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Abstract

We find that the density operator of the nonequilibrium steady state (NESS) of
XXZ spin chains with strong ‘sink and source’ boundary dissipation, can
be described in terms of quasiparticles, with renormalized—dissipatively
dressed—dispersion relation. The spectrum of the NESS is then fully accoun-
ted for by Bethe ansatz equations for an associated coherent system of these
quasiparticles. The dissipative dressing generates an extra singularity in the
dispersion relation, which significantly changes the NESS spectrum. In partic-
ular, it leads to a dissipation-assisted entropy reduction, due to the suppression
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in the NESS spectrum of plain wave-type Bethe states in favor of Bethe states
localized at the boundaries.

Keywords: non-equilibrium steady state, dissipative systems, Bethe ansatz,
XXZ spin chains, boundary driven integrable spin chains

1. Introduction

Integrable many-body systems play an important role in statistical mechanics. For instance,
it was the celebrated Onsager solution of the 2D Ising model [1] that has proved, for the first
time, that phase transitions are related to non-analyticity of the free energy functional, giving
rise to the theory of critical phenomena. Solution of Korteweg—de Vries equation [2] has shown
that a nonlinear system can possess an infinite number of local conservation laws, which led
to a concept of nonlinear asymptotic Fourier transform [3] and to theory of stable nonlinear
excitations—solitons. Integrable quantum many-body systems serve as reference points and as
calibration tools for contemporary experiments in cold atoms [4, 5] and in quantum circuits [6].

One practical definition of integrability for isolated quantum many-body systems rests upon
the possibility of finding their spectra with computational effort growing slower than exponen-
tially in system size N. Indeed, finding specific solutions of the Bethe ansatz equations (BAEs)
for an integrable Hamiltonian typically requires only poly(N) computation steps, while the
dimension of the Hilbert space grows exponentially in N. This practical aspect of integrability
is in full accordance with the theoretical treatment of integrable quantum Hamiltonians, which
are centered around finding the BAEs for their spectra [7-9].

On the other hand, the situation with the same quantum systems in nonequilibrium, par-
ticularly for systems exposed to dissipation, is quite different. The central object for nonequi-
librium systems is the nonequilibrium steady state (NESS) which is a (often unique) fixed
point of time evolution. While, because of the discovery of the matrix product ansatz method
[10, 11], the k-point correlations in the NESS can be calculated in a polynomial time, find-
ing the NESS spectrum or even specific eigenvalues of nontrivial NESS has so far remained
accessible by direct diagonalization only, i.e. still requiring exponentially (with systems size)
growing effort.

Our aim is to present a method for finding the NESS spectrum of a famous quantum sys-
tem, the XXZ spin chain, attached to boundary dissipation of the ‘sink and source’ type, via a
Bethe Ansatz approach, that is, in polynomial time. This demonstrates a principal possibility
of extending the above mentioned standard integrability paradigm to a certain family of integ-
rable quantum systems in nonequilibrium. In this communication we present a mathematically
rigorous proof for our chosen ‘sink and source’ scenario figure 1, while for other examples,
where the validity of the same property is established numerically, we direct a reader to [12].

One remarkable feature of our NESS spectrum solution that should be mentioned before-
hand, is related to a concept of quasiparticles. Quasiparticles are fundamental constituents of
eigenstates of integrable coherent many-body systems: an energy E,, of any eigenstate |«) is a
sum of individual energies of all quasiparticles it contains: Eq = }; €(uja) Where u;jq is a set
of quasiparticles rapidities and €(u) is a dispersion relation.

What we find is that the NESS spectrum {v,} = {exp(—E,)} can be written in the same
form E, = Zj €(ujr), where u;q, is a set of admissible rapidities for some related integrable
coherent model, and €(u) is a new effective dispersion relation characterizing ‘coherent’ qua-
siparticles ‘renormalized’ by the dissipation. Such a ‘survival’ of the intrinsically coherent
objects — quasiparticles—under the action of dissipation, cannot be expected a priori and is
very surprising.
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2. XXZ model with sink and source

Our aim is to find the spectrum of NESS of a XXZ spin chain, with boundary dissipation,
described by the Lindblad Master equation for the density matrix

Op(T,1)

ot —i [Hv p] +T (DLI [p] +DL2 [p]) (1)
N
H=> (oios +0bo, +Adal,,), @)
n=0
Li=o0y, Ly=oy,,, 3)
D.[p| = LpL' — % (L'Lp+pL'L). 4)

With the choice (3) the Lindblad dissipators Dy, and D;, make the edge spins (spins at sites
0 and N + 1, see figure 1) relax towards targeted states | }), | 1), with typical relaxation time
Thoundary = O(1/T"). The matrix product Ansatz for NESS (but not for NESS spectrum!) is
formulated in [13]. Here we shall consider the so-called quantum Zeno (QZ) regime, where
Thoundary 18 much smaller than typical time needed for the bulk relaxation Tyoundary << Toulk-
Then, fast relaxation of the edge spins constrains the reduced density matrix of (1) to an
approximately factorized form [14] p(T',7) = p; ® p(T',1) ® p, + O(1/T") for t > 1/T", where
p(T', 1) =~ tro y41p(2) is the reduced density matrix of interior spins. We are interested in com-
puting the spectrum {v,, } of the (unique) Zeno NESS,

PNESS = hm lim p F t Zya|04 (&)

oo I—00
To this end, we establish three crucial properties:

(i) pness commutes with the Hamiltonian

[pNESSaHD] - 07 (6)
N—1

_ X __X y Y YAy
Hp = Z (0’an+1 + 030544 +Acrnan+1)

n=1

+A(oy—ai), ©)

(ii) v, are given by stationary solution of an auxiliary Markov process

d
ﬂ—z:wﬂayg VaZwaﬂ, a=12,... 8)
BF#a BF#a
with rates
waa = |(aloy [B)]* + [(aloy [8)%, ©)

where |a), |() are eigenstates of (7).
(iii) {vq} satisfy the detailed balance condition

VaWap = VpWaa- (10)
Let us comment on all the properties (i), (ii), (iii).

3
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To obtain (i) we expand the time-independent steady state solution p(T") of (1) in powers
of 1/T, p(T') =po+T"'p;+T"2p,+... Substituting into (1) we obtain the recurrence
i[H,pr] = (D1, + Dr,)[pr+1]), fork =0, 1,... For the consistency of the recurrence [H, p] must
have no overlap with the kernel of the operator (D, + Dy, ), equivalent to tro 11 [H, p] = 0.In
the leading order k = 0, a substitution of py = p; ® pness & py into trg v11[H, po] = 0 yields (6).
The Hamiltonian (6) is called a dissipation-projected Hamiltonian [14] and can alternatively
be obtained via a Dyson expansion.

To establish (ii) one writes down a Dyson expansion of the p(T",7) in (1) using 1/T" as a
perturbation parameter. This leads to an effective Lindblad evolution of the internal spins, see
figure 1, of the form

op(I1) _
ot

containing a dominant coherent part with the Hamiltonian (7) and perturbative (of order 1/T")
Lindbladian dissipator. The latter gives rise to the auxiliary Markov process (8), (9). The pro-
cedure is explained in detail in [14, 15], and [12], so we shall omit it here.

Finally, the detailed balance (iii) equation (10) is a special property related to integrability
of (7) and it is proved a posteriori, see appendix B.

Our strategy is to use the integrability of the Hamiltonian (7) in order to calculate the
rates (9) and then the NESS spectrum via (10). Due to (6), pness and Hp in (7) can be diag-
onalized simultaneously.

The Hamiltonian (7) is treated in its more general version (for arbitrary longitudinal bound-
ary fields) in the pioneering paper of Sklyanin [16]. Due to U (1) invariance, (7) can be block-
diagonalized within blocks of fixed total magnetization E The eigenvalues of the block
with magnetization N — 2M are given by

—i[Hp, p] + ; (D, 10+ D, 5 l0)) +0 (7). (i

nln

M
=(N=1A+ e(tja), (12)

—2sin’y

B sinh (u+ %) sinh (uf %)

(13)
where u; o, j = 1,...,M, are Bethe roots satisfying the set of BAE

(3] 7 [+1]\ 2MF! )

u; U “]+0uk

| —H I (14)
u u

: : k=lo—=+1 “JJF"”k
=

in which we defined u¥ = sinh(u + ikvy/2), where cosy = A.

Using the Algebraic Bethe Ansatz machinery and some previous results [17] we are able
to calculate the rates wg, from (9),(10) and hence the NESS spectrum {v,, }. Details of the
proof are given in appendix A. Usually, finding correlation functions for open integrable spin
chains is a difficult task, and a result (if it exists) is expressed in terms of multiple integrals,
infinite products, etc., see e.g. [17-20]. In our case, we succeeded to obtain an elegant explicit
formula for the NESS spectrum, namely:

Vo =A€Xp (fEa) ,
Eo =Y e(w,a) (15)

J
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Figure 1. Schematic picture of the dissipative setup. The boundary spins are fixed by dis-
sipation, while the internal spins follow an effective dynamics consisting of fast coher-
ent dynamics (7) and slow relaxation dynamics (8) towards the NESS. For our ‘sink and
source’ model (1) 77, = (0,0, 1) and 7} = —#,.

€(u) =log

sinh (u—i— 3’77) sinh (u— 3177)
sinh (u—&-%) sinh (u— %)
=log|l —e(u) 4|, A =cos, (16)

where A is a normalization constant, and Ea, €(u) in (15), (16) are obvious dissipative analogs
of the E,, e(u) in (12), (13).

To make the analogy even more obvious, we compare two reduced density matrices: a Gibbs
state for the dissipation projected Hamiltonian (7) and the NESS, governed by (7):

1 _
PGibbs = Zza:e ﬁE(’|0‘> (af,

a7
EOé = Ze(uj@)a
j
1 ~
PNESS = }Ze—fsa |a) (e,
“ (18)

Eo =) &(ujon).
J

Note that both the eigenstates |«) and the Bethe rapidities u;, (solutions of Bethe
ansatz (14)) in (17) and (18) are the same.

It is instructive to compare singularities of the original dispersion () (13) and of the €(u)
(16). €(u) has a singularity at u; = +i~/2. Its dissipative analog é(u) (16) inherits the singular-
ity u; = £iy/2 from e(u) and ‘dresses’ e(u) with an additional singularity at u; = £3i7/2, see
also figure 2. For this reason we shall call é(u) a dissipatively dressed dispersion relation and
E,, a dissipatively dressed energy. In other words, €(uj) is an energy of a quasiparticle with
rapidity u; and €(u;) the energy of the same quasiparticle in the dissipative setup (figure 1).

Equations (15) and (16) are our main results. We have shown that a spectrum of a NESS
for the ‘NESS-integrable’ system (1) can be obtained by solving Bethe Ansatz equations for a
related auxiliary coherent integrable problem (7). In [12] we argue that the effect of dissipative
dressing of quasiparticles’ dispersion is not restricted to the U(1)-symmetric XXZ model with
sink and source (1) but it extends to other integrable spin chains, with U(1) symmetry broken
at the boundary and in the bulk. However, for the latter models a rigorous proof is currently
lacking.
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Figure 2. Surfaces ¢(Reu,Imu) (left panel) and €(Re u, Imu) (right panel) for isotropic
case A = 1 showing singularities atu = +i/2 and atu = +i/2, u = +3i/2, respectively.

In the following we discuss some physical consequences of the dissipative dressing (16).

3. Dissipation assisted entropy reduction

Coupling of a quantum system to a dissipation typically leads to a mixed state and a volume-
extensive entropy. In setups with quenches,leading to steady bulk currents, a volume-extensive
entropy is also typical [21], as well as in mesoscopic conductors [22]. Here we show that subtle
effect of dissipative dressing in the effective dispersion relation €(u), in the contrary, can make
the entropy subextensive in volume or even vanishingly small, see below.

To this end, we shall first discuss the isotropic case, A =1 in (7), which is obtained from
the XXZ case by substituting v — 9, u — du and letting § — 0. We then obtain BAE (14) with
ultl = u+iq/2, while €(u),é(u) are given by

2
e(u) = —————r,
() 1/[2“"%
19
) =1 w43 (19)
E(u)=1lo )
guz-l-%

The surfaces €(u), €(u) (19) for complex u are shown in figure 2. Let us consider one-particle
sector M = 1, containing N Bethe eigenstates |«) = 1 (u,,) parameterized by the solutions u,,,
a=1,...N, of the BAE (14) with ul9l = u +iq/2. For any N the set {u,} consists of N — 1
real solutions, say u5,...,uy (corresponding to plane-wave type eigenstates) and one imagin-
ary solution u; (corresponding to a boundary-localized eigenstates), see figure 3. The root u;
lies exponentially close to the singularity u = 3i/2 of €(u) in (19) due to dressing. Explicitly,
from (14) we find u; —3i/2 = § = 3i272N=1(1 + O(N¢)), see [12] for a proof. The singular-
ity of €(u) drastically decreases €(u;) with respect to ‘coherent’ energy €(u; ), the difference
growing proportionally to the system size: €(u1) — e(u;) = —2(N+ 1)log2 + O(1). On the
other hand, for real (plain wave type) solutions, the dressed and original energies are com-
parable, see figure 3. As a result, the boundary localized Bethe eigenstate 1 (u;) enters the
NESS (18) with an exponentially large relative weight with respect to the other eigenstates
Y(uz), ..., (uy) from the same one-quasiparticle sector M = 1, see figure 3.

The above mechanism predicting boundary-localized Bethe states to yield dominant con-
tribution to the NESS (18) can be qualitatively extended to higher but fixed M. E.g. also in
M = 2,3 sectors there will be BAE roots exponentially close to the singularity u = 43i/2

6
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Figure 3. Left panel: quasiparticle energies €(uq) (blue joined points) and ¢(ue ) (red
joined points) in the XXX model with N = 18 spin, in the block with one magnon M = 1.
The state o« =1 is a localized Bethe state with u; ~ 3i/2 + ie”2*> Right panel: coeffi-
cients Ay, of the normalized localized Bethe state [ = 1) = 33| Ay op | T---1) (black

empty circles). The dashed red line is the fit Ay = 1.7 x 2. The green joined points are
the coefficients Re Ax and Im A, for the plain-wave like Bethe state with uy ~ 1.781 39.

of €(u), corresponding to boundary-localized eigenstates of Hp. Understanding physics at
fixed magnetization density M/N would require controlling thermodynamic Bethe Ansatz
in the presence of boundary fields, which is beyond our present scope. However, we can
see the net effect of dissipative dressing by looking at scaling of the von Neumann entropy
S(p) = —tr(plog p) with system size N. We observe the usual extensive volume law for Gibbs
state (17), at 3= 1, S(pgibbs) = O(N) and a clear sub-extensive scaling S(pngss) =~ N3 for the
NESS (18), see Left upper panel of figure 4. Keeping the dissipation term fixed, and break-
ing the integrability of (2) (by adding a staggered magnetic field), we ruin the subtle dressing
mechanism, rendering both S(pgibbs)»S(pnEss) volume-extensive, which is a conventionally
expected outcome, see left bottom panel of figure 4.

The difference of responses of an integrable and non-integrable spin chain to the boundary
dissipation can be also well-seen on the distribution of eigenvalues {E,, } and {E, }, shown in
figure 5.

The case A =1 considered above lies at the boundary between the easy plane gapless
regime |A| < 1 where correlations in XXZ model decay algebraically, and the easy axis
gapped regime with correlations decaying exponentially with distance. The net effect of dress-
ing (16) in the two cases is also different. Indeed, we observe distinct behavior of the entropy
of NESS: a fast, perhaps exponential decay of S(pngss)/N in the gapped regime |A| > 1, and
saturation to a finite value (restoring extensive volume law) S(pngss)/N ~ const in the gap-
less regime |A| < 1, see two right Panels of figure 4. For A = 0, see equation (16), we have
€(u) = 0 leading to pngss =1 and S(pngss) = Nlog?2. It is unclear at present if the extens-
ive volume law S(pngss) ~ O(N) sets in for |A| < 1 or some critical value of Ay exists,
above which the entropy is sublinear. Investigation of the one-particle sector M = 1, see [12]
shows that a boundary-localized eigenstate for large N, exponentially close to the singularity
u = =+3i7/2 in (16) appears in the range % < |A| <1 allowing to propose the lower bound
Acrit > %

4. Discussion

We have developed an explicit Bethe Ansatz procedure for diagonalizing the steady state
density operators of boundary dissipatively driven integrable quantum spin chains in the

7
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Figure 4. Von Neumann entropy S(p) = —tr(plogp) per spin versus the system size
N for p = pgivbs (blue points) and p = pness (red points), illustrating the dissipation
assisted entropy reduction. Left upper panel corresponds to the isotropic Heisenberg
model A = 1, red dashed line is a fit given by 2/(3N%7). Left bottom panel shows a
nonintegrable case in which a staggered magnetic field (—1)’ ha;, with 4= 1.5, has been
added. Right panels correspond to the anisotropic Heisenberg model in the easy plane
A < 1 and easy axis A > 1 regime.
0.08 0.12 ‘ A=1, nonintegrable
[ A=1 0.10
0.06] i
‘ 0.08
Q i i
X 0.04 \‘ ‘ T 0.061,
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Figure 5. Distribution of the eigenvalues E of —logpginns (left panel) and E of
—log pness (right panel) for the XXX model with N = 13. In both panels, the yellow
and blue histograms correspond, respectively, to the integrable and nonintegrable cases
of figure 4 with A = 1. Distinct asymmetricity of P(E) (right Panel, yellow area) for the
integrable case is due to the dissipative dressing effect.

limit of large dissipation, alias the Zeno regime. This becomes possible due to a surprising
phenomenon of ‘dissipative dressing’ of quasiparticle energies in integrable coherent sys-
tems exposed to a dissipation. We find a general mechanism of entropy reduction due to
dissipation—pushing the steady state density matrix towards a pure state—which is a con-
sequence of additional singularities arising in the quasiparticle dispersion relation due to dis-
sipative dressing.
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Our results should have applications in state engineering and dissipative state preparation.
Moreover, we expect analogous emergent integrability of the steady state in the discrete-time
case of an integrable Floquet XXX/XXZ/XYZ circuit, where boundary dissipation can be con-
veniently implemented by the so-called reset channel [6].
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Appendix A. Derivation of equation (16)

We first recall some details of well-known Bethe Ansatz solution of an open XXZ model with
diagonal boundary fields

—1
H= [achﬁ_H + o0, Jrcoshnaf,ofH_l] +

n=1

inh inh
sinh7 ot sin nUIZV' A1)
tanhp tanhg

Here, n=1iv is the anisotropic parameter. The boundary fields we are interested in are
—coshno} and coshnoy, (see equation (7)), which corresponds to a substitution g = —p =17
in (A.1) . We shall perform the calculus for arbitrary p, g and make the substitution at the very
end.

The R-matrix and K-matrices for the model are

sinh (# + ) 0 0 0
_ 0 sinhu sinhp 0
Rw) = 0 sinhn sinhu 0 ; (A.2)
0 0 0 sinh (u+ 1)
— v ( sinh(p+u—1%) 0
K= ( 0 sinh (p—u+1) )’ (A3)
v,y ( sinh(g+u+1) 0
= ( 0 sinh (g —u— 1) (A4)
Let us introduce the one-row monodromy matrices
To(u)=Roy(u=3).--Ro (u—73), (A5)
TO(M):RI()(M—%) RN,O(u_g), .
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and the double-row monodromy matrix
_ _ - A_(u) B_(u
Uy ) =To 0 k; 0 Totw = (50 5o ).
The transfer matrix is given by

t(u) =tro {Ky W)Uy (u)}.

The Hamiltonian (A.1) rewritten in terms of the transfer matrix reads

H = sinhn

— Ncoshn — tanh# sinhn.

-2

Olnt(u)
ou

(A.6)

(A7)

(A.8)

The eigenvalue of the quantum transfer matrix can be given by the following 7' — Q relation

inh (2
Au) = W H sinh (u+s— 1) sinhZN(u—&—g)
5=p,q
“y sinh (1 — \; — n) sinh (u+ X —
><l—Ism u n) sinh (u + )
i sinh ( u—)\)smh(u—i—)\)
h(2u —
SH;mhMZu H sinh (u— s+ %) sinh™ (u— 2)

S=p,q

><lﬂ[smh (u+ Aj+mn)sinh (u— N +n)
i sinh (u + A;) sinh (u — A;)

The Bethe roots { Ay, ..., A\, } in (A.9) satisfy the following BAE

i8]

H sinh ()\<+sf ﬁ)

= sinh (A —s+ %)

N

sinh ()xj + ﬁ) o
sinh (A — )

ﬁ sinh (\; — A — n) sinh (A + A — 1)
sinh ()\J + A+ T]) sinh (/\J — A+ 77)

kj
Multiplying the left and right sides of BAE for all j, we get
N
sinh® (A +q — 2)sinh? (\j+p— 1)
sinh? (/\' —q+ ﬂ) sinh? ()\. —p+ ﬂ)

sinh (A; + A\ + 1)
=+ VAT AT
H sinh(\j+ X\ — 1)

ﬁ [sinh (N+12)

sinh ()\j — %)

1<) <ksim

The energy of the system in terms of the Bethe roots reads

S 2sinh’ 7
E= . )
ZSinh(A_mL%)sinh (N—13) -+ sinh7 (cothp + cothg)

+ (N—1)coshn.

=1, j=1,...,m.

(A.9)

(A.10)

(A.11)

(A.12)
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A.1. Expressing local operators af and aﬁ in terms of monodromy matrix elements

The trigonometric R-matrix possesses the following properties:

R172 (O) = sinh77P1_,2,
Ry (u)Ry1 (—u) = sinh (n+u)sinh (n —u) x I, (A.13)
Ria(u) = —0(R) 5 (—u—n)oy.

It is easy to check that

tro {og Ky (u)Uy (1)} =sinh (g +u+2)B_ (u), (A.14)
tro {og K¢ (u)Uy (u)} =sinh (g —u—2)C_ (u). (A.15)

= sin™) [0y K (—3)o]" o { [y (~ )]}

= —2cosh7sinhpsinhgsinh™y oy, . (A.16)
Analogously, we get
tro {og K§ (—2)Uy (—2)} = —2coshnsinhpsinhgsinh® oy . (A.17)

Then, we get the following relation between o and B_ (=%),.C_(=3%)

R ) A.18
On = . . 2N ( . )
2 coshnsinhpsinh™n
C_ (-1
oN =— .( 2). it (A.19)
2 coshnsinhpsinh™'n

One can rewrite the transfer matrix in another way

=trg {Ky (u)Uy (u)}, (A.20)

1
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where

- ( B D Eu; ) (A21)

trO{Ko+ (3)To (4
=10 {Ky (3)Row(0)...Ri0(0) a5 Ky (2) Ri,0(0)...R,0(0)}
= sinh™noy Ky (3) tro {K¢ (%)}
= 2coshnsinhgsinhpsinh®n o, (A.22)
sinhp C (727) = 2005h7751nhqs1nhpsmh2 1701 . (A.23)

To find the rates of the auxiliary Markov process, see the main text, we need to calculate the
quantity

(=l | R+ (= ot | D I lor IR _ Smhp’z (=B (DIDE o
(Zlor 2P+ (g loy| =) [(=loy|z)? [sinhg| [(=[B-(-3)| %)
where

= {up,...,Upt1}, z={vi,-.., v}
|

are the solution of BAE (A.10) and | &), | ) are the corresponding Bethe state.

A.2. Calculating the expression (A.24)
In the following we will recall some result of [17] to derive the ratio

(=1B: ()1 2)
(=[B-(-3)|2)

(A.25)

appearing in (A.24). The Bethe state |u) can be constructed by either H"+1 B_(uj)|vac) or

H"+l B (uj)|vac) where |vac) = |1 --- 7). Inserting the expression of | ), | =) into (A.25),
we get

(=B (B)]5)  (vaelC () C (1) By (4) By (). B (1) vac)

=B (~2)[5)  (aclCs () Co (tnr)B_ (~2)B_(v1)--B_(vy) [vac)
(vac|Cy (uy) -+ Cy (upy1) B— (v1)...B— (vy) |vac)
(vac|C_ (u1) -+ C— (unt1) B4 (v1) ... By (v) |vac)’

(A.26)

12
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From [17], we know that

(vac|Cy (u1) - Cy (upy1) B— (v1)...B_ (vy) |vac)
(vac|C_ (uy)---C—_ (upy1) B+ (v)... B4 (vy) [vac)

n+1 . n A
sinh (1 — 2u;) sinh (1 + 2v;)
Esinh(n+2uj)j1;[lsinh(n_2vj) {Zz};ep)G{=}ip.q), (A27)

where

" sinh™ (A — 2) sinh (A —x+ %)
2

G({ A1, A bixy) = i
({ Lyeoes }xy) jI;[lSil’th(/\jJ’_g)Slnh()\j+y_n)

H sinh (A, + Ay + 1)

sinh (A, +As— 1) (4.28)

1<r<s<m

With the help of theorem 4.1 and corollary 4.1 in [17], we get

(vac|C_ (uy) -+ C— (un41) B4 () B4 (v1)... B4 (va) [vac)
(VaclC (1)~ Co (ts1) B (— ) B (v1) - B_ () [vac)
(aciC_o) 1) (321 (0): . (o) )

" faelCe () Co (=0)---Co (v ()b () e
n+l ({ } { %})
= - (A.29)
S (==h{4-5})

where

det 7 ({\}: 1))
detV (M) () (A-30)

(A} {e}) Hsth 2)sinh" (A + 2)
IR (eVET) o

S (ks 1) = LT sinb™ O+ 3) sin™ O = ) G505y )

j=1

sinh (2;) sinh (244, — 77)

Vie (A i{u}) = (2%, — 1) sinh (i — ;) sinb (£ ) (A.32)
ik ({A} s {n}) = 7/\(,“1«{/\})- (A.33)
The identity
Au AN} = A(u,{-2}) = A(—u,{-7}), (A.34)
implies that
detj({§}7{ﬂ’;}) _ n+1
detj({_§}7{;_;}) = (=1, (A.35)
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For the matrix V, we have

Vin({=}hifngh)  _ sinh(2u+1)
11({— ~hi{x,— £} sinh (2 —17)’
Vgt (B {xng})  _  sinh(2vey —n) sinh(2u; +1n)
Vi ({—=s{x,—2}) ~ sinh(2u;—n) sinh(2vi—; +n)’

As a consequence, it can be verified that

det V({=};{3.5}) Ty sinh(2u+n) {7 sinh v —n)
detV ({—=};{%,-%}) == 1_[]sinh(2uj—77)kl;[1sinh(2vk+n)'

Then, one can derive the following equation

i=

S, T {=) {3z} __"H sinh (2u; — 1) Y sinh (2v + 1)
sin (-=h{3-51 Hsmh<2uj+n>n

Substituting (A.27) and (A.39) into (A.26), we finally obtain

(=[B+ (3) | %
n
2

(=[B-(-3) Lo "{z}:9:0) G ({2} p,q)

)

n+l

ntl sth( uj + sinh (u; + ¢ g)
7
2

_ 7) (
/1;[1 sinh™ (u; — 2) -, sinh (u—p+1%)
)
+1)

sinh (u, + u; — n
% H sinh (u, + u;
3)

-.

1<r<s<m

H sinh™ (vk + ) sinh (vk +p— 7)

P sth( vk — 5) sinh (vk—q—i— 7)

inh r s
y H sinh (v, +vs — 1)

L<risen sinh (v, + vs +n)

L sinh? (i +q — ﬂ) sinh

=
I

Q

_|_

= sinh? (uj p+3

" sinh? (v+p—
X

—~~ | |
< <
ES < N
I+
Qs T
+ |
RIS (NS NS (NS

el sinh? (Vk —q+
When g = —p = 1, the Bethe Ansatz equations are
Nt sinh( i — 37’7)
sinh ()\j + 37’7)

y ﬁ sinh (A — A\ —n)sinh (A + M —1n)
sinh (\; + A +7)sinh (\ — M\ +1)

sinh ()\j + g)
sinh ()\j — g)

k#j

sinh (2vy — )"

(A.36)

(A.37)

(A.38)

(A.39)

(A.40)

(A41)
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or,

p

sinh ()\j + 3'77)

y e sinh (A — Ax — i) sinh (A + Ax — i)
o sinh (\; + Mg + iy) sinh (A — A + i)

W+ sinh( J— 34)

sinh (\; + 2)
sinh (\; — )

=1, j=1,....m. (A42)

Then,

1) sinh (i )y sinh (v = ) sinh (v + 3)
37’7) sinh (uj — 37’7) o sinh (ve— 7)) sinh (v + %)

5, . . 3l . 31
" sinh (u;+3) sinh(—3) & sinh (Vk - 77) sinh (vk + 77)
j=1sinh (Mj-l-&%) sinh (uj— 3’77) iy sinh (Vk— %) sinh (Vk+ %)

(A.43)

)

leading to equation (16).

Appendix B. Kolmogorov property of the rates w,s. Proof of equation (10)
With the help of (A.43), we can derive that
WOLBZ‘F()L/-F,H7 (B.l)

where F,, depends only on the Bethe roots, corresponding to eigenstate |«). Therefore, we
conclude that the following Kolmogorov relation holds,

WagiWeiAyWyBaWhia = Wa Wi yWrysi W a- (B.2)

Equation (10) is a direct consequence of the Kolmogorov relation (B.2).
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