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ABSTRACT: The construction of exactly-solvable models has recently been advanced by
considering integrable T'T deformations and related Hamiltonian deformations in quantum
mechanics. We introduce a broader class of non-Hermitian Hamiltonian deformations in
a nonrelativistic setting, to account for the description of a large class of open quantum
systems, which includes, e.g., arbitrary Markovian evolutions conditioned to the absence
of quantum jumps. We relate the time evolution operator and the time-evolving density
matrix in the undeformed and deformed theories in terms of integral transforms with a
specific kernel. Non-Hermitian Hamiltonian deformations naturally arise in the description
of energy diffusion that emerges in quantum systems from time-keeping errors in a real
clock used to track time evolution. We show that the latter can be related to an inverse
TT deformation with a purely imaginary deformation parameter. In this case, the integral
transforms take a particularly simple form when the initial state is a coherent Gibbs state
or a thermofield double state, as we illustrate by characterizing the purity, Rényi entropies,
logarithmic negativity, and the spectral form factor. As the dissipative evolution of a
quantum system can be conveniently described in Liouville space, we further study the
spectral properties of the Liouvillians, i.e., the dynamical generators associated with the
deformed theories. As an application, we discuss the interplay between decoherence and
quantum chaos in non-Hermitian deformations of random matrix Hamiltonians and the
Sachdev-Ye-Kitaev model.
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1 Introduction

Nonperturbative methods play a key role in physics to unveil phenomena that do not
admit an approximate description in terms of a perturbative expansion in a small coupling
constant [1]. A number of techniques have been developed to describe families of models that
are solvable in a broad sense. Paradigmatic instances include Hamiltonian integrability [2],
Bethe ansatz [3-5], Yang-Baxter integrability [6], quantum inverse scattering method [7],
quantum groups [8], random matrices [9, 10], conformal field theory [11], supersymmetric
methods [12], gauge-gravity dualities [13], and unitary quantum circuits, among many others.

An important advance in this direction is the introduction of infinite families of
deformations of two-dimensional integrable field theories that preserve integrability [14—
17]. In quantum mechanics, this motivates the introduction of families of exactly-solvable
Hamiltonian deformations [18-24]. The latter are of relevance for a system in isolation, that
is described by a time-independent Hermitian Hamiltonian with real eigenvalues. However,
the interaction of a system with the surrounding environment gives rise to decoherence [25]
making the system open, and no longer isolated [26]. The evolution of the quantum state
of an open system can be described by a master equation, in which an effective non-
Hermitian Hamiltonian can be identified. This prompts the consideration of non-Hermitian



Hamiltonian deformations discussed in this work and the associated infinite family of
solvable dissipative models.

These results should be put in a broader context aimed at finding exactly-solvable
models of complex open quantum systems, which is being pursued by exploiting a variety
of techniques. Among them, we mention exact diagonalization of many-body Liouvil-
lians [27, 28], random matrix theory [29] including non-Hermitian Hamiltonians and bath
operators [30-33], random Liouvillians [34, 35] and quantum channels [36], noisy and fluc-
tuating Hamiltonians [37], mappings between open systems and integrable systems [38],
nonunitary quantum circuits [39-43], etc. The subclass of many-body open systems that
admit a description solely in terms of non-Hermitian Hamiltonians has given rise to an
emergent field, that of non-Hermitian many-body physics, and is comparatively more
developed [44]. Additional efforts rely on the study of gravitational duals in the context of
AdS/CFET for strongly-coupled dissipative quantum systems [31, 45-49]. The use of Krylov
subspace methods provides yet a different approach [50, 51].

From a practical point of view, Hermitian Hamiltonian deformations imply powerful
identities relating the partition function and equilibrium correlation functions of the deformed
and undeformed theories. In the generalized non-Hermitian deformations we introduce
here, the Hamiltonian eigenvalues are complex and their imaginary part is associated
with characteristic time scales that manifest in the dynamics of the deformed theory.
Non-Hermitian deformations thus imply a novel class of identities relating nonequilibrium
properties of the deformed and undeformed theories. In particular, it is possible to relate
the propagators of the deformed and undeformed theories, and thus, the corresponding
time evolutions, using integral transforms with a given kernel. As specific applications, we
discuss the time-dependence of the fidelity, purity, Rényi entropies, logarithmic negativity,
and the spectral form factor (SFF) in non-Hermitian systems. For particular initial states,
such as the coherent Gibbs state and the thermofield double state (TFD), these relations
become particularly transparent and can be compactly expressed in terms of analytical
continuations of the partition function. As non-Hermitian Hamiltonians can be derived from
an open quantum dynamics by conditioning the evolution to the absence of quantum jumps,
we apply the framework of non-Hermitian deformations to explore the role of quantum
jumps in a variety of applications, including the characterization of decoherence times and
the signatures of chaos in open quantum systems.

This manuscript is organized as follows. We first review Hermitian Hamiltonian defor-
mations in section 2 and generalize them to the non-Hermitian case in section 3. In section 4,
we provide a short summary of the basic properties of non-Hermitian quantum dynamics.
Complex deformations are justified in the theory of open quantum systems while their rele-
vance to physical energy-dephasing models is presented in section 5.1. In section 5.2 we study
the spectral properties of the corresponding dynamical generators, presenting numerical ex-
amples from random matrix theory and the Sachdev-Ye-Kitaev (SYK) model. In section 5.3
we study the dynamics of a TFD, under the dynamics generated by a specific class of non-
Hermitian deformations, and characterize the associated Rényi entropies and logarithmic
negativity. In section 5.4 we discuss the deformed SFF in the non-Hermitian setting, defined
as the fidelity between an initial coherent Gibbs state and its time evolution, and use it to



characterize the dynamic manifestations of quantum chaos in open quantum systems, with
and without quantum jumps. Finally, in section 6 we comment on possible generalizations
of our results at the level of the Liouvillian and summarize our findings in section 7.

2 Hermitian Hamiltonian deformations

An infinite family of exactly-solvable Hamiltonian deformations has been introduced in
quantum mechanics [18, 19]. In particular, given a d-dimensional Hilbert space H and
an isolated quantum system described by a Hamiltonian Hy, one considers a deformation
f(Hp), where f : R — R is a function parameterized by A € R with the property that
f(Hy) — Hp when A — 0. In such a case, as the original and deformed Hamiltonians
commute [Ho, f(Hp)] = 0, they share the same set of eigenvectors, while their eigenvalues
are given by {E,} and {f(E,)}, respectively.

The partition functions can be written as

Zo(8) = / dEe P o(E), (2.1)
Z( / dEe BIE) o / dEe PP (B), (2.2)

where o(F) and o¢(F) are the density of states associated with Hy and f(Ho), respectively.

The two are related by

-1
os() = o) L AP

assuming f to be strictly monotonic, so that it can be inverted.

(2.3)

The Boltzman factor for the deformed system can be written as an integral representa-
tion,
e | aB'e IR (B, ). (2.4)
¥

When FE is real, it is appropriate to choose a Laplace transformation to keep the exponent
real and the inverse temperature 5’ on a real contour, Cy being the line € [0, +00) or the
full real axis. The corresponding kernel is

Ky(B,8)

=5 / dE e PHE)FE. (2.5)

with C t denoting the contour of the inverse transformation, which, for the Laplace transform,
is the Bromwich contour (v — i00,7 4 i00). It is easy to verify that the partition function
of the deformed system is then related to the original, undeformed one through

738) = [LaB [ adexp(6, 000(E) = [ RS 38). 20

In particular, we are interested in the deformation

g(BE)=E+\E* X>0, (2.7)



because this spectrum originates from a non-Hermitian Hamiltonian generating an energy
dephasing (ED) evolution [32] in the absence of quantum jumps [52], when the deformation
parameter A is purely imaginary, as we discuss in section 5.1. Taking the contour C’g as
(—00, +00), the kernel reads

1 +oo )
Kg(/875/) = % /_OO dF efﬁg(E)e/B E
1 (5-5"? (2.8)
Bx

= /maBn

The deformed partition function is then obtained from the inverse transformation (2.4) with
integration on Cy being the line (y — i0o,y 4 i00). Interestingly, the inverse deformation

1
1(B) = 55 (VI+DE-1), (2.9)
defined such that g(f(F)) = E, is known in the context of AdS/CFT correspondence as
the 1-dimensional 7T deformation [18, 19]. Its kernel (2.5) readily follows from the inverse
Laplace transform £~![eV; z] = 273/2e=%/(42), /4 /(2,/7) [53] that gives

B (B8-5)°

N o (210

Note that the contours are related as Cy = Cp-1 = C‘f and that C is on [0, +00) while C‘ffl
requires the bi-lateral Laplace transform with a contour on the full real axis (—o0, 400).

Ky(B,5') =

More generally, the kernels of the original and inverse deformations are related through

N b —BfNE) BB
Kf_1(,6’,5)—%7r édee e
1 /
= _— [ dze PTf(z)e’ @)
2T Cy
B

as can be shown using the change of variable E = f(x) and integrating by parts, assuming
that e #7eff(#) cancels at the edges of Cy.

3 Non-Hermitian Hamiltonian deformations

In the context of deformations, it is also useful to relate the propagator of the deformed
Hamiltonian Uy (t) = e (0} to the original one Up(t) = e~ 0!, Thus, all time-evolved
quantities in the deformed picture can be related to the undeformed ones. This applies to
the partition function too since Z(8) = Tr[U(—if3)].

We assume the Hamiltonian Hy = )", F), |[n)n| is diagonal in the bi-orthogonal basis
with right (left) eigenstates [n) ((n]) and E,, being complex in general [54]. The evolution
operator reads Uy = e~ 0l = 3> e~Ent |n)7|. A generally complex deformation w gives
w(Hp) = Y, w(Ey) |n)#| and Uy, = ¥, e ™ (En)t |n)7|. In the standard case of a Hermitian



Hamiltonian, right and left eigenvectors coincide and the spectrum is real. Therefore, the

—iw(E)t and e—tE

relation between e is expected to change depending on whether E is real
or complex.

For a Hermitian Hamiltonian Hy, such a relation can be derived even if the deformation
is implemented by a complex function w : C — C. For real E, it is appropriate to write the

deformed evolution using the Fourier transform, namely

e_iw(E)t _ / dE/ 5(E o El)e—i’w(E/)t — / dt, Kw(t,t,)e_iEt, (31)
R R
Ky(t,t) = | == et E-iw(B) (32)
R 27

We then get the relation between deformed and undeformed propagators
Us(t) = / at’ Koo (t, 1) Us (1)), (3.3)
R

from which one recovers Z,,(F) as in (2.2) and eq. (2.6) using the Wick rotation it’ = ('
For a non-Hermitian Hamiltonian Hy with a possibly complex spectrum, the rela-
tion (3.1) can be generalized as

p—iw(E)t _ / dE' 1wy _ / At' Ky (t, ' E)e Y (3.4)
c 2B —E R ' '

This kernel is obtained using [5° dte " =1/(is) for Re(is) > 0 to write

L emE-FY) / Tt e F B _ o(Im(E' - E)) / T B
i(E' — F) 0 0 (3.5)
= / dt =P O(—Ap)O(—t) — O(AR)O(1)],
that gives
/
Kult.t3E) = [ 57 [0(-8p)0(~1) - B(ap)OE)] F7 N (30)

where A = Im(E’) — Im(F) and C is an appropriate contour that includes all the
eigenenergies of the original spectrum, E. Notice that eq. (3.4) is formally equivalent to
eq. (3.1), so that eq. (3.3) is still valid upon the replacement K — K.

Motivated by these observations, we introduce and study families of exactly-solvable
and generally complex deformations of (non-)Hermitian Hamiltonians, bringing forward
their use for the understanding of the effect of decoherence in chaotic quantum systems.
Eq. (3.4) fully generalizes real deformations of Hermitian Hamiltonians to complex ones
and to non-Hermitian Hamiltonians. However, the applications we will consider in section 5
are based on the energy dephasing channel which can be understood as a non-Hermitian
deformation of a Hermitian Hamiltonian. Therefore, eq. (3.1) will be the most relevant in
the following.



4 Non-Hermitian dynamics

One of the fundamental postulates of quantum physics states that an isolated system is
described by a Hermitian Hamiltonian. As a result, the dynamics it generates is described
by a unitary time-evolution operator. Given the state of an isolated system, this assures
the conservation of probability in the measurement outcomes and restricts the expectation
value of energy to the real numbers. Nevertheless, since the very early days of quantum
theory [55, 56], numerous heuristic attempts to account for dissipative phenomena in nuclear,
atomic and molecular physics, have employed effective non-Hermitian Hamiltonians [44, 57].
In the last two decades, the proposal of parity-time (P7) symmetry as an alternative to
Hermiticity [58, 59] paved the way for the systematic study of non-Hermitian physics. By
now, it is understood that non-Hermitian Hamiltonians can be rigorously justified when
the dynamics is restricted to a subspace of interest (e.g., making use of projection operator
methods) and in the context of quantum measurement theory, by conditioning quantum
trajectories on given measurement outcomes [44].
Starting from the Schrédinger equation with a non-Hermitian Hamiltonian H

i0; [¢(t)) = H |1(1)) (4.1)

one gets
Orp(t) = —i (Hp(t) - p(t)H') (4.2)

for the corresponding density matrix p(t) = |1(¢) X (t)].
One can always decompose the Hamiltonian H into a sum of a Hermitian and an
anti-Hermitian term

H = Hy — il (4.3)

where Hy = £(H + H') and Ty = 3;(H' — H) are Hermitian. Then, the non-Hermitian
evolution (4.2) becomes

dip(t) = —i[Ho, p(t)] — {To, p(t) }, (4.4)

involving only a commutator for the Hermitian part Hy and an anti-commutator arising
from the anti-Hermitian part —il'g. We note that under such dynamics, the trace of the
density matrix is in general not preserved. Nevertheless, one can enforce the property
Tr[p(t)] = 1, starting from a normalized initial state, by the addition of a term involving a
time-dependent coefficient

X(£) = 2Tx[Top(t)]. (4.5)

In such a scenario, the dynamics is generated by the nonlinear equation [60]

Aip(t) = —i [Ho, p(t)] — {To, p(t)} + 2Tx[Top(t)](t), (4.6)

with general analytic solution

B e—thp(O)ez‘HTt
plt) = Tr {e—thp(O)eiH’rt} ' (4.7)




This kind of evolution characterized by balanced norm gain and loss (BNGL) is known
to arise in PT-symmetric quantum mechanics [60]. In the context of continuous quantum
measurements, the above equation is also known as the nonlinear Schrodinger equation
for null-measurement conditioning [61]. In addition, it has recently been pointed out that
an arbitrary evolution characterized by a time-dependent density matrix p(t) admits an
equation of motion characterized by BNGL dynamics [62].

We observe here that pure states remain pure under BNGL dynamics. Indeed, an
initial pure state p(0) = |1)(¢)|, under the evolution (4.6) has Rényi entropy

Salp()] = In (Tr[p(t)°]) /(1 — @) = 0, (4.8)

with a > 0, # 1.

For the undeformed Hermitian Hamiltonian Hj the evolution given by BNGL dynamics
simply yields po(t) = Uo(t) p(O)Ug(t), as the trace is preserved. As shown in appendix A,
the corresponding BNGL dynamics generated by the deformed Hamiltonian w(Hj) is given
in terms of py(t) as

Jrds [rds’ Ky(t, s) Ky (—t,—s)Uo(s — s')po(s)

Tl Tl Rt 3 (=1, =) (0o — (/)] )

Pw (t) =

In order to motivate the BNGL equation, which we will use throughout the manuscript,
we shortly describe here its connection with the standard Lindblad dynamics for open
quantum systems.

The embedding of a quantum system in a surrounding environment makes its dynamics
open and not unitary. The time evolution of an open quantum system is generally described
by a master equation of the form [26]

Op(t) = —i[Ho, p(t)] + Dlp(t)], (4.10)

where Hj is the system Hamiltonian (including the Lamb shift) and the breaking of unitarity
is induced by the dissipator D]-], which accounts for the interaction with the environment.
A seminal result in the theory of Markovian open quantum systems is that the evolution is
described by the Gorini-Kossakowski-Sudarshan-Lindblad (GKLS) equation that admits
the canonical Lindblad form [26, 63, 64]

Aup(t) = —ilHo, p +z%(ap —{L*La,<>}), (4.11)

where 7y, > 0 are the time-independent coeflicients, L, are the jump operators, and Hy is
the Hermitian system Hamiltonian. In the quantum jump approach [61], it is customary to
rewrite the above equation as

Orp(t) = —i (Hep(t) — p(H) Hlg) + 3 Ja [p(0)], (4.12)
o
in terms of the effective non-Hermitian Hamiltonian

i
Her = Ho — > VoLl La, (4.13)
(0%



and the jump superoperators
Ja [p(D)] = YaLap(t) L, (4.14)

In the context of continuous quantum measurements the Lindblad master equation can be
seen as the unconditional dynamics of the system, that is as an average over all possible
trajectories in which quantum jumps take place. Omne can interpret then the BNGL
evolution conditioned on the absence of quantum jump, i.e., disregarding the contribution
from J, [p(t)] for a subensemble of trajectories [61, 65, 66]. The time-evolution is then
exclusively governed by the non-Hermitian Hamiltonian

Oup(t) = —i (Hesrp(t) = p() Hly ). (4.15)
Upon normalization, the dynamics becomes trace-preserving and leads to the BNGL

equation (4.6) with T = 33", Vo L}, La.

5 Applications of non-Hermitian deformations

In this section we will introduce and study in detail the energy dephasing channel. This can
be described as a complex, i.e., non-Hermitian, deformation of an Hermitian Hamiltonian.

5.1 Energy dephasing and decoherence time

We consider here the simplest energy dephasing (ED) model, i.e., a dissipator with a single
jump operator L, = LI, = Hy. In this case, the Lindblad form (4.11) reduces to the master
equation describing energy diffusion

Owp = —i[Ho, p| — v[Ho, [Ho, pl], v > 0. (5.1)

We note that the quantum state under energy-dephasing (5.1) evolves as
p6) = 3~ pum (O) (o= Em A ) . 62
nm

To characterize the role of decoherence during the time evolution, we consider the purity
P(t) = Tr[p(t)?], which is related to the Rényi-2 entropy Sa[p(t)] as P(t) = e~52[P®)], In
the case of ED, it reads
P(t) =" pam(0)2e 21 En=En)?, (5.3)
nm

The corresponding evolution in the absence of quantum jumps is given by the BNGL
equation (4.6) with the deformed Hamiltonian

w(Hy) = Hy — ivHE, (5.4)

for which the kernel in eq. (3.2) reads

T 2
Ky(t, s) = | —e (=9 /4t 5.5
(t,s) \/we (5.5)



With this kernel, the propagator of the deformed theory, and therefore the time evolution
under BNGL, can be explicitly found. We note that the deformation (5.4) is equivalent to
the inverse TT-deformation in eq. (2.7) with a purely imaginary value of the deformation
parameter A = —iy. Making use of eq. (4.9), the explicit expression of the evolved state
under BNGL energy dephasing is

s P (0)e~ En = Er)t = E+ B ) (m|

t) = ) 5.6
p( ) Z] pjj(o)e_Qt,yEJZ_ ( )
and the corresponding time-dependent purity equals
(0 2 —2yt(E2+E2)
P(t) = Telp(t)?] = Zen PomO)LE 65.1)

(X Pun(0)e=2ER)2
The last expression has the remarkable feature that whenever the initial state is pure, such
that the factorization pnm (0) = ¢,(0)c,(0)* holds, then P(t) = 1 (equivalently as shown in
section 4, Sa[p(t)] = 0). Thus, the evolution preserves the purity of a pure quantum state,
even when it exhibits a dissipative evolution. In particular, in this case, eq. (5.6) reduces to

S () (0) e En )it (B4 ER)
Zn ‘cn(o) ‘26_2t7E721

Comparison of the time evolution under ED (5.2) and BNGL (5.6) reveals the role of
quantum jumps. The latter becomes particularly transparent by analyzing the decoherence

p(t) = ) {ml. (5-8)

time, that can be derived from the purity, as we next show. Specifically, for an initial mixed
state, the decoherence time 7p can be extracted from the short-time decay of the purity [28]

P(t) = P(0) [1 - T’;] + O, (5.9)

For an arbitrary Markovian evolution described by a Lindblad master equation, the deco-
herence time is given by the inverse of the covariance of the Lindblad operators evaluated in
the initial state [37]. For an initial mixed state evolving under ED, it is set by the inverse
of the energy fluctuations in the initial state [30-32]

L= (Ta(p(0)2 HE] — Trlp(0) Hop(0) Hol) (5.10)

™  P(0)
We note 1/7p > 0 and it vanishes only when the initial state is diagonal in the Hamiltonian
eigenbasis, [p(0), Hyo] = 0. This latter case includes the possibility that the initial state is a
(pure) eigenstate of Hy or that pg is a mixed equilibrium state. By contrast, in the case of
BNGL, the decoherence time reads
1 4y

™ P(0)

This expression identically vanishes when the initial state is a pure state describing an

(Tx[p(0)2H) — PyTx[p(0) E3]) (5.11)

arbitrary coherent superposition of energy eigenstates, i.e., when P(0) = 1 and p(0)? = p(0).
In addition, an initial mixed state that is diagonal in the energy eigenbasis has finite 7p
and evolves nontrivially under BNGL. In short, the absence of quantum jumps associated
with non-Hermitian deformations alters the value of the decoherence rate and changes the
conditions under which it vanishes.



5.2 Spectral structure of the dynamical generators

Quantum chaos has historically been founded upon the study of complex Hamiltonian
spectra, which in principle contain all the information required to describe the evolution
of an isolated system [29, 67, 68]. At the same time, a robust theory of open quantum
systems has been established, focusing on the overall dynamical maps that control the
temporal evolution of a subsystem [26]. Thus, the study of the spectral properties of complex
non-Hermitian dynamical generators and maps is of great relevance to the investigation of
the fate of the signatures of quantum chaos in open dynamics [34, 35, 69-75].

In order to study the spectral properties of the dynamical generators discussed in the
previous sections, we fix a vectorization process for all elements of the space of the density
matrices, H* ® H. The Hilbert space of all linear superoperators acting on the density
matrices is often referred to as Liouville space. The Liouville space formalism is extensively
used for the study of the spectral properties of quantum channels and open systems [29, 76].
The properties of vectorized matrices have to be treated carefully, as the vectorization
process is basis dependent.

Let {|i)|i € {1,2,...,d}} be the complete eigenbasis of the undeformed Hamiltonian
Hyj for the Hilbert space H. Any linear operator p={p;;} can be represented as a vector

d—1 d—1
p= 2 piilifil = 1p) = >_ pijli) @ 15)". (5.12)
i,j=0 1,j=0

For this specific choice of horizontal vectorization, any set of linear operators A={a;;},
B={b;;} acting on the vectorized operator p from left and right respectively, can be
represented as a superoperator with the use of the Kronecker product ® of A and the
transpose BT,

ApB — (A® BT)|p). (5.13)

For example, the Liouvillian which generates the unitary evolution of the Hermitian
Hamiltonian Hy is represented as

L=—i[Hy |- L=—i(H®l-1H]). (5.14)

In what follows, we shall study the spectral properties of the generators of the non-
Hermitian deformations discussed in the previous sections, relating them to the ones of
the associated energy dephasing double bracket Lindbladians. Specifically, we will see that
ED models have their spectrum on a one dimensional locus, reflecting the freedom in the
choice of the ground state of Hy. The removal of the quantum jump term, which leads to
the associated non-Hermitian deformation BNGL model, spreads the spectrum in an area
determined by the deforming function. The eigenvalue density on the complex plane is then
rigidly shifted with time by x(¢) in eq. (4.5).

For the sake of illustration, we consider as well the more general complex deformation

w(z) =z —iyz". (5.15)

We highlight here some properties that will be useful in the following.

~10 -



The state at time ¢ is given by

d
plt)= . d —27E7
n,m=1 ZjZl pjj(o)e T
The corresponding Liouvillians in the vectorized formalism read

LW =i(l @ H] — Hy® 1) —y (1 ® (H))" + Hf @ 1) + 29 Tr(Hfp(t)) (1 @ 1), (5.17)

pnm(O)G—i(En—Em)t—w(Eﬁ—i-Efn)t

|n)m| . (5.16)

and satisfy the eigenvalue equation
L, m) = (B — Bn) = J(ES+ E5) + 2/T(Hp(0) ) Inm), (5.1

denoting |n,m) = |n) ® |m)*. For Hamiltonians with a bounded spectrum (that is, included
in the interval E € (—R, R), with R > 0), the spectrum of L) is bounded, for even &, by
the boundaries of the three functions

—yE"® — 2iE + 27 Tr(Hgp(t))
A = —3(R" + E®) +i(R — E) + 27y Tr(H§p(t)) (5.19)
—3(R*+ E®) —i(R+ E) + 2¢yTr(Hf p(t))
and by the boundaries of the four functions
Ap = i%(R"‘ + E") +i(R — E) + 2yTe(H p(t)), (5.20)

for odd k.
When & is even, one can construct the vectorized canonical Lindblad forms of eq. (4.11),
having the kth power of the undeformed Hamiltonian as a single Lindblad operator

[L(E*’% =i(l®H] —Hy®1)—~ (]1 QHN'+Hf @1 — 2H§ ® (Hg)§> , (5.21)

and compare their spectra with the corresponding generators, after removing the quantum
jumps in eq. (5.17).

Considering the case of BNGL when k = 2, we see that the spectrum of the ED
Liouvillian I]_](EZ])D only depends on the energy gaps Fn,, = E, — E,, laying on the parabola
A= —%Egm + i B,y with a probability distribution given from the density of gaps of the
Hamiltonian Hy. Neglecting the time-dependent shift of the spectrum, when the jump
term is removed, the eigenvalues A are spread on a two dimensional locus defined by the

boundaries of the three parabolas

—yE? - 2%iE

=S -2R*+E*)+i(R-E), Eec(-RR), (5.22)

—J(R*+E?) —i(R+E)
where R is the largest allowed eigenvalue. For simplicity, one can always consider the
spectrum of Hy to be distributed in the interval (—R, R). Every eigenvalue of the (%)
spectrum can be thought of as a point on a shifted parabola of the corresponding ED
spectrum, centered on itself, within the domain (—R, R). Finally, the inclusion of a time-

dependent and initial condition-dependent term in the Liouvillian L2 of eq. (5.17) shifts
the spectrum on the real axis by x(t) = 2yTr[H3p(t)].
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Figure 1. Liouvillian spectra of different non-Hermitian deformations. Spectra of L) with v =1
when t — oo, for k =1,2,3,4,5,6 (gray points) on the complex plain, together with the theoretical
boundaries (dashed black lines) given by eq. (5.19) and eq. (5.20). In all six plots we show the
spectrum of a single random GOE(2%) Hamiltonian Hy with o = 1.

Examples from random matrix theory. Since Wigner’s groundbreaking work on the
neutron excitation spectra of heavy nuclei [77], it has become clear that random matrices can
adequately describe the statistical features of several quantum systems [9, 29]. As paradigms
of quantum chaotic Hamiltonians with bounded spectrum and time-reversal symmetry,
we sample random d-dimensional matrices from the Gaussian orthogonal ensemble, Hy €
GOE(d). Specifically, we consider samples of real, orthogonal matrices H = (X + XT)/2,
where all elements € R of X are pseudo-randomly generated with probability measure

given by the Gaussian U\}%e_;ﬁ with standard deviation o [9, 29]. When d or the sample

size is large, the spectral density distribution of such matrices can be approximated by the

V2do? — E?

rdo?

semicircle law

o(E) = (5.23)

so R = 0v/2d. In figure 1 we show the BNGL spectra of L) when ¢t — oo for k = 1,

2,3,4,5,6 with the corresponding theoretical boundaries of eq. (5.19) and (5.20). Each
panel has the spectrum of a Hamiltonian drawn from GOE(64), with o = 1.
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Examples from the Sachdev-Ye-Kitaev model. For the illustration of the relation
between BNGL and ED Liouvillian spectra, we consider the example of a Hilbert space of
dimension d = 2V and the undeformed SYK Hamiltonian of 2N Majorana Fermions with
an all-to-all random quartic interactions in the occupation number representation

1 2N
Ho= 131 > JutmnXkXiXmXn, (5.24)
k,lmmn=1

obeying the anti-commutation relation {xx, x;} = 2dx;. The factor of two in the latter can
be seen as a rescaling of the operators [78, 79]. The coupling tensor Jyj,, is completely
anti-symmetric, and independently sampled from a Gaussian distribution

3!
Jitmn EN (0, == J? ), 5.25
where J2 = 3 37, (JZ0n) is sometimes set to J = 1 for convenience, cf. ref. [80].

One can represent 2N Majorana Fermions in terms of N Dirac Fermions, obeying the

normal anti-commutation relations {c;, cx} =0, {¢;, CJ]L} =0,

: (5.26)

CT:

¢j = 5(x2j-1 +ix2j)
1
9 2

(X2j—1 +ix2j)

which can be further expressed by spin-1/2 operators {o*,o¥, 0% I} through a Jordan-

Wigner transformation

ng_l:UZ®"'®0Z®UQU®I®"'®I
—_———— —_—

i1 N=3 5.27
X2jzgz®...®gz®0y®l®...®l ( )
— —
Jj—1 N—j

In the limit of large number of particles N — oo, the Hamiltonian spectral density
of Hp has been shown to be a Gaussian, while for finite IV the density deviates outside
the support of the Gaussian and is well approximated by a Q-Hermite form [79]. The
ground-state Ejy, associated with the thermodynamic properties of the system in the low
temperature limit [79, 81, 82|, is expected to be proportional to N, due to the fermionic
nature of the model. The spectrum of the ED Liouvillian I]_](EZ])D in (5.21) only depends on the
energy gaps, laying on the parabola A = —%Efbm ~+ 1Fnm, with a probability distribution
given from the density of gaps of the Hamiltonian Hy. When the jump term is removed,
the eigenvalues A of L) in (5.17) are spread on a two dimensional locus defined by three
boundary parabolas parameterized by the ground-state R = |Fy| of Hy, rigidly shifted with
time by the trace preservation scalar term in eq. (4.6).

In figure 2 the spectral density of a BNGL, k = 2, v = 1 Liouvillian of 26 Majorana
Fermions is plotted, together with the corresponding spectrum of ED. The eigenvalues of
the undeformed SYK Hamiltonian Hy were calculated with exact diagonalization. From
eq. (5.21) it becomes evident that the spectral density of ED is given by the Hamiltonian

spectral density of Hy, deformed to a parabola on the complex plane, (—%E2, E), while the
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Figure 2. Spectral loci of BNGL for the SYK model. Eigenvalue density distribution on the
complex plane (from white to green) of the BNGL, x = 2 Liouvillian (5.17) and distinct eigenvalues
(orange) of the ED Liouvillian (5.21). In both models the dephasing strength is taken as v = 1.
The eigenvalues of the undeformed SYK Hamiltonian Hy for 2N = 26 Majorana Fermions were
calculated with exact diagonalization. The spectral density of the BNGL, x = 2 Liouvilian can be
approximated by the product of two identical Q-Hermite forms, deformed to parabolas (gray solid
lines), centered on the spectral locus of the ED model. The theoretical boundary (dashed grey line)
is given by eq. (5.22).

exclusion of the jump operators spreads the superoperator eigenvalues in a two dimensional
locus. In general, as shown in figure 1 (d,e,f), for even k, given the spectral density of
the undeformed Hamiltonian, one can construct the corresponding spectral density of the
BNGL by the product of two identical undeformed densities, deformed on their xkth power,
centered on the spectral locus of the ED model.

5.3 Correlation dynamics with thermofield double initial state

To further illustrate the relevance of non-Hermitian deformations in quantum dynamics
we next discuss the evolution of correlations of an entangled state describing two identical
copies of a system. We focus on the thermofield dynamics, initially introduced in the study
of statistical field theories at finite temperature [83]. In the search for a formalism where
statistical thermal averages can be calculated without trace operations, the TFD of inverse
temperature S was defined as

|n,n) . (5.28)

By that time, Bardeen, Carter and Hawking [84] had already introduced “black hole
mechanics”, putting forward the consideration of the surface gravity of an axisymmetric
stationary solution of Einstein equations as an analogue of temperature. Soon after,
thermofield dynamics was used by Israel [85] to formalize the “hot” thermal vacuum
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observed outside the horizon of a single radiating eternal black hole. More recently,
thermofield dynamics has been extensively used in the context of AdS/CFT correspondence
for the description of contemporaneous black hole pairs in disconnected spaces [86, 87].
Furthermore, as we will discuss in more detail in section 5.4, the survival probability of
a TFD in an isolated system is related to the spectral form factor, a powerful tool in
the study of dynamical signatures of quantum chaos [32, 52]. In this section we focus on
quantum informational quantities, namely the Rényi entropy and the logarithmic negativity
of a bipartite system, when an initial TFD is evolving under the dynamics generated by
non-Hermitian Hamiltonian deformations.

In isolation, the dynamics of two identical non-interacting systems is governed by the
Hamiltonian Hy = Hy ® 1 + 1 ® Hy. In the absence of interactions, the entanglement
between the two copies is preserved. Let us consider the evolution of the whole bipartite
system, obeying the dynamics given by the non-Hermitian deformation H = Hy — i’yﬁg.
The square of the Hamiltonian Hy, describing two identical non-interacting systems is

Hi=H{®1+1® Hj +2Hy® Hy. (5.29)

By making use of eq. (4.9) and the kernel in eq. (5.5), the time-dependent density
matrix of an initial TFD (5.28) can be written in the energy eigenbasis of the undeformed
Hamiltonian Hj as

d 8 . 2 2
Z e—5(En+Em)—z2t(Em—En)—4vt(En+Em)

n,m=1

|n, n)m,m|. (5.30)

pTED(t) = 3
S e PB e

v=1

Rényi entropy. To characterize the evolution of quantum correlations in eq. (5.30), we
resort to the Rényi entropy. For o € N, the a-th power of the reduced density matrix, when
the partial trace is taken over the second subsystem, is given by

d
Z efﬁaEnf&/atE%
PRt = 2= a [n)n| . (5.31)

(Z e~ BEv —8')/th>

v=1

For a > 2, the a'® Rényi entropy of the subsystem can be written as

d
Z e—BaEn —8yatE2

1 —
S1a(t) = In | =1 : (5.32)

1l -« d @
(Z e—ﬁEV—Sthl%)

v=1
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Using the Hubbard-Stratonovich transformation, the above Rényi entropies can be found in
terms of the partition function of the undeformed theory

[e'e) 2
1 1 / dyefﬁftho(aﬁ + 1y)
Sia(t) = - In e _C;Z = = |- (5.33)
a Va(32myt) 2 (/ dye™ 355 Zo(3 +zy)>

In isolation, the system Rényi entropy remains constant and equal to the initial value
1 ZO(O‘B))
S1.0(0) = 1 . 5.34
170&( ) 1_a n(ZO(/B)a ( )

A remarkable fact is that S;o(t) — 0 at large times. The Rényi-2 entropy (o = 2)
is related to the purity by Pi(t) = e%12() — 1. The first copy of the TFD is becoming
asymptotically a pure state with time, and thus the two copies are disentangled on this

limit and described by a product state.

When the ground state energy is non-negative, the Rényi entropies decrease mono-
tonically. Contrarily to this, as shown in figure 3 for samples of GOE(d) Hamiltonians,
at finite temperature the Rényi entropies can display a single maximum when the energy
spectrum contains negative eigenvalues. For finite low temperature, the Rényi entropies
grow to the maximum value after which they converge to zero monotonically. In that case,
the short time behavior of the Rényi entropy is governed by the exponential of the smallest
negative eigenvalue Ej;. Specifically, the timescale at which the positive exponents start
vanishing in the argument of eq. (5.32), given by BEy + 87ty E3, = 0, provides a good
approximation for the maximum of the Rényi entropy

B
ty = —— . 5.35
M= 8 Ew (5.35)

For a sample of GOE(d) Hamiltonians the average minimum negative eigenvalue can be
approximated by the radius of the semicircle law of eq. (5.23), (Ey)n = ov2d, and

fr = —D
8yov2d

The short time behavior in high temperature 5 — 0 is dictated by the critical timescale

(5.36)

tp at which 8ytp(H3) ~ 1 which is connected to the Zeno [88] and decoherence timescales
through tp = 87p = 72/(87). Specifically, for a sample of GOE(d) Hamiltonians it can be

approximated by
1

- 16v02d’

Remarkably, the critical inverse temperature at which t3; = tp is independent of the

tp (5.37)

dephasing strength ~ and only relies on the characteristics of the Hamiltonian ensemble,
namely

(5.38)

In figure 3 we show the Hamiltonian averages of the second Rényi entropy for a sample of
100 GOE(64) Hamiltonians in rescaled time to illustrate the universality of the above result.
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Figure 3. Rényi-2 entropy of the thermofield double state. Hamiltonian averages of 100 GOE(64)
Hamiltonians in rescaled time. a: at high temperature, 5 — 0, the Rényi entropies start decaying to
zero after time tp. The two copies of the TFD are effectively being disentangled to a product state.
At low temperatures, the decay comes after the growth to maximum value around a timescale ¢y,
until which entanglement increases. The two regimes are separated by the critical temperature scale
1/B.. b: Rényi-2 entropy for 8 = 0.2. In the rescaled time the structure of the Rényi entropies rely
only on the value of 5.

Logarithmic negativity. For an alternative characterization of quantum correlations,
we resort to the logarithmic negativity LN|[p], proposed as a non-convex entanglement
monotone with an operational interpretation that sets an upper bound to distillable
entanglement [89, 90]. It is defined in terms of the partial transpose p*'T of the bipartite
density matrix as

LN[p| = 1og2(TerPTH1). (5.39)

The logarithmic negativity of the time-evolution of the TFD, in eq. (5.30) reads

d 2
Z e BEn /2—y4tE2

n=1

LN[prrp(t)] = logy = : (5.40)
Z ef,BEl,f&ytEg

v=1

The resulting logarithmic negativity carries all the characteristics of the Rényi entropies
calculated earlier, strengthening our results for the evolution of the entanglement properties
of an initial TFD state evolving under BNGL. To check that, one can observe that the
expression (5.32) for a — 1/2 differs from (5.40) only by a multiplicative factor. We observe
that for the TFD, the logarithmic negativity is related to Sy /2(t) as LN[prrp(t)] =
In(2)Sy,1/2(t) and we defer from a further characterization of it.

Before closing this section, we recall that the above discussion is based on the global
deformation of a bipartite system, initially prepared in a TFD. One could be tempted
to assume that the reduction of entanglement is due to the induced interaction term
Hy ® Hy of eq. (5.29). Nevertheless, even if deforming only the local Hamiltonian, i.e.,
H=H®1+1®H, with H = Hy — iyﬂg, when the interaction term is absent in the

17 -



Liouvillian, the Rényi entropies and the logarithmic negativity of the TFD state behave
similarly. Specifically, the corresponding expressions for the local deformation are equal to
the ones obtained by the global transformation for half the dephasing strength.

5.4 Deformation of the spectral form factor

In the characterization of quantum chaos in terms of the spectral properties of the Hamilto-
nian describing an isolated quantum system, the correlation between eigenvalues plays a
crucial role. For any initial pure state undergoing unitary evolution, the Fourier transform
of the survival probability (auto-correlation function, two-point correlation function or
fidelity between initial and final state) is a weighted sum of d—functions positioned at the
eigenvalues of the Hamiltonian. Inversely, the absolute square value of the Fourier transform
of the local density of states is the survival probability of the initial quantum state. When
the probability amplitudes of the initial state are the square root of the Boltzmann factors,
the survival probability is known as the spectral form factor and provides a convenient tool
to characterize dynamical signatures of quantum chaos [88, 91-96]. The partition function
with a complex-valued inverse temperature can be considered as a generalization, involving
a complex Fourier transform instead [80, 88, 97]. The SFF and its generalization exhibit
key features as a function of time that include a decay to a minimum value known as the
correlation hole, a subsequent growth characterized by a ramp linear in time, and saturation
to an asymptotic plateau value. The depth and area of the correlation hole have been shown
to measure the long- and short-range correlations of the energy levels [94]. This behavior is
better appreciated in an ensemble of Hamiltonians, though it can be manifested as well
in a single self-averaging system. The features of the SFF under Hermitian Hamiltonian
deformations have been studied in ref. [98].

In open quantum systems, different quantities have been proposed to characterize the
interplay of quantum chaos and decoherence using spectral properties [29, 30, 32, 34, 52, 96,
99, 100]. An analogue of the SFF is given by the fidelity between a coherent Gibbs state

d —@En/2

l1hg) = Z In), Zo(B) = Tr[e PHo], (5.41)

and its time-evolution [32, 52]. Provided that the latter is described by a quantum channel
A, the state at time ¢ is given by a density matrix p(t) = A[p(0)]. The analogue of the SFF
then reads [32, 52]

F(t) = (dplp()[vs) = (s [M[9s) (bpll| D) (5.42)

In the case of unitary dynamics generated by Hj, one recovers the familiar expression

F(t) = |Zo(B +it)/ Zo(B)|* (5.43)

It has been pointed out that decoherence suppresses the dynamical manifestations
of quantum chaos in the ED case of eq. (5.1), i.e., it shrinks the correlation hole of the
proposed SFF [32]. By contrast, the corresponding dynamics of the BNGL equation for the
deformed Hamiltonian w(Hy) = Hy — iyHg can enhance the aforementioned signatures of
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quantum chaos [52]. Furthermore, BNGL dynamics leads to an extension of the ramp’s
span while lowering the values of the dip and plateau, providing an experimentally-feasible
physical mechanism for the kind of spectral filtering often used in numerical studies of
many-body systems [52].

Let us recall some results from refs. [32, 52]. The explicit expression of the SFF under
Lindbladian ED (5.1) reads

d
Flt) = 1 S e AEntEn) =it (B En) =yt Em—En)? (5.44)

Note that this equation also describes the fidelity for an initial TFD, by time rescaling [30—
32]. Importantly, it can be written in terms of the partition function analytically continued
to complex inverse temperature as [30-32]

1 o0 y?
Ft)=4/— [ dye %
( ) 47T’}/t /—oo ve o

thus facilitating its study in cases in which the partition function is readily available, e.g.,

Zo(B+i(y+1)) '2’ (5.45)

Zo(B)

in certain integrable models and conformal field theories. For ¢t > 7p, the time-evolving
density matrix is effectively diagonal and

1

P~ Fy = 5

Z
3 Nye 20En > ZZEZ@ (5.46)

where N, is the degeneracy of the eigenvalue F,.
By contrast, under the BNGL evolution a direct application of eq. (4.9) yields

| ds Koy(t,s)Zo(5 +is)|?

O = Z06) s Jods Kults 0K () (B 1 s =) 47
In the special case of w(z) = z — iyz? it reads [52)]
J 2
Z e~ (B+it) En—ytE]
F(t) ==L . (5.48)
Zo(B) > e PP
j=1

In figure 4 we show examples of the characteristic behavior of the deformed SFF (5.48),
for averages over different Hamiltonian matrices drawn from the Gaussian orthogonal
ensemble when the Hilbert space dimension is d = 256.

The long-time limit of the fidelity, for any v > 0, reads F'(t) > 1/Zy(3) where the
inequality is saturated for systems lacking degeneracies, e.g., exhibiting quantum chaos [52].
By contrast, for v = 0, the value of F}, under ED is given by eq. (5.46).

The choice of the coherent Gibbs state |¢3) also allows to illustrate, somewhat dra-
matically, the different nature of the dissipative dynamics in the presence and absence of
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Figure 4. The deformed SFF for BNGL in random matrix theory. The time-dependence of the
fidelity between a coherent Gibbs state and its time evolution generalizes the notion of the SFF
of Hermitian Hamiltonians to open quantum systems, including those governed by non-Hermitian
Hamiltonians. Different panels correspond to different temperatures of the initial state. Each panel
shows the evolution under BNGL for x = 2 and different values of the dephasing strength. The
average is taken over a sample of 1000 GOE(2®) undeformed Hamiltonians Hy. At infinite and
high temperature, the nonunitary dynamics under BNGL preserves the main features of the SFF,
displaying a decay, a dip, a ramp and a plateau. Deviations from the unitary case (v = 0), suppress
quantum noise in the neighborhood of the dip as well as in the plateau. Increasing the dephasing
strength ~ alters the decay, delaying the appearance of the dip and shortening the ramp, while
keeping the onset of the plateau unaltered. At lower temperatures (when the annealed approximation
is expected to fail), BNGL prolongs the decay, enhancing the dip. As a result the ramp and the
plateau take lower values than in the unitary case.

the quantum jump term. To this end, consider the evolution of the purity for an initial
coherent Gibbs state. Under ED [30, 31],

p e AlEntEm) o~ 27t (En—E dye
0=3 "z =V |

By contrast, as previously mentioned, for an initial coherent Gibbs state evolving under
BNGL, the purity remains equal to unity at all times P(t) = 1. We also note that if the

Zo(ﬁ +iy) |
Zo(B)

initial state is mixed, in both cases the purity varies as a function of time, according to (5.3)
and (5.7).

In short, for a coherent Gibbs state in the cases of ED with a single Lindblad operator
and the corresponding evolution with BNGL, we have been able to express the fidelity and
the purity in terms of the partition function of the undeformed Hermitian Hamiltonian

using non-Hermitian deformations.

To explore the extent to which the SFF for eq. (5.1) and BNGL equation differ, let us
assume that Hy is a chaotic Hermitian Hamiltonian with time-reversal symmetry sampled
from Hy € GOE(d). Specifically, in figure 5, we sample 1000 Hamiltonians with d = 32,
choosing dephasing strength v = 0.2 for different temperatures.
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Figure 5. Energy-Dephasing vs BNGL in Random Matriz Theory. The time-dependence of the
fidelity between a coherent Gibbs state and its time evolution is compared for energy-dephasing
(orange dashed line) and the nonlinear evolution for null-measurement conditioning associated with
BNGL (green dotted line) with v = 0.2. For the sake of comparison, we also show the SFF of the
corresponding isolated system (black solid line), v = 0. We consider a sample of 1000 independent
Hamiltonians Hy taken from GOE(2%). At long times, the fidelity reaches a plateau with the value

(2(28)/23(8)) for v = 0 and (1/Z(8)) for 7 # 0.

For the non-Hermitian Hamiltonian deformations defined in eq. (5.15) the deformed
SFF becomes

d

S ple2Pit nmzilpnpme(EZJrEmt cos ((Em - En)t)

n=1 n<m
F(t) =" +2 y : (5.49)
Zp ‘672Eft Zp ~672E;t
J J
j=1 j=1

where p, = e Fn /Z,(3) are the Boltzmann factors of the undeformed Hamiltonian Hy.

The timescale at which all frequencies E,, — E,, have on average been expressed in the
evolution can be approximated by the inverse of the average level spacing A, sometimes
referred to as Heisenberg time ty = 27/A [29, 101]. After this time, the cosines of
frequencies whose ratio is irrational cancel each other on average, leading the SFF to its
plateau, while the distribution of the smallest ones, i.e., the level spacing distribution
determines its behavior right before tg. In a quantum chaotic system, level repulsion is
manifested in the ramp which follows the dip of the correlation hole leading the SFF to
saturation. In this context the absence of a correlation hole before the Heisenberg time
is associated with regular dynamics. The mean level spacing for a Hamiltonian sampled
from GOE(d), whose spectrum has not been unfolded, is A = 6v/8d/(d — 1), and thus the
Heisenberg time, tg = w(d — 1)/(ov/2d).

In the non-Hermitian Hamiltonian deformations of eq. (5.15), the dissipative part of
the Liouvillian commutes with the system Hamiltonian, leaving the frequencies in eq. (5.49)
unaffected. Namely, the H§ part of the deformation affects the depth and area of the
correlation hole. In figure 6 we show the shrinking of the correlation hole with the increase
of the dephasing strength, while the Heisenberg time remains unchanged. In all three panels
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Figure 6. Correlation hole shrinking for different non-Hermitian deformations. Fidelity between
initial and time evolved infinite inverse temperature coherent Gibbs state under the BNGL dynamics
of L(®) | for even k and characteristic values of the dephasing strength ~. Three different deformations
for k = 2,4,6 are averaged over a sample of 1000 GOE(2°) undeformed Hamiltonians Hy with o = 1.

we show the Hamiltonian averages of 1000 Hamiltonians, sampled from GOE(64) for infinite
temperature S = 0 and different values of the dephasing strength.

6 Liouvillian deformations

Before closing, we discuss the generalization of our results to the case of arbitrary open
quantum dynamics. The evolution of the quantum state is generated by a Liouvillian
g, which may be diagonalizable or not. For simplicity, we focus on the former case. Let
Lo = >, A\n|n) (7| be a Liouvillian without any exceptional points [65, 66], diagonal in a
bi-orthogonal basis, after the vectorization process presented in section 5.2, with |n) and
(1] being the right and left eigenstates, respectively, of the complex eigenvalue A, [54, 76].
The equation

9;|p(t)) = Lolp(t)), (6.1)

is solved by |p(t)) = $o|p(0)), for the dynamical map &g = elof = 3" e*t|n)(7i|. Extending
the discussion of section 3 to Liouville space, a deformation w gives w(Lg) = 3, w(An)|n) (7]
and &, = 3, e?)Hn)(72|. As an example, consider the case in which the undeformed
Liouvillian Lo describes a system in isolation. The Liouvillian takes the form (5.14) and is
thus anti-Hermitian. The right and left eigenvectors coincide and the eigenvalues are purely
imaginary, given by the frequencies w,,, which determine the dynamics, A\, = —iw,. The
deformed and undeformed propagators can be obtained through a Fourier transform

(1) = /[R At Ko (t, ) B0 (t'), (6.2)

with d
W o .
Ko (t. 1) = / il 12 w—zw(w)t‘ 6.3
st = [ S5 (63
A simple deformation that preserves the Lindblad structure is w(lLg) = Lo + vLo?, v € R,
starting from a Liouvillian describing an isolated system Lo = —i(H ® 1 —1® HT). In
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this case, one recovers the full energy dephasing dynamics of eq. (5.1). In addition, one
can consider the deformation w(lLg) = Lo + ’yﬂ_ozs with s € N, which leads to the master
equation

Op = —i[Ho, p|] + (=1)*y[Ho, [Ho, - - - , [Ho, pl]], (6.4)

involving a dissipator with 2s nested commutators. While the latter is not manifestly of
Lindblad form, it is solved by the quantum state

pt) = D pum (0)e™ B HUEER)E ) (. (6.5)
nm
Therefore, for odd s, the dynamics generalizes the usual case of energy dephasing (s = 1).
For even s, with a bounded spectrum, it has the opposite effect as the time evolution
enhances the coherences in the energy eigenbasis.
This example illustrates the versatility of leveraging the notion of non-Hermitian
Hamiltonian deformations to more general open dynamics. Quantum channel deformations
at other levels are left for future investigations.

7 Conclusions

Integrable and exactly-solvable Hamiltonian deformations constitute a powerful tool among
non-perturbative methods. Using them, equilibrium correlations of the deformed theory
can be found via integral transforms in terms of those in the original theory [18, 19].

In this work, using the theory of open quantum systems, we have motivated the
introduction of non-Hermitian Hamiltonian deformations. In the context of continuous
quantum measurements, the latter describe the dynamics of a subensemble of trajectories
selected according to a measurement record, i.e., the absence of quantum jumps. For
such subensemble, the dynamics is governed by a non-linear non-Hermitian evolution
characterized by balanced norm gain and loss. The spectrum of the deformed non-Hermitian
Hamiltonian is no longer real, but complex-valued. This makes it possible to express
nonequilibrium correlations of the deformed theory in terms of those of the undeformed
theory, using integral equations, i.e., generalizing the relations known in the Hermitian
setting. In doing so, we have elucidated the relation between the time-evolution operators,
density matrices, and the spectral properties of the generators of time evolution in both the
deformed and undeformed theories.

We have explored the energy dephasing channel under both Markovian and BNGL
evolution. We found that the spectral properties are significantly altered, as the Liouvillian
spectrum constitutes a one dimensional locus in the complex plane, while the BNGL
spectrum corresponds to a two dimensional one. As an example, we considered the SYK
model and random Hamiltonians from the GOE. We characterized quantum correlations
starting from a thermofield double state. Remarkably, entanglement and Rényi entropy
display a maximum value under BNGL evolution, scaling with inverse temperature.

As an application of non-Hermitian deformations and building on earlier results, we
considered signatures of quantum chaos, using the survival probability of a coherent Gibbs
state, identifying the effect of quantum jumps. The spectral form factor exhibits a decay,
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dip and plateau. The dip is generally suppressed under energy dephasing, in the presence
of quantum jumps. However, when conditioning the dynamics to the absence of the latter,
we have shown that non-Hermitian evolution of the energy dephasing channel under BNGL
can actually enhance signatures of chaos by broadening the duration of the ramp. This is
contrary to the expectation that decoherence generally suppresses signatures of quantum
chaos. Further, the value of the plateau is fundamentally distinct from the isolated case
and is characterized by the inverse of the partition function in quantum chaotic systems.

Finally, we discuss a possible way to generalize the presented theory of non-Hermitian
deformations to Liouvillians, through the introduction of integral kernels which associate
the deformed and undeformed dynamical maps.

Beyond these findings, non-Hermitian and Liouvillian deformations should find broad
applications in the study of dissipative quantum many-body systems, the interplay between
information scrambling and information loss, black hole physics and unitarity breaking, and
gauge-gravity dualities in open systems.
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A Time evolution under BNGL

From eq. (3.2), we have that

K, (t, 8)* _ /[R %e—isE+iw*(E)t (Al)
_ / dE i(—s)p—iw*(B)(-1) (A.2)
R 27
= Ky (—t,—3) (A.3)
so that
_ /[R ds Ky (—t, —5)Ul (s) (A.4)
Therefore
pu(t) = Uw(t)p(0)UL () (A.5)
_ e—iw(Ho)t ,0(0) eiw(Ho)th (AG)
:/@/ﬁymm@m@¢mfg%@mm%@q (A7)
/@/@Kt@K(%rﬂ%@ﬁﬁmm%@%G) (A.8)

_/ds/ds Koty 8) K (—t, =) Uo(s — 5')jo (). (A.9)

— 24 —



Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited. SCOAP? supports

the goals of the International Year of Basic Sciences for Sustainable Development.

References

1]

2]

3]

o

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

M. Marifo, Instantons and Large N: An Introduction to Non-Perturbative Methods in
Quantum Field Theory, Cambridge University Press (2015) [doi:10.1017/CB0O9781107705968].

L.D. Faddeev and L.A. Takhtajan, Hamiltonian Methods in the Theory of Solitons, Springer
(2007) [doi:10.1007/978-3-540-69969-9].

M. Takahashi, Thermodynamics of One-Dimensional Solvable Models, Cambridge University
Press (1999) [doi:10.1017/CB09780511524332].

B. Sutherland, Beautiful Models, World Scientific (2004) [doi:10.1142/5552].

M. Gaudin, The Bethe Wavefunction, Cambridge University Press (2014)
[d0i:10.1017/CB0O9781107053885].

M. Jimbo, Yang-Bazter Equation in Integrable Systems, World Scientific (1990)
[doi:10.1142/1021].

V.E. Korepin, N.M. Bogoliubov and A.G. Izergin, Quantum Inverse Scattering Method and
Correlation Functions, Cambridge University Press (1993) [doi:10.1017/CB09780511628832].

G. Lusztig, Introduction to Quantum Groups, Birkhduser (2010)
[doi:10.1007/978-0-8176-4717-9].

M.L. Mehta, Random Matrices, 3rd edition, Academic Press (2004).

P. Forrester, Log-Gases and Random Matrices (LMS-34), London Mathematical Society
Monographs, Princeton University Press (2010).

P. Di Francesco, P. Mathieu and D. Sénéchal, Conformal Field Theory, Graduate Texts in
Contemporary Physics, Springer-Verlag (1997) [doi:10.1007/978-1-4612-2256-9] [INnSPIRE].

F. Cooper, A. Khare and U. Sukhatme, Supersymmetry and quantum mechanics, Phys. Rept.
251 (1995) 267 [hep-th/9405029] [INSPIRE].

M. Ammon and J. Erdmenger, Gauge/Gravity Duality, Cambridge University Press (2015)
[d0i:10.1017/CB0O9780511846373].

A.B. Zamolodchikov, Ezpectation value of composite field TT in two-dimensional quantum
field theory, hep-th/0401146 [INSPIRE].

A. Cavaglia, S. Negro, .M. Szécsényi and R. Tateo, TT-deformed 2D Quantum Field
Theories, JHEP 10 (2016) 112 [arXiv:1608.05534] [INSPIRE].

F.A. Smirnov and A.B. Zamolodchikov, On space of integrable quantum field theories, Nucl.
Phys. B 915 (2017) 363 [arXiv:1608.05499] [INSPIRE].

Y. Jiang, A pedagogical review on solvable irrelevant deformations of 2d quantum field theory,
Commun. Theor. Phys. 73 (2021) 057201.

D.J. Gross, J. Kruthoff, A. Rolph and E. Shaghoulian, TT in AdS; and Quantum Mechanics,
Phys. Rev. D 101 (2020) 026011 [arXiv:1907.04873] [iNSPIRE].

— 95—


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1017/CBO9781107705968
https://doi.org/10.1007/978-3-540-69969-9
https://doi.org/10.1017/CBO9780511524332
https://doi.org/10.1142/5552
https://doi.org/10.1017/CBO9781107053885
https://doi.org/10.1142/1021
https://doi.org/10.1017/CBO9780511628832
https://doi.org/10.1007/978-0-8176-4717-9
https://doi.org/10.1007/978-1-4612-2256-9
https://inspirehep.net/search?p=find+doi%20%2210.1007%2F978-1-4612-2256-9%22
https://doi.org/10.1016/0370-1573(94)00080-M
https://doi.org/10.1016/0370-1573(94)00080-M
https://arxiv.org/abs/hep-th/9405029
https://inspirehep.net/search?p=find+J%20%22Phys.Rept.%2C251%2C267%22
https://doi.org/10.1017/CBO9780511846373
https://arxiv.org/abs/hep-th/0401146
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0401146
https://doi.org/10.1007/JHEP10(2016)112
https://arxiv.org/abs/1608.05534
https://inspirehep.net/search?p=find+J%20%22JHEP%2C1610%2C112%22%20and%20year%3D2016
https://doi.org/10.1016/j.nuclphysb.2016.12.014
https://doi.org/10.1016/j.nuclphysb.2016.12.014
https://arxiv.org/abs/1608.05499
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB915%2C363%22
https://doi.org/10.1088/1572-9494/abe4c9
https://doi.org/10.1103/PhysRevD.101.026011
https://arxiv.org/abs/1907.04873
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD101%2C026011%22

[19]

[20]

[21]

22]

[23]

[24]

[25]

[26]

[27]

[28]

D.J. Gross, J. Kruthoff, A. Rolph and E. Shaghoulian, Hamiltonian deformations in quantum
mechanics, TT, and the SYK model, Phys. Rev. D 102 (2020) 046019 [arXiv:1912.06132]
[INSPIRE].

J. Kruthoff and O. Parrikar, On the flow of states under TT, SciPost Phys. 9 (2020) 078.

F. Rosso, TT deformation of random matrices, Phys. Rev. D 103 (2021) 126017
[arXiv:2012.11714] [INSPIRE].

Y. Jiang, TT-deformed 1d Bose gas, SciPost Phys. 12 (2022) 191 [arXiv:2011.00637]
[INSPIRE].

S. Ebert, C. Ferko, H.-Y. Sun and Z. Sun, 7T deformations of supersymmetric quantum
mechanics, JHEP 08 (2022) 121 [arXiv:2204.05897] InSPIRE].

S. He and Z.-Y. Xian, TT deformation on multiquantum mechanics and regenesis, Phys. Rev.
D 106 (2022) 046002 [arXiv:2104.03852] [INSPIRE].

W.H. Zurek, Decoherence, einselection, and the quantum origins of the classical, Rev. Mod.
Phys. 75 (2003) 715 [quant-ph/0105127] [IxSPIRE].

H.P. Breuer and F. Petruccione, The Theory of Open Quantum Systems, Oxford University
Press (2002) [d0i:10.1093/acprof:080/9780199213900.001.0001].

T. Prosen, Third quantization: a general method to solve master equations for quadratic open
fermi systems, New J. Phys. 10 (2008) 043026.

M. Beau, J. Kiukas, I.L. Egusquiza and A. del Campo, Nonezponential Quantum Decay
under Environmental Decoherence, Phys. Rev. Lett. 119 (2017) 130401 [arXiv:1706.06943]
[INSPIRE].

F. Haake, Quantum Signatures of Chaos, Springer (2010) [doi:10.1007/978-3-642-05428-0].

Z. Xu, L.P. Garcia-Pintos, A. Chenu and A. del Campo, Eztreme Decoherence and Quantum
Chaos, Phys. Rev. Lett. 122 (2019) 014103 [arXiv:1810.02319] [InSPIRE].

A. Del Campo and T. Takayanagi, Decoherence in Conformal Field Theory, JHEP 02 (2020)
170 [arXiv:1911.07861] [INSPIRE].

Z. Xu, A. Chenu, T. Prosen and A. del Campo, Thermofield dynamics: Quantum Chaos
versus Decoherence, Phys. Rev. B 103 (2021) 064309 [arXiv:2008.06444] INSPIRE].

A M. Garcia-Garcia, L. Sa4 and J.J.M. Verbaarschot, Symmetry Classification and
Universality in Non-Hermitian Many-Body Quantum Chaos by the Sachdev-Ye-Kitaev Model,
Phys. Rev. X 12 (2022) 021040 [arXiv:2110.03444] [InSPIRE].

T. Can, Random Lindblad Dynamics, J. Phys. A 52 (2019) 485302 [arXiv:1902.01442]
[INSPIRE].

L. Sa, P. Ribeiro and T. Prosen, Spectral and steady-state properties of random Liouvillians,
J. Phys. A 53 (2020) 305303 [arXiv:1905.02155] [INSPIRE].

L. S4, P. Ribeiro, T. Can and T. Prosen, Spectral transitions and universal steady states in
random Kraus maps and circuits, Phys. Rev. B 102 (2020) 134310 [arXiv:2007.04326]
[INSPIRE].

A. Chenu, M. Beau, J. Cao and A. del Campo, Quantum simulation of generic many-body
open system dynamics using classical noise, Phys. Rev. Lett. 118 (2017) 140403.

— 96 —


https://doi.org/10.1103/PhysRevD.102.046019
https://arxiv.org/abs/1912.06132
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD102%2C046019%22
https://doi.org/10.21468/SciPostPhys.9.5.078
https://doi.org/10.1103/PhysRevD.103.126017
https://arxiv.org/abs/2012.11714
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD103%2C126017%22
https://doi.org/10.21468/SciPostPhys.12.6.191
https://arxiv.org/abs/2011.00637
https://inspirehep.net/search?p=find+J%20%22SciPost%20Phys.%2C12%2C191%22
https://doi.org/10.1007/JHEP08(2022)121
https://arxiv.org/abs/2204.05897
https://inspirehep.net/search?p=find+J%20%22JHEP%2C2208%2C121%22%20and%20year%3D2022
https://doi.org/10.1103/PhysRevD.106.046002
https://doi.org/10.1103/PhysRevD.106.046002
https://arxiv.org/abs/2104.03852
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD106%2C046002%22
https://doi.org/10.1103/RevModPhys.75.715
https://doi.org/10.1103/RevModPhys.75.715
https://arxiv.org/abs/quant-ph/0105127
https://inspirehep.net/search?p=find+J%20%22Rev.Mod.Phys.%2C75%2C715%22
https://doi.org/10.1093/acprof:oso/9780199213900.001.0001
https://doi.org/10.1088/1367-2630/10/4/043026
https://doi.org/10.1103/PhysRevLett.119.130401
https://arxiv.org/abs/1706.06943
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C119%2C130401%22
https://doi.org/10.1007/978-3-642-05428-0
https://doi.org/10.1103/PhysRevLett.122.014103
https://arxiv.org/abs/1810.02319
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C122%2C014103%22
https://doi.org/10.1007/JHEP02(2020)170
https://doi.org/10.1007/JHEP02(2020)170
https://arxiv.org/abs/1911.07861
https://inspirehep.net/search?p=find+J%20%22JHEP%2C2002%2C170%22%20and%20year%3D2020
https://doi.org/10.1103/PhysRevB.103.064309
https://arxiv.org/abs/2008.06444
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CB103%2C064309%22
https://doi.org/10.1103/PhysRevX.12.021040
https://arxiv.org/abs/2110.03444
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CX12%2C021040%22
https://doi.org/10.1088/1751-8121/ab4d26
https://arxiv.org/abs/1902.01442
https://inspirehep.net/search?p=find+J%20%22J.Phys.%2CA52%2C485302%22
https://doi.org/10.1088/1751-8121/ab9337
https://arxiv.org/abs/1905.02155
https://inspirehep.net/search?p=find+J%20%22J.Phys.%2CA53%2C305303%22
https://doi.org/10.1103/PhysRevB.102.134310
https://arxiv.org/abs/2007.04326
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CB102%2C134310%22
https://doi.org/10.1103/PhysRevLett.118.140403

[38] A. Rubio-Garcia, R.A. Molina and J. Dukelsky, From integrability to chaos in quantum
Liowvillians, SciPost Phys. Core 5 (2022) 026 [arXiv:2102.13452] [INSPIRE].

[39] Y. Li, X. Chen and M.P.A. Fisher, Quantum Zeno effect and the many-body entanglement
transition, Phys. Rev. B 98 (2018) 205136 [arXiv:1808.06134] INSPIRE].

[40] B. Skinner, J. Ruhman and A. Nahum, Measurement-Induced Phase Transitions in the
Dynamics of Entanglement, Phys. Rev. X 9 (2019) 031009 [arXiv:1808.05953] [INSPIRE].

[41] M.J. Gullans and D.A. Huse, Dynamical Purification Phase Transition Induced by Quantum
Measurements, Phys. Rev. X 10 (2020) 041020 [arXiv:1905.05195] [INSPIRE].

[42] M. Ippoliti, M.J. Gullans, S. Gopalakrishnan, D.A. Huse and V. Khemani, Fntanglement
Phase Transitions in Measurement-Only Dynamics, Phys. Rev. X 11 (2021) 011030
[INSPIRE].

[43] L. S&, P. Ribeiro and T. Prosen, Integrable nonunitary open quantum circuits, Phys. Rev. B
103 (2021) 115132 [arXiv:2011.06565] [INSPIRE].

[44] Y. Ashida, Z. Gong and M. Ueda, Non-hermitian physics, Adv. Phys. 69 (2020) 249.

[45] H. Verlinde, ER = EPR revisited: On the Entropy of an Einstein-Rosen Bridge,
arXiv:2003.13117 [INSPIRE].

[46] T. Anegawa, N. lizuka, K. Tamaoka and T. Ugajin, Wormholes and holographic decoherence,
JHEP 03 (2021) 214 [arXiv:2012.03514] [NSPIRE].

[47] H. Verlinde, Deconstructing the Wormhole: Factorization, Entanglement and Decoherence,
arXiv:2105.02142 [InSPIRE].

. Goto, Y. Kusuki, K. Tamaoka and T. Ugajin, Product of random states and spatia
48] K. G Y. Kusuki, K. T k d T. Ugajin, Product d tat d spatial
(half-)wormholes, JHEP 10 (2021) 205 [arXiv:2108.08308] [INSPIRE].

[49] A.M. Garcia-Garcia, L. S&, J.J.M. Verbaarschot and J.P. Zheng, Keldysh Wormholes and
Anomalous Relazation in the Dissipative Sachdev-Ye-Kitaev Model, arXiv:2210.01695
[INSPIRE].

[50] A. Bhattacharya, P. Nandy, P.P. Nath and H. Sahu, Operator growth and Krylov construction
in dissipative open quantum systems, JHEP 12 (2022) 081 [arXiv:2207.05347] [INSPIRE].

[51] C. Liu, H. Tang and H. Zhai, Krylov Complexity in Open Quantum Systems,
arXiv:2207.13603 [INSPIRE].

[52] J. Cornelius, Z. Xu, A. Saxena, A. Chenu and A. del Campo, Spectral Filtering Induced by
Non-Hermitian FEvolution with Balanced Gain and Loss: Enhancing Quantum Chaos, Phys.
Rev. Lett. 128 (2022) 190402 [arXiv:2108.06784] [INSPIRE].

[63] 1.S. Gradshteyn and I.M. Ryzhik, Table of Integrals, Series, and Products, 8th edition,
Academic Press (2014).

.C. Brody, Biorthogonal quantum mechanics, J. Phys. .
54] D.C. Brody, Biorth l hanics, J. Phys. A 47 (2013) 035305
5] G. Gamow, Zur Quantentheorie des Atomkernes, Z. Phys. 51 (1928) 204 [InSPIRE].

[56] E. Majorana, Scattering of an o Particle by a Radioactive Nucleus, Electron. J. Theor. Phys.
3 (2006) 293.

[57] N. Moiseyev, Non-Hermitian Quantum Mechanics, Cambridge University Press (2011)
[doi:10.1017/CBO9780511976186].

— 97 -


https://doi.org/10.21468/SciPostPhysCore.5.2.026
https://arxiv.org/abs/2102.13452
https://inspirehep.net/search?p=find+J%20%22SciPost%20Phys.Core%2C5%2C026%22
https://doi.org/10.1103/PhysRevB.98.205136
https://arxiv.org/abs/1808.06134
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CB98%2C205136%22
https://doi.org/10.1103/PhysRevX.9.031009
https://arxiv.org/abs/1808.05953
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CX9%2C031009%22
https://doi.org/10.1103/PhysRevX.10.041020
https://arxiv.org/abs/1905.05195
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CX10%2C041020%22
https://doi.org/10.1103/PhysRevX.11.011030
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CX11%2C011030%22
https://doi.org/10.1103/PhysRevB.103.115132
https://doi.org/10.1103/PhysRevB.103.115132
https://arxiv.org/abs/2011.06565
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CB103%2C115132%22
https://doi.org/10.1080/00018732.2021.1876991
https://arxiv.org/abs/2003.13117
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.13117
https://doi.org/10.1007/JHEP03(2021)214
https://arxiv.org/abs/2012.03514
https://inspirehep.net/search?p=find+J%20%22JHEP%2C2103%2C214%22%20and%20year%3D2021
https://arxiv.org/abs/2105.02142
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2105.02142
https://doi.org/10.1007/JHEP10(2021)205
https://arxiv.org/abs/2108.08308
https://inspirehep.net/search?p=find+J%20%22JHEP%2C2110%2C205%22%20and%20year%3D2021
https://arxiv.org/abs/2210.01695
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2210.01695
https://doi.org/10.1007/JHEP12(2022)081
https://arxiv.org/abs/2207.05347
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2207.05347
https://arxiv.org/abs/2207.13603
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2207.13603
https://doi.org/10.1103/PhysRevLett.128.190402
https://doi.org/10.1103/PhysRevLett.128.190402
https://arxiv.org/abs/2108.06784
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C128%2C190402%22
https://doi.org/10.1088/1751-8113/47/3/035305
https://doi.org/10.1007/BF01343196
https://inspirehep.net/search?p=find+J%20%22Z.Phys.%2C51%2C204%22
http://www.ejtp.com/articles/ejtpv3i10p293.pdf
http://www.ejtp.com/articles/ejtpv3i10p293.pdf
https://doi.org/10.1017/CBO9780511976186

[68] C.M. Bender and S. Boettcher, Real spectra in nonHermitian Hamiltonians having PT
symmetry, Phys. Rev. Lett. 80 (1998) 5243 [physics/9712001] [INSPIRE].

[59] C.M. Bender, Making sense of non-Hermitian Hamiltonians, Rept. Prog. Phys. 70 (2007) 947
[hep-th/0703096] [INSPIRE].

[60] D.C. Brody and E.-M. Graefe, Mized-state evolution in the presence of gain and loss, Phys.
Rev. Lett. 109 (2012) 230405.

[61] H. Carmichael, Statistical Methods in Quantum Optics 2: Non-Classical Fields, Theoretical
and Mathematical Physics, Springer (2009) [doi:10.1007/978-3-540-71320-3].

[62] S. Alipour, A. Chenu, A.T. Rezakhani and A. del Campo, Shortcuts to Adiabaticity in Driven
Open Quantum Systems: Balanced Gain and Loss and Non-Markovian Evolution, Quantum 4
(2020) 336.

[63] V. Gorini, A. Kossakowski and E.C.G. Sudarshan, Completely Positive Dynamical
Semigroups of N Level Systems, J. Math. Phys. 17 (1976) 821 [INSPIRE].

[64] G. Lindblad, On the Generators of Quantum Dynamical Semigroups, Commun. Math. Phys.
48 (1976) 119 [INSPIRE].

[65] F. Minganti, A. Miranowicz, R.W. Chhajlany and F. Nori, Quantum exceptional points of
non-hermitian hamiltonians and liouwvillians: The effects of quantum jumps, Phys. Rev. A
100 (2019) 062131.

[66] F. Roccati, G.M. Palma, F. Ciccarello and F. Bagarello, Non-hermitian physics and master
equations, Open Syst. Info. Dyn. 29 (2022) 2250004.

[67] M.V. Berry, M. Tabor and J.M. Ziman, Level clustering in the reqular spectrum, Proc. Roy.
Soc. Lond. A 356 (1977) 375.

[68] O. Bohigas, M.J. Giannoni and C. Schmit, Characterization of chaotic quantum spectra and
universality of level fluctuation laws, Phys. Rev. Lett. 52 (1984) 1 [INSPIRE].

[69] J. Feinberg and A. Zee, NonHermitian random matrix theory: Method of Hermitean
reduction, Nucl. Phys. B 504 (1997) 579 [cond-mat/9703087] [INSPIRE].

[70] K. Wang, F. Piazza and D.J. Luitz, Hierarchy of Relazation Timescales in Local Random
Liouvillians, Phys. Rev. Lett. 124 (2020) 100604.

[71] G. Marinello and M.P. Pato, Random non-hermitian tight-binding models, J. Phys. Conf. Ser.
738 (2016) 012040.

[72] K. Mochizuki, N. Hatano, J. Feinberg and H. Obuse, Statistical properties of eigenvalues of
the non-Hermitian Su-Schrieffer-Heeger model with random hopping terms, Phys. Rev. E 102
(2020) 012101 [arXiv:2005.02705] [INSPIRE].

[73] C. Wang and X.R. Wang, Level statistics of extended states in random non-hermitian
hamiltonians, Phys. Rev. B 101 (2020) 165114.

[74] T. Can, V. Oganesyan, D. Orgad and S. Gopalakrishnan, Spectral Gaps and Midgap States in
Random Quantum Master Equations, Phys. Rev. Lett. 123 (2019) 234103
[arXiv:1902.01414] [INSPIRE].

[75] S. Denisov, T. Laptyeva, W. Tarnowski, D. Chruscinski and K. Zyczkowski, Universal spectra
of random Lindblad operators, Phys. Rev. Lett. 123 (2019) 140403 [arXiv:1811.12282]
[INSPIRE].

~ 98 —


https://doi.org/10.1103/PhysRevLett.80.5243
https://arxiv.org/abs/physics/9712001
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C80%2C5243%22
https://doi.org/10.1088/0034-4885/70/6/R03
https://arxiv.org/abs/hep-th/0703096
https://inspirehep.net/search?p=find+J%20%22Rept.Prog.Phys.%2C70%2C947%22
https://doi.org/10.1103/PhysRevLett.109.230405
https://doi.org/10.1103/PhysRevLett.109.230405
https://doi.org/10.1007/978-3-540-71320-3
https://doi.org/10.22331/q-2020-09-28-336
https://doi.org/10.22331/q-2020-09-28-336
https://doi.org/10.1063/1.522979
https://inspirehep.net/search?p=find+J%20%22J.Math.Phys.%2C17%2C821%22
https://doi.org/10.1007/BF01608499
https://doi.org/10.1007/BF01608499
https://inspirehep.net/search?p=find+J%20%22Commun.Math.Phys.%2C48%2C119%22
https://doi.org/10.1103/PhysRevA.100.062131
https://doi.org/10.1103/PhysRevA.100.062131
https://doi.org/10.1142/S1230161222500044
https://doi.org/10.1098/rspa.1977.0140
https://doi.org/10.1098/rspa.1977.0140
https://doi.org/10.1103/PhysRevLett.52.1
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C52%2C1%22
https://doi.org/10.1016/S0550-3213(97)00502-6
https://arxiv.org/abs/cond-mat/9703087
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB504%2C579%22
https://doi.org/10.1103/PhysRevLett.124.100604
https://doi.org/10.1088/1742-6596/738/1/012040
https://doi.org/10.1088/1742-6596/738/1/012040
https://doi.org/10.1103/PhysRevE.102.012101
https://doi.org/10.1103/PhysRevE.102.012101
https://arxiv.org/abs/2005.02705
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CE102%2C012101%22
https://doi.org/10.1103/PhysRevB.101.165114
https://doi.org/10.1103/PhysRevLett.123.234103
https://arxiv.org/abs/1902.01414
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C123%2C234103%22
https://doi.org/10.1103/PhysRevLett.123.140403
https://arxiv.org/abs/1811.12282
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C123%2C140403%22

[76]

[77]

78]

[79]

[80]

[81]

[82]

[83]

[89]

[90]

[91]

[92]

[93]

[94]

J.A. Gyamfi, Fundamentals of quantum mechanics in liouville space, Eur. J. Phys. 41 (2020)
063002.

E.P. Wigner, Characteristic vectors of bordered matrices with infinite dimensions, Annals
Math. 62 (1955) 548.

L. Garcia-Alvarez, I.L. Egusquiza, L. Lamata, A. del Campo, J. Sonner and E. Solano,
Digital Quantum Simulation of Minimal AdS/CFT, Phys. Rev. Lett. 119 (2017) 040501
[arXiv:1607.08560] [NSPIRE].

A .M. Garcia-Garcia and J.J.M. Verbaarschot, Analytical Spectral Density of the
Sachdev-Ye-Kitaev Model at finite N, Phys. Rev. D 96 (2017) 066012 [arXiv:1701.06593]
[INSPIRE].

J.S. Cotler et al., Black Holes and Random Matrices, JHEP 05 (2017) 118 [Erratum ibid. 09
(2018) 002] [arXiv:1611.04650] [INSPIRE].

A. Jevicki, K. Suzuki and J. Yoon, Bi-Local Holography in the SYK Model, JHEP 07 (2016)
007 [arXiv:1603.06246] [INSPIRE].

J. Maldacena and D. Stanford, Remarks on the Sachdev-Ye-Kitaev model, Phys. Rev. D 94
(2016) 106002 [arXiv:1604.07818] [INSPIRE].

Y. Takahashi and H. Umezawa, Thermo field dynamics, Int. J. Mod. Phys. B 10 (1996) 1755
[INSPIRE].

J.M. Bardeen, B. Carter and S.W. Hawking, The Four laws of black hole mechanics,
Commun. Math. Phys. 31 (1973) 161 [INSPIRE].

W. Israel, Thermo field dynamics of black holes, Phys. Lett. A 57 (1976) 107 [INSPIRE].

J.M. Maldacena, Eternal black holes in anti-de Sitter, JHEP 04 (2003) 021
[hep-th/0106112] [INSPIRE].

J. Maldacena and L. Susskind, Cool horizons for entangled black holes, Fortsch. Phys. 61
(2013) 781 [arXiv:1306.0533] [INSPIRE].

A. del Campo, J. Molina-Vilaplana and J. Sonner, Scrambling the spectral form factor:
unitarity constraints and exact results, Phys. Rev. D 95 (2017) 126008 [arXiv:1702.04350]
[INSPIRE].

G. Vidal and R.F. Werner, Computable measure of entanglement, Phys. Rev. A 65 (2002)
032314 [quant-ph/0102117] INSPIRE].

M.B. Plenio, Logarithmic Negativity: A Full Entanglement Monotone That is not Convex,
Phys. Rev. Lett. 95 (2005) 090503 [quant-ph/0505071] INSPIRE].

L. Leviandier, M. Lombardi, R. Jost and J.P. Pique, Fourier transform: A tool to measure
statistical level properties in very complex spectra, Phys. Rev. Lett. 56 (1986) 2449.

J. Wilkie and P. Brumer, Time-dependent manifestations of quantum chaos, Phys. Rev. Lett.
67 (1991) 1185 [INSPIRE].

Y. Alhassid and N. Whelan, Onset of chaos and its signature in the spectral autocorrelation
function, Phys. Rev. Lett. 70 (1993) 572.

J.-Z. Ma, Correlation hole of survival probability and level statistics, J. Phys. Soc. Jap. 64
(1995) 4059.

~ 99 —


https://doi.org/10.1088/1361-6404/ab9fdd
https://doi.org/10.1088/1361-6404/ab9fdd
https://doi.org/10.2307/1970079
https://doi.org/10.2307/1970079
https://doi.org/10.1103/PhysRevLett.119.040501
https://arxiv.org/abs/1607.08560
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C119%2C040501%22
https://doi.org/10.1103/PhysRevD.96.066012
https://arxiv.org/abs/1701.06593
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD96%2C066012%22
https://doi.org/10.1007/JHEP05(2017)118
https://arxiv.org/abs/1611.04650
https://inspirehep.net/search?p=find+J%20%22JHEP%2C1705%2C118%22%20and%20year%3D2017
https://doi.org/10.1007/JHEP07(2016)007
https://doi.org/10.1007/JHEP07(2016)007
https://arxiv.org/abs/1603.06246
https://inspirehep.net/search?p=find+J%20%22JHEP%2C1607%2C007%22%20and%20year%3D2016
https://doi.org/10.1103/PhysRevD.94.106002
https://doi.org/10.1103/PhysRevD.94.106002
https://arxiv.org/abs/1604.07818
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD94%2C106002%22
https://doi.org/10.1142/S0217979296000817
https://inspirehep.net/search?p=find+J%20%22Int.J.Mod.Phys.%2CB10%2C1755%22
https://doi.org/10.1007/BF01645742
https://inspirehep.net/search?p=find+J%20%22Commun.Math.Phys.%2C31%2C161%22
https://doi.org/10.1016/0375-9601(76)90178-X
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CA57%2C107%22
https://doi.org/10.1088/1126-6708/2003/04/021
https://arxiv.org/abs/hep-th/0106112
https://inspirehep.net/search?p=find+J%20%22JHEP%2C0304%2C021%22%20and%20year%3D2003
https://doi.org/10.1002/prop.201300020
https://doi.org/10.1002/prop.201300020
https://arxiv.org/abs/1306.0533
https://inspirehep.net/search?p=find+J%20%22Fortsch.Phys.%2C61%2C781%22
https://doi.org/10.1103/PhysRevD.95.126008
https://arxiv.org/abs/1702.04350
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD95%2C126008%22
https://doi.org/10.1103/PhysRevA.65.032314
https://doi.org/10.1103/PhysRevA.65.032314
https://arxiv.org/abs/quant-ph/0102117
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CA65%2C032314%22
https://doi.org/10.1103/PhysRevLett.95.090503
https://arxiv.org/abs/quant-ph/0505071
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C95%2C090503%22
https://doi.org/10.1103/PhysRevLett.56.2449
https://doi.org/10.1103/PhysRevLett.67.1185
https://doi.org/10.1103/PhysRevLett.67.1185
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C67%2C1185%22
https://doi.org/10.1103/PhysRevLett.70.572
https://doi.org/10.1143/JPSJ.64.4059
https://doi.org/10.1143/JPSJ.64.4059

[95] E. Brézin and S. Hikami, Spectral form factor in a random matrixz theory, Phys. Rev. E 55
(1997) 4067.

[96] T. Gorin, T. Prosen, T.H. Seligman and M. Znidari¢, Dynamics of loschmidt echoes and
fidelity decay, Phys. Rept. 435 (2006) 33.

[97] E. Dyer and G. Gur-Ari, 2D CFT Partition Functions at Late Times, JHEP 08 (2017) 075
[arXiv:1611.04592] [INSPIRE].

[98] S. He, P.H.C. Lau, Z.-Y. Xian and L. Zhao, Quantum chaos, scrambling and operator growth
in TT deformed SYK models, JHEP 12 (2022) 070 [arXiv:2209.14936] [INSPIRE].

[99] P. Jacquod and C. Petitjean, Decoherence, entanglement and irreversibility in quantum
dynamical systems with few degrees of freedom, Adv. Phys. 58 (2009) 67.

[100] J. Li, T. Prosen and A. Chan, Spectral Statistics of Non-Hermitian Matrices and Dissipative
Quantum Chaos, Phys. Rev. Lett. 127 (2021) 170602 [arXiv:2103.05001] [INSPIRE].

[101] R.E. Prange, The spectral form factor is not self-averaging, Phys. Rev. Lett. T8 (1997) 2280.

— 30 —


https://doi.org/10.1103/PhysRevE.55.4067
https://doi.org/10.1103/PhysRevE.55.4067
https://doi.org/10.1016/j.physrep.2006.09.003
https://doi.org/10.1007/JHEP08(2017)075
https://arxiv.org/abs/1611.04592
https://inspirehep.net/search?p=find+J%20%22JHEP%2C1708%2C075%22%20and%20year%3D2017
https://doi.org/10.1007/JHEP12(2022)070
https://arxiv.org/abs/2209.14936
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2209.14936
https://doi.org/10.1080/00018730902831009
https://doi.org/10.1103/PhysRevLett.127.170602
https://arxiv.org/abs/2103.05001
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C127%2C170602%22
https://doi.org/10.1103/PhysRevLett.78.2280

	Introduction
	Hermitian Hamiltonian deformations
	Non-Hermitian Hamiltonian deformations
	Non-Hermitian dynamics
	Applications of non-Hermitian deformations
	Energy dephasing and decoherence time
	Spectral structure of the dynamical generators
	Correlation dynamics with thermofield double initial state
	Deformation of the spectral form factor

	Liouvillian deformations
	Conclusions
	Time evolution under BNGL

