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SPACE-TIME RANDOM WALK LOOP MEASURES

STEFAN ADAMS AND QUIRIN VOGEL

ABSTRACT. In this work, we introduce and investigate two novel classes of loop measures, space-
time Markovian loop measures and Bosonic loop measures, respectively. We consider loop soups with
intensity p < 0 (chemical potential in physics terms), and secondly, we study Markovian loop measures
on graphs with an additional “time” dimension leading to so-called space-time random walks and their
loop measures and Poisson point loop processes. Interesting phenomena appear when the additional
coordinate of the space-time process is on a discrete torus with non-symmetric jump rates. The
projection of these space-time random walk loop measures onto the space dimensions are loop measures
on the spatial graph, and in the scaling limit of the discrete torus, these loop measures converge to
the so-called Bosonic loop measures. This provides a natural probabilistic definition of Bosonic loop
measures. These novel loop measures have similarities with the standard Markovian loop measures
only that they give weights to loops of certain lengths, namely any length which is multiple of a given
length 8 > 0 which serves as an additional parameter. We complement our study with generalised
versions of Dynkin’s isomorphism theorem (including a version for the whole complex field) as well as
Symanzik’s moment formulae for complex Gaussian measures. Due to the lacking symmetry of our
space-time random walks, the distributions of the occupation time fields are given in terms of complex
Gaussian measures over complex-valued random fields ([B92, BIS09]). Our space-time setting allows
obtaining quantum correlation functions as torus limits of space-time correlation functions.

1. INTRODUCTION

Recently Markovian Loop measures have become an active field in probability theory with its origin
going back to Symanzik [Sym69]. Our focus in this work is Markovian loop measures on graphs with
an additional “time” dimension leading to so-called space-time random walks and their loop measures
and Poisson point loop processes. This work will show that interesting new phenomena appear when
the added coordinate of the space-time process is on a discrete torus with non-symmetric jump rates.
The projection of these space-time random walk loop measures onto the space dimensions are loop
measures on the spatial graph, and in the scaling limit of the discrete torus, these loop measures
converge to the Bosonic loop measures which are a new class of loop measures. These have different
properties than the Markovian loop measures some of which we study in this work. The Bosonic
loop measures not only have the probabilistic derivation as torus limits of space-time Markovian loop
measures, a second major interest in these objects stems from the fact that the total weight of the
Bosonic loop measure for a finite graph is exactly the logarithm of the grand-canonical partition
function of non-interacting Bose gas on a finite graph in thermodynamic equilibrium at an inverse
temperature 8 > 0 and chemical potential ;4 < 0. The study of Markovian loop measures has been
outlined in the lecture notes [LJ11] and [Szn] with more recent developments in [FR14].

1.1. Notation and set up. We begin with the definition of loop measures for processes with discrete
state space. Let G be a finite set. We will later specify our choice of G (usually endowed with a graph
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2 STEFAN ADAMS AND QUIRIN VOGEL

structure). Let W = (w(z,y))s,yeg be an irreducible matrix (not necessarily symmetric here) with non-
negative entries indexed by G. We say that =,y € G are connected (denoted by = ~ y) if w(z,y) > 0,
and we set w(z,z) = 0. Let kK = (k(x))zeg be a vector with non-negative entries. We often refer to x
as killing if x(z) > 0 for some z € G. Denote the normalising constant A(z) = x(z) +>_, ., w(z,y).

Clearly P = (p(x,y))a,yeg defined by p(z,y) = w(f’i/) induces (sub-) Markovian transition probabilities
on G via the generator matrix Q = (¢(z,y))zyeg given by Q@ = A(P — I). Here, A = diag()) is the
matrix with (A(z))zeg on the diagonal and all other entries set to zero. For ¢ > 0 transition densities
are given by

pi(z,y) =eQz,y) z,yeg. (1.1)
The transition densities define a continuous time Markov process on the Skorohod space of cadlag
paths from [0,00) — G when adding a cemetery state (necessary if k # 0). For x € G, P, denotes
the distribution of that (sub-)Markov process with initial condition z, i.e., Py (Xo = z) = 1. We call
X = (X¢)t>0 the random walk process on the graph G with killing k. When G is a finite connected
subset of Z¢ we write G = A € Z%, and we will sometimes consider killing upon reaching the boundary,
ie., k(z) = ZyEZd\A I{x ~ y},z € A in the case of unit weights, which corresponds to Dirichlet
boundary conditions.

The random walk process defines different measures on the space of loops. Following [Szn], for any
t > 0 let IT'; be the space of cadlag functions w: [0,¢] — G with the same value at 0 and ¢t. We denote
by X, 0 < s < t, the canonical coordinates, and we extend them to be equal to a ”graveyard” state
for s > t, so that X (w) is well-defined for any s € R. Note that the spaces I'; are pairwise disjoint,
as t varies over (0,00), and define
r=[Jr. (1.2)
>0
For each w € T" we denote the time horizon or the length of the loop w by ¢(w) being the unique ¢ > 0
such that w € T'y. The o-algebra G is obtained from the bijection I'; x (0,00) — I' defined as

Ty % (0,00) 3 (w,t) = w(-) = w(é) €T,

where we endow I'; x (0,00) with the canonical product o-algebra (and I'y is endowed with the o-
algebra generated by X;,0 <t < 1). The o-algebra G on I' is the image of the o-algebra on I'; x (0, 00).
We define for z,y € G, t > 0, the measure P %y as the image of 1{X; = y}IP, under the map (X;)o<s<:
from Dg N {X; = y} into itself; if x = y we identify it as a measure on I';. Here Dg is the Skorohod
space over G with time horizon [0, c0). We study the following new loop measures which are related to
the well-known Markovian loop measures (see e.g. [LJ11] for an overview on Markovian loop measures
and [CS16] for introducing a chemical potential).

Definition 1.1 (Loop measures). Let C C T' be measurable, p < 0, and 5 > 0. The Markovian
loop measure Mg, on G with chemical potential  is defined as

Mg ,[C=>" / 71@“) C)dt=>Y" / —W“ (C)dt. (1.3)
z€G z€eg

The Bosonic loop measure M up On G with chemical potential u and time horizon 5 is defined as

ME, sC1=>" Z . (1.4)

zeg j=1

Note that both measures are sigma-finite since the mass of (ngl/r I‘t) is finite for any r € N under
both measures.
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The Markovian loop measure Mg , with chemical potential ;4 < 0 puts lower weight on loops with
larger time horizons. The main novelty are the Bosonic loop measures whose probabilistic meaning is
revealed in Section 2 as limits of space-time random walk loop measures (Theorem 2.5). The major
significances of these loop measures are explained in Section 3.1, in particular one can show that the
logarithm of the mass of the Bosonic loop measure is just the so-called pressure of some system of
Bosons, see (3.5).

1.2. Overview. The main focus in this work is the Bosonic loop measure M£ .8 which is defined
in similar way to the Markovian loop measure ([LJ11]) but differs in having support only on loops
with time horizons being a multiple of the given parameter 5. The Bosonic loop measures for simple
random walks are linked to equilibrium quantum statistical mechanics, see Section 3 for details. The
main idea and novelty of our study is to view these measures as natural Markovian loop measures in
a space-time structure where we add an additional “time” torus to the given graph. After providing
technical tools and different classes of space-time random walks in Section 2.1, we prove the first
main result about the torus limit approximation of the Bosonic loop measure in Theorem 2.5. In
Theorem 2.7 we deliver the corresponding torus limit for the distribution of the occupation time field
of the underlying Poisson loop processes, where we in particular distinguish between real torus jumps
and solely spatial jumps. We finish Section 2.1 with various examples for our three different classes of
space-time random walks, and we finally show in Theorem 2.10 that certain space-time random walk
loop measures have support which equal the ones of the Bosonic loop measures.

Our main results concern isomorphism theorems (Theorem 2.15) for the square of the complex field
as well as the complex field and generalised Symnazik’s type formulae for moments of the occupation
time fields, see Proposition 2.17 and Theorem 2.19. Taking the so-called torus limit, Theorem 2.19
allows to represent quantum correlation functions as space-time Green functions of the corresponding
complex Gaussian measure. Thus we deliver a purely probabilistic derivation of Bosonic loop measures
and quantum correlation functions. We propose to analyse these complex measures in greater detail in
the future to study Bose-Einstein condensation phenomena and their possible connection to random
interlacements ([Szn]) and to general permanental processes ([FR14]). In Section 3.1 we give a review
about Boson systems and prove Poisson loop process representations of the partition function and the
quantum correlation functions. The Bosonic loop measure and its Poisson loop process is a natural
extension of random walk loop soups ([LP15, LF07]), and it seems feasible to define Bosonic loop
measures and soups also over the continuum space R?, e.g., see [LW04]. In Section 2.3 we briefly
outline which of our results hold in the so-called thermodynamic limit A 1 Z? when G = A € Z°.

2. RESuLTS

We state properties of our loop measures in a finite graph setting in Section 2.1 and then show that
the space-time Markovian loop measures converge to the Bosonic ones in the torus limit. In Section 2.2,
we study so-called isomorphism theorems for finite graphs and extend them to non-symmetric settings
which arise naturally for our space-time loop measures. This allows us to obtain moments formulae
for perturbed complex Gaussian measures as well as space-time loop representations of quantum
correlation functions. In Section 2.3 we briefly discuss taking limits towards countable infinite graphs.

2.1. Markovian and Bosonic loop measures. We collect some basic results about the Markovian
loop measures and the Bosonic loop measure.

Proposition 2.1 (Properties). Let p < 0 and > 0. For the Bosonic loop measure the finite-
dimensional distributions for 0 < t; < tg < -+ < t, < 00,k € N, and A C (0,00) measurable with
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inf{A} >ty are
B
Mg,u,ﬁ [th = xlv ... 7th - xk, e € A] =

efui (2.1)
Zptgftl (l’l,.’L’Q) o 'ptk te_ 1(1:]6 laxk’)pﬁj —tr+t1 (xk’axl)T]lA(ﬁj) when k > 17

and

Brj
e
MG, 5[ X =1, L€ A] = Zma 71, 21)——14(6]) when k =1. (2.2)

The finite-dimensional distributions for the Markovian loop measures are similar by just replacing the
sum in equation (2.1) and (2.2) by the integral such that the support of the Markovian loop measure
is T instead of the union | J;2, T,

Mgw [th = .Z'l,...,th =uxp, L € A] =

e,u,t (23)
/ ptg—t1 (xla 372) T ptk—tk_l (xk‘fla $k>pt—tk+t1 (xlw xl)T dt
A

Assume that k(x) — pu > 0 for at least one © € G. The mass of the event there is at least one jump,
{3t >0: X; # Xo}, reads as

det (I — eB(D+uI))
B . . B
Mg, sl{ there is at least one jump }] = log (det([ o@D (2.4)
for the Bosonic loop measure and as
det(D 1
Mg ,[{ there is at least one jump }] = lo (W) (2.5)

for the Markovian one. Here, D is the diagonal part of the generator matriz Q. The total mass of the
Bosonic loop measure is given by

Mg, 5[T] = —log(det( — 7@ D)), (2.6)

whereas for the Markovian loop measure we have Mg ,[I'] = oo independent of the value of ju or the
killing vector k. For vanishing killing k = 0 and p = 0 both measures have infinite mass.

Remark 2.2 (Temperature limit of the Bosonic loop measure). We consider the infinite
temperature limit of the Bosonic loop measure with y < 0 and 8 > 0, that is, we replace the inverse
temperature B by By = % By the definition of the Riemann integral, it follows that

lim MQ,,BN WGl = Mg ,[G] (2.7)

N—o0

for any G C T measurable such that the function t — ]P’g,)x(G) is Riemann-integrable. This allows us
to interpret the Bosonic loop measure as a finite temperature version of the Markovian one. o

We now fix G to be either a finite connected subset of the integer lattice, G = A € Zd, or be a finite
connected subset A € Z% times the discrete, one-dimensional torus Ty = Z /NZ of length N, denoted
by A x Tx. The torus T may be represented by the lattice set {0,1,..., N — 1} of size N, once it is
equipped with the metric p(z,y) = inf{|z — y| : k € NZ} where |-| , denotes the maximum norm in
R. In the latter case, we will refer to all objects as space-time, e.g., Mxxty,, is called the space-time
Markovian loop measure with chemical potential p.
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Definition 2.3 (Independent space-time random walk). Let A € Z¢ be finite, n < 0, > 0, fix
a set of weights (w(z,y))zyer and killing (k(x))zen , or, equivalently, a generator Q. We will refer
to the space-time random walk on A x T with generator Qy = Q & NB~1(X —I) as the independent
case. Here @& refers to the Kronecker plus ' and X is the right-shift by one on the torus, i.e.,
1 4fo=7+1and7=0,1,...,N — 2,
Y(r,o) =41 ifr=N-1,0=0,
0 otherwise.
Equivalently, the weights of Qn are defined as
BTINY(r,0) ifz=y,T#o0,
U)N(LU,T;y,O') = w(:n,y) Z'fT:O',CL‘#y, (28)
0 otherwise.

In Figure 1 we sketch the independent space-time random walk. In Example 2.9 we consider the
space-time random walk with symmetrised weights along the time torus.

T
N-1 S

0 » A CZ1

Figure 1: The graphical representation of an independent space-time random walk; horizontal arrows
refer to the random walk on the spatial graph A whereas the vertical arrows indicate the walk along
the “time”-torus upwards with both walks being independent of each other.

Remark 2.4. Note that the space-time random walk defined above winds around the torus in the
"positive” direction. Equivalently, one can use ' instead of ¥ in the above definition, reversing the
direction on the torus. In Fxample 2.9 below we introduce space-time random walks with symmetric
jump rates along the torus to which our results do not apply.

For the following results we need to discriminate between different classes of space-time random
walks which all include the independent space-time random walk.

Strongly asymptotically independent space-time random walks.

Let Gy = @Qn + En be the generator of a space-time random walk on A x Ty with Qx being
the generator of the independent space-time random walk (as defined above) and where the positive
perturbation Fy satisfies

|En(z,v)|; = o(e_o‘Nz) for some o > 37! max A(z) uniformly for any z,y € A, as N — oo, (2.9)
re

For A € C**" and B € C™*™, define A® B=A®lem + lcn ® B
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with ||En(x,y)|; being the matrix norm given by the sum of the absolute values of all matrix entries
of the Ty x Ty matrix obtained from FEy when the spatial variables z and y are fixed. A space-
time random walk with generator G satisfying (2.9) is called strongly asymptotically independent
space-time random walk.

In the second class the decay of the perturbation is relaxed.

Weakly asymptotically independent space-time random walks.

Let Gy = Qn + En be the generator of a space-time random walk on A x Ty with Qu being the
generator of the independent space-time random walk. Suppose the positive perturbation Fy satisfies

1Bxlly = o (N"2V) as N — oo, (2.10)

where the norm is the sum of the absolute values of the matrix entries of Eny as a matrix with rows
and columns indexed by A x Tx. We call the space-time random walk with generator Gy satisfying
(2.10) weakly asymptotically independent space-time random walk.

We will later define a more general class of space-time random walks, see Theorem 2.10.

For any path
X:[0,00) = Ax Ty, t— X; = (X, X?)
we define the projection onto the spatial lattice component of the trajectory as
TA(X): [0,00) = A, X — wa(X)
TA(X)e = X,
We now prove the convergence of the projected space-time Markovian loop measure
My := [Mpxryul oy’

to Mﬁuﬁ in the torus limit N — oo. The measure My depends on the parameter § of the loop
measure MpxT, , of the space-time random walk. Denote I' the space of space-time loops, then
ma: I' = T', and for a measurable set G C I we thus have

o) eut
My6l =3 % / TR o (X = (Xo)aelog : ma(X) € Gt (2.11)

Theorem 2.5. Let 4 < 0 and 8 > 0. Assume that My is induced by a strongly asymptotically
independent space-time random walk with k(x) — p > 0 for at least one x € A. For k € N, let
i, € A and 0 < tp < -+ <t < 00 and A C (tg,00) measurable with Bj N OA = & for all
j € N. We write p* := Hf;ll Pt;1—t; (5, xj41) for the jump probabilities. Then
My [X X L€ A Bi “1a(58) ( )emﬂ
N Xy =15, Xy = ap, £ € — P LA(IB)Pip—tytt: (Ths 1) — -
! k = ot iB (2.12)

:Mlﬁu,ﬁ [th :xlv"'thk. = Tk, EEA] .

Moreover, the sequence of measures is tight and we have that My converges weakly to M/j\g,u,ﬁ on all
loops whose lengths are bounded away from zero.

Remark 2.6. The condition that 8 N 0A = @ for all j € N can be seen as an analogue to the
condition in Portmanteau’s theorem: Given we know vy — v as N — 0o weakly, one needs v(0A) = 0
to conclude that vn(A) — v(A) as N — oo for a given set A. The requirement that A is bounded
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away from 0 stems from the fact that a loop of zero length induces a singularity in the Markovian loop
measure that makes it impossible to define finite dimensional distributions. o

The following theorem is an extension of Theorem 2.5 by considering now the distribution of the
local time and of the occupation field. In addition we consider Poisson gases of loops defined by our
Markovian and Bosonic loop measures. The local time of a given loop w at a point z € A is given by

L(w)
L,(w)= /0 I{Xs(w) = z}ds. (2.13)

The local time over the space-time graph A x Ty is denoted by L = L(w) with L: A x Ty — [0, 00)

where L, -y = f(f(w) K Xs(w) = (z,7)}ds, w € I'. Given the local time vector L on A x Ty, we
obtain the local time vector L = (L;),cp on A by projection, that is, L = wa (L) with

N-1
L, = Z L(xﬂ.), x €A
7=0

We introduce the set-up for Poisson point measures on the set I' of (rooted) loops with o-algebra G.
A pure point measure  on (I', G) is a o-finite measure of the form n = >, ; d.,, where (w;)icr is an
at most countable collection of loops such that n(4) < co forall A={weTl:a</l(w)<b},0<a<
b < oo, where

n(A)=#{iel:w, € A}, A€QG.

We let Q be the set of pure point measures on (I', G), and endow ) with the the o-algebra A generated
by all evaluation maps n € Q2 — n(A) € NU{oo} (for details see [Szn, LJ11]). Any o-finite measure on
(', G) defines a probability measure on (£2,.4), called the Poisson point measure, e.g., we denote by
Pg..u, PN and Pg .8 respectively the Poisson point measures with intensity Mg ,,, M, and Mg 13 and
we write Eg ,,, Ex and EgB’ B for their expectations. Finally, for n € Q, x € G, we define the occupation
field of n at x via:

[“I(n) = <777L:c> S [0, OO]7
=) Lo(w), ifn=7) b, € (2.14)
i€l icl
We write £ = (£z)zea for the field associated to L, respectively for the space-time version we write £.

The following theorem characterises the local time under the torus limit (N — 00) of the projected
space-time loop measure.

Theorem 2.7 (Convergence of local time distributions). Let p < 0 and § > 0. Assume that
the Markovian loop measure Mpxty 0 on A x Ty is induced by a weakly asymptotically independent
space-time random walk.

(a) Let F :[0,00)" — R be continuous and bounded such that F(0) = 0 and the (right) derivative
0. F at 0 exists for all x € A. Then

My[F(L)] = MaxryulF(ra(L))] — B 0.F(0) + ME,, 5[F(L)], (2.15)

N—oo
TEA

where the first equality is the definition of My, see (2.11) above.
(b) We can split the local time,

L=Lyry + L, + LN+ LN and L =Ly + LA,
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where the subscript means a jump on this space and the superscript implies no jump, i.e.

Lar, = L1{3t: X{) # X§ and 3t X2 # XV},

LA = L1{Vt; < f(w): X = X" and 3to: X2 # X},
(2.16)
L\ = L1{3t;: XV # X" and V < l(w)t2: X2 = X},

LA™Y = LI{VH < l(w): Xéll) = X" and ¥ty < {(w): Xt(j) = X"},

and similarly for Ly and L™, respectively. If the Markovian loop measure is induced by the
independent space-time random walk, then as N — 00,

Mpsry [F(ma(Lazy))] — MZ,, 5[F (L)l

My [F(ma(Ly,,))] — MR, [F(LY)],

Mpsry [F(ma(LiV))] — 0, (2.17)

My [F(ma (L)) — 8 8:F(0),
€A
with the same assumptions on F as in (a).
(¢) Denote En the expectation with respect to the Poisson Point Process associated with My .
Then, for every bounded and continuous function F': [0, oo)A — R we have that

EN[F(L)] — EX , 3[F(£+B)] as N — oo, (2.18)

with the results from (2.17) carrying over to the occupation field. Here, the constant occupation
field B represents the mean time it takes for a space-time random walk to wind around the torus
once.

We return to the setting of a general set G endowed with the graph structure inherited by the
weights. The splitting of the local times can be analysed in this setting as well. We call loops with no
jumps (loops are not leaving their origin) on G point loops and denote their corresponding local time
vector by LY and their occupation field by £9 whereas Lg and £g are the corresponding functionals for
genuine loops, i.e., loops which are not point loops, (the role of the sub- and superscripts corresponds
to the one defined above).

Proposition 2.8 (Local times). Let 8 > 0,u < 0, and denote (d(x))zeg the diagonal elements of
Q + pl. The occupation field can be written as a sum of two parts, L = LY 4 Lg, the point and the
genuine loops, with the following properties:

(a) The splitting is independent, i.e., LI L Lg.

(b) Under the Poisson measure Py, the occupation field of point loops LY factorises into Gamma
distributed random variables with parameters (1,d(z))zeg. Under the Bosonic Poisson measure
Pg.u,8, the occupation field of point loops LY is distributed like a product of random variables
with Laplace transform

B(d(x)+p) (e*ﬂv(x) —1)
) = )
(E[e ] e 1 [ oA veo with v(z) e Ry, z €G.

The following example shows that symmetric random walk on the torus does not generate Bosonic

loops by spatial projection.
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T
N-1 S

0 » A CZ°

Figure 2: The graphical representation of a space-time random walk for which the above convergence
results are no longer valid

Example 2.9. We consider the“symmetrisation” of the torus walk of the space-time random walk
described above (see Figure 2). We go up or down on the tours independently with rate 3~'N and
obtain the space-time rates

BilN(Z(Taa) +Z(Ua T)) if v = Y,
wg(z, 73y,0) = § w(z,y) if o =1, (2.19)
0 otherwise

on G = A x Ty. This space-time random walk has a symmetric generator but Theorems 2.5 and 2.7
fail to hold. The proof is given in the Section 4. )

T
N-1 A N

Nl

0 » ACZ4

Figure 3: A space-time random walk where torus and lattice jumps are correlated

Finally, the third class is related to Bosonic loops and is not defined via perturbations of the
independent space-time random walk.

Bosonic Random Walk.

Let (GN)nen be a family of generators on A x T with weights (wy (v, )y ueaxTy and Ky (u) — p

uniformly (in V) bounded away from 0 for at least one u € A X Ty. Let z = (z1,...,2,) € (A x Ty)"

be a path. The coordinate projections for z; = (22, Z;-]I‘N ) are 2z € A and szr N € Ty respectively. For

any such path z, denote wind(z) = #{i > 1: zng = z}TN} the torus winding number for the given
path. If z; = (z,7) and z, = (y,0) write z: (z,7) — (y,0).
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For such a path z denote
n—1
P(z) = Hp(zi,ziﬂ)’ (2.20)
i=1

the product of the jump probabilities, and denote W (z) the random waiting time which is distributed as
the sum Y ;" ;| X; of independent exponentially distributed random variables X; ~ Exp((—Gn (%, 2i))-

Assume that for all z,y € A there exists d,, € (0,1] such that

lim Y D> P(2) =duy, (2.21)

7=0 2: (z,7)=>(y,7)
wind(z)=1

and
1 N—-1
Jm <> S PE[B-WE)] =0, (2:22)
7=0 2: (z,7)—>(y,7),

wind(z)=1

Finally, assume that 7 € Ty, we have —Gx(u,u) = NB~1 + o(N) for any u = (z,7) € A x Ty.
If all the above conditions are satisfied we say that the space-time random walk with generator G is
a Bosonic random walk. Note that (2.22) ensures that in the torus limit the turnaround time for the
torus is precisely 5.

We will show that the length of any loop of the Bosonic random walk converges to a multiple of 3 in
a suitable way, that is, the spatial projections of their loop measures have restricted support, namely
they are supported on the Bosonic time horizons.

Theorem 2.10. Convergence of the support. For any N € N let G, be the generator of a Bosonic
random walk, and denote My the spatial projection of the loop measure onto A. Let A C (0,00) be
measurable, bounded away from zero and bounded from above. Then

A}im MyteAl>0 if dkeN: ke A°, (2.23)
—00
and
Jlim My[teAl=0 if VkeN: kB € R\ A)° . (2.24)
—00

Furthermore, all weakly and strongly asymptotically independent space-time random walks with spatial
killing such that k(x) — pu > 0 for at least for one x € A, are Bosonic random walks.

The following example of a Bosonic walk shows an interesting phenomenon when we mix the spatial
component with the torus component of the space-time random walk, see Figure 3.

Example 2.11. Let Gy be the space-time random walk on G = Ay x T with Ay = {—M, ..., M}d €
7% for some M > 0 equipped with periodic boundary conditions, i.e., the rates are

NB1/2d ifo=7+1 mod (N),z~y,

wI]’;r(x? 7—’ y? 0‘) = .
0 otherwise.

Here, by x ~ y we mean that x; — y; = 0 for all but one i € {1,...,d}, and for this specific one, say
i9, we have z;, — y;, = 1 mod (2M + 1). For k € N, let z; € A for i = 1,...,k, be given and let
0<ty <ty<-- <ty Let AC R, be measurable with A C (tx,00) and fnNOA = @ for all n € N.
Denote 7r the product Hle m(x;) where 7 is the stationary distribution associated to the jump-chain
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on Ay with weight w(z,y) = 1{z ~ y}. Then, the finite dimensional distributions from Theorem 2.5
converge as follows.

eldB

— (2.25)

o0
My[Xy, = 21,..., Xy, = 21, L € A] szonzh(jﬁ)
j=1

which can be interpreted as Bosonic loop measure in stationary distribution. This notion is not
rigorous, as the dependence on t1,...,t; is lost due to the mixing. For a sketch of the proof, see
Section 4.1. &

2.2. Isomorphism Theorems and space-time correlation functions. Before we study our new
isomorphism theorems and moment formulae in Section 2.2.2, we give some succinct background in
Section 2.2.1. In Section 2.2.3 we return to our previous space-time setting and demonstrate that tori
limit of moments lead to probabilistic representations of quantum correlation functions.

2.2.1. Background Isomorphism theorems and complex Gaussian measures. The Markovian loop soup
owes its conception to the physics community, where it arises via a functional integral description of
a lattice model. In [Sym69], Symanzik provided a heuristic description of ¢*-quantum field theory
in terms of a gas of interacting Brownian loops. On considering lattice field theories in place of
Symanzik’s continuum model, Brydges, Frohlich and Spencer [BFS82] were able to make rigorous the
connection between the two models. A version of this connection can easily be seen in the random
walk representation of the two-point correlation function for Gaussian fields over the integer lattice
given by the Green function of the simple random walk on Z?. Inspired by the work of Symanzik
and Brydges et al., Dynkin [Dyn84] provided an extension to continuous time processes. Dynkin’s
isomorphism theorem relates the local times distribution to the distribution of squares of the Gaussian
field ([Szn]). Loop measures have been derived in [B92] via weights for discrete time random walks,
and if one wishes to consider directed walks (edges) in the underlying graph, Brydges shows in [B92]
that we need to consider complex-valued random fields instead of only real-valued ones. We consider
standard complex integration in |G| variables denoted by [[,cqd¢z = [[,eq AR(Pz)dI(¢z), where
R(¢,) is the real and I(¢,) is the imaginary part of ¢,.

For the convenience of the reader we cite the following theorem in [BIS09].
Theorem 2.12 (Complex Gaussian, [BIS09]). Let C € C9%9 be a matriz with positive definite

Hermitian part, i.e., {¢, (C 4+ C*)p) = Eaz,y ¢ (C(x,y) + C(y,z))dy > 0 for all nonzero ¢ € CY, and
inverse A = C~'. Then we define the complex Gaussian measure ua on CY with covariance C, namely

1 _ _
djia(9) = e 04 ] doo,

z€G

and normalisation

T (m)l9l
ZA:/e @A) T dg= = . (2.26)
oyl det A

We write E 4 for the expectation with respect to the measure 4 in the following.
Theorem 2.13 (Dynkin’s Isomorphism, [Dyn84], [B92]). For any bounded measurable F': RY — R
By @ Ba[P(L+[0P)] = Balo.0y P (102)]

where By, denotes integration with respect to PY, = I PG dt and |¢> = (¢pbs)eecg-
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As observed by Le Jan [LJ11], there is a relation between the field of occupation times for the
Poisson loop process with Poisson measure Pg 4=0 and intensity measure Mg ,=o and the Gaussian
measure.

Theorem 2.14 (Le Jan’s Isomorphism, [LJ11]). Let the generator @ on the finite graph G be
symmetric and A = —Q, and denote 4 the unique Gaussian measure whose covariance is the corre-
sponding Green function and whose Dirichlet form is given as (¢, Ap). Then

(La)zeg under Pg ,—q, has the same law as ($2)ecg under pa.

2.2.2. Isomorphism theorems. We shall study not only the square of the field, but also the full field
in its generality. This is an important extension, but we need another input, namely to consider
non-symmetric generator matrices ([LJ07]) as the generators of our space-time random walks are
non-symmetric. We are interested in deriving corresponding isomorphism theorems, first for our
Markov loop measures having chemical potential © < 0, and then secondly for the Bosonic loop
measures with 5 > 0, 4 < 0. The distribution of the occupation field for Bosonic loop measures is not
given by a Gaussian measure - in fact they are related to Permanental processes (cf. [FR14]).

The next theorem is a natural extension of Le Jan’s loop soup version of Dynkin’s Isomorphism
theorem (see [LJO7],[B92]).

Theorem 2.15 (Isomorphism theorems). Let A = —(Q) + pl), where Q is the generator
on the finite graph G such that k(x) — p > 0 for at least one x € G for p < 0. Denote py the
complex Gaussian measure defined in Section 2.2.1. We write Eg,, for the expectation with
respect to the Poisson process with intensity measure being the Markovian loop measure Mg ,.
Then the following holds.

(a) The measure pa evaluated on the squares |¢|? = (¢,bz)zeg of the random field is a probability
measure. Furthermore, for every bounded and continuous function F: ]Rg_ — C,

EA[F(1¢]*)] = EgulF(£)]. (2.27)

(b) Denote Eg# the expectation with respect to the Poisson process with intensity measure being the
Markovian loop measure for the random walk with the symmetrised generator @ := %(Q—l—QT).
Then, for every F: C9 — C bounded and continuous,

1 —_
_ F(0v/L)eVEOAVLD) 1S (0)| | 2.28
zsfe—<mwze>dsg<e>/ (0VD)e G0)]. @29

Ea[F(6)] = Eg|

where Zg = gztgg with A = —(Q + pd) being the Hermitian part of A. The measure dSg is

defined as the product of the uniform measure on {z € C: |z| = 1} over all x € G.

(¢c) For every F: CY — C bounded and continuous,

EAF(0) = Eou| 1 T =0 [ FovDe 0VEEasy5)]. (2.29)

Remark 2.16. The first identity, which appeared in [LJO7], is more surprising than it may seem.
Since A may not be a symmetric matriz, it is a priori not clear that the complex-valued distribution
of ¢x¢s does in fact only takes positive values. This has been remarked by [LJO7], however in the
context of an isomorphism theorem of the local time vector. In [LJ11] a similar identity to part (a) is
mentioned in the context of symmetric processes. The second statement is motivated by recent studies
in [Caml15] on symmetric generators. The last identity is new, to the best of our knowledge. o
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We now state and prove a generalised version of Symanzik’s moment representation formula. It
expresses the moments of certain interacting fields in terms of a Poisson gas of loops and a collection
of paths interacting with the loops. In Section 2.2.3 below we apply that representation to our space-
time random walk stetting. In what follows pg denotes the Gaussian measure with A = —(Q + ul)
defined in Section 2.2.1. We define a class of perturbed Gaussian measures. Let J: [0,00)Y — R be
bounded and continuous function of |¢|?> = (¢,¢.)zeg such that

/ (49 1(|p[2) T do. € ( (2.30)

€

holds. The perturbed Gaussian measure 14 ; is defined as

dpa,s Z,BA . _ —(6.84.3) 1
Td(0) = A1) with Zay = [ @D s JICE (2:31)

Expectation with respect to p4 s is denoted E4 ;. Furthermore, for any 8 > 0 and p < 0, define

o0
}pgf G] := /0 et IP%) [G]dt, for G C Dg measurable. (2.32)
The following is a generalisation of Symanzik’s formula (see [Szn] for the standard version for real-
valued Gaussian Free Fields).

Proposition 2.17 (Moments of perturbed Gaussian). Let J be bounded and continuous satisfying
(2.30), and B >0 and pn <0, and assume that k(x) — p > 0 for at least one x € G. Then

B @ Eg [J(L + L)]
Eg . [J(£)]

Here L ~ Pﬁ@ﬁ and £ ~ Pg . Higher even moments can be obtained analoguously, see [Szn].

EA,J [(Zgac(lﬁy} = (2'33)

Remark 2.18. This is a generalisation of Symanzik’s formula in [Szn] where J is chosen to be of the
form

H / Ty (dw), with v € My ([0,00)),u = (uz)zeg € [0,00)7. (2.34)

z€g

Of interest are certainly ¢*-perturbations which we are going to study in the future.

2.2.3. Moments for space-time random walks. We return to the space-time setting with G = A x Ty
and the non-symmetric generator G of some weakly asymptotically independent space-time random
walk. Let Ay = —(Gn + pf) and A = —(Q + puI). We aim to apply formula (2.33) with the non-
symmetric matrix Ay and to perform the torus-limit N — oo for spatial projections. It will turn out
that the right hand side of (2.33) for spatial projections converges to the one -particle reduced density
matrix (quantum correlation function) represented in Theorem 3.1). We define spatial projections
of perturbed complex Gaussian measures py, j € M (C**T~V) and interaction functionals suitable
for Boson particle systems (see Section 3). Suppose that V: [0,00)**T¥ — R is continuous such that
J:= eV is bounded, continuous and satisfies condition (2.30) to ensure that the measure g 4 ) 1s well-
defined, and in addition we assume that the spatial projections, denoted V and J, satisfy equivalent
conditions. That is, let

PA: CAXTNy CA,¢ = pa(@) = ( Z ¢x,‘r)z€A
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be the spatial projection, then V =V o le and J = Jo le =eV

ensure that pa g = py, 5o
p/_\1 is well-defined as well. The choice of our interaction functional V is due to our occupation
field distribution in Theorem 2.17 and comprises many mean-field models for systems of Bosons, see
Section 3 and (2.39). In Theorem 3.1 we demonstrate that on the Poisson process level one can
incorporate typical particle interaction functionals studied in physics (e.g. (3.4)). Having set the
stage for space-time versions of the right hand side of (2.33) in Theorem 2.17, we only need to address

the spatial projection of the path measure (see (2.32)),

oo
Ptt:;ﬂT) (y,0) — / etﬁu IP(([;:-) (y,0) dt z,ye A7,0€Ty, (235)
k) k) k) 0 I I 2

which is given for any event G of the spatial path x — y as

N-1
PZZ?&N(G) - Z Pl&"i’),(m,q—) (X(l) S G)? (236)
7=0

and E‘x‘g n denotes expectation with respect to Pﬁg n- In what follows only the spatial path x — y
appears in the spatial projection which amounts to summing over all 7 and . However, as we aim to
obtain the quantum correlation function in the torus limit, we consider only the case that 7 = ¢. This
is due to the standard loop representation of quantum correlation functions (see [BR97]), where the
open spatial path x — y originates from breaking any possible loop. Therefore, the condition 7 = ¢
ensures that the spatial path + — y comes from a cycle in the space-time setting. We aim to study

the other case in the future. To summarise, we shall take the torus limit of the spatial projections of

1

Bavalbendun] = g 0@y

Bl m @ Eaxtyn[JL+ L) zyeATeTy.  (237)
If V is linear, i.e., there exists v € [0,00)**T~ such that V(-) = (v,-), the measure Ha, . is still a
Gaussian measure and the left hand side in (2.37) is the second Gaussian moment which equals the
Green function Gy (z,7;y, 7). In what follows we consider A € Z% and the simple random walk on Z¢,
i.e., the generator @) is the discrete Laplacian in A with Dirichlet boundary conditions. The following
results are also true in more general cases but our choice is adapted to our results in Section 3. The
crucial step is that the projected path measure (2.36) converges to the Bosonic path measure,

Pg:yﬁB(G) = ZeB”jPJ;[G N{Xs; =y}, G C D measurable. (2.38)

j=1
In the following, let v: [0,00)* — R be a functional such that
V:Q =R, n—V(n) :=v(L(n), (2.39)

with £,(n) = Y ,c; L(w®) for n =Y, 0,0)-

Theorem 2.19 (Space-time loop-representation of the correlation function). Suppose 5 >0
and pu < 0. Let Ay = —(Gn+pl) with Gy = Qn+EN being the generator of the weakly asymptotically
independent space-time random walk.

(a) (i) For any continuous bounded F: [0, 00)",

B [F(L)] — BEP L[F(L)] as N — .
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(i) Suppose that J = e~V is bounded and continuous and satisfies (2.30), and let J = Jop,* .
Let V3(-) :== V(- + B) with V being defined above. Then, for x #y € A,

E“yN®EN[JL+L] B @ER  [T(L+ L+ B)]
En[J(£)] N0 EX .5l 7 (L +5)] (2.40)
=: Py, (2,9),

where pi\l)vﬁ will be later defined in Section 3 as the one-particle reduced density matriz

(correlation function) for a system of Bosons in A with interaction Vg in thermodynamic

equilibrium at inverse temperature 3 and chemical potential p (see Theorem (3.1)).
Suppose v € [0,00)A*TN and that V(-) = (v,-). Then V(n) = (v, L) withv = vop,*' € [0,00) .
The torus limit of the sum of space-time Green functions is

- N-1
Z G(‘TvT; Y, T) = Z_: HEAN,J W(w,‘r)gb(y,r)] N:zo pi\l,)v(q%y)a r#y€AM (241)
Remark 2.20. (i) The constant background field 5 in (2.40) is due to the torus point loops, and

(i)

(iii)

thus they are an artefact of our method. We can obtain the limit without the constant field by
restricting to genuine torus loops.

One can consider true (or genuine) path interaction where each point of one path interacts
with any point of the other path (double time integration) instead of the particle interaction
defined in (3.4) below, namely,

YD) ()
V(w®, . o) = / / o(jw®(t) — w9 (s)]) dtds, (2.42)

1<z SN

where £(w™) is the length of loop w™ . If we restrict our loop measure to loops whose lengths are
bounded away from zero and if we consider this path interaction, we obtain limits like in (2.40)
but without the constant background field 3. On the other hand, genuine path interactions
(e.g., Polaron type interactions in [DV83, ABK06a, ABKO06b]) are not derived from quantum
systems via the Feynman-Kac formula (see Section 3).

Item (b) in Theorem 2.19 demonstrates that quantum correlation functions can be obtained as
limits of space-time Gaussian moments as long as the interaction functional is linear. More
general interactions would require computing non-Gaussian moments followed by taking the
torus limit. If one puts v = 0, then one can consider the so-called thermodynamic limit
A 1 Z% to obtain the one-particle reduced density matriz (correlation function) in (3.9), see
Section 3.2. o

2.3. The infinite volume Limit. We now extend our study to countable graphs, and for ease of
notation we consider the integer lattice Z¢ and the simple random walk for ease of notation. We
are interested which of our previous results carry over taking limits A 1 Z?. An application driven
motivation is to study the Bosonic loop measure in the so-called thermodynamic limit A 1 Z¢ , see
Section 3.1. We list some aspects of taking the limit to Z? and leave a thorough study for future work.

Many of our results involve Laplace transforms and thus determinants of finite-dimensional matrices,
which in the thermodynamic limit pose technical challenges as e.g. the generator () of the simple
random walk on Z? fails to be trace-class. On the other hand, we can expect that some of the results
continue to hold. We summarise which of our previous results continue to hold in thermodynamic

limit.
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Theorem 2.21. The following results hold in the thermodynamic limit A 1+ Z°.

(a) Proposition 2.1: The formulae for the finite dimensional distributions carry over in the limit
with the corresponding Z%-versions of the Markovian and the Bosonic loop measure. The total
mass of all loop measures is infinite.

(b) Theorem 2.5: The convergence of the finite-dimensional distributions continues to hold for the
independent space-time random walk either for d >3 and u <0, or ford > 1 and p < 0.

(¢c) Theorem 2.7: The results hold for the independent space-time random walk either for d > 3
and i < 0, or ford > 1 and p < 0 when F: [O,oo)Zd — R s bounded and continuous with
compact support (supp(F) € Z4).

(d) Proposition 2.8: All statements continue to hold for the independent space-time random walk
i the thermodynamic limit.

(e) Theorem 2.15: The statements continue to hold in the thermodynamic limit when either d > 1
and p < 0, or when d > 3 and p < 0.

3. THE PHYSICAL BACKGROUND OF THE BOSONIC LOOP MEASURE

We outline the physical background of the Bosonic loop measure. We fix our graph G = A € Z¢ to
be a connected finite subset of Z¢ and consider the simple random walk in A with Dirichlet boundary
conditions, that is, with killing upon hitting the boundary of A, see Section 1. In Section 3.1 we
outline the connection between the Bosonic loop measure and the grand canonical partition function
for systems of Bosons at thermodynamic equilibrium, whereas in Section 3.2 we discuss the onset of
Bose-Einstein condensation as a quantum phase transition.

3.1. Systems of Bosons in thermodynamic equilibrium. In quantum mechanics particles can
either be Bosons or Fermions. We will now describe the distinguishing feature of Bosons. We consider
a system of interacting Bosons on the lattice A. That is, the one-particle Hilbert space is Hy = f2(A),
and the N-particle Hilbert space is just the tensor product. The energy is given by the Hamilton

operator for N particles
N

Hy ==Y AN+ Y o(ja® -2,

i=1 1<i<i<N

where AgA) is the discrete Laplacian operator in A with Dirichlet boundary conditions giving the
kinetic energy for particle 7, and the interaction potential function v: R — R depends on the mutual
lattice distance of particle 7 at ¥ € A and particle j at ) € A. If the particle number is not
known exactly, the thermodynamic equilibrium is described by the grand canonical ensemble where
the Hilbert space is the direct sum

F= éﬂ{%N,
N=0

called Fock space. States of identical and indistinguishable Bosons are given by symmetric wave
functions, that is, for any number N of Bosons possible states are given by all symmetric wave
functions in the tensor product ﬂ{%N . This symmetry is the unique distinguishing feature of Bosons
contrary to Fermions whose states are given by anti-symmetric wave functions. We write F for the
Fock space of all symmetric wave functions. The thermodynamic equilibrium of Bosons at inverse



BOSONIC LOOP MEASURES 17

temperature 8 and chemical potential p is given by the grand canonical partition function which is
the trace over the symmetrised Fock space,

Znw(B, 1) = Trg, (e PH-#N)), (3.1)

where H is the Hamilton operator having projection Hy on the sector fH%N and where N is the number
operator in A taking the value N on the sector U{%N . It is the trace operation on the right hand side
of (3.1) which turns the problem of calculating the partition function into a classical probability
question. Using the Feynman-Kac formula for traces, we derive the following representation of the
grand canonical partition function,

Zno(B 1) Z Z 5903 ® PO, e zlgm-gzvffv(\XéiLXt(j)\)dt]7 (3.2)

T1EA TNEANEGN i=1
where Gy is the set of all permutations of N elements, and the right hand side can be interpreted as a
system of N random walks (Xt(i))tzo,i =1,...,N, under symmetrised initial and terminal conditions
(see [ADOS] for details). Following [Gin71, BR97] and [ACK11] we employ a cycle-expansion using
the definition of the Bosonic loop measure to obtain

eBuN

00 N
Zpw(By 1) Z 1, ®MA,N,B (dw™)[e™ Viw (1>,_._7w(N>)]’ (3.3)
_ i—1

where the interaction energy of N loops is the functional
V(w®, .. w™) =

(@ ®)=1)/8 [(w®)-1]/8 8 34
> ﬂ{(iak)#(j,m)}/o v(jw (kB +1t) —w? (mp + 1)) dt, B4

m=0

N

1<4,j<N k=

o

and where we write £(w) for the length of the i-th loop. The interaction functional (3.4) comprises
the interactions of all loop legs (a loop w of length kS consists of k legs, each of which is a path
(W(FB +1))sejo,g for 0 < j < k) with time horizon [0, 8] in all Bosonic loops. For v = 0, using (1.4)
the expression reduces to the following formula

eBuri

Za(B, 1) = exp (ZZ —PUA(T > = exp(M¥, 5(I)). (3.5)

zeA j=1

This shows that the total mass of the Bosonic loop measure equals the logarithm of the grand canonical
partition function for a system of non-interacting identical Bosons at thermodynamic equilibrium.
The connection goes further as we can represent (quantum) correlation functions as well. Quantum
correlations are given as reduced traces of the equilibrium state. We focus solely on the first correlation
function, called the one-particle reduced density matrix p’ A <1>v which is given by the partial trace after
integrating out all but one of the particles,

1
1 _ E —B(Hn—un)
= T n— . 3.6
PAw ZA(,B, M) = rH%er Y (e ) ( )

With (3.3) and [BR97] we obtain a representation for the kernel of the trace class operator p{ U,

1 co 00 66 ) N

() - w) B ®N( —V(w,w®,... w J))
z PY? ® (M e , T,y €A 3.7
Prw(®:Y) = Zno(B, 1) Z Z NI ( A%ﬁ) Yy (3.7)
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The term under the sum over N is an expectation with respect to N independent loops w™, ..., w™
chosen according to the Bosonic loop measure M f’ B (1.4), whilst the expectation is with respect to
a single random walk path from z to y, whose length (time horizon) is determined according to the
weighted sum ) i>1 ePri }P’g,@). The sum over N > 0 is none other than the Poisson point process with
intensity measure M [Ji B Henceforth, we obtain a representation via an expectation of the Poisson
loop process with intensity measure M fi e Recall that for any counting measure 1 € ) we write the

interaction functional as
N

V)=V, ...,w™) forn= Zéw@).
i=1

Theorem 3.1. The grand-canonical partition function and the kernel of the one-particle reduced
density matriz are given by the following functionals of the Bosonic loop process Pf%ﬂ

Zno(B, 1) = eMRus ™) E2 [e*"(")} = Zn(B, EB 4 [er(n)} 7

R/ B o EB |e=V(X) (3.8)
yBEB,uﬁ[ L(")} | et

P (@) =

where Eéng is the expectation with respect to the measure in (2.38).

PROOF.  The proof follows easily from (3.3), (3.5) and (3.7) by noting that
R S R G|

O

In the next lemma we show that the spatial mean of the occupation time in A is in fact the partial
derivative of the partition function with respect to the chemical potential, and thus, it is the expected
particle density which we denote by pa (3, u).

Lemma 3.2.

\A! ZL 8 log Za (8, ).

ProoF. Recall that Ef is the expectation with respect to the Bosonic Poisson process. Then,

1
EE,M,B[WZ T ‘A‘Z// ]I{X —I’}dSMAﬁudw ‘A‘Z] Aﬁﬂ JB

1
|A‘8 Mgl = 5 0uloz ZA(B, 1) = pA(B, 1),
where pp (8, 1) is the expected particle density in A. O

3.2. Bose-Einstein condensation - relevance and discussion. We outline the original calcula-
tions by Bose and Einstein 1925 in our occupation field setting. Detailed proofs of all the statements
below can be found in one [BR97] or [LSSY05]. Stit6 [Stit02] has derived a criterion for the onset
of Bose-Einstein condensation in terms of losing probability mass on the distribution of loops of any
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finite lengths. We are not repeating his arguments here but consider the following approach. The first
observation concerns the thermodynamic limit

Ah%ld pA (B, 1) = p(B, 1) € (0, 00),

which holds in the ideal Bose gas ([Stit02, BR97, LSSY05]) for 5 > 0 and x < 0. For given 8 > 0 we
look for solutions such that the following holds.

B> 0: for p> 0 find p* = p*(p) with p(8, u*) = p.
It turns out that a solution exists only for

00 ,ifd=1,2,
p<pe(B): l{%p(ﬁ,u) {< o ford>3.
For dimensions d > 3 and any particle density p > p(3), the excess particle mass density p — pc(B) is
interpreted as the density of the Bose-Finstein condensate. One of the most prominent open problems
in mathematical physics is the understanding of Bose-Einstein condensation (BEC) for interacting
Bosons. This phase transition is characterised by the fact that a macroscopic part of the system
condenses to a state which is highly correlated. Omnly partial successes in proving BEC have been
achieved, like the description of the free energy of the non-interacting, system (already contained in
Bose’s and Einstein’s seminal paper in 1925) or the analysis of mean-field models (e.g. [AD18]) or the
analysis of dilute systems at vanishing temperature [LSSY05] or the proof of BEC in lattice systems
with half-filling [LSSY05]. In [ACK11] the authors provide a formula for the limiting free energy in
the so-called canonical ensemble where the particle density is fixed. It turns out that the formula
is difficult to analyse, and it is one of the main aims of the current work to provide an alternative
approach in terms of space-time Green functions.

A definition for BEC for interacting gases was first provided by Onsager and Penrose [OP56], who
studied quantum correlations given by the 1-particle reduced density matrix. The phase transition
is signalled by the occurrence of off-diagonal long range order, meaning that the kernel p%}) (x,y) =
lim 174 p%fv (z,y) of the one-particle reduced density matrix in the thermodynamic limit A 1 Z¢ has
non-vanishing off-diagonal entries

P (z,y) = e>0 as |z —y| = .

This has been proved for the ideal Bose gas (v = 0). The representation of the one-particle reduced
density kernel in Theorem 3.1 for v = 0 allows to perform the thermodynamic limit (cf. [BR97]),

PV (z,y) = hm p Zeﬁw]}»w) (3.9)

The probabilistic loop expansion of p(x,y) allows a justification of the off-diagonal long range
order only with an additional assumption. Namely, for non-interacting systems one has to add the
information that for large particle densities the excess particle mass is carried in cycles of “infinite”
length. In the future we aim to identify these “infinitely” long cycles in our space-time setting, either as
unbounded winding numbers around the “time” torus, or as Bosonic interlacements. Recent progress
has been made in [AD18] on various mean-field type model.
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4. PROOFS

This section contains all remaining proofs. In Subsection 4.1 we collect all proofs for Section 2.1 on all
properties of our loop measures and their space time versions and torus limits, whereas Subsection 4.2
provides all proofs for the isomorphism theorems and moment formulae.

4.1. Loop measure properties. PROOF OF PROPOSITION 2.1. Forany k€ N, let 0 <t <ty <
- <t and let A C (0,00) be measurable such that inf(A) > ¢;. We need inf(A) > t; because we

cannot specify distributions at times which are not defined (larger than the lengths of each loop with
¢ € A). Thus

ME, slX, =21, Xy =ap b€ A= > —Pu (Xy, =a1,..., Xy, = 23, Xg; = )
z€G BjEA

eBui
Z Z 7pt1 x xl)ptz t1 (331,1'2) p,@j—tk(xkaw) (41)
BjeAzeg
B
= Z fptgftl(ﬂfl,m) cPBj—ty A+t (ka,ﬂ?l)-

BjeA
We have used the definition of the loop measure in the first, the Markov property in the second and
the Chapman-Kolmogrov equations in the last step. The proof of the result for the Markovian loop
measure follows similarly, see details in [LJ11]. This finishes the proof of (2.1) and (2.2), and thus
(2.3).
To calculate the mass of all loops with at least one jump, i.e., to prove (2.5), we note that

oo L ut
Mg ,[{ there is at least one jump }| = Z/ eT (etQ — etD) (x,x)dt
0
T€

(4.2)
-3 [T e e () s (i o)
where we used .
log (%) = / %(e_tb - e_at> , a>b>0. (4.3)
0

Furthermore, we used the fact that the set of generalised eigenvalues with multiplicity has the same
cardinality as G, and thus we take the sum over A € G* with #G = #G*. In the following we denote
q(x) the z-th generalised eigenvalue of the generator @ and d(x) the z-th eigenvalue of the diagonal
part D of the matrix (). This notation is short but slightly imprecise: There is no natural ordering or
labelling of the (extended) eigenvalues of non-diagonal matrices. The sum is thus to be understood
as choosing an arbitrary ordering of the eigenvalues first.

We are left to show (2.4) and (2.6) for the Bosonic loop measure. For this Bosonic case we proceed
similarly as done above for the Markovian loop measure,

B3 . .
M‘fu,ﬁ[{ there is at least one jump }]| = Z Z © ( piQ _ eBJD) (z,x)
zeG j>1

oltBi 1 — Bd(@)+p) det(I — P(D+ul)y
=22 (ﬁ]q - 1) = Zlog(1_ Bla(e)+ )>210g<det(]_e,3(@+u1))>’

zeG j>1 z€G

(4.4)
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This concludes the proof of (2.4). Calculating the mass is easier. We expand

133
Mgﬂﬁ ZZ c P19z, 2) = —Trlog (I - e’B(Q'“‘I)) = —log (det (I - eﬁ(Q'“‘I))) . (4.5)
z€G j>1

We need k(z) —p > 0 for at least one x € G as otherwise 0 is an element of the spectrum of (Q+p) and
the associated sums are infinite. We have shown that both sides of the equation are equal and thus
verified equation (2.6). The claim for the mass of the Markovian loop measure is proved in [LJ11],
page 21. [l

PrOOF OF THEOREM 2.5. The proof is organised in three steps. In the first step we show the con-
vergence (2.12) for finite dimensional distributions. In the second step we show the weak convergence,
and in the third step we justify tightness which is need in step 2.

Step 1:

We first prove the convergence (2.12) for the independent space-time random walk. Let us first examine
the case with k£ = 1 as it is different from the cases with & > 1 and helps to develop intuition. By
using the independence of the space and the time coordinates, the Markov property, the formula for
the finite dimensional distributions in Proposition 2.1 and the translation invariance on the torus Ty,
we can rewrite the left hand side of (2.12) as

-1
MN[th = (L‘l,e € A] = Z MAXTNJL [(X;ll),Xélz)) = (xl,ﬁ),ﬁ S A]

T1=0

oo elj,t
— Z/ T PE;)J—),(:B,T) ((Xéll), Xt(f)) = (331, Tl), t e A) dt,

ett

_ —tNB~1 - (tNB~HIN
—/Apt(:rl,:nl)e NB N(ZW)Tdt (4.6)

JN+1 t,u

_engmt (VBTN
_52/% w1, 21 )t N e NPT TGN 1) Tdt

o0

X
=f ;EjNJrl,Nﬁl [ﬂA(X)pX(fL‘h xl)eXu] ;
since the independence of torus and spatial component implies P, - (X; = (21, 7)) = pi(z1, :cl)]P’X,)J’T,
where IP’X,)JJ is the random walk bridge measure for the torus component Xt@). The expectation
E;n+41,np-1 is with respect to a Gamma distributed random variable X with shape parameter (j N +1)
and rate NB~!. For the exchange of the limit and the sum, see equation (4.7). The distribution of
the torus component is invariant under torus translations, implying

N-1

tNB
(t) _ (t) _ —tN
D B, = NP, = Ne 7 Z
=0 =0

Since k(z) — p > 0 for at least one x € A, note that pt(az,y)et“ decays exponentially in t (in case
p = 0 the decay comes from the killing term, see [Szn]). We use that inf(A) > ¢; > 0 to bound the
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denominator with some C' > 0, and for some o > 0 small enough,

e;((“} < CEjni1,np-1 {e_O‘X} — C<1 n %) —Nj+1

ePa\’

<o(* ).
and, as the bound is independent of N and decays exponentially in j, the series converges absolutely
uniformly in N. Thus we can approximate the series with a finite sum in (4.6), or, equivalently, can
commute the summation with differentiating the expectation value for every j € N. For any j € N,
one then expands the integrand around %)@%} = Ejni1,n5-1 [X], ie., for g(t) = ]lA(t)pt(xl,xl)etT”,
which is differentiable infinitely often (for N large as inf(A) > 0), one gets
eXH

Eijny1,ng-1 [HA(X)pX<3717 x1)
(4.7)

10t [La(Xpx ()
' ' : . (4.8)
=o(r) o (e avannon (%= )]+ gt 00

The variance is 0 NBH)Q and goes to zero for N — oo. Higher moments of the Gamma distribution

are of the order ]{,(’)( ). Since the first moment vanishes and the point of expansion converges to j3
uniformly for all j € N as N — oo, we get (the j = 0 term vanishes as inf(A) > ¢; > 0)

eﬁju eﬁw

lim My [Xy, =21, (€ Al = /BZP,B] (21,21)1a(Bs)—+ Zpﬁj T1, 71 THA(BJ) (4.9)

N—o0
7=1

]N+1

Note that the requirement SN N JA = @ was necessary for us to expand around (for N large

enough) as otherwise the function g(¢) has a jump at j3,j € N, and thus would not be differentiable.

We turn to the case & > 2 and introduce some notation. Denote p®® the product of the jump

probabilities,
k—1

") = H ptj+1—tj (xj7 xj-i—l) . (410)
j=1
Write the left hand side of (2.12) using Chapman Kolmogorov again as

My[Xy, = x1,..., Xs, = 23] Z Z/ (t) )(WA(X)tl =x1,...,7A(X)e, = x)

T7=0 €A
k—1
(k) (tm41—tm) (t1+i—tk)ew
=b Z ( PN,TmH,Tm) X/ (pt_tk+t1($k7xl)PN,Tkm 7) d (4.11)
T]yenes Ti m=1 A
€{0,...,.N—1}

ti
et
:p(k)/ (pt_tk+t1($k,$1)NP§<f)00 t )dt
A

As in the case k = 1 we obtain absolute uniform convergence of the series. Similar to the case k = 1

we now perform a second order Taylor expansion of ¢(t) around ¢ = g\%ﬂ We obtain that the left

hand side of (2.12) converges, as N — oo, to

*) etd
pB Z La(nB)pjs—t+t: (Tks xl)ﬁ . (4.12)
§=0
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This finishes the proof of (2.12) in Theorem 2.5 for independent space-time random walks who are

strongly asymptotically independent space-time random walks.

We now turn to proof of statement (2.12) for general strongly asymptotically independent space-

time random walks with generator Gy = QN + En and probability P(, . Denote My the projected

space-time loop measure induced by Gpy. We shall estimate the difference between My and My,
where My is the projected loop measure for the independent space-time random walk with generator
@n. Similar to the previous part of the proof, we can find for any ¢ > 0 a parameter M > 0 such

that, independent of IV, we obtain

My[¢> M)+ My[t > M] < e.

Abbreviate for m =1,...,k — 1, Ty, Tiyy1 € A, Ty, Tma1 € Ty and £, <t
p(m) = e(thrlitm)QN (xﬁh Tms Tm+1, Tm—i—l) and
g(m) = e(tm-ﬁ-l*tm)GN (xmv Tmy Tm41, Tm+1) .

For m = k define

e ittt Q

p(k) = / 76( “UHON (g 7y 2y, T )dt
A

and g(k) analogously. We estimate, setting 711 := 71,

\My [Xy, = 21,..., Xy, =ap, L€ Al — My [Xy, = 21,..., Xy, =z, 0 € A

k k
= > (IIeo)-TI90)|
6{7(;} ........ 17\77—111} j=1 J=1
k m—1 k
=1 X YT e0)wm —pen( T 90))]
e{(T)% ''''''''' iy m=t o g=L J=ml
k N—-1 m—1 k
=3 > sm-pem)| X (I1e0)( I »)
m=1Tm,Tm41=1 ”"'g?&,\,,{fﬁ‘f{’;*” j=1 j=m-+1
k—1 N-1 N-1
< > ) = gem)| Y By (Ko, = (@ 7))
m=1 Tm,Tm+1=1 =0
te
/I;XQ(O,M] dt (GTP($m+1,Tm+1)(Xt*tm+t1 = (xl’T))>} + Rk
k—1
<Oy el T tmION (g ) — Ut T EION (g a0
m=1

X max 1IP)(x17T) (Xt,, = (@m, ™m)) + R,

7=0,...,N—

(4.13)

(4.14)

(4.15)
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where the integral has been absorbed in the constant C, and where, by the Chapman-Kolmogrov
equations the error term Ry is given by

ti
Rim [ SOl () — o0 (g, 1) (416)
An(o,M) ¢

Here, ﬁxm is the distribution of the strongly asymptotically independent space-time random walk with
initial state (21, 7). We have also used the notation e'?(z, y) for the Ty x Ty matrix e!@ (z,y)(7,0) =
etQ(x,7,y,0) for 7,0 € Tn. To bound the difference of the two matrix exponentials in (4.15) and
(4.16), we use the basic inequality

HeX o eX+YH1 < HYHIe”ane”Y”l’ (4.17)

for two matrices X and Y. In fact, this inequality holds for every sub-multiplicative matrix norm. A
bound for norm of the Ty x Ty matrix Qn(z,y) is given by

1Qn(z,y)[l; S AN(NBTY), z,y €A (4.18)

Combining the above bounds with equation (4.15) and (2.9) we conclude with the statement (2.12)
for strongly asymptotically independent space-time random walks. This finishes Step 1 of our proof.

Step 2:

We turn to the proof of the weak convergence of the projected loop measure towards the Bosonic loop
measure in the limit N — oo. The strategy here is to consider loops whose length is bounded away
from zero such that the loop measure becomes a finite measure (see [Szn]) as our graph is finite and
the integral is bounded as well, e.g., for v > 0,

® . ebiv

Myt > ~] < Z/ Pxx(I‘)NIP’(]\’;OOdt — —‘IP’QJI(F) < 00.
’ 7 N—oo ’
zeA " J>1: jB>y

We conclude with the weak convergence once we combine Step 1, the above reasoning and the tightness
to shown below in Step 3.

Step 3:

We are left to show tightness for the sequences My and ]\77\7 To start with My, fix a sequence
(rm)men of positive numbers with r,, T 400 as m — oo with r,, # fn for all n € N. According to
[B168] it suffices to show that for all € > 0 and all m € N we have

lim lim sup My [d(,(m,8) > €] =0, (4.19)
00 Nosoo
where
d/,(m,d) = inf max sup |w(t) —w(s)|, (4.20)

(i} 1<i<v g seftits 1)
and where {t;} = {O =ty < - <ty=rmlti—ti—1| >d>0;v € N} is the collection of all ordered
finite subsets of (0,00). The spatial jump rates A, are finite, bounded from below and above, and
thus (4.19) holds for the projected loop measure My of the independent space-time random walk as
the jumps on the torus are disregarded because of the projection. For M ~ we note that there are
three types of jumps on the space-time graph: jumps (z,7) — (2,7 + 1) with rate Ng=! + o(e*Nz)
jumps (z,7) — (y,7) with rate O(1) + o(e™™”) and all other jumps with rate o(e”™*). The first
type of jumps can be neglected for our purpose as they cannot be detected under the projection. For
all the remaining possible jumps, we can estimate their jump rates by [A]O(1) + [A|(N + 1)o(e=N?).

i

Therefore, all rates remain bounded for M, ~ as well, and thus the tightness continues to hold in that
case. O
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PROOF OF THEOREM 2.7. As in the previous proof, we begin by showing our statements (a)—(c)
for the independent space-time random walk first. Using the independence of the spatial coordinate
X" and the torus coordinate X?, it is straightforward to verify that

N-1 00 Atp N-1
My[F(D)] =3 ) /0 B F((X Loo) ) U X7) = (2, 7)}
zeA 7=0 o=0
o] oo .t N-1
=3 [ NEL ) [P(CY L) ) LY, X0) = (2,0),wind = )t (420
zeA j=0 0 ¢ 7 o=0
= N > ethE(t) F((L [P)(t) X(2> —0.wind = 7)dt
ZZ t z,T (( I)xeA) N,O( t » Win ]) )
zeA j=0"0

where the random variable wind is the winding number of the torus coordinate Xt(2>, i.e., the number
of times that Xt(2> surrounds the torus, and where }P’%)’O is the probability with respect to the torus
coordinate X,? with start at 0 € Ty. The right hand side of (4.21) can be split into the term with
J = 0, which means that there is no torus jump, and the term with the sum over all j > 1. We
first show that the latter term converges to the Bosonic loop measure. This can be seen as follows.
The NIP’X%O(XP = 0,wind = j) = N]P’X,{O’O(wind = j) can be rewritten as the density of a Gamma
distributed random variable X with mean g\%—ﬂ, analogous to the proof of Theorem 2.5. Hence, for
each z € A and every j € Ny, we write the integral with respect to ¢ as

et X (x)
BEquLl,NB*l[ X Eyz [F((Lw)zeA)H

Since the variance of X converges to zero, we have that X — (j as N — oo in L?, which in turn
implies that the Gamma distribution converges (in distribution) to the delta measure ¢;3. Using our

arguments for the convergence of the series in the proof of Theorem 2.5 above, we conclude for loops
with lengths (7,7 € N, with the statement (a) without the second term on the right hand side of
(2.15). We shall now incorporate the missing term on the right hand side of (2.15).

For the term with j = 0, for each = € A denote t, = tJ,, i.e., the vector with ¢ on the z-th position.
Also, recall that (d;).cp are the diagonal elements of the spatial generator matrix . Then, for each
x € A, we have (using the assumptions on F'),

[e RN
/o %NE% [F((Lﬂﬁ)xeA)]Px;,o(Xéz) = 0,wind = 0) d¢

% et -1 —tB~IN td tdg \TR () ;
=5 i T(ﬁ N)e (F(tz)e"™ + (1 —e “)EL, [F (Ly),cp 1{at least one jump}]) dt )
4.22

_ 5/000 (BTN (0, F)(0)e! + oft)) dt

— B(0.1)(0).

N—oo
For the last step we use the fact that (37N )e_tﬁle is the density of an exponentially distributed
random variable Xy with expectation 3/N. As its variance is (3/N)? is converging to zero for N — oo,
we get that Xy — dp as N — oco. We conclude with statement (a) for the independent space-time
random walk. We show (a) for the other cases below after showing (b) and (c) for the independent
space-time random walk.
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(b) For the independent space-time random walk we can insert indicators in (4.21) and (4.22) to obtain
the limits (2.17) for the splitting of the local times. In (4.21), for the part with wind > 1, we insert
an indicator for the spatial component to be genuine loop or point loop. As wind > 1, we only have
genuine torus jumps as to get around the torus once requires N jumps. In (4.22) it follows easily that
no torus jump but a jump on A has no local time, in the limit. The derivative term appears for the
remaining case as shown above.

(c) We prove the convergence of the occupation field in law by comparing Laplace transforms and
using the previous result. We have by Campbell’s formula

Enle™ 2] —exp{ / ”L dMN} v € [0,00)", (4.23)
and using (a) with F(L) := 1 — e{*:5),

: (v L —(v,L B __ B —{(v,L+
]\}gnooexp{ / dMN}—exp{ B(v, 1) — /F(le { >)dMA7M75}—EA7M75[e { 1,

(4.24)
we conclude with (c) for the independent space-time random walk.

We now prove that all statements (a)—(c) hold for general weakly asymptotically independent space-
time random walks with generators Gy = Qn + En. We begin with the occupation field £ to prove
(c) first and compute Laplace transforms. We then rewrite for v € [0, 00)* (denoting Ex the Poisson
process with intensity measure M, ~N given by the space-time random walk with generator Gy ),

Enfe @) = exp { — My[1— e D) - (M’Nu — e D)~ Myl — e*<va>]) } , (4.25)
Let vy € [0,00)2*TN be defined by vy (z,7) = v(x), x € A such that (v, 75 (L)) = (vy, L). Hence,
exp{ — My[1 - e7<”’L>]} = exp { - MAquN[l - e*<”N’L>]}

S 3 3

zeA 7=0

ootu

th(m) _ ewmw)) dt} (4.26)

. det(GN + VN + ,uI)
N det(Gn + pl) ’

where g}/ (z,7) (respectively gn(z, 7)) is the eigenvalue indexed by (z,7) of the matrix Gy + Vy
(respectively, Gy ) with Viy being the matrix with vy on the diagonal. The last step in the equation
above follows analogously to the proof of the second half of Proposition 2.1. We shall use the following
well known perturbative bound ([IR08] ) for matrices A, E € R™*™

| det(A + E) — det(A)] <> smill Ell3, (4.27)

where for o1 > ... > 0, > 0 being the singular values of the matrix A we define
S = Z Tiy T (4.28)
1<i) <...<ip<m

and so = 1. We used ||E||, to denote the largest singular value of E or equivalently the largest
eigenvalue of vV EE*.
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One can now bound, setting m = |A|N,

| det(Qn + pl + Ex) — det(Qn + pD)| < sm—il Enlls, (4.29)
=1

Using the Gershgorin circle theorem [Ger31], we can estimate
sp < <Z>2R(A+Nﬁl—u)k, k=0,1,...,m—1, (4.30)
where A := maxzcp ;. Thus, by the Binomial theorem and || En ||, small

27| det(@Qn + p+ En) — det(Qu + )| < (A+ NGl =+ |[Enlly) " — (A+ N~ — )™

(4.31)
< O(m)A+NB™ = )™ Exll
We thus conclude that if the norm [|Ey ||, satisfies the following estimate for all a > 0,
— —N|A
IEN]l, = o<(a +2871N) N ') , (4.32)

the difference between the determinants converges to zero. By the bound (4.32) for all weakly asymp-
totically independent space-time random walks with (2.10), using the Gershgorin circle theorem, we
obtain that

|det(Qn + ud + VN + En) —det(Qn + pl + V)| — 0 as N — oo. (4.33)

Note that we used the bound ||E||, < |[E||;. The convergence of the determinants implies the con-
vergence of the Laplace transforms of the space-time Poisson processes to the Poisson process with
intensity measure M f B This shows (c) for the weakly asymptotically independent space-time ran-
dom walk.

We are now proving part (a) and (b) for the weakly asymptotically independent case. Using the con-
vergence of the Laplace transforms of the Poisson process, the convergence of the local distributions
under M, ~ can be seen as follows. As the intensity measure M, ~ is not finite it is difficult to relate
the occupation field and the local time vector, i.e., to benefit from the convergence in (c). Our strat-
egy here is to distinguish between genuine and point loops respectively, followed by an extension to
complex-valued functions taking advantage of analyticity properties. Let J be the number of jumps
within a loop, i.e.,

J(X) =#{t: Xi # lings}.
The loop measure for at least one jump is
Mpsrypuld > 0] = Z Z / Py, (z,r) ({ at least one jump until time ¢ }) dt. (4.34)
zeA =0
Let us thus first consider the distribution of ZiV:_Ol L, ) under the finite measure
Mson = Masry (- 1{J > 0}) omyt. (4.35)

Similar to the above, we can show again with (4.32) that the distribution of the occupation field
Z]TV 01 L (4, under the Poisson process p AxTy 4 With intensity measure M>0 N converges,

PA><’J1‘N,u o ﬂxl ol — PE%B oL as N — o0. (4.36)
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If we want to deduce from the convergence of the occupation field the convergence of the local time,
we need to use a trick. For z € C consider now the “complexified” measure Poisson point process with
expectation E} defined as

B (3 2] 00 >0
=0

(4.37)

R v i %:L (M;O,N)@" 7(( f: 3 Lo (wi))m) {7 >0},

where w; is a space-time loop. For all z € CN (0,00) the convergence of E2 AxTy tO Ef}’; has been
established in equation (4.36). For fixed F' (bounded and continuous) the above representation is
analytic in z and, by the triangle inequality, bounded uniformly in N on compact subsets of C. Thus,
as we have convergence of the sum in (4.37), the individual coefficients converge as well,

g (50) " [P((E 3 i) 17> 0)

i=1 7=0

(4.38)
®n n
= (M) " [P ((Z eete0), )]
(M5 > Lale) .,
Now what remains is to show that for the measure

Mo N = Masry (- 1{J = 0}) omy?, (4.39)

we have that for every F' differentiable at 0 and F(0) = 0,
Jim Mo n[F] = 5 erA o (4.40)

This can be shown as follows. Denote Elv(x 7) the diagonal elements of the generator Gy. We compute

__ 0 tu ~ o] et“ B o,
Mo,N[F Z / DP(t)dt =) / —F(t:)Ne N7 emoWrdt, (4.41)
€N 7=0 zen 0

We obtain the statement by the similar reasoning as in equation (4.22) for the independent space-time
random walk. O

PrROOF OF PROPOSITION 2.8. We only sketch the proof of the Markovian case, the Bosonic one
follows analogously. The independence follows from Campbell’s formula: Since the Laplace transform
of the sum of the two Poisson point processes is the exponential of the sum of two integrals with
respect to the intensity measures, the result can be factorised. To calculate the distribution of the
point loops one makes the observation

—t(=d(z)—p)

Z/ ) P(t) .({ no jump up to time t})dt = Z/ 1 _ e v(@)t ) %dt.

zeg z€g
(4.42)
From then on, one can proceed as in the proof of Proposition 2.1. ]

PrOOF OF EXAMPLE 2.9. We show that our convergence results in the torus limit N — oo fail
to hold (Theorem 2.5 and Theorem 2.7) when the space-time random walk has equal rates for going
up or down along the “time” torus Tpy. An easy computation shows that symmetric rates along the
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torus imply that in the equation after (4.6) the factor P%),o,o is replaced by its square (Px,)o 0)2, as we
can circle around the torus in two different directions. It follows from the previous proofs that for all
t > 0 the convergence of IF’S{,),(]’O — 0 is uniform in ¢ at least of order square-root in N. Actually, for
finite ¢ the term vanishes exponentially in N. Therefore all finite dimensional distributions vanish in
the torus limit and thus the limiting procedure does not establish a loop measure for the projected
space-time process. O

ProOOF orF THEOREM 2.10. The spatial projection of the given Bosonic walk is denoted My. We
abbreviate f(t) = 14(t). In the definition of the projected loop measure My, we replace e/t by
f(t) (and we can later employ an approximation scheme) as that factor does not change the support
property of the loop measure in the torus limit. We only need to consider paths which wind around
the torus once as all other paths can be written as a concatenation of such paths. Thus we shall
estimate the probability that such loops have length in the given set A. We will then use that result
to prove the theorem. Denote glv(x, 7) the diagonal elements of the the generator G. We calculate
the weight of all space-time paths from (z,7) to (y,7) winding around the torus only once:

N-1
/ )Py (Xt = (y,7), wind(X[g ) = 1)dt
7=0
1 N-1
=¥ Z / / (t—s)d(y, T)NP( YAP(W (2) = s)ds dt
7=0 2: (z, T)ﬁ(y ),
wind(z)=
1 N-1 o N
=~ P()E.[N =X 4y
" > 7 [ /X o d} (4.43)
7=0 2: (z,7)—(y,7),
wind(z)=1
1 N-1
= — td yT
- N / Ne [f(t+X)}dt
7=0 2: (z, 7—)—>(y ),
wind(z)=
N-1
! N
- Y. PREXp_g, | —=——E:|[fC+X)||,

where E, denotes the expectation for the random waiting time W (z) of the given path = z. Exp A7)

denotes the expectation with respect to an exponential distribution with parameter (;fv(x,T) for the
random time C. Firstly, assume that § € (R\ A)°. Then, for some € > 0 it holds that

P (W € A) <P,(|W — 8] > ) < e 2E, [(W - 5)2} . (4.44)
Expanding the square and calculating the expectations, and writing

1 V-1
- N Z Z P(z),

7=0 2: (z,7)—>(y,7),
wind(z)=1

using the assumptions from Theorem 2.10 and equations (4.43) together with (4.44), one sees that

lim [ dzP, (W € A) =0, (4.45)

N—oo
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which was the claim. If 8 € A°, we simply use

/dz}P’Z(W €A)= /dz - /dsz(W eR\ A), (4.46)

and the apply the same reasoning as above to obtain

lim [ dzP,(W e A)=dy>0. (4.47)

N—oo

One can now approximate e/t by step functions to conclude the argument.

We now prove the last statement, namely that all weakly and strongly asymptotically independent
space-time random walks are Bosonic random walks. Note, all strongly asymptotically independent
space-time random walks are also weakly asymptotically independent. The difficulty to establish that
weakly asymptotically independent random walks belong to the Bosonic loop walk class comes from
the fact that the jump rates on A are not uniform. We first show (2.21) and (2.22) for the independent
space-time random walk with uniform jump rates. To establish (2.21) we can use the independence
to obtain from equation (2.20),

P = (1= 55 (o) Pl o). (4.48)

Thus, we write

N-1 oo
S ) SO el e

7=0 z: (z,7)>(y,7) k=0
wind(z)=1

which obviously has a well defined limit
7=0 z: (z,7)=(y,7)
wind(z)=1

To check the second condition (2.22), we rewrite it as

. <N2k>([ﬂAj\fﬂl}P>k(:c,y)[(ﬁ(1— Nliﬁ) - Nﬁkwgu (N;Vj_f)\y . (4.50)

k=0

which converges to zero since P*(z,vy) decays exponentially in k. If the jump rates are not uniform
consider a path as above. Then

Ao Ao, T NBTL i
ZP —pxxl)m”']f)(xk—hy)m Z H(]\M)’ (4.51)
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where the sum is over all paths on the space-time graph which have jumps t =z = 21 — ... Tp_1 —
xr = y on the lattice. As we now sum over all the different z1, ...z, we get

Z P(2)

Ay Ap, k NG~ i

T1,...,Tk J0s-Jk =0
Jjo+-+ig=N
BAz; \FtN-1 (4.52)
S plasan) )3 (1 i)

- VNI, TVRED -1 k[ B B,

o= NB= v+ X, NB=t+ X, i=0 Hll:(? [NJr/\zll,B - N+)\;ﬂ}

k —BAz,
— Z (2, 21) X B+ p(x_1,9) BN Z © ' as N — oo
-1 Th—1 k )
L1y T i=0 le;? [ﬁ)\xl - ﬂ)\mz}

where we have used Theorem 3.2 from [C11] (or simply using partial fraction decomposition). If not
all A\;,’s are distinct, the above formulae hold in their canonical extension. Similarly, we show that
the second condition is satisfied, i.e., the analogue of equation (4.50) converges to zero. To conclude
the proof, we show that every path generated by weights which are zero for the independent case but
that do not vanish for the perturbed case have exponentially small contributions. Fix some ¢ > 0. In
the expression (2.21) paths can, a priori, have a length of N 4+ k with £ > —N. As we assume that
k(z) — p > 0 for at least one x € A, we can choose some M € N such that paths with length greater
than N+ M have weight less than e. We thus restrict ourselves to paths of length smaller than N+ M.
Given a path of length A + B < N + M, we can decompose it into A jumps along edges (z;, zi+1)
for which Qn(zi, zi+1) > 0 and B jumps for which the @y entries are zero. Fixing the A part of the
path, there are less than (JA|N)4Z < (JA|N)NB+MB paths with B jumps. Each of these paths has
a weight dominated by N—2NIAB_ Summing over all B, we can see that the contribution from all
perturbed paths vanishes. Similarly, given a path for which B = 0, we write the weight of each jump
as Qn + O(N —2IAIN ). Expanding the product, we again see that the contributions are negligible. As
€ was arbitrary, the result follows. ([

ProoOF OF EXAMPLE 2.11. The probability density of the space-time random walk with periodic
boundary conditions is

per( 0 —tp~IN tﬁ IN Nkt Nk+7( ) E[ SN+T( )H{S d N}]
T =e g - P z,y) = E[P x =7 mo
pt » y7 7_ Nk ) y 9 y N T )

(4.53)
z,y € Ay, 7 € Ty, where Sy is Poisson distributed with parameter 3~ N. Furthermore,

E[PN*T (2, y)1{Sy = 7 mod N}] = n(y)E[1{Sy = 7 mod N}]

+ E[(PSN+T(33, y) —m(y))1{Sy =7 mod N}].

The assumptions for the spatial component ensure that there is a ¢ > 0 such that for all z,y and N
large enough,

|PY (2, y) —m(y)| < e Ve (4.54)
Therefore,
P (2,0,y,7) = w(y)PY,  + Oe™N) (4.55)
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as

E[(P¥*7(2,y) — n(y)I{Sy = 7 mod N}] < E[|[P™¥ (z,y) —7(y)|] < E[e ] < o™V,
From then on, the result follows repeating the steps in the proof of Theorem 2.5. g
4.2. Isomorphism theorems. The key identity to the proof of Theorem 2.15 is stated as a separate
lemma due to its importance.
Lemma 4.1. Assume that k(z) — pu > 0 for at least one x € A. Let v € [0,00)9. Then

_ det(Q + pf)
E (v,£) f—
Gule ™ det(Q + pul — V)’

where V' = diag (v) denotes the diagonal matriz with v on the diagonal.

(4.56)

PROOF OF LEMMA 4.1.  We use Campbell’s formula to rewrite the left-hand side of (4.56) as

Egue™9] = exp { - /F (1-e ) aMg, } . (4.57)

With the help of the Feynman-Kac formula one can now write

/F( <vL dMng/ tQ (z,7) — @ V)(z, x))dt

(4.58)
00 tu
- / (Tr[ Q) - Tr[et(Q_V)])dt.
0 t
One then uses
e Tre/) =) " eflal (4.59)
z€G
where ¢(z) is the z’th eigenvector of @), analogously ¢"(x) for @ — V. Hence, using again a version
(4.3),
det(Q + pf)
S >dM 1 ( ):1 < ) 4.60
/F ( G Z 8 +u 8 det(Q +ul —V) (4.60)
]

The Laplace transform of the Bosonic Loop measure is computed as follows.
Lemma 4.2. For v € [0,00)9 we have that
det (I — eB(Q+“I)>
EE o~ )] =

det (I — eﬁ(Q“‘I*V)) .

(4.61)

PROOF. One expands the expectation analogously to the Markovian case and uses the Campbells
formula again to calculate the expectation. Using the Feynman-Kac formula one calculates the ex-
pectation of the local time and then uses the reasoning from the proof of Proposition 2.1. ([l

We now turn to the proof of the Isomorphism theorems.

PROOF OF THEOREM 2.15. (a) Our assumptions ensure that C' = A~! and thus A has a positive
Hermitian part, henceforth 14 is the complex Gaussian measure on CY. We shall compute Laplace
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transforms separately on both sides of equation (2.27) , that is, for the measure u 4 and for the Poisson
measure Pg ,. For that, let

Vo € Rg := inf {EA[ ¢’V¢>] < OO}
vERY
where V' = diag (v) denotes the diagonal matrix with entries v and where we order the fields
component-wise. Gaussian calculus thus ensures that the Laplace transform for the measure p 4
is given

EA[e7<$’V¢>] _ ZA+V _ det(Q + ,uI)
Z A det(Q +pl —V)
In fact, we can set vg = 0 here as the occupation field assumes only positive values. The Laplace-
transform for the Poisson measure Pg ,, has been calculated in Lemma 4.1,

for all V > V.

—,oy _ det(Q + pl)
Bl ") = SR a7 (4.62)

Hence, the Laplace transforms for both measures agree. The family of functions t — e~ for
v € [0,00)" is a point separating family. Having shown that for such functions, the expectation of the
the square of the field equals the expectation of the occupation field, the two measures agree. As the
Poisson point measure is a probability measure, the square of the complex Gaussian field is governed
by a probability measure as well.

(b) We now prove the second identity of Theorem 2.15. Define the complex “density” fc (Radon-
Nikodym derivative) by
1 -
fe(9) = 5 @49, (4.63)

where A° is the skew Hermitian part of A and Zg = 322212;. Then, for any bounded measurable

function F': CY — C,

EAlF(9)] = E;[fc(9)F(9)] -

Note that as A is Hermitian, the resulting measure p 3 on CY is a probability measure. This allows,
for any sub-o algebra F on CY to define the “conditional expectation”

EA[F(9)|F](9) = E4fc(9)F(¢)|F)(4). (4.64)

Note that this implies the tower property for the conditional expectation.
Using that conditional expectation is integration with respect to the regular conditional probability,
we can apply this to the sigma algebra F| generated by ¢ — [¢] to get

BAFOIFNE) = [ fe@F@usié € d0l7)(6) = [ el@)F @uzlo < dollol = .
¢ € [0,00)9, where p ilo € dol|¢| = ¢] denotes the regular conditional probability kernel associated
to . We can compute pz[¢ € dé||¢| = @], since, by parametrising CY using polar coordinates, the
joint density of (0, |¢|) is given by
1
nz({(0.16) € A}) = / 140, 9))e= 190490 | TT aw,(0)] | [T dlo(@)l] . (4.65)
H J89x[0,00) zeg zeG

:=dSg
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for some event A, where d|¢(x)| is integration with respect to the Lebesgue measure on [0, c0) and w,
is the surface measure on the unit sphere S = {z € C: |z| = 1}. By Bayes Theorem, the density of
the conditional probability is

e—(({)@,ﬁ({bé>
J e~ @0:490d8g(6)

sl € doll¢| = ¢] =

where we have implicitly identified ¢ = 6¢. We now apply (a) to the square qp = (\/;x \/:Er)xeg, and
obtain
EA[F(¢)] = EA[Ea[F(¢)|F]] =E;[Ez]fc(0)F (o) F]]

—E4] / Fe(OVEL)F(0VL)e VERAVED 455 (0)] .

1 _
—E- ___ / F(OVL)e(VEOLAVLD 45 (9)] .
A[nge*<\/297A\/Z9>ng(0) ( ) g( )]

(c) To prove the identity for non-symmetric matrices A, we follow [BIS09]. Let us split A into its
symmetric (or Hermitian) A and skew-symmetric (skew Hermitian) part A, namely define

A(z) = pl+ A+ 2A% z € C. (4.66)

Our goal is to show that the identity (4.66) holds for z = 1 as this gives us back A. From the previous
computation we know (4.66) holds for z = 0. We shall show the identity (4.66) for purely imaginary
z =1t with 0 < r < € for some € > 0 sufficiently small. However, for such z’s the generator would be
Hermitian but also complex valued. We thus need to examine whether the previous results carry over
to the complex case. We use the same notation as in the non-complex case.

One can define the complex valued measure P, and its associated semigroup S(¢) through its transition
density

pe(a,y) = e 1 (z,y), (4.67)

and expanding this to all cylinder sets on the Skorohod space Dg and using this density to obtain a
measure on the full space Dg. Note that this is no longer a Markov-semigroup (as positivity preser-
vation is lost) but for e sufficiently small it still establishes an uniformly continuous C semigroup. In
particular 9;S(t) = —A(z)S(t) = —S(t)A(2).

To show that the distribution of (¢,¢z)zcg agrees with the one of (£;),cg we only used two proba-
bilistic tools: Campbell’s formula and the Feynman-Kac formula. As the proof of Campbell’s formula
does not use the fact that the intensity measure is positive, one can transfer it to the complex setting.
For v € CY with |[v|| (V = diag (v) denotes the diagonal matrix with entries v) sufficiently small, the

Feynman-Kac formula allows to define the Feynman-Kac semi-group FKy (¢) as
FRy () f(2) = Eq | f(X;)e Jo VXS] (4.68)
has derivative 0;FKy (t) = (—A(z) + V)FKy (t) and thus
FRy (1) f(2) = /AT f (). (4.69)

The finiteness of M}y , [1 — e_<”’L>] is still given as A(z) remains to have positive eigenvalues. The
span of the family

{e= @) v, >0vz € Gl (4.70)
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is a point separating family (over [0, 00)9), and by the Stone Weierstrass Theorem it suffices to compare
measures on this class. By the previous result for ¢ > 0 sufficiently small
- _ det(A(z) — ul)
E wlel) — g (L)) — _ 4.71

Ale J=Eagle ™™ det(A(z) — pl 1 V) (471)
Using that both sides are meromorphic in z (this is due to the definition of the determinants, see
[BIS09]), one can extend the result to the whole complex plane and in particular to the desired case
z =1

Note that for z imaginary and small, both sides are probability measures, despite the matrix A(z)
being complex, this is due to the fact that A(z) is Hermitian. For probability measures one can uses
the standard theory of conditional expectations to verify the isomorphism equation in (b) above. Then
one chooses a point separating family over CY to show analyticity in z. Here, the polynomials P(¢) =

(IL o(:)) (H] gi)(yl)) are suitable, and their analyticity follows from the calculations performed in
[BIS09]. Via the given density we extend the result to all F' measurable and bounded, i.e.,

EAF(O) = Eou| 1 e =0 [ FovEe VENEasy(5)]. (4.72)

As a by-product of this proof, we get that the previous identities hold for complex weighted loops in
the above fashion.

O

PrROOF oF PROPOSITION 2.17. We set § = 1, as the other values of 8 can be handled by change
of variables, and let © < 0. Note that by combining Dynkin’s Isomorphism theorem and Le Jan’s
Isomorphism (Theorem 2.15) we have the new isomorphism theorem

Eg‘é} @ Egu[J(L + L)] = Eald,b,J(|6|?)], for any bounded and continuous J: [0,00)9 — R. (4.73)

We can now equate

_ 1
Ea j(¢,0y] = 7, (ZAE A [02047 (19]%)]]

’ (4.74)
z

— Z:J E! ® Egu[J (£ + L))

The denominator is computed analogously. For higher moments, one notes that Dynkin’s Isomorphism
theorem holds not only for two point correlations but can be extended to arbitrary k-point correlations.
O

PROOF OF THEOREM 2.19. (a) (i) This can actually be done similarly to the proof of Theorem 2.7,
that is, first by proving the statements for the independent space-time random walk with generator
GNn = @Qn (see Definition 2.3), and in a second step to extend all statements to generators G of
weakly asymptotically independent space-time random walks. However, there is one difference: we
cease to have the factor % in the definition of the bridge measure which causes a divergence at zero.
We obtain as in (4.21),

o0 [es)
Egﬁ BlF(L)] = Z Z /0 SHNEY) [F((La)zen) | PG (X = 0,wind = j) dt,
€A j=0

and it is straightforward to see that the part with winding numbers wind > 1 does converge to the
Bosonic path measure (in fact due to the missing singularity the proof here is easier than the one in
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Theorem 2.7). The term with wind = 0 follows as

/ Pt Ne=tN (F(tx)etdzé(x, y)+ (1 — etdz)E;’f? [F(L)1{at least one jump}])
0

=Ey [eﬁX (F(X)eXdzé(x, y) + (1 — eXdz)Efj) [F(L)1{at least one jump}])}

— F(0)0(x,y) as N — oo,

where Ey is expectation with respect to an exponentially distributed random variable with expectation
1/N.
(ii) Clearly, Theorem 2.7 implies that

lim En[J(£)] = ER , 5[J(£ + B)].

N—o0

This implies (2.40) using Theorem 3.1. To see that this stems from Symanzik’s formula (Proposi-
tion 2.17) in the space-time setting, we sum equation (2.37) over all possible torus points and note
that J(L+ £) = J(pa(L+ L)), ie.,

N-1 N—1
= |
;:O An 3 [P Py.n) ;:0: IR A I+ £)]

B Eg;ny R EN[F(L+ L)]
B En[F(£)]

(b) This follows easily from (a). The constant background field 8 drops out due to the linearity of the
interaction. U

PROOF OF THEOREM 2.21. (a) The statements in Proposition 2.1 carry over as the finiteness of
the graph is not used in the proof. (b) and (c) follow by taking advantage of the convergence in the
transient regime for d > 3 and u < 0 or d > 1 and u < 0. For (c) we require the support of the
functional F' to be compact to ensure finiteness when passing to the thermodynamic limit. (d) In
Theorem 2.7 we only consider point loops. For any finite v € [0, 00)%" with v(z) = 0 outside some
finite set A, their distribution is identical with the distribution of the point loops under the loop
measure My , or the Bosonic loop measure M /ﬁ 3 88 these point loops don’t leave the set A. As the
Poisson process of loops forms a consistent family of measure in the sense of Kolmogoroff’s extension
theorem (see [Szn]), the class of such v is sufficient. With (4.42) we conclude with the statement.

(e) We sketch the proof for extension to Z? of the statement in (a) of Theorem 2.15. Statement
(b) is included in (a) as the generators are symmetric, and (c) can be obtained using characteristic
functions instead of Laplace transforms. We are using Laplace transforms for all distributions of
1612 = (,¢2)zen in (a). We denote co(Z9) the set of all vectors v in RZ* such that all but finitely
many coordinates are zero. Define the set

{fo(x) = e W v € ¢o(Z?) and 0 < v(z) < oo for all z € 29}, (4.75)

of functions on Z¢. This set is a point-separating family stable under multiplication and including the
constant function for continuous and bounded functions from |0, oo)Zd to R. We apply the one point
compactification to enlarge the space to [0, oo]Zd which is compact by Tychonoff’s theorem. We set
for g: [0,00) — R,

g(c0) = lim g(t), (4.76)

t—o00
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and continue this component wise to functions from |0, oo)Zd, requiring that the limit is well defined.
By the Stone-Weierstrass theorem, it suffices to check that all Laplace transforms, i.e. expectations
of (f,) for any v € co(Z?), of two measures agree to conclude that they coincide. We compute (recall
that Ay = —Qa with Q@ — plly being the generator of the random walk on A and that V is the
diagonal matrix with entries v(z))

det(AA)

Ea,[e @VO] = — A — get(My + AL'V) 7! = det(1 + GHV) ™ 477
AA[e ] det(AA—i—V) e(A+ A ) e(A+ A ) ) ( )
where the Green function is defined as
G'X($,y) = / e“tpt(xay) dtv T,y € A. (478)
0

For d > 1 and pu < 0, or for d > 3 and p < 0, the Green function is finite (transient). Therefore the
limit of the determinants exists as a Fredholm determinant, and using (4.1) implies
; —(®,Ve)] — Byl —(0,L)] _ 1 —(v,L)
,&% Ea,le | = det(llza + GL,V) ™" = Ega,[e | = /PT%Id Eaule ], (4.79)

and thus both distributions agree. We are using that the distribution Py , o L~! converges to the
distribution Pya , o L~! with respect to the topology of local convergence, which can be obtain from
the convergence of the intensity measure My ,. Note that we did not introduce a different notation
for the infinite vector v when restricted to a finite A. O
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