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Out-of-time-ordered correlators (OTOCs)
have been extensively studied in recent years
as a diagnostic of quantum information scrambling.
In this paper, we study quantum
information-theoretic aspects of the regularized finite-temperature OTOC. We introduce
analytical results for the bipartite regularized
OTOC (BROTOC): the regularized OTOC averaged over random unitaries supported over
a bipartition. We show that the BROTOC has
several interesting properties, for example,
it quantifies the purity of the associated
thermofield double state and the “operator
purity” of the analytically continued timeevolution operator. At infinite-temperature,
it reduces to one minus the operator entanglement of the time-evolution operator. In
the zero-temperature limit and for nondegenerate Hamiltonians, the BROTOC probes
the groundstate entanglement. By computing
long-time averages, we show that the equilibration value of the BROTOC is intimately
related to eigenstate entanglement. Finally,
we numerically study the equilibration value
of the BROTOC for various physically relevant Hamiltonian models and comment on its
ability to distinguish integrable and chaotic
dynamics.

1 Introduction
The thermalization of closed quantum systems has
been a long standing puzzle in theoretical physics [1–
4]. Recently, the notion of “information scrambling”
as the underlying mechanism for thermalization has
gained prominence. The idea is that complex quantum systems quickly disseminate localized information through the (nonlocal) degrees of freedom, making it inaccessible to any local probes to the system.
The information is not lost, since the global evolution is still unitary, rather, it is encoded in nonlocal
correlations across the system. A quantification of
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this dynamical phenomena has initated a rich discussion surrounding operator growth [5–11], eigenstate
thermalization hypothesis (ETH) [12], quantum chaos
[13, 14], among others; see also Refs. [15, 16] for
a recent review. One of the central objects in this
quantification are the so-called out-of-time-ordered
correlators (OTOCs). The OTOC is usually defined
as a four point function with unusual time-ordering
[17, 18],
h
i
Fβ (t) := Tr Wt† V † Wt V ρβ ,
(1)
where Wt := Ut† W Ut is the Heisenberg-evolved operator and ρβ = exp [−βH] /Z(β) is the Gibbs state at
inverse temperature β with Z(β) := Tr [exp [−βH]].
An intimately related quantity to the above OTOC is
the following norm of the commutator,
i
1 h
†
Cβ (t) := Tr [Wt , V ] [Wt , V ]ρβ
2
1
√
2
[Wt , V ] ρβ 2 .
(2)
=
2
Here we have used the Hilbert-Schmidt norm k·k2 ,
which originates from the (Hilbert-Schmidt) inner
product hA, Bi := Tr A† B . The two quantities are
related via the simple formula,
Cβ (t) = 1 − ReFβ (t).

(3)

Therefore, the growth of the norm of the commutator
is associated to the decay of the OTOCs.
The idea behind using the norm of the commutator
to quantify scrambling is the following: let V and W
be two local operators that initially commute (for example, consider local operators on two different sites
of a quantum spin-chain). Under Heisenberg timeevolution, the support of Wt grows and after a transient period, it will start noncommuting with the operator V and one can utilize the commutator Cβ (t)
to quantify this growth. Intuitively, if the Hamiltonian of this system is local, then Leib-Robinson type
bounds can provide an estimate for the time it takes
for the growth of this commutator [19–21].
Understanding quantitatively, the scrambling of
quantum information has lead to a plethora of the-
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oretical insights [5–13, 22, 23]. This was swiftly followed by several state-of-the-art experimental investigations [24–33]. Furthermore, several works have now
elucidated quantum information theoretic aspects underlying the OTOC, for example, by connecting it
to Loschmidt Echo [34], operator entanglement and
entropy production [35, 36], quantum coherence [37],
entropic uncertainty relations [38], among others.
In Refs. [34, 35], the authors defined a “bipartite OTOC,” obtained by averaging the infinitetemperature OTOC uniformly over local random unitaries supported on a bipartition. In Ref. [35], this
bipartite OTOC was shown to have the following operational interpretations: (i) it is exactly the operator
entanglement [39, 40] of the dynamical unitary Ut , (ii)
it connects in a simple way to the entangling power
[41] of the dynamical unitary Ut , (iii) it is exactly
equal to the average linear entropy production power
of the reduced dynamics, among others. Furthermore,
several of these connections were generalized to the
case of open-system dynamics in Ref. [36], where, in
particular, a competition between information scrambling and environmental decoherence was uncovered
[42].
Unfortunately, as we move away from the infinitetemperature assumption, the connections unveiled in
Ref. [35] do not carry over their operational aspects
anymore. For example, a straightforward generation to the finite temperature case, say, by using the
OTOC as defined in Eq. (1) fails to retain the operator
entanglement or entropy production connection. Not
all is lost, however, as it is the regularized OTOC [13]
that naturally lends itself to these operational connections. Elucidating this connection is the key technical
contribution of this work. For ease of readability, the
proofs of key Propositions appear in the Appendix.

2 Preliminaries
The OTOC introduced in Eq. (1) will hereafter be
referred to as the unregularized OTOC. In contrast,
the regularized (or symmetric) OTOC is defined as
[13],
h
i
(r)
Fβ (t) := Tr Wt† yV † yWt yV y with y 4 = ρβ . (4)
Equivalently,
(r)

Fβ (t) =

h
i
1
Tr Wt† xV † xWt xV x ,
Z(β)

(5)

with x = exp [−βH/4]. We also define the associated
disconnected correlator [13],
h√
i √

√
√
(d)
Fβ (t) := Tr ρβ Wt† ρβ Wt Tr ρβ V † ρβ V .
(6)
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In Ref. [13], a bound on the growth of the correlator
(d)
(r)
Fβ (t) − Fβ (t) was obtained under certain assumptions as

 2π
∂
(d)
(r)
log Fβ (t) − Fβ (t) ≤
.
∂t
β

(7)

We also refer the reader to Ref. [12] the same
bound was derived for systems satisfying ETH, along
with some extra assumptions. In this work we fo(d)
(r)
cus on the quantity Fβ (t) − Fβ (t) arising from
this bound and connect it to operational, quantum
information-theoretic quantities. Notice that, for
a time-independent Hamiltonian, the disconnected
(d)
correlator Fβ (t) is time independent (by using


the commutation of y 2 , Ut and the cyclicity of
trace). Therefore, we can define, Fβd ≡ Fβd (t) =

 

Tr y 2 W † y 2 W Tr y 2 V † y 2 V .
Following Ref. [35], we will consider the following
setup: let HAB = HA ⊗ HB ∼
= CdA ⊗ CdB be a bipartition of the Hilbert space. Define as U(HA(B) ), the
unitary group over HA(B) . We want to understand the
qualitative and quantitative features of the OTOC for
a generic choice of local operators V and W . Therefore, we average over unitary operators supported on
the bipartition A|B. We define the bipartite averaged,
unregularized OTOC (hereafter, bipartite unregularized OTOC) as [35]
Gβ (t) := EVA ,WB [Cβ (t)] ,

(8)

where, VA = V ⊗ IB , WB = IA ⊗ RW , with V ∈
U(HA ), W ∈ U(HB ), and EV,W [•] := Haar dV dW [•]
denotes Haar-averaging over the standard uniform
measure over U(HA(B) ) [43]. In Ref. [35] it was shown
that one can analytically perform the Haar averages
to obtain the following expression,
Gβ (t) = 1 −



1
Re Tr (ρβ ⊗ IA0 B 0 ) Ut†⊗2 SAA0 Ut⊗2 SAA0 ,
d
(9)

where SAA0 is the operator that swaps the A ↔ A0
spaces in HA ⊗ HB ⊗ HA0 ⊗ HB 0 . This equation represents the finite temperature version of the unregularized bipartite OTOC. For β = 0, this is the operator entanglement of the time evolution operator Ut
as will be discussed shortly. However, for β 6= 0, it
does not have a clear quantum information-theoretic
correspondence.
Ref. [35] studied Gβ (t) in extensive detail at β =
0. Here, we will contrast the dynamical behavior of
the bipartite unregularized OTOC with that of the
regularized case, which we are now ready to introduce.
Performing bipartite averages in a similar way for the
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p~ obtained following the operator Schmidt decomposition. Namely,

regularized case, we have,
(d)

(r)

Nβ (t) := Gβ − Gβ (t),
h
i
(d)
(d)
with Gβ := EVA ,WB Fβ ,
h
i
(r)
(r)
and Gβ (t) := EVA ,WB Fβ (t) .

(10)
(11)
(12)

In the next section, we will discuss informationtheoretic aspects of these quantities. We also refer
the reader to Refs. [11, 44–48] for a discussion of various information scrambling/operator growth aspects
of the regularized versus unregularized OTOCs.
Operator Schmidt decomposition.— We take a small
detour to remind the reader a few key facts about
operator entanglement before delving into out main
results. Given a pure quantum state in a bipartite
∼ HA ⊗ HB , there exists a
Hilbert space, |ψi ∈ H =
Schmidt decomposition of this state [49],
r
X
p
λj |jA i ⊗ |jB i.
|ψi =

(13)

Pop (X) :=

1
4
kXk2



Tr SAA0 X ⊗2 SAA0 X †⊗2 ,

(16)

where we have explicitly introduced the normaliza4
tion kXk2 for arbitrary operators (it is equal to d2 for
unitaries which recovers the previous formula above).
Lastly, we remind the reader that, for unitary dynamics, information scrambling is usually quantified via
the OTOCs, the operator entanglement of the timeevolution operator Ut , and the quantum mutual information [23]. Our work, in particular, focuses extensively on the interplay between OTOCs and operator
entanglement.

3 Main results
3.1 Operator entanglement

j=1

Here, {λj }j are nonnegative coefficients with
r
=
min(dA , dB ) the Schmidt rank and
A
B
{|jA i}dj=1
, {|jB i}dj=1
bases for the subsystems
A, B, respectively. The Schmidt coefficients can be
used to compute various entanglement measures for
the bipartite state |ψi [50]. The key idea behind
Schmidt decomposition is to use the singular value
decomposition for the matrix of coefficients obtained
from expressing the state |ψi with respect to local
orthonormal bases.
In fact, one can generalize
this idea to the operator space. Namely, consider
bipartite operators, i.e., elements of L(HA ⊗ HB ),
then we can define an operator Schmidt decomposition [39, 51, 52]. Formally, given a bipartite
operator X ∈ L(HA ⊗ HB ), there exist orthogonal
d2

d2

A
B
bases {Uj }j=1
and {Wj }j=1
for L(HA ), L(HB ),
respectively, such that hUj , Uk i = dA δjk and
hWj , Wk i = dB δjk . Moreover,

r̃
X
p
λj Uj ⊗ Wj .
X=

(14)

j=1

The coefficients {λj }j are nonnegative and are
called the operator Schmidt coefficients and r̃ =
min{d2A , d2B } is the operator Schmidt rank. In fact,
the operator entanglement of a unitary introduced in
Ref. [39] is exactly the linear entropy of the probability vector p~ = (λ1 , λ2 , · · · , λr̃ ) arising from the
operator Schmidt coefficients. A key result obtained
in Ref. [39] was that the operator entanglement of a
unitary operator can be equivalently expressed as,
Eop (U ) = 1 −



1
Tr SAA0 U ⊗2 SAA0 U †⊗2 .
2
d

(15)

In a similar spirit, we define the operator purity of a
linear operator as the purity of the probability vector
Accepted in

Our first result is to bring Nβ (t) into an exact
analytical form. We introduce some notation first.
2
Let Pχ (ρ) := kρχ k2 be the squared 2-norm of the
operator ρχ with ρχ := Trχ [ρ], χ = {A, B}, and χ
the complement of χ. If ρ is a quantum state then
Pχ (ρ) is the purity across the A|B partition.
Proposition 1. The regularized bipartite OTOC at
finite temperature is
1
√
√
PA ( ρβ )PB ( ρβ )
d
h
i
1
⊗2
−
Tr SAA0 Uβ,t
(SAA0 ) ,
dZβ

Nβ (t) =

(17)

where, Uβ,t
:=
Vβ ◦ Ut with Vβ (X)
:=
exp [−βH/4] X exp [−βH/4] the imaginary timeevolution, Ut (X) := Ut† XUt the real time-evolution,
and Ut = exp [−iHt] the usual time-evolution
operator.
Let us note a few simple things about this result:
(i) at infinite temperature (β = 0), this reduces to
the operator entanglement of the time evolution operator [35] Gβ=0 (t). The equilibration value of this
quantity was used to distinguish various integrable
and chaotic models, see Refs. [35, 53] for more details. (ii) In quantum information theory [49], the
most general description of the dynamics of a quantum system is given by a completely positive (CP)
and trace-nonincreasing map, also called a quantum
operation. Furthermore, if the evolution is not only
trace non-increasing, rather, trace-preserving (TP),
then such dynamical maps are called quantum channels. In the Appendix, we show that Uβ,t is a quan(r)
tum operation. Moreover, the second term, Gβ (t)
is real and proportional to the operator purity of

Quantum 2022-06-16, click title to verify. Published under CC-BY 4.0.

3

Uβ (t) := exp [−(β − it)H/4], the analytically continued time-evolution operator, with Z(β/2)2 / (dZ(β))
as the proportionality factor. (iii) The following simple upper bound holds for the BROTOC: Nβ (t) =

(d)
(r)
(d)
Gβ − Gβ (t) ≤ Gβ ≤ Z(β/2)4 / dZ(β)2 . (iv) For
a non-entangling Hamiltonian, we have, Nβ = 0 ∀β.
Namely, if H = HA + HB , then a simple calculation
2
(r)
(d)
and therefore,
reveals that, Gβ = Z(β/2)
dZ(β) = Gβ
Nβ (t) is identically vanishing at all β. Of course, the
fact that at β = 0, Nβ = 0 also follows from the
connection to operator entanglement [35].
We emphasize that, although several previous works
have focussed on understanding the growth of local
OTOCs in terms of Lieb-Robinson bounds [54–59],
this analysis does not apply to our bipartite OTOCs
(regularized or unregularized). The key distinction
here is that, our averaging is over observables supported on a bipartition A|B of the entire system (and
not some subset of the total Hilbert space). As a result, even if one of the subsystems is local its complement is (highly) nonlocal. As a result, Lieb-Robinson
type bounds are not necessarily useful in understanding the growth of this quantity.

3.2 BROTOC, thermofield double, and the
spectral form factor
In this section, we focus on the quantum operation
Uβ,t , the operator purity of which is quantified by the
connected BROTOC. We will show that the map Uβ,t
contains information about both spectral and eigenstate signatures of quantum chaos [3, 60–62]. In particular, we will establish its relation to the spectral
form factor (SFF) [63] and the thermofield double
state (TDS) [64]. Recently, several works have elucidated the ability of the TDS to probe scrambling
and quantum chaos [22, 65–67]. In its simplest form,
the TDS corresponds to a “canonical” purification of
the Gibbs state ρβ = exp [−βH] /Z(β). Given the
connections to scrambling and chaos, the ability to experimentally prepare TDS allows us to directly probe
these properties; see for e.g., Refs. [68–72] for a discussion about how to prepare such states on a quantum computer.
More formally, let |Γi :=

d
P

|ji|ji be the unnormal-

to the Hamiltonian eigenbasis, we have,
|ψ(β)i = p

By construction, |ψ(β)i ∈ H⊗2 and tracing out either subsystem gives us back the original Gibbs state.
For simplicity, consider a nondegenerate Hamiltonian
d
P
with a spectral decomposition H =
Ej |jihj|, then,
j=1

by considering the |Γi matrix expressed with respect
Accepted in

Z(β)

d
X

exp [−βEj /2] |ji|ji.

(19)

j=1

Written in this form, it is easy to see that partial tracing either subsystem of |ψ(β)i generates the Gibbs
state ρβ . In Ref. [66], the survival probability (or
Loschmidt Echo) of the time-evolving TDS was related to the analytically continued partition function
[13, 22, 65]. Namely, let the time-evolved TDS be
defined as [64, 66],
|ψ(β, t)i := (Ut ⊗ I) |ψ(β)i
=p

1
Z(β)

d
X

exp [−(β/2 + it)Ej ] |ji|ji,

j=1

(20)
then its survival probability is
2

2

|hψ(β, 0)|ψ(β, t)i| =

|Z(β + it)|
.
Z(β)2

(21)

This is clearly related to the two-point, analytically
continued SFF, which is defined as [22, 73],
D
E
2
R2 (β, t) := |Z(β + it)|
,
(22)
RMT

where h· · · iRMT denotes an ensemble average, usually
over a random matrix ensemble of Hamiltonians [61].
We will now show that an analogous, though, not
identical, result holds for the quantum operation Uβ,t .
Namely, we will consider the fidelity between the
Choi-Jamiolkowski (CJ) matrix [74] corresponding to
Uβ,t and Uβ,0 and show that it is related to the twopoint SFF. Recall that the Choi-Jamiolkowski isomorphism is an isomorphism between linear maps
E : L(H) → L(K) to matrices ρE ∈ L(H) ⊗ L(K)
[74]. Let |φ+ i := √1d |ji|ji be the normalized maximally entangled state in H⊗2 , then,

ρE := E ⊗ I |φ+ ihφ+ | .
(23)
A linear map E is CP ⇐⇒ ρE ≥ 0. Now, a simple
calculation shows that the CJ matrix corresponding
to the quantum operation Uβ,t is,

j=1

ized maximally entangled vector in H⊗2 , then, the
TDS is defined as,

√
ρβ ⊗ I |Γi.
(18)
|ψ(β)i :=

1

ρUβ,t =

Z(β/2)
|ψ(β/2, t)ihψ(β/2, t)|.
d

(24)

To quantify how close two pure quantum states are,
we can compute the fidelity [49] between them. Recall that the fidelity between two pure quantum states
|ψi, |φi is given as,
2

F (|ψi, |φi) = |hψ|φi| ,

(25)

with F (|ψi, |φi) = 1 ⇐⇒ |ψi = |φi. Since the Choi
matrix ρUβ,t is proportional to a pure-state projector,

Quantum 2022-06-16, click title to verify. Published under CC-BY 4.0.

4

the fidelity between the matrices ρUβ,t and ρUβ,0 can
be defined as,
F (ρUβ,t , ρUβ,0 )

2
Z(β/2)
≡
F (|ψ(β/2, t)i, |ψ(β/2, 0)i)
d

2
Z(β/2)
2
=
|hψ(β/2, t)|ψ(β/2, 0)i|
d
=

RH
2 (β/2, t)
,
d2

2

(connected component of the) regularized OTOC,

The above result connecting the quantum operation
Uβ,t to the two-point SFF makes one wonder if a direct
relation between the SFF and the regularized OTOC
can be obtained, since the Uβ,t originates in the choice
of the regularization for the thermal OTOC [13]. We
will now show that the regularized OTOC, averaged
over global random unitaries is related to the fourpoint SFF. Notice that, unlike the bipartite averaging
that we will focus on throughout this paper, this relies
on global averages over the unitary group. The necessity of performing global averages to connect with
SFF subtly hints at the nonlocality (in both space
and time) of the SFF, see Refs. [22, 73] for a detailed
discussion. Let
(A,B,C,D)

(t) := Tr [yAt yByCt yD]

(27)

1/4

with y = ρβ , then we have the following result.
Proposition 2. The regularized four-point OTOC
averaged globally over Haar-random unitaries
is related to the four-point
spectral form
h
i fac(A1 ,B1 ,A2 ,B2 )
tor as,
EA1 ,B1 ,A2 ∈U (H) Fβ
(t)
=

(H)
†
†
R4 (β/4, t)/ d3 Z(β) , where B2 = A2 B1 A†1
(H)
2
and
R4 (β, t)
:=
(Zβ (t)Zβ (t)∗ )
with
Zβ (t) = Tr [exp [(−β + it)H]], the analytically
continued partition function.
Moreover, notice that this formula can be easily generalized to the case of different regularizations of the
OTOC, for example, if we have 2-point functions with
√
ρβ inserted between them, then we can get the
R2 (β/2, t). In the most general case, if we have, 2kpoint thermally regulated OTOCs (which will have
1/2k
ρβ
inserted between them), then, this will connect
with R2k (β/2k, t).
Purity of the thermofield double.— We are now ready
to focus again on the local properties that are quantified by the BROTOC. Let us consider a bipartition
of the original Hilbert space, H ∼
= HA ⊗ HB . Then
the Choi matrix corresponding to the CP map Uβ,t
is a four-partite state, since ρUβ,t ∈ L(HA ⊗ HB ) ⊗
Accepted in

(r)

(26)

where RH
2 is the two-point SFF before ensemble averaging [73], analogous to the result obtained in Ref.
[66].

Fβ

L(HA0 ⊗ HB 0 ), where the primed Hilbert spaces represent a replica of the original Hilbert space. We can
then compute the 2-norm
of the reduced Choi
 squared

0
0
ρ
(or
the
purity if the mamatrix ρAA
≡
Tr
Uβ,t
BB
Uβ,t
trix was normalized; it is already positive semidefinite). Then, a key lemma from Ref. [39] shows that
h
i
0 2
⊗2
= d12 Tr SAA0 Uβ,t
(SAA0 ) . Therefore, the
ρAA
Uβ,t

Gβ (t) =

0
d
ρAA
Uβ,t
Z(β)

2

.

(28)

2

That is, it is proportional to the 2-norm squared of
the reduced Choi matrix for the quantum operation
Uβ,t .
Now,
let
PAA0 (|ψiABA0 B 0 )
:=
2
kTrBB 0 [|ψihψ|ABA0 B 0 ]k2 be the purity of the
thermofield double across the AA0 |BB 0 partition.
Then, using the fact that the Choi matrix of Uβ,t is
proportional to the time-evolved thermofield double
state |ψ(β/2, t)ihψ(β/2, t)|, we have,
(r)

Gβ (t) =

Z(β/2)2
PAA0 (|ψ(β/2, t)iABA0 B 0 ) . (29)
dZ(β)

Finally, notice that Page scrambling of a quantum
state [23, 75, 76] is defined as all subsystems containing less than half the degrees of freedom being
nearly maximally mixed. Since the purity is minimal
for maximally mixed states, the closer the value of
(r)
Z(β/2)2
Gβ (t) to the lower bound dd
2 Z(β) , the more inforA
mation scrambling we have in the system’s dynamics.
That is, the connected component of the BROTOC
quantifies the degree of Page scrambling in the timeevolving TDS. Furthermore, the connection to the purity of the thermofield double immediately allows us
to infer the following bounds (which also follow from
the connection to operator purity above),
Z(β/2)2
Z(β/2)2
(r)
≤
G
(t)
≤
,
β
dd2A Z(β)
dZ(β)

(30)

where we have used the fact that the purity of a quantum state in HAA0 is bounded between d12 and 1.
A

Non-Hermitian evolution.— The connected BROTOC has the form
E
1 D
(r)
⊗2
Gβ (t) =
SAA0 , Uβ,t
(SAA0 ) ,
(31)
dZ(β)
which quantifies the autocorrelation function between the observable SAA0 and its evolved version
⊗2
Uβ,t
(SAA0 ). Now, recall that a non-Hermitian Hamiltonian is usually defined to be of the form, H =
H0 − iΓ, where H0 , Γ are Hermitian operators and
we have separated the Hermitian and non-Hermitian
parts explicitly. Assume that we are in the simple scenario where the Hermitian and anti-Hermitian parts
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commute, namely, [H0 , Γ] = 0. Therefore, the timeevolution of an observable X under such dynamics
is given as Xt = e−Γt eiH0 t Xe−iH0 t e−Γt . For the connected BROTOC, if we identify Γ = βH/(4t) at t > 0,
then we can think of Uβ,t as a simple non-Hermitian
evolution (and the commutation assumption above is
trivially satisfied). In this case, the BROTOC quantifies the scrambling power of non-Hermitian dynamics. This identification opens up the possibility of
utilizing tools from the theory of dissipative quantum chaos [77–83] such as complex spacing ratios[83],
to analyze directly the spectral correlations encoded
in the non-Hermitian dynamics Uβ,t as a means of
distinguishing integrable and chaotic dynamics. Furthermore, the ability to distinguish quantum chaos
from decoherence is a fascinating question with a long
history [60, 84]. Rewriting the quantum operation
Uβ,t = Vβ ◦ Ut as a composition of a quantum operation Vβ (which signifies decoherence) and the unitary
dynamics Ut may allow for disentangling the decoherence effects from the unitary scrambling.

3.3 Zero-temperature limit
As we discussed above, the infinite-temperature limit
of Nβ (t) is the operator entanglement of the unitary Ut and enjoys several information-theoretic connections [35]. What about the other limit, namely,
β → ∞? Here, we show that in the zero-temperature
limit, the regularized OTOC probes the operator
purity of the ground state projector, depending on
the degeneracy of the ground state manifold. Let
Π0 be the groundstate projector, then, recall that,
lim ρβ → Π0 /g0 , where g0 is the groundstate degenβ→∞

eracy. That is, at zero temperature, the Gibbs state
is proportional to the projector onto the groundstate
manifold. Moreover, since Π0 is a projector, we have,
Π20 = Π0 . Therefore, the disconnected correlator simplifies to,
(d)

Fβ→∞ =


 

1
Tr Π0 V † Π0 V Tr Π0 W † Π0 W . (32)
2
g0

Similarly, for the regularized part we have,
(r)

Fβ→∞ (t) =
Now, let H =

h
i
1
Tr Π0 Wt† Π0 V † Π0 Wt Π0 V .
g0

P

(33)

Ej Πj be the spectral decomposition

j

of the Hamiltonian, then, the projectors {Πj }j are
orthonormal (but not necessarily rank-1). Plugging
P
in Ut =
exp [−iEj t] Πj , we get,
j
(r)

Fβ→∞ (t) =



1
Tr Π0 W † Π0 V † Π0 W Π0 V .
g0

(34)

Now, if the groundstate is nondegenerate, then, we
have, Π0 = |ψgs ihψgs |, where |ψgs i is the ground state
Accepted in

wavefunction and g0 = 1. Then, a simple calculation
shows that, for this case,
(d)

Fβ

2

2

(r)

= |hψgs |V |ψgs i| |hψgs |W |ψgs i| = Fβ

(35)

and therefore, their difference vanishes. In fact, notice that, the four-point correlator has now reduced
to a product of 1-point correlators. In summary, at
zero temperature, for nondegenerate Hamiltonians,
(d)
(r)
the correlator Fβ − Fβ (t) vanishes, and so does
the regularized bipartite OTOC Nβ→∞ (t).
We now perform the bipartite averaging for the
zero-temperature case, without the assumption of
nondegeneracy.
The following result establishes
that if the ground state is degenerate, then, both
the disconnected and connected components of the
regularized bipartite OTOC probe the entanglement
in the ground state projector. Moreover, for the
nondegenerate case, both terms are proportional to
the square of the purity of the ground state and can
be utilized to detect quantum phase transitions [85].
The ability of groundstate OTOCs to detect quantum
phase transitions was explored in Ref. [86]. Establishing a possible connection to finite-temperature
phase transitions is an interesting question for future
investigations.
Proposition 3. The disconnected and connected
components of the bipartite averaged OTOC at zero
temperature are,
(d)

1
PA (Π0 )PB (Π0 ), and
dg02


1
⊗2
=
Tr SAA0 Π⊗2
.
0 SAA0 Π0
dg0

Gβ→∞ =
(r)

Gβ→∞

(36)

Note that both quantities becomes time-independent
and the convergence to the groundstate is exponential in β, given the Gibbs weights. Finally, we
note that for a pure quantum
= |ψihψ|, we
 state Π
4
have, Tr SAA0 Π⊗2 SAA0 Π⊗2 = kρA k2 , where ρA ≡
TrB [|ψihψ|] [39]. That is, the operator purity term
reduces to the state purity squared. Therefore, the
connected (and disconnected) BROTOC at zero temperature, for a nondegenerate Hamiltonian probes its
groundstate purity.

3.4 Long-time limit and eigenstate entanglement
The equilibration value of correlation functions has
long been studied as a probe to thermalization and
chaos [3, 4]. Although, for finite-dimensional quantum systems, correlation functions typically do not
converge to a limit for t → ∞. Instead, after a transient initial period, they oscillate around some equilibrium value [87–90], which can be extracted via longtime averaging (also known as infinite-time averag-
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RT
1
T
T →∞
0

ing), defined as, A(t) := lim

A(τ )dτ . In Refs.

[35, 37, 91–93], the equilibration value of the OTOC
(or the averaged OTOC) was used to distinguish integrable versus chaotic quantum systems. Here, we discuss how the long-time average of the BROTOC can
also reveal the degree of integrability for Hamiltonian
quantum systems, and discuss the β-dependence.

Similarly, for the disconnected correlator, we have,
(d)

Gβ =

Proposition 4.

(r)
Gβ (t)


d
1 X
=
exp [−β(Ej + Ek )/2]
dZ(β)
j,k=1

i
A 2
B 2
A 2
Rjk
+ Rjk
− δjk Rjk
.
(37)

2
2

exp [−β (Ej + Ek ) /4] ρχj , ρχk .
rewrite the time-average as,

(r)

Gβ (t) =

1
dZ(β)

X



χ∈{A,B}

j

e(χ)
R

2

−
2

1 e(χ)
RD
2

2


,

2

(38)

e(χ) ]jk = [R
e(χ) ]jk δjk .
with [R
D
D
Accepted in

2



2
2

d
X
exp [−βEk /2] A
p
ρk
Z(β)
k=1
d
X

2

2

2

pk (β/2)ρA
k

k=1

,
2

where pj (β) := exp [−βEj ] /Z(β) is the Gibbs probability associated to the energy level j at inverse temperature β.
Maximally-entangled models.— Proposition 4 allows
us to connect the equilibration value of the regularized OTOC with the entanglement in the Hamiltonian eigenstates. As a concrete example, we evaluate this equilibration value √
for a symmetric bipartition, that is, dA = dB = d and a Hamiltonian
whose eigenstates are maximally entangled, that is,
{|φk i}dk=1 are maximally entangled across the A|B
partition. We term this Hamiltonian a “maximally
entangled Hamiltonian” for
For such a Hamil√ brevity.
B
tonian, we have, ρA
k = I/ d = ρk ∀k and therefore,
B
A
A
= d1 Tr I√d = √1d = Rkl
= Tr ρA
Rk,l
∀k, l.
k ρl
Then, we have,


1 2Z(β/2)2
(r)
Gβ (t) |ME = 2
−1 .
(40)
d
Z(β)
Notice that this equilibration value is close to
the lower bound (for a symmetric bipartition):
(r)
Z(β/2)2 /d2 Z(β) ≤ Gβ (t).
Similarly, for the disconnected correlator, one can
show that,
Z(β/2)4
.
d2 Z(β)2

(41)

Putting everything together, we have, the equilibration value of the BROTOC for a maximally-entangled
Hamiltonian is,
Nβ (t) |ME =

k

Therefore, we can

2
2

ρβ

(39)

(d)

jk

2

d
Z(β/2)4 X
pj (β/2)ρB
j
dZ(β)2 j=1

Gβ |ME =

This result generalizes to finite-temperature the
Proposition 4 obtained in [35] and therefore at β = 0,
reduces to the form described there. We can rescale
the reduced states as σjχ := exp [−βEj /4] ρχj , which
e(χ) := σ χ , σ χ =
generates a rescaled Gram matrix R

√

TrB

d
1 X exp [−βEj /2] B
p
ρj
=
d j=1
Z(β)

=
A key assumption on the energy spectrum that we
will use in this section is the so-called no-resonance
condition (NRC) or nondegenerate energy gaps condition [87, 94]. Simply put, both the energy levels and
the energy gaps between these levels is nondegenerate.
More formally, consider the
Pdspectral decomposition of
the Hamiltonian, H =
j=1 Ej |φj ihφj |. Then, H
obeys NRC if El + Ek = En + Em ⇐⇒ l = n, k =
m or l = m, k = n ∀j, k, l, m. The NRC condition is
satisfied by generic quantum systems and in particular, chaotic quantum systems satisfy such a condition
either exactly or to a close approximation. Let us denote by ρχj := Trχ [|φj ihφj |] , χ = {A, B} the reduced
density matrix corresponding to the j-th Hamiltonian
eigenstate. Moreover, we introduce a Gram matrix
corresponding to the inner product between the re(χ)
duced states, Rjk := hρj , ρk i with χ = {A, B} and
h·, ·i the Hilbert-Schmidt inner product. Then, we
have the following result.

√ 
1
TrA ρβ
d

1
d2



2
Z(β/2)2
−1 .
Z(β)

(42)

Notice that at β = 0, Z(β) = Tr [I] = d = Z(β/2).
Therefore, the above evaluates to Nβ=0 (t) |ME =
2
NRC
1 − d1 = GME for β = 0 as in Ref. [35], which
shows that the equilibration value is nearly maximal;
which for a symmetric bipartition is equal to 1 − 1/d.
For quantum chaotic systems, random matrix theory
predicts that the spectral and eigenstate properties of
the Hamiltonian resemble those of the Gaussian random matrix ensembles (depending on the universality
class) [61, 62], which typically have nearly maximally
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entangled eigenstates. Therefore, one can expect the
equilibration value to be close to Eq. (42).

from the maximally entangled value are bounded as
follows.

We outline here a qualitative argument to understand
(r)

the decrease of Gβ (t) with β as will become evident in the section on Numerical Simulations. In fact,
this monotonicity is an entropic effect due to the fact
that, by increasing β, less and less states contribute
to the sum in Proposition 4, the general formula for
all Hamiltonians that satify NRC. We now make a
quantitative argument: let p(β/2) be a probability
−βEi /2
vector whose components are pi = eZ(β/2) . Then,
kp(β/2)k2 = Z(β)Z(β/2)−2 and we can reexpress the
BROTOC as,
(r)

Gβ (t) =

hp(β/2), Ĉp(β/2)i
,
dkp(β/2)k2

(43)

A 2
B 2
A 2
where Cij := |Rij
| + |Rij
| − δij |Rij
| .

The denominator of Eq. (43) is proportional to the
purity of p(β/2) and it is therefore monotonically increasing with β (d−1 at β = 0, and 1 at β = ∞.)
On the other hand, the numerator of Eq. (43) can
change from O(d−2
A ) at β = 0 to O(1) for local models (O(d−2
)
for
non-local
ones). This change is always
A
dominated by the purity increase in the denominator. For example
√ in the maximally entangled case
(dA = dB = d)) one has Cij = d−1 (2 − δij ) and
therefore one can rewrite Eq. (40) as
(r)

2 − kp(β/2)k2
d2 kp(β/2)k2
1 1 + Slin (β/2)
,
= 2
d 1 − Slin (β/2)

Gβ (t)|ME =

(44)

where Slin (β) := 1 − kp(β)k2 is the linear entropy of
ρ(β). This function is clearly monotonically decreasing with β and shows, once again, that the increase of
of the time-averaged connected OTOC with temperature is an entropic effect.
Nearly maximally-entangled models.—
We will
now show that, if the Hamiltonian eigenstates are
highly entangled then it implies a bound on the
equilibration value that is close to the maximally
entangled case. Recall that a quantum state is
called “Page scrambled” [23, 75, 76] if any arbitrary
subsystem that consists of up to half of the state’s
degrees of freedom are nearly maximally mixed. In
the following proposition, we assume Page scrambling
of all Hamiltonian eigenstates
√ across a symmetric
d and show that the
bipartition dA = dB =
equilibration value is close to that of highly entangled
models. Let P(|ψAB i) denote the purity of the
reduced state of |ψAB i across the bipartition A|B
and Pmin = min{ d1A , d1B } be the minimum purity of
a quantum state across the A|B bipartition. Recall
that a pure state |ψAB i is maximally entangled across
A|B ⇐⇒ P(|ψAB i) = Pmin . Then, the deviations
Accepted in

Proposition 5. For a symmetric
√ bipartition of the
d if P(|ψAB i) −
Hilbert space, dA = dB =
Pmin ≤  holds for all eigenstates, then for systems
satisfying NRC, the equilibration value is bounded
away from the maximally entangled case
 as follows,

(r)

(r)

Gβ (t) |ME − Gβ (t) |NRC ≤

Z(β/2)2
dZ(β)

6
√
d

+ 32 .

Unregularized vs regularized OTOC.— We highlight a
key difference between the bipartite regularized versus unregularized OTOCs. As we will note, for nearly
maximally entangled models, the Gβ (t) is nearly
(r)
β-independent, while the Gβ (t) shows a clear βdependence as we have seen above. The proof relies
on using an operator Schmidt decomposition for the
unitary Ut , see the Appendix for more details. We
obtain that,
Gβ (U ) = 1 − Fβ (U ) = 1 −

1
,
d2A

(45)

and is independent of β. Contrast this, with the
equilibration value for nearly maximally entangled
Hamiltonians Eq. (42), as computed above. Let
us consider Hamiltonians from the Gaussian Unitary Ensemble (GUE) as an example. The eigenstates of these are known to have near maximal entanglement and therefore, we can approximate the

2
2
Nβ (t) ≈ d12 Z(β/2)
Z(β) − 1 . Moreover, for large-d,
the partition function after ensemble averaging can
be expressed as [46, 62], hZ(β)iGUE = dI1β(2β) , where
I1 (β) is the modified Bessel function of the first kind.
Therefore, the ensemble averaged equilibration value
of Nβ (t) for the GUE is 1
D
E
Nβ (t)

4I1 (β)2
1
≈
−
βI1 (2β) d


GUE

Notice that, I1 (2β)/β =

∞
P
n=0

2

β 2n
.
(n!)2 (n+1)

.

(46)

Therefore,

we can extract from this, both the low- and hightemperature estimates. In Fig. 1 we plot the Bessel
function form along with the numerical estimate of the
long-time average of the connected BROTOC for the
GUE, obtained by averaging (numerically generated)
GUE Hamiltonians for d = 100.
NRC-product states (NRC-PS).— We introduce a
Hamiltonian model that has a generic spectrum,
namely, one that satisfies NRC but with all eigenstates as product states (for example, the computational basis states), that we call “NRC-PS”. The
1 We have implicitly assumed here that the ensemble averaging and the large-d limits commute, see [22, 95] for a discussion.
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where the probability vector p(β) is as in the
above and pA/B (β) are its marginals e.g., pA
j (β) =
PdB −βEjk
PdB
1
.
k=1 e
k=1 pjk (β) = Z(β)
From

this

Equation

(r)
Gβ=0 (t)|NRC−PS

one

finds

immediately

= 1/dA + 1/dB − 1/d > 1/d
(r)

Figure 1: A log-log plot of the equilibration value (long(r)
time average) of the Gβ (t) for the GUE Hamiltonian at
−10
d = 100 for 10
≤ β ≤ 10−3 comparing the numerical
estimate to the Bessel function form above.

Hamiltonian can be expressed as,
HNRC-PS :=

dX
A ,dB

(A)

(r)

with this as Gβ (t) ≈

√2 .
d

4 Numerical simulations

(A)

(B)

(B)

Ej,k |φj ihφj | ⊗ |φk ihφk |,

j,k=1

(47)
where the spectrum {Ej,k }j,k satisfies NRC2 ; for example, consider the spectrum of a Hamiltonian from
a Gaussian Unitary Ensemble (GUE). The reason to
introduce such a model is twofold: first, it allows us
to disentangle the spectral and eigenstate contribu(r)

tions to the equilibration value Gβ (t) since, it has
the spectrum of a “chaotic” model and the eigenstate
properties of a “free” model. Second, as we show
now, this model is analytically tractable. The key
reason for this is that the NRC-PS model has an extensive number of conserved quantities, d = 2L of
them in fact. A local operator of the form, Aj =
A
|φA
j ihφj | ⊗ I commutes with the Hamiltonian above,
[H, Aj ] = 0 ∀j ∈ {1, 2, · · · , dA }. Similarly, operators
B
of the form, Bk = I ⊗ |φB
k ihφk | also commute with
the Hamiltonian, [H, Bk ] = 0 ∀k ∈ {1, 2, · · · , dB }.
Therefore, the Hamiltonian has d = dA dB number of
local conserved quantities. In this sense, this is an
integrable model, notice however, that its spectrum is
intentionally chosen to satisfy NRC.
The presence of conserved quantities enable an exact
calculation for the equilibration value of the BROTOC in this model. A detailed proof of this can be
found in the Appendix.


1 kpA (β/2)k2 + kpB (β/2)k2
(r)
Gβ (t)|NRC−PS =
−
1
d
kp(β/2)k2
(48)
2 Note that any Hamiltonian that satisfies NRC cannot be
noninteracting, i.e., cannot be of the form H = HA ⊗ IB + IA ⊗
HB since such a Hamiltonian would, by construction, violate
NRC. As an example, consider product eigenstates of the form,
(A)
(B)
{|φj i ⊗ |χk i}j,k then it is easy to find pairs of eigenstates
for which the energy gaps are equal [94]. However, the converse
is not true, namely, there exist interacting Hamiltonians, i.e., of
the form H 6= HA ⊗IB +IA ⊗HB that have product eigenstates.

Accepted in

at infinite temperature and, Gβ=∞ (t)|NRC−PS = 1/d
at zero temperature.√ For a symmetric bipartition
√ dA = dB = √ d, the former simplifies to
2/ d − 1/d = O(1/ d). And, as we will see in
the next section, the numerical data obtained from
finite-size scaling in Tables 1 and A1 is consistent

In this section we study numerically various dynamical features of the BROTOC. In particular, we vary
the degree of integrability of Hamiltonian systems
and quantify it’s effect on the equilibration value
(r)

Gβ (t). At β = 0, this is equal to one minus the
operator entanglement of the dynamical unitary,
whose equilibration value was used to distinguish
various integrable and chaotic models in Ref. [35],
see also Refs. [53, 91, 92, 96] for distinguishing
integrable and chaotic models via time-averages of
the OTOC or operator entanglement. We also refer
the reader to Ref. [97], where bounds on decay
of OTOCs in time were obtained using the scaling
of the time-averaged OTOC. Here, we perform
more extensive numerical studies, consider more
generally the β-dependence of this quantity, and
focus on the following Hamiltonian models of interest:
1. Integrable model:
The transverse-field
Ising model (TFIM) with the Hamiltonian,
L
L
L−1
P z z
P
P
HTFIM = −
σj σj+1 − g
σjx − h
σjz , as a
j=1

j=1

j=1

paradigmatic quantum spin-chain model. Here,
the σjα , α ∈ {x, y, z} are the Pauli matrices.
For the TFIM, g, h denotes the strength of the
transverse field and the local field, respectively.
The TFIM Hamiltonian is integrable for either
h = 0 or g = 0 and nonintegrable when both
g, h are nonzero. We consider as the integrable
point, g = 1, h = 0 and the nonintegrable point
g = −1.05, h = 0.5. At the integrable point, this
model can be mapped onto free fermions via the
Jordan-Wigner transformation and is “highly
integrable” in this sense. At the nonintegrable
point, the model is quantum chaotic, in the sense
of random matrix spectral statistics [98, 99] and
volume-law entanglement of eigenstates [100].
2. Localized models:
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We study Anderson and
9

many-body localization (MBL) with the HamilL
L−1
P
P z z
gj σjx −
tonian, HMBL = −
σj σj+1 −
j=1

h

L
P
j=1

j=1

σjz , where we draw from the uniform

distribution, each gj ∈ [−η, η]. In the absence of
the longitudinal field, i.e., h = 0, and for nonzero
disorder, this (disordered) free fermion model
is Anderson localized. In the presence of the
longitudinal field, the fermions are interacting
and at sufficiently strong disoder, the model is
many-body localized (MBL). As is well-known,
MBL escapes thermalization by emergent integrability [3, 101]. We refer the reader to Ref.
[102] for a discussion of the long-time values of
the unregularized OTOC in localized phases. In
our numerical simulations, we focus on η = 10
for the disorder strength and h = 0.1 for the
MBL case. We average each instance of the
disordered model over b200/Lc independent
realizations. In each case, the error bars are too
small to plot alongside the data points.
3. NRC-product states (NRC-PS): As introduced
before this model allows us to separate the spectral and eigenstate contributions to the BROTOC’s equilibration value. We choose a “chaotic”
spectrum (in the sense that it corresponds to a
GUE Hamiltonian and hence is an instance of a
model that obeys Wigner-Dyson statistics), while
having the eigenstates of a noninteracting model,
that is, simple product states. To study the
NRC-PS model numerically, we generate a random matrix from the Gaussian Unitary Ensemble
(GUE) and use its spectrum, while keeping product eigenstates. We average this numerically over
b200/Lc independent realizations. This yields
numerical results consistent with the analytical
expression obtained from Eq. (48).
4. Random matrices: As a benchmark for a “maximally chaotic” model, we consider Hamiltonians
drawn from the GUE. For Hamiltonian systems,
the seminal works of Berry and Tabor [103]
and that of Bohigas, Giannoni, and Schmit
[104] establishes that Poisson level-statistics
is a characteristic feature of integrable, while
for thermalizing systems, Wigner-Dyson statistics are the norm [2, 101]. Furthermore, the
eigenstates of GUE are nearly maximally entangled and will provide an analytically tractable
example of a highly chaotic model. For our
numerical simulations, we generate random
matrices and average over b200/Lc independent
realizations. The error bars are too small to
plot alongside the data points in this case as
well. The “ME” in the plots corresponds to a
maximally entangled model for which we use the
Accepted in

analytical expressions from Eq. (40). For this
we generate the spectrum from the GUE and
average over b200/Lc independent realizations.
Throughout this section, to evaluate the time(r)

averages Gβ (t) numerically, we use two different
methods. First, for the Anderson and TFIM integrable model, since it does not satisfy NRC (the
Hamiltonian has symmetries), we perform exact time
evolution. We do this for a time interval of t ∈
[10, 103 ] with a 106 time steps in between. This is
fixed for all the system sizes L and inverse temperatures β. All models except these two satisfy NRC
(r)

(also verified numerically) and so we compute Gβ (t)
using the analytical expression in Proposition 4. To
do this, we perform exact diagonalization of the full
Hamiltonian for this and compute the reduced states.
At large β, it is easy to show that one only needs the
ground state along with a few excited states to estimate the time-average in Proposition 4. Therefore,
for L = 13, 14 and β = 1, we only extract the lowest
20 Hamiltonian eigenstates.
The first numerical result focusses on L = 6 qubits
(r)

and we study the variation of Gβ (t) as a function of
β. In Fig. 2, we notice the following universal features
(r)

of Gβ (t) as a function of β: the equilibration value
is very slowly decaying as β varies from zero to O(1).
Around β = O(1), the equilibration value quickly decays to the asymptotic value. Using, Proposition 3,
we note that the asymptotic value β → ∞ is proportional to the operator purity for the ground state
projector. With these universal features at hand, we
(r)

systematically study the equilibration value Gβ (t)
for three representative choices of β: β = 0, β = 1
and β → ∞. We numerically study their scaling as
a function of the system size for a symmetric bipartition of the lattice, bL/2c : dL/2e. For the case where
L is not even, the numerical results are very similar for either choice of bipartition, bL/2c : dL/2e or
dL/2e : bL/2c, and therefore, we choose the former
throughout. We also label as “logplot” a plot with
logarithmic scale on the y-axis and “loglogplot” those
with logarithmic scale on both x- and y-axes.
The results for β = 0 are discussed in Fig. 3. We notice that the scaling w.r.t. the system size is effectively
divided into two classes: the quantum chaotic models, namely, the nonintegrable TFIM and the GUE.
And, the second class is all the others, namely, the
free fermions, the Anderson and MBL, and the NRCPS. These two classes are primarily distinguished
by their eigenstate entanglement, namely, the scaling of the entanglement across the entire spectrum.
This, perhaps, comes as no surprise since the infinitetemperature OTOC by construction probes the entanglement across all eigenstates.
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At β = 1, from Fig. 4, we notice that the MBL and
quantum chaotic models have merged, while having a
distinct scaling from the other integrable models and
the GUE. Recall that at β = 0, Theorem 6 of Ref.
[35] establishes a hierarchy between the equilibration
values of various estimates for the equlibration value.
However, for the regularized OTOC, this result does
not necessarily hold away from the β = 0 case since
now we have extra H-dependent terms in the NRC
estimate; see Proposition 3.
And finally, the scaling for β = ∞ can be understood
using Proposition 3. For the nondegenerate Hamiltonians, this simply probes the ground state entanglement. We notice that all curves coalesce into two
groups, one for the integrable/localized models and
the second for the GUE and ME models, respectively.
While these models vary in their degree of integrability, their ground states (apart from the GUE/ME) all
follow an area law [100] and hence obey a different
decay rate with L from the GUE. Note that the GUE
ground state is a Haar random state and therefore,

(r)

where d is the Hilbert space dimension and Gβ (t)∞
is the asymptotic value, i.e., as d → ∞. From several analytical and numerical results, we know that
(r)

Gβ (t)∞ = 0. That is, the BROTOC decays for all
models, free, integrable, or chaotic. Therefore, we reduce the Ansatz to

(r)

Gβ (t) = αd−γ .

(50)

(r)

As a result, we have, log2 (Gβ (t)) = log2 (α) + (−γ) L
where 2L = d. The numerical results naturally manifest this Ansatz as is evident from the nearly linear figures. Therefore, performing a linear fit to the
(r)

log2 (Gβ (t)) versus L plots yields the decay rates corresponding to various models. We focus on the last
5 data points to obtain the fit parameters, see the
Appendix for more details.

(r)

should scale as Gβ→∞ (t) ∼ d12 , which is consistent
with the finite-size scaling results.
Model

β=0

β=1

β=∞

TFIM integrable
NRC-PS
Anderson
MBL
TFIM chaotic
GUE

0.507672
0.495827
0.557617
0.491745
1.00781
0.999992

0.687979
0.7218
0.655576
0.883465
0.884371
1.76251

1.01858
1.00
1.00
1.00075
0.999999
2.00016

Table 1: The decay rate γ for various Hamiltonian mod(r)

els at β = 0, 1, ∞, with respect to the Ansatz Gβ (t) =
αd−γ . The prefactor α is nonuniversal, the details of
which can be found in the Appendix.

Finite-size scaling.— To quantitatively understand
the numerical results, we perform finite-size scaling
analysis for each choice of β. Let us start with the
infinite-temperature case (β = 0). We consider an
Ansatz of the form,
(r)

(r)

Gβ (t) = αd−γ + Gβ (t)∞ ,

(49)

5 Conclusions
In this work we introduce the bipartite regularized
OTOC that allows us to obtain a wealth of analytical and numerical results to aid our understanding of
regularized OTOCs for local quantum systems. The
infinite-temperature OTOC has several operational
interpretations in terms of operator entanglement, entropy production, and others. Proposition 1 estabAccepted in

The finite-size scaling results are summarized in Table 1. The decay rates are universal at β = 0 with
γ ≈ 0.5 for the integrable models and γ ≈ 1 for the
chaotic models. Around β = O(1), this universality
begins to breakdown and at large β, the equilibration
(r)

value Gβ (t) only differentiates local models from the
nonlocal GUE model.

From the analytical results about NRC-PS and GUE,
we know that at β = 0, the γNRC-PS = 21 γGUE .
And, from the finite-size scaling results, we obtain,
γNRC-PS /γGUE ≈ 0.495831. At β → ∞, using Proposition 3, for both NRC-PS and GUE, the equilibration value is determined by the ground state purity.
Therefore, for NRC-PS, it scales as d1 and for GUE
it scales as d12 since GUE ground states are Haarrandom states, their purity is near minimum, with
O( d1 ) corrections, which is also consistent with the
finite-size scaling results. Therefore, the ratio of the
rates in this case is also 12 . And finally, from the numerical values listed in Table 1, we see that the ratio
is ≈ 21 at β = 1 as well.

lished the connected component of the BROTOC as
probing the operator purity of a quantum operation.
We then showed that the quantum operation Uβ,t is
intimately related to the two-point spectral form factor and globally averaged regularized OTOCs are connected to the four-point spectral form factor, respectively. Moreover, the connected BROTOC probes the
purity of the associated thermofield double state.
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Figure 2: A log-log plot of the equilibration value (long-time average) of the Gβ (t) for various Hamiltonian models
at L = 6 as a function of the inverse temperature β across a symmetric bipartition L/2 : L/2. We use exact time
evolution for the integrable TFIM and Anderson since they do not satisfy NRC. For Anderson, MBL, and GUE, we
perform exact diagonalization of the full Hamiltonian and use the analytical expression in Proposition 4. For NRC-PS
and ME (maximally entangled model), we use the analytical expressions in Eq. (40) and Eq. (48).
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Figure 3: A logplot of the equilibration value (long-time average) of the Gβ (t) for various Hamiltonian models as
a function of the system size L at β = 0 across a symmetric bipartition bL/2c : dL/2e. We use exact time evolution
for the integrable TFIM and Anderson since they do not satisfy NRC. For Anderson, MBL, and GUE, we perform
exact diagonalization of the full Hamiltonian and use the analytical expression in Proposition 4. For NRC-PS and ME
(maximally entangled model), we use the analytical expressions in Eq. (40) and Eq. (48).

Moving away from the infinite-temperature assumption, we investigate the zero-temperature case, where,
in Proposition 3, we showed that, in this limit, both
the disconnected and connected components of the
BROTOC probe the groundstate entanglement for
nondegenerate Hamiltonians. This allows us to think
of them as probes to quantum phase transitions in the
system.
In Propositions 4 and 5, we study the equilibration
value of the BROTOC and how it connects to eigenstate entanglement. In fact, we show that if there
is sufficient entanglement in all eigenstates across
the spectrum, then the equilibration value must be
nearly maximal. We also obtain analytical closedform expressions for the equilibration value of nearly
maximally-entangled Hamiltonians and contrast the
Accepted in

β-dependence in the unregularized versus the regularized case.
Finally, we perform numerical simulations on various
integrable and chaotic Hamiltonian models to study
the equilibration value of the connected component
of the BROTOC. Using a mix of finite-size scaling
and analytical estimates, we contrast the decay
rates of the BROTOC for various models. While at
β = 0, the decay rate is universal and distinguishes
integrable, chaotic, and random matrix evolutions; as
we reach β = O(1), this universality begins to break
down. And, in fact, at β → ∞, the equilibration
value only distinguishes local models from the GUE,
and is therefore no longer a reliable signature of
chaotic-vs-integrable dynamics. An interesting future
work would be to contrast various choices of regular-
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Figure 4: A logplot of the equilibration value (long-time average) of the Gβ (t) for various Hamiltonian models as
a function of the system size L at β = 1 across a symmetric bipartition bL/2c : dL/2e. We use exact time evolution
for the integrable TFIM and Anderson since they do not satisfy NRC. For Anderson, MBL, and GUE, we perform
exact diagonalization of the full Hamiltonian and use the analytical expression in Proposition 4. For NRC-PS and ME
(maximally entangled model), we use the analytical expressions in Eq. (40) and Eq. (48).
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Figure 5: A logplot of the equilibration value (long-time average) of the Gβ (t) for various Hamiltonian models as a
function of the system size L at β = ∞ across a symmetric bipartition bL/2c : dL/2e. The various data points have
coalesced into two curves, first consisting of all the integrable models, whose ground state follow area-law entanglement.
And second, for the GUE and ME (maximally entangled model), whose ground states follow volume-law entanglement.
Using Proposition 3, we simply compute the ground state projector for various models to compute this numerically.

izations and their ability to distinguish chaotic and
integrable dynamics.
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Appendices
Proof of Proposition 1
Proposition 1. The regularized bipartite OTOC at finite temperature is
1
√
√
PA ( ρβ )PB ( ρβ )
d
h
i
1
⊗2
−
Tr SAA0 Uβ,t
(SAA0 ) ,
dZβ

Nβ (t) =

(17)

where, Uβ,t := Vβ ◦ Ut with Vβ (X) := exp [−βH/4] X exp [−βH/4] the imaginary time-evolution, Ut (X) :=
Ut† XUt the real time-evolution, and Ut = exp [−iHt] the usual time-evolution operator.
Consider a bipartite Hilbert space, HAB = HA ⊗ HB . Let V ∈ U(HA ), W ∈ U(HB ) and EU ∈U (H) [f (U )] denote
the Haar average of f (U ) over U(H). Then, using the lemma [43],

 S
EU ∈U (H) U ⊗ U † = ,
d

(A1)

where S is the swap operator on H ⊗ H0 with H0 representing a replica of the original Hilbert space H. Given an
orthonormal basis of H, B = {|ji}dj=1 (and a replica of the basis for H0 ), the swap operator can be represented
d
P
as S =
|jihk| ⊗ |kihj|. Now, if we consider Haar averages over a subsystem instead, then the lemma above
j,k=1

is modified as,
EV ∈U (HA ) V † ⊗ V =

SAA0
SBB 0
and EW ∈U (HB ) W † ⊗ W =
.
dA
dB

(A2)

First, we compute the disconnected BROTOC,
(d)

(d)

Gβ := EV ∈U (HA ),W ∈U (HB ) Fβ
   √
 
 √
√ 
√ 
ρβ ⊗ ρβ W † ⊗ W S Tr
ρβ ⊗ ρβ V † ⊗ V S
= EV ∈U (HA ),W ∈U (HB ) Tr
i h √ 
i 1 h √ 
i h √ 
i
1 h √ ⊗2
⊗2
⊗2
⊗2
= Tr S ρβ
SBB 0 Tr S ρβ
SAA0 = Tr
ρβ
SAA0 Tr
ρβ
SBB 0 ,
d
d

(A3)
(A4)
(A5)

where in the second line, we have used the lemma, Tr [(A ⊗ B) S] = Tr [AB] and in the third line we have used
S = SAA0 SBB 0 , S2 = I, S2AA0 = IAA0 , and S2BB 0 = IBB 0 .
We can formally perform partial traces above, for example,


 √

 2
 √
√ 
√ 
ρβ ⊗ ρβ SAA0 = TrAA0 TrBB 0
ρβ ⊗ ρβ SAA0 = TrAA0 [σA ⊗ σA0 SAA0 ] = Tr σA
,
Tr

(A6)

√ 
2
where σA ≡ TrB
ρβ above for brevity. Let Pχ (ρ) := kρχ k2 be the squared 2-norm of the operator ρχ with
ρχ := Trχ [ρ] and χ = {A, B} with chi the complement of χ. Then,
Gd (β) =

1
√
√
PA ( ρβ )PB ( ρβ ).
d

(A7)

Similarly, for the connected BROTOC we have,
(r)

(r)

Gβ (t) := EV ∈U (HA ),W ∈U (HB ) Fβ (t)
h 

i

= EV ∈U (HA ),W ∈U (HB ) Tr S Wt† ⊗ Wt (y ⊗ y) V † ⊗ V (y ⊗ y)
i
1 h
= Tr SAA0 y ⊗2 Ut†⊗2 SAA0 Ut⊗2 y ⊗2
d
h
i
1
⊗2
=
Tr SAA0 Uβ,t
(SAA0 ) ,
dZ(β)

(A8)
(A9)
(A10)
(A11)

where Uβ,t := Vβ ◦ Ut with Vβ (X) := exp [−βH/4] X exp [−βH/4] the imaginary time-evolution, Ut (X) :=
Ut† XUt the real time-evolution, and Ut = exp [−iHt] the usual time-evolution operator. This completes the
proof.
Accepted in
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A1

Proof of Proposition 4
Proposition 4.

d
X
1
(r)

Gβ (t) =
exp [−β(Ej + Ek )/2]
dZ(β)
j,k=1
i

A 2
B 2
A 2
.
Rjk
+ Rjk
− δjk Rjk

(37)

Recall that NRC implies nondegeneracy of the spectrum, therefore, using the spectral decomposition of a
d
P
Ej Πj with Πj = |φj ihφj |, we have,
Hamiltonian, H =
j=1

⊗2
Uβ,t
(A)

=

d
X

exp [−β/4 (Ej + Ek + El + Em ) − it (Ej + Ek − El − Em )] (Πj ⊗ Πk ) A (Πl ⊗ Πm ) .

(A12)

j,k,l,m
t

Using the NRC assumption, we have the following, exp [−it (Ej + Ek − El − Em )] = δjl δkm +δjm δkl −δjk δkl δlm .
Therefore,

d
X
1
(r)

exp [−β/2 (Ej + Ek )] Tr [(Πj ⊗ Πk ) SAA0 (Πj ⊗ Πk ) SAA0 ]
(A13)
Gβ (t) =
dZ(β)
j,k

+

d
X

exp [−β/2 (Ej + Ek )] Tr [(Πj ⊗ Πk ) SBB 0 (Πj ⊗ Πk ) SBB 0 ]

(A14)


 ⊗2

.
exp [−βEj ] Tr Πj SAA0 Π⊗2
j SAA0

(A15)

j,k

−

d
X
j

2

Now, for pure states Πj , Πk one can show that Tr [(Πj ⊗ Πk ) SAA0 (Πj ⊗ Πk ) SAA0 ] = |Tr [(Πj ⊗ Πk ) SAA0 ]| .
We now define the R-matrix introduced in Ref. [35] while computing the infinite-temperature variant of this
A(B)
Proposition. Let ρj
:= TrA(B) [Πj ] be the reduced state, then, formally performing the partial trace we have,
h
i
 A A
A0
A
TrAA0 BB 0 [Πk ⊗ Πl SAA0 ] = TrAA0 [TrBB 0 [Πk ⊗ Πl ] SAA0 ] = TrAA0 ρA
=: Rkl
. (A16)
k ⊗ ρl SAA0 = Tr ρk ρl
Therefore, the time-average can be simplified as,

d

1 X
(r)
A
Gβ (t) =
exp [−β/2(Ej + Ek )] Rjk
dZ(β)

2

+

B 2
Rjk

−

A 2
δjk Rjk



.

(A17)

j,k

Now we introduce a more compact
exp [−β (Ej + Ek ) /4] ρχj , ρχk , then,
(r)

Gβ (t) =

notation

1
dZ(β)

X

for



χ∈{A,B}

the

e(χ)
R

equilibration

2

−
2

1 e(χ)
RD
2

2

value.

Let

χ
R̃jk

:=


,

(A18)

2

e(χ) ]jk = [R
e(χ) ]jk δjk ; where we have used the fact that RA = RB , that is, the the reduced states ρA and
with [R
j
kk
kk
D
D
ρB
j are isospectral (up to irrelevant zeros).

Proof of Proposition 5
√
Proposition 5. For a symmetric bipartition of the Hilbert space, dA = dB = d if P(|ψAB i) − Pmin ≤  holds
for all eigenstates, then for systems satisfying NRC, the equilibration
 value is bounded away from the maximally
(r)

(r)

entangled case as follows, Gβ (t) |ME − Gβ (t) |NRC ≤

Accepted in

Z(β/2)2
dZ(β)

6
√
d
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+ 32 .

A2

We prove this for the general case dA 6= dB , and the original Proposition can be recovered by setting dA = dB at
the end. Let us assume without loss of generality that dA ≤ dB . The spectral decomposition of the Hamiltonian
d
P
is H =
Ej |φj ihφj | and its reduced states are labelled as ρA
j := TrB [|φj ihφj |].
j=1

 
Notice that since P(|ψAB i) − Pmin = Tr ρ2A −
be equivalently expressed as:

P(ρA
k)

1
dA ,

the assumption that the purities are nearly minimum can
∆A
k

− Pmin ≤  ⇐⇒

2
2

A
≤  with ∆A
k := ρk − I/dA ∀k.

B
B
Define ∆B
k analogously, i.e., ∆k := ρk − I/dB . Then, using the fact that the reduced states of a pure state
1
1
B
B 2
B 2
A 2
are isospectral (therefore, P(ρA
k ) = P(ρk ) ∀k) and dA ≤ dB , we have, ∆k 2 = ρk 2 − dB = ρk 2 − dB ≤

ρA
k

2
2

−

1
dA

≤  ∀k.
(r)

Now, recall that, Gβ (t)|ME =
(A)

have used the fact that R̃D

1
d2
2



=
2



2Z(β/2)2
− 1 and
Z(β)
2
(B)
. Then,
R̃D
2

(r)

Gβ (t) =

1
dZ(β)



R̃A

2
2

+ R̃B

2
2

A
− R̃D

2
2



, where we




2
2
2
2Z 2 (β/2)
1
(A)
(B)
(A)
e
e
e
(A19)
− RD
+ R
−1 −
R
−
Z(β)
dZ(β)
2
2
2
2
2
2
1
1
1
1
1
e(A)
e(B)
e(A) − 1 ,
≤ 2
R
R
R
Z 2 (β/2) −
+ 2
Z 2 (β/2) −
+
D
d Z(β)
dZ(β)
d Z(β)
dZ(β)
dZ(β)
d2
2
2
2
|
{z
} |
{z
} |
{z
}
(r)
Gβ (t)|ME

1
= 2
d

(r)
Gβ (t)|NRC



(i)

(ii)

(iii)

(A20)
(r)

where we have split the terms in Gβ (t)|ME and then used the triangle inequality. We now want to bound each
of the terms (i), (ii), and (iii).
D
E2
d
2
e(χ) = P exp [−β (Ej + Ek ) /2] ρ(χ) , ρ(χ)
(note that we do not need an absolute value here
Since R
j
k
2

j,k=1

since the exponential term is nonnegative and A, B ≥ 0 =⇒ hA, Bi ≥ 0 so the inner products between the
D
E2
(χ) (χ)
. Note that,
reduced states is nonnegative as well); we need to bound
ρj , ρk
D

(χ) (χ)
ρk , ρl

E2

=

D

I/dχ +

(χ)
∆k , I/dχ

+

(χ)
∆l

E2


=

E2
D
1
1
2 D (χ) (χ) E D (χ) (χ) E2
(χ)
(χ)
.
+ ∆k , ∆l
+ ∆k , ∆l
= 2 +
∆k , ∆l
dχ
dχ
dχ
(A21)
(χ)

2

And, using Cauchy-Schwarz inequality along with the fact that h∆χk , ∆χk i = ρk
− d1 ≤  ∀k (as shown
2 Eχ
D
2
p
(χ) (χ)
≤ d12 + d2χ + 2 ≡
above), we have, h∆χk , ∆χl i ≤ h∆χk , ∆χk i h∆χl , ∆χl i ≤  ∀k, l. Therefore,
ρk , ρl
χ

f (dχ , ) ∀k, l.
Plugging this back in R̃(χ)
A
for the diagonal part, R̃D

2
,
2
2
2

e(χ)
we have, R

=

d
P

2

=
2

exp [−βEj ]

j=1

d
P

exp [−β (Ej + Ek ) /2] f (dχ , ) = Z(β/2)2 f (dχ , ). Now,

j,k=1
A
ρA
j , ρj

2

≤

d
P

exp [−βEj ] f (dA , ) = Z(β)f (dA , ).

j=1

2

(β/2) 1
Therefore, term (i) above becomes ZdZ(β)
d − f (dA , ) and term (ii) becomes,
1 1
term (iii) becomes, d d − f (dA , ) . Now, notice that

Z(β/2)2 =

d
X

exp [−βEj /2] exp [−βEk /2] =

j,k=1

+

d
X
j6=k

exp [−βEj /2] exp [−βEk /2] ≥

d
X

Z 2 (β/2)
dZ(β)

1
d

− f (dB , ) . And,

exp [−βEj /2] exp [−βEk /2]

(A22)

j=k
d
X

exp [−βEj ] = Z(β),

(A23)

j=1

where we have dropped the j 6= k terms in the summation and used their nonnegativity. Therefore,
2
1
Z(β/2)2 /Z(β) ≥ 1 and so, term (iii) can be upper bounded as d1 d1 − f (dA , ) ≤ Z(β/2)
dZ(β)
d − f (dA , ) .
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Putting everything together, we have
(r)

Z(β/2)2
dZ(β)

(r)

Gβ (t)|ME − Gβ (t)|NRC ≤
Now, if we set dA = dB =

√

d, we have,

1
d

(r)

− f (dχ, ) =



1
1
2 − f (dA , ) +
− f (dB , ) .
d
d
1
d

(r)

Gβ (t)|ME − Gβ (t)|NRC ≤

−



1
d

+

Z(β/2)2
dZ(β)

2
√
d



+ 2



=



2
√
d

(A24)


+ 2 . Therefore,


6
√ + 32 .
d

(A25)

Proof of Proposition 2
Proposition 2. The regularized four-point OTOC averaged
globally overi Haar-random unitaries is related
h

(A ,B ,A ,B )
(H)
to the four-point spectral form factor as, EA1 ,B1 ,A2 ∈U (H) Fβ 1 1 2 2 (t) = R4 (β/4, t)/ d3 Z(β) , where
B2 = A†2 B1† A†1 and R4 (β, t) := (Zβ (t)Zβ (t)∗ ) with Zβ (t) = Tr [exp [(−β + it)H]], the analytically continued
partition function.
(H)

2

We have,
(A1 ,B1 ,A2 ,B2 )

Fβ

(t) =

i
h

1
Tr xUt (A1 )xB1 xUt (A2 )x A†2 B1† A†1 ,
Z(β)

(A26)

where we have used B2 = A†2 B1† A†1 . Now, using the cyclicity of trace and the lemma EA∈U (H) AXA† = Tr[X]
d ,
we have,
h
i h

i
1
(A ,B ,A ,B )
Tr xUt† Tr Ut xB1 xUt (A2 )x A†2 B1†
EA1 ∈U (H) Fβ 1 1 2 2 (t) =
(A27)
dZ(β)
h
i h
 i
1
Tr xUt† Tr B1† Ut xB1 xUt (A2 )x A†2 ,
(A28)
=
dZ(β)
where in the second line we have used the cyclicity of trace to move B1† to the front. Now, performing EB1
using the lemma above, we have,
h
i
h
 i 1
(A29)
EB1 ∈U (H) Tr B1† Ut xB1 xUt (A2 )x A†2 = Tr [Ut x] Tr xUt† A2 Ut xA†2 .
d
h
i
Similarly, performing the average over A2 we obtain the final terms that are proportional to Tr [Ut x] Tr Ut† x .
Thus, we have the desired result.

Unregularized OTOCs for maximally entangled models
Consider an operator Schmidt decomposition of Ut ≡ U =

Pp

λj Uj ⊗ Wj with Uj ∈ L(HA ) and Wj ∈ L(HB )

j
2

such that hUj , Uk i = dA δjk and hWj , Wk i = dB δjk . Forr a unitary operator, kU k2 = d, therefore, we have,


X
X
X
Xp
p
2
kU k2 = Tr 
λj λk Uj Uk† ⊗ Wj Wk†  =
λj λk hUj , Uk i hWj , Wk i = dA dB
λj =⇒
λj = 1.
j,k

j

j,l

j

(A30)


Now, consider the bipartite unregularized OTOC, Fβ (U ) = d1 Tr (ρβ ⊗ I) U ⊗2 SAA0 U †⊗2 SAA0 . Plugging in the
operator Schmidt decomposition of U , we have,



⊗2
!⊗2
Xp
Xp
1 

Fβ (U ) = Tr (ρβ ⊗ I) 
λj Uj ⊗ Wj  SAA0
λk Uk† ⊗ Wk†
SAA0 
d
j
k

h


i
1 Xp
†
†
=
λj λk λl λm Tr (ρβ ⊗ I) (Uj ⊗ Wj ⊗ Uk ⊗ Wk ) SAA0 Ul† ⊗ Wl† ⊗ Um
⊗ Wm
SAA0
d
jklm
h

i
1 Xp
†
†
λj λk λl λm Tr (ρβ ⊗ I) (Uj ⊗ Wj ⊗ Uk ⊗ Wk ) Um
⊗ Wl† ⊗ Ul† ⊗ Wm
,
=
d
jklm
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where we have used the adjoint action SAA0 (XA ⊗ YA0 ) SAA0 = YA ⊗ XA0 . Then,
h

i
Xp
3/2
λj (λk ) Tr ρβ (Uj ⊗ Wj ) Uk† ⊗ Wk† ,
Fβ (U ) =

(A31)

jk

where we have used the fact that hUj , Uk i = dA δjk and hWj , Wk i = dB δjk and summed over two of the indices
of the summation above. Now, if U is maximally
entangled (namely, its eigenstates are maximally entangled)
q
√
p
across dA = dB = d and one has λj = d12 , then
A






!
Xp
Xp


1
1
1
Fβ (U ) = 2 Tr ρβ 
λj Uj ⊗ Wj 
λj Uk ⊗ Wk  = 2 Tr ρβ U U † = 2 .
dA
d
d
A
A
j

(A32)

k

Therefore, Gβ (U ) = 1 − Fβ (U ) = 1 −

1
d2A

and is independent of β.

The dynamical map Uβ,t is a quantum operation
Recall that the Choi-Jamiolkowski (CJ) isomorphism is an isomorphism between linear maps E : L(H) → L(K)
to matrices ρE ∈ L(H) ⊗ L(K). Let |φ+ i := √1d |ji|ji be the normalized maximally entangled state in H⊗2 ,
then,

ρE := E ⊗ I |φ+ ihφ+ | .
(A33)
A linear map E is CP ⇐⇒ ρE ≥ 0. Computing the CJ matrix corresponding to the linear map Vβ (X) :=
exp [−βH/4] X exp [−βH/4], we have,
ρVβ =

d
1 X
Vβ ⊗ I (|jihk| ⊗ |jihk|)
d

(A34)

d
1 X
Z(β/2)
exp [−β (Ej + Ek ) /4] (|jihk| ⊗ |jihk|) =
|ψ(β/2)ihψ(β/2)|,
d
d

(A35)

j,k=1

=

j,k=1

where in the second equality we have used the expansion of the TDS Eq. (19). Now, since |ψ(β/2)ihψ(β/2)| is
a pure state (or a rank-1 projector), it is positive semidefinite. Moreover, Z(β/2)
≥ 0, therefore, ρVβ ≥ 0. As a
d
result, Vβ is a CP map.
To show that the map Vβ is trace-nonincreasing, we have to show that Tr [Vβ (ρ)] ≤ Tr [ρ] ∀ρ ∈ B(H). Namely,
⇐⇒ Tr [Vβ (ρ) − ρ] ≤ 0 ∀ρ,

(A36)

⇐⇒ Tr [exp [−βH/4] ρ exp [−βH/4] − ρ] ≤ 0 ∀ρ

(A37)

⇐⇒ Tr [(exp [−βH/2] − I) ρ] ≤ 0 ∀ρ,

(A38)

⇐⇒ exp [−βH/2] ≤ I,

(A39)

where in the last line, we have used the definition of positive semidefiniteness. Now, assuming H ≥ 0, we have,
exp [−βH/2] ≤ I since exp [−βEj /2] ≤ 1 if β, Ej ≥ 0 ∀j. Notice that, the matrix ρVβ is subnormalized with


Tr ρVβ = Z(β/2)
≤ 1. Therefore, the dynamical map, Vβ is a CP and trace-nonincreasing linear map, that is, it
d
is a physical quantum operation [49] and we can think of ρVβ as a subnormalized density matrix corresponding
to a quantum process [105, 106].

Equilibration value of NRC-PS
To compute the equilibration value, we need to evaluate the R-matrix.
Recall that HNRC-PS :=
dAP
,dB
(A)
(A)
(B)
(B)
Ej,k |φj ihφj | ⊗ |φk ihφk |, with the additional assumption that the spectrum {Ej,k }j,k satisfies
j,k=1

NRC. Define the index α ≡ (j, k) with α ∈ {1, 2, · · · , d} and j ∈ {1, 2, ·, dA }, k ∈ {1, 2, · · · , dB }. Then,
A
A
0
ρA
α = TrB [ρα ] = TrB [ρjk ] = |φj ihφj |, that is for all paired indices (j, k) and (j,Dk ) the Ereduced states are the
A
A
same. For the R-matrix, consider α = (j, k) and β = (l, m), we have, Rα,β
= ρA
= δj,l . Similarly, we
α , ρβ
B
B
B
have, ρB
α = TrA [ρα ] = TrA [ρjk ] = |φk ihφk | and Rα,β = δk,m .
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(r)

We are now ready to evaluate Gβ (t). Notice that
d
X

A
exp [−β/2 (Eα + Eβ )] Rα,β

2

α,β=1

=

dA ,d
B ,dB
X

Defining,

:=

d
B
P

2

exp [−β/2 (Ej,k + El,m )] |δj,l |

(A40)

j,k,l,m=1

exp [−β/2 (Ej,k + Ej,m )] =

dB
dA
X
X
j=1

j,k,m=1

ΘA
j

dX
A ,dB

=

2
exp [−βEj,k /2]

, we have,

k=1

d
P
α,β=1

!2
exp [−βEj,k /2]

.

(A41)

k=1

A
exp [−β/2 (Eα + Eβ )] Rα,β

2

=

dA
P
j=1

ΘA
j . Similar alge-

braic manipulations prove the final result,


dA
dB
X
X
1
(r)


Gβ (t) =
ΘA +
ΘB
k − Z(β) .
dZ(β) j=1 j

(A42)

k=1

This can then be rewritten in the form in the main text, namely,


1 kpA (β/2)k2 + kpB (β/2)k2
(r)
−1 ,
Gβ (t)|NRC−PS =
d
kp(β/2)k2
where the probability vector p(β) is defined by the components pj =

e−βEj
Z(β)

(A43)

and pA/B (β) are its marginals.

Moreover, for the disconnected correlator, a similar calculation shows that,


!
dA
dB
X
X
1
(d)
A
B

Θ 
Θk .
Gβ =
dZ(β)2 j=1 j

(A44)

k=1

Numerical details
The R2 value for all linear fits was ' 0.99 for all data and hence we do not report the numbers here.
Model

β=0

β=1

β=∞

TFIM integrable
NRC-PS
Anderson
MBL
TFIM chaotic
GUE

0.523785
0.971448
1.13615
0.700658
1.60648
1.12868

0.0341617
0.83213
0.742852
0.213039
0.327334
2.56073

-0.525957
1.00
6.79567 × 10−7
-0.012799
-0.00502613
2.10215
(r)

Table A1: The log2 (α) for various Hamiltonian models at β = 0, 1, ∞, given the Ansatz Gβ (t) = αd−γ .
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