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Kondo-Zeno crossover in the dynamics of a monitored quantum dot

Matthieu Vanhoecke!'* and Marco Schird!

LJEIP, UAR 8573 CNRS, Collége de France, PSL Research University,
11, place Marcelin Berthelot,75231 Paris Cedex 05, France

We study the dynamics of a quantum dot coupled to a metallic bath and subject to continuous
monitoring of its total charge. The dynamics averaged over measurement noise is described by a
dissipative Anderson impurity model with local dephasing, that we solve using an extension of the
Non-Crossing Approximation. We show that the decay rate of an initially polarized spin, which
is suddenly coupled to the bath and to the monitoring protocol, displays a crossover from Kondo
screening, with a decay rate controlled by interactions, to Quantum Zeno effect, with a decay rate
which decreases with bare dissipation as the dephasing or monitoring rate is increased. Using a
Schrieffer-Wolff transformation on the Lindbladian we derive an effective model for the long-time
dynamics which is described, at weak dissipation, by a non-Hermitian Kondo model with complex-
valued spin exchange. As the dephasing is increased heating due to doublon production takes over
and control the spin decay. Our results show that Kondo effect is robust to a weak charge monitoring,
as we further confirm by computing the dot spectral function.

Introduction - A quantum spin-1/2 coupled to a
metallic bath represents one of the simplest many-body
problem. At low-temperatures the spin is collectively
screened by the bath into a many-body singlet, a man-
ifestation of the Kondo effect [1-5] which leaves behind
unique equilibrium and dynamical signatures, including
an exponentially-slow spin dynamics [6, 7]. Initially ob-
served in metals with diluted magnetic impurities, the
Kondo effect has been later realized in quantum dots and
various mesoscopic setups [8-11]. A different dissipative
mechanism to freeze or slow down the dynamics of a sys-
tem is the Quantum Zeno Effect [12, 13], where projective
measurements or strong continuous monitoring leads to
a complete localization of the dynamics. The Zeno Effect
has been observed in different quantum platforms, from
cavity and circuit QED [14, 15] to ultracold atoms [16-
18], and has recently raised new interest in many-body
settings [19-21].

Recent experimental progress in quantum simulation
platforms both in the solid state and with ultracold atoms
have opened new windows to explore the physics of dis-
sipative systems and offer now the possibility to explore
the interplay between Kondo screening and Zeno effect.
This is the case of quantum dots coupled to a quan-
tum point contact acting as a monitoring device [22—
28] or of ultracold alkaline-earth atoms where Kondo
physics has been realized [29-31], which are naturally
exposed to correlated dissipative processes, such as de-
phasing due to spontaneous emission [32, 33] or two-
body losses due to inelastic scattering [16, 34, 35]. The
physics of these dissipative quantum impurity models
has started to be explored only recently, with a focus
on non-interacting chains with localized single particle
losses [20, 36-39] or pumps [40, 41] or local dephas-
ing [42-46]. Non-Hermitian quantum impurity models,
arising from a postselection over quantum trajectories,
have also been studied [47-49]. Recently the effect of pro-
jective measurements on the Kondo effect in the steady-
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FIG. 1. Sketch of the setup for the Kondo-Zeno Crossover.
A singly-occupied quantum dot is coupled to a large metallic
bath via a hybridization I" and to a measurement apparatus
continuously monitoring, with rate v, its total charge. Upon
averaging over the monitoring noise the dynamics of the dot
plus metallic bath is described by Lindblad master equation
with a jump operator L = ) _n,, describing charge dephas-
ing.

state have been discussed [50]. In addition to their in-
trinsic interest, dissipative quantum impurity models also
arise as effective description of open Markovian lattice
models in the large connectivity limit, within Dynamical
Mean-Field Theory [51].

In this Letter we investigate the effect of continuous
monitoring on the dynamics of Kondo effect. Specifi-
cally we study the time evolution of an interacting quan-
tum dot coupled to a metallic bath, in presence of ad-
ditional dissipation (dephasing) due to monitoring of
quantum dot’s total charge (see Fig. 1). Since both
Coulomb repulsion and charge monitoring compete to
freeze charge fluctuations without affecting the spin de-
grees of freedom one can expect a non-trivial effect on



Kondo physics. We solve the resulting dissipative An-
derson Impurity model by means of a recently developed
self-consistent dynamical map based on the Non-Crossing
Approximation (NCA) [51, 52]. This method treats non-
perturbatively both electron-electron interactions and lo-
cal dissipation. We show that the dynamics of an initially
polarised spin displays a crossover from Kondo to Zeno
screening, as dissipation is increased, as highlighted by
a non-monotonous spin-relaxation rate as a function of
dissipation. Using a Schrieffer-Wolff transformation we
show that the effective model controlling this crossover
takes the form of a non-Hermitian Kondo model, with
complex (i.e. coherent and dissipative) Kondo coupling
and in presence of additional dissipative terms describ-
ing doublon production. The former controls the physics
at weak monitoring and leads to a robust Kondo effect
even in presence of dissipation, as we further confirm by
computing the spectral function and the impurity entan-
glement, while the latter dominate at strong dephasing
and give rise to local heating.

Anderson Impurity Model under Continuous Monitor-
ing - We consider a model for an interacting spinful
quantum dot coupled to a large metallic bath and to a
monitoring device which measures weakly but continu-
ously its total charge (see Fig. 1), as realized in the ho-
modyne detection or the quantum-state diffusion proto-
col [27, 53]. The dynamics of the system, upon averaging
over the monitoring noise, is described by a dissipative
Anderson impurity model with local charge dephasing
for which the density matrix p; of the system (dot plus
bath) evolves according to the many-body Lindblad mas-
ter equation [54]
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where H is the dot plus bath Hamiltonian given by the
Anderson Impurity Model (AIM) [5]

H= Z EkCLJCk’U + Z (delck,g + h.c) + Hyot - (2)
k,o k,o

Here the first term describes the Hamiltonian of the
metallic bath with fermionic operators ci o, CLU, the sec-
ond term describes the hybridization between dot and
bath with coupling Vi and the last term describes the
dot Hamiltonian

Hao = €4 Zdj,dg +Unqny (3)

with gate voltage €4 and Coulomb repulsion U. The ac-
tion of the monitoring device is taken into account at
the Markovian level by a jump operator proportional
to the dot total charge, ie. L = LT = Y _n, = n,
where v in Eq. (1) is the monitoring (or dephasing)
rate [27]. We note that this type of dissipation pre-
serves particle-hole symmetry, namely under the trans-

formation n — 1 — n the dissipative part of the Lind-
blad master equation remains unaffected. As such, if we
choose ¢4 = —U/2 such that the coherent evolution is
also particle-hole symmetric we can conclude that the
system remains half-filled under the dynamics generated
by Eq. (1). In the following we consider a metallic bath
at zero temperature with a semicircular density of states
of bandwidth W, giving rise to an hybridization function
Ie)=2m>, Vi2d(e —ex) =T\/1 — (g/W)2.

Hybridization Expansion and Non-Crossing Dynamical
Map - To tackle the dissipative AIM we first reformulate
the Lindblad many-body dynamics in Eq. (1) using the
purification/superfermion representation [55-62]. This
amounts to represent density matrices as pure states |p;)
in an extended Hilbert space  ® H that contains a copy
of our degrees of freedom. In this formalism the Linbd-
lad master equation takes the form of a Schrodinger-like
equation O¢|p:) = Ll|pt) generated by a non-Hermitian
operator £, the Lindbladian, which reads [54]

£:—i(H—ﬁ)+7<nﬁ—;n2—;ﬁ2> (4)

where H is given in Eq. (2) and H takes the very same
form i 1n terms of fermions living in the H Hilbert space,
cka,ck and dmd(7 for the bath and dot operators re-
spectlvely7 which satisfy the usual fermionic algebra [54].
We note the analogy between the doubling of the degrees
of freedom due to H and the Keldysh formalism [63, 64]:
the first term in Eq. (4) can be seen as the coherent evo-
lution along the two independent Keldysh contours while
the dissipation term induces an explicit coupling between
them and a back-action (non-Hermitian contribution).
We can then perform an exact hybridization expansion
in the system-bath coupling, starting from the density
matrix in the interaction picture [42, 52, 65], and obtain
an exact equation for the dressed impurity time-evolution
operator V(t,0) = Trpatn [exp (£t)], which reads [54]

0 V(t,0) = LaotV(t,0) + /t dr¥(t, 7)V(r,0)  (5)
0

where Laot = —i(Haot — f[dot) + v (nn — §n2 — %nQ) is

the impurity Linbdladian, while the self-energy X(¢,7)
takes into account the effect of the metallic bath and it
is a priori given by an infinite class of one-particle irre-
ducible diagrams. To close the hierarchy we use the NCA
dynamical map [52] corresponding to a self-consistent ap-
proximation on the series for V, by keeping only the
compact diagrams in which hybridization lines do not
cross [6, 66-71] . This amounts to restrict the self-energy

to the form 3(¢t,7) = Encal(t,7)
Encalr,7) = —i Z VeV (1,7) UGAG* (1,7)
+i Z TSV (1,7) WGAL (7,7)  (6)
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FIG. 2. Impurity Spin Dynamics and Kondo-Zeno Crossover - (a) Dynamics of the impurity magnetization starting from a

polarised state p(0) = | 1)(1 | and evolving under the dynamics of the half-filled dissipative Anderson Impurity Model, with
U = 8T'. The impurity spin decays to zero at long times with an exponential decay m. ~ exp(—t/7x). (b) The decay rate 75"
depends non-monotonously on the monitoring rate . For small dissipation the decay is faster, however upon increasing v we
see that the decay of the impurity slow down. The crossover between these two regimes, characteristic of the Quantum Zeno
effect, is set by v ~ U. (c) The crossover is also visible in the dependence of Tgl from the interaction U.

which is itself a function of V(¢,0), hence the self-
consistent non-perturbative nature of this method.

In Eq. (6) we have collected the dot operators in H and
H into a field [54] ¥, = (df d,) whose components are
labelled by the index @ = 0,1 and introduced the real-
time hybridization function A%%(7,7), that keeps into
account the full non-Markovian nature of the metallic
bath (see Ref. 54 for definition.)

Spin Dynamics and Kondo-Zeno Crossover - We con-
sider an initially polarised spin up and then suddenly
switch-on the monitoring and the coupling to the metal-
lic bath. In Fig. 2(a) we plot the dynamics of the dot
magnetization m,(t) = Trp, (ny —ny) at fixed interac-
tion U = 8" and for different values of the monitoring
rate 7. We see that the magnetization decays to zero
at long times for all values of . Interestingly, the spin
dynamics first accelerates upon adding a weak dissipa-
tion, then for large enough -~y it slows down again, see
inset of Fig. 2(a). The spin decay rate 7', that we ex-
tract from an exponential fit m, ~ exp(—t/7x) depends
non-monotonously on 7, as we see in Fig. 2(b): it first
grows at small dissipation since the system is more dis-
sipative, then reaches a maximum around v ~ U and
decreases at large 7 as 1/7, indicating the freezing of the
system dynamics due to the strong observation, a signa-
ture of the Quantum Zeno effect [16, 20, 51, 72, 73]. The
weak monitoring regime v < U is particularly interesting
as it shows a strong dependence on the interaction U.
Indeed we see in Fig.2(b) that in the weakly correlated
regime the spin-decay rate is linear at small v, while for
U > T a sub-linear dependence emerges, suggesting a
robustness of Kondo physics to weak charge monitoring.
In Fig. 2(c) we plot the spin decay rate as a function
of interaction U, for different values of 7. In absence of
dephasing, v = 0, the decay of the magnetization is due
to the hybridization with the metallic bath leading to a

Kondo singlet and occurs on time scales that depends
strongly on the interaction, a signature of the Kondo ef-
fect [5, 7, 74, 75]. On the other hand in the strongly dis-
sipative Zeno regime we see that the decay rate is almost
independent of U, see Fig. 2(c). The crossover between
Kondo decay due to singlet formation and Zeno decay
due to dephasing is one of the main result of this work.
We note in addition that the Kondo-Zeno crossover also
controls the dynamics of the impurity entanglement en-
tropy that shows a sharp maximum at short times for
dissipation smaller than v ~ U [54]. In the following we
provide a physical understanding of the basic mechanism
behind the crossover. Before that it is useful to discuss
the dynamics in the charge sector.

Doublon Dynamics — We now consider the dynamics
of the dot double occupation D(t) = Tr (pn4ny), start-
ing again from a singly occupied polarised spin up. In
Fig. 3(a) we plot the dynamics of D(t) for different values
of dissipation, at fixed U = 8['. While in the unitary case
(v = 0) the doublon fraction displays a non-monotonous
time-dependence approaching the steady state value with
oscillations, as 7 increases the dynamics becomes expo-
nential, D(t) ~ Dss(1 — exp(—t/7p)) with a character-
istic relaxation rate 7'51 and a steady-state value Dy,
that strongly depend on interaction and dephasing. In
Fig. 3(b) we see that the doublon relaxation rate also dis-
plays a non-monotonic behavior with a sharp maximum
and decreases at large v as 1/v. Comparing Fig. 3(b) and
Fig. 2(c) we see that the doublon relaxation rate is gen-
erally larger than the spin one, i.e. doublon dynamics is
faster both at zero dissipation (as expected) and for finite
v. The steady-state value Dy, increases monotonously
with v (see Fig. 3(c)), and ultimately reaches the value
Dgs ~ 1/4 for v — oo, indicating that locally the im-
purity is heating up towards infinite temperature. We
emphasize however that the steady-state is reached on



o5 -
0.251 (a) — P =320 (b) VT = 0.00 0.25{ ()
4 —— UJT =200
0.20 —— /L =160 0.20
: —— U/T=4.00
0.15 3 T Um=G s
8 .15 — /T =8.00 TQ U/r:&l]() % 15
Q = — ur=100 [N
0.10 —— /T =4.00 2 0.10
AT =200 U/l =200 —— U/T=8.00
0.05 1 0.05 —— UL =400 —— U/T=100
2/L=0.00 — U/T=600 —— U/T=140
0.00; 5 10 15 20 % 30 0 10 p 30 10 s 0% 10 2 30 ) 50
tr y/T /T

FIG. 3. Dynamics of the doublon fraction starting from a polarised state p(0) = | 1)(1 | and evolving under the dynamics of the
half-filled dissipative Anderson Impurity Model. (a) The double occupancy D(t) for U = 8I" increases with time and saturates
rapidly to a steady-state on a characteristic time scale 7p. (b) The doublon thermalisation rate 7'51 as a function of « shows
again signature of the Zeno effect, namely it increases with v through a maximum and then decreases, again as 1/7v. (c) The
steady state value of double occupancy Dss increases with v, yet we see that for large interaction doublons are suppressed at

least for small ~.

time scales t > 7p, hence for v = oo the system remains
frozen in the initial spin polarised state, as expected from
the Quantum Zeno effect. Strong interactions and cou-
pling to the cold metallic bath however suppress heating
by keeping down the doublon fraction, at least for v < U.

Schrieffer-Wolff Transformation — In order to un-
derstand the emergence of the Zeno-Kondo crossover
we consider a dissipative Schrieffer-Wolff transforma-
tion [54, 76-78] on the Lindbladian of the dissipative AIM
in Eq.(4). Specifically we consider the non-unitary (sim-
ilarity) transformation L = e Le™ = L + [S, L] +
218,15, L]] + -+ with a generator S that we fix so to
decouple the diagonal and the off-diagonal (with respect
to the hybridization) sectors of the Lindbladian. Specif-
ically we take S of the form

S = ZXka (CLUdU + Ckadi)
ko
+ 3" Ko (o + od) (7)
ko

where Xy, Xy, are written in terms of local impurity
operators d,,d}, and Jg,zﬁ [54]. After projection onto
the single occupied sector n = 1 = 1 the effective Lind-
bladian to second order in Vi takes the form [54]

Lot = Loath — ¢ (HCH,K — HCH,K) (8)
where Lyath = —i(Hpath — ﬁbath) is the Lindbldian of the

bath, H.g k describes a spin-exchange Kondo coupling
between the impurity and the bath electrons,

& -
Hegx =—  Jkq (@32%) -S4 (9)
qk

where <I>1T( = (cxrsciy) and Sg = Sooor di7 id s is the
dot spin with 7/ the Pauli matrices. Eq. (9) describes a

non-Hermitian Kondo model [47, 79], due to the complex-
valued spin-exchange coupling Jxq renormalised by dissi-
pation, which reads (by setting ex = ¢q = 0 and dropping
the momentum dependence of the hybridization Vi ~ V)

8V2U . 8V2y

U? +~2 g +v?
We stress that differently from previous works here the
non-Hermitian Kondo model does not arise from post-
selection and no-click limit [47]. Rather it emerges from
the competition between Coulomb repulsion and charge
monitoring: deep in the Kondo regime, when charge fluc-
tuations are frozen due to strong Coulomb repulsion, the
leftover local moment can only dissipate through a bath-
mediated spin exchange, given in Eq. (10), while other
dissipative processes are blocked at particle-hole symme-
try [54].

The effective Lindbladian in Eq. (8) captures the com-
petition between Kondo and Zeno screening. This is
more clearly seen by considering first the weak dissipa-
tion regime V <« v <« U. Here we have Jr > J; and the
system is in the Kondo regime, with few excited doublons
that can be safely projected out, yet with a small imag-
inary Kondo coupling. Results on the non-Hermitian
Kondo model suggests a transition from Kondo to a non-
Kondo state above a critical value of Jr [47, 79, 80].
This picture is compatible with our NCA results both
for the spin-decay rate, which at large U shows robust-
ness against dissipation (See. Fig. 2(b)) and for the im-
purity spectral function, a key quantity to characterize
the emergence of Kondo effect [5]. In absence of dissipa-
tion the spectrum shows a characteristic three peak struc-
ture, with coherent low-energy Kondo peak and incoher-
ent Hubbard bands at high-frequency. As we show in
Ref. [54] a weak charge dephasing, v < U, strongly renor-
malises the latter, whose location drifts with ~, while
leaves practically unaffected the Kondo peak. On the
other hand, as we increase the dissipation above v ~ U

Jogk = Jp +iJr = (10)



new physics emerge. First, we see from Eq. (10) that
Jr becomes maximal and then decreases to zero as 1/7.
This is consistent with the spin-decay rate 7' which
therefore in this regime appears to be controlled by dis-
sipation rather than Kondo screening. Furthermore for
v ~ U other dissipative channels open up beyond the
single-occupied manifold, such as doublon-holon produc-
tion terms, which enter the effective Lindbladian and con-
trol the dynamics of the system [54]. As confirmed by the
NCA results in this regime doublon production becomes
substantial and the system locally heats up, leading also
to a decay of the initially polarized spin.

Conclusions —In this work we have studied the dynam-
ics of an interacting quantum dot under continuous mon-
itoring of its charge. Focusing on the dynamics averaged
over the measurement noise and described by a dissipa-
tive Anderson Impurity model, we have shown how the
interplay of interaction and local dissipation strongly af-
fects the dynamics of the system. In particular we have
highlighted a crossover from Kondo to Quantum Zeno
effect in the dynamics of an initially polarised spin. We
have shown that this can be understood at weak dissipa-
tion in terms of a non-Hermitian Kondo model, obtained
as effective model at long times through a Schrieffer-Wolff
transformation on the Lindbladian. On the other hand,
upon increasing the dephasing rate, heating due to dou-
blon production dominates the spin decay. Our results
highlights the robustness of Kondo effect to weak charge
monitoring, before heating starts to kick in.

This work opens up several avenues for future research.
First, the signatures of Kondo-Zeno crossover in the
steady-state transport are worth exploring. Furthermore
looking at the dynamics of the conditional state and as-
sociated non-linear probes, such as block-entanglement
entropy or purity of quantum trajectories, could unveil
measurement-induced transitions in this problem. Fi-
nally, the role of monitoring different observables is also
an important question to explore.

While completing this manuscript, a related work ap-
peared analyzing dissipative implementations of Kondo
physics [81].
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S1

Supplemental Material to ‘Kondo-Zeno crossover in the dynamics of a monitored
quantum dot’

In this Supplemental Material, we discuss:

1. The stochastic dynamics of a monitored quantum dot and the Lindblad evolution for the averaged state
2. The hybridization expansion and Non-Crossing Approximation for dissipative quantum impurity models
3. Additional Results: spectral function and impurity entanglement entropy

4. The Schrieffer Wolff transformation and the effective Kondo model

LINDBLAD DYNAMICS FROM CONTINUOUS MONITORING

We consider a quantum dot coupled to a metallic lead and to a monitoring device which measures some hermitian
operator O. We focus here on a homodyne detection scheme corresponding to a quantum-state diffusion protocol
described by the following stochastic Schrodinger equation

(&) = —idtH (&) + d&: (O — (0)) [¢(&)) — o (0= (0))* [ (&) (S1)

2
Here we follow the standard terminology and define the state |¢)(&;)) as the ensemble of quantum trajectories, each
labeled by a specific history of measurement outcomes &. The first term in Eq. (S1) describes the deterministic
evolution, a coherent dynamics generated by the dot+lead Hamiltonian

H = Z skCLGck’g + Z (de:r,ck,(, + h.c) + &4 Z d:[,dg + Unyny (S2)
k,o k,o o

The continuous monitoring of the operator O has two effects on the evolution of the state of the system, as seen in
the last terms in Eq. (S1). It introduces a local stochastic term whose noise couples to the fluctuations O — (O) as
well as a back-action term proportional to the fluctuation squared, (O — (O))2. Here, we defined the expectation value
(0)e = (¥(&)] o |1(&)) and the stochastic real variable d¢;, satisfying the standard rules from Ito calculus d&; = 0 and
(d¢;)? = dt. d&; can be interpreted as an infinitesimal fluctuating noise term.

From the stochastic Schrodinger equation in Eq. (S1) one can obtain the density matrix p(§;) = |[¥(&)){¥(&;)| and
write down an equation of motion for its evolution. Using the properties of the Ito noise this reads

Ap(€) = ~ilH. p()] + Op(&)O — 5 {p(&), 07} + d&c {0 ~ (O, &)} (53)

Due to the properties of the Ito noise which is uncorrelated at different times, the average of Eq. (S3) yields the
following Lindblad equation for the averaged state p; = p(&;)

. 1
Oipr = —i[H, pg] + Op, O — 5{027%} (S4)

which coincides with the one given in the main text for Hermitian jump operator.

HYBRIDIZATION EXPANSION AND NON-CROSSING DIAGRAMS

Vectorization of the Lindbladian

We start by applying the superfermion or vectorization formalism [56, 58] to the case of the master equation for a
dissipative quantum impurity model, i.e.

. 1
Ope = —i[H, pi] + Lp, LT — §{LTvat} (S5)



S2

where H = Hyot + Hpath + Hiyp is the dot plus bath Hamiltonian given in the main text while L is the impurity jump
operator, corresponding in our case to the dot total charge L = ) _n,. We introduce the Hilbert spaces # for the
impurity and the bath degrees of freedom and its doubled tilde-version H and the associated identity operators

1= m)m (36)
T=3" )l (57)

written in terms of two orthonormal basis |m), |m). We can also duplicate all the degrees of freedom in the problem,
namely the impurity and the bath fermions, and introduce the associated creation/annihilation operators d, d, and
Ck,o; Ck,o and their Hermitian conjugate. The key step is now to vectorize the identity operator, introducing the so
called left vacuum [56, 58] (or vectorized identity)

1) =Y (=)™ Im) @ ) (S8)

m

The vectorized identity is particularly useful as it allows to write any operator O as a vector
0y =0|I) =0 ®I|I) (S9)
In particular, the vectorized density matrix reads:
) = plI) (510)
Using the left vacuum one can write down the trace of any operator over the density matrix as
(O(t) = T (0) = (1]0|py) (s11)
Following these rules we can rewrite the Linblad master equation as a non-unitary Schrodinger type of equation

Olpe) = L|pt) (S12)

where L is the vectorized Lindbladian. The advantage of the vectorization formalism is that the superoperator
structure usually needed to treat Lindbladian problems and the associated hybridization expansion is now encoded
by doubling the local Hilbert space and working with an additional quantum number, similar to an orbital degrees of
freedom. The Lindbladian £ has now three contributions

L = Laot + Lbath + Luyb (S13)

The first one Lqo is the free Lindbladian for the dissipative impurity. By using the super-fermions rules [58, 62]
(dy|T) = —id!|I) and d} |I) = —id,|I)) and since we consider only the dissipation on the impurity degrees of freedom,
we can formally write the impurity Lindbladian L.t as:

. ~ N 1,
Lo = —i (Hdot - Hdot) +(spLL—3LlL—SL'L (S14)

where sy, is an extra sign depending on the fermionic (s, = —i) or bosonic (s, = 1) nature of the jumps operator. The
second term in Eq. (S13) is the bath Lindbladian and reads Lpan = —i (Hbath — ﬁbath). Finally the impurity-bath
Lindbladian Ly can be written in compact form by introducing the following fields

Ck,a da'
Oy =) Vi (511 ) U, = (JT> (S15)
k N o

which group together the operators living in the space H and A. Using these fields we can write the system-bath
term in a more compact way:

Lo, = —i (thb - thyb) =i (BUS 4 TEDY) (S16)

o
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where we have introduced a label a = 0,1 which denotes the Hilbert space H or H (dy = ¥2=% and cil = po=l) At
this point we can write the formal solution of the vectorized master equation (S12)

o =T ([ tcmdf) 0] (s17)

where we have introduced the time ordering operator 7y in the Superfermions representation. Unlike the standard
Keldysh time-ordering, here the time ordering is defined as:

t>1 if a=BeH,H

This ordering allows to define a time-ordering operator 7; such that two operators, ¥ and 2, being 1 a creation or

annihilation fermionic operator living in the H(#) Hilbert space, anticommute under time-ordering:

a if a
Ton(ta)ialts) = { Vftelalte) I om0 519

Eq. (S17) represents the starting point to perform the hybridization expansion, namely an expansion order by order

in the system-bath coupling Lyyb, as we will discuss in the next section.

Hybridization Expansion and NCA Dynamical Map

In this Section we derive the perturbation series (called Hybridization expansion) for the evolution superoperator
in the powers of the impurity-bath coupling, up to all orders in this coupling. In the interaction picture we can write
the time evolution operator as,

o) = Valt) e (~i | t Lun(s)ds ) o) (520)

where Vy(t) = exp (Lot) is the time evolution operator in the Superfermions representation in the decoupled limit,
ie. Lo = Laot + Lpatn- In fact the time dependence of Lyyr, is given in function of the free evolution Ly, (1) =
e 507 Lyyne“oT by using a standard Taylor expansion for the bath-impurity terms, we can write all the order of |p;)

IYEDS (_ni!)n/o dry - dr Vo () Te [Lyn (1) Logn (12) - -+ Lay (70)] [po) (S21)

n

due to the fact that the coupling between the bath and the impurity degrees of freedom is linear, we only have to
consider the even terms of the expansion

o0 = X G [ dran Vo s () () Lag (7] ) (22

in terms of the spinors ¥ and @, the time evolution of the density matrix becomes

t

lpt) = Z Z} ((:l,l)): /0 dry - -dr, /0/ dry - d7VoTy [Wo (1) @0 (11) -+ o (70) Vo ()] | 00) (S23)

We now take the average over the bath Trpatn [---] = (Ibath| - |po), using the fact that the initial state |po) is
factorized, initially we take the initial density matrix as pg = pdot,0 ® Pbath,0- Then since the bath is non-interacting,
we can use the Wick theorem in order to trace out the bath degrees of freedom and obtain the hybridization expansion
for the dressed impurity propagator (Ivath|pt) = V(t,0)|pdot,0) which finally reads [65]

V(tv O)|pd0t,0> = Z Z <(;l,:)):‘/0 H dTidﬂ exXp (‘CdOtt) 7; [\I]U(Tl) U \Ija(Tn)] |pd0t,0>Deta [{éaa (I)UH Det& [{@57 (I)c?}]

n {05}

(S24)
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where Det,, [{‘i)&, <I>5}} are determinants built out of the real-time hybridization functions of the bath defined as

Agd(Tv 7) = —i{lbatn| T [(i)g(T)(bg(%)] |pbath,0> (S25)

For a non-interacting bath, as the one we consider here, a simple calculation gives [65]

A% (7 7) = / de (1 — np(€)) Ty (€)e=ie(7=) (S26)
AN(r F) = — / den ()T, (€)e—ie(r=) (s27)

where ng(€) is the Fermi distribution and I'(e) the energy-dependent hybridization for the spin channel o, defined
in the main text. From this result the diagonal components of A%¥(7,7) can be obtained, for example Al (7,7) =
i0(r — T)AL (7, 7) +i0(7 — )AL (7, 7).

The hybridization expansion we have derived in Eq. (S24) is a bare expansion in the dot-bath coupling. It can be re-
organized in a self-consistent diagrammatic expansion by identifying one-particle irreducible diagrams and introducing
a self-energy ¥(7,7) to obtain a Dyson equation for V(¢,0) of the form [52]

V(t,0) = Vaot(t, 0) —I—/O dr /OT dTV4ot (t, 7) X (7, 7) V (7,0) (S28)

which can be rewritten as in the main text upon taking a time-derivative on both sides of the equation and using
O Vaot (t,0) = Laot Vot (£, 0). As in any interacting diagrammatic theory the self-energy is not known in closed form. It
can however reorganised as an expansion in diagrams with increasing number of crossing hybridization lines [51, 52].
The lowest order self-consistent level of this hierarchy is the so called non-crossing approximation (NCA) which
corresponds to keeping only the compact diagrams in which hybridization lines do not cross. The formal expression
for the NCA self-energy is therefore the one given in the main text, which reads

Snea(m7) = =iy Y [V (7, 7) UGAG® (1,7) — UGV (1,7) UG AL (7, 7)] (S29)

o o,x
which describes a rainbow diagram with a dot vertex W& at time 7, a dressed dot propagation from 7 to 7 with

propagator V(7,7) and a hybridization line AY® (7,7) and finally another dot vertex operator U¢ at time 7, with the
second term in Eq. (S29) describing the diagram with 7,7 exchanged.

Steady-state Condition

Within NCA we can obtain an equation directly for the steady-state density matrix of the impurity [52], which
is useful for example when computing spectral functions. If we assume a unique steady state, the associate density
matrix is defined as |pdot,ss) = V(00,0)|pdot,0). While in principle this would require to perform the full transient
dynamics from an arbitrary initial condition, here we show how to obtain |pss) directly from the stationary state
propagator V (t,t').

By definition, the steady-state density matrix satisfy the condition,
AV (t,0)|paot,0) —> 0 (S30)
t—o0

where pg is an arbitrary initial state. by using the previous Dyson equation, we get:

t
tlim OV (t,0)|pdot,0) = tlim (EdotV(t,O) —|—/ dr¥ncalt, )V (T, 0)> |pdot,0) =0 (S31)
o0 o0 0

by making a change of variable in the convolution integral, the condition reads

¢
tlim (EdotV(t, 0) + / drEncalt,t — 1)V (t — T, O)> |pdot,0) =0 (S32)
o0 0
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FIG. S1. Dissipative Resonant Level Model - (a) Impurity spectral function for the half-filled dissipative resonant level model,
corresponding to U = —2¢q = OI' and increasing values of dephasing . (b) Spectral function value at zero frequency as a
function of 7. (c) Width I'* of the zero frequency peak as a function of . In both cases the agreement between NCA (solid
line, for W = 10T") and the exact solution (dashed line, see main text) is excellent.

Now, we have to assume some hypothesis, the first one is that the system is supposed to loose memory of the initials
conditions, this mean that the Self Energy must vanish when 7 ~ ¢t — oo, under this hypothesis the convolution
integral in the Dyson equation can be cutoff when ¢t — 7 > ¢yemory. Then when the Self energy is non-zeros, the
propagator V (t — 7,0) is stationary and can be replace by V(0o,0). So under the previous hypothesis, the steady
state density matrix satisfies:

<£dot + / ENC’A (T) dT) |pd0t,ss> =0 (833)
0

This condition depends only on the stationary state propagator V(7) through the NCA self-energy X nca (7).

ADDITIONAL RESULTS

In this Section we present additional NCA results on the dissipative Anderson Impurity Model: (i) the impurity
spectral function and (ii) the impurity entanglement entropy.

Impurity Spectral Function

We start from the retarded Green’s function of the dot which is defined as
GE(t,t") = —ib(t — t') ({do (1), d} (')}) (S34)

where (---) implies the average over the steady state and {A, B} = AB + BA is the anti-commutator. The spectral
function of the impurity, A, (w), is defined by going in Fourier space and taking the imaginary part of the retarded
Green’s function, i.e.
1

Ay(w) = ——Im [GE(w)] (S35)
We can obtain the impurity Green’s function from the knowledge of the NCA dynamical map superoperator V(t)
and the impurity steady-state density matrix (S33), a result analog to the quantum regression theorem for Lindblad
evolution [51]. In particular, using the superfermion representation one can show that

G (t,0) = —i0(t)({d,(t),d}})
_io(t) <I|dav(t)d:rr|pdot,ss> - G(t) <I|dav(t)da|pdot,ss> (836)

In practice we compute first the steady-state using the condition (S33) and then solve the NCA equations at long-times
to obtain V(t) and perform Fourier transform to obtain the spectral function.

We start discussing the non-interacting case, U = 0, corresponding to a dissipative Resonant Level model. We
stress that due to the monitoring of the total charge the model is still interacting, i.e. non-gaussian. However the
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FIG. S2. Dissipative Anderson Impurity Model - (a) Impurity spectral function for the half-filled dissipative AIM and for
U = —2¢4 = 4T" and increasing values of 7. We see that the low-frequency structure is robust to dephasing.(b) Upon increasing
further + the central peak eventually merges with the incoherent background.

specific nature of the dissipative interaction makes it possible to close exactly the equations of motion for the retarded
Green’s function in terms of a Dyson equation. We obtain therefore

1
(G,)~ = 28 (w)

GEw) = (S37)

where the bare retarded Green’s function of the impurity reads (G )~ = w — ¢4 + in, while the self-energy Y2(w)

i) = -3+ Ay ) (538)

—ex +1in ol

where T'(€) = 27 >, |Vik|?0(e — ex) is the hybridization function. One can therefore obtain the spectral function in
closed form in the wide-bandwidth limit

1 1 (v+T)
Ay (W) = —=Im [GE(w)] = — S39
() . [Go ()] 21 (w—€q)2 + (v +1)2/4 (839)
From this expression we can immediately read out the renormalised width I'*,
1
r= 3 (v+1) (S40)

In Fig. (S1)(a) we plot the spectral function obtained with NCA in the U = 0 case for increasing value of the dephasing
rate. We see that the resonance at the Fermi level is broadened and at the same time the value at w = 0 decreases with
v. A comparison with the exact result for the U = 0 case is shown in Fig. (S1)(b-c), concerning the weight at w =0
and the width of the resonance, demonstrating the perfect agreement between NCA and the exact result. We note
that from the exact expression in Eq. (S39) we conclude that the value of the spectral function at w = 0 is affected by
the dissipative interaction (monitoring rate/dephasing), even though the system remains half-filled. This is different
than in the unitary case, where for U # 0 the value of the zero frequency spectral function is not renormalised and
points towards a breakdown of the Luttinger theorem for dissipative quantum impurity models.

We then move to the interacting case, U # 0, which is more relevant for the present work. In Fig. (S2)(a-b) we plot
the impurity spectral function for U = 4I" and increasing values of the dephasing . First, for v = 0, we recognize the
three peak structure of the Anderson impurity spectral function, with the Kondo peak at w = 0 and the incoherent
Hubbard bands centered around w = +U/2. Introducing a small dephasing rate v < U has a strong effect on the
Hubbard bands whose position shifts and whose amplitude shrinks down. On the other hand the Kondo peak appears
robust to small dephasing, its width and value at zero frequency remaining essentially constant for small . This
appears to be in good agreement with the result on the spin decay rate shown in the main text. Indeed we can say
that for small dephasing the spectral function is only weakly renormalised with respect to the unitary case. On the
other hand when ~ is further increased we see two effects taking place, namely the value of the spectral fucntion
decreases and the width of the resonance increases, until for v > U only a broad resonance is left in the spectral
function.
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FIG. S3. Impurity Entanglement Entropy Dynamics - (a) Dynamics of the impurity entropy after tracing out the metallic
bath. For small dissipation we see a clear maximum which is then suppressed for increasing dissipation, when the entanglement
entropy is monotonously growing towards the steady-state. The crossover between the two regimes is again controlled by a
scale of the Zeno type, as we show in the panel (b). We first show the total entanglement rate, which displays a nero of negative
values for small 7. The total change in entropy between the maximum value and the steady-state has a minimum at a value of
dissipation v ~ U. AS = 2max(S) — Sss

Impurity Entanglement Entropy

We consider the dynamics of the impurity entanglement entropy, obtained by tracing out the metallic bath and
computing the thermal entropy of the reduced density matrix of the system, i.e.

S(t) = —Tr (ptlogpr) (541)

where p; is the reduced density matrix of the system after tracing out the metallic bath. This can be directly obtained
from the NCA approach which works directly with the evolution operator of the reduced system, i.e. p, = V(¢,0)pq.
We emphasize therefore that the state of the system is mixed to begin with, due to the dephasing, therefore the entropy
of entanglement also takes contribution from the thermal entropy. In Fig. S3 we plot the dynamics of the entropy as a
function of time for different values of the dissipation rate . In the unitary case, v = 0, we observe a maximum at short
times followed by an approach to a steady-state value. As we include dissipation the maximum remains well visible for
small and moderate values of -, while for large dissipation the dynamics of the entanglement entropy is monotonous
in time towards the steady-state. Intriguing the crossover between the two regimes of entanglement dynamics is
also controlled by the Zeno scale. To appreciate this point we plot the quantity AS = 2max(S) — Sgg, which for
a monotonously growing entropy dynamics reduces to the steady-state value, while in the general case quantify the
level of non-monotonicity in S(t), and it is related to the time-integral of absolute vlaue of the entanglement entropy
rate 0;5. We see that AS has a clear minimum as a function of dissipation, for v, ~ U as expected from the Zeno
effect.

SCHRIEFFER-WOLFF TRANSFORMATION

In this section, we provide a detailed derivation of the non-Hermitian Kondo model by using the generalized
Schrieffer-Wolff (SW) transformation. We start from the Linbdladian in the superfermion representation that we
write as

L=Ly+ Lhyb (842)

where Ly is the diagonal part (with respect to the hybridization) of the Lindbladian that includes the decoupled
impurity and bath terms as well as the local charge dephasing Lo = Lot + Lbath, While Ly, = —¢ (thb - I;[hyb) is

the off-diagonal term. As in the equilibrium case, the SW transformation allows us to integrate out the bath-impurity
coupling terms by introducing a non-unitary (similarity) transformation S such that the new Lindbladian

Log=eLe ™S =L+[S, L]+ % [S,[S, L] +--- (S43)
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is diagonal order by order in a perturbative expansion. In particular this can be achieved by choosing the generator
S to be fully off-diagonal with respect to the hybridization and to satisfy the condition

Ehyb + [S, E()] =0 (844)
which then gives an expression for the effective Lindbladian which reads
1
Leg = Lo + 5[5, Ehyb] (845)

In the following we first derive the form of the generator S of the Schrieffer-Wolff transformation and then write down
the resulting effective Lindbladian operator.

The Generator

The condition for the generator suggests that S should have a structure both diagonal and off-diagonal in the two
Hilbert spaces. We therefore parametrize it as following

8§ =" Xieo (o = he) + " Ko (e, ds — he) (S46)
ko ko
where the operators Xy, read
Xko = Sk + tkNs + Tk + WkNan + hiNgfy + gengfiafy (S47)
= (sk + tkne) + (xx + wkne) N+ (hx + gune) Ny (S48)

and similarly for Xy upon switching tilde and not-tilde,i.e.
ng = Sk + tNkTNLF; + Zxn + wxngn + Bknﬂu + gkﬁgnﬁu (849)
= (§k + fkﬁa) + (SNCk + ’lbkﬁg) n + (ilk + §kﬁa) nang (850)
While the first two terms in Xio, Xio are diagonal in the Hilbert spaces, and represent straightforward generalisation
of the generator for the standard AIM, the last terms represent the new addition due to dissipation. These terms

couple the two sectors H and H and they are needed to satisfy the condition (S44) due to the structure of the
dissipation. To proceed it is convenient to evaluate few commutators between S and different operators, namely

[S,n0] = 3 Xics (cfmd(, + hc) (S51)
k

[S,npny] = Zng (c;rwdg + hc) Ng (S52)
ko

15, 7ko] = = Xieo (s + ) (S53)

Similar relations, upon sending tilde-operators into non-tilde and viceversa, hold for the commutator with
Ny, M4N), Mke. Finally we need to evaluate the commutator between S and the dissipation term coupling the two
sectors, namely

[S,nn] = Z Xko (CLUCZU + hc) n+ Z Xio (élgdg + hc) n (Sh4)
ko ko

Using these results we can now evaluate the commutator between S and £y and obtain the conditions that fix the
generator S. From this equation, using the commutators above, we get the following conditions

(ex — €a +17/2) Xio — (U — i) Xuons — iv Xt = Vic (S55)
(ex — £a — 17/2) Xo — (U + i) Xioits + ivXion = Vic (S56)



which we can solve to obtain the coefficients

Sk = W
kT (ex —eq +1i7v/2)
" (U —iv)sk _ (U — i) Vi
k (ex —eqa —U+3iv/2)  (ex —eq — U + 3iv/2) (ex — €q + iv/2)
. 17YSk 1y Vi
k= - =
(ex —€q —i7/2) (5k—5d)2+72/4
(U —iy)ax + vtk
Wk = ;
(ex —eq — U +1iv/2)
by — 2iyxy _ 2+2 Vie
o (ex — €4 —i37/2) (ex — ) +72/4 (ex — €4 +137/2)
(U — iy)hx + 2iywy
gk =

(ex —ea — U —iv/2)

S9

(S57)
($58)
(859)
(S60)
(S61)

(S62)

(S63)

Similarly, solving for the coefficients entering in the tilde-spce part Xk, we discover that § = sy and similarly for

the other coefficients.

Derivation of the Effective Lindbladian

The effective Lindbladian is obtained from the expression

Leg=Lo+ = [S Liyn] = Lo+ = [S Liyb] = Lo — %[S, Hyg, — Higp)

We now evaluate each of the two commutator separately, involving Hpy, ﬁhyb respectively. First we have

[S, Huyb) = Z Z Xko Vo (Cka hc) , (CLU,dUI + hc)]

kp oo’

+ 30D Vol ko (chprdor + he)] (e ds — he)
kp oo’

+ %; ; Vol Ko, (el dor + he)] (e, do — he)

Similarly, for the tilde term we have

[S, thb Z ZXI‘” (cko hc) ( I) g+ hc)]

kp oo’

+3 3 Xka,(pad +hc)](
kp oo’
30D VolXico, (o + he)]

kp oo’

Chreolo — hc)

d
cfwdg — hc)

We see that we have therefore to evaluate two types of commutators:
(oo = he), (chrdor + he)] = elydo dfcpor] = [l chdor]
= (¢l CporGoor + he) = OupOoor (dl,dy + he)
and equivalently for the tilde space

[(ckgd - hc) ( &y + hc)] = (€} o Oo0r + he) — Sxpdoar (dL,dy + he)

(S64)

(S65)
(S66)

(S67)

(S68)
(S69)

(S70)

(S71)
(S72)

(S73)
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as well as
[ng, ( pa_/do', + hC)} = (tk + wka + gkaTﬁi) 560' (CLU,dg/ hC) (874)
[Kirs (hrdor + he)] = (B + en + gniny) b, (c Lo,da hc) (S75)
X (5;,,&0, n hc)] = (2 + winy) ( c) (S76)
+ (hi + guns) ( A dy — hc) (5 i 4 6 ¢) (S77)
(Ko, (cfw,d(,/ + hc)] = — (Fx + Wiy ( ) (S78)
o+ (lac+ Giic ) (chprdor = he) (8,07t + 8,471, ) (S79)
We can then evaluate the commutators between S and Hyyp, f{hyb entering Eq. (S64). We obtain
S thb Z Xxo Vs (C;rmcpg + hc) -2 Z Xkandf,d(, (880)
kpo ko
= > Vo (i + wiii + guigiy) (chods — he) (e, ds — he) (S81)
kpo
= DD Vi (i + twiin) (chdor = he) (e, ds — he) (S82)
kp oo’
+ Z Z Vo (hk + gkng) (cpo,d hc) NG (EIWCL - hc) (S83)
kp oo’

while for the one involving H, nyb is is sufficient to swap all tilde operators into non-tilde ones in the equation above and
take complex conjugation of the coefficients. Using these results and Eq. (S64) we can rewrite the effective Lindbladian

in a more compact form. To this extent it is useful to introduce the spinors <I>1T( = (CLTCL i) and @L = (didi) The
effective Lindbladian is composed of different contributions,

‘Ceff = £O + ‘Cbath + 'CKondo + Lscatt + £pair + £diss (884)

which we now discuss in detail. Lxonqo describes a Kondo coupling between the dot spin and the spin of the bath,

LKondo = % Z Jak ( ay ) - S, + TildeVersion (S85)
with a coupling
qu = Vq (tk + wkﬁ) + Vi (tq + wqﬁ)

which is in general complex. L.t describes a scattering potential for the conduction electrons,
= ZZ + J i, ) ) &) @y + TildeVersi 386
Lscatt = Wak ak | Yg¥a a®x ildeVersion (S86)

with coupling constant
Wak = Vg (sk + 2xn) + Vi (sq + 2g7)

Lpair describes a pair tunneling term

i ; . .
Lpair = 3 Xk:qu (c;‘lgck[_,d,;dg + h.c) + TildeVersion (S87)
qgko

with amplitude

Tak = Vi [tk + gxnpnny + wii]
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Lao: describes a local Lindblad contribution

Laot =i Y _ Vi (b + 2wt + 2guciigiiy) nany — iy Vi (2 + 201en + 2Gicnqny ) figdi,
k k

+1 <Z Vk [Sk + .%‘k’fb + hkﬁfﬁd) (Z 7’LU> —1 (Z Vk |:§k + a?kn + iLknTnd> (Z 77L0—> (388)

g

and finally Lgiss describes a dissipative term
Laiss = i Zqu (cpT q>k> Sy + Z ( T + qu (qf \pd)> ®f By | iy, + TildeVersion  (S89)

+3 S T (oo + o) (531#@ + Cqud),) (S90)
akop

with coupling constants

qu = thk + thq
qu = ngk + ngq
Fqk = [kaq — quk] + TNLﬁ [thq — @qVk] + ﬁﬂng [ngq — ngk] (891)

It is first of all useful to comment on the structure of the effective Lindbladian as compared to the equilibrium case,
when the Schrieffer-Wolff on the AIM leads to a Kondo model. Indeed we notice that some of the effective terms which
are generated in Eq. (S84) would be also present in equilibrium. This is the case for example of the Kondo coupling
LKondo, the scattering potential Lgcatt, the pair-hopping term Lyai or the local term Lgo¢. The effect of dissipation
here is to renormalize the coupling constants Jqk, Wqk, Tqk, leading to either complex (dissipative) interactions or to
introduce coupling between Hilbert space sectors (tilde/non-tilde operators), which as we know describe dissipative
processes. For example, we can see in Eq. (S88) that dissipation induces a renormalization to the bare Hubbard
repulsion U, compatible with the spectral function in Fig. (S2) which shows a drift of the Hubbard bands with ~, as
well as an effective doublon-doublon dissipation.

Dephasing is however also responsible for generating intrinsically new terms such as Lgiss, which couples operators
in the two Hilbert spaces and introduce new dissipative processes which for example create or destroy a doublon/holon
with a rate I'qx. These dissipative terms couple the singly occupied spin sector to the charge fluctuations and therefore
allow the system to go out from the singly occupied manifold. In the equilibrium low-energy limit of the AIM, one then
proceeds by projecting the effective theory in the singly-occupied manifold, which is the low-energy one, to obtain a
Kondo model. In the next section we show that the dynamics in this subspace is described by a non-Hermitian Kondo
model. Our analysis on the effective Lindbladian, as well as our NCA results, show however that this projection can
only be valid in certain regimes of dephasing, roughly for v < U, before heating due to doublon production take over.

Effective Linbdladian and non-Hermitian Kondo model

We now discuss the structure of the effective Lindbladian Leg in the singly occupied half-filled sector. To this
extent we introduce projectors for the degrees of freedom in each Hilbert space H/H

P=> n,(1-n,) and Q=1-P (S92)
P=> fi,(1-f,) and Q=1-P (S93)

with P? = P and { } [P, Q} = 0. We note that P projects on the dot single occupied states (either spin up or
down) while @ on the empty/double occupied states, and similarly for P, Q in 7. The effective Lindbladian reads

Lor=(P+Q) (P+Q) Leys (P+Q) (P+Q) (304)
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Since the total Lindbladian of the system is particle hole symmetric, the low energy sector in the symmetric case is
characterized by \I'Z\I/d =1 and ¢4 = —U/2. In this limit many of the terms entering L., cancel out and we obtain

Lett = Lpath — ¢ (Heff - ffeff) (S95)

where the Heg describes a non-Hermitian Kondo model with a potential scattering term
Heg = Jae (@120, ) - S LW + S (whw,) ) i@ 96
eff—_z ak { Pag5 Pk |- d+z 5 Vak T 7 Jak | ¥gWa a®x (596)
kq kq

where the complex spin-exchange coupling and the scattering potential are given by,

VaWk (U —iv) n VaWk (U —iv) >

(r—ca—U+i1/2) (ex—2a—11/2) | (ca—2a—U+iv/2) (cq — 2a — /)
VaVx N VaVk )

ek — &4 —1Y/2  eq—eq —1Y/2

Jak = Vg (tk + wi) + Vi (tq + wq) = (

Wak = Vg (sk + @x) + Vi (sq + 24) = < (S97)

If one evaluate the Kondo coupling Jqk for bath momenta at the Fermi energy, i.e. ex = ¢q = 0, which is the relevant
limit at long-times and for ¢4 = —U/2 as required by particle-hole symmetry the expressions of the couplings become

Moreover the complex-valued spin-exchange coupling constant J at the Fermi level is obtained by setting ex = ¢q = 0
as well as e4 = —U/2 in the equation above , this approximation is valid because only the physics close to the Fermi
energy is studied

qu:JR+ZJ]:—m (898)
4v?2
Wae =W = 75 (599)

Moreover, in this limit, the potential scaterring terms cancel out and the dissipative part of £y do not contribute
to the low energy physics. The behavior of the real and imaginary part of the Kondo coupling is plotted in Fig. S4
showing that the real-part is quickly suppressed with v while the imaginary part J; displays the characteristic Zeno
crossover around v ~ U.
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FIG. S4. Spin-exchange complex coupling in the Half filling case e4 = —U/2 and at the Fermi level ex = 0 - (Left Panel) Real
part of Kondo coupling (Right Panel) imaginary part of the Kondo coupling
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