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Abstract

We derive contour integral formulas for the real space propagator of the spin-% XXZ
chain. The exact results are valid in any finite volume with periodic boundary conditions,
and for any value of the anisotropy parameter. The integrals are on fixed contours, that
are independent of the Bethe Ansatz solution of the model and the string hypothesis.
The propagator is obtained by two different methods. First we compute it through the
spectral sum of a deformed model, and as a by-product we also compute the propaga-
tor of the XXZ chain perturbed by a Dzyaloshinskii-Moriya interaction term. As a second
way we also compute the propagator through a lattice path integral, which is evaluated
exactly utilizing the so-called F-basis in the mirror (or quantum) channel. The final ex-
pressions are similar to the Yudson representation of the infinite volume propagator, with
the volume entering as a parameter. As an application of the propagator we compute the
Loschmidt amplitude for the quantum quench from a domain wall state.
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1 Introduction

Quantum integrable models are special theories that can describe strongly correlated many
body systems, such that their Hamiltonians can be diagonalized using exact methods. Their
study goes back to the solution of the Heisenberg spin chain by Bethe [1]. Whereas the largest
part of the literature is devoted to the study of the state functions and correlation functions
in the ground state or at finite temperatures [2-12], recently considerable interest was also
devoted to the study of out-of-equilibrium situations (see [13, 14]). This is motivated by ex-
perimental advances that make it possible to measure the dynamical properties of isolated
quantum systems [15-19], thus prompting for a theoretical understanding of the observed
phenomena. Two particular areas that have been actively investigated in recent years are the
equilibration/thermalization of isolated integrable systems, and the description of their trans-
port properties.

Regarding equilibration the main paradigm is that of the Generalized Gibbs Ensemble
(GGE) [20]: it is now widely believed that in homogeneous situations isolated time evolu-
tion leads to a steady state that is characterized by a complete set of (local and quasi-local)
conserved charges of the model. The imprecise notion of the “complete set” of the charges can
be defined rigorously by focusing on particular models; for example in the spin-1/2 XXZ chain
the complete GGE was established using Bethe Ansatz techniques in [21]. Furthermore, in this
model there are exact methods to compute the mean values of local observables in the highly
excited states that emerge after the quantum quenches [22,23]. On the other hand, the GGE
has not yet been established for models with higher rank symmetries.

The second area, namely the description of transport in integrable systems has been treated
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by the so-called Generalized Hydrodynamics (GHD) [24-28]. In the first approximation this
theory captures the physics at the Euler-scale (a combined large time and long distance limit),
and it rests on the dissipationless scattering in integrable models, guaranteeing ballistic prop-
agation of the quasi-particles. However, it has been shown recently that diffusion can also be
described within the same framework [27]. The GHD has been established for a number of
models and it is extremely successful: it provides predictions that agree with DMRG calcula-
tions up to many digits [25,27,29]. The theory can also describe two-point or higher point
correlation functions in the Euler scale limit [26].

It would be interesting to go beyond the GHD and derive exact results for time evolution in
interacting integrable models. One the one hand, this could provide a microscopic derivation
of the GHD. On the other hand, it could give access to physical effects beyond its reach. In
the following we review some of the approaches towards exact treatment of non-equilibrium
dynamics, with a special focus on the XXZ chain.

First of all, the direct method consists of the insertion of (one or two) complete sets of
eigenstates in finite volume and of the computation of the resulting spectral series. Analogous
computations have been performed in the equilibrium case regarding dynamical correlation
functions in the earlier works [6,7], but there are fewer results available in the non-equilibrium
case. Depending on the situation the problem can be treated numerically [30], or one can
obtain analytic expressions for power-law correction terms in the long-time limit [31,32] using
the Quench Action logic [33]. A necessary ingredient in any such calculation is to have exact
formulas for the overlaps with the initial states; these are known in a number of cases [34-39].
It was also argued recently in [40] that one should focus on a sub-class of initial states (called
integrable states) where factorized overlaps can be expected. We should note that for such
states the time evolution of the von Neumann and Rényi entropies have been computed in
[41-44].

An independent approach is that of the Quantum Transfer Matrix (QTM) method, which
was originally devised to compute the thermodynamics of the spin chain [45]. The main idea
is to build a lattice path integral for the partition function, which can be evaluated in the so-
called quantum (or rotated, or mirror) channel by exchanging the space and time coordinates.
This way the summation over all the eigenstates of the system is replaced by the focus on a
single leading eigenstate of the QTM. The method was generalized in [46-48] to yield the
Loschmidt amplitude in certain homogeneous quenches. It was already argued in [46] that
even non-equilibrium time dependent correlators could be computed with the QTM, somewhat
analogous to the determination of finite temperature static and dynamical correlators [49,50].
However, the computations have not yet been carried out and are expected to be considerably
more involved.

A further idea towards exact treatment of real time dynamics is through the Yudson repre-
sentation for the propagator of integrable models. Originally developed in [51,52] and worked
out for the Lieb-Liniger and XXZ models in [53-56], this method computes the propagator of
a finite number of particles in an infinite volume system. It is built on two basic ideas. First, it
uses the fact that the Bethe wave functions form a complete set in infinite volume, and instead
of a summation over the Bethe roots (solutions to the Bethe equations in finite volume) one
needs to integrate over the rapidities with appropriate weight functions [57, 58]. Depending
on the model one can have remarkable simplifications, for example in the XXZ chain or the
Gaudin-Yang model the Yudson representation involves single integrals over certain contours
instead of a sum of integrals over all string states [56,59]. The second idea is more technical:
in the resulting multiple integral formula one can replace one side of the propagator (cor-
responding either to the “in” or the “out” configuration) by a free wave function, leading to
a further considerable simplification. We should also note that the basic ideas of the Yudson
representation appeared independently in [60].
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It was already demonstrated in [54-56] that the Yudson method can yield concrete predic-
tions for real time evolution of observables, nevertheless it has severe limitations. First of all,
the number of integrals in the propagator is always equal to the number of particles involved.
Thus it is quite difficult to take the physical thermodynamic limit. Second, it is an infinite
volume method, therefore it can only describe physical processes where the particles disperse
into infinity after some initial interaction.

In the present work we compute the propagator of the XXZ chain in finite volume. The
advantage of our approach is that the finite volume propagator can describe both spatially
homogeneous and inhomogeneous situations, and it could also be used to study finite volume
effects. We use two different methods, and our derivations are independent from the works on
the Yudson approach. First, we employ a direct spectral representation, building on the results
on [6,7]. Second, we also use the QTM approach to develop a lattice path integral for the
propagator, which we evaluate exactly for any finite volume. Our final formulas are similar,
but not identical to the Yudson representation.

The paper is organized as follows. In 2 we introduce the model and the real space propa-
gator. In 3 we compute the propagator using the spectral sum, leading to a multiple integral
formulas. In 4 we also develop a different method to compute the propagator, and present
the results up to the two-particle case. In 5 we consider an application for the propagator: the
Loschmidt amplitude for the quench from the so-called domain wall state. We conclude in 6,
and some of the more technical calculations are detailed in the appendices B-C.3.

2 The propagator in the spin basis

We consider the spin—% XXZ model, described by the following Hamiltonian:

L
— X X Y LY z %
H—Z(O‘]-O'J-_H+O'jO'j+1+A(O'jO'j+1—1)). 2.1
j=1
Here a;f s a;/ , 0? are the usual Pauli matrices, acting on the jth subspace of the tensor product

space ®JL:1(C2. We assume periodic boundary conditions
X — X — Z — Z
OL+1 =971 O1+1= 91> O1+1 =075 (2.2)
and use the following parametrization of the anisotropy parameter A:

A = cosh). (2.3)

We do not restrict ourselves to any regime in A.
Our goal is to compute the real space propagator of the spin chain, which is defined as
follows. First we choose the reference state to be the state with all spins up:

1
0) =®_, (0) =I17...7). (2.4)
[i]
We denote the basis state with m spins down at positions a; € {1,...,L}, j=1...mby
m
la,...,a,) = l_!angO). (2.5)
]:

For the coordinate variables we always assume a; < q; for j <k.

4
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The real space propagator is then defined as
Gm({b}, {a}) t) = (bl) s bm|e_th|ala cee am)' (2'6)

Note that the in and out states have the same magnetization; the spin-z conservation of the
Hamiltonian implies that all other matrix elements of the propagator are identically zero. The
propagator depends on the volume L, but for simplicity we omit this in the notation.

The propagator satisfies the Schrodinger-type equations

d N A
iEGm({b}’ {a},t) =H,G,,({b},{a}, t) = HyG,({b},{a}, t) (2.7)
and the initial condition

Gn({b},{a},0) =] [6a,,- (2.8)
j=1

In (2.7) I—AIa’b are operators that act as the Hamiltonian on the corresponding coordinates.
The equality between the second and third expressions in (2.7) follow from the fact that the
Hamiltonian is a symmetric matrix in the spin basis: it can be seen from (2.1) that all its matrix
elements are real, and a real Hermitian matrix is symmetric.
In the following we discuss the symmetry properties of the propagator. It follows from the
definition that
Gn({b},{a},t) = G, ({a}, {b},—0). (2.9)

However, a stronger condition also holds, the propagator is a symmetric matrix in the spin
basis:

Gn({b},{a}, t) = Gy ({a}, {b}, 1). (2.10)

This follows from the second equality in (2.7), or alternatively, from the fact that the exponen-
tials of the Hamiltonian are also symmetric.
Translational invariance and space reflection invariance lead to the conditions

Gn({b},{a},t) = G, (1 +{b},1+{a}, t) = G, (—{b},—{a}, t), (2.11)
where we introduced the short-hand notations
_ {a; +1,...,a,+1} ifa,<L
1+{d} = { {1,a;+1,...,a,,_1+1} ifa,=1L

—f{a}={L—a,,...,L—ai},

and similarly for {b}.

In this work we present two different methods to compute the propagator. The first one
(to be presented in the next Section) is based on the standard spectral representation, and it
uses ideas and results of the papers [6, 7] which considered dynamical correlation functions
in equilibrium. The second method is completely new and it is built on the Quantum Transfer
Matrix approach [61]; this is presented in Section 4

3 The spectral representation for the propagator

Let us denote by ’\IJ]> a complete set of eigenstates of the Hamiltonian. The propagator can
be expressed as

2L bi,..., b, U (¥.]ay,...,a,
JEJ

j=1

e Bt (3.1)
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where E; are the energy eigenvalues of the Hamiltonian.

The XXZ model is well known to be exactly solvable by the different versions of the Bethe
Ansatz [2], which produces the eigenstates (also called Bethe states). Due to spin-z conserva-
tion it is enough to consider the (;) eigenstates in the sector with m down spins. The states
are characterized by a set of rapidities (also called Bethe roots) {1,...,A,,}, that describe the
pseudo-momenta of the interacting spin waves.

The representation (3.1) can serve as a starting point to derive exact results for the prop-
agator. The standard idea is to transform the summation over the Bethe states into multiple
integral formulas, by using the Gaudin determinant as the multi-dimensional residue for the
contour integrals around a particular set of Bethe roots. However, there are several difficulties
with this approach. First, one needs to know all possible positions of the Bethe roots, and then
to combine and/or transform the resulting integrals into some manageable form. Second, one
needs to prove the completeness of the Bethe Ansatz, which is a notoriously difficult prob-
lem, especially for the homogeneous chain. Typically the spin chain has a number of singular
solutions, which need to be taken into account [62, 63].

These problems can be circumvented by a method developed earlier in the literature,
namely by introducing a twist along the chain. It was proven in [6, 7] that for the dynami-
cal correlation functions in the ground state this method yields the desired multiple integral
formulas. The propagator is a closely related object, and in the following subsections we show
that the methods of [6, 7] can be applied in this case too.

3.1 The Algebraic Bethe Ansatz

Here we briefly introduce the Algebraic Bethe Ansatz, which is the adequate framework to
treat the present problem.

Let us consider the Hilbert space of the chain and also an auxiliary space C? denoted with
the index 0. We construct the monodromy matrix of the spin chain as

A B
T() = Rag(w). - Ryo(u) = (Cﬂ Dﬁ;) . (3.2
The transfer matrix is given by
T(u) =Try T (u). (3.3)

Here Rj;(u) is the so-called R-matrix acting on the spaces j and k. We use the normalization

1 0 0 0
wo-(3 9 9 8).
0 0 0 1
where .
b(u) = % =Pl (u+n/2), (3.5)
() = % (3.6)

The function b satisfies the relation b~!(u) = b(—u—n) which will be used often in this work.
The R-matrix satisfies the Yang-Baxter (YB) equation

Rqp(uy —up)Ry3(uy —ug)Rys(uy —uz) = Rys(uy —us)Ryg(uy —us)Ryo(ug —uy) (3.7)
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and the unitarity and crossing relations

sinh(u—n)

RR(=w) =1, sinh(u)

R7'(u)=o}R"(u—n)o?, (3.8)
where t; denotes transposition in the first vector space. Further, the R-matrix satisfies the initial
condition R(0) = P, where P is the permutation matrix of C2®C?: P(v;®V) = v,®V, V;,V, € C2.
It follows from the YB relation that the transfer matrices with different spectral parameters
form a commuting family:

[t(w),7(v)]=0.

The transfer matrix satisfies the initial condition 7(0) = U, where U is the shift operator by
one site to the left (towards decreasing lattice site indices). Also, it generates the Hamiltonian
(2.1) through the relation

H = 2sinh(n) 4 log T(u) . (3.9)
du 4=0
As we described above, the direct evaluation of the spectral sum (3.1) would pose certain
technical difficulties, which can be avoided if we first study the diagonalization of a deformed
Hamiltonian [6, 7]. The idea is to introduce a twist along the chain, which will simplify the
spectral representation in a certain non-physical limit. In the present work we choose to use a
homogeneous twist, leading to a homogeneous Hamiltonian.
Let k € C, k # 0 be the twist parameter and let us define the twist matrix

1 O
M:(O K), (3.10)

The case of k = 1 corresponds to the undeformed case.
We define the twisted monodromy matrix as

K _(A¥@w) B®(w)
T( )(u) = MoRlo(u) vee MoRLo(u) = (C(K)(u) D(K)(u) . (3.11)
The twisted transfer matrix is then given by
(W) = Try T (w). (3.12)

The twist matrix commutes with the action of the local R-matrices for any two spaces with
indices a, b:
MaMbRab(u) :Rab(u)MaMb' (313)

Using this relation and (3.7) it can be shown that the twisted transfer matrices also form a
commuting family:
[t® @), t®w)]=0. (3.14)

It is important that the transfer matrices with different x parameters do not commute with
each other.
It follows from (3.14) that the Hamiltonian defined as

H® = 2sinh(n) 4 log 7™ (u) (3.15)
du u=0
also commutes with the transfer matrices. A direct computation gives
2
) — Z [EO;_O']-__,’_l + ZKO']-_O';_I +A (O’?O’?_H — 1)] s (3.16)

=1
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and periodic boundary conditions are understood.
This Hamiltonian is Hermitian if |x| = 1, and we call this case the unitary twist. Writing
x = e'? with ¢ €[0,2m) the Hamiltonian can be expressed as

H(K) :HO +HDW7

Ho—mS((ﬁ)Z[ Ofi H OO+ cos(d?)( o5 1)]’ (3.17)

Hpy = —sm(qﬁ)Z[ Ol —ij(’fﬂ]'

This Hamiltonian can be understood as an XXZ model (with a different anisotropy parameter)
perturbed by a Dzyaloshinskii-Moriya interaction term [64]. This term breaks the space and
spin reflection symmetries of the model, whereas the combination of these two symmetries is
still preserved.

The finite dimensional matrices involved above are all analytic functions of x, therefore
the propagator can be computed as the limit

Gu({b}, {a},0) = lim GU({b}, {a}, 1),

GW({b}, {a},t) = (by,..., bule M ay, ..., ap).

Note that for this limit we do not require to have a unitary twist. The hermiticity is only required
if one is interested in the physical applications of H*), but the propagator is a well defined
finite dimensional object for every k # 0.

It is also important that generally the twisted Hamiltonian is not symmetric anymore, there-
fore the corresponding propagator loses its symmetry (2.10).

(3.18)

Denoting by ’\IJ](.K)> a complete set of states the twisted propagator can be expressed as

N
3=~

) (b, by W) (@ Py, ., @)

e—dfgx)t
(<) g, (%)
1 (Qy |QG )

GU({b}, {a}, t) =

, (3.19)

J

where EJ(.K) are the eigenvalues of the twisted Hamiltonian.
In the Algebraic Bethe Ansatz the Bethe vectors and dual vectors are defined for arbitrary
sets of rapidities as

m

12ba) =] [B®—n/2)10),  ({Akal = (0] [c®;—n/2). (3.20)

j=1 j=1

Here the shift of —7)/2 is introduced for later convenience.
The coordinate Bethe Ansatz representation of these vectors for x; < --- < x,,, is [2, 65]

(X1, m|1_[B<K)(x n/2)0)= > [ [F®p, L—x)] [ (A5, —2p)

Peoy j j>k
(3.21)
O] 160, —n/Dhxr,.cxnh = 3 TTFO g 3, ) [ [570, — 2),
j=1 Peoy j<k
with inh(n)
(I, x) = — 3B p e
FY(A,x) sinh(A 1 n/2) (xP(—=A))", (3.22)

8
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where we also defined

sinh(A +7/2)
sinh(A —n/2)
These are exact formulas valid for arbitrary sets of rapidities avoiding the singular points £7/2.

The vectors (3.20) are right and left eigenvectors of the transfer matrices if the Bethe
rapidities satisfy the Bethe equations

P(L) = ePWM = (3.23)

Y®M AN =0, j=1...N, (3.24)

where

Y®(v|{A}) = sinh? (v+n/2) [ [sinh(A;—v+n)+x" sinh (v—n/2) [ [sinh(2;—v—n). (3.25)
j=1 j=1

Note that our Y®) functions differ from those of [6,7] by a simple shift, which was introduced
in (3.20). Also, our Y®) involves the coefficient x (as opposed to simply k), which is a result
of our homogeneous twist applied at each site.

For these on-shell states the twisted transfer matrix eigenvalues are

e sinh(A; —v+n/2) e sinh(A; —v—3n/2)
O (pI{A}) = J L(b(v))t d . 3.26
e OlAD gsinh(kj—v—n/2)+’< (b)) g sinh(4; —v—n/2) (3.26)
From (3.15) follows that the energy eigenvalues are
% 2sinh?(n)
E= A; A)= . 3.2
JZ:E e(Ap), &%) sinh(A —n/2)sinh(A + n/2) (3.27)

Note that the twist x only enters through the Bethe equations, but the functional form of the
energy is the same for all k.

In the case of a unitary twist the left- and right eigenvectors are adjoints of each other,
and this can be seen directly on the coordinate space representations. However, this is not true
anymore for a generic twist |k| # 1.

We remark that the Bethe equations in the original form (3.24) are completely free of
singularities, and these are the equations which follow from the Algebraic Bethe Ansatz built
on Lax operators with a non-singular normalization. It was emphasized for example in the
work [66] by Baxter that the completeness of the Bethe Ansatz should always be investigated
using these singularity-free equations.

We call a solution of the Bethe equations (3.24) admissible, if

sinh? (A —n/2)[ [sinh(A; =4, —m)#0,  k=1...N. (3.28)
j=1

A solution is called off-diagonal, if all Bethe rapidities are distinct.
For sets of rapidities avoiding the singular points 7/2 let us define the functions Q;({A})
as

D = PL(}\.j) l_[ S()Lj — ), (3.29)
k,k#j
where we defined bA nh(A
sy = 23 _ sinh(—n) (3.30)

b(—A) sinh(A+n)’
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For admissible solutions the Bethe equations can be written as

QW =il =1, m. (3.31)

In these conventions (and for |x| = 1) the one particle solutions for A > 1, n € R are purely
imaginary, whereas for A < 1, n € iR they are purely real.

The norm is defined as the scalar product of an eigenstate and a dual state, and it is given
by [67,68]

ol [e®Wx—n/2)] [B¥(;—n/2)l0) =
=1 =1 (3.32)
=sinh™(n) [ [ 671 — 2)b 7 (A — A;) x det G,
j<k

where G is the so-called Gaudin matrix:

2Q;
Gjk = 8_)\11 =0k (Lquj) + Z (A — ll)) — (A5 — A1), (3.33)
1
where Q j are the logarithms of the Bethe equations defined in (3.31) and
d sinh(n) e(A)
A) = —log(P(A)) =— =— s 3.3
I = o Lee P ) = — 2y sinh(A—n/2) . Zsinh(n) (3.34)
d sinh(2n)

A)=—1log(S(1)) = . 3.35
PN = g el = ey sinh (=) (3.35)

In order to compute the propagator we need to treat the object

(b1,..., bl [TiLy B —0/2)10)(0I[T}L, C™(A;—n/2)lay, ..., an)

(3.36)
(OITTL, €™ —n/2) [T, B®(A; —n/2)|0)
For on-shell Bethe states this can be written as
ANNCPS)
]_[( —q(A)) “’} e (3.37)

where the amplitude W{(l':}){ }({A}) arises simply from the product of a Bethe wavefunction and

a dual function, cancelling certain factors coming from the norm (3.32):

W) = D0 T JeP2p 057 [T S — 25

Peoy j j>k
b (3.38)
x > [ Joep=2p 7 [ ] 52— 20)-
Peoy j j>k
Pj<Pk

It follows from the overall periodicity of the wave function (or from the product of the Bethe
equations) that

[ [«tPt=2p =1, (3.39)

J

10
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therefore we also have

wid (@D = D0 | JoP2p 0% [ | 8 —2)x

Peoy j j>k
fi<h (3.40)
x > ] TeP=ap 7 [ ] sa;— a0
Peoy j j>k
P]<Pk

It is proven in Appendix A of [7] that the Bethe vectors corresponding to the admissible
off-diagonal solutions form a basis in the N -particle subsector, if k is within a punctured neigh-
bourhood of the origin: 0 < |k| < kg, where K, depends on N and L. Therefore the spectral
sum can be expressed as a sum over contour integrals encircling the Bethe roots, for details
see [7] and our Appendix A.

The k-deformed propagator can thus be expressed as

(&) m W) g (e et
(b {b}{a} (3.41)
({b},{a}, t) = ;H [T, (ke —1)

where for each term in the sum the contours C; are small circles around the corresponding
Bethe root A ; within the set {1}.

The next step is to transform the sum over the small contour integrals around the sets
of Bethe roots into a single common contour which surrounds the remaining singularities of
the integrand. There are singular points corresponding to the diagonal solutions of the Bethe
equations, but they give zero contribution due to the vanishing of the Bethe wave functions.
Therefore, the remaining singularities of the integrand are only at the special points u = £7/2.

In complete analogy with Lemma 4.1 of [7] we construct contours

C:(R;) =C(n/2,R;)UC(—n/2,R;), (3.42)

where R; € R* stands for the radius of the contours around the singular points. All the remain-
ing singularities of the integrand are inside C.(R;) for R; small enough. It is important that for
the multiple integrals the radiuses R; have to be chosen to be non-coinciding, otherwise we
would hit singularities at u; —u; = %7, leading to ill-defined integrals.

This way we obtain

GW((b), {a}, ) = —

(3.43)
m!l

—qlu;) X
j 2t 1) T (1 etea@)

(x) =3, elw))t
m § duJ W{b}{ }({u})e k=1
Ci(R))
Here the factor 1/m! was introduced to cancel the permutation symmetry of the integrals.
We can simplify the wave function amplitude: If we expand one sum over permutations,
and perform an exchange of the integration variables in each term separately, the arising S-
factors can be compensated and we obtain

({u})e 1(2?:1 E(Hk))f
G((bY (a), )= — 35 ) Yl . B4
" Co(R)) 2751 ) [T, (1 —xleltud)
where for the amplitude we can use two alternative forms:
¥ @D =] [P 30 ] Jo Py [ T sts—w)
j Peoy j >k (3.45)

Pj<Pk
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and

U o@D = Jom P ™ 30T Joc P T T sty —wo.
’ J Peoy j : >k (3.46)
P,<P

This idea to express the product of two sums over permutations by a simple sum over permuta-
tions was also used in the earlier work on infinite volume propagators, see [60] and [53-56].

Note that if we set k = 1, then the two different forms (3.45)-(3.46) reflect the symmetry
(2.10) of the propagator.

3.2 Continuing back to the untwisted case

The physical propagator is obtained by analytically continuing the formula (3.44) in «,
from a neighbourhood of zero to k = 1. The integrand is an analytic function of k, and in
fact x only enters in the denominator. Therefore, the only non-analyticity that can happen
during the procedure is when some singularities of this denominator cross the contours. Such
singularities occur at the solution of the Bethe equations. A multi-dimensional pole could be
picked up when for a given solution all Bethe rapidities would cross the contours.

It is known that there are singular solutions of the untwisted model that include the ra-
pidities £7/2 [62] and they have been studied by essentially the same twisting procedure
in [63]. The available data from concrete examples in small volumes show that as the twist
parameter k is continued back to 1, only those types of singular states are produced which
include these singular rapidities with multiplicity one at most. Therefore the only case when
the analytic continuation of the integrals can produce extra contributions is for N = 2, when
the two Bethe rapidities approach £7/2. It is shown in Appendix A that even in these cases
there is no addtional pole contribution.

We thus obtain our final result for the untwisted case:

= du; U ({u},) -
G, ({b},{a},t) = —a(u, B Im]_ —i(S0 et 3.47
m({b}, {a}, t) ]|:1| (jgmj) 2mq(u]))xm;1 EEXCTU (3.47)

where Wy (3 ({u}y,) = \If{(;; {a}({u}m). We stress once more that the integrals are well defined
(and numerically stable) only if the radiuses R; are non-coinciding.

4 The propagator from the Trotter decomposition

As an alternative to the previous method we also compute the propagator by a lattice
path integral, in close analogy with the study of the thermodynamical state functions of the
model [61]. In this Section we work mostly with the untwisted model, because this technique
does not require the introduction of the twist parameter «.

For future use we introduce the space reflected transfer matrix, which is defined as

#(u) = Try T(w), T(u) =Ryo(u)...Ryo(u). 4.1

It satisfies the initial condition #(0) = U™}, and it also generates the Hamiltonian by the same
relation as (3.9).

It follows that the two transfer matrices 7(u) and 7(u) can be used to generate the time
evolution operator through a Trotter approximation. For any s € C
N

e—H = lim (1 — %H)N = lim (v(—B/2N)E(—p/2N)) (4.2)

N—-oo
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+ + —
+ + +
1 b(u) c(u)

Figure 1: The vertex weights of the six vertex model. The functions b(u) and c(u)
are given by (3.5) and (3.6), respectively. The R-matrix acts from bottom to top and
right to left.

where
B = 2sinh(n)s. 4.3)

For our purposes it is convenient to use the crossing relation (3.8) to relate the two transfer
matrices to each other:
. sinh(u

L

This leads to the following form of the Trotter decomposition:

N

. L
i sinh(=f/(2N) ) r(—ﬁ/(ZN))T(ﬁ/(ZN)—ﬂ)) RS

¢TI ((sinh(—/s/(zzv) )

The advantage of this representation is that it only uses the same transfer matrix.

For technical reasons it is better to use a set of non-coinciding inhomogeneities. Therefore
we define f8; with j = 1,...,N such that |; — 8| = O(1/N). Focusing on real times we thus
write

e T (( sinh (—i6;/(2N)

sinh(—i/}j/(ZN) + n)

L
) t(—iB;/(2N))7(iB;/(2N) — n)) ,  (4.6)

j=1

with
B; = 2sinh(n)t + O(1/N). “4.7)

The propagator is thus expressed as

N sinh (—i;/(2N)) )L
Gm b b > = 1 )

x(by,..., b, T(—i/sj/(zzv))r(i/sj/(zzv)—n)|a1,...am>).

j=1

Due to the correspondence between the XXZ model and the six vertex model, at any finite N
the above expression is equal to a six vertex partition function of an L x 2N square lattice, with
particular boundary conditions. The individual weights of the six vertex model are depicted on
Fig. 1, whereas an example for the partition function is shown in Fig. 2. Here the presence of
the transfer matrices leads to periodic boundary conditions in the space direction (chosen as
the horizontal direction), whereas in the time direction (chosen as the vertical direction) we
have fixed boundary conditions given by the initial and final states |a, ..., a,,) and (b, ..., b,|.
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The six vertex model is invariant under a reflection along the North-West diagonal. Due
to this reflection symmetry of the R-matrix, any such partition function can be evaluated al-
ternatively in the so-called quantum channel (also called the rotated or mirror channel). We
can thus build an alternative monodromy matrix that acts on an inhomogeneous spin chain
of length 2N, such that the inhomogeneities are determined by the spectral parameters of the
transfer matrices in (4.8). To be precise we define

TQTM(u)zRZN,O(u—%)RZN_LO(u+%—n)...Rzo(u ﬁ)Rlo(u+ 1 n)z

_(Aw) B(u) (4.9)
“\Cw) D))

The initial and final states of the propagator become boundary conditions in the quantum
channel, and (due to the periodic boundary conditions in the spatial direction) the partition
function can be evaluated as a trace of a particular ordered product of the monodromy matrix
elements A(0), B(0), C(0) or D(0). The explicit relation is

L

(by,...,b |l_[T(—1[3’]/(2N))T(1[5]/(2N) n)las, ... Trl_[TS%ZiV[(O), (4.10)

where s;l’b are the the spin components at position j in the initial and final states, respectively.
Explicitly

(4.11)

J

O 1 if je{ay,...,an}
2 if jé{ay,...,an},

and similarly for s Jb
The normalized expression for the propagator is then

N sinh(—iﬂj/(ZN)) ) QTM
G,({b},{a},t)=1i x Tr T 0)f. (4.12)
(10}, a}k.0) Nl’ngo g(sinh(—i/}j/(ZN)+’r)) l_[ ( )

The propagator enjoys a complete spin flip invariance, and as a result an equivalent ex-
pression is

N sinh(—iﬂj/(ZN)) ) QTM
G, ({b},{a},t)= li x Tr T 0|, (4.13)
({b}.{a},0) = lim g(smh(_iﬁj/(mﬂ) ]_[ HO

where §?’b =3 —s;l’b or explicitly
(4.14)

a {2 if jefay,...,an}

STV 1 i jédlan...,an)

and similarly for s]I.’. In this work we will use the representation (4.13) because this leads con-
forms to certain conventions used in the construction of the so-called F-basis, to be presented
below.
As an example for these formulas, we consider L = 6 and a specific matrix element of the
two particle propagator:
(1,3le7 |2, 3). (4.15)

According to (4.10), this is proportional to Tr [B(O)C(O)A(O)D(O)D(O)D(O)].
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+ - o+ = = =
—n+ify/2N
—if/2N
—n+ipf1/2N
—if31/2N
-+ o+ - - _
1 2 - L

Figure 2: An example for the partition function (4.10) with L = 6 and N = 2, de-
scribing the matrix element (4.15). We have periodic boundary conditions in the
horizontal direction, and the bottom and top rows are fixed by the initial and final
states in the spin basis.

We note that the ordering of the inhomogeneities in (4.9) does not influence the traces that
we intend to compute. On the one hand, this follows from the commutativity of the transfer
matrices T in (4.5). On the other hand, this symmetry will be explicit after the introduction of
the F-basis in Section 4.1.

The symmetry (2.10) of the propagator can be observed at finite Trotter number as well.
Starting from the expression (4.9) for the quantum monodromy matrix we can perform a series
of crossing transformations on the R-matrices leading to

TU™(0) = S x (Torm(0)) x S, (4.16)
where . . . .
Torm(0) =Rano (% - n)RZN—lo (—%) -+-Ryo (% - T))Rm (—%) (4.17)
and N
s=[]o (4.18)
=1

Note that in (4.17) the order of the inhomogeneities has been modified as a result of the
crossing, but this does not effect the traces. Also, the action of the S operators also drops out
due to S? = 1. Thus it follows from (4.16) that the initial and final states can be exchanged,
and an alternative formula for (4.13) is

N sinh(—iB;/(2N)) )L L
G,,({b},{a},t) = li Tr| [T M(0) . (4.19)
({b} {ak,0) = fim, g(sinh(—iﬁj/(zN)"‘n) ’ rg 73

Our goal is to compute the traces (4.13)-(4.19) at finite N using exact methods, and to take
the N — oo limit afterwards. We will start with low particle numbers, but we will consider
arbitrary L volumes. Typically there will be a large number of D operators in the product
(corresponding to the vacuum with the down spins), and a smaller number of B, C, and A
operators depending on the initial and final positions of the excitations.
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+ - 1
— + 2
+ +
- - L
BB
2N 2N

-8 n-L

Figure 3: An example for the partition function (4.10) after the reflection along the
North-West diagonal. The horizontal lines are now interpreted as the matrix ele-
ments of T, 7y, We have periodic boundary conditions in the vertical direction, which
amounts to taking the trace of a certain product of A, B, C, D operators. In the present
case we have Tr BCAD' 2,

+ - 1
— + 2
+ +
— - L
B By
2N 2N

-9 -

Figure 4: An example for the partition function (4.10) after a crossing transformation
performed on the horizontal lines, which are now interpreted as the matrix elements
of Torpr- According to (4.16) this partition function is given by Tr CBAD* 2.
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We stress that in the usual QTM method one deals with the powers of Tr T2TM(0) = A(0)+D(0),
and the partition function is computed only in the L — oo limit. This leads to the major sim-
plification that only the leading eigenvalue of Tr T?™™ needs to be considered. In contrast,
here we are dealing with the individual matrix elements of the monodromy matrix, we keep
the volume L at a fixed finite value, and evaluate the product (4.13)-(4.19) exactly.

The direct evaluation of the traces of the product of operators in (4.13)-(4.19) would be
quite cumbersome, due to the complicated forms of the A, B, C, and D operators. A remarkable
simplification can be achieved by performing an appropriate basis transformation. We compute
the traces in the so-called F-basis, whose big advantage is that the D operators are diagonal and
the B, C, and A operators take also sufficiently simple forms. This way we obtain manageable
expressions for the propagator.

In the remainder of this Section we will work with (4.19) instead of (4.13). The reason for
this is simply that in the conventions that we are using it leads to more transparent prescrip-
tions for constructing the propagator.

4.1 The F-basis

The factorizing F-matrices of Maillet and Santos were introduced in [69] and later used
in [70] for the calculation of the form factors in the spin chain. From a computational point
of view, their main advantage is that in the basis generated by the F-matrices (the so-called
F-basis) the monodromy matrix elements take very simple forms and their expression is com-
pletely symmetric with respect to the ordering of the quantum spaces of the chain. In the
following we give a brief overview on the F-basis of the XXZ model. We will not repeat the
derivations, rather we will just cite the formulas necessary for our computations. For a dia-
grammatic introduction to the F-matrices we refer the reader to [71], and we also note that
an interesting alternative derivation is also given in [72].

With full generality we consider a spin chain of length n with a set of inhomogeneities &;,
j=1...n. As usually, the monodromy matrix is

T(u) =R o(u—¢,)...Riglu—¢&,) = (é((?) ggg) ’

T(u) = Try T(u).

(4.20)

For the main goal of this paper, namely the computation of the propagator, the F-basis will be
established in the QTM channel and we will identify n = 2N, and the inhomogeneities will be
set to

_ iB;/@N)  j=1,...,N

5]-_{ —if;_y/(2N)+n j=N+1,...,2N. (4.21)

Here we re-ordered the set of inhomogeneity parameters, but this does not effect the computa-
tion of the traces, as already remarked earlier. In the present section our goal is just to introduce
the necessary formulas for the F-basis, therefore we keep n and &; as arbitrary parameters.

For any permutation 7 € S, we can uniquely define a matrix R} (&,...,&,) that ef-
fectively permutes the fundamental vector spaces and the corresponding inhomogeneities in
the construction of the transfer matrix. The main idea is that for any elementary exchange
(€, &j41) = (§j41,&;) we introduce the action of Rj)jﬂ(ij — &;41) acting only on the vector
spaces of the sites j and j + 1. The total R™ is constructed as the product of such operations as
the full permutation 7 is constructed using the elementary ones. The uniqueness of the con-
struction is guaranteed by the Yang-Baxter equation. The R™ matrices defined this way satisfy
the relation

RT”_H(gl) s gn)TO,l‘..n(u; gl: cee gn) = TO,ﬂ:(l)...TE(n)(u; gﬂ:(l): L) gn(n))RTmn(gla L) gn)
(4.22)
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The factorizing F-matrix is an invertible matrix F;_,(& ...,&,) which satisfies the following
condition for any € S,,:

Fﬁ(l),..ﬂ(n)(gﬂi(l)) cees gn(n))R?,__n(gla cee gn) = Fl...n(gla cees gn) (423)

In other words it factorizes the (composite) R-matrix.

It was shown in [69] that the F-matrices can be constructed recursively, by increasing the
length of the spin chain at each step. Alternatively, they can be computed by a summation
over the matrices R™ [72]. However, these formulas will not be needed in the present paper,
therefore we refer the reader to the original papers.

The important property of the F-matrices that will be used in our calculations is, that the
monodromy matrix elements take especially simple form in the basis generated by them. Let us
perform a basis transformation in the physical space (and keep the auxiliary space unchanged),
and let us denote by T the monodromy matrix in the new basis:

T3 E1,e. E) = (g‘gg?) f;ﬁg) = Fn(E1e . E) (*C‘((‘L‘l)) ggg) Fi (Erae )

(4.24)
It follows from the relation (4.23) that the matrix representation in the new basis is completely
symmetric with respect to the sites and inhomogeneities.
It was shown in [69] that the F-matrices given there lead to the following diagonal form
for the D-operator:

~ b ) 0
Dl...n(u; E1renns gn) = ®?=1 ( (u(’)gl) 1 ) . (4.25)
[i]

Note, that this expression is completely symmetric under simultaneous permutation of the
vector spaces i and the corresponding spectral parameters &;.
Analogously, the other elements of the monodromy matrix are given by

By n(w;&1,...,80) = Z o c (W &) ®jy ( b (u(,) 2 p-1 (g_ £) )
i=1 J7 = ]
(4.26)
b(u, E)b7 (&, &) O
0 [jl

Croa &y, &)= D, of c(u, &) @4

i=1

1

Al,,,n(U; gl: s gn) = ®?:1 (1 b(u - g)) +
> P/

- - _ b(u, ENbH(ELE)) )
z: 2 p~L Yo ot ®. ... J J 3
+ i c“(u, gl) (u, gl)o-l o, ®],]7é1 ( b 1(§j7 51)

(b(u, EbT(E; k)

+
[J]

+ D e, E)b 7}, E)0T ® c(,§)0T @i
L,j

b (& &))[k] |
i

(4.27)

Here oii are the usual spin raising and lowering operators acting on site i: o= = % (o* xic?).
Note, that while D, B, € are formally the same as in [69] , A is formally different. The reason
for this is that in [69] only the SU(2)-symmetric XXX—% case was considered, where there are
some special identities for the rational functions involved. On the other hand, the formula for
A can be computed using the quantum determinant (this was already remarked in [70] and
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the computation was performed earlier by other researchers [73]) or by taking the limit of the
formulas for the XYZ model published in [74]. For the sake of completeness we present the
detailed derivation in the Appendix B, together with an alternative form (B.5).

The advantage of the F-basis is that it provides polarization-free expressions for the B,
C and A operators. By this we mean that the action of the particle creation and annihilation
is dressed only diagonally. In contrast, in the original spin basis we would be dealing with
expressions of the type

n
B, ,(u)= Z o;Q;+ Z Ul._aj_oZQijk + higher terms, (4.28)
i=1 i,k
i#j#k
where Q;, Q;j, ... are diagonal operators on all sites but on site i, site i, j, k, etc., respec-

tively. Multiplying such sums would be a practically unfeasible task. On the other hand, the
computation of the products of diagonally dressed operators is relatively straightforward.

We also remind that the A, B, C, D operators satisfy the same commutation relations as
A B, C,D.

In the next two sections we employ the F-basis to compute the traces of products of mon-
odromy matrix elements to obtain the propagator as given by (4.19).

4.2 The propagator: One particle case

In this section, we compute the one particle propagator. This is a very simple object, which
could be calculated even without using any methods of integrability. Nevertheless we perform
the detailed computations using the F-basis, which serves as a good warm up for the more
complicated cases.

According to the rule (4.19) there are two different cases, that need to be treated sepa-
rately:

o The particle moves by £ sites with [ = 1...L —1. In this case we are dealing with a trace
of the form .
(kleTHtk—¢) ~ Tr D*'74(0)B(0)D*"1(0)C(0).
The simplest case is when ¢ = 1, this is treated in 4.2.1, whereas the generic case of
¢ =2...L—1is considered in 4.2.2.

e The particle stays at its position. In this case we are dealing with a trace of the form

(kle7Ht k)~ Tr DY1(0)A(0).

For the computations of the traces we will use the F-basis; the original spin basis of the
QTM will not be used anymore. Therefore, in the rest of the paper it is understood that all
A, B, C, D operators are given by their concrete matrix representations in the F-basis. Also, all
monodromy matrix elements will be evaluated at the spectral parameter u = 0, therefore we
will drop this from the notation and understand that A = A(0), etc.

The computations of the traces will be performed algebraically using arbitrary inhomo-
geneities &, j = 1...n. We will use the following notations:

= h(—E. _ _sinh(=¢;) e _ sinh(&; + 1)
b= b5 = sinh(—¢; +n) bio =0 (&)= sinh(&;)
inh(&. — & .
bi_j1 =b'(&;— ;)= sinh(E; — ¢, + ) ¢ =c(=&)= sinh(n)

sinh(&; — &) sinh(u—¢&; +1)

When turning to the Trotter limit, we will set n = 2N and the inhomogeneities will be specified
according to (4.21). Finally, the 3; parameters will be sent to 3 = 2sinh(n)t with t being the
physical time parameter.
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4.2.1 One particle propagation by one site

In our framework the simplest case is when one particle hops one site. According to (4.19)
this is evaluated as

N( sinh(—if3;/2N)

L
—iH . 1) = 1 L2
(kle "k —1) = lim_ 1 (P, /2N+fr))) Tr (DX2BC) | . (4.29)

First, we compute the DX"2BC product. We can denote the structure of B and C as
— @
B = ZBi ®; i B
1

. (4.30)
C = ch ®j,j7éi }/51) ,
i

where B;, C; are off-diagonal matrices in the ith space, and fo’;i), }fgi) are diagonal matrices in
the jth space, depending on index i, through its parameters. The product of these two is:

BC = ZBC ®; iz /5”%%28 1 BUC; & is i BT,

I#J

(4.31)

where we separated the terms depending on whether the off-diagonal matrices are on the
same site (first sum) or not (second sum).
Hence the BC product:

BC—ZHICZU_GJ’@-#»( bJZb; 01 ) + Z ¢;b;blo ®ch.oT® &« ( bibl_k 0 )
= 20707 ®y - ibib o ®c;b;o 3 ) .
oo [ A B 0 b 0l ji Ti J ki, j 0 bki k]

ji 6], 7]
(4.32)
As D is diagonal, multiplying by DX~2 is simple:
. bl 0
L—2p, — 2 _— +
D BC—ZEQ‘ 0 0; ®j,j#i( JOU b;l )[,]+
B e (4.33)
+ Z cib;b o7 ®cbi ot ® ( bkb]k 01 )
1YY i ]9 i - — .
g SR VAN i

Taking the trace gives

Tr (DX~ 2BC)-Z:Tr c o; a+)l_[Tr( b b_ O ) Z l_[(bLb +bﬂ).
]1

Jj# =1 jj#i
(4.34)
Note, that the second sum from (4.33) dropped out automatically due to its tracelessness.
We substitute this expression back to the propagator:

(kle7Hk—1) ~
L

B
N[ sinh (o 2l (4.35)
—_(,fN ) . SeA=g) [ oH =g b — £+ b7 (E — €.
i=1 sinh(z—NJ+n) i=1 j.j#i

It is easy to see, that this expression is singular due to b(0) = 0, and the homogeneous limit of
&; — & can not be taken directly. This was the main reason behind the introduction of the set
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of non-coinciding f3; parameters. Nevertheless the expression can be evaluated as a contour
integral, by the use of the following identity.

Consider the meromorphic functions f(u) and g;(u), and a contour C such that each g;
has a simple pole at z; within the contour and f does not have poles inside C. Then

j( f(u)l_[gj(u) —Zf(z Res, ;. &:(2) [ | (0. (4.36)
C J#L

In our case the set of inhomogeneities &;, j = 1...2N is given by (4.21). It follows that the
corresponding functions will have poles in the neighborhood of z = 0 and z = 7. Therefore
we define C to be an union of two small contours around 0 and n: C = C, UC,,. We apply the
above identity with the choice

B c*(—u)
W= ol —1) (4.37)
giW) =b (&b (u—&)+b1(&;—uw).

One can easily see that f is indeed free of poles in C. This leads to the integral representation

(kle7 |k —1) =
. ﬁ ( sinh(—iB;/2N) )L du  sinh(n) 1 8
T NS (- : =
N j—1 \ sinh(=if;/2N +n) 2ms1nh( u+mn) % 1 (4.38)

ﬁ sinhL(Ej) sinh(u—¢&;+m) sinh(&;—u+n)
X. sinhL(€j+n) sinh(u—¢&;) * sinh(&; —u)

j=1

After substituting (4.21) we are now free to take the homogeneous limit. This leads to

i d inh 1
(Kle M k—1) = lim ¢ Ju_Sh(n) 1
N—oo |, 2misinh*(—u + n) sinh*(w) 1
sinh® (u—n)

smhL(—— sinh(u — B N+ sinh(ﬁ —u+mn) N
x ( + 2N ) X

sinhk(— 18 B +m) sinh(u— ﬁ sinh(% —u) (4.39)

, N
sinh(u + ﬁ sinh” ( 21\[15) smh(—— —u+2n)

sinh(u + —n) sinh? ( 21\/,3 + n) Slnh(—— +n—u)

To take the Trotter limit, note that each term involving sinh®(8/N) is sub-leading, irrespective
of the value of u under the integral. Therefore we get

(kle |k~ 1) = lim fd” sinh(n) 1

X
2mi Slnhz(—u +n) sinh"(w) 1
sinh® (u 1)

; N

sinh(ﬁ —u+mn) sinh(u+ B

x ( — . iﬂzN +O(B/N)" | .
sinh(55 —u) sinh(u+ 55 —n)

(4.40)
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Taylor expanding the last factor to first order leads to

sinh(% —u+mn) sinh(u+ % N
lim +...| =

N—oo

sinh(% —u) sinh(u + % —n)

ﬁ ﬁZ N (441)
Nleréo (1 + i(coth(u) — coth(u — n))ﬁ +0 (—)) =

N2
= exp (i (coth(u) — coth(u —n)) B).
Substituting this back to the propagator, we get the final contour integral expression

du sinh(n)

(kle_thlk_l): o . 12 L
¢ 2misinh®(—u+n) _sinh@ _
sinh® (u—n)

expli(coth(u) —coth(u—n))B1.

(4.42)

An interpretation of this formula together with the remaining cases will be given in 4.2.4.

4.2.2 One particle propagation by ¢ sites

We consider the propagator describing one particle moving £ sites, and the corresponding
partition function in the Trotter decomposition:

(kle7Ht |k —¢) ~ Tr DX17'BD!1C. (4.43)

The computation of the product is very similar to the previous case, leading to the following
result:

n L1,—1
DL_I_EBDé_lC—Zczbg_la_cf”&‘ ( bj bij 0 ) +
= i Vi i i G

0 b
“— i .
= y b_l[” . (4.44)
Z cibfoi_®cjb];_1o;f® k ( k-~ jk p-1 ) .
i,j,i#j kAL] 0 ki /[k]
For the trace we get:
n
L-1—lppl—1p, _ 27.0—1 Lp—1_ -1
Te DYIBD e = > 2 [ [ (pEbit + b7 ). (4.45)
i=1 J.j

This sum can be turned into a contour integral using the method of the previous subsection.
We can apply the identity (4.36) with the same g; functions, but the following f:

—1¢_ _ . 101
Flu) = b1 (—u)c?(—u) _ sinh(n) sinh* ™ (u) 1

~ sinh(n)(bL(—w)—1) sinh?(—u +n) sinh ! (u—n) b @ __ 4 '
sinh® (u—n)

(4.46)

It can be seen that f(u) is always regular at u = 0, and it is regular atu = n if £ +1 < L.
Therefore the contour integral representation based on (4.36) is valid only for 1 < ¢ < L —1.
This constraint is in agreement with our general picture about the lattice path integral: the
propagator with { = L corresponds to a particle staying at its position, due to periodicity.
In this case a different trace needs to be evaluated which includes an A-operator, and this is
treated in the next subsection.

Repeating the steps of the previous subsection we obtain for £ < L

(ke |k — 0) = du sinh(n) sinh®'(u)  exp[i(coth(u) — coth(u—n))B]
o 2mi Sinhz(—u +1n) sinhl_l(u -n) sinh(u) 1 :
sinh® (u—n)
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4.2.3 One particle not moving

Here we consider the case, when the particle stays in place. For this matrix element we
have from (4.19): '
(kle7HE|k) ~ Tr DITIA. (4.47)

The A operator takes the following value at u = 0:

n 1 S 211, — _+ bjbi_jl
A=®;, p=l []+Zci by 0 0] ®jxi p1) T
i [jl

i0 ) ji

-1, — k¥ jk

+Zcibﬁ O'i ®Cj0'_;— ®k,k7éi,j ( J b_.l) .

i,j ki /[k]

i#j

Out of the three terms of the A-operator, two contribute to the trace:
n n
L-1p _ L-1_ -1 2711 Ly-1 4 -1
Te DY A= [(bEt +bigh) + > 267 [ | bhbgt + b3t (4.49)
i=1 i=1 Joj#

Note that the second term coincides with the expression of the previous subsection with £ = 0.
This suggests a close relation between the two cases, namely that the case of a particle staying
at its place should be given directly by same formula, where £ = 0. In the following we will
see that this is indeed true, with the addition that the first term in (4.49) is also needed to
produce the correct contour integral.

Consider again the product f(u)] | j g;j(u), but in the present case assume that f(u) has a
simple pole at Z within the contour C. Then we get

f %f(u)]_[gj(u)=Zf(§i)(Resz:gigi(z)) [ 1)+ Res.cf@n] ;). @50
¢ J &

Jj# J
We choose
Flu)= ciz(—u) b~ l(—u) __ sinh(n)' sinh®(—u+n)
sinh(n) bX(—u)—1  sinh(—u+ n)sinh(—u) sinh*(—u)—sinh!(—u+n) (4.51)
gi(u) = bL(—gj)b_l(u —&)+ b_l(éj —u).

It can be seen that f has a simple pole at u = 0 with residue one. Therefore, the identity (4.50)
immediately gives the right hand side of (4.49).
Performing the Trotter limit as before we obtain the final contour integral

(k|e k) = § %f (u) exp (i(coth(u) — coth(u —n))B)
c

du sinh(n) 1 . (4.52)
= $. 221 sinh(w) sinh(u — ) bE(w) 1 P lcoth(u) = cothu=n))F).

As anticipated, this is formally identical to the result of the previous subsection with displace-
ment £ = 0.

4.2.4 Summary of the one particle formulas

A connection to the results of Section 3 can be given if we introduce a shift of —1/2 in the
integration variable. Correspondingly, we also introduce the contour C. that is a union of two
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small circles around the points +n/2: Cy = C_,/, UC, /. Then the formulas of the previous
subsections can be summarized as follows:

: p i
(kle_ﬂtlk—€)=£ W T o }ng )e‘”(“”, ¢=0...L-1. (4.53)

Here q(u), P(u) and £(u) are defined in (3.34), (3.23) and (3.27), respectively. This coincides
with the result obtain from the spectral representation.

4.3 The propagator: Two particle case

In this section we derive the two particle propagator. The computation is similar to the
one particle case, nevertheless it poses some additional difficulties. In order to simplify the
notations and later computations we introduce generalized operators that involve the action
of D-operators from the left:

x®=plx, X=AB,C. (4.54)

Their explicit forms are

) —nt n b
A :D A == ®i:1 t b_
i0

n bti-ﬁ-l bil
)[ ] + Z:cizbi_lcri_ol.Jr ®; i ( Iy p=1 )
i (7]

i=1 ji

+ Z clcjbllb[cr R®cT® & ( ke ik )
e R s b Jig
> (4.55)

n bli+]. 0
B :=D'B=> 07 ® 4 ( 0 b )
jit 0

i=1
pi*1p1 0
c®.=plc= blot ® i T )
lZC s 0 1/

We will also use a simplified notation for the generalized operators, whenever we want to
suppress the notation of the number of inserted D’s:

x® 55X, X=AB,C. (4.56)

When considering products of generalized matrices in this notation, we assume, that the num-
ber of inserted D’s is generic and it can be put back to the formulas whenever needed.
In order to compute the propagator

a<b

—iHt .
(a,ble c,d), with 1< c<d

IA

L, (4.57)

we need to distinguish different cases depending on the relative position of the coordinates.
According to the rule (4.13) and the cyclicity of the trace there are five different possibilities,
that correspond to specific traces as follows.

e For ¢ < a < d < b one needs to compute Tr B C2)plts)cls) where
¢i=L+c—b—-1 ly=a—c—1 ly=d—a—-1 l,=b—d—1. (4.58)
e For ¢ < a < b < d one needs to compute Tr B([l)C(EZ)C(’ZS)B([‘*), where

£1=L+C_d_1 £2=a_c_1 £3=b_a_1 £4=d_b_1. (4.59)
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e For a =c < b < d one needs to compute Tr Al)C2)B(ts) where

¢,=L+a—d—1=L+c—d—1 fy=b—a—1=b—c—1 (3=d—b—1. (4.60)

e For a =c < d < b one needs to compute Tr AlDVBU2)cs) where
¢{i=L+a—b—-1=L+c—d-1 by=d—a—1=d—c—-1 {3=b—d—1. (4.61)
e For a =c < b =d one needs to compute Tr AUDA2) where
¢{,=L+a—-b—-1 ly=b—a—1. (4.62)

For the following computations we introduce the notion of the contracted traces, which
are similar to (but not identical with) the contractions used in the Wick theorem in free field
theory. The motivation for the definition comes from the form of the X operators: they are
sums of products of operators such that in each product there are only one or two operators
that act non-diagonally. After multiplying all X and expanding the product, one can keep track
of these non-diagonal operators by listing their indices, i.e. on which C? subspaces of the QTM
they act. The contracted trace is a particular sum of the traces of these products, where we
sum over a specific index pattern while excluding coinciding indices. In the following we give
examples for this idea.

For simplicity, we first consider the B) and C©) operators. Only those terms of the product
of B®’s and C©’s have non-vanishing trace, where an equal number of o and ¢~ share the
same indices, and are ordered alternatingly. The simplest contracted traces are (using the
notation (4.30))

Tr éé(ii) =Tr Z B;C; ®; i ﬂ](l)'}’gl)
i

N o (4.63)

Tr CB(H) =Tr ZCiBi ®j,j7éi /31(1)'}/51)
i

Here we take those n terms from the expansion of the BC (or CB) products where the non-
diagonal part acts on site i, and afterwards we sum over these traces.
In the case of four operators we have more possibilities, for example

ééé(iiii) =Tr ZBiCiBiCi ®]',J'7éi ﬂ;l)y,(il)ﬁ;l)yg'l)
i

T«

Tr

% %% ) p( i i )., (D) a0, U 4.64
Tr BCBC(l]]l) ="Tr Z 817’5])/51(])61 ® ﬁ](l)C]BJYSl) ®k,k;éi,j ﬁ]gl)yg(l)ﬂlgj)}/(k]) ( )
i,j
i#]
In the first case we take those n terms where each non-diagonal part acts on site i, whereas
in the second case the non-diagonal pieces act on sites i and j and we require i # j. This
distinction is important: if we evaluate such a term for generic i, j and set i = j afterwards,
we obtain a result that is different from the direct evaluation of the first case. Our strategy in
the calculations is that we keep track of all possibilities explicitly and transform the sum of all
terms into a contour integral.
A more complicated example of a contracted trace is
vvvvvvvv N (). (k) a(k
Tr BEBCBCCB iy =Tr D, BCBCH I rVpMe
i,j,k
i#j#k
ONOPIONO) (k) (k)
®ﬁj Yj ﬁj Yj Bjcj}/j ﬁj ® (4~65)
@B e BT B CBi®
O
® 140k ﬂl(l)Ygl)ﬁl(l)},gl)ﬂlo)yg])Yg )ﬂz( ).
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Incorporating the A operators into this framework is straightforward based on (4.27): A
can be regarded as a sum of a diagonal term (first line in (4.27)) and a BC product (second
and third lines in (4.27)). When considering a contracted trace involving A we have to specify,
whether we refer to the diagonal or the BC part. For terms that involve the diagonal piece we
attach an empty set of indices to the A operator and it will be denoted as A(). For the non-
diagonal terms there will be two indices attached to A that specify the sites on which the two
non-diagonal operators act. Examples for this will be shown in the subsections below and in
Appendices C.2-C.3.

After these considerations we can give the definition for the contracted trace: The con-
tracted trace is a sum of particular terms in the expansion of the trace of the product of X’s
in the F-basis, and it is characterized by a specific index pattern. We sum over those terms in
the expansion, where the off-diagonal factors of the various operators act on the subspaces
designated by the index pattern. Furthermore, we exclude those terms from the sum where
different indices would take coinciding values.

In this section we consider two configurations for the two particle propagator in detail
(those corresponding to Tr BCBC and Tr ACB); these two cases showcase all the computational
nuances, which arise in the two particle case. Detailed calculations in the remaining three other
cases are presented in C.1-C.3. A summary of the two-particle propagator is given in subsection
4.3.3.

4.3.1 The Tr BCBC case
In the case of Tr BCBC there are three non-vanishing contracted traces:
Tr BEBE = Tr BEBCyuy + Tr BCBC 5 + Tr BEBC 0. (4.66)
These are computed as

0 b2

n ot b€1+€2+€3+€4+4b_2 0
Tr BOCEBICH iy =Tr | 3 ity o7 ot oo ®J>J‘¢i( : ’ )
it I

i=

1
=D cib ™ [ (o6 +72)

JJ#

{3+1 04+1, 1
Tr B(KI)C“Z)B%)C““)(iijj) =Tr Z Ciz bfZUFUT ( " b ) ( o 1 ) ®
i,j,i#] i /il [i]

ol b bl p- B
®c2bt| . i 07 O} ® ki kit
T 1

i
Oy Hlo+Hea+04+4, 111
® o bk bik b jk
k,k#i,k#j p=1lp-1
[k]

_ 2 21857847 -17—1 L1,—17.—1 —17.-1
= > & bbb b, [1 (bkbik byl + b bkj)
i,j,i#] k,k#i k]
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bf2+1b_1 b€3+1
Tr B(fl)c(fz)B(la)C(fU =Tr Z c?b?4o-.—( i ji ) ( i ) ®
Jjo 7T 1 p1
i,],i#] (] (il
{41 04+1,
6, [ b; _ (b b
®Cjbj2( ! bil) ojo; ( 7oy 1) ®k ks,
Jt /151 [j]
Oyl +04+d, 1
priTraTisT b.lb.l
®k,k7éi,j( k jk ik b—lb
ki “ki™t/ k]
_ Z 12]2bl€2+€3+€4+2bf4+€1+€2+2bilbi_j1 l_[ (béblklb +b lb )
L,j,i#] kk#i,j
(4.67)
Here we used {1 + {5 + {3 + {4+ 4 = L. For their sum we thus get
Tr BEICEIBEICtD = b= ] (bEby? +b72) +
i Jj#
2.271-17.-1 (nl21,8s LoHl3+l4+2 Ly+0o+04+2 L—11—1 —17-1
+ >0 22 btb (b + b b; ) TT (bboited+btbet).
i,j,i#] k ki k#j
(4.68)

The Trotter limit is taken after the identifications (4.21). As in the one particle case, this ex-
pression suffers from singularities: The bl._j1 type terms are singular in the ; — B, Vi limit.
To overcome this, we use the same trick as for the one particle case. Consider the following
double contour integral:

dulduZ h (u]3u2)
jg et @ 1’”2)1_[ (i)’ (4.69)

CxC

where f and h; are meromorphic functions, which do not have poles inside C, and 1/g; have
simple poles at &4,..., &, located inside the contour C. The integral can be evaluated by the
successive application of the uni-variate residue formula:

duydu, hi(uy,up)
§ 3€ iy 1’“2)1_[ giugi(us)

CxC
1 hi(EuE)
=2.f ) (Resuog, o ) (Ress gi(uz)) IS ON

oy hj(gi’gj)( 1 )hi(gi)gj) 1
+i,§éjf(€l,€l) g;i(&:) ReSu=g, gi(w) ) &i(&)) (Resulzgi gi(ul)) x

hk(gi: g])
§ kl;[] G EDgE))

(4.70)

The second summand of this expression is equal to ( Tr BCB é(ii int+Tr BC’BC’ (ij Jl)) if we specify
the functions as

hi(uq,uy) = b,f sinh(u; — & + ) sinh(uy — & + )+ 4.71)
+sinh(&; —uy + 1) sinh(&; —uy + 1)

gx(u) = sinh(u—&;) (4.72)

) = FSED Wy up) + £l A0 gy, ), (4.73)
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with

Cz(_u1)CZ(_Uz)bx(_ul)by(_uz)
sinh(n) (b%(—u3)S(up —uy) — 1) sinh(n) (b2 (—up)S(uy —uy) — 1)

and S(u) given by (3.30). It is easy to see that f is indeed free of poles, given that —1 < x < L—1
and 1<y <L-—1.

If we substitute back these functions into the first summand of (4.70) then we obtain the
first term of (4.66):

1 1 h;(&;, &)
2: i»Eihi(E;, &) | Resy —r, ——— || Res,,—¢. =
(G 8O 6 (Renums g ) (s gi(uz))!;[i gi(Ee(E)
:Zcf; (b{zzb@+b¢2+e3+e4+2b{z4+e1+e2+2 1 1

i . L sinh(n) . L sinh(n) X
sinh(n) (bl Sh(—) 1) sinh(n) (b — 1)

£y, u5) = (4.74)

i sinh(—n)
Slnhz(ij E;+n)+sinh*(&; — €]+n)

sinh(&; — &)

x (bL +1)sinh?(n) l_[
JJ#
Lo+t _ _ N
=cib " [ | bbb+ b2 = Tr BEBC .
J.j#

Thus the double integral reproduces all three terms of (4.66) and we can write

du,du hi(uy, uy)
Tr B(ZI)C(ZZ)BM?’)C(Z“) = %}5 ! - zf( ,u ) L2
(271_1)2 Uy, Uy l_[ gl(u1)g1(u2) (4.75)

cxC

The propagator is obtained after we include the normalization factors:

Canh(5) |
sinh | —5% du,du
(a,ble™™|c,d) Jim l_[ jé 21 EACHE
N-oool s1nh(—ﬁ+n) o (2mi) (4.76)
2N
l_[ b* (=&;) sinh(uy—&;+n) sinh(u,—& ;+n)+sinh(€—uy +n) sinh(£;—up+n)
X sinh(u; —&;) sinh(uy—¢& ;) ’

Jj=1

valid forc <a <d < b.
The Trotter limit is taken analogously to the one particle case, leading to the result

duqdu,
§ § (21 02 2 £ (uy,uy) exp (i(coth(uy ) + coth(uy) — coth(u; —n) — coth(u, —1))B). (4.77)
CxC

Note, that taking the Trotter limit is completely independent of the function f.

A more transparent result is obtained if we express the £;, 1 = 1...4 with the original coor-
dinates a, b, ¢, d according to (4.58). Similar to the one-particle formula (4.53) we introduce
a shift of /2 and use the functions q(u), P(u) and S(u) (given by (3.34), (3.23) and (3.30))
to express the propagator as

(a, ble ¢, d) § } ‘g;j)“; (P (uy )PP~ (up) + PP (1 ) P19 (1)) x

Ci XCi

exp (—i(e(uy) + e(uy))t) (4.78)

(1—=PE(uy)S(u; —uy))(1 — PL(uy)S(uy —uq))

x q(u;)q(usy)

(valid for c <a <d < b).
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4.3.2 The Tr ACB case

Here we compute the case Tr ACB describing the propagator for a = ¢ < b < d. The
following contracted traces give non-vanishing contributions:

As explained above, the empty indices () for the A operator denote that for term we take the
diagonal part of A, whereas in the other two cases we take the non-diagonal part and the two
indices denote the sites on which the non-diagonal factors act.

These three contracted traces are computed as follows. We will use the relation £ +£,+{3+3 =L
relevant to this case.

n . plitletlat2y -1
) () (e _ ~ 2pb2 5t 5 ' L
Tr A cU)p( 3)(()1'1')_2( i b‘l) c¢?b*ofo; ®j,j¢i( g Y b—lb—l)
i=1 i0 /[i] jo it

n

- 23 b1+t Ly—13,-1_ 1—13-1

=> 2t | [ (bhogivgt +bigbit)
i=1 J.j

(]
(4.80)

lo+1, 1 {3+1
1 b*" b b.
Tr A(ZI)C(ZZ)B“B)(H]']') :ZCizbi 10'[, O'j_( L Jt 1) ( ! b—l) ®
;Z, [i] [i]
7]

41,
bt b..l
®( U b‘l) cfbfzafoj_®
U]

o fe : (4.81)
+lo+l3+3 7171
(bkl Py bjk

B kti,j -1 —1)
bki bkj [k]

_ 227 -170+60+1, 171 ( L1—17-1 -1 —1)
= E cicjbi bj bl.j bji | | bkbik b].k +bki bkj
i,j k,k#i,j
i#j

b1

£3+1
1 e b:
Tr ADCEIBE) iy = > eibilo; Cibizgf( l ) ®
i,j 1y /]

Lj
i#]

lo+1, 1
¢, _+[ b2 b _
®cjbj1c7j ( J ) 1) | Cjo;®
Ul (4.82)
l1+l2+l3+3 —11.—1
bk bjk bik
Ok ki, p=lp-1
ki “kj [k]

2 27057617171 L1—11—1 —17-1
= E cic; bl.zbjlbﬁ bl.j | | (bkbik bjk +bkl. bkj).
i,j k.k#i,j
i#j

1+l +L3+2

In the first equation we used bf = bJL bgjl, where bgjl = bj_1 = b~!(=&;). The full
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partition function is thus

n

TrA“l)c“z)B%)—Z c2b " ] (bEbgibs! + bigtbit) +
J Jji
Joi#i
—130+6+1; 2 by 817171 L1—13-1 —17-1
+Z ( b b2+ bl by b].l.) [T (viex byl + b, bkj).

kk#i,j
l7é]

(4.83)
This expression is similar to (4.68), but we notice a few differences:

e There is no Tr Aéé(l-iii) term, because this contracted trace is automatically zero. By its
structure this term would correspond to Tr BCB é(iiii) from the previous case.

e On the other hand, there is an extra term Tr Aéé(()ii) which does not have correspond-
ing term in the Tr BCBC case. Based on the one particle case (Section 4.2.3) we can
anticipate the role of this term on the contour integral side: The f function will not be
free of poles within C, and considering the pole of f will lead to this term.

e In the previous case only symmetric products of bl._j1 b;l occurred, for both Tr BCB Cv’(il- i)

and Tr BCB Cv’(i jji)- However, in this case there is also a non-symmetric bl._j2 present.

All these differences find an explanation as we transform the sums into a common contour
integral.

Consider again the integral gg 56 ‘g;l)z flu,u)] 1 gfzu(luigu(zu) with the assumption that f (u;, u,)
has a pole at u; =2:

dulduZ h; (ul,uz) _
3§ jg err /] g =

cxC
| hi(EuE)
=2 (5“5”}“‘(5”51')(1‘63“141 u ))( et gi(uz)) I ON

+i’§é]’f(€“€]) g_](gl) le 51 g](“Z) gl(gj ul:gi gi(ul))x

M(ELE) h(E.E) . XD
|| emey * 2 Resusf G807 ( st ) [ 16

k#i,j i=1 gi(uz) i gi(#)g;(&)
(4.84)
The second summand can be identified with Tr AC é(ii i+ Tr AC é(i jij) if we specify

hi(uq,uy) = b,ﬁ sinh(u; — & + 1) sinh(uy — & + )+ (4.85)

+sinh(&, —u; +n)sinh(&x —uy + 1)

A1+

flug,up) = f11(or11—slytnz+1)(u1: uy) + fs(fﬁ;.el)(ul, uy) (4.86)

2 2 b'e

c“(—up)e?(—uy)S(uy —uq )b*(—uy )b¥ (—u

fn(;‘n{)sym.(ubuz)z (—uq)e*(—uz)S(uy —up )b* (—uy )b (—uy) 4.87)

sinh(n) (b (—u3)S(uy —uy) — 1) sinh(n) (b (—uy)S(u; —uy) — 1)
and g (uw), fs(;,’n}f )(ul, u,) and S(u) given by (4.72), (4.74) and (3.30) respectively.

The difference between f,,,_s,m. and f;,, is merely the extra factor of S(uy —u;). This
factor has a pole for u, —u; + n = 0, and such points are included in the double contour
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integral. However, this pole is canceled by the same factor appearing also in the denominator,
therefore it does not give any new terms.
After this identification the first term of (4.84) is evaluated as

hi(£0, &)
h. j
Zf(al,a) (;,5)]1;11 s

22 o (b;(—n o DT bR (b s sinh () g
§ l_[ bf sinh?(&; — E.j +2n) +sinh®(&; —&; + 1) _

i sinh®(£; — &)
Here we used the identity S(0) = —1. The main reason for the vanishing of this expression is
that for this particular contracted trace the functions f,,,—sym. and f;,, cancel each other.

Finally we treat the third term in (4.84). The function f (u;,u,) is singular at u; = 0 with
the residue given by

1,0,+0,+1
Resu1=Of (ulz 51) = Resul frf()n—_;lym2 )(ub gl) =

¢ sinh(—;+n) sinhi1+ti(—g) 1 (4.89)
sinh(n) sinh(—&; —n) sinh 2t (=g, + n) pLenhCEtn) _ ¢

i sinh(—&;—)

Collecting all factors we can see that the third term in (4.84) reproduces the term Tr AC é(()ii)
in (4.79). Thus we get the full equality:

vy du;du, hi(uy,uy)
e % 3§ enaiCRRl | Pyonryest @90

CxC

with functions defined in (4.85), (4.72) and (4.87).
Taking the Trotter limit follows the same steps as previously. We introduce the shift of —7/2
once again and obtain the final result

(a, ble e, d) = jﬁ } B (S(ug — )PP (up) + PP 0 (1 )P (uy)) x

CexCy

exp (—i(e(uy) + e(uy))t) (4.91)

(1 —=PL(up)S(uy —uy))(1 —PL(uy)S(uy —uy))

x q(u)q(usy)

(valid forc =a < b < d).

4.3.3 Summary of two particle case

In the previous subsections we have computed two out of the five cases for the two-particle
propagator. The other three cases can be treated similarly, and the detailed computations are
presented in appendices C.1 to C.3. The common properties of these calculations are the fol-
lowing: The partition function at finite N is transformed into a double contour integral. The
h; and g; functions are the same in all cases, and f depends on the specific configuration. The
various contracted traces correspond to various terms in the sum over residues.

The derivations lead to the following general form:

ey oy [ dwdu Wia by, e,y (tr, Up) exp (—ie(ur) + £(u))t)
{a, ble™ e, d) = jg f @y 40 1)q(u2)(1 — P (u1)S(uy —up)) (1 — PL(up)S(uz —us))’

(4.92)

Ci XCi

31


https://scipost.org
https://scipost.org/SciPostPhys.6.5.063

Scil SciPost Phys. 6, 063 (2019)

Here W(, ) (c,d} (U1, Uz) is an amplitude, with the explicit form in the five different cases being

Uio by ge,dy(Un, ) =

P (up)PP 4 (uy) + PP (up )PE 4 (uy,) ifc<a<d<b (TrBCBC)
S(uy —uy )P (up )PEHP (uy) + PP (uy )P4 (u,) ifc<a<b<d (Tr BCCB)
=< S(uy—uy)PLH0=4(uy) + PP (uy )P4 (u,) ifa=c<b<d(TrACB)
P4 (uy) + PP~ (up )P (u,) ifa=c<d<b (TrABC)
14 Pb=¢(uy)Pl+ed(u,) ifa=c<b=d (Tr AA).
(4.93)

These five formulas emerged from the concrete computations, and they take a different
form than the results of Section 3. First we give an interpretation of these formulas, and after-
wards we explain how they can be compared to the earlier multiple integrals.

We can see that the amplitude ¥y, ;) (. 4j(t1,u3) above is reminiscent of the Bethe Ansatz
wave function, but it is not identical to it. It depends on both the initial and the final coor-
dinates. It is given by a sum over permutations, where we permute the final positions of two
particles, which are started from positions ¢ and d and are indexed with their rapidity parame-
ters u; and u,, respectively. For each permutation there is an assigned phase, which consists of
the one-particle propagation phases and it can also include a scattering phase. We observe that
the phases P‘(u) with some ¢ associated to the one-particle propagation are such that each
particle always travels to the right, and if its final position is to the left of the initial one, then
it is required that the particle travels around the volume. It is important that this rule is not
imposed by any Ansatz, rather it emerges naturally from the computation. Also, this rule of
“moving to the right” is not physical and it is only used to construct W, . 4}(u1,u3). Regard-
ing the scattering phases we can observe that a factor of S(u, —u;) is inserted if during that
particular displacement process if there is a crossing of the world lines of the two particles. A
pictorial interpretation of these displacement processes and the construction of the amplitude
is given in Fig. 5.

We remind that the five cases listed above do not exhaust all possible initial and final
positions, and all other possibilities follow from periodicity, which is implied by the periodicity
of the traces (4.13).

4.4 Connection to the results from the spectral series

The formulas (4.92)-(4.93) display a manifest periodicity in the space coordinates, and
this follows simply from the properties of the traces (4.19). Nevertheless they can be easily
connected the results of Section 3.

To do this let us consider again the spectral expansion (3.41), where the summation runs
over all the Bethe states of the xk-deformed model. The amplitude W{(g})’ () under the multiple
integral can be transformed in many ways by substituting a subset of the Bethe equations.
This way we can exploit the fact that the eigenfunctions are periodic, thus constructing an
amplitude which is manifestly periodic in both sets of coordinates. This procedure does not
introduce new singular points, and therefore the contour manipulations can be carried out in
exactly the same way, by expressing the sum over the Bethe states as a single contour integral
around the simplified contour C.. It can be seen that all 5 cases detailed in (4.93) can be
obtained in this way, by using also the permutation symmetry of the integrals (3.44).

4.5 The multi-particle case

The multi-particle situation can be treated similar to the two-particle case detailed above,
but the evaluation of the traces and the derivation of the contour-integrals bears considerable
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The caseof c<a<d < b:

Ui ) fe,dy (U, ug) = Pa(up )PP (uy)+ PP=¢(up)PLred (uy)
a b a b
AR ) :_/_'/ K
¢ d ¢ d

The caseof c<a<b<d:

Uia by fe,dy (U, ) = S(up —uy)P ™ (u )P0 4 (uy)+ PO =¢(uy)PEHad(uy)
__a_b__ __a_b__
c d ¢ d

The caseofa=c< b <d:

Wia ) ge,dy (U, Up) = S(up —up)PLH0d(uy)+ PO=¢(uy)PErad (uy)
ab ab
1 7/"":
k s /o /
c d ¢ d

Figure 5: A pictorial interpretation for the amplitude W, ; (. 4}(u1, ) in three dif-
ferent cases. The particles 1 and 2 start from the initial positions ¢ and d, respectively,
and the amplitude is given by two terms corresponding to the two possibilities of oc-
cupying the final positions a and b. The propagation phases are obtained by counting
the number of sites that the particles move to the right. A scattering phase S(uy —u;)
is added when there is a crossing of the world-lines.

technical difficulties. It is possible to derive a formula similar to (4.92) with an amplitude
which is manifestly periodic, which could then be transformed into the form (3.47).

We have not found a simple combinatorial proof within our F-basis computations, and in
view of the existing relatively simple result (3.47) we refrain from including the long combi-
natorial proof here.

5 The Loschmidt amplitude for the domain wall quench

As an application of the previous results here we consider the physical situation when the
initial state is the so-called domain wall state, consisting of m down spins embedded in a
volume of length L:

|DW, ) T...7). (5.1)

=|!...0

m times L—m times

The arising dynamics has already been studied using Algebraic Bethe Ansatz [75], DMRG [76],
the Generalized Hydrodynamics [77], and a special method building on the integrability of the
model [78].

The simplest object to compute is the so-called Loschmidt amplitude or return amplitude:

L(t) = (DW, |e ™t |DW ). (5.2)
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This object has been computed directly in the thermodynamic limit (sending both m and L
to infinity) in [78]. Here we compute an exact finite volume representation for the return
amplitude.

The object (5.2) can be expanded directly into a spectral series as

_ (DWp 91>
E(t)—ZWe . (5.3)

J

It is known that the scalar product of a Bethe state and the domain wall state is given by the so-
called Izergin-Korepin (IK) determinant [75,79,80]. This representation would thus lead to a
multiple integral over a squared IK determinant. On the other hand, our representation (3.47)
for the propagator involves a product of a Bethe wave function and a free wave function, thus
L(t) can be expressed as some integral involving only a single IK determinant.

Let us consider the scalar product

ol Jetr;—n/2)lpw,), (5.4)
j=1

where the C-operators are defined in the normalization given by (3.2)-(3.4). It can be seen
on the explicit form of the wave functions (3.21) that this scalar product is independent of L,
because the excitations only occupy the positions 1, 2,..., m. Therefore, this scalar product is
given by the corresponding expression at L = m:

Za( = (0l [cr;—n/2)|DWpn ). (5.5)

j=1

This object can be expressed using the Izergin-Korepin determinant [80]. However, the IK
determinant is first derived for an inhomogeneous spin chain with inhomogeneity paramaters
Uk, k=1,...,m[75,80]. In that case the corresponding scalar product is

[1; xsinh(R; — e —n/2)
]_[j>k sinh(A; — Ax) sinh(ug — ;)

Zp({AL,{up) = detT, (5.6)

where
_ cosh(u—n/2) _ cosh(u +n/2)

T = €25 =), tw)= sinh(u—mn/2) sinh(u+n/2) (5.7)
Performing the homogeneous limit u; — 0 we get
Zn({A}) = (=1)mim=1/2 1L, Smh.muj —/2) etT, (5.8)
l_[j>k sinh(A; — A;)
with
T = coth®(A; —n/2) — coth*(X; + 1/2). (5.9)

As explained above, formula (5.8) describes the overlap (5.4) for arbitrary L and therefore it
can be substituted into our multiple integral formula (3.47).

Collecting all additional factors coming from the normalization of the wave functions, and
adding also the free part of the propagator amplitude we get the final formula for the Loschmidt
amplitude

: i du; .
(DWm|e_lHt|DWm> = l_[ (‘i 2—:[]16](1,[])) X l_[P](uj)x

j=1 j
l_[] Sinhm+1(Uj — 7]/2) _ e_i(z;:;] E(Mk))f

X detT .
sinh™(n) [ T,y sinh(u; —we —n) [T, (1 — e tuh)

(5.10)

34


https://scipost.org
https://scipost.org/SciPostPhys.6.5.063

Scil SciPost Phys. 6, 063 (2019)

We have implemented this formula for low particle number N = 2 and we have checked
that it indeed reproduces the Loschmidt echo obtained from exact diagonalization for vari-
ous values of L. It would be interesting to compute the asymptotic value of £(t) in the limit
N,L — oo, and possibly to derive the sub-leading corrections too. This would lead to an
independent confirmation of the results of [78].

6 Conclusions and Discussion

We have obtained a multiple integral representation for the propagator of the finite volume
XXZ chain. Our main result is formula (3.47), which is a compact expression that uses well-
defined functions and contours for every L and m, such that the volume enters simply as a
parameter. This representation is very similar to the multiple integral formulas derived earlier
for the equilibrium correlation functions in [6, 7].

We applied two methods for the computation. The direct spectral sum quickly leads to a
compact representation, whereas our second method through the QTM and its F-basis is much
more complicated. Nevertheless it is interesting that this method leads to an amplitude for the
multiple integrals, which is manifestly periodic for an arbitrary set of rapidities.

Having found a compact representation for the propagator, it is important to discuss the
practical applicability of the result. The m-particle propagator is given by an m-fold integral,
and numerical implementations become very quickly unfeasible as we increase m. At present
it seems that for most numerical purposes the known approximate methods (for example t-
DMRG or ABACUS) or even exact diagonalization would perform better than the numerically
exact evaluation of the multiple integral. Advantages of our representation could show up in
the study of the long time limit or finite size effects at large L (see below).

The propagator is an intermediate object that can be used to compute the time dependent
local observables through the sum

(TolO(t) W) =

= Z (Wol{d}) ({d}1e™“[{c}) ({cHOIBY) ({b}le ™ {a}) ({a}IWp).
{ah (B (eh{d)

This is an alternative to the usual spectral representation: here the (double) sum over the
Bethe states is included in the exact propagator, and the remaining task is to perform the real
space summations. In many practical applications (in concrete quench protocols) the initial
states take simple forms in the real space representations, thus the only challenging task is to
perform the inner sums that connect the two propagators to the local operator. Here one needs
to have good control over the overlaps with the ininitial states.

In the present work we treated the overlaps with the domain wall state and computed the
Loschmidt amplitude. An extension to other initial states is left to further research.

Once the overlaps have been added into these computations, it would be desirable to com-
pute the asymptotic behaviour of the multiple integrals. This could lead to a direct verification
of the predictions of the Generalized Hydrodynamics (GHD) [24-28]. However, this task is
very involved. Regarding the equilibrium correlations the asymptotics in the static case has
been treated successfully starting from the formulas of [6] (see [9,12,81]), but the dynamical
case remained open. At present it is not clear, whether such computation is possible for the
non-equilibrium problems treated in our work.
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A Multidimensional residues

Let us consider C¥ and N meromorphic functions g : CN¥ — C such that each of them has
a zero at the point z = (xq, X5, ..., Xy):

gr(x1,...,xy)=0,...k=1,...,N. (A.1)

In this case there is a multi-dimensional residue theorem for the contour integrals around this
singular point, but the precise form of the statement differs from the one dimensional Cauchy
theorem in certain respects.

Let us construct the meromorphic N-form

dz=dz; Adzy A--- Ndzy, (A.2)

where A stands for the outer product.
We construct an N-dimensional real surface Iy in CN for some small parameters (g1, . .., y),
g; €R":
FgZ{ZG(CN,lgj(Z)l = ¢} (A.3)

The general multi-dimensional residue statement is the following [82]. For sufficiently
small parameters and arbitrary holomorphic function f : CN¥ — C we have

d
f 2 f _fUx) a
I, (27'[1) g182.--8N detJ]'k
where the matrix J is defined as
ag;
Jje= =2 : (A.5)
02k | 3= (x}

Notice that both the left and the right hand sides are anti-symmetric with respect to an ex-
change of variables. On the 1.h.s. this follows from the anti-symmetry of the integration mea-
sure, whereas on the r.h.s. this is a property of the determinant.

It is important that here the contour I, depends on the g functions, and it is not pre-
defined by the coordinates: it is necessary that in the multiple integral each g; “winds around”
exactly one time.

36


https://scipost.org
https://scipost.org/SciPostPhys.6.5.063

Scil SciPost Phys. 6, 063 (2019)

The multiple integrals with pre-defined contours might lead to unexpected results. Con-
sider for example the double integral

dx dy 1
I(a,b,c,d) = — ¢ — b d A.6
(a,b,c,d) ﬁ oy i ol (ax 1 by)ex T dy)’ lal # [bl, el #Idl, (A.6)

where for simplicity we choose both contours C to be a unit circle around zero. A direct eval-
uation of this double integral is possible after partial fraction decomposition, which leads to

the result 1

ad — bc
We can see that the integral depends crucially on the ratios of the elements of the matrix J: it
can produce :l:ﬁ, but also zero. The reason for this is that depending on the parameters the
two functions g; = ax + by, g, = cx + dy might not have winding number 1 around 0. On
the other hand, the expected result (A.4) is reproduced with the contours with equal radiuses
if the matrix J is dominated by the diagonal elements.
It is also useful to consider the integral for contours with different radiuses r; 5. We obtain
the result

I [81ci<ia| — Blal<ip] - (A7)

1
I'= ———[8ieryi<ldral = Blaryl<bral ] (A-8)

A.1 The spectral sum in the x — 0 limit

In Section 3 we evaluated the spectral sum for some k twist parameters close enough to
0. The reason for this was that in this limit the completeness of the Bethe Ansatz can be rigor-
ously proven in a relatively simple way; this was performed in [7]. Here we do not repeat the
computations of [7], we merely summarize the essential points and explain how the contour
integral manipulations fit together with the general formula (A.4).

It can be seen from (3.24) that with a fixed L and for a small enough x the Bethe roots will
cluster around the special point —n /2. It was shown in [7] that in this limit we have as many
admissible solutions as required for the completeness of the Bethe Ansatz, which also uses a
statement about the linear independence of the Bethe vectors with different sets of roots.

The summation over Bethe states can be expressed as integrals around the Bethe roots as
in formula (3.41). It is important for this computation to have a good control over the elements
of the Gaudin matrix. It follows from the explicit formula (3.33) that if all Bethe roots are close
to —n)/2 then the matrix is indeed dominated by the diagonal elements, due to the divergent
q(u) functions. Thus in these cases the general multidimensional integral formula is indeed
equivalent to the integrals of the form (3.41).

A.2 Singular states for N = 2

It is known that the untwisted Hamiltonian (2.1) can have physical eigenstates that are
described by so-called singular Bethe states. They are described by non-admissible solutions of
the Bethe equations (3.24), and the set of rapidities includes the singular values £7/2. Such
solutions exist in even volumes L > 4 and have been studied extensively [62,63,83-86].

A special case of the singular solutions is a two-particle state which for the homogeneous
chain consists of the pair

{A1, A2} ={n/2,—n/2}. (A.9)

These rapidities form a perfect two-string, and correspondingly the state can be interpreted as
an infinitely bound state of two spin waves. The wave function is proportional to [84]

> (Yo7 07,410). (A.10)
j
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The paper [63] discussed the deformation of this state when a twist parameter is intro-
duced. The rapidities (A.9) are always non-admissible solutions to the Bethe equations (3.24),
for every finite twist x, and they do not correspond to physical eigenstates of the twisted
Hamiltonian (3.15). On the other hand, there is a k-dependent admissible solution {A(K), A(ZK)},
corresponding to a physical eigenstate, satisfying

lim A{) = %7/2. (A.11)
The limiting behaviour of this solution is relatively easily found. Writing
)L(IK)=n/2+c1, Agk)=—n/2+c2, k=1+e, (A.12)
we find
sinh’(c; + 1) sinh(cy —c¢;) = (1 + £) sinh(¢1) sinh(cy — ¢; —27)
sinh’ (c,) sinh(2n + ¢; — ¢p) = (1 + €)* sinh®(c, — n) sinh(c; —¢y). (A.13)

These equations imply O(c; ») = € but also a correction for the difference with O(c; —c;) = el
The first order correction is found simply from the product of the two equations:

+0(eh). (A.14)

Using one of the Bethe equations further gives
sinh(n)
cosh’™1(n)
Let us investigate 2 x 2 Gaudin matrix associated to this state:

G (Lq(xl) +o(A)  —p(A)
—p(A12) Lq(A1) + ¢(A12)

Here the functions q(u) and ¢ (u) are those defined in (3.34) and (3.35).
It can be seen that in the k — 1 limit every matrix element will be dominated by ¢(4;5)
and the leading behaviour is thus

i —cy=¢l2 +0O(erth). (A.15)

), Alz =C1—Co. (A.16)

cosh*™ () (1 =1
G=gl——= +O(e~ 0D, A.17
¢ 2sinh(n) \—1 1 (e ) ( )
Let us now consider a double integral of the form
du du f(ug,up)
109 =§ () § ~—a(us) :
¢, 2 ! ¢, 27 22 (kL PL(up)S(u; — uy) — 1)(KLPE(uy)S(uy —uy) — 1)
(A.18)

where C; and C, are small contours with radiuses r; , around the points +7/2, and f (u,u;,)
is any differentiable function for u; # n/2,u, # —n/2. It is important that the radiuses can
not be equal, and we investigate the k — 1 limit with fixed r; # r,.

If k is far enough from 1, then the Bethe roots of the deformed singular solution are outside
the contours. However, as we approach k — 1 the roots A(IKZ) necessarily cross the two contours
C; 2- The contribution of the double integral can then be evaluated explicitly using the formula
(A.8). The end result depends on the ratio of the radiuses |r;/r,| and the ratio of the Gaudin

matrix elements. It follows from the above that

lim |[—

Kk—1

=1, jklLm=1,2. (A.19)

Im

Therefore the k — 1 limit of the integral will be zero, for any fixed ratio |ry/ry| # 1.
With this we have shown that the physical singular solutions will not give additional con-
tributions to such integrals as we perform the x — 1 analytic continuation.
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B The A operator in the F-basis

Here we compute the A-operator in the F-basis. As it was already remarked in [70], this is
easily achieved by using the so-called quantum determinant. We believe that this result is not
yet published in the literature, nevertheless the calculation is by no means new, it was already
performed by other researchers [73].

The quantum determinant is a specific combination of the A, B, C, and D operators which
is proportional to the identity operator. There are in fact four different relations leading to the
same scalar factor [2]:

A(u+n)D(w)—B(u+n)C(u) =D(u+n)A(u)—C(u+n)B(u) =
=D(WA(u+mn)—BWw)C(u+mn)=Aw)D(u+n)—Cw)Bu+n)= l_[ b(u—¢&;)-I. (B.1)
j=1

All four relations could be used to yield a formula for A(u). The four relations lead to two
different expressions for A.

First expression for A in the F-basis

First we choose to compute it using the last relation:

A(u) = (]_[ b(u, &) + C(u)B(u + n)) D (u+n). (B.2)

i=1

Here
D_l(u+n)=®?:1( b= (u+n,c0) 1 ) . (B.3)
[i]

We compute the CB product as

CuBu+n) =) c(w,&)c(u+n,)07 078z
i=1
(b(u,gj)b(u+n,ﬁj)b—l(éi,ij) 0 )
0 b_l(‘:jngi) [7]
+ > o, &b (ELENo] @ clu+ 1, E,)0 @psy
i,],i#]

(b(u,ak)b(u+n,ak)b—l(ai,ék) 0 )
[k]

+

(B.4)

0 b_l(ng g_})
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Multiplying this with D! is relatively straightforward, as D! is diagonal:

CwB(u+mn)D ™ (u+n)=
n —1 .

= > e(w,Ee(u+n,&)o; Uf(b .S 1) ®j jti
i=1 [i]

b(u, E)b7(E, E))
®;, j#i ( / b—l(gj, £) )[]] +

-1 _
vy c(u,gi)b—l(ai,aj)alf( rEme) )[i]m(um,&j)

1,J,i#]
_{ b YN u+n,£&)
®C(U+77;§j)(7j( M5 1 i, j
[j]

® ( by, £ (&;, &) 0 ) _
k#i,j 0 b—l(gk,gj) -

< - b(uzg)b_l(gng)
= *w&)ofo; ®;; i( ! e ) +
; i b71(&;,E0) 0l

_ + - b(u, b~ L 0
+ 2, G EewENoT © clu,E o] ®’<#’f( e 0 e b7 (& €)) )m’

i,j,i#]
where we used twice that

clu+n, )b M u+n,8) =cy,&).

Adding both terms in (B.2) leads to the first expression for A in the F-basis:

Np1 .
A =6l ( bl E007)( +1.) b(u(,)é'i) )m N
I Vo~ Ll(E. £
+ ;cz(u, E)o oy ®; s ( o gJ)bo (€t b—l(gj, £)) )U] +
_ _ b(u, £ )b (&, 0
' i,%:éjdu, el 8T8 £,)07 @ 0 @i ( e 0 e b (& €5) )[k] .
(B.5)
Second expression for A in the F-basis
One can also use the relation
D(u)A(u+n)—B(u)C(u+n)=ﬁb(u—fj)-l (B.6)
j=1
to compute A in closed form. We get
Alu) = ]_[ blu—n—E&;)-D (u—n)+ D (u—n)Bu—n)CW). (B.7)
j=1
First we compute D! (u—n):
D—l(u—n)=®§;1(b_1(”_”_£i) 1)[‘]. (B.8)
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Hence the diagonal term:

l_[b(u—n—é'j)'D_l(“_n):@?:l (1 b(u—n—i‘)) =2
/]

j=1
and the non-diagonal part:

n

_1 _ _ .
D‘l(u—n)B(u—n)C(U)=Z(b (=n=2) 1) lu—n—E)o; clu—E)07®,
[i]

i=1

b u—n—&Nblu—n—&)bu—E&;)b~'(& —&;)
®j’j#( J ] ] ] b_l(gjgi))[j]Jr

B . _ -1 R
+Z (b (u—n-2¢&) 1)[i]c(u—n—<§i)0i_(b(u e 1)m®

L i#]
b~ (u—n—&;) blu—n—E&;)
®( J 1)[11( J b_l(gj—gi))[j]c(u_gj)o';_@k,kgéi,j

o .(b—l(u—n—ak)b(u—n—gk)b(u—ék)b—l(aj — &) )
kb b E—ED )y’
(B.10)

Using the identity c(u—n—&;) = c(u—&;)b~ (u — &;) we obtain (4.27).

C Further details on the two particle propagator

C.1 The Tr BCCB case

Here we treat the two-particle propagator in the case of ¢ < a < b < d, when the trace to
be computed is Tr BCCB. The following contracted traces are non-vanishing:

(£1) ~(L2) ~(L3) p(Ls) — 2.2 1—-17—1 1€27 b1+l +03+2 L1—-17-1 —171-1
Tr BOCUICUIBU iy = B e} biptbt bby ™0™ [ ] bbbl + bty

i,),i#] k, ki k#j
4 4 l3)pt — 2.2 1-17-1 3 La+l3+14 £1+0o+1 L1—17.—1 111
Tr BOCUCUIB = B ) cfef bttt b o [ ] bpbpleyt + il
L,j,i#] kk#i k#j
(C.1)
These leads to the following f function (the g, and h; functions are the same):
flug,up) = f(ez’eﬁeﬁe#z)(ubuz) + [t LOr Dy ), (C.2)

non—sym. sym.

Using this f function in the contour integral, in the summation over residues the ). ... term
is canceled, as f;,,, and fhon—s,m. cancels each other. This case is very similar to the detailed
Tr ACB case with the main difference, that in this case, f is free of poles. Hence the final
expression:

(a, ble Mt |c,d) = f 35 s (S(uty — g )PP ()PP (1) + PO (g )PHH ()
CixCy
exp (—ie(uy) + e(up))t)
(1 =P (uy)S(ug —up))(1 — PL(up)S(uy —uy))’

x q(uy)q(uy)
(C.3)
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C.2 The Tr ABC case

Here we treat the two-particle propagator in the case of a = ¢ < d < b, when the trace to
be computed is Tr ABC. The following contracted traces are non-vanishing:

n

{ Y4 { _ 21.—1 L L1—1 —17-1
Tr A¢Dg( 2 3)(()ii) _ch_ biO bi3 l_[ (b] bOj + bjO bji )

i=1 i
n
ERE) ) N7 Aple] L2, 2
Tr ADBDC) =S efbp ™ [ (b) b5+ b57)
=1 j
(L) pty) ~(€3) — 2 27-17.-17-11¢ L1—11—1 1i—-1
Tr ABUICE) iy = ST Pty b bl [T (bkbyl bt + 'y )
L] Kk
[4 [4 [4 — 2 2717317 lo+l3+1, l3+,+1 L1—17-1 111
Tr AR ( 3)(ijji) — Z c7c; bij bji bi2 3 bj3 1 l_[ (bkbik bjk +bki bkj )
= Kk

(C4

This case is similar to the detailed Tr BCBC case, with one further term (Tr Aﬁé(()ii)). The
corresponding f function is the following:

flug,up) = fs(},_rrll,’e3)(u1, uy) + flaHtat Ll ity ), (C.5)

sym.

Due to the presence of fs(y_,if&), f is singular, and the residue of f corresponds to the extra
term Tr AB é(()ii). This leads to the final expression:

(@, bleHt|c,d) = f § Tz (PP (uz) + PP (g )PH 7 (u15))
CuxCs (C.6)
exp (—i(e(u;) + e(uy))t)
(1 —=PL(up)S(uy —uy))(1 —PL(uy)S(uy —uy)) .

x q(uy)q(uy)

C.3 The Tr AA case

Here we treat the two-particle propagator in the case of a = ¢ < b = d, when the trace
to be computed is Tr AA. This case has the most non-vanishing contracted traces, namely the
following ones:

n

n
Tr AA® (o) =TT (614 + 5:2) =] [ (61052 + b:2)

i=1 i=1
n
4 4 _ 21111 L1—13—-1 —17—-1
Tr ADAL) () = Zci bi b; l_[ (bj boj by + bjg bj; )
i=1 JJ#
n
[4 [4 _ 21—-11-1 L1—-11-1 —17-1
Tr AUAYD i) = > c2bigtb ! [ (bFbg) bt + b b
i=1 JJ# C.7)
n
1) A(C _ 412 L1—2 , 1—2
Tr AA® iy = > cfb? [ ] (bj by”+ by, )
i=1 ji#
4 4 — 2.21-11—-11-17-1 L1111 —12-1
Tr AWAG) (= > b bbbt [ (bEbytbit + b bt
L,ji#] kk#i,j
() At _ 2 27-17—-11€21¢ Li1—17—1 —13.-1
Tr AVAYY (55 = Z ¢ ¢ bij bji bizbjl l_[ (bkbik bjk +bki bkj )
LJ,i#] kk#L,j
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This case is similar to the previous ones, however, it brings a minor novelty: the Tr M(()())
contracted trace is new. The f function is the following:

fug,up) = fsg,_,if_l)(ul, uy) + fs(erzfl)(ul, up). (C.8)

As we expect, due to £ f has poles atu; = 0, i = 1, 2. This leads to the following further

sym.
modification of the residue equation:

dulduZ h (ul,uZ) _
f §; ARl xenram

CxC
1 1 hj(gi,gi)
= CEVR(E. & L - Ly — —_—
Zf(g“gl) 1(5“51)(1{““1‘5' gi(ul))(Res“z—gf gi(uz))g 5EEED
‘ .hj(giygj)( 1 )hi(giagj) 1 hi(€:,€5)
+i§jf(gl’51) g;j(&) o=y, gi(uz) ) &i(&;) (Resul:gi gi(uﬂ)k’k#k# gk(gi)gk(gj)—i_

+Z Res, _sf (u1, &, ))h (2,&) (Resu2 . 1 ) h;(£,&;)

gi(%) i gi(uy) j i gi(£)g;(&;)
+Z(Res f(&;,u ))hi(gi’z) (Res o ) —hj(gi’i)
=1 wamE R gi(%) ul:gigi(lh) j i gi(&;)g;(2)

n ~ o~
h;(2,%2)
+ (Resy, —,u,=5.f (U1, u2) —
(Resu, 2,2 )Q 5D (@)
Note, that due to the product structure in all the relevant places, every residue can be taken
successively.
The different parts of the partition function are given as

'(gia g)
Wik = 256 et 0[] eSS
J.J7t

h i(0,€) l—[ h;(0,¢;)

n

Tr A4 iy = Z (Resy, of (u1,€5))

i=1 1( ) j.j#i g](o)gj(gi)
N h(é;’ 0) h;(&;,0) (€9
A X _ ) i J\>10
TrAA(u())—;(Resuzzof(ipuz) 2.(0) ]];[l (g, (0)
' h:(0,0)

Tr AA((y(y) = (Resy, —o.u,—of (U1, Us) (0)e-(0)
00 = (Resuy=ou,=0f (1,22 )ggi(o)gi(o)

Hence, the final expression follows similarly as in all the previous cases:

(a, ble ¢, d) %éd(;ﬁ;z 1+Pb_c(u1)PL+“_d(u2))><
CoxCy (C.10)
exp (—i(e(uq) + e(uy))t)
(1—PE(up)S(u; —up))(1 —PL(uy)S(uy —uy))

x q(up)q(usy)
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