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Doi-Peliti Path Integral Methods for Stochastic Systems with Partial Exclusion

Chris D. Greenman™?

“School of Computing Sciences, University of East Anglia, NR4 7TJ, United Kingdom.

Abstract

Doi-Peliti methods are developed for stochastic models with finite maximum occupation numbers per site. We provide
a generalized framework for the different Fock spaces reported in the literature. Paragrassmannian techniques are
then utilized to construct path integral formulations of factorial moments. We show that for many models of interest,
a Magnus expansion is required to construct a suitable action, meaning actions containing a finite number of terms
are not always feasible. However, for such systems, perturbative techniques are still viable, and for some examples,
including carrying capacity population dynamics, and diffusion with partial exclusion, the expansions are exactly
summable.
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1. Introduction

This work is concerned with parallels between quantum field theory (QFT) and population dynamics. QFT was
developed [1], [2] to model interactions of subatomic particles. These interactions result in particle populations that
vary in size and position. Classical population dynamics also model populations that vary in size, via mechanisms
such as birth-death processes, for example. These populations can also vary in ‘position’, where position can be
interpreted as a continuous feature of interest, such as physical location of a molecule, the size of a cell, or the age of
individuals, for example. Doi [3], [4] was the first to notice this parallel and used QFT machinery to model molecular
reactions.

The path integral formulation of quantum mechanics was introduced by Dirac, further developed and popularized
by Feynman [5]. Peliti [6] adapted these ideas, using functional integration techniques to construct path integral
formulations of the Doi paradigm. These techniques have seen a range of applications including molecular reactions
[3], [4], birth-death processes on lattices [6], [7], branching random walks [8], percolation [9], phylogenetics [10],
algebraic probability [11], knot theory [12], and age dependent population dynamics [13], to name a few.

These works have all been concerned with bosonic forms of QFT, applied to systems with no restriction in occu-
pation number. It is natural to consider analogous applications of fermionic QFT, used to describe quantum systems
where there can be no more than one particle in a given state. These techniques can be adapted to population dy-
namics by modeling classical motions of particles on a lattice, where each site is exclusive, being restricted to single
maximum occupancy. Such an approach has been successfully used to model a range of systems such as aggregation
processes [14], Ising models [15], and lattice diffusion [16], for example. Exclusive dynamics have also been achieved
within a bosonic framework [17]. Grassmannian path integral techniques can also be adapted to such systems [18],
[19].

In addition to bosonic (unrestricted) and fermionic (single occupancy) statistics, QFT has been developed for
states with limited occupation number. This was first developed by Green [20] and has since been well characterized
with the aid of generalized paragrassmannian variables [21], although no fundamental particles of this nature have
been observed to date, and path integral formulations for these methods are not widespread [22], [23]. The Doi
framework using parafermi QFT techniques for stochastic systems with partial exclusion has developed for cyclic
chemical reactions [24], and for diffusion [25], [26], although path integral techniques have not previously been
considered. We turn to this problem and address this deficit with the work presented.
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We also mention that significant work in renormalization with Doi-Peliti techniques have also been developed
[71, [27], [28], [81, [29], [30], although such methods are not explored in this work. A recent review of Doi-Peliti
approaches can be found in [31].

The systems that we shall apply these methods to are partially excluded lattice diffusion [26], [25], [16], where
maximum particle numbers are fixed over a lattice of sites, and birth-death processes with a carrying capacity, where
population size is limited over a single site. The term carrying capacity usually refers to biological species, represent-
ing the maximum population size that can be supported given the available resources (e.g. food, space, competition
etc). Such birth-death processes are also known as stochastic logistic growth or Verhulst models [32], [33], and are
characterized by birth and death rates 3, and u, which depend upon population size »n in some capacity limiting fash-
ion. A linear birth rate 8, = p — n, for example, reduces as the population capacity p is approached. Such linear
systems can be analyzed using classical techniques [34], [35]. However, the per individual rate % = & — lis not
very natural. A birth rate 8, = n(p — n) has a linear per individual birth rate, and approaches zero as full capacity is
reached. Although more natural, the quadratic nature makes this difficult to analyze analytically [34], [36]. A death
rate i, = un has a constant death rate per individual, and approaches zero as the population empties, so is reasonably
natural and the approach we take, although quadratic death rates could similarly be considered.

The work is organized as follows. Section 2 develops a generalized Fock system system suitable for stochastic
systems with partial exclusion, explaining the different Fock spaces found in the literature [25], [24], [26]. Section
3 describes how generalized paragrassmannian algebras can be used to construct coherent states. Section 4 develops
a coherent state path integral representation, demonstrating that the non-commutative nature of paragrassmannian
variables means Magnus expansions [37], [38] are required to construct path integral actions. Section 5 considers
applications to birth-death processes and diffusion. Conclusions in Section 6 complete the work.

2. Fock Spaces

2.1. General Structure

We assume in all that follows that the maximum occupancy of any site is p. We also assume, until otherwise
stated, that we are dealing with a single site, with occupancy n. We let @ and a' represent annihilation and creation
operators for a single site. The Green parafermi relations then take the form [20], [21]

[a,[a,a]] = 2a. (1)

When Green introduced parastatistics, he used what is now referred to as the Green representation. In this formu-
lation we have p distinct occupational ‘bins’, the i associated with standard Pauli operators a; and aj'. These obey
standard anti-commutation relations

lanaly=1,  Aana}={a},a} =0. )

These operators commute for distinct i, j, so [a;, a;] = 0, for example. One can then show that operator a = ) ; a;
satisfies the Green relation of Eq. 1.
Next we introduce states |n) with n € {0, 1,..., p} such that

a'lny=paln+1)y,  al)=g,n-1), 3)
where p,, g, are normalization factors that will later be specified. Repeated application of these recurrences results in
(@)

n—1
i=0 Pi

|n) =

0, d'm=] a0 @)
i=1

Now, the commutation relations can be applied to show that a"(a’)"|0) = (n!)z(ﬁ ) |0). We thus find from Eq. 4 that
(n!)z(f;) = [1%, pi-14:> which results in the expression
Pn-14n = ”(P -n+1). (5)
2



Fock Space No. af|n) = p,ln+1) aln) =q,ln—-1) (sla’ly) (n|n)

I (p—mln+1) nin - 1) S alp—n+ 1), ()"

2 (n+Dln+1) (p-n+Dln=1) 3, ¢un), @

3 o+ Dp-nin+1) n(p—n+Din-1) ¥, vuJo)(p=n+n, 1

4 n+ 1) np-n+Din-1)  X.u ()

5 (et Dp-mn+1)  In-1) Sa D p=nt ), @)2()

Table 1: Fock space alternatives satisfying p,g, = n(p —n + 1). Terms (n), = n(n — 1)...(n — r + 1) are Pochhammer symbols.

This offers a range of possibilities for normalization factors p,, g,, five obvious choices of which are described in
Table 1. For the fermionic case (p = 1) these choices are identical, whereas for fully parafermionic systems (p > 1)
they differ. The third Fock space was used for diffusion and a three species chemical reaction model in [25], [24]. The
second Fock space was used for diffusion in [26]. It can be seen from a comparison between [25] and [26] that the
second Fock space is algebraically easier to deal with than the third.

Next we introduce the number operator

N=3(p+laah=aa= Y da ©)

1

For all the Fock spaces in Table 1, the states only differ in magnitude and satisfy the same eigenstate equation N |n) =
n |n). The number operator is thus identical across all Fock spaces.

Using this formalism, we let |s) = ﬁ _o In) (for the second Fock space, this is equivalent to the standard expression
sy = ¢ |0)), and we let Y, represent the probability that the site is occupied by n individuals. Then, for all Fock
spaces, we represent the state of the system as

p
EDNADIUIES )
n=0

With this formalism, we can recover statistical features of interest. For example, in all cases the probability of
n-fold occupation is given by

Y = {nlp). (3
For the second Fock space, we find that the M factorial moment is
()Y () = Z(ﬂ)rll/n(l) = (sla"|y(5)), (&)

n

where (n), = n(n —1)...(n —r + 1) denotes the Pochhammer symbol. This is the standard form usually observed for
moments using bosonic Doi-Peliti methods [3], [4], [6], and is the main advantage of defining (s| as above. Note that
for the remaining Fock spaces, the moment equations will differ (see Table 1). However, from now on, we shall just
be using the algebraically more compact second Fock space.

2.2. Liouvillians
To model the stochastic dynamics of interest, we convert the corresponding master equation into the following
form, where £ denotes a suitable Liouvillian operator:
dly)

o~ LW (10)

From this formalism dynamic equations of interest can be readily obtained. For example, utilizing Eq. 8, the master
equation is recovered via

O

- = L) D
3



Similarly, from Eq. 9, we find factorial moment dynamic equation

(), )y
ot

= (sla" Liy(@®)) = Gslla”, LIy (0)) , 12)

where probability conservation (s| £ = 0 has been used in the latter form.
We note finally that Eq. 10 has formal solution

() = e [y (0)). (13)

This form will later be used to construct path integral representations of factorial moments of interest, offering an
alternative approach to solving the dynamic equation of Eq. 12. Next, however, we consider the dynamic form for
some applications of interest.

2.3. Applications

The three applications we consider are a birth-death processes with linear rates, one with quadratic rates, and a
lattice diffusion process.

Firstly, then, consider a birth-death process where the population birth rate is 8, = B(p — n) and death rate is
un, = pun. This is perhaps the simplest model of a birth-death system with carrying capacity, where the population is
restricted in size between 0 and p. The corresponding birth-death master equation is

dym
d_wt = =YnBn + ) + Yns1fnet + Yn1Pn-1- (14)

We convert this into bra-ket formalism as follows. Firstly, note that we can use Eq. 7 to convert the left hand side
-1
of Eq. 14 via ), ‘% |n) (2’ ) = %. The birth and death terms ,,— 13,1 and ¥, 1,1 are similarly transformed as:

-1 -1 -1
En]wn_lﬁ<p—n+1)|n>(;’) ;wn_lﬁmm(nl_’]) =;wn_1ﬁawn—1>(n’_’l) =pa‘lyy, (15
P\ p\! p\!
;wmu(mmm(n) Zn]wn+lu(p—n>|n>(n+ 1) =Zn]wn+wa|n+1>(n+l) = paly). (16)

-1 —_ —_
The remaining term converts as )., ¥,(B, + u,) |n) (fj) = (BN + uN) |¢), where N = p — N. Finally, from Eq. 10 we
find the master equation has a corresponding Liouvillian operator

L =p" —N)+pua-N). 17)

From the commutation relations we find [a, L] = —28N — va + Bp, where v = y — 8 and so, using Eq. 12 and
v = u + 3, we find mean occupancy satisfies

0 <n)¢,
ot

= —y{n)y +Bp. (18)

If we assume an initial population of size n this results in solution
(n), = ﬂ7p(1 —e ") +ne. (19)

For a second application, we consider a birth-death model with quadratic birth rate 8, = Sn(p —n) and linear death
rate , = un. This results in the two following Liouvillians, both equally valid:

L
L

—BN(p — N) — uN + Ba’'N + pa, (20)
—Ba'a — uN + Ba’N + pa. (1)

4



ony,

Although distinct operators, the moment equation 0: = (s|[a, L]|¥) in both cases gives:

(n),
ot

= =)y (u=Bp~1) =By, (22)

which implicates the second moment. We could similarly derive an equation for the second moment, which would
implicate higher moments, and so on, making this system more awkward to solve than the linear process analyzed
above. We later turn to path integrals to provide some insight.

Finally, we consider diffusion on a lattice, with particles transferring from site / to neighboring site J at rate
vni(p — ny), where ny, n; are the associated occupation numbers. Then the Liouvillian takes the form [26]

.[:: VZ(N]NJ—LI[Q;), (23)

1,J

where ordered pairs (I, J) label neighboring lattice sites. Note the subscripts I, J are now referring to sites rather than
bin indices i, j of Eq. 2. Using the third Fock space in Table 1 results in a somewhat more complicated Liouvillian
[25]. One can use the commutation relations to derive dynamic equations for moments using equations such as Eq.
12. Equations for the first two moments are given below (the mean was observed in [25]), both taking the following
discretized forms of diffusion, where I(J) and /(K) index neighbors of sites J and K, respectively:

d{nk)
= vp ) iy (k). (24)
1K)
=2v X gy J=K,
d{nyng) 1K) v
Tw = v Z ((n —npng)y, +vp Z (nj(np —ng))y +4 —2vingng)y, —vpiny +ng)y, |J—K|l=1,
1(J) 1(K) 0, |J—K|>1.

We are thus able to obtain dynamic equations for our examples using the Fock formalism directly. Solutions from
these equations can then be sought. We now turn to alternative approaches afforded by path integral construction. In
order to do this we first need the machinery of paragrassmannian algebras.

3. Paragrassmannian Algebra

Next we introduce generalized paragrassmannian algebras that are required for coherent state path integral con-
struction. Paragrassmannian vectors & with components &;, i € {1,2, ..., p} are defined by [21]

&€ = mi €&, (25)

where the signature 7 satisfies n;; = —1 and n;; = n;; € {~1,+1}. For our applications, we shall be interested in
the parafermionic case, where 17, ; = +1 (i # j). The same commutation relations apply if one of the grassmannian
variables, say &;, is replaced with operator a; or alT (e.g. f,-a; = —a;rfi).
We introduce coherent states as:
€)= Up), (€= (gle"E, (26)

where we utilize dot product representations such as &.a’ = le §,~a§. One can then use the commutation relations to
establish the following eigenfunction and normalization properties:

Ela =€, ald) =&,  (EE =T (27)

A coherent state path integral requires a resolution of the identity between time slices. Integration with respect to
paragrassmannians is thus required, which is identical to grassmannian integration for each component:

[ar-0.  [aae-1. (28)



Note that integration acts from the left. For example, f dé; & = — f d¢é; &i¢; = —¢;, where ¢; is a distinct paragrass-
mannian. Now, from the definition of integration and coherent states, one can obtain the following resolution of
identity (see appendices of [21] for a derivation):

= f f derdee € €1 &, (29)

where d¢ = Hll';l dff and df* = le déer. Ngte tha.t the commutator relations [&;, £;] = [f;‘,f;f] =0fori # ]:means
the order of integration within each product is not important. However, d¢* and d¢ do not commute and their order
matters.

4. Path Integral Construction

We next use the paragrassmannians to construct a path integral, assuming the second Fock space of Table 1 in all
that follows. The ! factorial moment, with resolutions of the identity, can be written as the following, where zy and
zr are initial and final paragrassmannian vectors:

(W) (T) = Z(m)rdfm(T) = (sla"e"“ly(0)) = f f dzpdzrdzydzee™ 7797 (s a” |zr) (zpl €' “ lzo) ol (0)) . (30)

This gives us an initial term (z5/(0)), a final term (s| @" |z, and a time evolution factor (z7| €L |zo) to calculate.
C -1 . . . . .
For the initial state we use [(0)) = |n) (fq’ ) to represent an initial population size of n. Using the commutation

relations, this gives us an initial term of the form (zj|y(0)) = (Z )_IS n(25), where S ,(z;) is composed of the sum of
products of terms in all subsets of size n from the set {z],...,z,} of components of paragrassmannian vector z;. For
example, with p = 4, §5(2") = z2]2; + 2125 + 2)2) + 2535 + 237, + 232, For the final term we find (s|a" [z7) = z}€™,
where z7 is shorthand for };(z7);.

To evaluate the time evolution factor, we first assume the Liouvillian operator £(a', a) has been put into normal
form via the commutation relations, with creation operators left of annihilation operators. Complications arising from
the general situation are described in [21], however, for the models we consider, this is straightforwardly done. From
this we can attempt to construct a coherent state path integral in the usual fashion. There is, however, a significant
adjustment that we need to be aware of that arises due to the non-commutative nature of paragrassmannian variables.

Now, we write the time evolution factor as a product of time slices with the aid of Eq. 29 to give:

N
t . * -z * f * _ (" (1) D) _z*(0).z
(zrle™ @ DNzg) = III%I_[ ff dzdzy e %% (5 |e L@ D)z, 1) = ff Dz Dze b 4EOG) 2O Omry, 31
€—
a=1

where T = Ne, z, represent paragrassmannian vectors for each «, z(f) is a time dependent paragrassmannian vector,

and
N-1

I(T) = lim [ e, (32)
a=1

Note that terms such as z}, -z, commute with all paragrassmannian variables and have been collected into a single

exponential exp ( fOT (z* (t).%) - 7°(0) - z(O)). It is standard methodology to try the same with terms ¢“£%-1), For

some stochastic models of interest, however, these terms do not commute (see next section) and the continuous Baker-
Campbell-Hausdorff theorem is required [38]. This results in the following time ordered Dyson series expansion,
where X(¢) = L(Z*(¢), z(?)), 7 is the time ordering operator, and A,, is the triangular region 7 > ¢t; > --- > ¢, > 0:

T T
I(T) = T{expf X(t)dt} =1 +f X(ty)dr +f X(t)X(t)dydtp + - - - +f X(t)...X(@)dt, +--- . (33)
0 0 Ay

Ay



Now, we are using paragrassmannian variables, thus to write the series II(T) = ¢®?) as an exponential and
construct an action requires a Magnus series [37]. There are many different formulations for these series [38], the
most explicit given by Saenza and Suarez [39]:

g 1
an)= [ xeaneg [ e Xelnde Y f Lo [X0). XL . XN dt (34)
T>t>t>!

n>3
where, given standard step function 6(¢),
n i n—i
(_ 1 )1+l
L=y, —— 2 [low. -5 (35)
i=1 0<j1<j2-<jn-i<n m=1

In the case that X(#) is commutative (e.g. for bosonic systems) Q(7T) = exp fOT X(t)dt, resulting in the form usually
observed in path integral actions [6]. Although the case of commutative [X(f), X(s)] is tractable (see below), the
general case results in a complicated action involving an infinite number of terms.

We next consider these path integrals for specific examples.

5. Applications

5.1. Linear Birth and Death Process with Carrying Capacity

Consider next the linear birth-death model with the Liouvillian given in Eq. 17. We are interested in a path integral
formulation for the " factorial moment, {(n),), which should be equivalent to the expression given in Eq. 19 for r = 1.
Now, for paragrassmannian variables x*, x, y* and y, the commutator

L, x), LO7 9] = 2(ux + Bx7) - (ux + Bx), (36)

is commutative, meaning the Magnus expansion €(f) contains two terms and we find, using v = u — 3, and shorthand
notation z; = z(¢),

-1 T
() (T) = (5) ‘PﬁTf D7 Dz e exp{ f dr (zf - (Oszr + vzr)) — 2 ‘zo} . 37
0

T T i)
eXp{fo dt(ﬁ1f+uzt)+f0 dtfo dS(ﬁZZ‘+uzt)-(ﬁz’;+uzs)}5n(z8).

Note that terms such as z; in dot products represent paragrassmannian vectors, otherwise it is shorthand for ) ;(z;);.
Now, the first and third exponentials in the path integral contain non-commutative terms and the Baker-Cambell-
Hausdorff theorem would be required to construct a single action for this path integral. However, we shall treat the
first and third terms perturbatively. To do this we require a generating functional of the following form, rearranged
using standard completing the square techniques [2]:

Za',m) = f f D" Dzels PN = =l D7) f Dz Dzel¥ P = 7P Z(0, 0). (38)

Here we have used the shorthand notation [z*D*z] = fo j(; dedsz*(t) - D*(¢, 5)z(s) and [7*] = fo drz*(¢) - n(t), where

D} (s,1) = 6, j6(t=5)(9,+v+6(1)) and the inverse D; ;(t, s) = 6, B(t—s)e™"™9 satisfy equations ijl J(; du D} (t, D7, (u, 5) =
lké(t s), and ", n7 are indeterminant paragrassmannian vectors.
To simplify the expansion, we make the following change of variables:

y=a (B +pz) z=5,0=Y,
et | = L0y &
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Figure 1: Feynman diagram for linear birth death model. A) Sample diagram. B) Diagram nodes.

The factor @ = +/2Bu ensures the transformation has unit Jacobian, meaning that the path integral measure f f D7Dz =
f f Dy* Dy is preserved. Thus we get:

((n),) = ("’ )
n

where [y*Ey] represents [z* Dz] following substitution with Eq. 39. We also find that with the transformation

C=a "Byt + un) n=5(-0),
£ =" (B - ) } = { M= SO, @b

—1 .
e‘[’,BT ff Dy*z)y Z;ezTe[y*E}VJ &Y f()T dt y,+a? 0’ f(} drds y,.y\.Sn(ZS)’ (40)

the generating functional can be written as

R [
Z(n",n)=Z(§",{)=Z(0,0)exp{§f0 fo dtdS(§(t)+§*(t))-D‘(t,S)@(S)—(*(S))}, (42)

which gives rise to four classes of propagator (6¢ is shorthand for functional derivative 6‘—1)

Gyl(t,s) = f f Dy* Dy yi(t)y ($)e ™ = 64 (6L ()2, Dle=go=0 = %D;,»(t, 9),

Gyl.(t,s) = f f Dy Dy 0y ()e™ B = —6 (N6L,()2(C" Dle=r=0 = %D;,(r, ),

G\(t.s) = f f Dy Dyy; y(8)e” B! = ~64,16¢; (92 Dle=er=0 = —%D;ja, ),

Gi.(ts) = f f Dy* Dy y; (0)y;(s)e B! =64(:)64@)2@*,§>|45¢50=—%D;,<r, ). (43)

Next consider the perturbative expansion. All the internal nodes of the associated Feynman diagram arise from ex-
pansion of the third exponential of Eq. 37 into a Dyson series of Eq. 33, which has a general term o” fA” ¥(t1) ... y(ty)dt,
to consider. Note, therefore, that the internal nodes are just associated with variable y (rather than y*).

Now, the initiating terms from § ,(z;) arise from components of the paragrassmannian vector z; = z%(yo +yp). We

see from above that propagators with initiating nodes yq or y;; will give the same value (e.g G’yy’ (t,s) = G’y}’ (t,5)). We
can thus represent this as a single y node with factor % Similarly, we can replace any terminating nodes arising from
zre® by y nodes with factors . All nodes are thus of type y and G’y)’ (¢, s) is the only propagator we need to consider.

From Eq. 43 we note that propagators between node pairs in bins i, j are only non-zero if i = j, and so are
represented as horizontal intervals ([¢,,#,],{) sitting within [0, 7] X {1,..., p}. Furthermore, the anti-commutative
nature of paragrassmanian components with the same bin number i means that time intervals of propagators do not
overlap for each i.

The collections of intervals for each bin i group into four classes depending upon whether they contain initiating
or terminating nodes. Consider then the Laplace transform fy; (s) of the sum of all propagator products, within a single
bin, of the class with one terminating node and no initiating node (e.g. the propagators in Fig. 1A are the contribution
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from one diagram for i = 2). This is a sum of convolutions of propagators ¢™ (segments) and the value 1 (gaps),
giving a Laplace transform and inverse of the following form, where y = 8 + u, and k counts segment/gap pairs:

R _lw B B _Bosr ot
for(s) = #; o o herm =S e, (44)

The other three cases are found similarly, giving I;o(T) = %IOI(T), Ioo(T) = ’;‘eﬁT + ge‘“T and I,,(T) = geﬁT +
%e"”. Now the sum of terms across all Feynman diagrams for each bin i € {1,2,..., p} contains one of these four
options as a factor in a product of p terms. Given n initial nodes, which are counted by copies of 1,o(7T) and 7;{(T),
we sum over the possibilities to give the " factorial moment as a hypergeometric sum

p-n n

(ryy = 20,00 " N (a+ b)’(” . n)(Z)ImaI()OP_n_all]bllon_b~ (45)

a=0 b=0

If we calculate this for the 0" mean (1), = 1) to find Z(0, 0), the mean (r = 1) can then be found, which reduces to
the formulation given in Eq. 19 after some algebra, as one might expect. Higher moments can be found similarly.

5.2. Quadratic Birth Death Process

Next consider the quadratic birth-death process, where we found associated Liouvillians in Eq. 20, 21. To con-
struct a path integral approach, we note that [£L(x", x), L(y*,y)] = 2(B(x* - x)x* + ux) - (B(Y* - ¥y)y* + wy), using the
Liouvillian of Eq. 20. This is a commutative object meaning we have a finite Magnus expansion with two terms. Note
that this is not the case with the Liouvillian of Eq. 21, where the innocuous looking term a'a results in a complicated
Magnus expansion. Using the former results in the following factorial moment path integral, where v = p + B(p — 1),

-1 T T
(MH(T) = (Z) f Dz* Dz e exp {—f dr(Z - Bz +vz)) — 25 - 20 +,8f dt (z; -z,)z} . (46)
0 0

T T t
exp { fo dr(B(z; - z0)z; + pzy) + J; dr fo ds (B(z; -zf)zj‘+uzz)-(,8(z§-zs)z§f+ﬂzs)}5n(z3).

We treat this with perturbative expansion, much the same as the A . —c
previous example. The main difference is that instead of a birth term . .
Bz", we have a birth term B(z* - z)z*, and we have a new term of the '
form B(z* - z)*> to consider. We also have the same death term uz.
This gives three classes of internal node in corresponding Feynman
diagrams, as exemplified in Fig. 2C. .
. . L Time
The death term uz = p Y, z; results in a simple terminating node, TH it 150
where a node in bin i corresponds to term uz;. The term S(z* - z)? B
is composed of terms 2Bz;‘zizjiz_,- with distinct i, j. This results in the
vertical connections (labeled neutral in Fig. 2C) given in the sam- _,_I—\—WT ;
ple diagram Fig. 2A. The birth term consists of terms of the form —I_U—
,Bz;.“z,-zj with distinct , j, represented as birth nodes with connections ;
from an existing propagator in bin i to a new propagator in bin j (e.g :
time #3 in Fig. 2A has a birth term for i = 1, j = 2). The propagator C Terminating  Initiating
takes the same form e~ as the previous section, albeit with a differ- W _O(ZO)i
ent v. Now the technique utilized in the prev'i0u.s section summed the Death Neutral Birth
Laplace transform of propagators for each b1n.z e{l,..., p} and then po— Sy —? B
amalgamated the results. Now, however, the links between segments i\ B J
of differing bins arising from birth and neutral terms make this im- 2 Zi [,
possible and we need to change the approach, and instead will sum
all diagrams collectively Figure 2: Feynman diagram for quadratic birth death
. " . model. A) Sample diagram. B) Total propagator pro-
In Fig. 2B we see a diagram counting the number of propagators file corresponding to A). C) Diagram nodes.
bridging any point in time. Note that in any time interval, any number
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of neutral connectors can be placed between two propagators without affecting the propagator count in that interval.
For a time interval of length 7 such that the propagator count m is constant for each point of time (a flat portion of the
path in Fig. 2B), we sum the Laplace transform of the product of propagators e™™ of all these possibilities to give
the following, where ¢ indexes the number of neutral connections,

0 14 ¢
3 (m) @B _ | 1 @

\2) (s +my)t! s+mv—,8m(m—1):s+,um+,8m'

Note the following characteristics of Fig. 2B. The count profile can be represented as a path that can move one
position up or down at a time corresponding to internal birth or death nodes, starting at the initial number of occupied
bins (n = 3 in Fig. 2B). The final value indicates the number of terminating nodes in the diagram (n = 2 in our

example). There are (ﬁ ) possible ways of selecting the # initial nodes, which cancels the factor (’; )_1 in Eq. 46. If the
path is at height m prior to an upward step representing term ﬁzjziz;f, there are p —m choices for the internal birth node
(i.e. selecting an unoccupied bin j), and m choices for occupied bin i. With weight 8 these choices are encapsulated
by factor B, = Bm(p — m). If the path is at height m prior to a drop representing term puz;, there are m choices (i.e.
select an occupied bin i to terminate), each associated with death factor u. These choices are encapsulated by factor
Hm = pum. Now each time segment of height m has a Laplace transform - mri v corresponding to a time dependent
term e"“»*A») Then the Laplace transform for all diagrams corresponding to a particular path with k steps is given

by:

k k
1
L f dt, e~ W ) ti=ti-)) | — . (48)
0=tg<ty <<ty =T D lz:l[ S+ U, +ﬁm,»
Next we introduce f,ﬁ,k) as the sum of Laplace transforms for all paths ending at height m in k steps. Note that k — 1
counts the number of internal birth-death (i.e. non-neutral) nodes at time points separating steps. The implicit initial

height » is fixed throughout the discussion. Then we can construct the following recurrence:

1

fle)
" S+ tm + B

[ﬂm—lf,;k,)l + /lm+1f;:,k31] . (49)

Next introduce f,,, = > s f,f,k). Then summing over the recurrence gives

1
1
fu =10+ T [Bin-1fin-1 + ms1 fins1] - (50)
Noting the initial condition f,(nl) = 6,,mm, we can write this as:
(S + HMm +ﬁm)fm = 5m,n + ﬂm—lf;n—l + /1m+1f;n+1 . (51)

Now the r" factorial moment ((n),) (T) of the population size can be written as a path integral with terminating
nodes described by the factor z7.¢*”. Then we can write this as an inverse Laplace transform:

((m))(T) = 2(0,0).L7' {Z(m)rfm} : (52)

For the case r = 0 we sum Eq. 51 over m to find 3, f,, = s~! resulting in Z(0,0) = 1. Now if we write Eq.
51 in matrix form as (s/ — B)f = e, with tridiagonal matrix B we can write the mean as follows, where A; represent
eigenvalues of matrix B:

Adj(A4;l - B mn At
(ny, (T) = L' { > mfm} = L7 { > m{Adj(sI = B)},,, IsI - BII} => Zm ’"r} (J; 5 n s (53,
m FEASRU J

Now if vector ¢ represents the population probability distribution, where component ¢,,(T') is the probability of
population size m, the master equation is %—‘f = By, which has a solution of the form p = e’ 8e,,. Diagonalizing B results
in precisely the solution given in Eq. 53, and we find that the perturbative expansion is equivalent to diagonalization
of the original system [40].

m i
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5.3. Diffusion on a Lattice

We lastly point out that these path integral techniques can be extended to lattice methods. Factorial moment
path integral formulation is similar to the previous example, so we just highlight the salient points. Firstly, from
Eq. 23 we separate the Liouvillian £ = £° + £ into a quadratic part £ = —pv Y. 1.7 Nr which we shall deal with
non-perturbatively, and £! = v ¥, ,(N;N; + a,a;), which we deal with perturbatively.
We rewrite Eq. 31 as follows, where 1;?/ b= g0/ l(zj;, Za-1), X(t) = Ll(z;“, Zt), Zq 18 @ paragrassmannian vector over
bins and sites (« indexes time slices), and z; is shorthand for z(¢):

N N
. % -2 %0 (¥ eL(a",a) — * . * 0 1
Pﬁm() B ff dzidz, e (Z]e |Za—1) ff D7 Dz 115%1;! (Zlza-1Y (1 + €L, + €L,)

N
ff D7 Dzlim [ [ (a1} (1+ €L + L)) = f Dz Dz ST rdalary(r), (54
€ a:]

TL(a" a) 20

(zrle

where d represents the number of neighbours of each site, and

N-1 T oo
1 €L (2 zam1) _ _
I(7) = lim ]:! ¢ D= T{exp fo X(t)dt} = Z_; fA n X(1)) ... X(t,)dt,. (55)

This produces a path integral with form similar to the previous section, except propagators take the form e"”%, we
have two types of Feynman diagram nodes corresponding to the two types of terms in £', and now there are p bins
for each site of the lattice.

Now, each term arising from v }; ; N;N; takes the form vz;"KzLKz’},[z ¢ linking a propagator with label (Z, ) to
(J,€), where I and J and neighboring sites, and x and € index bins. These are analogous to the vertical segments
representing neutral terms in the previous section. If n is a vector indexing the (assumed finite) number of occupied
bins across sites, the number of possible links is 7, = % 2.7 iny. Then, much like Eq. 47, the Laplace transform of
the sum of such terms across any time segment with total occupation number n = }; n; is

L(s) = Z ( Om)™ ! . (56)

s+ nvpd)’" s +nvpd — vy

Now we assume that n° is the initial distribution across the lattice. We let fa ®) denote the sum of Laplace trans-
formed diagrams representing k — 1 non-neutral nodes arising from v 3, ; aia’ ; that start with distribution n’ and end
with distribution n. Then if n*"~/ is the vector n with the /"(J™) component increased(decreased) by one unit, we
have recurrence:

l5k+]) - v Zf(l:rlj)(nl +D(p—ny+1). 57)
s +nvpd — vy —

Then defining f = X7, f,ﬂk) and noting that (s + nvpd — vmy,) f,ﬁl) = Op po Tesults in a recurrence, analogous to Eq. 51,

(s +nu+my)fn+ Z Vii-(np + 1)(p—ny + 1) = 0y po- (58)
1J

This is a finite (albeit high dimensional) system of equations for a finite population, which can be solved exactly,
meaning moments can then be obtained in much the same way as the previous section.

6. Conclusions

In this paper a generalized Fock space has been developed, explaining the different Fock spaces seen in the
literature for stochastic systems with partial exclusivity. The machinery of generalized paragrassmannian algebras
has also been utilized to construct path integral formulations for features of interest, a methodology not explored
elsewhere. The non-commutative nature of paragrassmannians means that a Magnus expansion is required to construct
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a single action, which can be complex in nature, resulting in actions with an infinite number of terms for certain
systems. This adjustment also applies to fermionic path integrals, an issue not discussed in the literature [18], [19],
[30]. This means exact techniques will in general be difficult to implement, although perturbative techniques have been
shown to be feasible, albeit involving rather intricate calculations. An alternative approach to fermionic techniques
for exclusive systems was developed in [17], using a bosonic framework. This yields path integral actions with a finite
number of terms, although the terms involved are exponential (i.e. non-polynomial) in nature. This offers certain
advantages in terms of exact transformations of the action (see details in [17]), although perturbative techniques are
likely to be complicated, requiring expansion of both exponential terms in the action and the (exponentiated) action
itself. The techniques in [17] were not applied to systems with partial exclusion, although such an approach seems
feasible.

These parafermionic methods have been applied to birth-death processes with a carrying capacity, and diffusion
on an occupation limited lattice, producing results consistent with those obtained via classical methods. Finding
alternative perturbative and non-perturbative expansion schemes to offer alternative solution formulations, and make
greater use of the Magnus expansion, remains a future direction of research. An obvious approach is to examine the
effect of the Doi shift on expressions. Although the quantity Z = z + 1 is not a paragrassmannian number, f dz(a + bz)
is invariant to such a substitution and a Doi shift is valid. However, the fact that the path integrals are not easily
expressed as a single action seems to limit the usefulness of such an approach, and other ideas are needed.
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