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We study the effects of the spacial structure of localized single-particle losses in weakly interacting fermionic
quantum wires. We show that multiple dissipative impurities give rise to resonant effects visible in the transport
properties and the particles” momentum distribution. These resonances can enhance or suppress the effective
particle losses in the wire. Moreover, we investigate the interplay between interactions and the impurity shape
and find that, differently from the coherent scatterer case, the impurity shape modifies the scaling of the scattering
probabilities close to the Fermi momentum. We show that, while the fluctuation-induced quantum Zeno effect
is robust against the shape of the impurities, the fluctuation-induced transparency is lifted continuously. This is
reflected in the emergence of a continuous line of fixed points in the renormalization group flow of the scattering

probabilities.
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I. INTRODUCTION

Single-impurity problems are ubiquitous in condensed
matter and AMO physics. On the one hand, an impurity can
strongly modify the properties of a many-body state, giving
rise, for instance, to the celebrated Kondo effect [1], x-ray
edge problem [2], as well as polaron physics [3,4]. On the
other hand, impurities can be used as probes to map out
the properties of many-body systems [5—7]. Moreover, the
problem of a single degree of freedom interacting with a reser-
voir is among the simplest problems which exhibit nontrivial
many-body effects, and which can be benchmarked with a
large number of exact solutions and approximations [8—10].

In one-dimensional systems, impurities play a particularly
crucial role, as they may qualitatively alter the transport prop-
erties. A remarkable example was given in the seminal paper
by Kane and Fisher [11-13], who showed that the conduc-
tance of an electronic quantum wire is dramatically modified
by the presence of an impurity: gapless excitations can either
enhance or suppress the backscattering due to the impurity.

Recently, the interest in impurities in one-dimensional
quantum systems has been revived by experiments in ultracold
atoms, where the impurities were implemented by narrow,
highly energetic beams, resulting in an effective localized
particle loss [14—18]. As a result, the system is brought out of
equilibrium and novel effects arise, prominently the quantum
Zeno effect (QZE), whose observation was reported for a Bose
gas in a quasi-one-dimensional optical lattice [14,15], and
which was accompanied by a number of theoretical works
[19-29]. Further theoretical investigation unveiled novel ef-
fects related to the interplay between localized losses and
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coherent Hamiltonian dynamics, including the many-body
QZE [30,31], dynamical phase transitions [32-36], orthog-
onality catastrophe [37,38], and the engineering of exotic
nonequilibrium steady states [39—48]. Moreover, the quantum
Zeno effect has been analyzed also for mobile impurities [49]
as well as for dephasing impurities [50,51].

While impurities are often modeled with vanishing width
for theoretical convenience (i.e., delta functions), this is not
the case in experimental systems, where impurities neces-
sarily have a finite width. Additionally, impurities can also
possess a multipeak structure: for instance, a system of two
separated coherent impurities gives rise to resonant tunnel-
ing, which, in the presence of interactions, may lead to
an anomalous temperature dependence of the conductance
[12,13,52,53]. However, it has not yet been investigated how
the shape of a dissipative impurity impacts the nonequilibrium
effects mentioned above.

This article addresses this question by studying differ-
ent shapes of dissipative impurities in a weakly interacting
fermionic quantum wire. Out of the different types of non-
Hermitian impurities, we restrict to single-particle losses and
refer to them as dissipative impurities. The problem of a
delta-shaped localized loss was studied in Refs. [30,31]: the
interplay between gapless quantum modes and a localized
impurity was shown to give rise to collective behaviors realiz-
ing a dissipative, nonequilibrium analog of the Kane-Fisher
problem [11,12]. In this setting, a single-particle QZE is
witnessed in a nonmonotonous behavior of the particle loss
probability as a function of the dissipation strength y. On
top of that, the scattering properties of the impurity were
shown to be strongly modified by interactions: for repulsive
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interactions, reflection is enhanced, effectively dividing the
wire into two disconnected parts, while for attractive interac-
tions, the localized loss becomes transparent. Within different
renormalization group (RG) approaches, this behavior was
interpreted in terms of a renormalized dissipation strength y
in the vicinity of the Fermi momentum kg. While the fixed
points of the corresponding RG flow are analogous to the
Kane-Fisher problem, a qualitatively different approach of
the fixed points was found, affecting the physics near the
Fermi momentum kg. In fact, for repulsive interactions, y
is infinitely enhanced, and losses are suppressed due to a
fluctuation-induced QZE. Instead, for attractive interactions,
y vanishes and the backscattering due to the impurity is sup-
pressed, resulting in fluctuation-induced transparency. These
effects were shown to be visible in the momentum distribu-
tion of the particles, exhibiting an anomalous peak close to
the Fermi momentum kg. Moreover, the fluctuation-induced
QZE can be detected in transport measurements as a suppres-
sion of the transported current, while the fluctuation-induced
transparency results in a perfect conductance along the wire
[54]. The main results of this article are summarized in the
following.

(i) Dissipation-induced resonances. Despite their incoher-
ent nature, we show that multiple dissipative impurities give
rise to resonance effects, leading to an oscillatory behavior of
the scattering parameters as a function of momentum. While
the perfect resonant tunneling of coherent impurities does
not take place, and the transmission probability 7 is always
smaller than unity, we show that these resonances can either
enhance or suppress losses compared to a single dissipative
impurity of equal strength.

(ii) Robustness of the fluctuation-induced QZE. We demon-
strate that, for repulsive interactions, the fixed points of the
RG flow equations are insensitive to the shape of the localized
loss. This implies that, regardless of the impurity shape, both
losses and particle transport are suppressed at the Fermi mo-
mentum. Accordingly, the fluctuation-induced QZE is robust
against perturbations modifying the shape of a localized loss.

(iii) Novel scaling for the fluctuation-induced transparency.
On the converse, for attractive interactions, we find a novel
continuous line of fixed points activated by impurities with a
finite width. This implies that the shape of the impurity affects
the losses experienced by particles at the Fermi momentum kg:
while vanishing losses are expected for delta-shaped impuri-
ties, finite-sized impurities induce a finite amount of losses
at kp. Backscattering, on the converse, remains suppressed.
Accordingly, the fluctuation-induced transparency is affected
by the shape of a loss in a continuous fashion: small deviations
from the perfectly localized case induce weak deviations from
perfect transparency.

This article is organized as follows: in Sec. II a microscopic
model for the fermionic wire with localized dissipation is
introduced, while in Sec. III the general scattering proper-
ties of dissipative impurities in the absence of interactions
are worked out. In Sec. IV resonant effects associated with
dissipative impurities, in the absence of interactions, are
analyzed. In Sec. V we discuss experimentally relevant ob-
servables. In Sec. VI we derive RG equations to include
the effect of interactions, while in Sec. VII we analyze
the solution of the RG equations. Finally, in Sec. VIII
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FIG. 1. Upper panel: Pictorial representation of a system of one-
dimensional spinless fermions with a dissipative impurity of finite
width. y(x) is the dissipative impurity profile, while V(x) is the
coherent impurity profile. Individual particles coming in from the
left may be reflected, transmitted, or lost from the system with prob-
abilities R™, T, n™, respectively. Lower panel: The three examples
of extended dissipative impurities discussed in this article. Black
lines represent coherent barriers while wiggled red arrows represent
particle losses.

the main results are summarized and future directions are
discussed.

II. MODEL AND QUENCH PROTOCOL

We consider a system of spinless fermions with mass m
in one dimension, interacting via a short-ranged, translation-
invariant interaction potential g(x) as described by the
Hamiltonian
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¥ f(x), ¥(x) are fermionic creation and annihilation oper-
ators with {1/ (x), ()} = 8(x —y). Ax) = (D) (x) are
number operators, [ = f_ng dx where L is the size of the
system, and we set /i = 1 throughout this paper. We aim
now to model the localized single-particle loss realized in
recent experiments [14—18]. In previous theoretical works, a
perfectly localized dissipation profile with Markovian single-
particle loss was used [30,31]. To describe such a scenario,
one may consider an empty reservoir coupled to the wire at a
single point [54]. However, this does not exhaust all possible
finite-sized dissipative impurities. Here we consider a more
realistic description (cf. Fig. 1) by allowing for a compact
region with particle loss around x = 0 described by a func-
tion y (x) > 0 extended over the range —s/2 < x < s/2, with
s < L. Outside of this region, the system is translation in-
variant, i.e., y (x) = 0. In addition, we also include a coherent
potential V (x) that also extends over —s/2 < x < s/2 with the
Hamiltonian Himp = fx V (x)¥ T (x) (x). The full Hamiltonian

g —yaoaly). (1)
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then reads H = Hy + ﬁimp. The time evolution of the system’s
density matrix is given by the quantum master equation

&p = —ilH, pl + DIp], 2)

where D is the Lindblad superoperator for single-particle
losses, following a spatial distribution given by y (x):

Dm]=/ﬁ«om¢am&Wm—w&Wm$uxm1 A3)

We assume that the system is prepared in the ground state
of Hy, with a particle density ng. At ¢ = 0, the impurities
are switched on, and the system approaches a quasistationary
state, whose lifetime grows linearly with the size of the wire
[30,31], and which can be stabilized by adding reservoirs to
the ends of the wire [54], provided that the reservoirs are
Ohmic [55]. This state is characterized by steady particle
currents flowing from the far ends of the wire towards the
dissipative impurity. In the rest of the paper we focus on this
stationary state.

ITII. NON-HERMITIAN SCATTERING PROBLEM

Before including the effect of interactions, we first dis-
cuss the general scattering properties of dissipative impurities
in the noninteracting case. This fixes the relevant parameter
space, describing generic dissipative scattering, which can be
exhausted by the various impurity geometries, like box shapes
and resonant multibarrier structures (cf. Fig. 1). Delta-shaped
impurities are found to be described by a small subset of this
parameter space.

These scattering properties are naturally encoded in the
retarded Green’s function, as it describes the response to
single-particle perturbations. However, it was shown in
Ref. [31] that these properties can be obtained by solving a
single-particle Schrodinger equation with the non-Hermitian
Hamiltonian H = —83/(2m) + U(x) where U(x) =V (x) —
iy(x) (cf. Appendix A). The scattering problem associated
with the non-Hermitian Hamiltonian can then be solved by
using the two ansatzes qﬁki (x):

tkx + —ikx
+ e '—i—rke x < —s/2,
¢k (x) - {t]j_e[kx x> S/2, (48')
o e x < —s/2,
¢ (x) = {e‘ik" + r’eikx x> s/2. (4b)

q)k (x) describe the scattering of a particle comlng from the
left (4) or right (—) of the impurity, with rk and tk the
corresponding reflection and transmission amplitudes, respec-
tively. These amplitudes fulfill several properties. First, 1‘k+ =
1, =t for any impurity, while r, = r; only for inversion-
symmetric impurities, i.e., U(x) = U(—x) (cf. Appendix F).
The transmission and reflection probabilities 7; = |f;|> and
Ri |rk |2, respectively, satisfy

T+ Ry =1—n, ®

with n,f the probability of a particle impinging on the im-
purity from the left (right) to be lost from the system. For
a coherent impurity, i.e., y (x) = 0, the loss probabilities n,f
vanish as a consequence of particle-number conservation. In
the following we mainly focus on the probabilities R,ﬁf Tis ks

as they directly enter the observables in the stationary state (cf.
Sec. V) and conductance properties [54]. However, additional
information is contained in the phases of 7 and #, (which do
not contribute to 72 and 7T;): of particular relevance is their
relative phase, Wthh appears in the renormalization of Ri
and 7y due to particle interactions (cf. Sec. VI), and encodes
information on the shape of the impurity (cf. Sec. VII). By
focusing on the inversion-symmetric case, r,j =r,, in the
rest of this section, the information on the relative phase is
conveniently encoded in the quantity

Xy = cosarg 1}, (6)

which satisfies —1 < A} < 1. In order to determine the pos-
sible physical values for the three real parameters Ry, Ty, X,
we study the properties of the associated scattering matrix. Let
5}{“ be the two-component vector containing the amplitudes
of an ingoing wave, i.e., a wave impinging on the impurity
from the left and the right, and @,‘3‘“ the vector containing the
amplitudes of the outgoing wave, i.e., the wave scattered from
the impurity. These vectors are related by ¢°‘“ Skqg}(“, with
Sy the scattering matrix

(e
&-(& m). @)

In a dissipative process, the norm of the state can decrease, and
therefore the norm of the outgoing state is smaller or equal to
that of the ingoing state, i.e., ||¢,‘c"“|| < ||¢ ||. This implies a
constraint on the scattering matrix, i.e.,

b S Sy’
¢1n’r¢

For coherent impurities, the equality is satisfied for every ¢;,‘("
as SZSk = 1. For a dissipative impurity, the equality may still

<L ®)

be satisfied, although only for certain vectors 4;}{“: these cor-
respond to single-particle dark states of the Lindblad operator
(3). This is the case, for instance, for delta-shaped impurities,
i.e., U(x) « 8(x), where every wave function with a node at
the position of the impurity corresponds to a dark state [25]. It
is worth mentioning the other limiting case of Eq. (8), namely
¢'"TS*S;<1;}(“ = 0. This corresponds to the so-called coherent
perfect absorption, i.e., the extinction of particles impinging
on the impurity, and was experimentally observed for a Bose-
Einstein condensate with a localized loss [16].

More generally, we may maximize the left-hand side of
Eqg. (8) to find the smallest possible reduction of a state’s norm
due to a given dissipative impurity at fixed momentum. This
yields the condition (cf. Appendix B)

2R Ti(1 4 X)) < n2. )

Together with 0 < Ry, Ti, e < 1, which holds as these
quantities are probablhtles, and —1 < X, < 1, this defines
the physically allowed parameter space as presented in
Fig. 2. Delta-shaped impurities lie on the surface defined
by equality in Eq. (9). Additional limiting cases are pro-
vided by purely dissipative and purely coherent delta-shaped
impurities, which correspond to the constraints X; = 1 and
X, = —1, and to the red and blue lines in Fig. 2, respec-
tively. More generally, for every coherent barrier, X = —1
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FIG. 2. The regime of scattering parameters allowed by condi-
tion (8): the physical region is enclosed between the plot axes and
the surface lying above. Coherent impurities correspond to the blue
line, while delta-shaped purely dissipative impurities correspond to
the red one. Delta-shaped impurities lie on the surface connecting
these lines.

as a consequence of unitarity: accordingly, regardless of the
form of the impurity, the transmission and reflection proba-
bility always lie on the line 7; + Ry = 1. The inequality (9)
thus suggests that the shape of a dissipative impurity may
play an important role, as it enables to explore the entire
three-dimensional manifold allowed by this equation. We sub-
stantiate this expectation in Sec. VIIL.

A natural question is therefore which minimal model is
able to exhaust the entire parameter space defined by the
constraint (9). This can be addressed by a direct inspection
of the loss probability, which is constrained to 1, < 1/2 for
delta-shaped impurities.

We show in the following that a box-shaped impurity can
reproduce all the scattering matrices allowed by the inequality
(8). To this end, we define the complex potential

U/s x| <s/2,

Ulx) = {O else, (10)
with U =V —iy,V € R, and y > 0. This describes a com-
pact region of length s with spatially constant dissipation and
coherent potential. In the limit s — 0, a delta-shaped impurity
with U (x) = Ué§(x) is reproduced. Solving the non-Hermitian
Schrodinger equation associated with this complex potential
yields the loss probability 7, displayed in Fig. 3.

For k <« my particles are almost completely reflected,
while for k >> my transmission recovers to one, indepen-
dently of the value of the impurity width s. The loss
probability 7, vanishes in these two regimes, and has a max-
imum at intermediate values of k/my: this nonmonotonic
behavior is a single-particle incarnation of the quantum Zeno
effect, which was already recognized for delta-shaped dissipa-
tive impurities [30,31]: larger values of the dissipation lead to
a counterintuitive decrease of the particle losses. For y — oo,
the impurity separates the wire into two disconnected, lossless

Box

00 -
001 0.10 i 10 100
k/(m)

FIG. 3. Loss (1), transmission (7;), and reflection (R;) proba-
bilities for a purely dissipative box-shaped impurity of width s (blue
lines), compared to a delta-shaped impurity (black line).

parts. Remarkably, a finite width s > O enhances the maxi-
mum of 1, which acquires values larger than the limit 1/2 for
a delta-shaped barrier.

IV. DISSIPATION AND RESONANCE

In the presence of two coherent impurities, the transmis-
sion displays an oscillatory behavior as a function of the
incoming momentum, with the maxima reaching 7, = 1, i.e.,
achieving perfect transmission. These resonances are related
to the bound states of the confining potential obtained for in-
finitely large impurities, and it is known as resonant tunneling
in the context of quantum transport [56], and as Fabry-
Perot resonator in optics. Resonant tunneling also persists
in interacting quantum wires, giving rise to a nonmonotonic
dependence of the conductivity on the temperature or the
applied voltage [12,13,52,53]. A natural question, therefore,
concerns the fate of these resonances for dissipative impu-
rities. In this section we analyze the scattering properties
of some physically relevant configurations involving several
dissipative impurities, illustrated in Fig. 1.

A. Resonant enhancement of losses

We first consider the non-Hermitian potential given by

U(x)=—éy[5(x—5/2)+5(X+S/2)], (11)

describing two lossy impurities with identical strength y /2 >
0 separated by a distance s. This model is the dissipative coun-
terpart of a Fabry-Perot resonator. Similarly to the coherent
case, resonances are visible in the scattering probabilities, see
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FIG. 4. Scattering probabilities for double impurities, as func-
tions of particle momentum k and for different interimpurity
distances s. Upper three panels: Loss (1), transmission (7;), and
reflection (R;) probabilities for a double delta-shaped dissipative
impurity (blue). The envelope of the functions is given by the scat-
tering parameters of a single delta-shaped impurity (black) and the
curve of extremal resonance (dashed), found from maximizing 7,
w.r.t. s. Lower panel: Reflection probability for a double delta-shaped
coherent impurity (blue), compared to a single one of equal strength
(black).

Fig. 4. These are related to constructive interference between
the transmitted and reflected particles within the impuri-
ties. For coherent impurities, this interference enables perfect
transmission at certain wavelength. For dissipative impurities,
instead, the presence of incoherent particle losses prevent the
building of a perfect constructive interference, resulting in
resonances with 7 < 1.

In Fig. 4 we plot the scattering parameters as a function
of the momentum for different values of the distance s. Com-
pared to a single delta-shaped impurity (black curve), n; may
acquire values larger than 1/2 and, correspondingly, both the
reflection and the transmission probabilities are reduced. The
most remarkable difference, however, lies in the oscillating
behavior as a function of k, which testifies the existence of

in fact, oscillations are quite small for 7;. On the converse,
large oscillations appear for Ry and 7, for which minima
and maxima are inverted. The minima of the oscillations for
nx (maxima for Ry) occur for ks = wn, with n integer: at
these points, the scattering parameters acquire the same value
as for a single dissipative delta-shaped barrier of strength y.
The position of the maxima, instead, depends explicitly on
the value of y. The envelope of the maxima can be computed
analytically and it is given by 1 = 4y ve/(v7 + 2y% + 2y vk)
with vy = k/m, having a maximum of 2(+/2 = 1): accord-
ingly, perfect loss (nx = 1) cannot be achieved. The presence
of additional coherent impurities on top of the dissipative ones
does not qualitatively modify this behavior (not shown).

B. Resonant suppression of losses

Although two dissipative impurities cannot give rise to
resonant tunneling, the presence of further spatial structure
can still enhance transmission at certain momenta. In partic-
ular, transmission can be enhanced and losses suppressed by
adding two additional coherent barriers. For definiteness we
consider the following structure:

Ukx)= %8(x—s/2)+ %5(x+s/2)—i)/8(x), (12)

with s being the distance between the coherent potentials with
strength V, while y > 0 is the strength of the dissipation.
In Fig. 5 we report the loss, transmission, and reflection
probabilities as a function of the momentum k for different
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values of V. A double periodic behavior is observed: 7T ex-
hibits maxima, whose values increase with V, corresponding
to the resonances of the double coherent barrier. At these
points, reflection is highly suppressed, while losses are sub-
stantially reduced compared to the case with only a dissipative
impurity, showing that resonances can be used to reduce the
losses caused by a dissipative impurity. Besides peaks with
enhanced transmission, there exist peaks where the losses are
enhanced compared to the single dissipative impurity case.

Finally, we remark that the effect of an impurity (12) in a
one-dimensional quasi Bose-Einstein condensate was studied
in Ref. [28], where it was shown to lead to bistable solitonic
solutions.

V. OBSERVABLES

In this section we show how the scattering properties
discussed in the previous section can be directly probed in ob-
servables accessible in experiments with ultracold atoms. We
recall that we are interested in the properties of the system in
the quasistationary state obtained at large times: accordingly,
time-translation invariance is assumed. For a more precise
discussion concerning this state, see Refs. [30,31].

A central object is the single-particle equal-time correla-
tion function

C(x,y) = (¥ )P ), (13)

which can be evaluated exactly in the absence of interactions
by using the initial state and the retarded Green’s function (cf.
Appendix D and Ref. [31]). This renders

ke gk
Clx,y) = /0 16 008 0)+ 9 g 0] (14)

with c/),f (x) the wave functions defined in Eq. (4) and kg the
Fermi momentum of the initial state. Remarkably, the correla-
tions (14) take the same Fermi-sea structure as in the coherent,
equilibrium case [57-59], upon replacing the single-particle
wave functions with the solutions of the corresponding non-
Hermitian Schrodinger problem.

A. Particle density

The particle density, defined as n(x) = (W) (x)), can
be evaluated as n(x) = C(x, x). In the absence of any impurity
[U(x) = 0], n(x) is spatially homogeneous as a consequence
of translation invariance, and it takes the initial-state value
n(x) = kg/m = nyp, as no quench takes place. For a finite im-
purity [U (x) # 0], n(x) is no longer spatially homogeneous:
outside of the impurity region it takes the form

At +ont(x) x < —s/2,
nix) = {sz +6nR(x) x> s/2, (5)
with 8nR given by
1w +
ro-| sin(2kg|x| + arg r
R o Ve SNl + arg 7). 6

27 | x|

for kg|x| > 1 and x > 5. The functions n™/R express the
Friedel oscillations generated by the impurity, and are a direct
consequence of the existence of the persistent Fermi surface
in the quasistationary state [30,31]. These oscillations persist

for any impurity shape (cf. Fig. 6). An important effect of
the presence of asymmetric impurities is the existence of
background densities 7R with different values, namely

1 kg +
AR = —/ dk( — ”—k) (17)
T 0 2

In fact, noninversion-symmetric dissipative impurities give
rise to steady states where the average density is different
on the two sides of the impurity (cf. Fig. 6, upper left panel,
lighter solid curve). Notice that a similar imbalanced steady
state was obtained in Ref. [47] for a localized loss supple-
mented by a localized particle injection. While this effect,
combined with interactions, may lead to intriguing effects,
such as current rectification [60-62], we do not further inves-
tigate its consequences in the present work. Accordingly, we
restrict ourselves to the case of inversion-symmetric impuri-
ties, where it =i~

B. Momentum distribution

Another relevant observable is given by the momentum
distribution, defined as

1 . N N
nk) = - / K G Od (), (18)
X,y

which can be determined in time-of-flight measurements. By
inserting the wave functions (4) into Eq. (13), we find (cf.
Appendix E)

k<0,
k>0,

nek)(1 = 0y /2)
nek)(1 =y /2)

where ng(k) is the momentum distribution in the initial state.
Equation (19) has a clear physical interpretation in terms
of particles lost from the initial momentum distribution. For
instance, a particle impinging on the impurity from the left
(i.e., with k > 0) is lost from the system with the probability
n. The resonances of dissipative impurities directly affect
the momentum distribution as shown in Fig. 6: the oscillating
behavior of 1, results in a momentum distribution with a
peculiar peaked structure. Moreover, it becomes evident from
Eq. (19) that the momentum distribution after the quench
preserves the Fermi surface of the initial distribution. This
structure is expected to be robust against the inclusion of
interactions, and visible for times smaller than the thermal-
ization times: this was demonstrated for weak interactions
in Refs. [30,31], and numerically for strong interactions in
Ref. [63].

n(k) = { 19)

VI. EFFECT OF WEAK INTERACTIONS:
RENORMALIZATION GROUP ANALYSIS

In this section we analyze the effect of weak interactions
on the scattering properties of impurities and, consequently,
on the observables discussed in Sec.V. It was shown that
weak interactions strongly renormalize the transport close to
the Fermi momentum for both coherent [11,12,57,58] and
dissipative impurities [30,31]. This effect was interpreted
as a consequence of the effective single-particle scattering
potential generated by the Friedel oscillations dressed by in-
teractions. To this end we derive the RG flow equations for
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FIG. 6. Particle density profile (left panels) and momentum distribution (right panels) for different impurity types. For all the plots y =
kr/m. Dashed lines denote the prequench distribution. Upper panels: Results for a delta-shaped impurity (black solid line), symmetric double
delta-shaped (dark blue line), and asymmetric double delta-shaped impurity (lighter black line). For all curves s = 117 /(2my), and y1. = yr/3
with y = y1 + yr for the asymmetric double impurity. Lower panels: Results for the box-shaped impurity for different values of the impurity

width.

the scattering parameters for impurities of arbitrary shape,
following Refs. [30,31,57-59].

A. Perturbation theory

As a first step we compute the corrections 8¢,§t (x) to the
wave functions (4) to first order in the interaction g, which
yields [30,31]

SpF(x) = f GRrIK*/(2m), x, ylg(y — 2)
»z

X 1) () — Cy, )P (2], (20)

where GEI = —id, +i0T + 8?/(2m) — U(x) is the retarded
Green’s function of the noninteracting problem (cf. Appendix
A), g(x) is the interparticle interaction [cf. Eq. (1)], while
n(x) and C(x,y) are the noninteracting particle density and
correlations discussed in Sec. V. Far away from the impurity,
the corrections (qu,f (x) due to the Friedel oscillations acquire
the same scattering form as in Eq. (4), with modified reflection
and transmission amplitudes. The corrections to r; and #; read

&j:%@fﬁﬂf+u¢%k—¢) (21a)
5n=%mﬁ¢+55mx 21b)

where o = [8(0) — 2(2kp)]/2m vg, with vp = kg/m the Fermi
velocity and g(k) the Fourier transform of the interaction g(x),
quantifies the strength of the interaction, with ¢ > 0 (¢ < 0)
for repulsive (attractive) ones, and

+

+ e "p
I = dp——F".
¢ ,A P i —«
This integral is logarithmically divergent for k — kg, as a
consequence of the resonance of the wave function with the

(22)

Friedel oscillations. The form of the corrections in Eq. (21)
can be interpreted as a sum over all the possible scattering
processes involving a single scattering off a Friedel oscillation
(cf. Fig. 7).

Finally, we note that for an inversion-symmetric impurity,
the constant part i = iR acts only as a constant potential
shift and can be removed by shifting all energies. Breaking
this symmetry invalidates this argument, so that we assume
ri =r; = r, for the rest of the paper.

B. Renormalization group

The divergence of the integral in Eq. (22) spoils the valid-
ity of the perturbative analysis, which then requires a more
refined treatment. Given its logarithmic character, a natural
approach involves its resummation using a renormalization
group treatment: this was pioneered in Refs. [57-59] for co-
herent impurities, and subsequently extended in Refs. [30,31]
for dissipative ones. This results in RG equations whose solu-
tion provides a resummation of the logarithmic divergences.
Moreover, from the solution of the RG equations it is possible
to reconstruct the dependence of the scattering coefficients on
the momentum k, system size L, or the initial temperature 7.
The RG equations for 7 and #; are given by

mm:a¢@+@—m} (23a)

detx = aty|r*, (23b)
where ¢ is the dimensionless RG flow parameter, which
is given by €= —log(A/Ayy), with A =min (|k —
kel, 1/L, T /vp) and Ayy a microscopic energy scale. The
scattering parameters of the noninteracting problem provide
the initial values for the RG flow at £ = 0. This allows us to
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FIG. 7. Symbolic representation of the first order perturbation theory for the scattering parameters r;” and 7. Due to interactions, an
effective impurity potential U.g(x) is seen by the particles instead of the bare impurity potential U (x). To first order in the interactions, only
the presented processes, involving a single scattering from the Friedel oscillations, contribute to the correction of the scattering parameters.

Such a scattering corresponds to a divergent integral Iki in Eq. (21).

treat the momentum dependence due to the impurity shape
and due to the interactions simultaneously.

VII. SOLUTION OF THE RG EQUATIONS

A. General structure

We begin with a discussion of the general RG flow for
bare scattering parameters discussed in Sec. III, realized for
instance by box-shaped impurities (cf. Fig. 3). Note that the
phase of #;, is not renormalized, d,arg #; = 0, such that it is
convenient to recast the RG equations in terms of three real
parameters, namely the transmission probability T; = |t/
the reflection probability Ry = |rx|?, and the parameter en-
coding the relative phase between transmission and reflection
amplitudes, i.e., X = cosarg (;*r?) [cf. Eq. (6)]. We omit
the momentum index in the following and find

IR =—aR(R-1+TX), (24a)
8, T = —2aRT, (24b)
X = —aT (1 — X%, (24¢)

For a visualization of these equations see Fig. 8. The planes
with R =0,7 =0, X = %1, as well as > =2RT (1 + &)
are separatrices of the RG flow, so that the physical constraints
on bare impurities, as discussed in Sec. III, cannot be violated
due to the RG flow. This implies that the picture of scattering
from an effective impurity is still justified in the presence of
interactions as there always exists a bare complex impurity
with the same set of parameters. A crucial feature of the RG
equations (24) is the existence of a quantity D conserved by

the RG flow, namely

2 _
P —2RTA+X)

D Z
T

0, (25)

FIG. 8. RG flow for attractive interactions («¢ < 0) and n* =
0.4 (arrows). Surfaces with constant D > 0 are shown for n* =
(0,0.2,0.4,0.6, 0.8, 1). Blue, thick lines correspond to fixed points
stable either for & > 0 or o < 0. The red, thick lines are unstable
fixed points of the RG for both repulsive and attractive interactions.
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FIG. 9. Conserved quantity D for the box-shaped impurity. Both
a finite width and a finite loss are required for D > 0 while co-
herent potentials weakly modify it additionally. For s — 0 we find
D ~ s*y2.

which is related to the width of the dissipative impurity (cf.
Fig. 9). The immediate consequence of this conserved quan-
tity is that the RG flow is constrained onto a two-dimensional
manifold in the (R, 7, X') space for a given initial condition.
While for purely coherent or delta-shaped impurities D = 0,
D is finite for generic impurities. The value of D for a box-
shaped impurity is shown in Fig. 9 for a fixed value of k:
it increases upon increasing the width s or the dissipation
strength y. Finally, the equations admit four different lines
of fixed points (FPL) given by

FPL, : R* =0, X*=1, (26a)
FPL, : R* =0, AX*=—1, (26b)
FPL;:R* =1, T*=0, (26¢)
FPL,: R*=0, T*=0. (26d)

In the following we analyze the stability of these fixed points
and their implication for the observables. We concentrate on
stable fixed points as they describe the scattering proper-
ties for particles with momentum k — kg in the limit L —
oo, T — 0.

B. Stable fixed points for repulsive interactions

For repulsive interactions (o > 0) the stable line of fixed
points is given by FPL3, which is characterized by arbitrary
values of X and perfect reflection R = 1. This moreover
implies that n = 0 at the fixed point: modes close to the
Fermi momentum are thus dissipationless, corresponding to
the fluctuation-induced quantum Zeno effect [30,31]. In or-
der to quantify the stability properties, we linearize the RG
equations (24) by writing 7 = T7* 4+ 67, R = R* + §R, and
X = X* + §&, and retaining only the linear order in the dis-
tance from the fixed point. The resulting equations are given
by

SR 1 a0\ /[sR
3| 8T | =—afo0 2 ollsT]. @
sX 0 1—x* o) \sx

The eigenvalues of the matrix denote stable, unstable and
marginal directions depending on the sign of the eigenvalues
(negative, positive, zero, respectively). In the present case we

find the eigenvalues —«, —2¢, and 0, indicating two stable
directions and a marginal one, which corresponds to the line
of fixed points itself. Further insight on the properties of the
fixed point can be gained by inspecting the scaling of 7 and
SR:

SR = X*8Tpe > — (X*8Ty — §Ro)e ",
8T = 8Toe >,

(28a)
(28b)

with §79, 6R¢ the initial displacement from the fixed point
values. While the scaling of §7 with £ depends only on «,
the one for §R depends additionally on the specific values
of X*, 587y, 6Ry. In particular, while generically the leading
scaling is given by ~e~%¢, it turns to e 2** if X*8Ty = §R,.
This condition corresponds precisely to purely coherent im-
purities, where X = —1 and R + 7 = 1 (cf. Sec. III). This
establishes a connection between the previous results for co-
herent impurities [57-59] and dissipative ones [30,31]: from
an open-system viewpoint, coherent impurities are a fine
tuned [y (x) = 0] and unstable special case within the more
general class of complex impurities. Finally, by identifying
£ = —log |k — kg|, we find, for a generic dissipative impurity,
the following scaling for transmission and loss probability:

T~k —kel**, 0~ |k — kel (29)
again confirming the result of Refs. [30,31]. In summary, for
repulsive interactions, the only qualitative difference in the
scaling of the probabilities is due to the presence of dissipa-
tion. The width of the barriers does not affect the scaling of the
scattering probabilities. For that reason, interactions render
particles with k — kg dissipation-free, restoring the height of
the Fermi edge.

C. Stable fixed points for attractive interactions

The line of fixed points FPL,; is stable for attractive inter-
actions (@ < 0) and characterized by a continuum of values
of 7*. The first major implication of this is that, at the fixed
point, the loss probability may acquire a finite value n* > 0.
This is in stark contrast to the case of a dissipative delta-
shaped impurity studied in Refs. [30,31], where n* = 0 for
attractive interactions. This is a direct consequence of the
existence of the quantity D conserved by the RG flow, see
Eq. (25), whose value is fixed by the initial conditions, i.e.,
by the microscopic value of the scattering coefficients. In
particular, at the line of fixed points FPL,, the value of D can
be expressed as

(30)

A straightforward computation using Eq. (25) shows that
in the case of delta-shaped impurities D = 0, implying that
n* = 0, confirming the result of Refs. [30,31]. For a generic
dissipative impurity, instead, D # 0, necessarily implying that
n* # 0: accordingly, the finite width of a dissipative impurity
qualitatively changes the fixed point of the RG flow. We fur-
ther investigate the stability properties of these fixed points by
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linearizing the RG equations around the fixed point, obtaining

SR 1—7* 0 0 (R
wlsT | =l 277 0 o ||s7], (31)
sX 0 o0 27*)\sx

which leads to the eigenvalues 0,2a7*, a(l —7T*): the
marginal direction corresponds to the line of fixed points,
while the other eigenvalues are negative, indicating stability
of the line of fixed points. In contrast to the case of re-
pulsive interactions, the eigenvalues do not depend only on
a, but also on the fixed-point value 7*. Moreover, a stable
direction becomes marginal when 7* = 1: this corresponds
to the delta-shaped impurities, which we discuss separately in
Appendix H. Further insight can be gained by studying the
scaling forms of 87, §R:

SR = §Roe*",
26R0T* 237307-*6

n* U
As expected, a perturbation 87y from a fixed point 7T*
just displaces 7 to another fixed point 7% = T* + 8Ty +
26RoT*/n*. The scaling of §R is controlled by an ex-
ponent depending also on the fixed point value n* =1 —
T*. This phenomenology is reminiscent of the Berezinskii-
Kosterlitz-Thouless (BKT) transition [64], whose RG flow
is characterized by a line of fixed points associated with a
marginal operator, terminating at a point corresponding to
the transition between a gapped and a gapless phase. The
existence of a more substantial connection between the BKT
physics and the one considered here is left open for future
investigations.

Finally, the existence of fixed points with n* # 0 for attrac-
tive interactions, but not for repulsive ones, can be physically
rationalized as follows. In the first case, the reflection prob-
ability R is renormalized to zero, meaning that a particle
impinging on the dissipative impurity is either transmitted or
lost. If the impurity is delta shaped, the renormalized wave
function, i.e., the wave function with renormalized scattering
parameters, develops a node at the point of the impurity,
causing it to have vanishing overlap with the losses, and thus
realizing perfect transmission (cf. Sec. IV B). However for
a dissipative impurity with a finite width, the wave function
cannot avoid overlap with the losses by developing a node:
accordingly, a finite amount of losses occurs. In the case of
repulsive interactions, a particle impinging on the impurity is
completely reflected by the effective single-particle potential
generated by the Friedel oscillations: as a consequence, the
wave function has vanishing overlap with the lossy impurity,
regardless of its width. Attractive interactions therefore mod-
ify the Fermi edge in a nonuniversal way, instead of restoring
it completely (cf. Fig. 10, red curves). The renormalization of
the scattering parameters leads to a modification of the mo-
mentum distribution at the Fermi edge. Repulsive interactions
(o > 0) always enhance the height of the Fermi edge to 1,
while attractive interactions modify it in a nonuniversal way
(n* # 0). Besides modifying the momentum distribution in
absence of interactions, a finite impurity width also modifies
the range of momenta where interactions take effect, acting as
a UV cutoff.

(32a)

ST = 8Ty + ant, (32b)
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FIG. 10. Momentum distribution for different interaction
strengths and impurity shapes. For all panels Ayy = kg/2, kp = my.

D. Unstable lines of fixed points

Beyond the previously discussed lines of fixed points, there
are two more, generically unstable lines of fixed points, FPL,
and FPL,4. We discuss them here for completeness.

The flow becomes stationary for R = 0, X = —1. Solving
the linearized flow equations with initial values Rg, 7o, Xo
yields

R = Roea(l-&-T*)E,
X =140+ X)e 2T,

(33a)
(33b)

while 7 is marginal. For both repulsive and attractive interac-
tions, one coupling is relevant, making the line of fixed points
unstable. In order to observe the qualitatively modified scaling
of R at FPL, compared to FPL,, fine tuning to either R = 0
or X = 1 is necessary. The latter is for instance realized in the
case of purely coherent impurities.

The remaining fixed points are found at R =7 =0, i.e.,
n = 1. In their vicinity, the leading order flow equations are

w7€::a7h
8@T = —20[RT.

(34a)
(34b)

As both R >0 and 7 > 0, one of the two parameters is
enhanced by the RG flow, while the other one is decreased and
this line of fixed points is again unstable. To observe its effect,
a fine tuning to either R = 0 or 7 = 0 is needed, which is not
found, even for resonant dissipative impurities (cf. Sec. IV).
Proximity to this line of fixed points further more enforces
D — 00, associated with an impurity of infinite width. This
is clearly outside of the realm of our model.
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VIII. CONCLUSION AND OUTLOOK

In this article we analyzed the effects of the shape of a
dissipative impurity in a fermionic wire. First, we showed that
multiple dissipative impurities generate resonant effects in the
transmission and loss probabilities, in the latter case resulting
in a clear signature in the particles’ momentum distribution.
Second, we found that the impurity’s shape affects the scaling
behavior of the scattering probabilities in the presence of in-
teractions, giving rise to a novel line of fixed points in the RG
equations describing the scaling. For repulsive interactions,
the fluctuation-induced quantum Zeno effect is preserved. For
attractive interactions, instead, the novel fixed points result in
a vanishing reflection at the Fermi energy, accompanied by
a finite loss, in contrast to the case of an ideal delta-shaped
impurity.

Our work opens several perspectives for future research.
On the one hand we showed that localized losses, a very
controllable experimental tool, can be used to design spatial
structures in ultracold gases, with properties similar to ex-
ternal potentials. Accordingly, localized losses may provide a
valuable resource to quantum simulate novel states of matter,
e.g., by designing non-Hermitian lattice structures [65] or
engineering the momentum distribution of ultracold particles.

On the other hand, a natural question concerns the analo-
gies outlined with the BKT phase transition and, more
generally, if non-Hermitian perturbations on equilibrium fixed
points can generate nonequilibrium universal behavior with
no counterpart at thermal equilibrium.

ACKNOWLEDGMENTS

We acknowledge support by the funding from the Euro-
pean Research Council (ERC) under the Horizon 2020 re-
search and innovation program, Grant Agreement No. 647434
(DOQS), by the funding from the Deutsche Forschungsge-
meinschaft (German Research Foundation) under Germany’s
Excellence Strategy—Cluster of Excellence Matter and Light
for Quantum Computing (ML4Q) EXC 2004/1-390534769,
by the Deutsche Forschungsgemeinschaft Collaborative Re-
search Center (CRC) 1238 Project No. 277146847—project
C04. M.G. acknowledges funding from the International Max
Planck Research School for Quantum Science and Technol-
ogy (IMPRS-QST).

APPENDIX A: KELDYSH FIELD THEORY DESCRIPTION

The dynamics of the density operator as given in Eq. (2)
can be described using the Keldysh field theory for open
quantum systems [66]. The corresponding Keldysh partition
function reads

Z= / DYDY DY DyrgeVevedoval (Ala)

Szf (Ve %)(I(,)R ﬁi) @;‘) + Simt. (Alb)

All quantities are evaluated at frequency w and position x. The
bare retarded Green’s function is given as the inverse of the

operator

2

d
R =o0+i0"+ X —V(x)+iy©x),

o (A2)

Gr =Py . 0" > 0 is a regularization ensuring causality. For
a noninteracting system, a single particle picture is valid and
described by a Schrodinger equation for particles moving
forward in time,

2

wp(x) = [ 2n; —[Vx) — iV(X)]}d)(X),

(A3)

where ¢(x) is a single particle wave function. This allows
one to identify the complex potential U(x) = V(x) — iy (x)
and the effective non-Hermitian single particle Hamiltonian

—‘2 . . .
Hx) = 231‘ + U(x) and treat the noninteracting dynamics

of the system as a scattering problem with a non-Hermitian
Hamiltonian as it is done in Sec. III.

APPENDIX B: CAUSALITY CONSTRAINT

The physically motivated constraint (8) implies in particu-
lar

VSIS
1pk k

By a parametrization of the vector Y = (1, a)" with a; €
C, we find the equivalent condition

B
,ﬁine(cz

min {n" + laln; — 2Relap ("t + r 01} 2 0. (B2)

The minimization can be easily done and yields
|r,j*tk +r t] < n;rnk_. (B3)
In case of Rk+ =R, , we find the relation
n; = 2Ry Ti(1 + &) = 0 (B4)

from the main text.

APPENDIX C: SCATTERING GREEN’S FUNCTION

Here we show the structure of the scattering Green’s func-
tion for a dissipative impurity of finite extent, using the Dyson
equation. In the absence of the impurity, the retarded Green’s
function is translation-invariant Gr(w, x,y) = Gr(w,x — )
and reads in a mixed position and momentum representation

eikx
w +i0t — k2/(2m)’
(ChH
The causal structure is preserved when the impurity is in-
cluded so that we parametrize the full Green’s function as
flw, x, k)
o +i0t —k2/(2m)’

Gg(a), x, k)= /eikyGR(w,x,y) =

y

Gy (w, x, k) = (C2)

with a function f without poles. The impurity is then included
exactly by solving a Dyson equation for this function:

. 1 .
flw, x, k) =™ + — / UG f(w,y, k)e* =1 (C3)
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Here we introduced the velocity v, = /2w/m and the mo-
mentum k,, = +/2mw. For a localized impurity this can be
solved explicitly while we take Eq. (C3) as a definition for
finite width impurities.

Considering again the definition of the retarded Green’s
function, we obtain

[w — H(x)]Gr(®, x,y) = 8(x —y)
2
= [w — H®)f (0, x, k) = (a) — k—)e”“‘
2m
= fIk*/@2m), x, £k] = ¢iF (x). (C4)

This allows us to relate the Green’s function to the scattering
wave functions from the main text (cf. Sec. III).

The pole structure of the scattering Green’s function may
also be used to simplify it in the limit of long times. Consider

fw, x, k)e™"!
w @+ 0t —k2/(2m)

=i / O + 1")ello=k/@mir
w,t’

GR(ta X, k) =

x f(w, x, k)e i tk/@m) (C5)

In the limit + — oo we have O(t +¢') = 1 such that the
Green’s function simplifies to

Gr(t — 00, x,k) = —if[k*/(2m), x, k]le ¥/ (C6)

The scattering wave function appears explicitly here. This
long-time limit is used in Appendix D to compute stationary
state properties of the system.

APPENDIX D: STATIONARY STATE DENSITY

Here we sketch the derivation of the stationary state
distribution C(x,y) as defined in Eq. (13) in the absence
of interactions. We use the Heisenberg picture and define
time-dependent operators ﬁT(t, x) and 1ﬁ(t, x) that obey the
condition

te[pd, (W' (¢, x)¥ (2, )] = e[ OV (0)d, p(1)].

The temporal evolution of the density operator p(¢) is given
by the quantum master equation (2). Using the cyclic property
of the trace yields again an equation for expectation values
that is solved if the time-dependent fermionic operators fulfill

W (t,x) = —iHE)P (¢, x),
d T, x) = iH OPT(, x).

This is solved for ¢ > 0, after the quench of the impurity, by

D)

(D2a)
(D2b)

~

w(t,x):/GR(t,x, X0, x'), (D3a)

Vi, x) = / Gy (t,x, X (0, %), (D3b)
v

where Gg = Py ! is the retarded Green’s function of the non-

interacting system including the complex potential of the

impurity. Hence, the time-dependent correlation function is

given by
Ct(x,y)=f Gr(t, x, X' )Gr(t,y,y)Co(x',y).  (D4)
vy

Before the quench of the impurity, we assume the system to
be in its ground state

Co(x, ) = (P P )y, = / e M ng(k),  (DS)
k
where ng(k) = @(kﬁ- — k?) is the Fermi distribution with the
Fermi momentum kg. This yields

ke dk
C,(x,y):/ —Gy(t,x, k)Gr(t,y,k).  (D6)

—kg 2
We are now interested in the stationary state properties of the
system long after the quench of the impurity. Using Eqgs. (C6)
and (C4), we find Eq. (14) from the main text.

APPENDIX E: MOMENTUM DISTRIBUTION

Here we sketch the derivation of the momentum distribu-
tion in the stationary state as defined in Eq. (18). For that
purpose we write the wave function as

—ilglx
Age

igx X < O,
Pq(x) = € + {quiqu

x> 0. (ED)

Where we neglected the impurity region as it contributes

only ~ s/L to the momentum distribution and introduced
— - - - -

Ayl =11y A-ig) = tigg — 1 and B_j =1y, Bjg) = 1)y — 1 for

brevity. The momentum distribution becomes

1 i
nk) = Zf elk()«*y)/nF(q)(b;(x)qﬁq(y) (E2a)
X,y q

1
_ ! / ne (@)l (P (E2b)

LJg
For the Fourier transformation of the wave function we use a
regularization for long distances e~"!/L and find
iA, n iB, '
k+lgl+i/L  —k+Iql+i/L
(E3)

Pq(k) =2md(k — q) +

We use [, = 278(k = 0) = L and obtain in the limit L — oo,

I+ Re A+ HAL + LALP k<0,
n(k) = np(k) e e
1+ReBk+§|Bk| +§|B_k| k < 0.
(E4

In terms of the scattering parameters, this gives Eq. (19) from
the main text.

APPENDIX F: SYMMETRY OF TRANSMISSION
PARAMETERS UNDER INVERSION

Here we discuss the statements about symmetries of scat-
tering parameters as made in Sec. IIl in more detail. In
Hermitian scattering problems, the unitarity of the scattering
matrix SZSk = 1 holds due to the conservation of probabil-
ity. If the Schrodinger equation is in addition time-reversal
invariant, Sy is symmetric SkT = S} such that the transmission
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parameters have to fulfill 7" = 7, for arbitrary impurities. In
particular, this holds then for noninversion-symmetric pro-
files.

Both used symmetries, quantum-mechanical time-reversal
and conservation of probability, are broken in the case of
dissipative impurities. Still, t,:r =1, holds, even for inversion-
asymmetric impurities, as we now demonstrate. Consider a
sufficiently smooth and compact complex potential U (x) such
that it can be approximated to arbitrary accuracy to be piece-
wise constant

0 x < —s/2,
U —s/2 <x<x,
Ux)=1: : (F1)
Uv xy_1 <x<s/2,
0 x> s/2.

We introduced positions x; separating segments of constant
(complex) potential U;. Using the transfer matrix method [67],
we may compute the scattering parameters of the compound
impurity from the scattering parameters of every single con-
stant potential segment as M; = ]_[fv=1 My ; where M, is the
transfer matrix of the compound impurity and M, ; is the
transfer matrix of the segment from x;_; to x;. Every single
segment is inversion symmetric about its center such that
we know t/i ; = 1;; for the transmission parameters of such
a segment. Equivalently we find tkf i/t = detM; ; =1 such
that we get for the total scattering parameters

i+ N N N
tL_ =detM =det [ [Mp; = [[detM; =1 =1.
k i=1 i=1 i=1
(F2)

Hence, it is not possible to construct an impurity with
asymmetric transmission properties tk+ # 1, out of inversion-
symmetric segments such that we may always assume tk+ =
t, =1t in the main text. Such an argument does not exist
for the reflection parameters and there are indeed inversion-
asymmetric impurities, where both phase and amplitude of r,j
and r,_ differ (cf. Sec. IV).

APPENDIX G: DISSIPATIVE IMPURITY CLOSE
TO A HARD WALL

Here we consider another physically relevant situation, be-
yond the scope of the main text, where a dissipative resonance
arises: a lossy impurity close to a hard wall, i.e., to a point
where the wave function vanishes. To this end we take the
problem of a semi-infinite wire, extending from x — —o0
to x = 0. A loss impurity with strength y is then located at
x = —D. In this setting, the scattering properties are com-
pletely described by the reflection amplitude r, which fixes
me=1—|rl?

The presence of the infinite barrier imposes a strict von
Neumann boundary condition ¢(0) = 0, leaving the ratio be-
tween loss and reflection probability still to be determined by
the additional loss. However, this boundary condition implies
that the wave function vanishes at x = —mn/|k| for n € N.
If the localized impurity is at such a point, it is not seen
by an incoming particle of momentum k which is therefore
always reflected. Away from the nodes, the loss probability

Hard wall
1.0 : : .
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08} / \\ smry ]
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FIG. 11. Loss probability for a localized dissipation near the end
of a wire. Depending on the distance s, the dissipation is strongly
enhanced or perfectly removed. For k = my, the loss probability can
reach 1 perfectly.

of this setup is enhanced as particles that are reflected from
the boundary cross the region with dissipation more than
once. This gives rise to a momentum-comb structure in the
loss probability (cf. Fig. 11). In this setup, the RG method
from Sec. VI is applicable, even though the loss probability is
highly asymmetric: due to the exclusion of the region x > 0 by
the potential, the effect of interactions has to be included only
for x < 0. Hence, the ansatz for the scattering wave functions
is not modified by interactions and we may apply the same
strategy as discussed previously even though the impurity is
not inversion symmetric. We find a single RG flow equation
for the loss probability

(GD)

This means in particular that attractive interactions enhance
the dissipation to perfect particle loss with perfect reflection
being an unstable fixed point. The possibility to reach this
unstable fixed point by tuning D gives rise to the competition
between resonant reflection due to the impurity shape and
perfect loss due to interactions.

g = —ane(1 — ).

APPENDIX H: LOCALIZED IMPURITIES
AS LIMITING CASE

The appearance of the line of fixed points along X has a
simple explanation in terms of the extremal case of localized
impurities,

U)=(V —iy)s), (HI)

where V € R and y > 0 are the coherent and dissipative com-
ponent of the impurity, respectively. These impurities fulfill
the condition D = 0 and the corresponding surface is fully
parametrized by the real and imaginary components, V and y .
Because of this, we can describe all RG flow trajectories con-
nected to the point 7* = X* = 1, R* = 0, where the scaling
exponent vanishes, by the two parameters V and y of such
an impurity. The flow equations then become (with vy = 1 cf.
Fig. 12)

WV = aV(l (H2a)

_4)
A+yr+v: )
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FIG. 12. Renormalization of the effective strength of coher-
ent and dissipative localized impurities for attractive interactions.
The stable fixed point lies at y =V = 0 corresponding to perfect
transmission. V' vanishes algebraically while y vanishes only loga-
rithmically slow so that the dissipative part dominates close to the
Fermi edge.

1+vy
oy ay(l (1+y)2+V2>' (H2b)
This RG flow becomes stationary for y =V =0 and y? +
V2 —> 0o. The latter is attractive for repulsive interactions,
and the two equations decouple to 9,y = oy and 9,V = oV
such that both parameters grow ~Af;. Because of this, the
ratio y/V approaches a nonuniversal constant that fixes the

nonuniversal X*. In this way we can interpret the marginal
coupling X of the general flow equations as a ratio of two
equally relevant couplings. The perfect reflectivity in this
case is understood as the effective strength of the impurity
is increased to infinity due to the interactions. It is an incar-
nation of the quantum Zeno effect that an infinitely strong
dissipation acts exactly like a strong barrier, and transmission
is suppressed [30,31].

In the opposite case of attractive interactions, the fixed
point of vanishing effective impurity strength becomes at-
tractive and the flow equations decouple. While the coherent
part simplifies again to 9,V = oV with the same algebraic
scaling as in the strong impurity limit, the leading order in
y is quadratic, 3, = ay?/2. This means that the dissipation
strength scales logarithmically,

1

_ (H3)
o IOg AIR/AUV

y ~
Because of this, at Al — 0, the dissipation dominates over
the coherent part so that the result of a purely dissipative
impurity is reproduced. The logarithmic scaling of y is also
translated to a logarithmic scaling of the corresponding re-
flection and loss probability

1
(alog AR/Auv)?’

This logarithmic behavior presented in Refs. [30,31] therefore
replaces the algebraic scaling discussed in Sec. VII in the
limiting case of n* = 0, where the scaling exponent vanishes.

(H4)

N
OllOg AIR/AUV
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