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Exact nonequilibrium steady state of a strongly driven open XXZ chain
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An exact and explicit ladder-tensor-network ansatz is presented for non-equilibrium steady state
of an anisotropic Heisenberg XXZ spin-1/2 chain which is driven far from equilibrium with a pair
of Lindblad operators acting on the edges of the chain only. We show that the steady-state density
operator of a finite system of size n is — apart from a normalization constant — a polynomial of order
2n — 2 in the coupling constant. Efficient computation of physical observables is faciliated in terms
of a transfer-operator reminiscent of a classical Markov process. In the isotropic case we find cosine
spin profiles, 1/ n? scaling of the spin current, and long-range correlations in the steady state. This
is a fully non-perturbative extension of a recent result [Phys. Rev. Lett. 106, 217206 (2011)].
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Introduction.- Heisenberg model [I] of coupled quan-
tum spins 1/2 is the oldest many body quantum model
of strong interactions. In spite of being extremely simple
it exhibits (in particular its anisotropic version, the XXZ
model) a rich variety of equilibrium and non-equilibrium
physical behaviors. In nature it provides an excellent de-
scription of the so called spin-chain materials [2], and it
is believed to provide the key for understanding of var-
ious collective quantum phenomena in low dimensional
strongly interacting systems, such as magnetic or su-
perconducting transitions in two dimensions. Although
equilibrium (thermodynamic) properties of XXZ chain
are well understood in terms of Bethe Ansatz (BA) [3],
as the model represents a paradigmatic example of quan-
tum integrable systems, its non-equilibrium properties at
finite temperature are subject to live debates [4].

Ground states of strongly correlated systems generi-
cally satisfy area laws [5] for block entropy characteriz-
ing bipartite quantum entanglement, so they can be effi-
ciently described by the so called matrix product states
(MPS) or more general tensor networks [6]. MPS of
small rank can provide even exact description of ground
states, say in valence bond solids exemplified by the fa-
mous AKLT model [7]. In fact, even BA eigenfunctions
can be written in terms of MPS [8]. On the other hand,
using the approach of open quantum systems and Marko-
vian master equations [9], non-equilibrium steady states
(NESS) of large one-dimensional locally interacting and
dissipationless quantum systems put between a pair of
unequal macroscopic reservoirs [I0, [I1], can be described
in terms of a fixed point, or ‘ground state’ in the Li-
ouville space, for a Hermitian super-operator with non-
Hermitian boundary terms [I2]. Application of the den-
sity matrix renormalization group (DMRG) for simula-
tion of such problems showed that a sort of super-area law
is generically valid, and the density operator of NESS can
be well described by a matrix product operator (MPO)
of low rank [I3]. However, no far-from-eqilibrium ana-
logues of AKLT model have been known so far, and the
purpose of this Letter is to show an explicit construction

of an exact MPO form of NESS for a boundary driven
XXZ spin chain. More precisely, a matrix element of the
many-body density operator is a contraction of a very
appealing ladder tensor network (LTN).

We have recently proposed a new method [I4] to solve
for a Liouvillian fixed point of the XXZ chain, perturba-
tively in the system-bath coupling constant. This method
which expresses NESS in the form of a matrix product
operator with near-diagonal infinite rank matrices — rem-
iniscent of a classical Markov process in the auxiliary
space — suggests new ways of integrability of strongly
non-equilibrium quantum lattice gasses and appears to
be unrelated to BA. In this Letter we show that — quite
nontrivially — a fully non-perturbative extension of this
method exists (in the strong driving limit of maximal
bias, u = 1 in notation of Ref. [I4]), with the constituent
matrices satisfying the same cubic matrix algebra (essen-
tially different from quadratic algebras characterizing ex-
actly solvable classical probabilistic lattice gasses, the so-
called exclusion processes [15]), but with modified bound-
ary relations. From our exact analysis, we: (i) prove
ballistic transport (size n independent spin current) in
the easy-plane regime, (ii) derive coupling independent
cosine spin-profiles, 1/n? scaling of the spin current and
long-range spin-spin correlations in the isotropic regime,
and (iil) prove insulating behavior in the easy-axis regime
with kink-shaped spin profiles and exponentially (in n)
decaying currents. We note that the physics of near-
equilibrium XXZ chain is essentially different. There one
has perturbative and numerical evidence of spin diffusion
[16, 7] in the easy-axis regime, and alternative super-
diffusive anomalous scaling in the isotropic point [16] in-
dicating very rich phenomenology of the model.

Non-equilibrium steady state.- We consider the Marko-
vian master equation in the Lindblad form [9] 1]

dp(?)

~ = —ilH p(1)] + > 2Lip(t) L), — {L{ Lk, p(D)} (1)
k

for an open XXZ spin 1/2 chain with the Hamiltonian
— -1 R + - -+ 7 7
H=37""1 hj,hj:=20]0;,+20; 0/ +Ac%0c%,  and



symmetric Lindblad driving of coupling strength ¢ acting
on the edges of the chain only L; = \/z07", = /g0, .
We write Pauli operators on a tensor product space
Fn = (C)%", as 0f = 1pj-1 ® 0° @ Lgn—, 1g being a
d-dimensional unit matrix where 0% = 1(o* £ i0¥) and
0*Y* are the standard Pauli matrices.

NESS is a fixed point of the flow Poo = limy_ o0 p(t)

- iiH’ poo] + Eﬁpoo =0, (2)
with the dissipator map

Dp =207 poy —{o7 o1, p}+20, pof —{o;f o, p}. (3)

We shall now construct an explicit form of po in terms
of LTN ansatz, or equivalently, in terms of a product of
two MPOs, which is exact for any value of the coupling
parameter €. In fact, our simple explicit form allows us
to study analytic dependence of NESS on €.

Theorem. Normalized fixed-point solution of Eq.
reads po = (trR) 'R with

R=25,51 (4)

and S, being a non-Hermitian matriz product operator

Sy = Z <OiA31A82”'A
(317~--13n)e{+7_70}n

W0 o @0t (5)

where 0 = 1, and Ay, A4 is a triple of near-diagonal
matrix operators acting on an infinite-dimensional aux-
iliary Hilbert space H spanned by an ortho-normal basis

{10),11),12), . .}
Ao = 0)(0] + ) aflr)(r

Ay =iel0)(1]+ D aflr)(r+1], (6)
r=1

= [1)(0] + > _ay [r+1)(r

with matrix elements (writing A := arccos A € R U iR)

. sin (rA)

9%

e csin ((2k—1)A) sin (2k))
2(cos ((2k—1)X) + To—1)sin A’

<€c(cos (2kA) + T2r) 1)

al = cos (1)) +

ad,_, = csin (2kA) +

ay, = csin (2kA) —

2sin A\ ’
~ _ sin((2k=1)A) . cos((2k—1)A) + Tap—1
f2k-1 = c e 2csin A ’
u _sin((2k+1)A) . sin (2kA) sin ((2k+1)\)
2w c 2¢(cos (2kX) + Top) sin A’

Constant ¢ € C — {0} and signs 7. € {£1} are arbitrary,
i.e. all choices of ¢, 7. give identical operator S, .

Proof. We start by showing the following useful identity

[H,S,] = —ie(0” ® Sp—1 — Sp—1 ® 0%). (8)
It is important to observe that the ansatz does not
contain any o operator, while [H,S,] can only contain
terms with a single 0. Eq. implies that all the terms
of [H, S,] where ¢% appear in the bulk 1 < j < n should
vanish, resulting in exactly the same argument as in [14]
leading to the same eight 3-point algebraic conditions:

[Ag, ALA+] =0, {Ag, A2} = 2AA L ApA,
OA{A2, AL} —4A0ALAg={A- AL} —2A A A
2A[AG, ALl = [A5, AL 9)

However, the boundary conditions should be different as
in the perturbative case [I4]. Namely the remaining set
of terms where 0% appears at j = 1 or j = n in [H, S,]
is reproduced exactly by right-hand-side of if the fol-

lowing additional algebraic conditions are satisfied

(0JA_ = (0]JA, (A_A, —icl) = (0]A A% =0,
AL|0)=(A_A; —icl)A_[0) = AZA_|0) =0,
(0]Ag = (0], Aol0) =10), (0]JALA_|0)=ie. (10)

Note simple extra terms with amplitude —ie in compar-
ison to Egs. (12) of Ref. [14]. Indeed, in order to get,
e.g. a term with of in [hy, Sy, s1 in has to be + and
then the condition (0]A+(A_A; —iel) = 0 ensures that
exactly S,_1 will be constructed on the sites (2,...,n).

Verifyin and , which imply 7 for the repre-
sentation (6l7)) results in trigonometric identities

The rest of the proof is to show that (8] implies (2
or i[H,R] = eDR (a). Left-hand-side of (a) can be
transformed to [iH, S,|S! + S,[iH, S, = £{S.(0” ®
St 1> Sn(52_1®02>+<02®5n71>52—<sn,1®az>srt}
(b). implies that the first left-most (right-
most) nontrivial operator of every term of S, is ot
(7). Thus we write S,, = 0°® S, 1 +07 @ P, 1 =:
Sp1 ®0% 4+ Qp_1 ® 0, defining Q,,_1 and P,_; as op-
erators over F,_1, so the expression (b) furher equals
e{20"® 8,18 _ —ot®@P,1S!_ 0" ® Sn WPl
2Sn—1sj74,1 ® o* — Qn—lsl,1 Ko~ — n—lanl X U+}
(c).  On the other hand, writing the dissipator ,
as a sum of two local terms D = ’15L ® ]in 1+
1,1 ® DR, we have for the right-hand-side of (a):
(eDL @ 1,-1)(SnSE) + (1n—1 ® eDgr)(SnS) (d). The
first term of (d) can further be written out as (¢Dp, ®
1, 1)[(0°®@S, 140+ @ P, 1)(0°®S]_ +o-@P )] =
E'ZA)L(O'O)Q@Sn,lSl_l +E’ZA)L(0'_) ®Sn,1P;_1 +82§L(U+)®
Pn_lsl_l+57§L(0+U_)Pn_1P):_1. Since, Dy, (6°) = 207,
Dr(0%) = —0F, Dr(0t0™) = 0, we arrive at exactly the
first three terms of (c¢). In an analogous way the second
term of (d) results in the last three terms of (c). QED

Corrolaries.- Let us now derive some implications of
our ansatz (4f5): (i) Let |v), v = (v1,v9,...,v,) € {0,1}"
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FIG. 1. LTN contracting to a NESS density matrix element
(12). Thin (thick) lines represent bond dimension 2 (d).

denote the canonical many-body basis of F,, o%lv) =
(1 — 2v;)|v). Then the matrix elements of MPO () can
be written out as (+ = +1)

({V[Snly) =

(ii) This many-body matrix is upper triangular, i.e.
/|Salv) = O if seq(s) > seq(r) (where seq(y) =
23—1 v;2" J) following from (0JA_ = 0 hence
Eq. (4) is the Cholesky decomposition of the many-body
density matrix. We also have unit diagonal (v|S,|v) =1,
following from (0|Ay = (0| (10), implying that NESS
is always of full rank. (iii) Inserting the identity 1 =
>, ) (pl into , the matrix elements of density oper-
ator are obtained via contraction of a LTN (Fig. [1]

<2/|R|E> = Z <O|A}L1—V1Aﬂ2—l/é e
pe{0,1}m
><<O|‘&M1—V1 AM2—V2 e

<O‘Au1—u{Au2—u§ e Avn—u; |O> (11)

App—,,10)

Ay, -v,10). (12)

A, denote the complex-conjugate matrices, obtained
from (@ by complex-conjugating the amplitudes (7)),
equivalent to flipping the sign of e, A, = A|_. for a
suitably chosen ¢ (say as in Ref. [I4]). (iv) As the ma-
trices (@ represent a nearest-neighbor hopping process
in the auxiliary space H, they can — for any fixed chain
length n — be truncated to a finite d = 1+ |n/2] dimen-
sional Hilbert space Hq spanned by {]0),]1)...]d — 1)},
still making the expressions exact. (v) Since
hopping amplitudes are all linear functions of the
coupling €, the un-normalized NESS density operator R
is a polynomial in € of order not larger than 2n. In fact
the order is 2n — 2 as easily checked by explicit compu-
tation. (vi) LTN can be understood as an MPO on
a tensor product auxiliary space H ® H, namely

B, [0)®]0) ﬁ

introducing effectively d? dimensional matrices

B, =(tro*)™" Y ol A @A, (14
v,v’,ue{0,1}

R = Z <0|®<0|B81B32 o
s€{0,+,2)n

Computation of observables.- Eq. is a starting
point for computation of expectations of physical observ-
ables (A) = trpoA = trRA/trR. For example, the nor-
malization constant reads trR = (0|®(0|Bg"|0)®|0), and

a general expectation of a Pauli operator product can be
computed straightforwardly as

n
H SJ

For observables which are only products of 0%, say mag-
netization profile (0%), spin-spin correlations (o%07), etc.,
one can use the same trick as in [I4] to further sim-
plify the calculations. Namely, By and B, leave the
auxiliary subspace K of diagonal vectors, spanned by
{Ir)y & |r),r = 0,1,2,...}, invariant, Bg ,K C K. As
the initial (final) vector |0) ® |0) is also a member of K,
we can reduce the domain of our operators to /C defining
the transfer matrices (TMs), T := By|x, V := By,|k, or
explicitly — using identification |r) & |r) — |r)

n

(0| (0[B,, - By, [0)®[0) 1y tro*
(0]®(0[Bg"|0) ®10) H (1)

Sn

(|02 o | ja; |”

T Z(M [r)(rl + S5l (1] + |r+1>(r|>7
r=0

(et jaz |

V=Y (BS54 = Ee e+ 1)) (16)
r=0

where we take |¢|] = 1 and supplement by af = 1,
aa' = ig, ay := 1, so that the physical observables are
computed in terms of d dimensional matrix products

(0%) = (/T *V'T™ 9]0} /(0] T"[0), (17)

(0%0%) = (0|T/' VT 7 1'VT"%|0) /(0] T"|0), ete.

Another class of interesting physical observables are the
spin current J; = i(cr;“(fjjrl —o; 0;;1), local energy hy;, or
similar, which can be all formulated in terms of expec-
tations of a non-Hermitian one-sided hopping operator
wj = a;o;rH. The product B;B_ also leaves the diag-
onal space K invariant, so we introduce another vertex

operator W := 1B, B_ |, or explicitly

o0

W = iZ{aOagﬂﬂa ‘

r=0

Yr+1] + |y |* [r+1)(r|)

+(a)%atar )l + afar @2+ (11}, (18)
in terms of which the hopping expectation reads as

(wj) = (O|T/"'WT"/=10)/(O|T"[0).  (19)

Egs. imply ImW = —ZT so the spin current
(J;) = —2Im(w;) is independent of the position j, man-
ifesting local conservation law of magnetization.

Let us now discuss some explicit results. We note that
formulae give efficient computational prescription
which yields any observable of this type in O(n?) arith-
metic operations. In order to ensure numerical stability
and to avoid singularities we suggest to choose the signs
Tk in computation of auxiliary hopping amplitudes as
7, = 1 for coskA > 0, and 7, = —1 for cosk\ < 0. For
certain values of parameters even closed form results can



be obtained. Analogously to the perturbative case [14],
TMs have effective finite rank m + 1, i.e. they close on
Homs1, for a dense set of anisotropies, A = 7l/m, which
densely cover the easy-plane regime |A| < 1. This hap-
pens because then a;f, = 0 for odd m, or a;,, = 0 for even
m, and the auxiliary hopping process gets cut. For ex-
ample, for A = 1/2 = cos7/3, we calculate spin profiles
and currents by iterating a reduced TM T’ = T4,

1 e2/2 0

1/2 (1+¢e%)/4 (9+¢?)/24 (20)
0 3(1+¢e%)/8 (1+¢2%)/4

T =

combined with the reduced 3 x 3 vertex matrices
V' = V|3, W = W]y,, Explicit expressions for
(0%),{(c%0}), (J;) can easily be obtained by means of di-
agonalization of T'. We obtain exponential convergence
towards the thermodynamic limit (TL), n — oo, with
the rate given by the ratio of two leading eigenvalues
of T', and asymptotically flat spin profiles (¢%) ~ 0.
We prove ballistic transport by explicitly calculating the
(VBIF+74e2+9e%—7—3¢%)e
4(1+4¢€2)

monotonic e-dependence starting as ~ /2 for small
(consistent with [14]), having a maximum at ¢* ~ 1.63,
and decaying asymptotically as ~ 4/(3¢) for large ¢,
qualitatively agreeing with similar results for the non-
interacting XX [I8] and XY chains [I9]. Similar finite
dimension analysis can be made for some larger denomi-
nators m. On the other hand, for A > 1, the TM T has
always infinite rank. In the easy-axis regime |A| > 1, ex-
plicit computations reveal a kinked shaped spin density
profile — agreeing with numerical simulations of negative
differential conductance [20] — and asymptotically expo-
nentially decaying current, (J;) o (|A| + VA2 —1)7",
consistent with suggested ideally insulating behavior [21].

At the end, let us briefly focus on the isotropic case
A = 1. In this case, our hopping matrices @ have to
be regularized by taking mox_1 = 1, 7o = —1, and ¢ =
1/ before taking the limit A — 0, yielding the hopping
amplitudes: a? = 1+ier/2, af = ie, ag, , = 2k+ick(k—
1), a3, = 2k+iek?, ag =1, a5, _, = ie, ay;, = ie(k+3)/k.
The following formulae can be verified with some effort

limit (J;)|noe0 = , having a non-

T.T V] = -5 @V 4 T V)), 1)

OT=V)= (0. (T+V)jo) = o), @)
OIT70) o ((n 3P »

o0y = € ( o2 a) +1+0(Mn™ ), (23)

where o &~ 0.0346. Multiplying by (0|T9~! from
the left, and T"7=2|0) from the right, and using
we obtain in the continuum limit M(z = %) = (0%)
a differential equation M"(z) = —w*M(z) + O(%), and
from the boundary conditions M(0) = —M (1) =
1 4+ O(=z) + O(2), yielding a magnetization profile

M(z) = cosmz, or (0%) =~ cos W%, for arbitrary € >

4

e* = 2r/n. Similarly we use and the contin-
uum approximation to calculate the connected correla-
tor C(z = fl;_ll,y = ) = (o%0) — (0%)(oF), for
j # k. However, as it turns out that the leading or-
der O(n?) of C(z,y) exactly vanishes, we solve the cor-
responding differential equations perturbatively in the
next order in 1/n. Straightforward but tedious calcula-
tion gives C(z,y) ~ = f(min(z, y), max(z,y)) + O(75),
where f(x,y) = 2mz(y —1) sin(nz) sin(mry) 4 cos(mx) ((1 —
2y) sin(my) +7(y— 1)y cos(my)). This is another, now an-
alytic, indication of long-range correlations in far from
equilibrium quantum NESS recently observed numeri-
cally or in non-interacting systems [22]. Eq. and
ImW = —ST imply anomalous sub-diffusive scaling
(1) = S(O/T"10)/(O[T(0) ~ (x*/8)="'n"2, again
valid for any € > £*(n). For ¢ < &* we reproduce the
perturbative result [14], (J;) = 3¢, (0%) = j&*(n+1-2j).

Discussion.- Explicit LTN/MPO ansatz has been writ-
ten describing the many-body density matrix of NESS
of strongly boundary driven XXZ chain, for any bath-
coupling strength. Computation of the physical observ-
ables in NESS is facilitated in terms of tridiagonal trans-
fer matrices which are reminiscent — except for non-
conservation of ‘probability’ — to a classical Markov pro-
cess in the auxiliary space. Results in TL can be obtained
by studying the spectral properties of the transfer opera-
tor. Studying Liouvillian gap or relaxation rates to NESS
and related uniqueness of NESS is yet to be addressed.
Our method seems to open a new ground for construct-
ing exactly solvable non-equilibrium quantum problems
in one dimension, and seems to be unrelated [23] to ex-
isting algebraic methods [8, [I5]. New exactly solvable
models could perhaps be constructed by studying alter-
native cubic algebras of type @[) Discussions with M.
Znidari¢ and support by the grants J1-2208 and P1-0044
of ARRS (Slovenia) are acknowledged.

[1] W. Heisenberg, Z. Phys. 49, 619 (1928).

[2] A. V. Sologubenko et al., J. Low Temp. Phys. 147, 387
(2007); F. Heidrich-Meisner et al., Eur. Phys. J. Special
Topics 151, 135 (2007).

[3] A. Kliimper, Z. Phys. B 91, 507 (1993); M. Takahashi,
Thermodynamics of one-dimensional solvable models,
(Cambridge University Press, Cambridge 1999).

[4] J. Sirker et al., Phys. Rev. Lett. 103, 216602 (2009);
Phys. Rev. B 83, 035115 (2011); S. Langer et al. Phys.
Rev. B 79, 214409 (2009); S. Jesenko and M. Znidaric,
arXiv:1105.6340.

[5] J. Eisert et al., Rev. Mod. Phys. 82, 277 (2010).

[6] F. Verstraete et al., Adv. Phys. 57, 143 (2008).

[7] I Affleck et al., Phys. Rev. Lett. 59, 799 (1987).

[8] H. Katsura and I. Murayama, J. Phys. A 43, 175003
(2010); F. C. Alcaraz and M. J. Lazo, J. Phys. A 39,
11335 (2006).

[9] H.-P. Breuer and F. Petruccione, The theory of open


http://arxiv.org/abs/1105.6340

quantum systems, (Oxford U. Press, New York 2002).
K. Saito, Europhys. Lett. 61, 34 (2003).

H. Wichterich et al., Phys. Rev. E 76, 031115 (2007).
T. Prosen, New J. Phys. 10, 043026 (2008).

T. Prosen, M. Znidari¢, J. Stat. Mech., P02035 (2009).
T. Prosen, Phys. Rev. Lett. 106, 217206 (2011).

R.A. Blythe and M.R. Evans, J. Phys. A 40, R333 (2007).
M. Znidari¢, Phys. Rev. Lett. 106, 220601 (2011).

R. Steinigeweg, arXiv:1103.5001| and Refs. therein.

D. Karevski and T. Platini, Phys. Rev. Lett. 102, 207207
2009).

[19] T. Prosen and B. Zunkovi¢, New J. Phys. 12, 025016

—~

(2010).

[20] G. Benenti et al., Europhys. Lett. 85, 37001 (2009); G.
Benenti et al., Phys. Rev. B 80, 035110 (2009).

[21] M. Mierzejewski et al., |arXiv:1106.0604!

[22] T. Prosen and I. Pizorn, Phys. Rev. Lett. 101, 105701
(2008); T. Prosen and M. Znidari¢, ibid. 105, 060603
(2010); M. Znidari¢, Phys. Rev. E 83, 011108 (2011).

[23] We have shown explicitly that no boundary operators ex-
ist (denoted by D in [I5]) such that they would together
with B satisfy a quadratic algebra, like in all known
solvable classical exclusion processes [I5].


http://arxiv.org/abs/1103.5001
http://arxiv.org/abs/1106.0604

	Exact nonequilibrium steady state of a strongly driven open XXZ chain
	Abstract
	 References


