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Abstract: The quantum symmetric simple exclusion process (Q-SSEP) is a model for
quantum stochastic dynamics of fermions hopping along the edges of a graph with Brow-
nian noisy amplitudes and driven out-of-equilibrium by injection-extraction processes
at a few vertices. We present a solution for the invariant probability measure of the one
dimensional Q-SSEP in the infinite size limit by constructing the steady correlation func-
tions of the system density matrix and quantum expectation values. These correlation
functions code for a rich structure of fluctuating quantum correlations and coherences.
Although our construction does not rely on the standard techniques from the theory of
integrable systems, it is based on a remarkable interplay between the permutation groups
and polynomials. We incidentally point out a possible combinatorial interpretation of the
Q-SSEP correlation functions via a surprising connexion with geometric combinatorics
and the associahedron polytopes.
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1. Introduction

Non-equilibrium phenomena, classical or quantum, are ubiquitous in Nature, but their
understanding is more difficult, and thus yet less profound, than the equilibrium ones.
Last decade has witnessed important conceptual progresses in this direction for classical
systems, starting from the exact analysis of simple models [1-3], such as the Sym-
metric Simple Exclusion Process (SSEP) or its assymetric partner (ASEP) [4-7], via
the understanding of fluctuation relations [8—10] and their interplay with time reversal
[11,12]. These progresses culminated in the formulation of the macroscopic fluctuation
theory (MFT) which is an effective theory describing transports and their fluctuations
in diffusive classical systems [13,14].

The questions whether macroscopic fluctuation theory may be extended to the quan-
tum realm and which form this extension will take are still open and timely. If such
theory can be formulated, it should aim at describing not only diffusive transports and
their fluctuations but also quantum coherent phenomena, in particular quantum inter-
ferences, quantum correlations and entanglement spreading and their fluctuations, in
out-of-equilibrium quantum many body systems. A substantial amount of information
has been gained on this question for integrable quantum many-body systems via the for-
mulation of the generalized hydrodynamics [15, 16]. But transports in these systems are
mainly ballistic. Other pieces of information on a possible form of such theory for diffu-
sive systems has recently been gained by studying model systems based say on random
quantum circuits for which a membrane picture [17-21] for entanglement production in
many-body systems is starting to emerge.

Another route has been taken in a series of works [22-24] consisting in analysing
model systems which provide quantum extensions of the classical exclusion processes
SSEP or ASEP. One exemple of such models is the quantum symmetric simple exclu-
sion processes, named Q-SSEP [23]. These models are formulated as noisy quantum
many body systems whose mean dynamics reduce to those of the classical exclusion
processes, as a consequence of decoherence phenomena. This quasi-classical reduction
only applies to the average dynamics since decoherence is at play only in the mean
dynamics. Fluctuations are beyond the quasi-classical regime and survive decoherence.
In particular, it has been shown that fluctuations of off-diagonal quantum correlations
and coherences possess a rich structure in Q-SSEP.
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The aim of the following is to give an explicit construction of the invariant steady
probability measure of Q-SSEP (under the hypothesis that alocality conjecture, which we
checked in few instances, is valid). That is, it aims at constructing the probability measure
on quantum many-body states or density matrices relevant to Q-SSEP which is invariant
under the stochastic dynamics of Q-SSEP. This measure encodes for the fluctuations of all
quantum expectation values and in particular of the quantum coherences. We hope that,
in the same way as the solution of the classical SSEP played a role in the formulation
of the classical MFT, this construction will open the route towards a formulation of
the quantum extension of the macroscopic fluctuation theory to quantum many body
systems.

In the following Sect. 2, we start this article by describing the definition of Q-SSEP
and its main expected characteristics. We formulate the problem of constructing the
invariant measure of Q-SSEP in a way that is largely independent of the context of Q-
SSEP (although solving Q-SSEP is of course our motivation for tackling this problem).
A summary of the main results we obtained as well as open questions are also given in
Sect. 2. All proofs and technical details are presented in the remaining Sects. 3,4, 5, 6,7
and 8.

2. Summary

2.1. Context. The quantum SSEP is a model for stochastic quantum many-body dy-
namics of fermions hopping on the edges of a graph but with Brownian amplitudes
and injection/extraction processes at a few vertices modelling interaction with external
reservoirs. Here we shall be interested in the one dimensional case (1D) defined on a line
interval with injection/extraction processes at the two ends of the interval. See [22,23].

The bulk dynamics is unitary but stochastic. It induces a unitary evolution of the
system density matrix p; onto e *4Hr p, ¢1?H with Hamiltonian increments

L—1
j i/

dH, =D Z(c;+lcde,]+cjcj+1dW,), (D)

Jj=0
for a chain of length L, where ¢; and c; are canonical fermionic operators, one pair for
each site of the chain, with ¢ jcz + ch i = 8.k, and Wtj and W,J are pairs of complex
conjugated Brownian motions, one pair for each edge along the chain, with quadratic
variations dW;/dW, = 8/*dt. The parameter D has the dimension of a diffusion

constant. See Fig. 1.

The boundary dynamics is deterministic but dissipative. Assuming the interaction

between the chain and the reservoirs to be Markovian, it is modelled by Lindblad terms.
The resulting equations of motion for the density matrix read

1
dp; = —ildH;, pi] — E[dHtv [dH;, pi]]+ Loary (pr)dt, ()

with d H; as above and Lpqry the boundary Lindbladian. The two first terms result from
expanding the unitary increment p; — e '4Hr p, ¢!dH: to second order (because the

Brownian increments scale as +/dt). The third term codes for the dissipative boundary
dynamics with Lpary = a0 L§ + BoLy +ar L] _; +BLL,_, and, for j =0, L —1,

1
,C}'(p) = cj.,ocj — E(cjc;p + pcjcj.),
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Fig. 1. The open quantum SSEP. Particles are injected and extracted at the left and right boundaries at rates «,
Bo and oy, B, respectively. In the bulk the fermions undergo stochastic hopping between nearest neighbours

+ 1
(o) — et — (ot T
£j(,0)—cj,0cj 2(cjcj/o+,0cjcj),

where the parameters «; (resp. ;) are the injection (resp. extraction) rates. Equation (2)
is a (classical) stochastic differential equation for (quantum) density matrices.

This model describes stochastic non-equilibrium physics in quantum many-body
systems. At large time, the system reaches a non-equilibrium steady state with a non-
trivial mean density profiles nj = lim; o0 E[Tr(72jp,)], with 21 = cj.c ; the local
number operator,

. _ ng(L+b— j)+np(j+a)
;T L+a+b '

a;"T‘)ﬁo, np = aLaTLﬁL with a 1= m, = m In the large size limit,
L — oo atx = i/L fixed, this profile, n*(x) = n, + x(np — ny), interpolates linearly
the two boundary mean occupations n, and nj [23,25-27].

The fact that the above mean density profile coincides with that in the classical SSEP
[4-7] reflects that decoherence is at work in the mean dynamics. However, as shown in
[23], beyond this quasi-classical mean behavior, quantum-ness persists at large time in the
sub-leading (in L) fluctuations, and a rich structure of fluctuating quantum correlations
and coherences is encoded in the steady probability measure of (2).

We shall be interested in the invariant probability measure of (2), called the Q-SSEP
invariant measure, in the large size limit, and in the steady correlations of the quantum
coherences. .

Quantum coherences are defined as the fermion two-point functions G j; := Tr(ciT Cjpr)-
They specify the system density matrix, since the dynamical equation (2) are quadratic.
They are random as is the density matrix p;. We shall therefore be interested in their
multiple point connected correlation functions in the Q-SSEP steady probability mea-
sure. For instance, at large size, L — oo withx = i/L, y = j/L fixed, their second
moments behave, for0 < x < y < 1, as [23]

where n, =

E[G;;G il = %(An)zx(l — )+ O0(L™?),

with An := n; — n, the difference between the boundary densities, while the other
two-point functions are E[Gizi]c = %(An)zx(l —x)+ O(L7?) and E[G;iGj;l° =
— 2 (An)? x(1 — y) + O(L 7).

It has been shown in [23] that, in the large size limit, the leading contributions
among the multi-point expectation values E[G,, j, ... G, jp |° come from the correlation



Solution to the Quantum Symmetric Simple Exclusion Process 1145

o or .
e G0 ! o)
j
oG+ 1)
—
) ot
y J
o~ 1(j)
j+1
o(j+1)

Fig. 2. A cyclic permutation o is represented by a loop. Equation (7) involves o j_ and O'}— which are obtained
by breaking the loop o at points j and j + 1 and forming smaller loops with the two remaining strands

functions of cyclic products G;,ip . .. Giziy Giyiy - In this limit, these correlation functions
scale proportionally to 1/L?~!, with P the number of insertion points,

1 1
E[Giip - GiziGipiyI° = TP T gp(xr, ..., xp)+ O(L_P)’

with x; = ix/L. The expectation values E[G;, j, ... Gip,] are non-vanishing only if
the indices ji’s are permutations of the indices i;’s. To such product G;,j, ... Gipjp
we may associate an oriented graph (connected or not) with a vertex for each point
i and an oriented edge from i to j for each occurence of G; in the product. Cyclic
products G;,;, . . . Gi3i, Gi,i, correspond to single oriented loop graphs. See Fig. 2. Other
cumulants of G j;’s not corresponding to single loop diagrammes are sub-leading and
decrease faster at large L than single loop expectation values. Single loops are thus the
elementary building blocks in the large size limit.

These correlation functions depend on how the ordering of the points x := (xq, ..., xp)
along the chain matches or un-matches that along the oriented loop. Fixing an order along
the chain interval, these different orderings are indexed by single cycle permutations of
the permutation group of P elements. The rule for this correspondence is that by turning
around the oriented loop indexed by the single cycle permutation o one successively
encounters the points labeled as x1, x4 (1), Xo2(1)s + -+ UP tO closing the loop back to
Xo (1) = X1. For 0 <x; <--- <xp <1, wedenote by [o](x) the expectation values
of the loop associated to the single cycle permutation o,

. 1 1
E[GilioP—l(l) s GiUZ(l)l.n(l)Gia(l)il]L = P [o](x) + O(L_P)’ 3)

The aim of the following is to determine the expectation values [o](x) for all oriented
loops with an arbitrary number of marked points.

2.2. Formulation of the problem. Stationarity of the measure under the Q-SSEP flow
(2) imposes constraints on the correlation functions [o](x). The problem of determining
this invariant measure, and more particularly all these correlation functions, can be
formulated algebraically, without making explicit reference to the Q-SSEP — although
Q-SSEP is of course the (initial) motivation to solve this problem.

Let us pick P points on the interval [0, 1] and fix an ordering of them along the chain
interval,say 0 < x; < --- < xp < 1. We then consider labeled loops by placing these P
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points on a loop but without respecting the ordering, so that the order of the points on the
clockwise oriented loops may differ from the order of the points on the chain interval.
The order of the points on a given labeled loop is in a one-to-one correspondence with
a single cycle permutation o, such that a clockwise exploration of the loop successively
reveals the point x1, xq (1), Xg2(1)> UP 1O XpP () = X]. To each of these labeled loops,
or alternatively to each single cycle permutation o of P elements, we associated a
function [o](x) of x := (xy, ..., xp) which we call the loop expectation value or the
loop correlation function. These functions satisfy a series of conditions which are the
conditions for the stationarity of the Q-SSEP measure, see [23]. There are three types
of conditions (bulk relations, boundary conditions and exchange relations) :

(i) Bulk relations and locality: For all x; distincts, the function [o'](x) is harmonic:

> Ay lelx) =0, )
J

where ij is the Laplacian,i.e. Ay f(x) := ij f(x). We shall look for solutions which
enforce this condition locally. We put this hypothesis as a working conjecture:
Conjecture. We conjecture that:

(cl) The Q-SSEP invariant measure is unique;
(¢2) This measure satisfies a locality property, meaning that Ay;[o](x) = 0 for all j,
as long as the points in x are distincts.

We shall prove that, assuming the conjecture (c2), the Q-SSEP invariant measure is
unique.

This locality conjecture is supported by the explicit computation of the steady 2, 3
and 4 point functions, at finite size L, done in our previous paper [23].
(i) Boundary conditions: There are two boundary conditions at the two ends of the
chain interval, for P > 1,

[0](X) =0 =0, [0](x)[xp=1 =0. ®)

(iii) Echange relations: These are relations imposing conditions on [o](x) at the

boundary x; = x;4+1 and involve the pair of loops o and 7j 0o 0 := ‘E.,'O"L'j_l with T;
the transposition exchanging j and j + 1. The first is a continuity equation,

[UJ(x)|XjZXj+1 = [TJ © U](x)|XjIXj+1~ (6)

The second is a Neumann like boundary condition,

(Y, = Var) (10160) +17 0 0160 ) Leymys = 2 Vi 107 160) Vg [071G0), - (D)

where aji are the two loops arising from the decomposition of the product 7; o into its

two connected cycles, with o; containing j and a]‘.L containing j + 1. Note that both sides
of the above equation are independent of x; and x .1, since the [o'](x)’s are polynomials
of degree at most one in each variable.

Hence, by the bulk harmonic condition (4) imposed locally, to any labeled loop, or
alternatively to any single cycle permutation o, we associate a polynomial [o](x) of
degree at most one is each of its variable. By the boundary conditions (5), these polyno-
mials may be factorized as [0 ](x) = xjo® (x), with 0(1)(x) = V,,[0](x) independent
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of x1, and o (x) = 0P (x)(1 — xp), with o) (x) := —V,,[0](x) independent of xp.
The exchange relations (7) relate polynomials associated to different labeled loops. Since
the transpositions 7; generate the group of permutations of P elements, these relations
allow to explore the conjugacy class of all single cycle permutations. Together with the
boundary conditions, they determine uniquely the solution, as we shall prove below.

The case P = 1 is peculiar. From Q-SSEP computations, we know that the expecta-
tion value of a loop with a single point linearly interpolates between the two boundary
densities, that is, [(1)](x) = n, + (np — ny)x with n, (resp. np) the densities at the left
(resp. right) boundary of the chain interval. Actually, the only information we shall need
in the following is V[(1)] = (An) with An := n; — n,.

It is easy to verify that loop expectation values with P points are proportional to
(An)?, thatis : [o](x) o (An)¥ with P the number of points in the label loop o. From
the reflexion symmetry exchanging the chain boundaries, we have: [o](x1, ..., xp) =
(=P o711 = xp, ..., 1 —x)) witho™¥ (k) := o (P + 1 — k).

In the following, to simplify notation, we shall set An = 1 (unless explicitly speci-
fied).

2.3. Summary of the results. The aim of the sequel is to present the solution to the
constraints (4,5,6,7) assuming the locality conjecture. Since the gluing condition (7)
relates correlation functions with P points to correlation functions with less points, the
construction of the solution will be recursive on the number of points.

We shall prove that, if the locality conjecture holds, then the solution of the stationarity
conditions (4,5,6,7) is unique and, for any labeled loop o with P marked points, can be
written as

[o](x) = Zm 1019, () +x1 . xpoi (L= xp) [015, ()

withx := (x1,...,xp) withO < x; < --- < xp < 1, where the polynomial coefficients
[o]‘]’. +1(x) are called hole coefficients and are given by

J
(019516 = (Ve -+ V) 3 [t =15 0 07 [0 [Tt -+ 7y 0 0)F @), (9)
k=1

for j = 1,..., P — 1. This formula relates the hole coefficients of a loop correlation
function with P points to multiple derivatives of smaller loop correlation functions
with less than P points, via a quadratic relation. Most of the following constructions or
arguments will be based on an interplay between hole coefficients, multiple derivatives
and the permutation group. See Theorem 1 and its proof in Sect. 4 for details.

Equation (9) is recursive by construction. It allows to compute loop correlation func-
tions for loops with P points knowing all loop correlation functions for loop with up to
P — 1 points. As such one may say that it solves the problem of determining the Q-SSEP
invariant measure (at least the multi-point correlation functions within this invariant
measure). The following results aim at making this recursive procedure more concrete
and at deciphering (part of) the structure underlying it. These results will be formulated
in terms of generating functions coding for (and summing over) loop expectation values
with an arbitrary number of points.
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First we shall notice that the formulas (8,9) becomes rather explicit when dealing
with the loops wp, which we call the regular loops, for which the order along the chain
and the loop coincide. These are associated to the cyclic permutation wp := (12... P)
of the P first integers with P the number of points. We introduce the generating function
Ck (z) of multiple derivatives of the regular loop expectation values [wp] defined as the
formal power series in z,

. N
Ci(2) = Z Cn+k+1:k 2
N>0

with Cypp1:k = Viyy = Vi [on+k+1]1(x). Since [wy4x+1](x) are polynomials of
degree at most one in each of their variables, by the locality conjecture, all coefficients
CnN+k+1:k» and hence also the generating functions Ci (z), depend only on the remaining
k variables xn4k+1, - - - » XN+2 on which the derivatives are not acting. We call them the
floating variables and renamed them as y; := xy4x+1—; for/ = 1, ..., k. The formal
power series Cx(z) sum over the number of points in the regular loops fixing the number
of floating variables. For the regular loops, the formulas (8,9) can be recasted into the
following recurrence relation:

(10)

’
+

_ o
G () = [ (@) + Z)Ci2)]

where [ .- ] . means the part with positive degrees of the Laurent series and ¢(z) :=
(VT+4z —1)/2z =1 — z+2z> — 53 + - - is the generating function of alternating
Catalan numbers. See the Proposition 1 in Sect. 5 for details. The regular loop expectation
values are recovered from the generating functions Cg(z) by evaluating it at z = 0 via
the reconstruction formula

[wrs1]1(x) = x1 CL(0) (Y0 = Xks1, Y1 = Xks -+, k=1 = X2), (11)

with the initial condition Cxy—0(z) = ¢(z). Furthermore, we shall show that, as a conse-
quence of (10) and (11), there exists yet another formal power series D, (yo, y1, . ..) of
an infinite number of variables such that, for each P > 2,

[wpl(x) = x1 Doy(xp, Xp—1,...,%2,0,0,...). (12)

This formal power series is recursively constructed using (10). See Theorem 2 in Sect. 5
for details.

Second we shall view any labeled loop as a deformation of a regular loop. Indeed,
because labeled loops are in one-to-one correspondence with single cycle permutations,
they form a closed orbit under the adjoint action of the permutation group. Hence any
labeled loops with P points is of the form w, o wp = u, wp u, I with p, some
permutation. Any permutation is characterized by its support which is the minimal
length interval outside which it acts trivially as the identity map. A permutation with
support of length |u| is canonically associated to an element p of the permutation group
Sy of || elements, which we call the profile of the deformation. Any permutation ji,,
can be viewed as a translation by n — 1 steps of its canonically associated profile. That
is: the permutation p, possesses the same profile as the permutation p but starting at
point n instead at point 1: u,(j+n —1) = u(j)+n —1for j =1, ..., |u|. We then
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introduce generating functions for the expectation values of deformations of the regular
loop of a given profile i defined as the formal power series in z, for g > 1,

(159) — Hq+N N
Dt (@) = Z CNikr1k &
N>0

with 'Cx";i]_k = Vipa oo V)fl [g+n o'a)N+k.+1](x). Here the in.teger label g codes fqr
the distance between the location of the insertion of the deformation tg+n and the posi-

tion of the last derivative V,,, in C II\LIZ::— 1> SO that these generating functions sum over
the number of points in the loops and the location of the insertion of the deformations.

As above, the functions D,((“ ;q)(z) depend on k floating variables (yo, ..., yk—1). We
shall prove in Proposition 3 in Sect. 7 that the formulas (8,9) imply that the following
recurrence relations for these generating functions

D@ = [ (e + DV @) (13)

LV
for g > 2. These relations are structurally of the same form as (11) but they strongly

depart from them by their initial conditions D,((“;q)(z) at ¢ = 1. The later is obtained
by a procedure which consists in traversing the deformation starting from the right
end of the chain interval that we describe in Proposition 4 in Sect. 7. The number of
steps involve in this procedure increases with the size of the support of the deformation
(see Proposition 4). The expectation values of deformations of the regular loops are
reconstructed from these generating functions via

[14g © @e11(x) = x1 DY (0) (o = Xpats - -+, Yot = X2). (14)

Similarly as for the regular loop, as a consequence of (13) and (14), there exists formal

power series Bﬂ;q(yo, Y1, ...) of an infinite number of variables such that, for each
P >2,

[11g 0 wp)(x) = x1 D" (xp, xp_1,....%2,0,0,...). (15)
That is: the expectation values of deformations with profile x and P points are obtained

by evaluating the generating function D" but with yi=xp_j,forl =0,..., P —2,
and all other variables yp_1, yp, ... set to zero. See Theorem 3 in Sect. 7 for details.

The particular case of deformations implemented by a simple transposition is de-
scribed with some details in Sect. 6.

2.4. Remarks and open questions. The results we have obtained are modulo the locality
conjecture, although we checked it in a few cases. For instance, the formulas (8,9) are
implied by the conditions (4,5,6,7) if we assume that the expectation values [0 ](x) are
harmonic in each of their variables, but we do not provide a full proof that they imply
all conditions encoded in (7). A proof of the later statement will be welcome.

As it will be explicit in the following, in particular in the exemples, the loop expecta-
tion values [o](x) are polynomials with integer coefficients. We do not have an a priori
explanation why this should be so, but formulas (8,9) give an a posteriori explanation.
Also, when specialized to all its variables being equal, x; = —¢ for all j, these polyno-
mials are remarkably generating functions counting objects of certain degree in discrete
and computational geometry [28]. The coefficients of the loop expectation values with
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n + 2 marked points specialized at x; = — for all j are the number of faces of given
dimension in the associahedron polytope of dimension 7, as we shall notice in (41) at the
end of Sect. 5. We do not have a good understanding of this surprising fact. Remarkably,
an interplay between the geometry of associahedron polytopes and scattering theory has
recently been revealed [29]. This remark raises the question whether the polynomials
[o](x) have a combinatorial interpretation.

The tools and structures we used to prove the formulas (8,9), or the properties of
the generating functions we introduced, are calling for a deeper algebraic structure.
These proofs rely on one hand on manipulating two simple operations on [o](x), the
evaluation at 0 and the derivative with respect to one of the variables, and on the other
hand on finding relations between hole coefficients and multiple derivatives. This is for
instance illustrated by the formula (21) which is the first step towards proving (8,9). On
polynomials of degree at most one in each of its variables, as [o'](x) are, these operations
can be formulated as annihilating a particle or a hole using a language alluded to at the
end of Sect. 4.2. In this language, formula (21) yields information on the behavior of
[o']1(x) under the move of a hole from one position to the next. An algebraic framework
encompassing this information will be welcome. The computations we present below
resemble the computations of expectation values of algebraic operators or of matrix
product states but, paradoxically, without knowing explicitly these operators. If such
algebraic framework was available, it will most probably be more economical (as, for
instance, it is simpler to write expectation values of creation/annihilation operators than
computing them explicitly using Wick’s theory, if an analogy is needed). It is tempting
to suggest that a proof of the locality conjecture will be more direct using such algebraic
framework, if it exists (as it is with the matrix product state representation of the classical
SSEP invariant measure, if an analogy is needed).

It may be surprising, but remarkable, that explicit expressions (8,9) for [o](x) are
available although we did not use any known structure from the theory of integrable
systems [30,31], classical or quantum, besides the permutation group. In a way, at the
present stage, the model seems to be solvable without being integrable in the usual sense.
Is the potential algebraic structure we discussed above linked to some realisation of the
Yang—Baxter equation or of quantum groups ? Are the quadratic relations we found,
as in (9) or in (10,13), related in some disguised form to bilinear Hirota’s equations or
Sato’s tau functions ? Do cluster algebras, via their connexions with exchange relations
and associahedron polytopes [33-35], play a role in the algebraic structure underlying
Q-SSEP ? We do not know yet how to answer these questions.

In parallel, the generating functions as well as the operations on them which we in-
troduced, such as in (10,13), are reminiscent of vertex operators or Sato’s tau functions.
Since single cycle permutations form an orbit under the adjoint action of the permutation
group, and since these generating functions exist for any element in this orbit, we are
lead to conjecture the existence of vertex like operators representing the action of permu-
tations of any size on these generating functions (which depend on an infinite number
of variables). We hope to report soon on this problem. Permutations may be viewed
as discrete diffeomorphisms [36], and so do the deformations of the regular loop we
considered which can be viewed as discrete diffeomorphisms from the chain interval to
the loops. Adopting this point of view, these vertex operators, if they can be constructed,
are going to implement discrete non-commutative diffeomorphisms.

The scaling of the correlation functions (3) with the system size is such that it ensures

the existence of a large deviation principle for the quantum correlation and coherence
fluctuations [23]. It will be welcome to have a variational principle for determining
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the large deviation rate function, as in the classical SSEP [5—-7,37]. This may well be
a possible route towards the quantum extension of the macroscopic fluctuation theory
[13,14] aiming at describing quantum coherence and entanglement fluctuations in out-
of-equilibrium quantum many body systems.

Of course, the first applications of the results presented here may deal with the com-
putation of various entanglement entropy fluctuations or entanglement productions and
spreadings in Q-SSEP systems. It will be interesting to understand whether there ex-
ists a controllable coarse-grained hydrodynamics description of entanglement spreading
and how the later is connected to the recently emerging membrane picture [17-21] for
entanglement production in many-body systems.

3. Preliminaries

Since solving the problem formulated in Sect. 2.2 requires dealing with permutations
and polynomials, we first need to recall a few basics facts and introduce simple notations.

3.1. Permutations, cycles and loops. Let Sp be the permutation group of P elements
labeled 1,2, ..., P. Any permutation can be decomposed into independent product
of cycles. The number of cycles (counted with multiplicities) specifies the conjugacy
classes in Sp. The number of single cycle permutations in Sp is (P — 1)!.

Lettj,for j =1,..., P —1, be the transpositions of j and j + 1. They generate the
permutation group. Transpositions are involutions: 7,']2 = 1. They satisfy the fundamental
relation (known in another context as the Yang—Baxter equation),

TjiTj+1Tj = Tj+1TjTj+1-

The triple product 7;7;,17; is the transposition of j and j + 2.
For o1 and 07 any two permutations, the adjoint action of o on o7 is defined by
02 001 := 02010, I particular, the adjoint action of the transposition 7; on o is:

T/' o0 = 'L'jO"L’j.

Adjoint actions act on conjugacy classes (by definition) and hence preserve the number
of cycles entering in the decomposition of the permutation into product of cycles. In
particular, if o is a single cycle permutation sois 7; o 0.

A contrario, if o is a single cycle permutation then the product 7;0 is not a single
cycle permutation but it decomposes into two cycles, one including j, the other one j+1.
Let us denote these cycles O']:-t, sothat 7;0 = aj_ o}r. They are:

o o) >0 (D) >,

of ijrl oo+ > > o7 () > j+ 1

A similar statement applies to the reversed product o'7;.

Oriented labeled loops with P points marked along the loop are in one-to-one cor-
respondence with single cycle permutations, defined by following the ordering of the
points along the loop. For o a single cycle permutation, the corresponding labeled loop
isl —> o(l) > 02(1) - - > o 1(1) > 1. As a consequence, if o is a single
cycle permutation, then 70 is associated to two disconnected loops with less marked
points obtained by cutting the original loop o at the point j and j + 1.
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To simplify notation, when needed, we shall denote (as usual) a single cycle permu-
tation o, or equivalently an oriented labeled loop, by specifying its ordered sequence of
points (i1iz...ip), with iy := ok=1(D).

More information, and notations, shall be needed to construct the generating functions
of expectation values of arbitrary loop. We prefer to postpone the introduction of these
notations to Sect. 7.

3.2. Polynomials. By construction, solving the problem of Sect. 2.2 requires dealing
with polynomials of degree at most one in each of its variables. We need to introduce an
appropriate triangular decomposition of such polynomials, which amounts to introduce
an order among monomials. We call it the hole decomposition.

Let O(x), withx := (x1, ..., xp), be a polynomial in P variables of degree at most
one in each of its variables. It can be uniquely written as

P
Q) = xi...x; 09, (x), (16)
j=0
with Q‘; +1 (%) independent of xi, ..., x;, xj+1, and where by convention the first term

is QO7(x), independent of x1, and the last term involve a coefficient Q% , independent
of all variables. The polynomial coefficients Q‘; +1(x) are called the hole coefficients of
Q. They are defined as

09,1 (x) := Vi, - Vi, Q)11 0.

forj=1,..., P—1.Byconvention, Q7(x)=Q(x)|x,=oand Q% := Vi, - - -V, Q(x).

Indeed, since Q(x)— Q(x)|x,=o vanishes atx; = 0, we canwrite Q(x)—Q(x)|y,=0 =
x1 Q] (x), with Q7 (x) independent of x; and of degree at most one in all other vari-
ables. We can then expand Q7 (x) in power series of x; (up to degree one) and write
Q' (x) = 05(x) +x205(x) so that Q(x) — Q(x)[x;=0 = x1 Q5 (x) +x1x2 05 (x), with
05(x) := V,, Q(x)|x,—0 and Q%(x) independent of x; and x, and of degree at most
one in all other variables. We can then expand Q5 (x) in power series of x3, etc. Hence,
by iteration, we can write,

k
Q(x) — Q(X)|x;=0 = le X Q5 () X1 X Oy (%),
j=1
with both Q?H(x) = Vy; -+ Vi Q%) ]y, =0 and Q;'+1 (x) independentof xi, ..., x4
and of degree one in all other variables. This can be pushedupto j = P — 1.

The construction below will be grounded on an interplay between the hole coefficients
and multiple derivative of the polynomials. Thus, let us define strings of derivatives acting
on polynomials,

Dk Q(x) == Vy -V Q(x), a7)
which depends on the P — k variables xj+1, ..., xp. Clearly, we have

P
DiQ() = 0 (X) + D Xper ... x; Q9,1 (x),

j=k+1

or equivalently,
Dk Q(x) = Q41 (%) + Xks1 Dpes1 Q (). (18)
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Remark. One may use an alternative language to describe the monomials entering into
polynomials of degree at most one by declaring that, if the variable x; is raised to the
power 0 in that monomial then there is a hole at position j and if x; is raised to the
power 1 then there is a particle at position j. Alternatively, we can speak about spins
by declaring that the spin is down at position j is there a hole at that position and up if
there is particle. The hole decomposition consists then in introducing a basis of states in
the spin system in which the spins from position 1 to j are up, with j running along the
chain.
In the following we set V; := V.

4. Solution to Q-SSEP in the Continuum

The construction is going to be recursive since, for any labeled loops with P points,
the data entering the right hand side of the gluing condition (7) involve loops with a
smaller number of points. Thus we assume to have solved for the stationarity conditions
(4,5,6,7) for all labeled loop expectation values up to P — 1 points and look for the P
point expectation values.

4.1. Local moves. The first step consists at looking at the consequences of the exchange
relations (6,7).

For any given labeled loop o and [0 ](x) its associated polynomial, let us single out its
dependency on the pair of neighbour variables x; and x j1. Since [o](x) is a polynomial
of degree at most one in each of its variables, it can be decomposed as,

[o](x) = Aj(CT)+Bj(G)Xj +Cj((7)x]'+1 +Dj((7)xjxj+1s

where all coefficients A;, B, Cj, D; are independent of x; and x| but depend on all
other variables in x and on o.

Lemma 1. The exchange relations (6, 7) are equivalent to:

Aj(tjoo) =Aj(0), (192)
Bj(tj 00) = Cj(0) +V;Vjulo; -of], (19b)
Cj(rjo0) = Bj(0) = V;Vjulo; -ofl, (19¢)
Dj(tjoo) = Dj(0). (19d)

The second and third relations (19b,19c) are actually equivalent (because V;V 1[0 j_ .
o;'] is invariant upon replacing o by t; o o). Here and in the following, we set o ik
o11(x) = [0} 1)o7 1x).
Proof. The continuity condition at x; = x4 is equivalent to

Aj(tjoo) =Aj(0),

Bj(tjoo)+Cj(tjoo) = Bj(0) +Cj(0),

Dj(‘L’j OO’) = Dj(O').

The Neumann like gluing condition is equivalent to
(Bj(rj oo)—Cj(t; oa)) + (Bj(o) — Cj(a)) = 2VjVj+1[O’j_ . o;].

Solving the above equations for B; and C; yields egs.(19). O



1154 D. Bernard, T. Jin

These relations induce moves inside the conjugacy class of single cycle permutations.

Lemma 2. The moves (19) define an action of the permutation group into the set of
polynomials of degree one in each P variables, provided the polynomials [a]i] in less
variables satisfy the exchange relations (19).

Proof. We have to check the fundamental relation of the permutation group
TjTj+1T) = Tj+1TjTj+1-

To verify it, we pick a triplet of points j, j + 1, j + 2, and decompose the polynomials
[o](x) accordingly:

[o](x) = a(o) +bo(0)x; +b1(0)x 11 +b2(0)X 12
+c01(0)xjxj41 +€02(0)xjXj42 +€12(0)Xj11Xj42 + d(0)X X j11X 12,
with all coefficients a, by, etc., dependent on all variables except the triplet x j, x 41, X j+2.
To compute the actions of 7;7;417; and 7417741 on polynomials we have to apply
successively the moves (19) for the pairs (j, j + 1) and (j + 1, j +2), in the appropriate

order. Since a and d are both invariantunder 7; and 7.1, the action of the group generated
by 7; and 741 on them is clearly compatible. Next, for the pair (j, j + 1) we have

bo(tj o 0) +coa(tjo0)xjur = bi(0) +cr2(0)xjs + V]Vj“[o; . a;],

bi(tjoo)+cia(tjoo)xjia = bo(o) +co2(0)xj42 — V; Vg [Uj_ 'Gf],
while a, by, co1, d are T -invariant. For the pair (j + 1, j + 2) we similarly have

bi(tj+100) +co1(tj o0)xj = ba(0) +co2(0)x; + Vj+1Vj+2[0j_+1 -Uj++1],

ba(tjr1 00) +coa(tj 0o 0)xj = bi(0) +cr2(0)x; — V,,'+1Vj+2[<7]+1 . Uj++1],

while a, bg, c12, d are t;,i-invariant. Using these relations, we can evaluate all coeffi-
cients by (t;7j417j00) and ¢y (77417 00), as well as all coefficients by (7417 Tj4+100)
and ¢y (Tj417Tj+100). SINCE Tj41T;Tj41 = T;T;417; is the permutation 7, 4> exchang-
ing j and j + 2, these computations yield formulas of the form

bo(tjTj+17j 0 0) = by(0) + “extra terms (a)”,
bo(Tj+1TjTjs1 0 0) = by(0) + “extra terms (b)”,
and similar formulas for by, b and for co1, c2, c¢12. The compatibility conditions with
the fundamental relation in the permutation group are then that the "extra terms" of type
(a) and (b) should coincide. These conditions reduce to the following one (equivalent to
a set of two relations because it is polynomial of degree one in y)
ViVia[(zjjs20 0); - (Tjjs20 0)7]|x,-+2:y
+VinVin[(tjj+20 o)1 (Tjjr20 U);+1]|x.f=}7
-+ — +
=V;Vju [Uj "0 ]|x,~+2=y + Vj+1Vj+2[Uj+] . Uj+1]|xj=y’ (20)

with y a book-keeping variable (with x;_; < y < x;43). To finish the proof of the
compatibility of the moves (19), we have to show that this relation is satisfied provided the
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exchange relations for cycles with less points are fulfilled. We remark that (z;, j;2 o o)jE
is identical to crﬁl up to permuting j and j + 2, since

Tjj+2 0 (Tj+10) = Tj(Tj;j+200),

because T, j127;T};j+2 = Tj+1. Thus we can compare V,-Vj+1[(rj;j+2 o O’); “(Tj;j420

a)}f] lxjo=y and V1V [O’]_H . o]*fH ] |x;=y using the exchange relations (19) (applied
to oﬁl depending to which component j belongs to) and write

ViVia[(zjjs20 0); - (Tjjs20 U)ﬂlx_,+2=y

- 0 1 2
0 fally=y + ViV Visalo ), ol o),

= Vj+1Vj+2[U jij+l 91 " Ot

j+l1 :
where the three cycles a;‘_x; R containing j+o respectively, = 0, 1, 2, are those entering
the decomposition of the product j+17j0 . Similarly, using again (19), we have

- +
VitVjn[(Tjj 0 o) (T jsa0 G)j+]]|xj:y

O n @
jo+l Ogjst Ol

=V;Vjs[o] 0] ]lkj=y — V;Vjr1Vjsalo
Adding the two last equations yields (20) and hence proves the compatibility of the
moves (19), provided that the lower point correlation functions do satisfy the exchange
relations (6,7). 0O

Remark. If [0](x) is a family of polynomials satisfying the moves (19), then adding to
them polynomials Q. (x) invariant by simultaneous transpositions of the variables x ;
and x 41 and of their positions inside the loop provides another solution.

This follows from the fact that such polynomials Q7 (x) are solutions of the equations
(19) without the non-linear terms in the right hand side. Indeed, because they are invariant
under the simultaneous transformations 0 — 7 0 0, X; — Xj41, Xj+1 — Xj, such
polynomials can be decomposed as

Q% (x) =aj(@)+bj(0)xj+cj(0)xjs1 +dj(0)x;xjs1,

Withaj(TjOU) =aj(0),bj(7:joa) = Cj(O'),Cj('L’jOU) = bj(O’),al’lddj(‘L'jOO) Zdj(U).

4.2. Forward propagation. The second step consists at examining the consequences of
the boundary conditions (5) and their compatibility with the exchange relations (6,7).
Indeed, on one hand, although they allow to move within the single cycle conjugacy
classes, the exchange relations (6,7) do not fully specify the polynomials [o](x), as we
noted above. On the other hand, the moves (19) implied by the exchange relations (6,7)
do not preserve the boundary condition unless the polynomials [o](x) satisfy peculiar
conditions. The determination of the polynomials [o](x) will come from using the
interplay between the boundary conditions (5) and the moves (19).

The moves (19), and in particular the second relation (19b), Bj(0) = Cj(tj o0) +

ViV [aj_ . oﬂ, which we rewrite as,

Vilo1)|xj,=0 = Vjsilzj 0 01(0)|x;=0 + V; Vi [o] - 07 ](x), 21)
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allow to move within the conjugacy class of single loop but also along the chain, as
it exchanges derivatives and evaluations at O at points x; and x;.1. The strategy to
determine the polynomials [o](x) will consist in moving recursively the evaluation at O
to the point x; where it vanishes thanks to the boundary condition.

Given a single loop o, let us decompose [o](x) on the pair of the two first variables
x1and xp as[o](x) = A1(0)+Bi(0)x1+Ci(0)x2+ Di(0)x1x3, with Ay, By, Cy, D;
independent of x1 and x,. The boundary [0 ](x)|x, =0 = O then imposes that A; = 0 and
Cy1 =0, so that

[01(x) = x1(Bi(0) + D1(0)x2).
The move (21) then tell us that
Bi(0)(x) = Vi[0](x)]x,=0 = V2Vi[o; - 0f](x).

Note that Bi (o) = Bi(t1 00). Thus, Vio (x)|x,=0 is determined since, by the induction
hypothesis, we assumed having solved for the single loop correlation functions with
P’ < P marked points and crllL are single loops with less than P points. We can iterate
this procedure to get

Lemma 3. By iterating the move (21), for any single loop o andfor j = 1,..., P — 1,
we have,

(Vi VPIol(X)]x,,=0

J
= (Vi Vi) Y [(@rer - 1j00); - (ar T 00)f]®),  (22)
k=1

where the last term in the sum is [O’j_ . O’;'] (x) by convention. Notice that, for all k > 1,

(Tke1---Tj 0 (7)?(E are loops with less than P points.
Proof. We shall prove (22) by induction. For j = 1, we already proved that
Vilo1(®)lx,=0 = V2Vi[o; - of ] (x).

To understand how the induction is at work, let us now do it for j = 2. We look at the
move (21) for j =2,

Valo1(x)]x3=0 = V3[12 0 01(X)|x,=0 + (V3V2) [0 - 07 ](x).
Taking the derivative w.r.t. x1 yields,
VaVi[o1(xX)|x3=0 = V3Vi[12 0 01(x)|xy=0 + (V3V2 V) [05 - 05 | (x).

Now, Vi[1200](x)]x,=0 has been previously identified as (V2 V1) [(‘L’zod)l— (1 oo)ﬂ (x).
Hence we get

VaVi[o]1(x) =0 = (V3VaVi)([(12 0 0)] - (12 0 0)]1(x) + [0, - 05 ]1(x)),

as in (22) for j = 2. For higher j, we assume (22) to be valid up j — 1 for all single
loops. We then start with (21),

Vilo1()lxj=0 = Vjsilzj 0 01(®) ;=0 + V;Vjsi[o] - o7 ] (),



Solution to the Quantum Symmetric Simple Exclusion Process 1157

and act on it with the successive derivatives V;_1 - -- V1 to get
= Vj+lvj—1 . V]['L’j o 0](x)|x_l.:0 + Vj+lvjvj—1 VA [O-j— X O’;](x),

Now, by the induction hypothesis V;_1 --- Vi[1; o o](x)|xj=0 is given by (22) but for
Jj — 1. Inserting this formula in the above equation yields (22). O

Notice that (V- - Vl)[o](x)|xj+1=0 is independent of xi,...,x;4; but depends
on the other variables x;i,...,xp (both sides of (22) are indeed independent of
Xlsenos Xjg1).

Remark. Since [o](x) are polynomials of degree at most one in each of its variables,
evaluating at the origin and taking derivatives are two basic and fundamental operations.
Knowing their actions on [o] determine it completely. Eq.(21) can be interpreted as a
move exchanging derivative at point x; and evaluation at x;4; = 0 with evaluation at
xj = 0 and derivative at x ;4. In terms of the particle/hole language we eluded to in
Sect. 3.2, equation (21) codes for the moves exchanging particle and hole at nearby
positions j and j + 1. The strategy for proving (22) consists in moving the holes to
position 1 where it is annihilated.

4.3. Synthesis. The end of the proof consists now in using the formula (22) to reconstruct
the correlation functions [o](x). In the Lh.s. of (22) we recognize the hole coefficients
of the polynomials [ ](x).

Recall that, according to the hole decomposition as we defined it in Sect. 3.2, the
polynomials [o'](x) can be written as

[clx) =[o]](x) + Z XX [0’](}_'_1()6) +x1...xp [0]%,,

where [o]7,, are the hole coefficients of [o'] with [0']{(x) := [0](x)]x,=0 and
(01541 (x) = V- Vi[o](X)]x;,,=0,

forj =1, —1,and [0]%,, aconstant independent on all variables. These polyno-
mial coefﬁc1ents [o]° [RE which we called the hole coefficients of [o'](x), are independent
of the first j + 1 variables xp, ..., xj41.

The boundary condition (5) further constraints this hole decomposition. We have
[0]7(x) = 0 since [0](x)]x;=0 = O by (5). Similarly, we have [0]%,, = —[o]% by
the boundary condition [0 ](x)|x,=1 = 0. This boundary condition also imposes that
[a];f+1(x)|x,,:1 =0,forj=1,...,P =2

Collecting the information about this presentation of [¢](x), about the boundary
conditions and about the formula (22) for the hole coefficients of [o](x), we get

Theorem 1. Assuming the locality conjecture of Sect. 2.2 to be true, for any single loop
o with P marked points, the solution of the stationarity conditions (4, 5, 6, 7), is given
by

[o](x) = le X (015, () +x1 .. xpo1 (1= xp) [0]5, (23)
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with [o];’-(x) =V Vi[o](®)|x;, =0 given by, for j =1,..., P — 1,

J
(019 ®) = (Va1 - VD) D [(@r1 75 0 0N - (Tt - T 0 0)F](X). (24
k=1

The last term in the sum is [O'j_ . 0;’] (x) by convention.

Proof. This theorem is direct consequence of the analysis of the previous Sects. 4.1
and 4.2. Of course it relies on assuming the locality conjecture. O

A first (immediate) consequence of (23) is that the top hole coefficients are actually
independent of o.

Corollary 1. The top hole coefficients are independent of o, i.e. [0, = —[0]% := Cp
for all o, but not on P, the number of points. They satisfy the recurrence relation
P—1
Cp=—)_ CiCpn. (25)
n=1

They are equal to the alternating Catalan numbers (up to the multiplicative factor (An)*
which we set to 1 by convention).

Proof. This is proved by induction on P. Recall that [0]%,, = Vp---Vi[o]. By the
boundary conditions (5), we have [0]%,; = —[0]%. The later [0]9 is given by formula
(24) with j = P — 1, which thus involves the derivatives with respect to all P points.
The r.h.s. of (24) then involves the derivatives of loop correlation functions w.r.t. all
their points. These derivatives are thus independent of the loop (but not of the number
of points) by the induction hypothesis. Hence, [0]%, ; is independent of the labeled loop
o and satisfy the recurrence relation (25). O

The above recurrence relation is solved by introducing a generating function:

@)=Y NCyu=Cr+zCr+-- (26)
N=>0

Eq.(25) then reads z¢(z)? + ¢(z) — C1 = 0. Recall that C; = V[(1)] = An and that we
choose to set An = 1, so that (25) becomes z¢(z)% + ¢(z) — 1 = 0. Hence,

V1+4z -1
c(z) = YT 1 —z+222 =520+ 1424+
2z
is the solution of z¢2 + ¢ — 1 = 0 that is non-singular at 0, which is known to be the
generating function for (alternating sign) Catalan numbers.

Remark. What has been (really) proved in the above theorem is that (23) is the only
possible solution assuming the locality property. The conditions (i) and (ii), and in
particular the boundary conditions, are satisfied by construction. Formula (22) on which
equation (23) is based is extracted by taking derivatives of the exchange relations (iii),
and it is therefore a priori not equivalent to it, although it may be a posteriori (and it is
conjecturally equivalent to it). We have checked directly on various exemples that indeed
(23) is a solution of all exchange relations (6,7), thus checking the locality conjecture in
few cases. See below Sect. 4.4 and Appendix 8.1.
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4.4. Exemples. Let us compute the first few loop correlation functions. Since these
correlation functions are invariant by reversing the loop orientation, there are (P — 1)!/2
inequivalent loop correlation functions with P marked points.

By construction, for P = 1, we have V{[(1)] = (An) with An = 1 by convention.

For P = 2, the only single loop corresponds to the permutation r; = (12) of the two
points. We have [(12)](x1, x2)] = (An)2x1(1 — X32).

For P = 3, there is only one independent loop configuration. It is the cyclic per-
mutation of (123). As in (23), we decompose [(123)](x) as (with c;? = [(7];’.+1 for
o = (123))

[(123)](x1, x2, x3) = x1¢] +x1x2(1 — Xx3)C5,
with
¢§ = ViVa[(DI[(23)] = (An)*(1 — x3),
5= V1V2V3([(3)][(12)] + [(1)][(23)]) = (An)*(=2).

Thus we get
[(123)](x1, x2, x3) = (An)> x1(1 — 2x2) (1 — x3), 27)

as expected (see [23]).

For P = 4, there are three independent loop configurations corresponding to the
three permutations (1234), (1324) and (1342). Let us compute them using (23). For
(1234), we write (with c;? = [o];’.Jrl for o = (1234))

[(1234)](x) = x1cf + x1x209 + x1x2x3(1 — x4)5,
with
¢! = ViVa[(D][(234)] = (An)*(1 = 2x3)(1 — x4),

¢§ = ViVaV3([I34] + [2H][(13)]) = (An)* (=3)(1 — x4),

§ = ViVaV3Va([(13D]1[2)] + [2DH][A3)] + [(D][(124)]) = (An)*(+5).
Thus we get

[(1234)](x1, x2, X3, X4) = (An)4 x1(1 —3x2 — 2x3 + 5x0x3)(1 — x4). (28)
For (1324), we write (with c;? = [cr]‘]’.+1 for o = (1324))
[(1324)](x) = x1cf + x1x209 + x1x2x3(1 — x4)5,

with

¢ = Viva[(1][(23)] = (An)* (1 — x3) (1 — x4).

§ = VivaVs(IIA24)] + [(D11(134)]) = (An)* (=4 (1 — x4),

§ = ViVaV3Va([(143)][(2)] + [(D][(143)] + [BD)][(14)]) = (An)*(+5).

Thus we get

[(1324)](x1, x2, X3, X4) = (An)4 x1(1 —4xy — x3 4+ 5x2x3)(1 — x4). 29)
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For (1342), we write (with c? = [0]9,, for o = (1342))

Jj+1

[(1342)](x) = x1cf + x1x265 + x1x2x3(1 — x4)5,

with

cf = ViVa[(DI[(234)] = (An)*(1 = 2x3)(1 — x4),

3 = ViVaV3(I2DIGH] + [)I[134)]) = (An)* (=3)(1 — xa),

¢ = ViVaVaVa([AH1123)] + [(14D)][B)] + [D]I[(142)]) = (An)* (+5).
Thus we get

[(1342)](x1, x2, X3, X4) = (An)4 x1(1 —3xp — 2x3 + 5x2x3) (1 — x4). 30)

For P =5, there are 4!/2 = 12 independent loop configurations. We compute the
correlation function for the circular cyclic permutation (12345) using (23) — see below
— and checked the exchange relation (19) for it. We have

[(12345)](x) = (An)4 x1(1—4x2 —3x3—2x44+9x2x3+7x0x4+5x3x4— 14x2x3%4) (1 —x5)
(€2
It is easy to checked that it satisfies the reversing symmetry x — x"¢¥ = 1 —x. Egs.(19)
for the pair (1; 2) is satisfied by construction, eqs.(19) for the pairs (4; 5) and (3; 4) are
respectively equivalent to those for the pairs (1; 2) and (2; 3), by the reversing symmetry.
Thus we only have to check (19) for the pair (2; 3) for P = 5. Using (23), we get

[(13245)](x) = (An)4 x1(1—6x2—x3—2x4+9x2x3+10x3x4+2x3x4—14x2x3x4) (1 —X5).
(32)
It is then easy to verify that (19) are indeed fulfilled.

Remark. Quite generally, if the exchange relations (19) hold, then
[t1o0](x) =[o](x),

for any loop o. Indeed, using the boundary condition at x; = 0 for both [t o o] and
[o], and the moves (19), we have Aj(tj 00) = A1(0) =0, Ci(t100) = Ci(0) =0,
as well as Bi(t1 o0) = ViValo| '01+] = Bj(o) and Di(t1 o 0) = Dji(0). Hence
[t100] =[o].

5. The Regular Loop

A special role is played by the circular cyclic permutation (123 ... P), which we denote
as wp. For this permutation, the orders along the chain and along the loop coincide.
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5.1. Recurrence relations. We are interested in the regular loop expectation values
[wp]l(x). For 0 < k < P, let us define multiple derivatives as in Sect. 3.2

Dip—k (X>(+1) := Vi - - Vi[op](x), (33)

which depend on the P — k variables X>¢41 := (Xk41, ..., xp). In particular, Dg|p :=
[wpland Dp|g = Cp is independent on all variables and equal to the alternating Catalan
numbers as defined in (26). We have

Lemma 4. The hole coefficients of the regular loops [wp] with P points are given by

J
lwplfy = Z DyjoDjs1—nip—j—1(X>j42) (34)

n=1

or alternatively, the regular loop correlation functions are:

P2 j
[wp](x) = le S X ZDn|ODj+1—n|P—j—l(x2j+2)
j=I n=1
P-1

+x1...xp—1(1 =xp) Y DyoDpnp. (35)

n=1

This yields recurrence relations for the multiple derivatives Dy p—i and the hole coeffi-
cients of [wp](x).

Proof. The proof relies on the fact that cutting the loop wp = (12... P) according
to the formula (23,24) produces smaller loops which also preserve the ordering of the
points. Let us do it progressively. First, we have:

(@p)} : (),
(@p)f:(12...,j—1,j+1,...P).

Let us now look at the permutation ti41 - - - T; o wp entering (24). By adjoint action the
product 7z, - - - T; amounts to slide the point k + 1 along the loop so that 74 - - - Tj o wp
is the following cycle:

2.k, k+2,k+3,...,j+1,k+1,j+2...P).

By breaking it at the pair (k; k + 1) according to formula (24), we get the following
smaller loops

(st Tjowp)y : (ko k+2,k+3,...,j+1),
(st -+ Tjowp)f : (12, k—1,k+1,j+2,... P).

In both of these loops, the order along the loop coincides with that along the chain
(even if the labelling is not regular). Hence, the formula (24) only involves correlation
functions of well ordered loops, of different sizes, for which the order along the loop
and along the chain coincide. Applying formula (23,24) gives (35). O
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Another way of writing equation (35) is (by renaming the indices)

P-2 P—n—1
[wpl(x) = Z C Z X1+ Xnak—1Dr | P—n—k (X >k4n+1)
n=1 k=1

—xl...xp_l(l—xP)Cp. (36)

where we used that D, = C, and 25:_11 C,Cp_, = —Cp (which can be again
checked from (35)). Notice that the terms factorizing C,, at n fixed all involve loops with
P — n points and their multiple derivatives.

5.2. Generating functions. The previous recursive construction of the regular loop cor-
relation functions may be compactly written using generating functions carrying the
same information as [wp] and generalizing the observation that the top hole coefficients
Cp are alternating Catalan numbers.

Because the previous construction involves strings of derivatives w.r.t. x1,...,xp
and thus involves functions which depend on the remaining variables attached to the
right end of the chain interval, let us first rename the variables and set

Xp =:yp—k, fork=1,...P. 37

That is: xp = yg, xp—1 = y1, and so on.

Let us also rename the multiple derivatives and the hole coefficients of the regular
loop expectation values as Cp.i := Dp_gjk (X>p—k+1) and Sp. 1= [a)p]‘l’,_k (X>p—k+1)s
and define generating functions Cx(z) and Ok (z) for them by

Ci@) =Y Cwnaksr 2", with Cypieisk == D1k, (38a)
N>0
Oc@) =) Snarszk 2™, With Syakszik = [nsks2]% 425 (38b)
N>0
for k > 0. These functions depend on the k variables (yx—1, ..., Y1, Yo), i.e. on the last

k positions. Notice that Cy.o = Cy, the alternating Catalan numbers. We have

Proposition 1. The relations (35) for the regular loop expectation values are equivalent
to

Cra1(2) = Or(@) + 3z (Cr(2) = Cr(0)), (39a)
Ok(2) = ¢«(2)Ck(2), (39b)
Sfor k = 0 with the initial condition Cy(z) = ¢(z). These equations are equivalent to (10).

Proof. Using yy = xp_g, the general relation (18) between multiple derivatives and
hole coefficients (for [wp] the regular loop correlation function) translates into,
Cpk = Spik—1+ Yk—1Cpik—1,

for k > 1. Similarly, the recurrence relation (34) for the hole coefficients of the regular
loop correlation function translates into

P—k—1
SP;k= Z CnCan;ka

n=1
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for P —2 > k > 0. Using Crs1:x = Ci(0), these equations are easily shown to be
equivalent to (39). O

Equation (39) provide recurrence relations to determine the regular loop expectation
values, and their derivatives and hole coefficients. It starts with Cy(z) = ¢(z). Eq.(39a)
gives Op(z) = ¢(z2)> = z7'(1 — ¢(z)), then eq.(39a) yields Ci(z) = ¢(2)>(1 — yo),
similarly C2(z) = (¢(2)* + y1z7'(¢(2)*> — 1))(1 — o), etc. Notice that, by induction,
(1 — yo) always factorizes in Cy(z), as it should.

Furthermore, there is a remarkable stabilization phenomena which ensures that there
exists a single formal power series of an infinite number of variables coding for the
regular loop expectation values for each P > 2.

Theorem 2. There exists a single formal power series Do (0, 1, ...) of an infinite
number of variables such that, for each P > 2,

[wp](x) = x1 Doy(xp, Xp—1,...,%2,0,0,...). (40)

That is, [wp] is obtained by putting all variables y; with j > P to zero and otherwise
by setting yy = xp_k, fork =0,..., P — L.

Proof. The relation (39b) implies that Sg42.x = Ci+1:4, With the convention An = 1
(a relation which also follows from (34) without appealing to generating functions).
Observe then that Ck+];k = Vilwr+1] and [wr+1] = x1Vilwg+1] so that [wre1] =
X1Ck+1:k- Observe also that Sg.2. is the first hole coefficient of [wi42] so that Sgi2.x =
Vilwks2]lx,=0, that is Sgi2.x = Cra2:k+1|y,=0. Thus, we have the claimed stabilisation
phenomena,

Crit;x = Cra2srr1 lye=0-

Since Ci+1:x = Cr(0) we can alternatively write

[wrs1] = x1 CL(0) (Yo, .. -, Yi—1)
= x1 Ckt1(0) Yo, - - -, Ye—1, Yk = 0).

By iterating at infinitum, we infer that there exists a function D,, depending an infinite
number of variables yg, y1, ... such that (40) holds. O

The recurrence relations (39) can be translated into equations for Do, adding recur-
sively one y-variable at a time, starting from D,,(0,0,...) = 1.
As an illustration, keeping only the 5 first variables, one finds

Do (30, Y1, Y2, Y3, ¥4, 0,...) = (42y1 y2y3 4 — 28 y2 y3 94 — 23 y1 y3 ya+ 14 y3 4
—19y1 y2y4+12y2 y4+9y1y4a —Sys — 14 y1 y2 3
Oy y3+Ty1y3—4y3+5y1 0
=3y =2y +1)(1 = y).

One may also check that setting y4 = 0 reproduces (31) as the stabilisation phenomena
requires.
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Remark. Surprisingly [38], the expectation values [w,+1](x) connect to objects in dis-
crete and computational geometry, and in particular to the so-called associahedron, also
called Stasheff polytopes [28]. Let us specialize [wy4+1](x) to x; = —t, for all j. It can
then be written as

[0n11(0) ;= = —1 (1) (1 +1),
with ®(¢) a polynomial of degree n — 1 and positive integer coefficients. For instance,

Dyr(t) =1+ 21,

D3(t) = 1 +5¢ +5¢2,

Ou(t) = 1 +9¢ +211% + 1417,

Os5(1) = 1 + 147 + 5617 + 841> + 421*, (41)

These polynomials count the (n — k) dimensional faces in the associahedron of order
n [28]. This coincidence actually extends to any loop expectation values as they are all
equal once specialized to x; = —t, forall j, thanks to the continuity condition (6). We do
not have a good understanding of this connection except that both structures are related
to the moduli spaces of configurations of particles on the line. Anyway, it is remarkable
that the loop expectation values are polynomials with integer coefficients (of alternating
signs).

6. Simple Deformations of the Regular Loop

We now look at the action of the transposition t,,, exchanging n and n + 1, on the circular
cyclic permutation wp and its correlation functions. To first deal with this peculiar
deformation before the cases of general deformations will allow to reveal the structures
we expect to be valid in general. We have t, cowp = (1,2,...,n — L,n+ 1l,n,n+
2,...,P).

6.1. Transpositions on the regular loop. We look at the expectation values [1, owp](x).
As above, we introduce a notation for its multiple derivatives and hole coefficients.
Generalising the definition of previous Section, we set

D) (k2k1) 1= Vi -+ V[T, 0 0p](x). (42)
In particular, D(g'llg, = [1, o wp] and Dg'l)o = Cp independently of n and equal to

the alternating Catalan numbers defined in (26). Recall also the definition of the hole
coefficients,

[Th o wpliy (X>k42) == Vi -+ Vi[Tp 0 @p](X)] 1,1 =05 (43)
as well as the relation (18) between the multiple derivatives and the hole coefficients.
We have

Lemma 5. The hole coefficients of [t,, o wp] satisfy the following recurrence relations,
with j > n+ 1 in the first line, and 1 < j < n — 2 in the last line :

n J
—k+1
[tn o wplfy) = Z D;-rjr],;“;Dk\P—j—l(xzjﬂ) + Z Dj+1—k|oD,E’|l1)o,j,1 (x>+2),
k=1

k=n+1

(44a)



Solution to the Quantum Symmetric Simple Exclusion Process 1165

n—1
[t 0 @p10s1 = Y Duk0Dis1|p—n—1(¥2142) + D110 Dpip—n—1 (¥2n42), (44b)
k=1
n—1
[ta 0 @p1) =D Dyt (tns1) Dip—n—1(X=n42). (440)
k=1
d k—j—1
e
[t 0 Pl = Y Djsi—o Dy (2 js2)- (44d)
k=1
withx>; = (xj, ..., xp). Recall that D;’l'z)) =Cjforallm, j.

Proof. Thanks to (24), we have to look at all sub-loops (tx41---7j o (tp o @ p))ff, for
j=1,...,P—1landk =1,..., j.Letus introduce a notation:

w,’c’;jlp =Tkl -+~ Tj o (T 0 Wp)

Let us prove it by inspection, on a case by case basis (this is not the simplest proof but
it allows to learn how to deal with (24), and this will be useful when dealing with the
general case). We shall use repeatedly the fact that 744 - - - 7; is the cyclic permutation
k+1,k+2,...,j+1).

-For j > n+3, we have (t,,oa)p); = () and(t,,oa)p); =10(1...,j—1,j+1,... P).
Then, by induction, one easily proves that, for k > n + 2,

(w,’c‘;jlp)k_ =(k,k+2,...,j+1),
@ p)k=tmo(l....k—1k+1,j+2, .. P).

For j > n+3and k = n + 1, one has (a),’(’;j“D);Jrl =m+1,n,n+3,...,j+1)and
(a)z,ﬂp):;r] ={...,n—1,n+2,j+2,...P).For j > n+3and k = n, one has
(wzgﬂp); = (n,n+3,...,j+1)and(a)l’(’;j‘P);’l =(....,n—1,n+2,n+1, j+2,... P).

For j >n+3andk <n — 1, one find

(w,'(’;jlp),:=(k,k+2,...,n,n+2,n+1,n+3,...,j+1),
(a),'(l;jlp)z=(1...,k—l,k+1,j+2,...P).

- For j = n + 2, we have (7, o wp),,, = (n +2) and (7, oa)p);Jr2 =1,0(,...,n+
I,n+3,...P).For j =n+2and k = n+ 1, we have (wl’(’;ﬂp);] =m+1,n,n+3)
and (a)l’éjlp);+1 =({,...,.n—1,n+2,n+4,... P). By induction, one proves that for
j=n+2andk <n-1,

(a)Z;ﬂP); =(k,k+2,....,n,n+2,n+1,n+3),

@ )i =(....k=1Lk+1.n+4, . P)

- The cases with j = n + 1 yields similar results and we leave it to the reader.

-For j = n,wehave (tyowp), = (1,...,n—1,n,n+2,... P)and (tyowp); = (n+1).
For j =nandk = n—1, we have (a),’(’;jlp)n__l = (n—1)and (a),'{’;ij);:_l =(,...,n—
2,n,n+ 1...P).then, by induction, for j =nandk <n —2

(w,’(’;jlp),: =(k,k+2,...,n—1,n),
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(wz;jlp)z:(1...,k—1,k+1,n+1,n+2...P).
-Forj=n—1landk <n — 1, we have
(w,'(';jlp),:=(k,k+2,...,n+1),
(wz;jlp)z=(1...,k—1,k+1,n+2...P).

- Finally, the cases j < n — 2 are simple because the decomposition of the loop does
not touch the pair (n, n + 1) on which the transposition is acting. We get

(f ) = (e k+2, .. j+1),
@ k= k=1 k+1,j+2...P).

Using these decompositions in (24) and taking the derivatives Vi - -- V1 yields (44).
O

The two middle equations (44b,44c¢) involve hole coefficients with indices in the zone
where the transposition is acting and, as a consequence, they are structurally different
from equations (34) for the hole coefficients of the regular loop. The two other equations
(44a,44d) involve hole coefficients away from the zone where the transposition is acting
and are structurally similar to (34). As a consequence

Corollary 2. We have:

(i) D k|k = Dp_y independently of n for P > P —k > n + 1.

(ii) The pair [wp] and [, o wp] satisfy the exchange relation (19).

Proof. (i) The proof is by induction as above. Recall the relation (18) between multiple
derivatives and hole coefficients which in the present case reads

D/?HJ i =t owpli, +xk+1DlE:L—)l|P—k—l' (45)

Recall that [7, o wp]%,; = —[74 0 wp]% are independent of n and that D(T(; = Cj, for
all n, j > 1. Using this fact, (44a) can be simplified into

n J
(n)
[tn 0o wplfyy = ZCijlDHPfjfl + Z Cini-1Dyp_j_y-
=1 =n+1

For j = P — 1, this equation only involves factors Dl(cr|lg3 J | = D,E'lg = Ck. Hence
[tn 0 wp]% = [wp]} independently of n and, from (45), D }f ) 1 is independent of 7.
The proof now is by induction on k. Assume that D( = = Dp_y; holds for / up to k
forO<k<P—n—2forall P >n+1. erte(44a)f0r] = P — k to get

P—k
[th 0o PPty —ZC,+1 1Dijg—1 + Z Cj+i- lDuk 1
=1 I=n+1
By the induction hypothesis Dl(",?_l = Djjj—1 forl < P—kandhence [t owplp_ i, =

[wp]p_,, and thus DP)ka = Dp_yk from (45). The induction stops at P —k =n+1.
(i1) The proof is given in Appendix 8.1. O
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The fact that the pair [wp] and [t, o wp] satisfies the exchange relation (19) provides
an independent check of the locality conjecture.

Remark. From (44) with n = 1 one can check that [1] o wp] = [wp] as expected. See
the remark at the end of Sect. 4.4.

6.2. Generating functions for transposition deformations. Generating functions for these
deformations have to include summations over the location of the deformation. Thus
let us again renamed the coefficients (42,43) by setting Cgl,)k = Dg’i K| (X>pP—k+1) and

Sfﬁ),{ = [ty o wp]p_; (x> p—g+1). Let us now introduce generating functions for these

deformed loops defined by, for k > 0, g > 0,

@y . (g+N) N ; (g+N) . p(g+N)
Dy(2) = Z CNatrie @0 With Cyedg o= Dy (46a)
N=0
N+1 . N+1
5@ = > Sﬁ?fké;i M with Sf&’fké;i = [1g4n+1 0 ONtks2lyyp.  (46D)
N>0

These generating functions include sums over the number of points. They depend on
the k variables (yk—1, ..., Y1, Yo), i.e. on the last k positions, which we call the floating
variables. Recall that we set yy = xp_j; with P the number of points. For D,((q) (z) the
number of points is N + k + 1, the derivatives act on the first N + 1 points, there are k
floating variables. The deformation is located at (¢ + N; g + N + 1) so that it is inside
the ‘floating variable zone’ for ¢ > 2. For S,Eq)(z), the number of points are N +k + 2
and there are k floating variables. In both cases, g parametrizes the distance between the
deformation and the boundary between the two zones (independently of the total number
of points). Hence this generating functions involve summing over different locations of
the deformation.
‘We shall look at (44) in reverse order.

Proposition 2. We have:

(i) The generating functions D](Cq) (z) and S,Eq) (z) are related by

D () = 8 (2) + yz (DY (2) — D (0)), (47)

fork >0andall g > 0.
(ii) Equation (44) are equivalent to

S (2) = ¢(2) DY) (2), for g > 2, (48a)
S @ =@ G, forg =1, (48b)
S (2) = ¢(2)(Ci(2) — Cx(0)) + ¢(0) Cx (2), for g =0, (48¢)
D,({O) (z) = Ci(z), forg = 0. (48d)

In (48b), the floating variable in C((z) is yi. Recall that ¢(0) = 1 (by convention
An =1).
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Proof. (i) Eq.(47) is a direct consequence of the relation D) = [a;,”)];’. a

JIP—j
xj+1D;1)1\P—j—1 which is equivalent to Cgl;)kn = S;,";)k + ykcg’;)k.
(i1) By checking (carefully) that the generating functions reproduce the correct equations.
Eq.(44d) codes for the cases for which the deformation is inside the ‘floating variable
zone’. Eqgs.(44b,44c) involve quantities at the location of the deformation.

Egs. (44a) implies that Dg’ik‘k = Dp_y for0 <k < P —n — 1 which is equivalent

to Dz(\’ft)rl\k = D1k for N > n, that is D,({O)(Z) =Cr(z). O

Letus discuss abithow to solve these equations recursively. First notice that D,Eq) 0) =

D%lqk) =C ,((Z)l.k, which is the derivative w.r.t. x| of the deformed loop. Thus

[7y 0 a1l (X1, - Xiw1) = X1 DL O) o0, -+, Y1), withxj = yee1—j. (49)

Hence, to determine the correlation functions of the deformed loops 7, o wp we have to

solve for D,Eq) (0), forg > 1. This is done by iterating (47) and (48a), using (48b,48c,48d)
asinitial conditions. At this stage, we assume the functions C (z), associated to the regular
loop, to be known from (39).

Indeed, from (48d), we have D,((O) (z) = Ci(z) and from (48c) we know S,EO) (2).
Applying (47), we then get to know D,El)(z) via

Ci(2) — Gk (0
DY () = (e + zc(z))M +c(0)Ci(2).

Then, from (48b) we have a formula for S,El)(z), and applying again (47), we know
D,Ez) (z) via

Cr—1(z) — Ck—12(0) —2C;_,(0) . QC(Z)Ck—l (z) = Cr—1(0)

2
D,E+)1 (z2) = y (yk—l .

+c(0)(Cr—1(2) — Ck—l(o))) +C1(2) Cr—1(2).

We can propagate the induction by alternating recursively the two equations (47) and
(48a). Indeed, given D7 (2), we get S\ (z) = ¢(2)D\> (z) by (48a), then (47) yields
D,(f)(z), etc...

As a check we can verify that deforming by 71 = (12) has no effect. Indeed, from the
formula above, we have D,Elﬁl (0) = ykC;(0) + ¢(0)Ci(0). On the other hand, we know
that Ciy1(2) = yi(Ci(2) — Ci(0))z~ " +¢(0)Ci (2), hence Ci11(0) = yiCp(0) +c(0)Cr (0),
and D,ﬁlﬁl (0) = Ci+1(0) as expected.

Similarly, we note that D>, (0) = yi (Lye—1C}_,(0)+2¢(0)C}_,(0))+C1 (0)Cr—1(0),
that is:

1
[72 0 €s2l(6) = yiet (34 (5330-1C11 ) + 260}, 0)) +C1(0)Ci-1 (D)),

with y; = xx—4+2 and Cx—; depends on (y, ..., yk—2) and C; on yx_i.
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We can check it for k = 3 and ¢ = 2 (which we computed before in (32)). We have
Co(2) = ¢(2), C1(2) = ¢(2)*(1 — y0), Ca(2) = (¢(2)* + Y127 (c(2)? — 1)) (1 — yp) with
¢(z) =1 —z+2z%2 — 523 +---. Hence we have

C2(0) = (A =2y = yo),
C5(0) = (=3+5y)(1 = yo),
C3(0) =209 — 14 yn(1 = yo),

and thus

[(13245)] = y4(1 — 2y1 — y2 — 6y3 + 2y1y2 + 10y1y3 + 9y2y3 — 14y1y2y3)(1 — yo),

which coincides with (32) once the substitution y; = x5_; has been done.

7. General Deformations of the Regular Loop

We now look at expectation values of generic labeled loops. These loops are in the orbit
of the regular loop under the action of the permutation group because they are in one-
to-one correspondence with single cycle permutations which form a conjugacy class of
the permutation group. Hence any generic labeled loops is the image of the regular loop
by the adjoint action of the permutation, say u,, on the regular cyclic permutation. We
call this permutation u,, the deformation.

From the analysis of the transposition deformation done in previous Sect. 6, the
strategy to deal with generic deformations of the regular loop is clear:

(a) Away from the support of the deformation towards the right boundary (i.e. on the
x = 1 side), the multiple derivatives and hole coefficients of the correlation functions
are undeformed and identical to those of the regular loop, their generating functions
are simply expressed in terms of the functions Ci(z) of the regular loop;

(b) Outside the support of the deformation but toward the left boundary (i.e. onthe x = 0
side), the generating functions the multiple derivatives and hole coefficients will be
coupled as above and recurrence relations of the form (39), or (47,48a), can be applied
once the initial condition is known.

(c) This initial condition is obtained by propagating the multiple derivatives and hole
coefficients generating functions through the deformation (starting from the unde-
formed side).

Of course, the difficulty resides in the last step which codes for the peculiarities of each
deformation. As above, the construction relies on an interplay between multiple deriva-
tives and hole coefficients and on using the formulas (23,24) relating hole coefficients
and multiple derivatives of smaller loops. These relations can be summarized into gen-
erating functions which encoded for both the profile of the deformation and its location
along the chain interval.

7.1. Preliminaries. Given a permutation in Sp and its associated deformation of the
regular loop, we define its support as the smallest interval such that the permutation acts
trivially as the identity on its complement. Because it acts bijectively on its support, a
permutation of support of size | 11| can be viewed as an element of S|,|. Given . € Sy, we
define u, as the permutation having the same profile as u but with support [n, |u|+n—1],
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so that the associated deformation of the regular i, o wp is the following single cycle
permutation

12— .--->n—1-u,n)—> pu,n+1)--- - pu,(n+pu|—-1) —->n+pul—---— P,
or equivalently,

A2....,n—1, up(n), uy(n+ 1), ..., uy(m+ || = 1), n+|ul,..., P).

The p,’s are translation versions of each other such that () +n'—n = py(j+n' —n).
In particular, pu,(j+n—1) =pu(j)+n—1forj=1,...,|ul

To describe below the recurrence relations between the multiple derivatives and the
hole coefficients of the loop expectation values within the support of their deforma-
tion we have to introduce some notations. (The main difficulty is to introduce a good
enough notation). We shall define different truncations of a deformation which we call
extractions.

Let u € S|, be a deformation of length || and p, its translation. Let m and M in
[1, |u|] be two integers ordered according to w, ie. along the cycle associated to u, that
issuchthat 1 < u='(m) < u= ' (M) < |ul.

— We define M) the truncation of 1 between m and M as the restriction of 1 on the
interval between ! (m) (included) to =" (M) — 1 (included). Le. M) is the map
(the map is read from the top line to the bottom line)

M) <Ml(m) wltmy+1 - M](M)—1>
' m op i m)y+ 1) o p (M) = 1)

Its support has length M| = =Y (M) — = (m). The map M) are bijections
but between different spaces as their image spaces are in general not the ordered integer
numbers between u_l (m) and ,ufl(M ) — 1. However, what matters is not the exact
labeling of the points in the image space but their ordering. Since there is a unique map
between the set of images of ™) and [1, |u™M|] preserving the order, we may
identify the truncation 1™ with a deformation in Siyum.)-

— We define the complementary truncation ;) has the restriction of won[1, u ™! (m)—
U [~ (M), |u]]. Te. W™ M is the map

/Lm)(M.=<l /,fl(m)—l M*I(M)... |M|)
. wD) - pwtm)y=1) M - pn(pl)

Its length is |u] + 0 m) — w N M) = | M| Of course || = [ M|+ |u
Similarly, it can be identified as a deformation in S, mm .

— We extend this definition for non ordered pair of numbers m and M (choosing the
obvious definition) by exchanging the role of m and M depending whether 1~ (m) <
w= M) or w N (M) < = tm). We set

a M= M = m) < (),
MY s ) iV MO0 =N (M) < ™ m).

m)(M|_

lm.M] . —  n.M) - m][M

[m,M m]|[M

By construction, u land p are complementary in /.
— We define 1!, with length || := wtm) — 1, by

m]._( 1wl —1 )
By - = omy = 1)
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and u™ :, with length |u™| := |u| — u=" (M), by

MY .:( pTtM) T >
(M) + 1) - (|l

The two extractions 1™ and u™! are not complementary in 4 since the point M is
missing in the union of their images.

—Forl < ¢ < M, let a)fw be the cyclic permutation a)ﬁ,, =, L+1,....,M). In
particular ‘0111/1 = wyy in the cyclic permutation of the M first integers. We define the
following composition

PMI b MU I LM

plm MY el MY M el

m][M
We used the implicit convention that a)ﬁ,[ acts trivially as the identity on all integers not
in{€,¢+1,..., M}.

Given these extractions of the deformation, we define the number of points, greater
than M, which are in the support of their images. Namely, we set

kMl — (i e [M +1, |ul] s.t. j € Im plm M1y
KM = #(j e (M + 1, |u|]s.t. j € ImpYy

7.2. Recurrence relations. We aim at computing [, o wp] for any deformation w, and
any number of points P > |u,|. As before we define multiple derivatives and hole
coefficients but adapting the notation such that it is directly suitable for the generating
functions:

Covirsk = Vi Vnailttn 0 onse1], (50a)
Sﬁ\tfii,k_*,z;k = V1 Vnsilin 0 on+k+2]lxy1=0, (50b)
with N + k + 1 points in total for C},, .., and N + k + 2 points for S}, ., ,. In both
cases there are k floating variables (yx—1, ..., yo) wWhere we set y; = xp_; as before.

We recall the relation (24) between the hole coefficients and the multiple derivatives

N+1
Shikezk = YN+2- - Vi Z [(Tz+1 - TN41 0 L), (Tisl -+~ TN+1 © lln)f], (51)
I=1

with {i, = un o wy+k+1. We will proceed by induction on N to find the coefficients
(50a), (50b). To compute (51), one has to go through a case by case inspection of the
different possible configurations, depending on the interplays between the support of
the deformation u, that of the permutations ;41 - - - Ty+1, and that of the derivatives
V1 - -+ V2. The different cases are labelled from I to VI and are summed up in Fig. 3.
To make all notations clear, specific examples of the different situations are presented
in the Appendix 8.2 as well.
Away from the deformation, we have the simple relations.

Lemma 6. We have:
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I v
Tel41 N+2 n nHul-1 1 TS S nHul-1 N+2
- —— . - — : : -
1 H I 1 1 1 : 1 1
L H H i ! —
— 7
1 1 1
——
II A%
1,.n -1 1+1 . N+2 1. mn.d+1 .. N+2 Hul-1
1 b ! I
- T T T T L] - - 1 T Ll T -
H 1 1 L h ] o H H
o | = ! | — i
1 — H : ;
——
IIT VI
1,,,n . 0+1ntp-1 N+2 1 L+, n . N+2 nHpl-1
-—— —r . - e — H -
i H ¥ i ! [ —] H
1 — H H ,
—

Emm— Support of the derivatives V1 -+ Vo
s Support of the deformation

. Support of the permutations 7j+1 * * * TN +1

Fig. 3. The different possible configurations depending on how the support of the derivatives, the deformations
and the permutations overlap with each other

(i) for N <n —3,

N+1
Mn—m
N+k+2 k— Z CmCN+k+27m;k' (52)
(ii) for N =z n + |u| =2,
CN+k+1 k= CN+k+1;k7 (53)

independently of the deformation |1, where C,, are the alternating Catalan numbers
(26). This implies that Slltl:-k+2~k = Sn+k+2:k for N+1>n+|u| —

Proof. To simplify notation let fi, := [t;, o WN+k+1 and Q,uﬁl 1= T4 - - - TN+1 M. Recall
that 7741 - - - Tiv41 18 the following cyclic permutation

Te1- - tNe1=U+1,1+2,..., N+1, N+2).

(i) We start from (51).
- Case I: For N < n — 3, the permutation ;41 - - - Ty+1 never touches the support of .
As a consequence,

(Tr41 - Tvs1 0 L), = (L 1+2,..., N +2),
(a1 -1 0 )] = (1o, I =1L I+ 1, N+3,...) = tpsi—N—2.

Setting/ = N +2 —m, with 1 <m < N + 1, proves (52).

(i1) We prove it by induction on the size of the support of the deformation, assuming it to
be true for all deformations of size smaller than |u|. For N > n+ || — 2, the derivatives
Vi --- V42 act on all the deformation zone Again we start from (51) and look at the
different contributions (T4 - -+ Ty4+1 © /Ln) P

-Case II: For N+ 1 > [ > n + |u|, the cut at points [ and [ + 1 are away from the
deformation zone and we have

(‘L’1+1~~'1'N+1o[),n); =,1+2,...,N+2),
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(Ts1 - Tvs1 o )i = (L. I = LLI+1, N +3,..)).

In (1341 - TN41 © /ln)l_, there are m = N + 2 — [ points, and the derivatives act on all

of them. These terms contribute for ZN+2 n=lul o ot N2k 10 (SD).

-Caselll: Forn <[ < n+|u|— 1, the cut at points / and [ + 1 is inside the deformation
zone. Hence it produces smaller cycles with deformation of size strictly smaller than
[n|. Let j, := /,L;l (1) the pre-image of / by ;. Since [ is left invariant by 7741 - - - Ty 41,
it is also the pre-image of / by Q,uﬁl, i.e. Quil (j«) = L. The two sub-cycles obtained by
cutting at / and / + 1 are:

(T Tver 0 )] = (0 Qe G+ D, Qub G +2), o, Qub(n+ [l — Do+ [l +1,..., N +2)
(@1 tvar 0 )f = (o, Qub (e = 1), 1+ 1, N +3,..)

The string of derivatives Vi - - - V42 acts on all the points inside the deformation. By
construction, as / goes from n to n + || — 1, its pre-image j, takes every value between
n and n + || — 1 once. Using additionally that C7., is independent of o, these terms

contribute for Zm N —n— 1| CmCN+kr2—mik-
-CaseIV: For 1 <[ < n — 1, the cut is before the deformation zone and we have

(1 TNvr o )y = G 1+2,on [ Que--Ion+ ||+ 1,00, N +2),
(Tl+1"'TN+10/:Ln)?-:(1,...,l_l,l+1,N+3,...),

where the notation [- - - Qu - - - ] means that we insert the sequence defined by the defor-
mation p shifted by the cyclic permutation 741 - - - Ty+1. The derivatives V- - - Viyio

act on all points of (741 -+ - Tn+1 © ,&n); which contains the deformation. Again, using

that C7., is independent of o, these terms contribute for ZZLIN 3-n CmCNtks2—m in

(51). Hence,

N+2—n—|u| N+1
Mn Mn
SNk = Z CnCNsr—mek + Z Cin CN+k+2—m:ks
m=1 m=N+3—n—|u|

The rest of the proof is by induction on N. For N +2 = n + |u/, the first term is absent

and hence Sn+|u\+k & = Sn+|ul+k:k» independently of 11, and thus Cllxmnk;k = Coa|u|+k:k-

Next, for N + 2 = n + |u], the first sum is C,,C""

I’Lll
Cn+|u|+k

Sn+|u|+k+1:k- And so on by iteration. O

et ek but we just proved that

« = Chntlul+k:k> so that it completes the second sum, and thus Sn+|m+k+l ® =

WithN+2=M+n—1and 1 < M < |u|, the hole coefficients S“”k+2 « involve a
deformation starting at n, derivatives w.r.t. the N + 1 first x-variables, and the evaluation
at zero for the (N + 2)-th variables. If M = 1, the series of derivatives are up to the last
position before the support of the deformation and the evaluation at zero is at the first
position of the deformation, if || < M < 2, the last derivative and the evaluation are
both inside the support of the deformation.

To describe the relations within the deformation we use to the notions of extractions
of a deformation introduced in the previous Sect. 7.1. With these definitions we can
formulate the following
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Lemma7. Forn < N+2 <n+|u|—1,set N+2=M+n—1withl <M < |u|.
Fork > || — M, we let P = N + k + 2. We have:

n—1
M
Sﬂn _ Z C(Mw])nfl-#l C(MLZIIW)HI
Pk — n—I+|pMI[EMY > P—ptl—| M| k—kM]
=1

M-l [m,M] ml[M
n Z CcHw C(,uw n (54)
|l M1 elm: M) > p i M1 e jelm: M1
m=1

The numbers k"M and kM1 are the number of floating variables in the corresponding
extractions of the deformation 1.

kUMY — i e [M + 1, [u]] s.t. j € Im plmMY)

KM = #j e M +1, |u|] s.t. j € Im pM)

The floating variables in ,qu/I] arethose x jyn—1 = Yi+m—j with j € Imunw/l]ﬂ[M+1, [l
and similarly for the other extractions ;,Lg/l, ME’Un M and ,ug][M. The total number of

floating variables in the deformation zone is p ‘= |u| — M.

Proof. The proof follows from a case by case analysis (and part of the difficulty is in the
writing). Recallweset P = N+2+kand N+2 = M+n—1with1 < M < |u|. We start
from (51), with/ running from 1 to N+1. Itinvolves the action of the product 7741 - - - Tn+1
on the deformation and the breaking of the deformation twisted by this product at the
points [ and / + 1. Recall that 7741 - - - Tjy41 is the following cyclic permutation

Ter- - tNer=U+1,01+2,..., N+1, N+2).

As in the previous lemma, let i, := u, o wn+k+1 and Q,ui = Tj4] - TN+1Mn- Let
I, be the pre-image of M by i, i.e. I, = u~' (M) or equivalently 1(I,) = M so that
pn(le+n —1)=N+2and Qul (I, +n —1) =1+ 1.

-Case V: Letus first start with N+1 > [ > n,andset! = m+n—1withM—-1>m > 1
(hence these contributions are not present for M = 1). All points between [ and N + 2
are inside the deformation. Let i, be the pre-image of m by u, i.e. iy = wt(m) or
equivalently (i) = m so that u,(ix +n —1) = Q,uﬁl(i* +n — 1) = [. From (24), we
have to extract the sub-cycles (741 - - - Ty+1 © ,&n)li. We have

(i1 N1 © b)) = (Quup G+ — 1), ., Quipy (L +1 = 2)),
(Ti+1 - TN+1 © [Ln)]
=,....n—1,Qu m),....ulG+n-2),
Qul(e+n—1), ..., Qul(ul+n =1, n+ul,...),

if i, < I and Qul (n) #1 (ie.ix # 1). For Qul(n) =1 (ie. iy = 1),

@m0 )i = (1 on = 1, Quy (e n = 1), Qi (il +n = 1)+ |, ).

Recall that Qul, (i, +n—1) = and Qul, (I, +n—1) = [+1. Hence, (t41 - - - Tn+10fln);

is equivalent to Mg"’M) and (741 - - - TN41 o,&n)zr to Mr,g)(M but starting at the n-th position.
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The sub-cycles are thus obtained by translating the extractions of y obtained by cutting
at m and M, and we have

A\ M
(Ti1 - Tt © fln)) = plm M)

5

(T4t - TNer 0 )] = (™)

if m and M are naturally ordered along the cycle u, i.e.if u='(m) < u='(M). Similarly,
(Tr+1 -+ TN+1 © ,an)l_ = (Mg[)(m)n,

(141 -+ TN41 0 fln)] = ™™,

if m and M are anti-ordered along the cycle u, i.e. if u_l(M) < M_l(m).

- Case VI: Let us now consider / such that 1 </ < n — 1. The action of the permutation

Tj+1 - - - Tn+1 Within the deformation is stable, in the sense that it is / independent, except

that N + 2 — [ + 1. Outside the deformation, itactsas (1,...,n —1) — (1,...,[,1 +

2,...,n). Hence, when breaking it by cutting at / and / + 1, we break it before the

deformation zone at point / and inside the deformation zone at the image point of N +2

(which is the translation of the point M by n — 1 step). As a consequence,

(T TNr 0 i)y = A 1+2, 0 n, Qul(n), o Qul (1 +n = 2)),
(t;+1~~-rN+1o,&n);’ ={,...,1— 1,l+I,Qu2(1*+n)),...,Q/Lfl(n+|u,| —D,n+|ul,...).

Now, in the string of numbers (Q/Lf1 (n),..., Q,u,ﬁl (I4 +n — 2)) we recognize uﬂw/” but
inserted at the n —[+1-th position, and the string of numbers (Qp.il (Is+n)), ..., Qué (n+
|| — 1)) coincides with Mg/[ but inserted at the /-th position, thus

A= M
(Tt Tvet 0 )y = () 0
N M
(Ta1 - Tva1 0 )] = (nlf )IRE
This proves (54).
- Since (24) involves the successive derivatives Vj - - - Vo, with N+2 = M +n—1, itis
clear that the remaining floating variables within the deformation zone are the x4, —1’s
with j = M +1, ..., |u|. These variables are attached to the various extractions involved
in (54) according to the images of those extractions. Finally, note that xj1,—1 = Yrem—;
forP=N+2+k. O

Remark. The above formula reproduce the formulas (44) for the simple transposition.
Let the deformation be the transposition (12), ie. u = (12) = (%), with length

Il =2.

For M = 1, there is only the first term in (54). We have u!l = (1) and u!' = ¢, and

since ‘01]\/1 is trivial in this case, ,u,],-J]r = (%) and Mg, = (). As element of Sy, they are both

trivial. The number of floating variable in the deformation is || — M = 1. Itis attached
to the extraction ,uzlzl since it is the element of [M + 1, |u|] = {2} in the image of the
extractions. Hence, in this case

n—1

n
SP?k = Z Ch—1+1 CP+lfn7];k71 .
=1
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For M = 2, the two types of terms in (54) contribute. For the first terms, we have
p? = @ and u? = (%), and since »}, = (12), we have p2 = @and 42 = 1d.

We have |u2!| = 0 and |u!2| = 1. For the second terms, with m = 1, M = 2, we

have plm Ml = @D = (1) and p"™ = ;21 = (2), and since o'y is trivial,

w2 = = (}) and w2 (3). we have |12l = [u2] = 1. As element of Sy, they
are both trivial. There are no floating variables. Hence, in this case

n—1

%
Spl = Z Cn—1Cpii—n:k + C1Cp_1:k.
I=1

This coincides with (44).

7.3. Generating functions. We first introduce the generating functions associated to the
relations away from the deformation. For any permutation u € S, we let, forg > 1 and
k= |pul,

DIV @)=Y Oy, (552)
N>0

SV (z) = Y Sy 2. (55b)
N>0

As in Sect. 6, the labels p code for the profile of the deformation and g for its location
along the chain interval These functions depend on the k variables (yo, ..., yx—1). We

have D,E“ ;q)(O) = k +1 > Which is the derivative w.r.t. x; of the deformed loop. Thus

[1tg © @k 1x1, - -, Xps1) = x1 DD O) o, -, yeo1), with x; = yar—j. (56)

Hence, we have to solve for D,Eq) (0), for ¢ > 1. This is done in a series of Propositions.

Proposition 3. The following recurrence relations hold, for k > |j1|:

g—1 — g—1 g—1
DY) =SV @+ L (D @) - DY), (5Ta)
4P (z) = e(2) D (2), forg > 2. (57b)
These equations are equivalent to (13).

Proof. (i) Eq.(57a) is a direct consequence of Cj;”k = Shn Pt ka
(i1) Eq.(57b) follows by checking that it is equivalent to the first equatlon in(52). O

We now introduce generating functions appropriate for the recurrence relations within
the bulk of the deformation, with k&’ > 0 (k = k' + p/)and 0 < p' < |u| — 1 (M =
il = p".

Dl o KN 11 N’

Doy @ = D Oty & (58)
N'>0

T ._ N +1 N’

St p (@) 1= Z SNskslplkiep & (59)

N'>0
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The first term in 3‘7:, v (z) for p’ = || — 1 is ill defined, we set it to 0 by convention. The

sums are over the locations of the deformation, fixing the number £’ of floating variables
after the deformation and the number p’ of variables inside the deformation. The total
number of variables is k = k’ + p’, the total number of points is N’ + k' + |u| and the
position of the deformationis n = N’ + 1.

‘We have
Dl(ﬁui)l(Z) k+l -1 (60a)
( 1) NG "u
kﬁ\ul(z) =z (Sk+l || — ](Z) k+1 || — ](0)) (60b)

We can then recast the recurrence relation (54).
Proposition 4. We have:
(i) For all 0 5 p <|ul—1,and M = || — p’, we have:

k’ P +1(Z) k’ (2) + Yik'+p’ Dk/ (2), (61a)
3\15;[,/ (2) = Z_l (Dﬂle (2) — z,:m (0)) ( & k[M (2) — D;:/Ukw (0))

— A ml[M
+ Z ;zm w1 O D7 i (2, (61b)
o

with kM + kMY = p' and K™WM 4 (MY — ' (recall that p' is the number of
variables in the deformation zone). By convention, the last sum in (61b) is absent for
= |u| — 1 (M = 1), and we choose the normalization St - ,0)=0.

MY are those Xjen—1 = Yk+M—j With j € Imu[g] N[M+

1, |u|], and similarly for the other extractions MEU , MEZ‘ MY and ,um][M The total
number of floating variables in the deformation zone is p = |u| — M, the other

variables yy_1, ..., Yo are away from the deformation zone.

These floating variables in (g

(ii) Moreover,
Diy@ =[] . (62)
; +
where [ e ] . means the part with positive degrees of the Laurent series.

Proof. (i) Eq.(61a) is a direct consequence of Cﬁ’.’kﬂ = Sﬁf‘k + kaﬁ‘k.
(i1) To verify that (61b) is equivalent to (54) we rewrite the later. In eq.(54), we set
n=N+1,k=k+p withM+p = |u|lsothat P=N+2+k = N"+k'+|u|. Then

(54) can be written as

N’ M
g (W) N7 142 C(ﬂw )i+
N'+K'+ sk +p! = N+ MU =L 15k MY S R M4 1 K kM
=1
Cﬂm C(/’LTU )N’+l
|;L m;M] | k m;M] N’ +k/+[,Lm”M\ k/+km][M ’

where [uM) + || = |u| -1, |;L['"*M]| + ™M | = || are the respective sizes of the

extractions, and kM1 + kM = p/ kUM 4 mIIM — b/ the respecting number of floating
variables on those extractions.
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(i1) Eq.(62) is equivalent to C,’f,';kﬂk = CpN+k+1:k for N > n + || — 2, independently
of the deformation n. O ’

Moreover, the stabilisation phenomena observed in the case of the regular loop hold in
general. For any deformation, there exists a generating function for the loop expectation
values with an arbitrary number of points.

Theorem 3. For all deformations ., of finite size support, and all locations q > 2, there

exists a generating function D" depending an infinite number of variables yo, y1, . ..
such that

[itg 0 @ks11®) = x1 D" (yo, ..., %k-1,0,0, .., (63)
with k > |l and y; = Xjs1-1-
That is: the expectation values with k+1 points are obtained by evaluating the generating

function D" withall variables Vks Yk+1, - - - Setto zevo. This function D4 jg recursively
constructed using (57,61) with initial condition (62).

Proof. The relation (57b), S/ (z) = ¢(z) DY (), for ¢ > 2 and k > ||, evaluated
at z = 0 implies that S,E”;q)(O) = D,((“;q)(O), or equivalently, S;,5, = C.,7 . By the
definition of the hole decomposition S]/: +g =C ,’: +g k41 l2=0- Hence,

D/qu)(o)(yo, ce Y1) = Dl(cl-t;lq)(o)(yOv e Vi1, Yk = 0),

since D,EIW) 0 =cC ,l: +§1 ¢~ By iterating at infinitum, we infer that there exists a function

DM depending an infinite number of variables yg, yi, . . . such that
DL O)(3ov s 1) = D (o, - k-1, 0,0, ..).

Since D9 (0) = Vilptg 0 wrs1] = x7 1ty 0 wps1] this proves (63). O

Eqgs.(61) with the initial condition (62) allow to determine 5,’(‘/;17, (z) and 3'\”,;17, (2)
recursively, starting from p’ = 0 and increasing p’ up to || — 1. Indeed, starting from
the initial condition (62) for D}’ (z) and S}’.,(z) given by (61b) we compute D}’ (2)
using (61a). Then by iteration using the just determined 5,’:, ,(z) and St : o(2) from (61b),
we get 5,’:,;2(1) using (61a). This continues up to determining 5,/:,; =1 (z). Eq.(61b) for

. . . ;1 ;1 .
p = || — 1 gives :9\“/;“”71 (). This yields Dlililu)\ (z) and S,E‘me? (z) since,

-~

(s 1) _ DK
Diejn @ = Dy g1 @)

(3 1) —1/Qum [N
Skﬁlul(z) =z I(Sk+1;|,u\—l(z) - Sk+1;m|—1(0))

Once we know D,E’il :L)l (z) and Slgﬁl;/i)\ (z), we can iterate the recurrence relations (57) and
(w:q)
D

determine Dy ) (z) for all g > 1, and thus all expectation values [y o wi4+1](x) via
the reconstruction formula (56).

Remark. Let us show how to recover the results (61) for a simple permutation from the
above formulation. We have to match the different definitions of generating functions.
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For M = 1 (p’ = 1), the extraction [1, ! and ,u, are trivial with |[u1| = 1, k') = 1 and
lul'] = 0, k' = 0, and we have

P
D”w (2) — D“’” 0) =zC1(2), D,’ff{)(z) - D,’jf{)(o) =z Cp (2).
Eq.(61b) becomes (with the convention SH " 0)=0)
S (2) =2C1(2) Cr(2)

For M = 2 (p’ = 0), we have uw ] anduw = Id with |,uw| =0 and |uw| =1,s0
that

-2

Dpg (2) = Z8(0) = z¢(2), Dk, O(Z) = Cu (2).

[1,2]

We also have that 5~ and MQ[Z are both trivial with |12 = |12 = 1 so that

Dg'g (O)—c(O)_l D“w () = Cu (2).
Eq.(61b) becomes
Spr.0(2) = ¢(2) (Cur(2) = Cpr(0)) +¢(0) Cu (2).

From the definition of the generating functions for a transposition deformation, we have

D) (2) = Dr1(2) , DL (2) = DV (0) = 2 Dyoo(2),
28 (2) = 81(2) = 81 (0) , SV (2) = Sko ().

The initial condition is ﬁk;o(z) = ﬁ,’éo(z) = [Z_l Cr (Z)]Jr = z7! (Ck (@) — C (0))-
Making the correspondence between those quantities then shows that the system (57,61)
coincides with (48).

8. Appendix

8.1. The exchange relations for [wp] and [t, owp]. Here we give the proof that the pair
[wp] and [1, o wp] satisfy the exchange relation (19), as claimed in Sect. 6.1.

Proof. The proof will be by induction on n for all P. Let us recall the decomposition
o] = Ap(0) + By (0)xy + Cyp(0)Xp41 + Dy (0)Xp Xp41.

- Let us first prove (19d) for the pair [wp] and [1, o wp]. It amounts to show that
ViuVasilth owp]l =V, Vyiilwp]. For any o we have

P
Dy(0) = le .- -xjvnvn+1[0]7+1 + Z ViuViix1 . <X [U]/+1

j=n+l

The last terms with j > n + 1 coincide for 0 = wp and 0 = 7, 0 wp, thanks to (44a).
The terms with j <n — 2 for 0 = 1, o wp reads

J
(nk—j—1)
ViVl o wP]?.,.] = Z Dj+l—k|OVnVn+le‘p_j/_1 (xzj+2)~

k=1
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k 1) ..
Bu tD,ET; ]] 1 (x2j+2) = V1 Vi[tytk—j—1 0 cp—j—1] by definition. Hence,

k—j—1
ann+lD]£r|l;_jj_1 )(xzj+2) = Vi Vi1 Dyjp—j—1(x>j+2)
and V,,V,41[t, o (1)p]]+1 =V, Vn+1[a)p]]+1 for j <n—2.
- Let us now prove (19¢,19b) for the pair [wp] and [, o wp]. For any o we have,

B,(0) = le ...ijn[o]‘j’-Hlx,Hl:o +x1 .. X010,

Ca(@) = )12 Vst 0154 Loy + 31+ a1 Vit [0

Thanks to the expression (44d) of [t, o a)p]" 4 in terms of D,g"l;k__/j_ _11)(x2 j+2), for

J < n — 2, the contributions of the terms x; ..., x; in this decomposition fulfil the
moves (19¢,19¢) by the induction hypothesis.
Proving (19¢,19b) for the terms x . . . x,, in this decomposition amounts to verify that

[thowply,) = Vastlwply, + D1joDnjp—n—1(X>n42), (64a)
Visiltn o wP];{; = [wP]Z.H - DllODn\anfl(leHZ)' (64b)

To prove (64a), recall that [a)p]j+1 = Zk 1 Djs1-k10Dkp—j—1(xX>j+2) so that

n—1

Vistlopl), = Z Dy k10 V41 Dk p—n (X >p41)
k=1
n—1

= Z Dp—j0 Dk 1|P—n—1(X=n+2)
k=1

= [ty owply,; — D1j0Dpjp—n—1(X>p42),

where in the last line we use formula (44b) expressing [t, owp];) in terms of the Dy p_i’s.
To prove (64b), we notice that, from (44¢c) and V11 Dy, k|1 (X441) = Dys1—kj0, We have

n—1

Vast[th o wp]], ZDnH k|0 Dk p—n—1(X>n+2)
k=1

= [wpl,.; — D1j0Dn|p—n—1(X>n+2).

- Finally, we have to prove (19a) for the pair [wp] and [1,, o wp]. For any o we have,

An(@) = x1 . x (019 Ly =0=syus -

Again the contribution of the terms x; ...x; for 1 < j < n — 2 in this decomposition

fulfil (19a) thanks to the induction hypothes1s and the formula (44d) for [t, o wp]° Gl
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for 1 < j < n — 2. Let thus look at the term xj...x,_1. Using D, g1 (Xp41) =
—Dy1-kj0(1 — xp41), we have

n—1
[Th 0 WP |x,0 =0 = Z Dy i1 G 1) a1 =0 Dk P—n—1(X >042),

k=1
n—1
= - Z Dys1—k10 Dk p—n—1(X 2p42).
k=1
- j
On the other hand, since [Q)P]?_H = Y i_1 Djs1—kjoDxjp—j—1(x>j42) and
Dk\P—n (Xn41, X>p42) = [wP+k—n]Z+1, we have
n—1
[0P1]t0i1=0 = D Du—tio Dk p—n (X j42)11=0
k=1
n—1 k
= Z Do Z Dis1-110D1jp—n—1(x=j+2)
k=1 =1
n—1
==Y Dur1 k0 Dk p—n—1(X2n42) = [Ty 0 0P} |5, 1=0,
k=1
where we used Dy, 0 = — Z;’:ll Dy j0Dy—pjo in the last line. Thus we proved the

exchange relations (19) for the pair [wp] and [7, o wp]. O

8.2. Examples of extractions. In order to make the notations from Sect. 7 clear, we
illustrate the different cases pictured in Fig. 3 on specific examples. For a deformation
Wn, let i, = uy o wp with wp the regular with P, as in the main text.
I.LForN <n -3, <N+1,

letP=10,n=7,1=2,N =4, |u| =2.

(12
H=\21)
12345 6 78910
Mn=112345 6 87910]-
1 1+1 N+2
1234 5 678910
U+l "TN+1Mn = {1245 6 387910
1 N+2 [+1

s (45 8).
(Ti+1 -+ TN41 0 An)] = (1 143-1 879 10) )

ILForN>n+|u|—2,N+1>1>n+|ul,
letP=10,n=3,1=6,N =17, |u| =2.

(12
/’L_ 21 k)
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1243567 8§ 9 10
1+1 N+2

1234567 8 9 10
I[,L =

1234567 8 9 m)

T+l TN+1Mn 1243568 9 7 10
N+2 [+1

(Tt TN+ O fln)] = (? 8 N9+2> :

ﬁhr'WMHoﬂwf=(12435J1m).

HIL.For N >n+|ul—2,n
letP=10,n=3,1=4,N

12345678910
Mn = 12564378910’

T+l - TN+ M = 1267438 9 510

1234567 8 9 10
N+2 I+1

(Tia1 -+ TN+1 © fln)] ‘,l 38 N9+2

(Tr41+ - TN+1 © ln)] = (1 267 l+5-1 10) )

IV.For N >n+|u|—2,and1 <l <n—1,
let P =10, =2,n=4,N =8, |u| =2,

(3
o
-

(Tr41---TN41 © Mn) <%
G

2
21
23456789 10
123546789 10

[ 1+1 N+2

3

Ti+1 * - TN+1Mn 465789 10 3

45678 9 10
N+2 [+1

2
12
I
46 578910)

N+2)°
(Ti41 - TN+1 © An)] =

10

l+)
VForN+1>l>nM—-1>m=>1,
letP=10,n=3,l=4N=5SM=N+2—(n—-1)=5m=1—-n-1) =

2, [l =1.
1234567
“=\3647315
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 om+1, (1234567
Tm+l """ TM—1M = Wy U= 2657413)°
12345678 9 10
124869 5 3 7210 ’
N+

56789 10)

234
T+l TN+ A 248 7 963 5 10
l N+2 I+1

(T141 -+ TN+1 0 fln)] <‘[‘ Nz 6)
(1

(Ti+1 - - - TN+1 Olin)] = 5 10)
lﬂm:wﬂ<%m;ﬂwnl~~u#mfv
i M m (e my+ 1) (T (M) = 1)

(123456) (34 5 678)
= =48 7 963
265741 48 7

= (T4l TN+1 O fln)]

myM~ [, m+l 1 o plmy =1 puEOon o u )

- <<;))n - G gszl i(o))

= (T41 - TN+1 0 fln)]

VLForl <l<n-1,
letP=14,n=6,l=3N=T M=N+2—(m—-1)=4,|ul=7:

1234567
o= 2576413
1234567)

T = oyp = 3576124

(1234 567 8 9 10 11121314)

Hn 123457101211968 13 14

T+1 " TN+1Mn

1234567 8 9 101112 13 14
2356810121147 9 13 14

(141 -~ TN41 © fin)] 35681012 11) = 0346810%

(T4 TN+1 © )] (1 2 zfl 7 N?'z 13 14)
pM = ( wt (M) —1 )

(1) - M(M_I(M) -1
_ (1234
- 2576
1234

oMl

oy = (3576)
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(M (123456 7\_(34567 8 9
Hon—t+1 = 112368109) = \3,5681012 11
= (T/41 - TN41 © fln)]
. (M_I(M)*'l |u|>
w(uw ™M) + 1) - (|l
(61
= \13
67
wlll/ll'L[M = (24)
] 1239101314\ _ (121011 12 1314
(i = @y = (12357 1314)=\12 47 2,131

A\
= (Tj+1 " TN+1 © n);
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