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We study dissipative translationally invariant free-fermionic theories with quadratic Liouvillians. Using a
Lie-algebraic approach, we solve the Lindblad equation and find the density matrix at all times for arbitrary
time dependence of the Liouvillian. We then investigate the Liouvillian spectral properties and derive a generic
criterion for the closure of the dissipative gap, which is believed to be linked with nonequilibrium dissipative
phase transitions. We illustrate our findings with a few exotic examples. Particularly, we show the presence
of gapless modes with a linear spectrum for fermions with long-range hopping, which might be related to
nonunitary conformal field theories. The predicted effects can be probed in experiments with ultracold atomic
and quantum-optical systems using currently available experimental facilities.
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I. INTRODUCTION

Recent progress in the implementation of controllable
quantum systems has opened novel opportunities for studying
complex many-body dynamics [1-7]. The interplay be-
tween driving, dissipation, and many-body effects drastically
changes the nature of many-body regimes in these systems [8].
This opens fascinating prospects for providing insights about
the properties of quantum matter and generating exotic quan-
tum phases [9-11]. Moreover, driven-dissipative many-body
systems are ideal platforms for studying nonequilibrium phase
transitions that are far less understood than their equilibrium
counterparts [8—15]. At the same time, the implementation
of controllable dynamics of quantum many-body systems
is key for the realization of quantum computing algorithms
[11]. Clearly, any quantum computational protocol requires
external driving, and quantum computing devices are prone
to dissipation (decoherence). Consequently, understanding the
properties of driven-dissipative models plays a crucial role in
exploring the potential of noisy intermediate-scale quantum
devices. This puts the research on driven-dissipative quantum
dynamics on the forefront.

However, such a rich variety of appearing physical phe-
nomena in driven-dissipative systems requires a proper
description, which remains a challenge. Under the assumption
of Markovianity, the time evolution of dissipative quantum
systems is described by the Lindblad equation [16,17] with
the following form:

dp

dt
where p is the density matrix, £ is the Liouvillian superop-
erator, H is the Hamiltonian responsible for the unitary time
evolution, and D is the dissipator governing the nonunitary
evolution. Equation (1) has a formal solution in terms of the

—i[H, pl + Dlpl = Lp, (D
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time-ordered exponential:

p(t) =T exp (/ dTE(T)>p(0). 2)
0

In many cases of physical interest the Liouvillian has an
explicit time dependence, for instance, when some parameters
are modulated. The formal solution in Eq. (2) is then very hard
to deal with.

A remarkable simplification to Eq. (2) arises when differ-
ent terms in the Liouvillian can be identified with different
(possibly noncommuting) elements of a certain Lie algebra
acting in the space of density matrices (superoperator Lie
algebra) [18]. A solution of the Lindblad equation for the den-
sity matrix can then be converted into a product of ordinary
exponentials for an arbitrary Liouvillian time dependence
using the machinery of the theory of Lie groups [19-22].
Nevertheless, except for a few examples, this approach has
not been extensively used even for quite simple models
[23-30]. Thus, the problem of the extension of this approach
to relevant quantum models is of significant importance. We
note that theoretical investigation on driven-dissipative many-
body quantum dynamics has been supported by a number of
experimental proposals. Examples include cold-atom setups
[11,14,31-34] and quantum-optical systems [35] (e.g., arrays
of identical nonlinear cavities coupled via photon tunneling).
Recent findings related to these proposals include the analysis
of topological effects, which are induced or influenced by
dissipation [33,34] (in particular, in the absence of the unitary
dynamics [34]).

In this work, we study one-dimensional dissipative trans-
lationally invariant free-fermionic theories with quadratic
Liouvillians. This is one of the simplest yet experimen-
tally relevant quantum system that admits the Lie-algebraic
treatment. Although this system has been studied previously
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(see, e.g., [8] and references therein), some of the important
aspects still require more detailed investigation. In particu-
lar, we are focused on the investigation of the Liouvillian
spectral properties and derive a general criterion for the clo-
sure of the dissipative gap, which is believed to be linked
with nonequilibrium dissipative phase transitions. This simple
model allows us to gain insight into a variety of interesting
regimes. We provide a few examples of such regimes: (i) the
presence of gapless modes with a linear spectrum for fermions
with long-range hopping, which might be related to nonuni-
tary conformal field theories, and (ii) nonmonotonic rotonlike
spectrum closure, which is promising for the realization of
quantum computing algorithms in the presence of noise.

Our work is organized as follows. In Sec. II, we discuss
the aforementioned Lie-algebraic approach in more detail. We
apply this algebraic approach to a generic one-dimensional
translationally invariant quadratic fermionic Liouvillian and
find the density matrix at all times for an arbitrary time
dependence of the Liouvillian. In Sec. III, we consider the
Liouvillian spectral properties and derive a generic criterion
for the closure of the dissipative gap. We specifically analyze
a few exotic regimes of the spectrum closure. We conclude in
Sec. IV.

II. DRIVEN-DISSIPATIVE FERMIONS

A. Lie-algebraic approach: General case

Let us consider a Liouvillian that can be expressed as
a linear combination of the generators g; of some Lie
algebra A:

La) =) 2()g;. 3)
J

The corresponding Lie group G is then nothing else but the
dynamical semigroup that governs the time evolution. Thus,
the time-ordered exponential in Eq. (2), being an element
in the dynamical semigroup, can be written as a product of
elements in G. In other words, the density matrix at all times
can be written as

p) =[] p(0), 4)
J

where a(t) are yet unknown time-dependent ¢ numbers. The
latter can be found with the following algorithm. One starts by
simply using Eq. (4) as an ansatz for the solution and plugging
it into Eq. (1). Carrying out the time derivative in Eq. (4) and
repeatedly using the identity

ey = (e’”‘d'* y) e, 5)

where x,y € A and ad, - = [x, - ], one brings p to the form of
Eq. (1),1i.e, p(t) = ﬁ,o(t), where p(t) is given by Eq. (4) and
L is again some linear combination of the generators g;, with
the coefficients now depending on a; and a;. Then, requiring
L to coincide with the Liouvillian in Eq. (3), one obtains a
system of coupled ordinary (usually nonlinear) differential
equations for the functions a;(t). For g; in a closed Lie al-
gebra, this procedure is guaranteed to work. In cases where
g, generate a more complicated algebra, e.g., polynomial, this
is not necessarily true. Note that the ordering of the various

exponentials in Eq. (4) can be arbitrary. However, the resulting
differential equations depend on the ordering. In some cases
it is possible to find an ordering that guarantees the simplest
functional form for the system of differential equations, e.g.,
as in Ref. [22].

The crucial advantage of the outlined algebraic approach
is that it can universally deal with any initial condition p(0)
and any time dependence of the coefficients in the Liouvillian.
Below we are going to apply this approach to a translationally
invariant free-fermionic model.

B. Lie-algebraic treatment for dissipative fermions

We consider the most generic one-dimensional translation-
ally invariant free-fermionic Hamiltonian:

H=— Z Z(tnC;Cj+11 + YuCjCjpn + He) — chcj’

j n>l J

(6)
where ¢; and ¢ are fermionic annihilation and creation oper-
ators, u is the chemical potential, and the complex parameters
t, and y, are the hopping and p-wave pairing amplitudes,
respectively. One can see that in the case of the nearest-
neighbor hopping and pairing, Hamiltonian (6) reduces to the
well-known Kitaev model [36]. Under the periodic boundary
conditions, the Hamiltonian (6) in momentum space reads

H=— Z (Skack + iA,ch_ka — iArcrc_y), @)
keBZ

where the summation is over momenta inside the Brillouin
zone, — < k < m, and we denoted

E=p+2)  [tu] cos(kn + argt,),

n>1

Ay = Z Yy Sinkn. ()

n>1

Note that & € R, but £&_ # &, unless all 7, are real. Also, one
always has A_; = —A; and, in general, A; € C. However, it
can always be factorized as

Ay = sinkl&ﬂemg&, &)
where A_; = A; € C, and the phase of A; can be removed
from the Hamiltonian by a gauge transformation

cp = & e mEd/2 (10)

However, the phase will reappear in the coefficients of the
Liouvillian.
The dissipation is described by the dissipator

Dlpl =) (LipL] = 3{L]L;. p)). (11)
J
where {-, -} is the anticommutator and L; is the jump opera-
tor whose explicit form depends on the specific type of the
dissipation process.
Let us take the jump operator in the most general form that
is compatible with translational invariance:

Li = (j_nCy + vjnc)), (12)
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where u, and v, are arbitrary functions. The jump operator
then has the following Fourier components:

Ly = ugcy + e’ (13)

where u; and vy are the Fourier components of u, and vy,
respectively.

We then write the dissipator (11) in momentum space as
Dlp] = >_; Dk, where

Dilpl =l ckpef + ol e’ pey

+wvicrpe—g + ufvect pof — MLILe, p),  (14)
|

with
LTL _ 2 . 2 1 — ¥
L = lugl“cpep + ol (1 — ¢l pey)
+ wvgcgck + uzvkc,icik. (15)

Thus, in momentum space the Liouvillian reads

1
E:EE:@, (16)

keBZ

where the component £ is given by

Ly = i& (X1 — Xo) + 64 (X3 — X4) + 2407 (Xs — Xo) — 20:(X7 — X3)
— Hax (X 4+ Xo) + a_x (X + Xa) + bi(Xs + Xo) + b; (X7 + Xs) + Agl]
+ ¢, Xo + ¢ Xi0 + 0k X1t + 0 X12 + 0k Xi3 + 0%, Xig + exXis + e X6 (17)

and for brevity we denoted
2 2 * *
e = lug]” — Jv—l”, b = v —ut vy,

G = lwml*, % =wmvl, o= |ult (18)
In Eq. (17) we also introduced the function
Ar = lugl® + Tl + lu—g* + g (19)

and a set of superoperators X ;, which act on the density matrix
p in the following way:

1 1
X130 = <”ik - 5),0 Xo4p= P(”lik - 5)

Xsp=clc',p, Xep=pcicl,,
X70=c_pckp, X p = pc_ycy,
Xop=crp CZ, Xiop=cyp Cik, (20)

Xup=cpcy, X12,0=CT_k/OC£,

Xi3p=ckpck, X4 p =C}'<,00ik,

Xisp=c pc, Xi6p = ¢} p ck.

where n, = cfc,.
Let us note at this point that the gauge transformation (10)
leads to

—iarg Ay /2
9

Uy — uge Ve —> vpe /2, [@2))

Therefore, by removing the phase of the pairing amplitude
Ay from the Hamiltonian (7), we reintroduce it in the dissi-
pator part of the Liouvillian via the functions b; and 0; from
Eq. (18).

Defining the commutator for two superoperators X; and X
as

[Xi, Xjl p = Xi(Xjp) — X;(Xip), (22)

one can show that the superoperators in Eq. (20) form a
closed semisimple Lie algebra isomorphic to u(1) ® sl(4, C).
Their commutation relations are given in Appendix A. Since
Liouvillian (17) is linear in the generators (20), we can use
the algebraic approach discussed in Sec. II A. In particular,

(

we can obtain an explicit solution for the density matrix at all
times, as we show in the next section.

C. Solution for the density matrix

We now proceed with constructing a solution to the Lind-
blad equation of the form in Eq. (4). For this purpose it is
convenient to exploit the structure of the algebra generated by
superoperators (20).

First of all, one can easily check that the u(1) generator is
simply the linear Casimir invariant given by

=X —X—X3+X, (23)

which commutes with all other superoperators from Eq. (20).
Second, for the sl(4, C) subalgebra it is useful to choose a
basis in the following way:

Y1 = —Xi, Ys=—Xs, Y11 = Xo,

Y, = X3, Y7 = — (X7 + Xy), Yo = —Xi1,
h=-X;, YK=X+X, Yi3=—X5, (24)
Yy =X, Yo=—-(X+X3), Y14 = X2,

Ys =Xi6, Yo = —Xs, Yis = —Xs.

The above choice of the basis is motivated by the results of
Ref. [22] and corresponds to the Cartan decomposition of
the algebra sl(4, C) with respect to the Cartan subalgebra
spanned by the generators Y7, Y3, and Y. In terms of super-
operators (23) and (24), the Liouvillian in Eq. (17) reads

Ag(t)

Li=—=3

15
1+ a0y, (25)

=0

where the coefficients a; are given by
i
a =5 —E0). @ =—cp

1 *
az = E(bk +4Ap),

as = e,
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1 . .

ag = a;, a; = E(a_k + lE—k + ZSI(),

1 *
ag = E(a—k — ), ag = ay,

1 *
ay = E(bk —4A), an =,
ap = -0, aiz = ajy,
ajy = —dajy, ajs = —¢k. (26)

Let us emphasize once again that the method we are going to
use allows one to deal with arbitrary time dependence of the
parameters, and hence, all a; in Egs. (25) and (26) can be time
dependent.

We now employ the algorithm described in Sec. IT A and
seek the solution to the Lindblad equation (1) in the following
form:

p) =T o),
keBZ

o) = e/ OLtuoMYo Y1 || s 0 (0), 27)
and the functions f(z) and u;(¢) are yet unknown time- and
momentum-dependent functions. Essentially, the ansatz in
Eq. (27) is nothing other than the Gauss parametrization of
SL(4, C). Differentiating Eq. (27) and taking into account that
px for different kK commute, we obtain

p) = @ [T pa0). (28)

keBZ q#k

Keeping in mind that ¥ commutes with all other generators
Y;, we have for oy

ok = (fll + ¥y + iy Yy + e * MY,

15
) et Yj)pk, (29)
j=3

where, in order to obtain the last term in the first line and
the second line, we used Eq. (5). Then, using the results of
Appendix C to calculate various adjoint actions in the second
line of Eq. (29), we rewrite Eq. (28) as

pi) =Y Ln)p@), (30)

keBZ

where we denoted

15

Li(t) = fOL + i)Y + Y @i (i)}, @)Y, (31)

j=1

The coefficients ¢;({tt;(¢)}, {u;(¢)}) result from the adjoint
actions in Eq. (29). They are linear in i, but can be nonlinear
in u(t).

For the density matrix in Eq. (27) to satisfy the Lindblad
equation (1) with the Liouvillian given by Egs. (16) and (25),
we have to require the superoperator £ in Eq. (31) to coincide
[up to a factor of 1/2; see Eq. (16)] with the Liouvillian (25).
Then, by matching the coefficients of 1 and Y;, we obtain a

set of equations for the functions f(z) and u;(t):

f(t) = —Ap(t)/4,
@ ({i ()}, (D)) = aj(1)/2

uo(t) = ao(t)/2,
(G=1...,15), (32

where the inhomogeneities a; are given by Eq. (26). Obvi-
ously, all initial conditions are zero, f(0) = u;(0) = 0. For the
sake of readability, the explicit form of the equations for u; in
the second line of Eq. (32) is presented in Appendix D. Here
we mention only that the equations for u;, u;, and u3 form a
system of three coupled Riccati equations. Similarly, u4 and
us satisfy a system of two coupled Riccati equations. Finally,
ug obeys a scalar Riccati equation, and all other functions
uy, ..., us satisfy linear first-order equations that can be di-
rectly integrated once the solutions for the preceding functions
are known.

To summarize, we have reduced the Lindblad (operator)
equation (1) to a set of scalar equations (32). Once the so-
lutions to Eqgs. (32) are known, one immediately obtains the
density matrix at all times from Eq. (27).

A few comments are in order. First of all, in general the
coupled Riccati equations in Eq. (32) cannot be solved in
quadratures, and one has to solve them numerically. Never-
theless, it might be easier to gain insight into the physics and
analyze the influence of various parameters via the solution of
Egs. (32), rather than by a direct numerical integration of the
(vectorized) Lindblad equation in some basis.

Second, in order to proceed further one should specify
the initial condition p(0). Then, the action of the exponential
factors in Eq. (27) can be calculated. However, this is beyond
the scope of the present paper.

Finally, we would like to comment on the applicability
and the advantage of the Lie-algebraic method that we have
used. As we discussed in Sec. Il A, the method can be applied
to any dissipative quantum system whose Liouvillian can be
expressed as a linear combination of the generators of some
closed Lie algebra. The method is especially useful in bosonic
theories, where the underlying Hilbert space is infinitely di-
mensional, and the numerical solution can be obtained only if
one truncates the Hilbert-space dimensionality.

For the fermionic theories that we are dealing with, the
Hilbert space is finite-dimensional, and this allows one to
construct the Liouvillian using a faithful matrix representation
in a physically meaningful basis. We do so in the next sec-
tion, with the purpose of investigating the Liouvillian spectral
properties.

III. LIOUVILLIAN SPECTRUM

We now proceed with constructing a faithful matrix rep-
resentation for the superoperators (20) in order to find the
Liouvillian spectrum. For a given k > O the Hilbert space
is four-dimensional, and we choose a basis spanned by the

vectors
0. 0_) = (‘1)) ® (?) = (0.0.0.1,

|1, O0—x) = <(1)> ® ((1)) =(0,1,0,0), (33)

052220-4
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0. 14) = (‘f) ® (5) = (0.0.1,0)",
1\ _ (1 ,
-0 = (3) @ (g) = 0,007

The fermionic annihilation and creation operators for
modes k and —k in this basis are represented by

k=0 ®op, Cc=—-0380,

cd=0"®0y, ¢, =-03@0", (34)
where ® is the tensor product, ot = (o, + i0,)/2, and o; are
the Pauli matrices. One can easily check that the matrices in
Eq. (34) satisfy the canonical anticommutation relations. The
minus signs in the matrix representations for ¢_; and ¢', in
Eq. (34) are needed to preserve the signs in the mapping be-

tween the basis states in Eq. (33). Then, using the well-known
vectorization property

|JABC)) = (C" ® A)|B)), (35)
we write
| X;0) =X o), (36)

where |p)) is a vector formed from the columns of p and
the matrices X are given in Appendix B. Then, applying the
outlined vectorization procedure to the Lindblad equation, we
obtain

1
1) =5 3 Ll (37)

keBZ

where L, is a matrix representation for the Liouvillian £y
from Eq. (17). Its explicit form is given in Appendix B.

It is now straightforward to find the spectrum of L; by
direct diagonalization, which yields

1
A=0, Ap= _EAk +ilg —&-p),

Az = A1 + Ao,

1

Aas = _Z(Ak +2i(& — &) £ VU + Vi),
1

WRES _Z(Ak =205 — &) = VU — Vi),

1
Ago = =7 A = 206 — §-) £ VU + Vi),

1
Alo,11 = _Z(3Ak + 2§ — &) £ VU — V),

1
A2,13 = _Z(ZAk +2 Uy +\/m)’
1

where Ay is given by Eq. (19) and we denoted

Al14,15

Up = OF + |04 * — [4(& + E_1)* + 1BAL],
Vi = 2025 + £_1)Ox + Im((8 A ) dy)], (39)

with
Or = luel* — [vl* — Ju_* + lv_l?,
D) = 2(uvf + u_gv*,), (40)

and &, A, given by Eq. (8).
The functions Ay, ®;, and ®; are related to each other via

O + |Pk* = AL — [Vl (41)
with
W = 2(ugu” , — vkv*,), (42)

and thus, U, < A2 Taking into account that

2
sgn
Im(y/x + iy) = g\/(zy) —x+ /X242, (43)
one finds the following relations between the eigenvalues:
Ay = AJ, re7 =My s,
Ag9 = Al + A4 s, Ao,11 = Ag9, (44)

A12,13 = 2Re(Aq;5), Ma=Als = As + A%

Therefore, the whole spectrum can be determined from the
knowledge of A, A4, and As. Moreover, the eigenvalues can
be grouped into subbands by their real parts. Denoting v; =
Re(X;)/Ag, we have

—1<V46<—l, —1<V57<0,
7 S 4 45
-1 <18 10<—§, _3 <v < —z, 45
: 4 4
—1<V12<—l, —lgvm\o
2 2 h

Thus, we immediately see that if A # 0, the dissipative gap
closes when Re(Xs7) = 0, which also forces the real part
of A;3 to vanish. On the other hand, if for some k one has
Ar =0, then Re(A;) =0 for all j [37]. In other words, if
there exists a momentum mode at which the dissipative gap
closes, then there is either a quadruple degeneracy, Ay =
Re(As) = Re(A7) = Re(A13) = 0, or a total degeneracy where
at this momentum mode all eigenvalues have a vanishing real
part.

A. Closure of the dissipative gap

Let us now analyze the dissipative gap and conditions of
its closure in more detail. As can be seen from Eq. (38),
in the general case the gap-closure condition reads A; =

Re(y/Uy £ iVy), which yields
Al —UA; — V2 /4 =0, (46)
or, taking into account Egs. (39), (41), and (43),
AP + 48+ E0)” + BAPPT = VE/4. (47)

In the case of purely dissipative evolution, i.e., & =
Ay = 0, one has V;, = 0, and Eq. (47) reduces to Ag|W;| = 0.
Then, the dissipative gap closes if Ay =0, leading to the

052220-5
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totally degenerate case, or if uzu*, = viv*,, leading to the
quadruple degeneracy.

In the simplest case, in which the coefficients u;_, and v;_,
in Eq. (12) are real, condition (47) simplifies. The Fourier
components then obviously satisfy

U_j = Uy, v = Vp, (48)

which leads to ®; = 0 and ®; = 4Re(uv;). Note that prop-
erty (48) is violated by the gauge transformation (10), and for
this reason the case of complex A should be treated with care.
Assuming that Ay is real, we have V;, = 0, and the gap-closure

condition (47) can be satisfied by
& t+éu =AM =0, Uy = V. (49)

Below we consider more nontrivial cases of the gap clo-
sure.

B. Gapless modes with a linear spectrum

Let us consider fermions with zero pairing (A = 0) and a
long-range hopping of the following form:

X 2 coskn
f=pn+) ——— =p+2Cik, (50)
n=1 n
where Ciyk is the Clausen function, which is related to the
polylogarithm as 2Ciyk = Liye* + Liye™*. For 1 < a < 3 it
has the following expansion for small &:

2
Cigk ~ ¢ (o) + T'(1 — ) sin ”70‘|k|°H — (o — 2)%, (51)

where ¢ (x) is the Riemann ¢ function.
For simplicity we take a jump operator of the form

Lj = g +ch), (52)

such that u; = vy = ,/g. This corresponds to the case de-
scribed above. We have A, = &, = 4g, O, = 0. Therefore,
Vi = 0, and Uy = 16(g*> — £2). For Uy > 0 we thus have

Ag=Re(is7) = IRe(in) = —g+ /¢ — &2, (53)

The dissipative gap Aq closes if & = 0. From Egs. (50)
and (51) we immediately see that this happens at k = 0 for
w = —2¢(a), and sufficiently close to zero, the gap behaves
as |k|*@=D, which for a = 3/2 gives

4
Ay~ —?”|k|, = —2¢(3/2). (54)

This linear behavior is demonstrated in Fig. 1. For u <
—2¢(3/2) the gap is open (A4 # 0), whereas as one in-
creases the chemical potential beyond p = —2¢(3/2), the
gap-closure point at k = 0 splits into two symmetrical points
at xk,, satisfying Cizok, = —p /2. In the vicinity of these
points the gap behavior changes from linear to quadratic:

1 A .
Ag ~ _2—[1'Li1 e —iLijpe (k] — k) (55)
g

The function in the square brackets is non-negative for all
0 < k, < 7, and it vanishes only for k, = m, corresponding

0.0 0.5 1.0 1.5 2.0 25 3.0

FIG. 1. The dissipative gap A4 versus momentum k for the long-
range hopping model [see Eq. (50)] with the dissipation described
by jump operator (52). The dotted line shows the asymptotic linear
behavior according to Eq. (54). The dissipation strength is g = 5.

tou=0Q2-— «/5)((3/2). Thus, near the boundaries of the
Brillouin zone the gap behaves as

L O- 42 (-Y)
2g

Ag ~ (k| — m)*. (56)

Finally, for 1 > (2 — +/2)¢(3/2) the gap opens again.

It would be interesting to investigate whether such regimes
can be related to nonunitary conformal field theories. How-
ever, this question is beyond the scope of the present work,
and we leave it to future investigations.

C. Multiple gap-closure points

An interesting situation appears when the spectrum closes
simultaneously at zero and finite momenta. In these cases
the Liouvillian spectrum exhibits a feature resembling rotons,
which are a special kind of elementary excitation forming a
minimum of energy at finite momentum in quantum liquids,
such as “He and dipolar quantum ensembles.

This “rotonlike” form of the Liouvillian spectrum can be
achieved in a number of different ways. Here we restrict
ourselves to one of the simplest cases, namely, the dissipative
Kitaev model described by Hamiltonian (7) with

& =u+2cosk, Ap=ysink, (57)
and the following jump operator:
Lj = /glej +8ict + 8a(cjmn + 8¢, ). (58)
In the momentum space [see Eq. (13)] it has the coefficients
up = /81 +826™), vy = J28(81 + 8283¢™).  (59)
Using Eqgs. (38), one can easily show that by choosing
Si=8=i, &h=-1 (60)

for an arbitrary value of the pairing amplitude y and —2 <
1 < 2 the dissipative gap closes simultaneously at £ = 0 and
at a nonzero momentum inside the Brillouin zone. This is
demonstrated in Fig. 2. In the vicinity of both gap-closure
points the gap behaves as Ag ~ k2.
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FIG. 2. The dissipative gap A4 versus momentum k for the
Kitaev model with the dissipation described by jump operator (58).
One can clearly see the rotonlike feature leading to the simultaneous
gap closure at zero and finite momenta. The choice of parameters
corresponds to Eq. (60). The pairing amplitude is y = 0.2 and the
dissipation strength is g = 0.1.

The configurations discussed in this section are promising
for the realization of quantum computing algorithms in the
presence of noise.

IV. CONCLUSION AND OUTLOOK

In conclusion, we have investigated dissipative trans-
lationally invariant free-fermionic theories with quadratic
Liouvillians. We have demonstrated the applicability of the
Lie-algebraic approach for the description of dissipative trans-
lationally invariant free-fermionic theories with quadratic
Liouvillians. We have derived the criterion for the closure
of the dissipative gap, which is believed to be linked with

J

nonequilibrium dissipative phase transitions. We have also
provided a few examples of exotic regimes of the spectrum
closure: (i) the presence of gapless modes with a linear spec-
trum for fermions with long-range hopping, which might be
related to nonunitary conformal field theories, and (ii) a non-
monotonic rotonlike spectrum closure, which is promising
for the realization of quantum computing algorithms in the
presence of noise.

Further directions of our studies are related to including the
topological effects in the consideration. In addition, it is an in-
teresting point to understand the potential role of the obtained
configurations with the nonmonotonic spectrum closure for
quantum computing.

We expect that the predicted effects can be probed in ex-
periments with ultracold atomic and quantum-optical systems
using currently available experimental facilities. Recently pro-
posed setups for the realization of the Kitaev model used
systems with a sufficient degree of tunability, such as atomic
quantum wires and arrays of identical nonlinear cavities cou-
pled through nearest-neighbor photon tunneling. These setups
can be extended for the realization of the model, which is
considered in our work, which makes it realistic to observe
predicted phenomena.
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APPENDIX A: SUPEROPERATOR ALGEBRA

In this Appendix we present a table with the commutation relations for the algebra generated by the superoperators defined

in Eq. (20).
In Table I we denote

A =X+ Xs,
B =X, + Xy,

C=X +X,
D =X;5+ Xy,

E =X — Xy,
F=X—X;.

APPENDIX B: MATRIX REPRESENTATION

In this Appendix we present a matrix representation for the superoperators defined in Eq. (20) and for the Liouvillian in
Eq. (17). As discussed in Sec. III of the main text, this matrix representation corresponds to choosing a basis (33) in the Hilbert
space for a given momentum mode k. Then, using Eqgs. (20) and (34)—(36), one obtains

1
X =00®00Q®(cte7)®ap — E]L

1
X3 =00®Go®00®(0+0_)—§]1»
Xs=-00®0®(0T03)®@0™,
X7 =00®00® (0 03)®0,
Xg=0 ®op®0 & oy,

1
X =(0T07)® 0y ® oy ® g — E]l,

1
X4 260®(G+U_)®00®60_ E]ls
Xe=—(0307)®0~ ® oy o0y,
Xs = (030 T)® 0" ® 0y ® 09,

Xp=03Q0 Q0307

(BI)
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TABLE I. Commutation relations for the algebra generated by the superoperators defined in Eq. (20).

Xl XZ )(3 X4 XS X6 X7 XS X9 X]O Xl] X]Z X|3 X|4 XlS X|6
Xi 0
X 0 0
X3 0 0 0
Xy 0 0 0 0
Xs —X; 0 —X; 0 0
Xs 0 Xs 0 Xs 0 0
X7 X7 0 X7 0 —A 0 0
X 0 —Xg 0 —Xg 0 B 0 0
Xo Xo Xo 0 0 X0 0 0 X1 0
X0 0 0 X0 X0 —Xi4 0 0 —Xi3 0 0
X1 X1 0 0 —Xi Xis Xo 0 0 0 —X; 0
X1 0 X1 —Xi5 0 0 0 Xo Xis 0 —Xs 0 0
X3 0 —Xi3 X3 0 —Xi6 —Xi0 0 0 X7 0 0 F 0
X4 —Xi4 0 0 X4 0 0 —Xj0 —Xi6 Xs 0 E 0 0 0
X5 0 0 X5  —Xis 0 X X1 0 0 D 0 0 —-Xs -Xs 0
X6 —Xi6 —Xi6 0 0 0 —Xi4 —X13 0 (o 0 X3 X5 0 0 0 0
Xii=-0300"®0 Qo0p, Xp=-0 ®0)Q03Q0",
X3=-0"®0p®m®c™, Xu=-0300 ®ct ® oy,
X15=U3®O'+®O'3®O'+, X16=O'+®O'0®U+®Uo,
where ® is the tensor product, o; are the Pauli matrices, ot = (o) L ion) /2, and 1 is the 16 x 16 identity matrix.
Using Eqgs. (B1) and (17), we immediately obtain the following matrix representation for the Liouvillian itself:
K 0 0 QIZ,+ 0 [ 0 0 0 0 e_x 0 g+ 0 0 0
0 & 0 0 0 0 0 —0_ 0 0 e g 0 g+ 0 0
0 0 C_ 0 —0 0 0 —e; 0 0 0 0 0 0 p/Pn 0
W 0 0 Fee O -2 O 0 0 0 o 0 0 0 0 Wy
0 0 -, 0 ay 0 0 .0 0 0 0 0 0 e, O
C_k 0 0 —0%, 0 Din 0 0 0 0 0 0 —0_¢ 0 0 [
0 0 0 0 0 0 Sr— 0 0 0 0 0 0 0 0 0
L, — 0 0 —C_ 0 g — 0 0 & 0 0 0 0 0 0 [ 0
1o - o0 0 0 0 0 0o ¢, 0 0 A, 0 —¢ 0 O
0 0 0 0 0 0 0 0 0 S, 0 0 0 0 0 0
[ 0 0 0 0 0 0 0 0 0 D 2 0 [ 0 0 8
0 (8 0 0 0 0 0 0 g 0 0 ¢, 0 0 0 0
w0 0 0 0 -2 0 0 0 o o, 0 F., 0 0 A,
0 w0 0 0 0 0 0 -y O 0o o, 0 & 0 0
0 0 2 0 C 0 0 [ 0 0 0 0 0 0 (G 0
0 0 0 A 0 [ 0 0 0 0 [ 0 Ay, — 0 0 D3
(B2)
where the functions ¢, 0x, and ¢, are given by Eq. (18) and for brevity we introduced the following quantities:
Ao = % - %k — 20 A, D1 = —Ck — &,
¢k=—%—tk—%—i§4¢, Dio = —c — ¢,
& = —%k - % —e — i€k, Dz = —ep — e,
o= -GS S ok, (B3)

witho = +1.
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APPENDIX C: NONTRIVIAL ADJOINT ACTIONS efadYs Yo =Yy + 175,

FOR 54, C) md s
e sY =Y + ¥y — )5,
€™ Y1y = Yip + 1Yo,

e MYy = Yy — V3,

In this Appendix we present all nontrivial adjoint actions
of the superoperators defined in Eq. (24):

eradyl Y7 = Y7 — 1Y,

e‘tady' Y9 = Yg — ‘L'Yl,

Y = Yio — T, Y, =Y, + 11,

R N Yy = Ys + 1Yy,
Y = Yis + 1Y), e MY, =Y, — 2tYs,
MY, = Yy + Ve, e Yy = Yy + 1Y,
MYy = Vis + (Y + Vs + Yo) — T2V e Y = Yo + 1Yy — 1Y,

tad
e Y, =Y — thy,

Tady
. e Y5 =Y5 — 1Y)
e‘l,’cldyZY6 — Y6 _ TY] , 15 15 14,

&MY, =Y, + 1Y,

4 ad
ey, = Y5 — 1Y, e MY = 'Yy,
tad -7
eradYZYg =Yy — 1Y, eY, = e 'l,
2 tad T
erdYZY” =Y - ‘L'Y3, eNY, = e'Yy,
tad -7
etady2Y13 — Y13 + TYS, e Y7Y5 = e YS,
ad, 2 tad _ 21
e Yy =Yu+tX+Y) — 1715, e Y = e ¥,
rad -2t
eradY2Y15 = Yi5 + tho, e Y1y = e Yo,
Tady. T
et MY =e' Yy,
tady. I 4
efady3 Y4 — Y4 _ ‘EYI, e 7Y12 =e Ylg,
Tady. _ T
ezady3 YS — YS _ ‘L’Yz, e 7Y14 =e Y|4,
tady. I 4
el’ady3Y8 — Y8 + TY3, e 7Y15 =e Y]S,

€Tady3 Y9 = Y9 — 2‘L'Y3,

d 2

e Y3 =Y+ 1Y — t7Y5, emdy??Yz =¢'Y,,
,d —

e MYy =Y + 1l eMY; = 'Y,

€™M Ys = Vs + TV, ey, = €Yy,

eradyg YS — eZt Y5 ,

ey = Y5 + 1Y, ey, = 7Y,
ey, = Y, — 1Yy, ™Yy = e Yo,
erady4 Yo = Ys — 1Y5, eradyg Y = 672TY11’
eMYy =Yy + 1Yy, e Yy, = e Yo,
ey = Yy — t¥s, e Y3 = eV,
erady4 Yll — Y“ + TYé, etadyg Y. = e_tY|4,

d 2
e MYy =Y+t +Yg) — 174,
Tad,
e’"Ys = Y5 — s, ey = ey,

eTady9 Y2 — e‘[ Y2 ,

e™ads Y5 =Y+ 11>, e Y; = eZtY3s
e™2ds Yo =Yy — 1Yy, eradY9Y4 =e 'Y,
£vadrs Y =Y+ 1Ys, eTadr Ys = e Y5,
e Y5 Yy = Yy — 27Y5, MY = ey,
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e MY, = eV, MYy =Yg + t¥ha,
erady‘)YB = 672TY13, erady'2Y9 =Yy — 1,
e MYy = e Yy, ™Yy = Y3 — t¥s,

e MY)s = e TYs,

eradym Y1 = Yl — TY4,
ey, = Y, — Y5,

eradyu Y3 = Y3 — TYQ — ‘1,'2Y13,
Yy =Yy — 1V,

" Yo = Yo + 217713,

e Yy =Y 4 thy,

e MYy = Yy + Vs,

ey, =Y, 4 t¥s,

eradylo Y4 = Y4 + ‘L’Y5,

e Y, = Yy — t¥s — T2Yh0,
eradylo Y7 = Y7 + 2‘L’Y10,

e MYy = Yy — t¥o,
™Moy =Yy — 11y,

e MYy, =Yy — t¥is,
ety =Y, — 1Y,

MY, = Y — t(Yg + Yo) — T2V,

eTady” Y, =Y, + 1Vs, etadry ;=Y — 1174,
ey, =Y, — t¥s, e MsYs = Y5 + t¥i3,
eYs = Ys — ¥y — TV, etiney; = ¥ — th,
ey, = ¥ — TV, e MsYy = Y5 + V4,
emdy“ Yg = Yg + 2TY]1, eradyMYg = Y9 + TYM’
e Yy =Yy — TV, €™ MiYyo = Yio + Vs,

tady,
e’ Yy = Yo+ 1o,
Tad
e'*MiY3 = Y3 — 1Y, erady15Y1 =Y -1+ Y+ Y — T2Y15,
€™ sy, = ¥, — 1Yo,
é‘mdylS Y3 = Y3 — ‘Ele,
e sy, =Y, 4 Vs,
e MsYs =Yg + Vs,
sy, = Y5 + 1Ys,
£" s Yo =Yy + tY15.

ey, — ¥, 4 1Y,

ey, =Y, — (Vs + Xg) — Vo,

€T Ys = Y5 — ¥,

MYy = Yo + 1V,

e MY, = Yy + 1Yy,

J

APPENDIX D: DISENTANGLEMENT EQUATIONS FOR s((4, C)

In this Appendix we present the explicit form of the equations for uy, u,, ..., u;s from Eq. (32). The functions u,, u,, and u3
satisfy the following set of three coupled Riccati equations:

201y = aa) + Cayuq) + uayug, - bay, (D)
with
uj a —dais
up=|u], apn=|al], buy=|—-au], (D2)
us az —ai3
and
ar + ag ag as
Cay = ao —ay +asg +ag as . (D3)
ap ap —ag + 2ay
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The functions u4 and us satisfy a set of two coupled Riccati equations:

200 = ap) + Cayue) + U, - ba), (D4)
with
Uy as — apu —ap + asus
up) = , ap) = , bp = , D5
@ <u5) @ <as - 6113142) @ (—all + 1114143) D3)
and
ar +ag — ag + apzuz — ajsi ae — a4l
Cp = . D6
@ ( aip — aisiz —a7 + 2a3 — a9 — asuy + 013143) (06)
The function ug satisfies a scalar Riccati equation,
2its = uglarsur + us(arn — aysus) — aiol — arauy + us(araus — apy) + ag
+ugl—aisur + ajquy + us(aisus — apn) + us(an — aguz) + 2a7; — ag). (D7)
Once the solutions to Eqs. (D1), (D4), and (D7) are known, the remaining functions u7, ..., u;s can be found by direct
integration. Specifically, we have a set of three differential equations, completely determined by solutions of the previous six
equations,
2u7 = —aysu; — apuy + ug(aisuy + appus — ayg) + uz(aisug — ajsusug) + az,
2ug = —aysuy — @14ty — apitg — ayus + uz(aisig + aiaus) + as, (D8)
2ug = —asu; — aygy — ajzuz + ao;
a set of two differential equations determined by the previous nine solutions,
2itp = €7 [ayy — aysup — us(arn — aisuz)l,
- 2 (D9)
iy = e T layy + apue — uz(ars + aisue)];
and, finally, a set of four differential equations, completely determined by the solutions to the previous eleven equations,
2ty = e e S uo[ary + anue — uz(as + aisue)] + € (a — arsus)},
23 = €7 (aysus + araus + aiz),
2ty = T TOLT T Oy (ay3 + arsiy + araus) + € (asite + ara)],
2ys = €T [Ty 0 (ag3 + arsu + araus) + €S uo(@isie + aia) + arse™ . (D10)
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