed by the decoration, and we only select either cut or uncut piece
of each Green’s function.

Thus, the left-hand side of (85) can be written as

XM

e x 86
Aut(riee)] Preex (86)

Z¥" = det(Kx) ™2 Z |
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where on the right we are summing over all Feynman graphs with all possible deco-

rations.
The right-hand side of (85) is

<<det(1(x’,Y)_é det(KX//’Y)_%e_%Si}"((ﬁY)

B x(T’UT”)
Z mq)r/’(X/’Y)(d)Y)q)F”,(X”,Y)((f)Y)
F/ F// Y
(T/ur’”)
= det(Kx) <€ hS"“(q)Y) Z ZI XF/U NG F=(X/,Y)(¢Y)(DF”,(X”,Y)(¢Y)> ,
o | Aut( )| ,
(87)
where

1
Nyl = D —37 ¢y DNy, x éy) _ .
(yi= [ Dove

is the non-normalized Gaussian average with respect to the total DN operator; (--- )y
is the corresponding normalized average.

The correspondence between (86) and (87) is as follows. Consider a decorated
graph T'%¢ and form out of it subgraphs I'”, I'” in the following way. Let us cut every
cutedge in I" (except Y — Y edges) into two, introducing two new boundary vertices.
Then, we collapse every edge between a newly formed vertex and a Y -vertex. I
is the subgraph of I" formed by vertices decorated by X’ and uncut edges between
them, and those among the newly formed boundary vertices which are connected to
an X'-vertex by an edge; I'” is formed similarly.

Then, the contribution of I'%¢ to (86) is equal to the contribution of a particular
Wick pairing for the term in (87) corresponding to the induced pair of graphs I'", I"”,
and picking a term in the Taylor expansion of e~ 7SV (@Y) corresponding to Y -vertices
in "%, The sum over all decorated Feynman graphs in (86) recovers the sum over all
pairs IV, T'” and all Wick contractions in (87). This shows Feynman-graphwise the
equality of (86) and (87). One can also check that the combinatorial factors work out
similarly to the argument in [11, Lemma 6.10].

Example 4.3. Figure 12 is an example of a decorated Feynman graph on X (on the
left; vertex decorations X, Y, X" are according to the labels in the bottom) and the
corresponding contribution to (87) on the right.

Dashed edges on the right denote the Wick pairing for (---)y and are decorated
with DN;}X. Circle vertices are the boundary vertices of graphs I'/, T'” or equivalently
the vertices formed by cutting the c-edges of 1%,



Combinatorial QFT on graphs: First quantization formalism 43
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a Feynman graph

X’ Y X"

Figure 12. An example of cutting a Feynman graph.

S. Path sum formulae for the propagator and determinant (Gaussian
theory in the first quantization formalism)

5.1. Quantum mechanics on a graph

Following the logic of Section 1.1, we now want to understand the kinetic operator
Ax + m? of the second quantized theory as the Hamiltonian of an auxiliary quantum
mechanical system — a quantum particle on the graph X", The space of states #Hx for
graph quantum mechanics on X is CY, i.e., the space of C-valued functions on V.
The graph Schrodinger equation®! on X is

D) () = ~(Ax £ ) ). (58)

where |/ (¢, v)) is a (time-dependent) state, i.e., a vector in C ¥, The explicit solutions
to (88) are given by
[ (1)) = e OGN [y (1)) (89)

One can explicitly solve equation (89) by summing over certain paths on X, see equa-
tions (96), (94), and (112) below, in a way reminiscent of Feynman’s path integral®”.

30This model of quantum mechanics on a graph — as a model for the interplay between the
operator and path integral formalisms — was considered in [13, 14], see also [4].

31Here, we are talking about the Wick-rotated Schrodinger equation (i.e., describing quantum
evolution in imaginary time), or equivalently the heat equation.

32This analogy is discussed in more detail in [13, 14].
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This graph quantum mechanics is the first step of our first quantization approach to
QFT on a graph.

5.2. Path sum formulae on closed graphs

5.2.1. Paths and h-paths in graphs. We start with some terminology. A path y from
a vertex u to a vertex v of a graph X is a sequence

Yy = (u = V0,€0,V1,...,€k—1,V = v),

where v; are vertices of X and e; is an edge between v; and vi+1>>. We denote V(y)
the ordered collection (vg, vy, ..., vg) of vertices of y. We call [(y) = k the length
of the path, and denote P)’(C (u, v) the set of paths in X of length k from a vertex u to
a vertex v. We denote by Py (u,v) = U72 P}? (u, v) the set of paths of any length
from u to v. We also denote by P)’(c = Uy vex P}](‘(u, v), and Py = UZ":()P}](c the sets
of paths between any two vertices of X.

Below, we will also need a variant of this notion that we call hesitant paths™*.

Namely, a hesitant path (or “h-path™) from a vertex u to a vertex v is a sequence
j; = (u = UO,eO, Ul,... ,ek_l’ vk = U),

but now we allow the possibility that v;; = v;, in which case e; is allowed to be any
edge starting at v; = v;1. In this case, we say that y hesitates at step i. If v; 1 # v;,
then we say that ¥ jumps at step i. As before, we say that such a path has length
[(7) = k, and we introduce the notion of the degree of a h-path as™

deg(y) = [ilvi # vigr, 0 =i = I(y) — 1}, (90)
i.e., the degree is the number of jumps of a h-path. We denote by

h(y) = [ilvi = vit1. 0 <i <I(y) —1}]

3For simplicity of the exposition, we assume that the graph X has no short loops. The
generalization allowing short loops is straightforward: in the definition of a path and h-path, the
edges traversed e; are not allowed to be short loops (and in the formulae involving the valence
of a vertex, it should be replaced with valence excluding the contribution of short loops). This
is ultimately due to the fact that short loops do not contribute to the graph Laplacian Ay .

3Hesitant paths appear naturally from the factorization A = d 7 d, see [19]. Consequently,
the signed count of hesitant paths gives the coefficients in the power series expansions of the
Green’s function and other objects in the variable m~2. Moreover, they can be used to prove
formulae for those objects in terms of ordinary paths through a resumming procedure. On non-
regular graphs, the ordinary path sum formulae are not power series, while the hesitant path
sums always are.

3Diverting slightly from the notation of [19].
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4 ¢ B e N
¢ ° . — 3 .
€1 .fO e
c 5
L4 ¢ 4 (3 ,Ca ®
/3
(] e
D €3 E D e E
[ ¢ ° ® =0 P o
fa

Figure 13. Left: The path y = (A4, e, B,e1,C, ez, D, e3, E) from A to E with length I(y) = 4.
Right: the h-path ¥ = (4, fo, A, e, B, f1, B,e1,C, f»,C, f3,C,ea2, D, fa, D, e3, E) with
I(¥) = 9,deg(y) =4, h(y) = 5and P(y) = y.

the number of hesitations of y. Obviously,
[(y) = deg(y) + h(¥).

We denote the set of h-paths from u to v by Iy (1, v), and the set of length k hesitant
paths by H§( (u, v). There is an obvious concatenation operation

Hf,‘((u,v) X Hf,((v, w) — H§+l(u, w),

-~ L 1)
(V1,72) = V1 % V2.

Observe that for every h-path ¥ there is a usual (“non-hesitant”) path y of length
I(y) = deg(y)

given by simply forgetting repeated vertices, giving a map P: I1(u, v) — P(u,v).
See Figure 13.

A (hesitant) path is called closed if vy = vy, i.e., the first and last vertex agree. The
cyclic group Cy acts on closed paths of length k by shifting the vertices and edges.
We call the orbits of this group action cycles (i.e., closed paths without a preferred
start- or end-point), and denote them by I'y for equivalence classes of h-paths, and
Cx for equivalence classes of regular paths. A cycle [y] is called primitive if its repre-
sentatives have trivial stabilizer under this group action. Equivalently, this means that
there is no k > 1 and ¥’ such that

F=F k7w k7
N e’
k times
i.e., the cycle is traversed exactly once. In general, the order of the stabilizer of ¥ is
precisely the number of traverses. We will denote this number by #(¥). Obviously, it

is well-defined on cycles.
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Example 5.1. Inthe N = 3 circle graph, the two closed paths y; = (1, (12),2, (23), 3,
(31), 1) and y, = (2, (23), 3, (31), 1, (12)) define the same primitive cycle, while the
closed path 3 = (1, (31), 3, (23), 2, (12), 1) defines a different cycle (since the graph
is traversed in a different order). The closed (hesitant) path 7, = (1, (12), 1, (12), 1)
is not primitive, since y4 = (1, (12),1) * (1, (12), 1).

5.2.2. h-path formulae for heat kernel, propagator and determinant. Itis a simple
observation that

PR v) := | P§(u,v)| = (u](Ax)*|v), (92)

where Ay denotes the adjacency matrix of the graph X, |v) denotes the state which is
1 at v and vanishes elsewhere, and

(ulAlv) = Ayy

denotes the (u, v)-matrix element of the operator A (in the bracket notation for the
quantum mechanics on X). We consider the heat operator

e CV(X) > COX), (93)

which is the propagator of the quantum mechanics on the graph X (89).
Suppose that X is regular, i.e., all vertices have the same valence n. Then, Ay =
n-I — Ay and (92) implies that the heat kernel (u|e™*4x |v) is given by

® _k
t
(ule—tAx|v> — e—tn § Fp)]?(u,v) — " § :
k=0 y€Px (u,v)

AW

Iyt

(94)

One can think of the right-hand side as a discrete analog of the Feynman path integral
formula, where one is integrating over all paths (see [13]).

For a general graph, one can derive a formula for the heat kernel in terms of h-
paths, by using the formula A = d7 d. Namely, one has (see [19])

WAkl = > (=1)*E®. (95)

yenk (u,v)
This implies the following formula for the heat kernel:
(ule™ 2 v) = i Y YoonpE = TPy o6
k=0 k! yerk u,v) yellx (u,v) 1
Here, we have used that

[(¥) + deg(¥) = h(Y) mod 2.

Then, we have the following h-path sum formula for the Green’s function.



Combinatorial QFT on graphs: First quantization formalism 47

Lemma 5.2 ([19]). The Green’s function Gy is given by

(ulGx|v) =m™2 > "(m™ 2k > (-)'®

k=0 yenk
—m2 Z (m—2)1(17) (_1)h(17)‘ (97)
yelly (u,v)

Proof. By expanding

m*Gxy = m?Kx) ' = (1+m2Ax)"!

in powers of m 2 using the geometric series*®, we obtain
Wl (l+m2ax) o) = Y (=m DD (—1)le®), (98)
yelly (u,v)

which proves (97). Alternatively, one can prove (97) by integrating the heat kernel

— —tm2 —
etKX:etm tAx

e

for Ky over the time parameter ¢ and using the Gamma function identity

o0 2tk i
/ dte ™ o= (m™2)k+L, "
0 .

In equation (97), we see two slightly different ways of interpreting the path sum
formula. In the middle we see that when expanding in powers of m?2, the coefficient of
m~2%+1) is given by a signed count of h-path of length k, and that the sign is deter-
mined by the number of hesitations. On the right-hand side we interpret the propagator
as a weighted sum over all h-paths, in accordance with the first quantization picture.

We have the following formula for the determinant of the kinetic operator (nor-
malized by 1/m?) in terms of closed h-paths or h-cycles.

Lemma 5.3. The determinant of Ky /m? is given by

logdet( ) Z Z (ml(y)) (1)@

veX yeng' (w.v)

—2\/(¥) _
=- ) _(mt(2)7))_V (—1)h . (99)

>1
[yleTy

30This series converges absolutely if the operator norm of m~2 Ay is less that one, or equiv-
alently m? > Amax (Ax), i.e., m? is larger than the largest eigenvalues of Ay .
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The first equation in (99) appeared in [19], with a different proof.

Proof. Expand®’

KX 2 > (_m—Z)k k
logdet(—z) =trlog(l + m “Ayx) = — E E T(U|Ax|v),
m
veX k=0

which implies (99). ]

Note that in the expression in the middle of (99), we are summing over h-paths of
length at least 1 with a fixed starting point. To obtain the right-hand side, we sum over
orbits of the group action of Cj on closed paths of length k, the size of the orbit of ¥
is exactly [(})/t(Y).

Remark 5.4. Both h-paths and paths form monoids with respect to concatenation,
with P a monoid homomorphism. A map s from a monoid to R or C is called multi-
plicative if it is a homomorphism of monoids, i.e.,

s(V1 * ¥2) = s(V1)s(72). (100)

Notice that in the path sum expression for the propagator (97), we are summing over
h-paths ¥ with the weight

5(7) = (m)! D ()", (101)
Below it will be important that this weight is in fact multiplicative, which is obvious

from the definition.

Remark 5.5. Using multiplicativity of s, we can resum over iterates of primitive cycles
to rewrite the right-hand side of (99):

5k
logdet(%) =— Z Z S(Z) = Z log(l _m—21(7)(_1)h(37)).

[Flery' k=1 [Flerz’
¥ primitive ¥ primitive

5.2.3. Resumming h-paths. Path sum formulae for propagator and determinant.
Summing over the fibers of the map P: [Ty (u,v) — Px(u, v), we can rewrite (98)
as a path sum formula as follows.

Lemma 5.6. If m? > val(v) forall v € X, we have

1

1 2Ax) o) = m? S — 102

@l+m2A0) )y =m> Y ] T (102)
yePy (u,v) v;eV(y)

37 Again, this power series converges absolutely for m2 > Apax (Ax).
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Proof. Forapathy € P)](‘ (u,v), the fiber P~!(y) consists of h-paths 7 which hesitate
an arbitrary number j; of times at every vertex v; in V(y). For each vertex v;, there
are val(v; )’ possibilities for a path to hesitate j; times at v;. The length of such a h-
pathis [(¥) =k + jo + --- + ji and its degree is deg(y) = k; hence, we can rewrite
equation (98) as follows:

Z (—m™2)! @) (—1)dee®

yellx (u,v)

=Y XY vl val(ug) (R )k

k=0 yep§ (,0) JO>+->Jk =0

o0

:Z Z (m—Z)k Z Val(vo)j" ..... Val(vk)jk(—m_z)j0+"'+jk

k=0 yeP)lg(u,u) JOsesJk

-2

m
- Z m* l_[ 1+ m=2-val(v;)’ -

y€Px (u,v) v; €V(y)

Corollary 5.7. The Green’s function of the kinetic operator has the expression
1
G = —_. 103
wlGxlvy=">" ] T (103)
yE€Px (u,v) v; €V(y)
In particular, if X is regular of degree n, then
1 I(y)+1 1 00 . R .

(ulGxlv) = Z ( ) = ZpX(u,v)(m +n)"%. (104)

2 )
m n m n
YE€Px (u,v) + + k=0

To derive a path sum formula for the determinant, we use a slightly different idea,
that also provides an alternative proof of the resummed formula for the propagator.
Consider the operator A which acts on C°(X) diagonally in the vertex basis and sends
|v) > (m? + val(v))|v), that is,

A = diag(m? + val(vy), ..., m?> + val(vy))

in the basis of C°(X) corresponding to an enumeration vy, ..., vy of the vertices of
X . Then, consider the “normalized” kinetic operator

Ky = A 'Ky =1 — A 1Ay, (105)

with Ax the adjacency matrix of the graph. Then, we have the simple generalization
of the observation that matrix elements of the kth power of the adjacency matrix Ay
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count paths of length k (see (92)), namely, matrix elements of (A_IAX)kA_1 count
paths weighted with

1
wy) = [[ 57—~ (106)
Then, we immediately obtain that

(u|Gx|v) = (u|Kx' A7 o) = D (ul(A~ Ax) A" |v)
k=0

o0
=Y > w), (107)
k=0 yePk(u,v)

which is (103).
For the determinant, we have the following statement.

Proposition 5.8. The determinant of the normalized kinetic operator has the expan-

sions
. = w'(y)
logdet Ky ==Y > 7o) (108)
veX k=0 yep§(v,v)
-- ¥ w'(y) (109)
Lty
[V]ECX

where for a closed path y € P§(v,v), w'(y) = w(y) - (m? + val(v)) (see footnote*®).
Proof. To see (108), we simply observe that
1 /
. (A~ AX) w'(y)
logdet Kx = trlog(1 — A AX)——trZ ZZ Z —
k=0 veVk= Oyepk(v,v)

To see the second formula (109), one sums over orbits of the cyclic group action on
closed paths. ]

In particular, for regular graphs we obtain a formula also derived in [19].
Corollary 5.9. If X is a regular graph, then we have

0 2 —k
logdet By = -5 3" % (110)
k=1[yleck v

3Note that this is well-defined on a cycle, we are simply taking the product over all vertices
in the path but without repeating the one corresponding to start-and endpoint.
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Another corollary is the following first quantization formula for the partition func-
tion.

Theorem 5.10 (First quantization formula for Gaussian theory on closed graphs).
The partition function of the Gaussian theory on a closed graph can be expressed by

log Zxy = %( Z %}/y)} — Z log(m? + val(v))). (111)
[ylecg’ vex

Le., the logarithm of the partition function is given, up to the “normalization” term
— > vex log(m? + val(v)), by summing over all cycles of length at least 1, dividing
by automorphisms coming from orientation reversing and multiple traversals.

Proof. We have
1 1 ~
logZx = —3 logdet Ky = —E(log det Ky + logdet A),

from where the theorem follows by Proposition 5.8. |

Remark 5.11. Notice that the weight w(y) of the resummed formula (103) is not
multiplicative: if y; € Px(u,v) and y, € Px (v, w) then

1 1 1 1
H m? + val(v;) vgz m2 + val(v;)  m?2 + val(v) l_[ m2 + val(v;)’

v; €Y1 Vi €Y1*Y2
since on the left-hand side the vertex v appears twice.

Remark 5.12. The sum over k in (107) and (108) is absolutely convergent for any
m? > 0. The reason is that the matrix @ = A~! Ay has spectral radius smaller than 1
for m? > 0. This in turn follows from Perron—Frobenius theorem: Since @ is a nonneg-
ative matrix, its spectral radius p(a) is equal to its largest eigenvalue (also known as
Perron—Frobenius eigenvalue), which in turn is bounded by the maximum of the row

sums of a (see footnote®”). The sum of entries on the vth row of a is #ﬁ;’iv) 1,
A . val(v)
which implies that p(a) < maxy >~ ) < 1.

In particular resummation from h-path-sum formula to a path-sum formula extends
the absolute convergence region from m? > A (Ax) to m? > 0. See Table 3.

¥For any matrix A with entries @;;, A an eigenvalue of 4 and x an eigenvector for 1, we

have

1Al
= < sup [ Aylleo =max Y |aj].
[x¥loo ™ Iylloo=1 i

Al

Here, ||x||co = max; |x;| denotes the maximum norm of a vector x.
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Object h-path sum path sum

(u|Gx|v) M2 Y ety S(7) (equation (98)) | 3° cp. vy W(¥) (equation (103))
logdetm™2Ky - Zmer)%l % (equation (99))

log det K ~ ¥ et ";(—(yy)) (equation (109))

X

Table 3. Summary of path sum formulae, closed case.

5.2.4. Aside: path sum formulae for the heat kernel and the propagator — “1d
gravity” version. There is the following generalization of the path sum formula (94)
for the heat kernel for a not necessarily regular graph X .

Proposition 5.13. One has

(ule™ ™) = Y Wy, (112)

y€Px (u,v)

where the t-dependent weight for a path y of length k is given by an integral over a
standard k-simplex of size t:

k
Wit = | oo dieedigem 2o, (113)
o+ -+t =t
where we denoted vy, . . ., v the vertices along the path.

Proof. To prove this result, note that the Green’s function Gy as a function of m?
is the Laplace transform L of the heat kernel e *2X as a function of ¢. Thus, one
can recover the heat kernel as the inverse Laplace transform L~! of Gx. Applying
L~ to (103) termwise, we obtain (112), and (113) (note that the product of func-

tions is mapped by L™! to the convolution of functions L™} (————) =

1
m2+val(v) m?2+val(v)
et val(v))‘ -

As a function of ¢, the weight (113) is a certain polynomial in 7 and ™! with
rational coefficients (depending on the sequence of valences val(v;)). If all valences
along y are the same (e.g., if X is regular), then the integral over the simplex evaluates
to W(y;t) = %e"'v“' — same as the weight of a path in (94).

Note also that integrating (113) (multiplied by e""zt) in ¢, we obtain an integral
expression for the weight (106) of a path in the path sum formula for the Green’s
function:

w(y) = / dtg---dtx e‘Zf:O L (val(v,j)—}—mz). (114)
fo
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3 2

Figure 14. The N = 3 circle graph.

Here, unlike (113) the integral is over RI_‘;’I, not over a k-simplex.
Observe that the resulting formula for the Green’s function:

k
(u|Gx|v) = Z [ dtg---diy e‘Zi:oti(Val(Ui)+m2) (115)
y€Px (u,v) 10,---stx >0

bears close resemblance to the first quantization formula (8), where the proper times
fo, ..., I should be though of as parametrizing the worldline metric field £ (and the
path ¥ is the field of the “1d sigma model”)*". We imagine the particle moving on X
along y, spending time #; at the ith vertex and making instantaneous jumps between
the vertices, with the “action functional”

k
SY @y Auy) =Y ti(val(v) + m?).
i=0

5.3. Examples

5.3.1. Circle graph, N = 3. Consider again the circle graph of Example 3.3 for
N = 3 (Figure 14).

Counting h-paths from 1 to 2, we see that there are no paths of length 0, a unique
path (1, (12), 2) of length 1, and 5 paths of length 2:

(1, (13),3,(23),2),
(1,(13),1,(12),2).
(1,(12),1,(12),2).
(1,(12),2,(12),2),
(1,(12),2,(23),2).

4OMore explicitly, one can think of the worldline as a standard interval [0, 1] subdivided into
k sub-intervals by points pg = 0 < p1 < --+ < px—1 < px = 1 (we think of p; as moments
when the particle jumps to the next vertex). Then, one can think of {z; } as moduli of metrics &
on [0, 1] modulo diffeomorphisms of [0, 1] relative to (fixed at) the points po, p1, ..., Pk-
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The first one comes with a + sign, since it has no hesitations, the other 4 paths hesitate
once at either 1 or 2 and come with a minus sign, the overall count is therefore —3.
Counting paths beyond that is already quite hard. Looking at the Greens’ function, we
have

(11Gx|2) = L m_4(;) =m™*) (=3m™?)k

212 - —2
m2(m? + 3) 1+ 3m =
=m20-m*+1-m2=3m*+9m S +-..).

Since the circle graph is regular, we can count paths from u to v by expanding in the

parameter a”l = m++2 Here, we observe that

1 1 1 1
(11Gx12) = @—2@+1) 5(1 "0t +a_1)

1 k ky.,—k
=35 2.2 = (=)
k>0
=a 100+ 1 a7 +1a72 + 3073 + 507 + 15 + -+,

and one can count explicitly that there is no path of length zero, a unique path (12) of
length 1, a unique path (132) of length 2, 3 paths (1212), (1312), (1232) of length 3, 5
paths (12312), (13212), (13132), (12132), (13232) of length 4, and so on*'. Similarly,

we could expand

2
01GxI1) = 8 s =2 ) ()
= m_z(l + (-2) Z(—?a)k_lm_Zk)

k>1
=m2(1-m®+(=2) - m2+6-m*+(=18)-mC+...),
which counts h-paths from vertex 1 to itself: a single paths of length 0, 2 length 1

paths which hesitate once at 1, two length 2 paths with O hesitations and 4 length 2
paths with 2 hesitations, and so on. In terms of @ = m? + 2, we get

oa—1
(11Gx|1) = @—2@+D
k k
=q ! 2—2 +23(_1) ak
k>0

= '(1-a+0-a7 '+ 20?2+ 2-aF + 607 410,

4IFor brevity, here we just denote a path by its ordered collection of vertices, which deter-
mines the edges that are traversed.
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where we recognize the path counts from 1 to itself: A unique path (1) of length 0, no
paths of length 1, two paths (121), (131) of length 2, 2 paths (1231), (1321) of length
3, and so on.
The determinant is
det Ky = m?(m? + 3)?,

so we have

logdetm 2Ky = 2log(1 +3m™?) = —22 ﬂ =
k

81
=6m 2 —9m™* +18m~° — jm‘8 +--

and we can see that rational numbers appear, because we are either counting paths
with ﬁ, or cycles with ﬁ Let us verify the cycle count for the first two powers
of m?. Indeed, there is a total of 6 cycles of length 1 that hesitate once, of the form
(1, (12), 1), and similar. At length 2, there are 3 closed cycles that do no hesitate, of
the form (1, (12), 2, (12), 1). Then, there are three cycles that hesitate twice and are
of the form (1, (12), 1, (31), 1) (they visit both edges starting at a vertex). Moreover,
at every vertex we have the cycles of the form (1, (12), 1, (12), 1). There are a total
of 6 such cycles, however, they come with a factor of 1/2 because those are traversed
twice! Overall, we obtain that

1
3434+--6=9
+3+5

cycles (they all come with the same + sign).
Finally, we can count cycles in X by expanding the logarithm of the determinant
in powers of a:

(@ —2)(a + 1)?
og— " =

log det Ky =1 3
o

B2
k

k>1

9
=—(o-a—1+3-a—2+2a—3+5a—4+---). (116)

Counting cycles we see there are 0 cycles of length 1, 3 cycles of length 2, namely,
(121), (131), (232), 2 cycles of length 3, namely, (1231), (1321). There are 3 primitive

cycles of length 4 (those of the form (12131) and similar), and 3 cycles which are

traversed twice ((12121) and similar), which gives 3 + 3 = 2.
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5.3.2. Line graph, NV =3. Consider the line graph of Example 3.1. For instance, we
have

_ ! L.
Mo = mn G+ " 2(1+m2 3+m2)
mt 2k —2\—k m* & k kv,,,—2k
= 5 2 m A = (3 = T S (D~ (=3 m
k=0 k=0

=m20-m"+0-m2+1-m*—4-mC+13m 8 +...)

and indeed we can observe there are no h-paths from 1 to 3 of length 0 and 1, and

there is a unique path y of length 2. At length 3, there are 4 different h-paths whose

underlying path is y and who hesitate exactly once, there are a total of 1 + 2 4 1

possibilities to do so. At the next order, there are a total of 11 possibilities for y to

hesitate twice, and two new paths of length 4 appear, explaining the coefficient 13.
The path sum (103) becomes

1 2
Hex13) = (1 +m?2)2(2 + m?) + (1 +m2)3Q2 + m?)? o

Here, the numerator 1 corresponds to the single path of length 2, (123); the numerator
2 corresponds to the two paths of length 4, (12123), (12323). In fact, there are exactly
2l-1 paths 1 — 3 of length 2/ for each / > 1, and along these paths the 1-valent
vertices (endpoints) alternate with the 2-valent (middle) vertex, resulting in

21—1
(1|GX|3) = Z (1 + m2)1+1(2 + m2)l‘

I>1

For the determinant
det Ky = m*(m? + 1)(m® + 3),
we can give the hesitant cycles expansion

logdetm 2Ky = log(1 + m™2) + log(1 + 3m™?)

B DF + (=3
-y e,

k>1

28
= —(—4m_2 +5m™* + ?m_6 + )

Here, the first 4 is given by the four hesitant cycles of length 1. At length 2, we have
the 4 iterates of length 1 hesitant cycles, contributing 2, a new hesitant cycle that
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hesitates twice at 2 (in different directions), and 2 regular cycles of length 2, for a
total of 4 - % + 1 4 2 = 5. For the path sum we have

m?(m? + 3)
(m? + 1)(m? + 2)

_ 2 _ 2k 2 —k 2 —k
_—log(l—(m2+l)(m2+2))—l;?(m + 1)k @m? +2)7k,

—log det Ky = — log

which means there are 2¥ / k cycles (counted with 1/¢(y)) of length 2k. For instance,
there are 2 cycles of length 2, namely, (121) and (232). There is a unique primitive
length 4 cycle, namely, (12321), and the two non-primitive cycles (12121), (23232),
which contribute k = % so we obtain 1 + 2% = 2. There are 2 primitive length 6
cycles, namely, (1232321), (1212321), and the two non-primitive cycles (1212121),
(2323232), contributing % each, for a total of 2 + % = %. At length 8 there are 3 new
primitive cycles, the iterate of the length 4 cycle and the iterates of the 2 length 2

cycles for a total of 3 + % +2- % =4 =2%/4,

5.4. Relative versions

In this section, we will study path-sum formulae for a graph X relative to a boundary
subgraph Y. We will then give a path-sum proof of the gluing formula (Theorem 3.7)
in the case of a closed graph presented as a gluing of subgraphs over Y. The extension
to gluing of cobordisms is straightforward but notationally tedious.

5.4.1. h-path formulae for Dirichlet propagator, extension operator, Dirichlet-to-
Neumann operator. In this section, we consider the path sum versions of the objects
introduced in Section 3.2. Remember that, for a graph X and a subgraph Y, we have

the notations (42):
A| B
Kx) ' =
(Kx) (%W)

_(A=Kxy|B
o= (A= 8)

and (46):

We are interested in the following objects.

* The propagator with Dirichlet boundary conditionson Y, Gy,y = K }}’IY (cf., Sec-
tion 3.2.3).

* The determinant of the kinetic operator Ky, y with Dirichlet boundary on Y (cf.,
Section 3.2.3).

* The combinatorial Dirichlet-to-Neumann operator DNy y = D' Fy — Fy (cf.,
Section 3.2.2).

* The extension operator Ey x = BD~': Fy — Fy (cf., equation (45)).
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Propagator with Dirichlet boundary conditions. For u, v two vertices of X \ Y,
let us denote by ITy y (u, v) the set of h-paths from u to v that contain no vertices in
Y (but they may contain edges between X \ Y and Y), and Hﬂ‘(’y(u, v) the subset of
such paths that have length k. Then, we have the formula [19]

Ay yl)y = Y (=)@, (117)

yenk , u,v)

In exactly the same manner as in the previous subsection, we can then prove

@l +m2axy) o)=Y s, (118)
yelly,y (u,v)
and therefore,
WlGxylv)y=m=2 Y s(@. (119)
yellx,y (u,v)

Remark 5.14. In (119) and other formulae (120), (122), and (125) for other relative
objects below, it is important to allow edges between X and Y in the hesitant paths.
Not allowing those edges, e.g., in (119) would result in the sum over ITy\y (u, v)
(hesitant paths in the full subgraph of X on the vertices Vx \ Vy), which yields the
Green’s function of X \ Y considered as a closed graph

m=> Y s(7) = (ulGxr|v).

yelly\y (u,v)

Determinant of relative kinetic operator. In the same fashion, we obtain the for-

mula K @)
XY sy
logdet( ’ ):— sy (120)
m? ~Z;1 1(¥)
yeC)?’Y

where we have introduced the notation C)?IY for cycles corresponding to closed h-
paths in X \ Y that may use edges between X \ Y and Y.

Dirichlet-to-Neumann operator. Notice also that as a submatrix of Ky 1. we have
the following path sums for D (here u,v € Y):

D)y =m=2 > 5. (121)
yelly (u,v)

For u,v € Y, we introduce the notation IT% , (u, v) to be those h-paths from u to
v containing exactly two vertices in Y, i.e., the start- and end-points. We define the
operator D’: C°(Y) — C°(Y) given by summing over such paths (see Figure 152)

@ D'lo):= > 5@ (122)

yely y (u,v)
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X X
Y
v
u
(a) h-paths in IT% (u, v), contributing to (u|D’|v). (b) h-paths contributing to (u|(D")¥|v).

Figure 15. h-paths contributing to D’ and (D’)*.

Notice that (u|(D’)*|v) is given by summing over paths which cross the interface
Y exactly k — 1 times between the start- and the end-point (see Figure 15b). Since the
summand is multiplicative, we can therefore rewrite D as

D=m>2Y (DY =m72(-D)"". (123)
k>0

Therefore, the Dirichlet-to-Neumann operator is given by the formula
DNy x = D' = m?(I — D). (124)

Extension operator. Finally, we give a path sum formula for the extension operator.
To do so we introduce the notation IT) y (u, v) for h-paths that start at a vertex u €
X\ Y,endatavertex v € Y, and contain only a single vertex on Y, i.e., the end-point.

Lemma 5.15. The extension operator can be expressed as

BD'(u.v) = Eyx(w.v)= > s(@. (125)

FeMy y (u.v)

Proof. We will prove that composing with D we obtain B. Indeed, denote the right-
hand side of equation (125) by B. Then, using the h-path sum expression for D (121)

we obtain
Bp=m2Y (Y s®@)( X s®).
veY yely y (u,v) yelly (v,w)
Using multiplicativity, we can rewrite this as
m~2 Z s(V1 * 72).
1, 72)€llyey My y (w,v)xTx (v,w)

Now, the argument finishes by observing that any h-path ¥ from a vertex # in X \ Y to
a vertex w in Y can be decomposed as follows. Let v € Y be the first vertex of ¥ that
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X X X

(a) An h-path in TT(#, w) contribut- (b) An h-path in T’ (u, v) contribut- (c) An h-path in IT(v, w) contribut-
ing to (u| B|w). ing to (u|Ey x |v). ing to (v|D|w).

Figure 16. Paths contributing to B (left) can be decomposed into paths contributing to Ey, x
(middle) and paths contributing to D (right), proving that B = Ey x D.

appears in ¥ and denote by y; the part of the path before v, and by ¥, the rest. Then,
Y = ¥1 * ¥2 and 1 € IT% (u,v), see Figure 16. This decomposition is the inverse of
the composition map

|| Ty (u.v) x Ty (v, w) — Ty (u, w),
veY

(V1. 72) = 71 * V2,
which is therefore a bijection. In particular, we can rewrite the expression above as

m™2 Z s(¥) = B(u,w).

yellyx (u,w)
We conclude that B = BD L. n

5.4.2. Resumming h-paths. In the relative case, for any path y we use the notation

1
wxy =[] ———— (126)

2 b
vevowm ™ T VAl @)

where for a vertex v € X \ Y, we put the subscript X on valy (v) to emphasize we
are considering its valence in X, i.e., we are counting all edges in X incident to v
regardless if they end on Y or not*?. Then, we have the following path sum formulae
for the relative objects.

4Similarly to Remark 5.14, if we instead use the weights

wx\y (y) = 11 1

—_—
vevonvan ™ TVl (V)

we end up with the corresponding formulae for the closed graph X \ Y, instead of the formulae
for X relativeto Y.
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Proposition 5.16. The propagator with Dirichlet boundary condition can be expressed
as

UlGxylv)= Y.  wxy®). (127)

yE€Px\y (u,v)

Here, the sum is over paths involving only vertices in X \ Y.
Similarly, for the extension operator we have

(lEyrxlv)= Y wxy®), (128)

yePy y (u.v)

where Py (1, v) denotes paths in X \'Y from u to v with exactly one vertex (i.e.,
the endpoint) in Y. Finally, the operator D’ appearing in the Dirichlet-to-Neumann
operator can be written as

(uD'v) = —m =2 val)buy +m™> Y wxy (), (129)

yEPY y (uv)

where Py y (u,v) denotes paths in X with exactly two (i.e., start- and endpoint) ver-
tices in Y. In particular, the Dirichlet-to-Neumann operator is

(u| DNy x [v) = (m® +val()duy — D wxy (). (130)

Py y (u,v)

Proof. Equation (127) is proved with a straightforward generalization of the argu-
ments in the previous section. For equation (128), notice that because of the final jump
there is an additional factor of 2. For the Dirichlet-to-Neumann operator, we have
the initial and final jumps contributing a factor of —m~2. In the case u = v, the con-
tribution of the h-paths which simply hesitate once at v have to be taken into account
separately and result in the first term in (129). Finally, (130) follows from (129) and

DNy x = m?*(I — D). "

We also have a similar statement for the determinant. For this, we introduce the
normalized relative kinetic operator

K~X,Y = A;}}y Kxy=1- A;},IYAX\Y,

where Ay y is the diagonal matrix whose entries are m? + valx (v). For a closed path
Y € Px\y (v, v), we introduce the notation

1

Wiy () = m* +vabo@) [T 5o,

wev(y)
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X . 3 3 3 . . ' 3
}ci ® ® ® ® ® ® iai
icl ° ° ° ® ° o
| X oy
}ci * * o
— R S— P D W— S oi

Figure 17. A graph X regular of degree n = 4 relative to a subgraph Y.

Proposition 5.17. The determinant of the normalized relative kinetic operator is

o0 /
et By == Y Y,y

veX\Y k=1 yeP;}'\y(v,v)

w}( Y(V)
= — E il L 131
1(y) (30

[V]EC)?\IY
Proof. Again, simply notice that
logdet Kx,y = trlog(1 — Ax'y Ax\y).
Then, the argument is the same as in the proof of Proposition 5.8 above. ]

In the relative case, we are counting paths in X \ Y, but weighted according to the
valence of vertices in X . This motivates the following definition.

Definition 5.18. We say that a graph X is regular of degree n relative to a subgraph
Y if all vertices v € X \ Y have the same valence n in X, i.e.,

valy(v) =n VveV(X\Y).

If X is regular, then X is regular relative to any subgraph ¥ C X. An important
class of examples are the line graphs X of Example 3.4 with ¥ both boundary vertices,
or more generally rectangular graphs or their higher-dimensional counterparts with Y
given by the collection of boundary vertices. See Figure 17.

For graphs regular rel. a subgraph, the path sums of Proposition 5.16 simplify to
power series in (m? + n)~!, with n the degree of (X, Y).
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Corollary 5.19. Suppose X is regular rel. Y, then we have the following power series
expansions for relative propagator, extension operator, Dirichlet-to-Neumann opera-
tor, and determinant:

1 - k 2 —k
(M|GX,Y v) = mZ +n gpx\y(”v v)(m” +n)"", (132)
(ulEy.xlv) = Y (p'% ), v)m? +n)7*, (133)
k=1
> k
(u| DNy,x [v) = (m* + val(v))8yv — Y _(p"x y)(m* +n)~* 1, (134)
k=2
o 2 —k
logdet Kxy =—5. 3 % (135)
k=1[yleck v

Again, we can collect our findings in the following first quantization formula for
the partition function.

Theorem 5.20. The logarithm of the partition function of the Gaussian theory rela-
tive to a subgraph Y is

hlog Zx,y (¢y)

=3 X drerw)

u,veyY

m? | 1 i 5 1 4
. ((7 + valy (v) — EVa Y(U)) uv + E( Y)uv — Z U)X,Y()/))

yEPY y (u,v)

+ g(h/]z w)t((;ygy) — Z log(m? + Val(v))).

veX

(136)

In (136), we are summing over all connected Feynman diagrams with no bulk
vertices: boundary-boundary edges in the last term of the second line of the right-
hand side at order #° (together with the diagonal terms and %(Ay)uv, they sum up to
DNy, x —%K y) and “1-loop graphs” (cycles) on the third line at order %!,

5.4.3. Examples.

Example 5.21. Consider the graph X in Figure 18, with Y the subgraph consisting
of the single vertex on the right. Then, the set I1y y consists exclusively of iterates of
the path which hesitates once along the single edge at 1, ¥ = (1, (12), 1). Therefore,
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IYl
o—— @'
| |

! 12!

Figure 18. The 2-vertex line graph.

we obtain
m2 1

[e.e]
1Gxy|l) =m™2) (—m )k = = .
(1Gxy|l) =m™>) (-m™?) T

k=0

Alternatively, we can obtain this from the path sum formula (127) by noticing there is
a single (constant) path from 1 to 1 in X \ Y. For the determinant, we obtain
_—2)k
log det KX’y/m2 =— Z w = log(1 + m™2) = log
k>1 k

1+ m?
m2

h-paths in TT% (2, 2) are either (2, (12), 2) or of the form (2, (12), 1, (12),1,...,1,
(12),2) —i.e., jump from 2 to 1, hesitate k times and jump back — and therefore the
operator D’ is given by

m2 —1

r_ -2 —2\k+1 k_ -2 _
D' =-m +Z(m Y (=D = —m +1—|—m_2_m2+1'

k>0

Alternatively, one can just notice there is a unique path in P§ , (2, 2), namely, (212),
and use formula (130). Therefore, the Dirchlet-to-Neumann operator is

-1 _ m?*(2+m?)
m2+1)  1+m?

DNy x = m2(1 -

Finally, h-paths in IT} (1, 2) are only those that hesitate k times at 1 before eventu-
ally jumping to 2, and therefore the extension operator is

1 1

oo
— 2 -2 _ 2 —
(UEyx[2) =m™2 ) (=m) 2 =m ™2 e = s

k=0

alternatively, this follows directly from formula (128), because Py, y (1,2) = {(12)}.

Example 5.22. Consider X the N = 4 line graph with Y both endpoints (1 and 4).
Then, X is regular rel. Y, of degree 2, and we can count paths X \ Y easily, namely,
we have

1, k even,

k k
2,2) = 3,3) =
Px\y( ) Px\y( ) {0’ k odd
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h-path sum

65

path sum

(u|Gx,y |v)
K
log det =25
log det K~Xy
(u|Ey,x|v)

(u| DNy, x |v)

and

m™2 Ziiel‘[x,y(u,u) s(¥) (equation (119))

- 2[7] erzt % (equation (120))

Z?en;”(u,u) s(¥) (equation (125))

m28yy—

—m? Zyeng(.y(u,v) s(7) (equation (124))

ZVEPX\y(u,v) wy,y (v) (equation (127))

- Z[y]ec;; w)i(i’;)(y) (equation (131))
ZyeP}{Y(u,u) wX,Y()/) (128)
(m? + val(v))8,p—

— Zpgy(u,u) wy,y () (equation (130))

Table 4. Summary of path sum formulae, relative case.

P§\Y(2,3) = P;c(\y(lz) = {

Therefore, the relative Green’s function is

Gxy(2,2)=

and

Gy,

in agreement

o0

0, k even,
1, k odd,

1 3 (I 1 m> +2
2 2 2k 2 ‘ T (2 2
m +2k:0(m +2) m? 42 1—(szr2)2 (m? + 1)(m? + 3)
Q- 1 1
2,3 == = S
r(2.3) m2+2 Z (m2 + 2)2k+1 (m? + 1)(m2 +3)

k=0
with (52).

As for the determinant, notice there is a unique cycle of length 2, all other cycles
are iterates of this one, therefore, the logarithm of the normalized determinant is given

by

e 2 —2k
~ 2
logdet Ky y = — Z u —

k=1 k

and the determinant is then

in agreement

log(1 — (m? +2)7?)

det Ky = (m* + 1)(m* + 3),

with (55).

For an example of the extension operator, notice that (p’ );‘(,Y (2,1)is 1 for odd k
and O for even k, and therefore

oo

(2Eyx|1) =) (m*+2)"@®+) =

k=0

m2+2
(m2 + 1)(m? + 3)
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and similarly (p’ );‘(,Y (3,1) = 1 for k > 2 even and 0 for odd k, and therefore

oo
1
3|Eyx|1) = ) _(m* +2)"* ) = :
(3|Ey.x[1) k=0( ) E D 13)

in agreement with (54). Finally, we can compute the matrix elements of the Dirichlet-
to-Neumann operator: we have (p”)¥(1, 1) = 1 for even k > 2 and it vanishes for odd
k, therefore

m? +2
(m? + 1)(m? 4+ 3)

o0
(IIDNyx [1) =m* +1=) (m*> +2)*" =m? 4+ 1
k=1

Similarly, (p”)¥ (1, 4) vanishes for even k and is 1 for odd k > 3, and therefore

) 1 1
(1| DNy,x |4) = _I; (m2 + 2)2k - _(m2 + DH(m2 +3)°

These formulae agree with (53).

5.5. Gluing formulae from path sums

In this section we prove Theorem 3.7 from the path sum formulae presented in this
chapter. The main observation in this proof is a decomposition of h-paths in X with
respect to a subgraph Y.

Lemma 5.23. Let u,v € X, then we have a bijection
My (u,v) «—

My,y (u,v) U |_| My y (u, w1) x Ty (w1, wa) x My y (w2, v), (137)

wi,wr€Y

where Iy y (u, v) denotes h-paths in X that contain no vertices in Y (but they may
contain edges between X \'Y and Y ) and Il , (u, w), for either u or w in Y, denote

h-paths containing exactly one vertex in Y, namely, the initial or final one™.

Proof. One may decompose I1x (u, v) into paths containing no vertex in ¥ and those
containing at least one vertex in Y. The former are precisely Iy y (1, v). If ¥ is an
element of the latter, let w, be the first vertex in ¥ in ¥ and w, the last vertex in ¥ in
Y. Splitting ¥ at w; and w, gives the map from left to right. The inverse map is given
by composition of h-paths. See also Figure 19. |

1t is possible to have u = w € Y, in which case there IT% (w, w) contains only the 1-
element path.
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Figure 19. h-paths from u to v fall in two categories. Those not containing vertices in Y (e.g.,

y1) are paths in ITx y (u, v), while those intersecting Y (e.g., ¥2) can be decomposed in paths
in )’él) € MYy y (v, wy) and 753) € M’y y (w2, v) (red) and a path )752) € Ix (wy, wz), where

w1, wp are the first and last vertices in P> contained in Y.

For the gluing formula for the determinant, we will also require the following
observation on counting of closed paths.

Lemma 5.24. Denote by F;I)}(k) the set of h-cycles [y] in X of length [(¥) > 1 that
intersect Y exactly k times, with k > 1. Then, concatenation of paths

J(k
|| Wiwiwa) x MY (wa, ws) x -+ x Wy (wie, wr) — Tgy®  (138)

w1, W2,..., W €Y
is surjective, and a cycle [y] has precisely k /t(y) preimages.

Proof. Foracycley € F;ly’(k), denote by wy, ..., wg the intersection points with ¥
and 7 the segment of ¥ between w; 1 and w; (here we set wg41 = w,). See Fig-
ure 20. Then, obviously 7 is the concatenation of the 7, so concatenation is surjec-
tive. On the other hand a k-tuple of paths concatenates to the same closed path if and
only if they are related to each other by a cyclic shift (this corresponds to a cyclic shift
of the labeling of the intersection points). They are precisely k/#(¥) such shifts. m

Recall that D’ is the operator given by summing the weight s(7) = (m=2)!®
(— 1)h(37) over paths starting and ending on Y without intersecting Y in between (equa-
tion (122)).

Corollary 5.25. We have that

w(DY =k Y

sep=1.(k)
velsy

(m=2)I D (=1)r®
1(y)

(139)
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Figure 20. Cycles in X either do not intersect Y (like 77) and such that intersect Y k times (in
the case of 7, k = 4). Such paths can be decomposed into k h-paths 7@ in 0y y (Wi, wit1)
in k different ways, corresponding to cyclic shift of the labels of w;’s.

Proof. The statement follows by summing the weight s(¥) over the left-hand side and
right-hand side of (138) in Lemma 5.24, using multiplicativity of s(¥) in the left-hand
side and with multiplicity k/¢(¥) in the right-hand side (corresponding to the count
of preimages of the map (138)). ]

h-path sum proof of Theorem 3.7. We first prove the gluing formula

(ulGx|v) = (|Gx,y[v) + Y (u|Ey.x|v1){v1| DNy [v2)(v2|Ev x|v).

v1,02€Y

Applying the decomposition of ITx(u, v) (137), and using multiplicativity of the
weight s(7) = (m™2)!P(=1)"P) we get

Gx (u,v)

=m> > 5@

yelly,y (u,v)

+ > (X @) Y @) X @)
ww2€Y yely y (u,w) V2€lly (wy,w2) 71€Mly y (w2,v)

(140)

The first term is Gy,y by equation (119). In the second term, we recognize the path
sum expressions (125) for the extension operator and (121) for the operator D, which
is the inverse of the total Dirichlet-to-Neumann operator. This completes the proof of
the gluing formula for the propagator.
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Next, we prove the gluing formula for the determinant
det(K)() = det(KX,Y) det(DNY,X).

Dividing both sides by m?", where N is the number of vertices in X, this is equivalent
to
det(m™?Kyx) = det(m ?Kyx.y) det(m > DNy x).

Taking negative logarithms and using log det = trlog, this is equivalent to
—logdet(1 + m™?Ax) = —logdet(1 + m 2Axy) —trlog(I — D"),  (141)

where we have used that DNy x = m?(I — D’).

We claim that equation (141) can be proven by summing over paths. Indeed,
the left-hand side is given by summing over closed h-paths in X. We decompose
them into paths which do not intersect Y, and those that do. From the former we
obtain —log det K,y /m? by equation (120). Decompose the latter set into paths that
intersect Y exactly k times, previously denoted by CXE’IY’(k). By Lemma 5.24, when

summing over those paths we obtain precisely tr(D’)¥ / k. Summing over k, we obtain

trZ(D’)k/k = —trlog(/ — D’),
k>1

which proves the gluing formula for the determinant. ]

Path sum proof of Theorem 3.7. In the proof above we used the h-path expansions,
but of course one could have equally well used the formulae in terms of paths. To
prove the gluing formula for the Green’s function

(u|Gx|v) = (u|Gxy[v) + D (ulEy,x|v1)(vi| DNy [v2)(v2|Ey,x [v)

v1,02€Y

in terms of path counts, notice that a path crossing Y can again be decomposed into
a path from X to Y, then a path from Y to Y and another path from Y to X. The
weight w(y) = ]_[vGV(y) (m? 4 val(v))~! is distributed by among those three paths
by taking the vertices on Y to the ¥ — Y path: In this way, when summing over all
paths from the ¥ — Y paths we obtain precisely the operator D = DN;’IX (this is a
submatrix of Gx and hence the weights of paths include start and end vertices) while
from the other parts we obtain the extension operator Ey,x (where weights of paths
do not include the vertex on Y).
Next, we consider the gluing formula for the determinant

det Ky = det KX,Y detDNy,X .
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Dividing both sides by
detAy = 1_[ (m? + val(v)) = 1_[ (m? + valy (v)) I_I(m2 + valy (v))
veX veX\Y vey
= det AX,Y detAy,

this is equivalent to
det EX = det EX,Y detA;l DNy, x .

Taking logarithms and using the formulae (108) and (131) for logarithms of determi-
nants of kinetic operators, we get

- - w
logdet Ky —logdet Kxy = — Z x () (142)

- ty)
eCE vy £o

where on the right-hand side we are summing over cycles in X that intersect Y. We
therefore want to show that the sum on the r.h.s. of (142) equals log det A;l DNy, x.
From (130), we have that DNy x = Ay — D", where we introduced the auxiliary
operator D”: C°(Y) — C°(Y) with matrix elements

@ D"lvy =" > wxy(y).

yePY (u,v)
Then,
A)_,l D//)k

—logdet Ay' DNy x = —trlog(I —Ay'D") =) "tr ;

k>1

(143)

Notice that tr(A;lD” )€ s given by summing over closed paths y that intersect ¥
exactly k times, with the weight w’(y): the factor (m? + val(v))~! in w’(y) for
vertices not on Y comes from D" (recall that wy,y (y) does not contain factors for
vertices on Y'), and from A;l, for v € Y. By a combinatorial argument analogous to
Lemma 5.24, every cycle appears in this way exactly t(k? times. Therefore, the sum
on the right-hand side of (142) equals the sum on the r.h.s. of equation (143), which

finishes the proof. |

6. Interacting theory: first quantization formalism

In this section, we extend the path sum formulae to the interacting theory. In this
language, weights of Feynman graphs are given by summing over all possible maps
from a Feynman graph to a spacetime graph, where edges are mapped to paths. We
also analyze the gluing formula in terms of path sums.
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6.1. Closed graphs
We first consider the case of closed graphs.

6.1.1. Edge-to-path maps. Let I" and X be graphs. Recall that by Px we denote the
set of all paths in X, and by ITx the set of h-paths in X.

Definition 6.1. An edge-to-path map F = (Fy, Fp) from I" to X is a pair of maps
Fy:Vr — Vx and Fp: E(I') — Py such that for every edge e = (u,v) in I, we have

Fp(e) € Px(Fy(u), Fy(v)).
The set of edge-to-path maps is denoted by P}? .
Equivalently, an edge-to-path map is a lift of a map Fy: Vr — Vyx to the fibrations

Er - Vr xVrand Py — Vx x Vx:

EFL)PX

|

Ve x Ve 28 e vy

Similarly, we define an edge-to-h-path map as a lift of a map Fy: Vr — Vyx to the
fibrations Er — Vr x Vpr, I[Ix — Vx x Vx:

F
EF—H>HX

|

VF X VI‘ FAVXF VX X VX

The set of such maps is denoted by H};. Alternatively, an edge-to-path map can be
thought of as labeling of ", where we label vertices in I" by vertices of X and edges
in I" by paths in X.

6.1.2. Feynman weights. Suppose that I' is a Feynman graph appearing in the per-
turbative partition function on a closed graph, with weight given by (81). By the
results of the previous section, we have the following first quantization formula, a
combinatorial analog of the first quantization formula (6).

Proposition 6.2. The weight of the Feynman graph T has the path sum expression

[]Erwe) D [T wFele) (144)

vevr FeP) e€Er

=[] raw) Y JT s(Fuley, (145)

velT Felll e€Er

dr.x
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FV(U).

P
Fy(v)

X

Figure 21. An example of an edge-to-path map.

where in (144) we are summing over all edge-to-path maps from I to X, and in (145)
we are summing over all edge-to-h-path maps.

Figure 21 contains an example of an edge-to-path map from I" the ®-graph to a
grid X.

We then have the following expression of the perturbative partition function.
Corollary 6.3. The perturbative partition function of X is given in terms of edge-to-
paths maps as
#—x(@)
Aut(T")

Yo T]Epaw) ] wFee).  (146)

FEP)I; veVT ecEr

Z5" = det(Kx) 2 Y
T

We can reformulate this as the following “first quantization formula”.

Corollary 6.4. The logarithm of the perturbative partition function has the expres-

sion:
log Z¥"
1 w’(y) A= x (@
- 5 Z t(y) + Z Aut(T) Z 1_[ (_pval(v)) l_[ w(Fp(e))

[y]ECfl ["conn FEP)I(‘ velr ecET 147)
1

— 5 2 logm® + val(v)).

veX

Here, T'°™ stands for connected Feynman graphs.
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We remark that in the second line of (147), one can interpret the first term as
coming from an analog of edge-to-path maps for the circle, divided by automorphisms
of such maps (the factor of 2 comes from orientation reversal). In this sense, the
second line can be interpreted as the partition function of a 1d sigma model with
target X. The term in the third line should be interpreted as a normalizing constant.

6.2. Relative version

Now, we let X be a graph and Y a subgraph, and consider the interacting theory on X
relative to Y. Recall that in the relative case, Feynman graphs I" have vertices split into
bulk and boundary vertices, with Feynman weight given by (83). Bulk vertices have
valence at least 3, while boundary vertices are univalent. Again, we do not want to
allow boundary-boundary edges. Edge-to-path maps now additionally have to respect
the type of edge: bulk-bulk edges are mapped to paths in Py\y and bulk-boundary
edges are mapped to paths in P)’(’Y. We collect this in following technical definition:

Definition 6.5. Let I' be a graph with V(T') = V2 1 Vr‘? , such that val(v) > 3 for
all v € V"™ and val(v?) = 1 for all v? € V2. Denote by the induced decomposition
of edges by

ET) = Elfplk-bulk L Elt:ulk-bdry L Ellldry-bdw_

Let X be a graph and Y C X be a subgraph. Then, a relative edge-to-path map (resp.,

relative edge-to-h-path map) is a pair F = (Fy, Fp) (tesp., F = (Fy, Fr1)), where

Fy:V(T) - V(X) and Fp: E(I') — Px (resp., Fr1: E(I') — Ilx) such that

e Fy respects the vertex decompositions, i.e., Fy (V2'%) C V(X) \ V(Y¥) and
Fy (2™) C V(Y),

* Fg (resp., Fry) is a lift of Fy, i.e., for all edges e = (u,v) € E(I") we have
Fp(e) € Px(Fy(u), Fy(v)) (resp., Fri(e) € Tlx (Fy (u), Fy (v))),

* Fp (resp., Frr) respects the edge decompositions, i.e., Fp (E’I’Jﬂk'b“lk) C Px\y,
Fp(EX"*™) C Py ;. and similarly for Fi.

The set of relative edge-to-(h-)path maps is denoted by P}}: y (resp., H)I(‘ v)-

Figure 22 contains an example of a relative edge-to-path map from I a Feynman
graph with boundary vertices to a grid X relative to a subgraph Y.

We can now express the weight of a Feynman graph with boundary vertices as a
sum over relative edge-to-path maps — the combinatorial analog of the first quantiza-
tion formula (15).

Proposition 6.6. Suppose that I is a Feynman graph with boundary vertices and
¢ € CO(Y). Then, the Feynman weight ®r (x,y)($y) can be expressed by summing
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o Fy(wy)
W1 .AA ‘l.
u Fy(u 5 “‘
(Fv, Fp) o
T 1 l
v 1
" pol |
! Fr(w)
r ar
b Y
Figure 22. An example of a relative edge-to-path map.
over relative edge-to-path maps as
@r,(x,v)(¢r)
= > JI Craw [ erEv ™) [T wxr(Fee).  (148)
FePy \ veVpk VeV e€Er
In terms of h-paths, the expression is
@r,x,v)(¢y)
_ bulk-bulk
= (m*)~*F ST Crae) T erEve®) - T sFue)).
Fell , veVpk eV ecEr
(149)

Proof. In (148), we are using the path sum formulae (127), (128). Similarly, to see
(149), we are using the relative h-path sums (119), (125), and notice that every bulk-
bulk Green’s function comes with an additional power of m 2. ]

We immediately obtain the following formula for the partition function.
Proposition 6.7. The relative perturbative partition function can be expressed as

Z;er;[(qﬁ) = det(Ky Y)_% .e—ﬁ((tﬁy,(DNy,x —1Ky)y)—Si(py))

@)
Z |Zu)tC(F)| Yo 1 Craw) [T ¢r(Eve®)- [T werFrie).

FePy | veVpik vep ecEr

(150)
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Remark 6.8. As in Remark 4.2, the Dirichlet-to-Neumann operator in the exponent
of (150) could be expanded in terms of Feynman diagrams with boundary-boundary
edges. An edge-to-path map F should map such a boundary-boundary edge e =
(u?,v?) either to a path y € Pg (which is weighted with wy,y (y)) or, in the case,
where Fy (u?) = Fy (v?), possibly to the constant path (v?) (which is then weighted
with —(m? + val(v?))).

Equivalently, one has the following expression for the logarithm of the relative
perturbative partition function:

log Zy ()

3 orwere) (<o sai@ns+ Y o)

u,vey YEPY y (u,v)

+ %(‘PY» Kygy)+ > P(¢Y(U)))

veY

) %([ S ) gy Vam»)

vle C;\IY vex
A= x(@) )
+ Z |Aut(r)| Z 1_[ (— pval(v)) l_[ oy (Fy(v©)) - l_[ wx,y (Fp(e)).
T"conn PX ve Vbulk d c VI‘ ee El"

(151)
This generalizes the results (147) and (136) to relative interacting case.

6.3. Cutting and gluing

The goal of this section is to provide a sketch of a proof of the gluing of perturbative
partition functions (85) by counting paths. Suppose that X = X’ Uy X” and F € P)?
is an edge-to-path map from a Feynman graph I" to X**. Then, the decomposition
X = X’ Uy X” induces a decoration of T', as in Section 4.2. Namely, we decorate a
vertex v € Vr with o € {X', Y, X"} if Fy(v) € «, and we decorate an edge e with ¢
if and only if the path Fp(e) contains a vertex in Y. See Figure 23.

Recall that from a decorated graph, we can form two new graphs X’ and X" with
boundary vertices. Given and edge-to-path map F and its induced decoration of I', we
can define two new relative edge-to-path maps (Fy,, Fp) and (Fy;, Fp) for the new
graphs X’ and X" as follows. The map Fy, is simply the restriction of Fy to vertices

4 Again, for notational simplicity we consider only the case, where X is closed, with the
generalization to cobordisms notationally tedious but straightforward.
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Fy(w)!
r i
1 F
w z (Fy,Fp) xE é V@
u v T T FV(U). i
T
Fdec , E 5
o 1]
w z T
., infer decoration : Fy|(v)
e T
: c | ’r
X/ : X// l‘ ‘
Y \\ l’
X’ Y X

Figure 23. Inferring a decoration of T" from cutting an edge-to-path map I' — X’ Uy X”.

colored X'. For edges labeled u, Fj,(e) = Fp(e). For a bulk-boundary edge in X’,
Fp (e) is the segment of the path Fp(€) of the corresponding edge é in I' (that was
necessarily labeled ¢) up to (and including) the first vertex in Y. The construction of
(Fy;, Fp) is similar, as is the extension to edge-to-hesitant-path maps. The definition
of I, T ensures that (Fy,, Fp,) and (F};, Fp) are well-defined relative edge-to-path
maps. For example, from the edge-to-path map in Figure 23, one obtains the two
edge-to-path maps in Figure 24.

Notice that in the process of creating the cut edge-to-path-maps we are forgetting
about the parts of the paths between the first and the last crossing of Y, as well as the
vertices labelled with Y. This information is encoded in the Dirichlet-to-Neumann
operator and the interacting term S ;5“, respectively. Integrating the product of a pair of
relative edge-to-path maps appearing in the product Z ;}e,ljy (¢Y)Z§e,r,ty (¢y) over ¢y,
two things happen.

. . . _1gin
* An arbitrary number of vertices on Y is created (due to the factor of ¢ % sy (o).

* All vertices on Y (the new boundary vertices and those coming from the relative
edge-to-path maps) are connected by the inverse D of total Dirichlet-to-Neumann
operators.

In this way, we obtain all edge-to-path maps that give rise to this pair of relative edge-
to-path maps. This provides a sketch of an alternative proof of the gluing formula for
perturbative partition functions using the first quantization formalism, i.e., path sums.
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(Fy. Fp)

Figure 24. Relative edge-to-path maps (Fy,, Fp,) from I'" to (X', Y) and (F}/, Fp) fron " to
(X", Y) arising from the cutting of the Feynman graph rdec in Figure 23.

7. Conclusion and outlook

In this paper, we analyzed a combinatorial toy model for massive scalar QFT, where
the spacetime manifold is a graph. We focused on incarnations of locality — the
behaviour under cutting and gluing — and the interplay with the first quantization
formalism. In particular, we showed that the convergent functional integrals natu-
rally define a functor with source a graph cobordism category and target the category
of Hilbert spaces. We discussed the perturbative theory — the # — 0 limit — and its
behaviour under cutting and gluing. Finally, we analyzed the theory in the first quan-
tization formalism, where all objects have expressions in terms of sums over paths
(or h-paths) in the spacetime graph. We showed that cutting and gluing interacts nat-
urally with those path sums. Below we outline several promising directions for future
research.

*  Continuum limit, renormalization. In this paper, we discussed the behaviour of
the theory in the continuum limit for line graphs only. However, our toy model is
in principle dimension agnostic and makes sense on lattice graphs of any dimen-
sion, and one can take a similar continuum limit there. However, in the interacting
theory in dimension d > 2, one has to take into account the issue of divergencies
and renormalization®. It will be interesting to see how this problem manifests

1n d = 2, the only divergent subgraphs are short loops, but already those interact nontriv-
ially with cutting and gluing —see [11].
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itself in the continuum limit of a higher-dimensional lattice graph, and whether
this approach will be helpful in defining a renormalized massive scalar QFT with
cutting and gluing.

Another interesting question in the continuum limit is to recover the first quanti-
zation path measure (in particular, the action functionals (5), (9)) from a limit of
our weight system on paths on a dense lattice graph.

*  Massless limit. Another interesting problem is the study of the limit m — 0. In
this limit, the kinetic operator becomes degenerate if no boundary conditions
are imposed, and extra work is needed to make sense of theory*®. This will be
particularly interesting in the case of two-dimensional lattice graphs, where the
massless limit of the continuum theory is a conformal field theory (in the free
case, p(¢) = 0), thus the massless limit of our toy model is a discrete model for
this CFT. We also remark that while the h-path formulae do not interact well with
the m — 0 limit, since they are expansions in m~2, for path sums the weight of a
pathatm = O is |

wy) vel:([m val(v)’
i.e., the weight of the path is the probability of a random walk on the graph, where
at every vertex, the walk can continue along all adjacent edges with probability
1/ val(v).

* Gauge theories on cell complexes. Finally, it will be interesting to study in a sim-
ilar fashion (including first quantization formalism) gauge theories (e.g., p-form
electrodynamics, Yang—Mills or AKSZ theories) on a cell complex, with gauge
fields (and ghosts, higher ghosts and antifields) becoming cellular cochains*’.

A. Green’s function and det Ky for a line graph

In this appendix, we will prove formulae (33), (35) from Example 3.2.

A.1l. Green’s function

Recall that in the continuum setting, the Green’s function G (x, y) for Helmholtz oper-
ator A + m? on an interval [a, b] (with Dirichlet or Neumann boundary conditions)

“°In this case, it is natural to formulate the perturbative quantum answers in terms of effec-
tive actions of the zero-mode of the field ¢; it might be natural here to employ the BV-BFV
formalism [5] combining effective actions with cutting-gluing.

4TSecond quantization formalism for (abelian and non-abelian) BF theory on a cell complex
is developed in [6]. What we propose here is a generalization to other models, possibly involving
metric on cochains, and a focus on the path-sum approach.
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can be found by fixing y and sewing the solutions G »(x, y) of Helmholtz equation
(A +m?)G(x,y) =0 for x € [a, y] and x € [y, b], imposing continuity and jump
—1 of the derivative at x = y:

Gl ~00) = Gay 109, | Galey)— | Gilny) =1,
x=y+0 x=y—0
The computation below can be seen as a finite difference counterpart of this sewing
argument.
For the line graph of Figure 3, we can write the equation Ky G = Id on the Green’s
function, with Kx given by (32), as

—G(i — 1. j)+ Q2+ m*)G(i,j) -Gl + 1. /) =& (152)
with 1 < j < N fixed and with 1 <i < N the discrete variable. Here, for convenience
we introduced

G(0,/):=G(1,)), (153)
G(N +1,j):=G(N,j). (154)

Let us split equation (152) into three ranges fori —i < j,i = j andi > j:
—Gi—-1,/)+Q2+m»)GG,j)—Gi+1,j)=0 forl<i<j, (155
—G(j =1, )+ Q2+m*)G(j,j) -G +1,j) =1, (156)
—Gi—1,j)+Q2+m»Gi,j) =Gl +1,j)=0 forj <i <N. (157)
Homogeneous equations (155), (157) are satisfied by any linear combination of e#’

and e A% where B > 0 is determined from

m2

m
—ePr2+m)-ef =0 coshp=14+4— < sinhéz—.
using >0 2 2

Thus, we have an ansatz for a solution of (155) and (157):
G(i,j)=AreP" + A_e™P" for0<i <, (158)
G(i,j)=BieP' + B_e™P" forj <i<N+1. (159)
Here, the coefficients A+, B4 can depend on j (but not on 7). Note that the range
of i in the ansatz (158), (159) is increased by #1 with respect to the range in the
equations (155), (157) so that they hold in their range.

Next, note that “Neumann boundary condition” (153) implies a relation between
Ay and A_:

G(1,j)—G0O,j)=A. P -1 +A4_ (P -1)=0e 4_=cPa, (160)

1
= G(G,j) = A+e3/22coshﬂ(i - 5) for0<i <. (161)
(158)
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Likewise, the “Neumann boundary condition” (154) implies a relation between By
and B_:

=ByePNEP — 1)+ B_e PN P =0w B_ = PCNTDR, (162)

1
= G, j)= B+eﬂ<N+5)2coshﬂ(N +5- i) forj <i <N +1. (163)
(159)

Comparing (161) and (162) for i = j yields a “continuity condition,” tantamount to
a relation between A and By :

1 1
A+€ﬂ/22008hﬂ(j _ 5) — B+e/3(N+%)2COSh,3(N + 5 —j) (164)

Finally, (158) (“derivative jump condition”) yields

1=-G( —1./))+Q+m»)G(.j)—G( +1.))

3 1
= —A eP? cosh,B(j - 5) + 2coshﬂA+e322005h,B(j — E)

1
— B+eﬁ(N+5)2cosh,B(N —5~ j)

B 208124,
(64 cosh B(N + 1 — /)

sinh B sinh BN

cosh B(N + % —-J)

* 7 2¢B/2 sinh B sinh BN

(165)

Substituting this value of A4 into (161) and the corresponding By into (162), we
finally obtain the Green’s function

cosh B(i — %) cosh B(N + % =J)

Gli. ) = forl <i < j, 166
(@) sinh 8 sinh BN ori=t=y (160
hB(j —L)coshB(N + L —i
G, jy = BPU Z PN 5 2D o aen
sinh B sinh BN

An equivalent way to write the result is

.., _coshB(N —|i —j|)+coshB(N +1—i—j)
Gi.J)= sinh B sinh BN : (168)

This finishes the proof of (33).
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A.2. Determinant

The derivative of det K in m? can be expressed as the trace of the Green’s function:

N

d ., d ..
mlogdetl(x =tr Ky' WKX =G = ZG(z,z)
N, e’ i=1
1d

. i cosh BN + cosh (N + 1 —2i)

= 2 sinh f sinh BN
1
. — Vs h BN B(N-1) B(N=3) | ... —B(N-1)))
2sinh,BSinh,3N( cosh BN + (e te toote )
sinh BN
sinh B
(169)
Next, switching to the derivative of the determinant in 8, we obtain
d log det K ’ log det K N coth BN + ! (170)
— logde = —— ——=logde = Nco _—
dp BT g gz 0RO RX sinh B
——
2sinh B
Integrating in 8 and exponentiating, we obtain
det Ky = Cy tanhgsinhﬂN. (171)

The constant Cy (independent of 8) can be fixed, e.g., from m? — oo asymptotics:
det Ky is a polynomial of degree N in m? with top coefficient 1; hence,

detKy ~ €PN, (172)

B—oo

On the other hand, we have

C
right-hand side of (171) ~ —NeﬁN,
B 2

—>00

which implies that Cy = 2, thus proving the claimed result (35) for the determinant.
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