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We investigate the impact of nonreciprocity on universality and critical phenomena in open quantum
interacting many-body systems. Nonreciprocal open quantum systems often have an exotic spectral
sensitivity to boundary conditions, known as the Liouvillian skin effect (LSE). By considering an open
quantum XXZ spin chain that exhibits LSE, we demonstrate the existence of a universal scaling regime that is
not affected by the presence of the LSE. We resolve the critical exponents, which differ from those of free
fermions, via tensor network methods and demonstrate that observables exhibit a universal scaling collapse,
irrespective of the reciprocity. We find that the LSE only becomes relevant when a healing length scale &, at
the system’s edge (which is different from the localization length of the eigenstate of the Liouvillian) exceeds
the system size, allowing edge properties to dominate the physics. We expect this result to be a generic feature
of nonreciprocal models in the vicinity of a critical point. The driven-dissipative quantum criticality we
observe has no classical analog and stems from the existence of multiple dark states.
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Introduction.—Universality in nonequilibrium systems
can be seen in numerous phenomena ranging from directed
percolation [1], flocking [2—4], Kardar-Parisi-Zhang phys-
ics [5] observed in various platforms [6—16], and nonrecip-
rocal phase transitions [17-23]. Recent advances in open
quantum systems offer an exciting avenue for extending this
concept. This is exemplified by criticality in non-Hermitian
systems [24,25], open quantum systems [19,20,26-46], and
measurement-induced phase transitions [47,48]. Engineered
nonreciprocal couplings provide a promising direction for
furthering these investigations. A number of platforms
[49-55], including an optomechanical circuit [49] and cold
atoms [50,54], have demonstrated that asymmetric (nonre-
ciprocal) transport can be engineered [56—68]. Surprisingly,
the spectrum of a system of particles hopping asymmetri-
cally on a lattice exhibits extreme sensitivity to changes in
the boundary conditions, known as the non-Hermitian skin
effect [69-82] or Liouvillian skin effect (LSE) in the context
of open quantum systems [57,63,66—68]. As spectral prop-
erties are usually a key element in determining the behavior
of observables, one might expect that the presence of the
LSE drastically alters the physics and hence the universal
features (as was indeed shown in several works [63,68,83]).

In this Letter, we introduce a nonreciprocal open
quantum spin system that exhibits universal properties that
are unaffected by the LSE. For equilibrium critical phe-
nomena, generic observables follow a universal power law
as a function of the distance to the critical point |7 — 7|
(e.g., Cy ~|T — T |7, where Cy is the specific heat and «
is a critical exponent). This Letter considers an analogous
situation in a nonreciprocal open quantum spin system
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exhibiting a quantum critical point. As the parameter I'
controlling the distance to the critical point is reduced, we
observe universal behavior (e.g., M ~ I'* 4 const, where M
is the magnetization) that is independent of the strength of
the nonreciprocity, contrary to the expectation given by a
strong spectral sensitivity to boundary conditions.
Quantum criticality is demonstrated by the scaling collapse
of observables, which exhibit the same critical exponents
across various microscopic parameters. The resolved criti-
cal exponents differ from free systems, which we attribute
to many-body interaction effects. We find that the LSE only
impacts the bulk physics in the regime where the healing
length &, at the edge of the system (that diverges at the
critical point I' — 0) exceeds the size of the system. This
length scale &, is different from the localization scale of
the eigenmodes of the Liouvillian [65]. We expect LSE-
independent universality to be generic for nonreciprocal
systems near a critical point.

Critical dynamics with nonreciprocity.—To study the
effect of nonreciprocity on universality, we consider a
quantum spin system whose interactions are reservoir-
engineered to be nonreciprocal. The evolution of the
system’s density matrix p in the presence of Markovian
dissipation obeys the Lindblad master equation [84]

PO _ g =it p(0] + D] ()

with dissipators D;[-] = ﬁj[-]ﬁ; —%{I:;[A,j, [[]} at site j.
We solve Eq. (1) using time-evolving block decimation
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(TEBD) [85-87]; see Supplemental Material (SM) [88] for
details and Refs. [96-107] for examples of tensor networks
applied to open quantum systems. We focus on the
paradigmatic quantum XXZ spin Hamiltonian

JZ( (8785, +8F S,+1)+Ass5+,> (2)

where J and A are the exchange interaction and anisotropy,

respectively. The spin-1/2 operators obey [Sf,Sf]

i0; ]ej‘chC and we set 7 = 1. To study the nonreciprocal

interaction effects, we use the dissipator

Lh = k(87 + €85,,). (3)

In the SM [88], we provide a concrete proposal for
implementing this correlated dissipation in a trapped ions
platform using dissipative Aharanov-Bohm rings [56,108],
utilizing recent experimental advances [109-111]. It
becomes clear that the dissipator (3) gives rise to a
nonreciprocal interaction [Fig. 1(a)] by considering the
conditional Hamiltonian, H.q = A — (i/2) 3 i lA,j-TI:;, gov-
erning the evolution in the absence of quantum jumps:
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FIG. 1. (a) Left: two quantum spins coupled to a bath with
coupling strength k. The bath acts on the spins as ﬁj- =
V&(87 + €87, )). Right: the phase ¢ causes interference that
results in an effective system of nonreciprocally interacting spins
and additional local on-site baths. (b) Relaxation of magnetiza-
tion from the initial state with a single up spin in the center of the
chain for a nonreciprocal (¢ = —z/2) XX spin chain (A = 0)
with open boundary conditions. (c) The same for the reciprocal
case (¢ = 0). Insets: the spectrum 4 of the Liouvillian £ in the
single-magnon sector for periodic and open boundary conditions.
We set J/k =1 [113].

where J, = J —ieTx. The phase factor ¢ in Eq. (3)
therefore controls the nonreciprocity of interactions between
nearest neighbor sites. The conditional Hamiltonian is
similar to the non-Hermitian XXZ model considered in
Ref. [112]. We stress, however, that we will investigate the
unconditional dynamics including the effects of quan-
tum jumps.

Figure 1(b) [Fig. 1(c)] demonstrates the anticipated
nonreciprocal (reciprocal) transport of a spin excitation
for ¢ = —x/2 (¢ =0). Here, the spatial magnetization
profile §; = <3’§> is plotted (with an offset for the ease of
visibility), computed with open boundary conditions
(OBC). A spectral sensitivity to boundary conditions
(i.e., LSE [57,63]) in the nonreciprocal case is also
observed [see insets of Figs. 1(b) and 1(c)], as expected.

Interestingly, the relaxation of the system is far slower
than the scales set by O(J~!) and O(x~!) and is, in fact,
algebraic (see Fig. 4), indicating that the system is critical.
The slow relaxation occurs due to the presence of a dark
state other than the all down state [{}) = [];[}); To see
this, let us temporarily assume a periodic boundary con-
dition (PBC) and Fourier transform the dissipation terms in
the Lindblad equation (1), giving

S D)= S xw (85957 -5 (51501 ). @)
7 %

where k(k) = 2x(1 + cos(k + ¢)). Since the dissipator
Eq. (3) involves only spin flips from up to down, the
system trivially possesses a dark state with all spins down
|U), ie., L[|U)({|] =0. Notice, however, that the dis-
sipation vanishes at k = k* = 7 — ¢b. This implies that a
state |Dy) = S |1l) does not experience any dissipation
at k = k., where the operator §; = (1/vL) YL ™8}
creates a spin-wave mode with momentum k. It can readily
be shown that this is simultaneously an eigenstate of the
Hamiltonian Eq. (2), which is a consequence of U(1)
symmetry, making it a dark state L[|D; )(D;_ || =0 [88].
For k very close to but not exactly at k =k,, |Dy)
experiences a vanishingly small (but finite) dissipation
rate [114]. This implies that the characteristic timescale of
the dissipation is divergent in the thermodynamic limit,
meaning that the dynamics are critical, in agreement with
Figs. 1(b) and 1(c).

The numerical results in Figs. 1(b) and 1(c) are obtained
with OBC, while Eq. (4) is obtained under PBC. The two
results are consistent with each other, despite the presence
(absence) of the gap in the Liouvillian spectrum for
OBC (PBC) [see Figs. 1(b) and 1(c) insets], because the
local spin excitation will not know about the boundary
conditions until they propagate or diffuse to hit the
boundary [65,67]. This provides a key intuition: the
spectral sensitivity to boundary conditions does not nec-
essarily imply the sensitivity for observables.
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FIG. 2. (a) Excitation density 7 vs I' in the steady state for
different parameters. Results are displayed for the following
nonreciprocal (¢p = —x/2) systems: XXZ (A = 2), XX (A = 0),
and free fermions for L = 500, as well as XXZ with J/kx =2
(A = 1) for L = 100. For ¢p = —r/4 we show XXZ (A = 2) with
L = 100. Reciprocal (¢ =0) XXZ (A =2), H =0, and free
fermion results are also shown, all with L = 50. Various fits
i ~I'* are displayed (discussion in the text). (b)—(d) Steady-state
excitation density n; for different I'/«, corresponding to the red
region &y << L (), the transition regime &y ~ L (b), and the
asymptotic region &,y > L (c), respectively. The data corre-
sponds to the nonreciprocal case with A = 0 and L = 500.

In addition to the above-introduced engineered loss
[Eq. (3)], we further add a uniform gain to the system,

=T S'T [115]. This term invalidates the discussion

above, introducing an additional timescale O(I'™!) to the
system. Therefore, I acts as a parameter that controls
the distance from the critical point. Remarkably, despite the
spectral sensitivity in the nonreciprocal case, which persists
even for finite I" (see SM [88]), we will show that
nonreciprocal and reciprocal systems display identical
universal properties in asymptotic regimes.

It is instructive to compare this model to a similar
nonreciprocal free fermion model studied in Refs. [57,64,65]

. J o . .
HO:ZE( 2} /+1+C;+l &), L=
J

V(e +e?ey),
(5)

and 1:90 =T 6." where ¢; is a fermionic annihilation
operatorsatlsfylng {c,,c }= 5,j,and{ } {ci,c;}=0.

The conditional Hamiltonian A%, = A, — ( i/2) Lj-OTLjo

for this model (I' = O for simplicity) is given by the so-called
Hatano-Nelson model [116,117],

J+T LA

A

Hcd_ ) Cit j+7 jCj+1 ikﬁjv (6)

where 7; = c;rc ; 1s the density operator. Equation (6)

describes asymmetric hopping with an additional imaginary
term. A more direct comparison to our spin model
can be made by performing the Jordan-Wigner transforma-

tion [118] for OBC, defined as 8 = e7™2.0" @it

S_ eimd et S = i; —5. The jump operator (3)
and conditional Hamlltoman then take the form

ij _ \/l?(ei”Z{_l efeiéj + oiboi™ Lc! Gip +1) (7)

N . . .1
Hcd:Hgd+JA(njnj+l —nj+4>, (8)

where one sees that Ay is given by the Hatano-Nelson
model (6) extended to have nearest-neighbor interactions,
suggesting that the free fermion model [Eq. (5)]
can be regarded as the noninteracting limit of our spin model
and serves as a useful point of reference. Note that, while the
string operators ¢ 2.1 &% in the conditional Hamiltonian
(8) have cancelled out, those in the quantum jump term
ﬁ;ﬁ(t)ﬁf cannot be removed. This means that even the XX
model case A = 0 does not correspond to a free system.
Universality and scaling collapse.—Figure 2(a) shows
the spatially averaged excitation number 72 = (1/L) ) ; n;

in the steady state as a function of I', where n; =

(n;) = (S’f} +1. Here, data is shown for a variety of
parameters, including different strength of nonrecipro-
city ¢, A, J. Data for different system sizes is in the
SM [88]. For comparison, the free fermion case is also
plotted. Consistent with the property that I" = 0 is a criti-
cal point, we observe the power-law scaling 7 ~ I,
Remarkably, the exponent @ = 0.603(9) in the blue shaded
region is identical in all cases, including both nonreciprocal
(¢p = —n/2) and reciprocal (¢ = 0) cases for XXZ (A > 0)
and XX models (A = 0), different exchange interaction
strengths J, and even a purely dissipative case (A = 0). The
obtained exponent a = 0.603(9) is different from the free
fermion case o = 0.5. The result clearly demonstrates that
universal features have emerged, irrespective of the pres-
ence of the LSE. For the purely dissipative case (A = 0), ¢
can be removed from the Liouvillian (1) via a local gauge
transformation S — e~#/§;, further illustrating that the
scaling is independent of reciprocity.

Figure 3 demonstrates a scaling collapse of the density
and the spatial correlation function in this region:

nj(1,0) = == f, (), 9)
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FIG. 3. (a) n;(t.T)(xt)** vs (I'/x)(kt)'/** with a = 0.603,
v =0.386,and z = 1.96 forthe J/x = 1, A = 2, dissipative XXZ
model over arange of I" values, with L = 500 and setting j = 475.
Results are displayed for nonreciprocal (¢p = —n/2), reciprocal
(¢ = 0), and H = 0 cases, with initial conditions being the fully
polarized state ||} ) and the x-polarized state Hj‘ |+) j respectively.
The inset shows unscaled data for the nonreciprocal cases.
(b) Scaled connected correlation C;(I')(I'/x)™* vs (j —L/2)
(/) in the steady state for a range of I' values. The inset shows
the unscaled data.

C)(T) =T f¢, (= L/2) (10)

where C;(I') is the magnitude of connected correlations
between a site j and the center of the chain L/2,
Ci(T) = (87 287) = (SL2)(85)]. Here, f, (x), fc,(x) are
scaling functions for the density and spatial correlation
function, respectively, while a, z and v are critical expo-
nents that characterize the universal features. Data is
provided for reciprocal and nonreciprocal cases and for
different parameters and initial states. The scaling collapse
is achieved, by setting the critical exponents {z,v,a} =
{1.96(13),0.386(16),0.603(9)} [119], unambiguously
demonstrating the emergence of universality. For the free
fermions we find {z, v, a} = {2,0.5,0.5} [88]. The critical
phenomenon we observe is similar to the quantum critical
phenomena proposed in Refs. [40,41] for a driven-
dissipative bosonic system. However, their system has a

steady state that is interacting, while our steady state at the
critical point is a vacuum, resulting in a different univer-
sality class characterized by critical exponents {z,v,a} =
{2.025,0.405,0.5}.

In the regime of sufficiently small I' < J/L [the region
shaded in red in Fig. 2(a)], we observe that the scaling
properties change to i ~I'¥ =T, i.e., @ = 1. (Note how-
ever that this regime shrinks to measure zero as the system
size is increased.) This can be understood from the steady-
state density profile n; in Figs. 2(b)-2(d), which shows
results for different I" values. As seen, the density profile
exhibits a dip at the left boundary, with its healing length
&heal (characterizing the length of the dip) decreasing as a
function of I'. The dip arises because sites near the left
boundary do not experience any flux of incoming excita-
tions from the boundary, whereas sites in the bulk are
“topped up” from their left. As these spin waves exhibit an
increasingly long lifetime as I" decreases, the healing length
&real becomes increasingly long and diverges at I' — 0.
Note that &, & I'"! is very different from the localization
length &, of the eigenmodes of the Liouvillian £, which is
solely determined by the asymmetry of the hopping
Sloc ~ 1/10g(|‘]+|/|‘]—|) [65].

In the asymptotic regime (J/L <T" < k) [Fig. 2(d)], the
healing length &, is small compared to the system size L.
Therefore, the density profile is almost uniform. As I'
decreases to I' < J/L the healing length starts to exceed the
system size [Figs. 2(b) and 2(c)]. This implies that, while in
the asymptotic region J/L ST <k, the physics is deter-
mined by the bulk properties (that do not care about
LSE [65,122]), the region with I' < J/L is dominated by
the edge properties, giving a natural explanation for the
change of scaling properties at different regimes. The
scaling 7 ~ I" is consistent with the free fermion case with
perfect nonreciprocity (¢ = —z/2, J =«k) for Epeyq > L
[65]. Interestingly, while in this limit the transition between
the two regimes occurs at I' = O(v,/L) for free fermions,
for the spin systems, the many-body interaction alters the
scalingtoI' = O(v,/L'?), where v, = J sin(r — ¢) is the
group velocity of the least damped mode k..

The scaling properties in the region I < J/L are strongly
affected by the LSE. This is demonstrated in Fig. 4(a),
which shows a space-time plot of the excitation density for
I' = 0, starting from an initially fully polarized state with
all spins up |11). Here, the excitation density 7;() exhibits a
sudden transition from power law to exponential decay
[57,63,66]. This occurs when site j is no longer “topped
up” by incoming excitations: all the long-lived excitations
that were initially left of site j have propagated to its
right [67]. For sites near the right edge, which are last to
relax, this takes a time 7, proportional to the system size,
ie,t,~& =L (Z=1).1In comparison, the transport is
approximately diffusive in the reciprocal case (7’ =2),
which is clearly visible in Fig. 1(c). Therefore, in the
region I' < J/L the scaling is altered by the LSE. In the
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FIG. 4. (a) Space-time plot of the particle density n; for the
nonreciprocal (¢ = —x/2) XXZ spin chain with L = 500 sites,
starting from all spins up and with ' = 0, J/k = 1, A = 2. Inset:
the relaxation time to the steady state, ,, vs system size L, with
linear fit #, ~ L (dotted). (b) Density decay n; vs time with

Jj = 450, for various system parameters.

SM [88], we show for the free fermion system that under
PBC this region only arises for I' < O(1/L?).

Finally, Fig. 4(b) shows that many-body effects also alter
the power-law exponent y = 0.58 of n;(t) ~t# atI' =0
from the free fermion result y = 0.5. Curiously, y is
found to be initial-state-dependent ranging from y = 0.5
to 0.58 [88]. Clarifying the origin of this remains our
future work.

Discussion.—In conclusion, we have demonstrated the
existence of a Liouvillian skin effect (LSE) independent
universal regime. We showed that the LSE can affect the
bulk properties only when &, = O(L). The LSE-induced
transition of scaling reported in Refs. [63,83] corresponds
to the latter regime where the number conservation in their
model implies the absence of characteristic length scales
(similar to “model B” of Ref. [123]).
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