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Abstract: In this work, we study the time-dependent behavior of quantum correlations of a system of
an inverted oscillator governed by out-of-equilibrium dynamics using the well-known Schwinger—
Keldysh formalism in the presence of quantum mechanical quench. Considering a generalized structure
of a time-dependent Hamiltonian for an inverted oscillator system, we use the invariant operator method
to obtain its eigenstate and continuous energy eigenvalues. Using the expression for the eigenstate,
we further derive the most general expression for the generating function as well as the out-of-time-
ordered correlators (OTOCs) for the given system using this formalism. Further, considering the
time-dependent coupling and frequency of the quantum inverted oscillator characterized by quench
parameters, we comment on the dynamical behavior, specifically the early, intermediate and late
time-dependent features of the OTOC for the quenched quantum inverted oscillator. Next, we study
a specific case, where the system of an inverted oscillator exhibits chaotic behavior by computing the
quantum Lyapunov exponent from the time-dependent behavior of OTOCs in the presence of the given
quench profile.

Keywords: quantum Mechanics, out-of-equilibrium physics, statistical mechanics, condensed Matter
physics, non-equilibrium physics, quantum chaos.

1. Introduction

In theoretical high-energy physics, the underlying concept of the Feynman path in-
tegral is applicable to quantum systems for which the vacuum state in the far future is
exactly the same as in the far past. Clearly, the Feynman path integral is not applicable for
quantum systems with a dynamical background. The Schwinger-Keldysh [1-5] formalism
appears within the framework of quantum mechanics, where the physical system is placed
on a dynamical background, i.e., quantum dynamics of the system is far from equilibrium.
Schwinger-Keldysh formalism seems to be the most formidable choice to evaluate gen-
erating functionals and correlation functions in out-of-equilibrium quantum field theory
and statistical mechanics [6]. It unravels the prodigious toolbox of equilibrium quantum
field theory to out-of-equilibrium problems. There are large numbers of applications of out-
of-equilibrium dynamics in various fields, for instance, condensed matter physics [7-11],
cosmology [12-15] (in the context of the primordial universe), black hole physics [16,17],
high-energy physics (theory and phenomenology) [18-22], and more.

The time-dependent states for dynamical quantum systems can be computed by
solving the Time-Dependent Schrodinger Equation (TDSE). One of the ways to solve a TDSE
is by constructing the Lewis—Riesenfeld invariant operator and this is often termed as an

Symmetry 2024, 16, 1308. https:/ /doi.org/10.3390/sym16101308

https://www.mdpi.com/journal /symmetry


https://doi.org/10.3390/sym16101308
https://doi.org/10.3390/sym16101308
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0002-0459-3873
https://orcid.org/0000-0003-1029-3807
https://doi.org/10.3390/sym16101308
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym16101308?type=check_update&version=2

Symmetry 2024, 16, 1308

2 of 28

invariant operator representation of the wavefunction [23]. Some works following this
approach to compute the time-dependent eigenstates are reported in refs. [24-28].

The highly complex behavior of quantum systems can often be studied using a simple
model of a Standard Harmonic Oscillator (SHO). The sister to the SHO is the inverted
harmonic oscillator (IHO) that has remarkable properties which are applicable throughout
many disciplines of physics [13,20,29-48]. The quantum treatment of the IHO is exactly
solvable, similar to that of the SHO. Unlike the SHO, the IHO can be used to model
complicated types of out-of-equilibrium systems.

A key idea for quantifying the propagation of detailed quantum correlation at out-of-
equillbrium, information theoretic scrambling via exponential growth, and quantum chaos
can be easily studied via out-of-time-ordered correlators or simply “OTOCs"” [49]. OTOCs
have been widely used as a tool to probe quantum chaos in quantum systems [50-57]. In
a more general sense, an OTOC is a mathematical tool whereby one can easily quantify
quantum mechanical correlations at out-of-equilibrium. Motivated by the work of [58],
Kitaev [59] emphasized arbitrarily ordered 4-point correlation functions, as “out-of-time-
ordered correlators”, in constructing analogies between effective field theories, making the
connection between superconductors [60] and black holes [61,62].

Most of the recent works in many-body physics focus on studying dynamics of
quantum systems where some time-dependent parameter is varied suddenly or very
slowly. This is commonly referred to as a quantum quench. The quench protocol is said
to drive any out-of-equilibrium system and in turn can trigger the thermalization process
of these systems, [63—-65]. The effects of quenches in quantum systems have even been
explored experimentally for cold atoms in [66-75]. A few of the works focusing on OTOCs
in the context of quenched systems are [76-80].

Motivated by all these ideas, in this work, we compute an OTOC for inverted oscilla-
tors having a quenched coupling and frequency, using Schwinger-Keldysh path integral
formalism. In Section 2, the continuous energy eigenvalues and normalized wavefunc-
tion for a generic Hamiltonian of a time-dependent inverted oscillator are computed [81]
using the Lewis—Riesenfeld invariant method. In Section 3, we construct the action for
the Lagrangian of a generic time-dependent inverted oscillator. Using this action, we
derive the generating function for the inverted oscillator in Section 4. We modify this
generating function using the Schwinger-Keldysh path integral formalism in Section 5,
following the advice of [6]. Using this generating function and Green’s functions computed
in Appendix B, we finally compute the OTOC for inverted oscillators in terms of Green'’s
functions in Section 6. In Section 7, we numerically study the dynamical behavior of the
OTOC by quenching coupling and frequency of the inverted oscillator. We also compute
the Lyapunov exponent and comment on the chaotic behavior of the inverted oscillator in
this section. Section 8 serves as the final section of our study before providing pertinent
future possibilities and directions.

2. Formulation of Time-Dependent Generalized Hamiltonian Dynamics

In this section, we explicitly discuss the crucial role of a system described by a time-
dependent quantum mechanical inverted oscillator in a very generic way to deal with
path integrals and different types of quantum correlation functions (anti-time-ordered,
time-ordered, and out-of-time-ordered). A generalized Hamiltonian for a time-dependent
inverted oscillator can be written as

A() = s P = gm0 O3 + 3£ +49). )

Here, §(t) denotes the time-dependent generalized coordinate, m(t) is the time-dependent
mass, (}(t) is the time-dependent frequency, and f(t) is a time-dependent coupling param-
eter. In general, these time-dependent parameters can be anything. It is significant to note
that, in contrast to the SHO, the second term, which represents the potential energy of the
inverted harmonic oscillator, has a negative sign. The main reason for the negative sign
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in the potential energy is that for an inverted oscillator, the harmonic oscillator frequency,
w(t), is replaced by iw(t). We can write the Euler-Lagrange equation for the coordinate
4(t) of the inverted oscillator as

(Dt - ngf)q(t) =0, 2)

where the differential operator D; is defined as

> dinm(t) d
Dy = (chfz+dt dt>' 3)

The squared effective time-dependent frequency in Equation (2) is defined by

Q) = O2(0) + 20 + S 1(0) + 1) @

where the dot corresponds to the differentiation with respect to time “t”. Then, the Euler—
Lagrange equation in (3) gives the equation of motion in the simplified form as

IS 1 A 2 A
g+ 4= Qpp(8)f = 0. ®)
Next, the TDSE for the abovementioned time-dependent system can then be written as

A()¥(q, ) = ia‘FgZ’ H

(6)

Now, to derive the eigenstates and energy eigenvalues of the above TDSE, we will use the
Lewis—Riesenfeld invariant operator method in the next section, which will be an extremely
useful tool to deal with the rest of the problem.

Lewis—Riesenfeld Invariant Method

In this subsection, we apply the technique of the Lewis—Riesenfeld invariant operator
to calculate the time-dependent eigenstates and energy eigenvalues for the generalized
Hamiltonian of inverted oscillators as given in Equation (1).

The Lewis—Riesenfeld invariant method is advantageous for obtaining the complete
solution of an inverted harmonic oscillator with a time-dependent frequency having P7T
symmetry. In this subsection, we will construct a dynamical invariant operator to transition
the eigenstates of the Hamiltonian from the prescribed initial to final configurations in
arbitrary time. Let us assume an invariant operator [(t), which is a hermitian operator and
explicitly satisfies the relation

ity 1. . . ol(t)
el ;[I(t)/H(t)] T 7)

so that its expectation values remain constant in time. Here, F(t) is the time-dependent
Hamiltonian of our system defined earlier in Equation (1). If the exact form of the invariant
operator, [(t), does not contain any time derivative operators, it allows one to write the
solutions of the TDSE as

(g, 1) = e Dgu(q,1). ®)
Here, ¢,,(g,t) is an eigenfunction of [(t) with eigenvalue 1, and p,, (t) is the time-dependent
phase function. Note that for the sake of simplicity, we are writing § as q and the same
for other operators. This means that we further remove all hats. Next, we consider a
time-dependent linear invariant operator for the system in the form

I(t) = a(t)q + K(B)p + (1), )
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where «(t), K(t), and y(t) are the time-dependent real functions. Using Equation (7),

we obtain
(t) + (D (1) = ~K(OmHO2()
k() = K()7() = ) (10

7(t) = 0.

From Equation (10), one can find the following second-order differential equation:
K+ "k — 02 (0K =0 11
+ K= Qe (K =0, (11)

where the squared effective time-dependent frequency was defined in Equation (4) before.
Therefore, we can write Equation (9) as

(1) = K()p — m(t) [K(H) = K(B)f (1) . (12)

Now, we intend to find the eigenstate ¢,(q,t) of I(t) using the following eigenvalue
equation:
Ipu(q,t) = ngn(qt) (13)

Here, the eigenstates satisfy the orthonormalization condition, which is (¢, |@,) = 6(n —n’).
Substituting the expression of I(t) from Equation (12) in the above Equation (13), one can find
the continuous eigenstates of the inverted oscillator:

fn = Nexp { Sk KO = SOOI+ 2 } (14)

It is very straightforward to calculate the normalizing constant, N, which is given by the
following expression:

N=y/—. (15)

One can find the phase factor by inserting the eigenfunction of the invariant operator in
TDSE and solving the following equation:

. (.0
Un@n = (zatH) Q- (16)
Using Equation (8), we can write the wavefunction in the following normalized form:

_ 1 o im(t) [, 2n
Yn=1\5x eltnt) exp {ZK(t) {[K(f) — F(OK(D]g* + m(t)q] } (17)

Now, to prove that the wavefunctions are always finite, we have to find the integration
over all possible continuous eigenvalues, which is given by

e}

N g(n) Yu(q,t) dn. (18)

Y(g,t) = /

Here, g(n) is the weight function. It helps one to find which state the system is in. Let us
consider the weight function as a Gaussian function, which is of the following exact form:

g(n) = va exp (— aZ4,,12> (19)

(2m)
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1

O

q(t) = G

= am|

Here, ‘a’ is a real positive constant. Substituting the above form of weight function in
Equation (18) and integrating over all possible continuous eigenvalues, one can write the
wavefunction for inverted oscillator as

1/4
¥a,0) = (250) exp {imalt) + iB:() - A0l2 (20)

7T

Here, we define the time-dependent functions as

A(t) = [Kzaz (1 - iyf)] 71,

m(K — fK) 2y
Bi(t) = + p
1 2K K2q* (1 + 4;42)
By(t) = %tan_1 %,
rt dt
y(t) :/0 (KD’ 1)

Now, having obtained the normalization factor, we can write the expression for the energy
of our desired quantum system as

_ ZA(t) *© * 1
E_\/T/_OO‘I’ AY dg. 22)

By inserting Equation (20), H and conjugate of Equation (20) into Equation (22), one can
show that the time-dependent energy for an inverted oscillator is given by the following

expression:
1 (B3t 1m(t)Q2(t)  f(t)By(t)
E (Al(t) +A(t)>+8 YOI 2A(i) : (23)

-~ 2m(t)
It is interesting to observe that the energy eigenvalues are independent of n but energy is a
continuous function of time. Furthermore, there is no zero-point energy associated with
this system of inverted oscillator.

3. Evaluation of Action

In this section, we start with a Lagrangian of the inverted oscillator and derive the
representative action for the generalized inverted oscillator. We express the action in terms
of Green’s functions, which are derived in Appendix B. The action thus obtained will be
useful for deriving the generating function of inverted oscillator. Here, it is important to
note that the generating function in the present context physically represents the partition
function in an Euclidean signature.

As Green'’s function for inverted oscillator given in Equation (A18) is hyperbolic in
nature, one can use the hyperbolic identities. Inferring from [6], one can then write the
classical field solution for the inverted oscillator as

{qu(t—t0)+qo Gty —t) + tfdt’[@(T)@(t—t’)G(t—t/)—G(t—to)c;(tf—t')}](t’)}. (24)

fo

The time derivative of this field can be given by

qrG(t —to) — qoG(t — tf) + v dt'[G(T)O(t —t')G(t —t) —G(t—to)G(tf—t’)]](t’)} (25)

fo
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Here, T =t §— to, such that ty and ¢t 1 denote the initial time and final time, respectively.
Also, g(to) = g0 and §(tf) = qy are the initial and final field configurations, respectively.
Applying the boundary condition G(0) = 1, one can find

i(00) = g |1~ w6 - [ v G- )10, 26)

Furthermore, using the hyperbolic identity,

G(T)G(tf —t) — G(T)G(tf — t) = G(t — to), (27)
we obtain
. 1 - tf / / /
ait7) = i |E — a0+ [ a0 GO~ 1)1 2s)
In general, the action for any field is given by
ot
5= ["lc+ba)ar (29)

Here, the term J(t) is an auxiliary time-dependent field and £ is the Lagrangian of the
system. For an inverted oscillator, the representative Lagrangian can be written as

£ = Sm(O)F + () (027 — F(t)m(t)gq (30)

Substituting Equation (30) with the Euler-Lagrange equation, the equation of motion for
the inverted oscillator then becomes,

m(t)g+m(t)q — lYﬂ(t)af(t)2 — f(tym(t) — m(t)f(f)] q=0 (31)
Substituting Equation (30) in (29), the action for the inverted oscillator can be expressed as

S = /totf [(;m(t)fﬁ + %m(t)wz(t)qZ _f(t)m(t)qq) + ](t)q(t)}dt. (32)

Using the equation of motion, i.e., Equation (31) and the definition of classical field
solution as stated in Equation (24), we find the classical limit for the action of inverted
oscillator as

1 tf t

Sa(qo,q511) = S(q) = 3m(t)ag 1

t
= [T aymae). (33)

1 R
-5/ OmF| +3 )

to

The final expression for the action can be obtained using Equation (26) and Equation (28),
as given below:

Sa0,0711) = 3 |m(t9) 7 { BT — oty + [ aasGO )16} = o) gy {apm ~ G+

[ a0ty = 100} = 5[ sema} ~ seomiuo] + 3 i [ HlE€ - w0+ Gl - omlie) e

fo

- ﬁ/t:f dt t:f dr' [@(t—t')G(tf—t)G(t/—fo)-l-@(f’—t)G(tf_t,)G(t_tO)”(t)](t/)}

4. Generating Function

In this section, the prime objective is to derive the expression for the generating
function for the time-dependent inverted oscillator, using the action that we computed in
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the previous section.
The generating function for a particular classical action is given by

Z(q0,to; a5 t4l1) = C(T) exp (1S (do0,toi 451)) ), (35)

where T = t — to, and C(T) is an overall factor that does not depend on the external source
J. Hence, we can rewrite

Z(qo,to; 95, tf) := Z(qo, to; 45, t£|0) = C(T) exp (iscl(%, to; g tf|0))- (36)

The generating function without the source, i.e., Z(qo, to; 5, ) can be represented by

the transition amplitude (qy| ¢fT |40} and can even be decomposed, as shown below:
Z(QO, to; 42, t) = <q2| e—itzﬁeitoﬁ |qo> _ <q2| e—itzﬁeitlﬂe—itlﬁeitoﬁ ‘q0>
— [ day (qal e e |gy) (g e oA [gy) @)
= /j:o dq1Z(q1, tr; 42t2[0) Z(qo, to; 41, 1110)
Applying the composition law shown in Equation (37), we can rewrite Equation (35) as
/0; dg1Z(q1, t1;92£20) Z(qo, to; 91, 11]0) = C(t1 — t)C(ty — ty )e!(Saldofoiq ) +Sa(qutiaztz)) (38)
From Equation (34), we can write the action as

Gty —to) (e )+ 1) o) + o)
Sar (0,103 05, £4/0) = T - 5 [Fomie - fomtn)ad). 9

If one considers that the system undergoes a quantum dynamical event from g to q; and
g1 to g2, one can use Equation (39) to find the sum of actions obtained from the classical
solution. It can then be shown that

N 1
Sc1(qo0, to; 91, 1110) + Sci(q1, t1; 2, £210) = 3G )Gl —f) 2 [f(tz)m(fz)qg - f(fo)m(fo)%} , (40)

where the normalization factor N is given by the following expression:

N = G(ts — to)g2 + G(ty — t1)G(ty — to)m(to)g3 + G(t — to)G(tr — to)m(t2)q3

— ql{[m(tl) + m(to)]qu(t2 — tl) + [m(tl) + m(tz]qu(tl — to)}. (41)

Using algebraic manipulation, one can rewrite the expression for the normalization factor
N as

2q1[m(ty) + m(to)]G(t2 — t1)go + [m(tz) + m(1)]g2G(t — to) 17
2m(t1)G(tr — to)

N = G(ta — to)m(ty) [q1 — + G(t, — t1)G(t — to)m(to)qp

2
[m(t1) +m(to)]G(t2 — t1)go + [m(t2) + m(t1)G(t1 —to)

+G(t — t0) Gty — ty)m(t2)q3 — am(6)G (s — fo)

42)
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Note that to avoid long equations, henceforth, we denote

2q1[m(h) + m(t)]G(t2 — t1)go + [m(ta) + m(t)]q2G (t1 — fo)]z _( )2
n 2m(t1)G(t — to) —\7e

To find the generating function using Equation (38), one needs to evaluate integration
over q1. We therefore rearrange the terms in the above equation as follows:

N —G(t, — ty)m(ty)(qq ... )* =

m (Zm(fo)m(fl)G(fz —t9)G(ta — t1)G(t1 — to)q5 + 2m(t1)m(t2)G(t1 — to)G(ta — t1)G(tr — )43
(43)
—m?(t1)G*(ty — t1)qg — 2m(t1)m(to) G (ty — t1)q5 — m*(t0) G (t2 — t1)q5 — m*(t2) G*(ty — t2)q3

—2m(t2)m(t)G*(h — to)q5 — m?(t1)G*(h — t0)q3 — 29092G (f1 — to) G (t2 — ty)[m(tr) + m(to)][m(t2) + m(tl)})-

The hyperbolic relations in terms of Green’s function and its time derivatives are given be-
low:

G(t2 — t0)G(t1 — to) — G(ta — t1) = G(to — t)G(t; — to)
G(ta —to)G(ta —t1) — G(t1 —to) = G(t — t0)G(t2 — t1).

Using these hyperbolic relations, one can further simplify Equation (43) and write it in the
present form:

(44)

2
N = G(ta = ) (1. ) = s {2m0)m()G (2 ~ )G (02 ~ )Gl ~ to)d
+2m(t)m(t2) Gt — t) Gty — t0) G (ta — 11)q3 — [m2(t1) + m2(t0)] G2 (t2 — t1)42 (45)
—[m2(t1) + m*(t2)]G?(t1 — to)q3 — 2q092G(t1 — to)G(ta — t1)[m(ty) + m(to)][m(t2) + m(fl)}}-

Using the above expression, the sum of classical actions in Equation (40) can be
simplified to the following form:

Sci(9o, to; 91, t110) + S (g1, t1; 2, t2]0) =

Gtz = fo)m(tr) 4290 m(to)m(tz)
e o] [ e el (L) ]

Sci(qo, to; g2, t210) +

(46)
2 2 2 2
{ [m (tlri(tf; (tO)} G*(t — t1)g5+ [m (tlr,)l(j?; (tz):| G*(t — fOM%}
4G(ty — 1) G(t — 10)G(t2 — to)
The generating function of Equation (38) can then be evaluated as
Z(q2,t2;90,t0]0) = C(t1 — to)C(tr — tl)eis”(%’to;qz’tz‘o) exp (R) /oo dqy exp |: iG(t — to)m(t) {q% — ...
o 2G(t1 —to)G(t2 — t) W)
Here, the factor R in the exponent is given by
2 2 2 2
1. { G012 {m(tl) - ”“izz’:j%“)] { [m L (“’)} G2(t2 — t1)qg+ [m Gl (tz] G2(h — to)q%} } s
=|i - .
2G(ty — to) 4G(t2—t1)G(t1 —tg)G(tp — o)

Solving the integral over g1 in Equation (47), we obtain
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27'[iG(t2 — tl)G(tl — i’2)

G(t2 —to)m(ty) )

Z(qa, 23 q0,40/0) = Clt1 — o) C(ty — ty)eSa (1212790010 exp (R)\/

Using Equation (36), one can evaluate the LHS of the above equation, and hence, we write

27'[iG(t2 — tl)G(tl — i’2)
G(ta —to)m(t1)

C(ty — to)e'Sa(@2t000l0) — C(t; — t5)C(ty — t;)eSet (F2t290,4010) exp (R)\/
(50)

From the above equation, we can easily find

C(T) = exp (R, [ 3t G1)

where G(T) = G(tf — tp) is Green’s function. Finally, substituting Equation (51) in
Equation (47), the final expression for the generating function of the inverted oscillator is

Z(q2,t2:90,0/0) = 2mem F H_Wz 2G(t2 — to)

27iG(T
{ {%} Gita—t)g3 + {%} Gt~ tO)q%}

4G(ty — t1)G(t1 — to)G(t2 — to)

(52)

. }] 1Sat (q2/12300,t0[0)

5. Schwinger-Keldysh Path Integral

In this section, we give a brief idea of how the Feynman path integral leads to the
Schwinger-Keldysh path integral for non-equilibrium systems. Moreover, we study in detail
the generating function using the Schwinger—Keldysh path integral for inverted oscillators.
Note that we follow the advice given in ref. [6] for an easy comparison.

The propagation function or generating function of a Feynman path integral can be ex-

pressed as
q(t)=q L L(q(t)) dr
Z(qortoia,10) = [ D) el AN (53)
q(to)=do
In Feynman's path integral formalism, one can calculate the moments of distribution
by introducing an auxiliary variable (]) and taking the derivative of the generating function

with respect to J. The one-point amplitude is then given by

—ilts A if )
(qfle His (4 )t |go) = —ZMZ(%/‘UU)‘]—O- (54)

For multiple-field configurations, Z(qo, qf|J) could generate the amplitude of time-ordered
products of fields:

571

<‘1f|€_thf7-(‘?(t1) G (tn)e™0 |go) = (—i)”mz(qoqulf) (55)

‘ J=0

Here, T represents the time-ordering symbol. For out-of-equilibrium systems like the
inverted oscillator, although we need to compute such correlators, we cannot use time-
ordering and hence must use some other kind of formalism. The Schwinger-Keldysh
contour facilitates refining to a time-folded contour and hence provides a path integral
representation of the out-of-time-ordered correlators. In Figure 1, the four legs are denoted
by each time stamp t4, £, t3, t4 and we have taken the past-turning point in the contour at
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time #; and future-turning point at certain time ¢. Now, for the action of an operator, e.g.,
6 at to, at a later time t; > ty, it must be related by the usual Heisenberg evolution with
unitary time evolution operator U(t, tp), i.e.,

0(t) = U(t, t0)0(to)U" (£, to). (56)
— : = ;
S ¢
S B
o< =t

tg t3 t2 t1

Figure 1. A schematic representation of Schwinger-Keldysh contour for the correlator functions with
temporal ordering.

The source-free Feynman path integral is nothing but an evolution operator and it is
related to the Schrédinger picture wavefunction if ¢(q) = (g|y). Thus, we can write

o)

~Aa0{glC1(t —to)lao) (aoly) = [~ dgo plao) [ Da(elo I e7)

Y(g,t) = /

Note that the transportation event can be written as (g| U(t — to) |go); this mathematical
expression tells us the history of propagation event from g to 4.

When we consider a special case that the wave density matrix p = |qo) (qo| (ground state)
is a pure state with definite coordinates, then the one-point correlator can be written as

T(d(h) e g e=Hlo) = (go| e~ hog(t1) el |gp) . (58)

On rewriting the above equation by introducing the identity operator g, we can write
the one-point correlator as

T(@(t) e gy — [~ dqp [~ dao [ dab agl e ™q(t1) €™ g0} (ol lab) (abl e 0 ™ Jgy) . (59)
Using Equation (54), one can then write

. i . ) o0 R ® *
T(q(tr) Mo petillo) = (_Z)W/ day [ dao [ dgh p(q0,5) Z(30,911)Z(abs 1)) . (60)
—0 —0 —00 J=J'=0
Hence, we can define the generating function corresponding to the Schwinger—Keldysh
path integral by comparing the above equation with Equation (58) as

20,0 = [ dag [ dao [ dabptao,ab) Z(ao s )2 (ab as11')" Q)
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In Equation (61), if the state is pure, i.e., p = |¢) (|, then we can factorize the double
integral over gy, that is, the initial field configuration, as shown below:

Lw dqo /700 dqg p(90,90) Z(0,9¢11)Z (90, q¢1]")*

:(/;0; 0 <q0|¢>z(q0rqf|])) ( [ b taole) zwa,qom)

One can rewrite the above equation as

. (62)

/quo Lwdqép(qo,qé) Z(q0,q¢11)Z(q0, 7)) =¥ (qel ¥ (grl]), (63)

where we define

¥l = [ dao (90l0) Z(qo,a41)): (64)
Now, by using the wavefunction (18) for the ground state of the inverted oscillator given by
\/7 1 % "72
a nZ
0 e®, 65

and the density matrix p = |0) (0|, we can express the generating function in its factorized
form:

2,00 = [ dag ¥ ¥ gl (66)

Next, by using the equation for classical solution for the action given in Equation (34), we
can write

2Gi(T) [m(tf)G(T)quf — G(T)f(t)mlt;)q

_ Ve 1 : m(t)
Harlh = (27)} <2ﬂ1<(t)) 27G(T) F

[mZ(tln)lZ:SZ(tf)} G(t; — to)‘T;? b 67)
/ o /
TR i) 1] [ a6~ 1))

Y [7 dt’@(t—t’)G(tf—t’)G(t'—fo)]](t)](t/)]X(‘me-

to to

Here, x(q¢|]) denotes the contribution of integration over the initial field configuration,
i.e., 0. We compute this integral’s contribution in Appendix A. Inserting Equation (A6) in
Equation (67), one can show that

_ Va1 /2 1(
‘F(qu) - (2 )% 27TK \/W ZG ‘A exp
[7’" o (tf)} G(t — to)7}
+ 2G(tf—t1)

/ *iﬂ_l(t)
Vi [ ario( - )6y - G~ wl01W) | exp| e ¢
m(to)m(ty)

Hm(tf) + m(to) + m(ty) — W}qf ~ m(to) +1] /t:’ 4t Gty — t)](t)ﬂ.

By performing similar steps, one can find ¥*(q¢|]").
Substituting Equation (68) in Equation (66), one can write the generating function as

S {E M~ G mie)

tf / /
+lmty) +1) [ 7 4Gt —10)](1) )
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a -1 i
anK((g &P agery ) /t:f At qpGlt — ko) [J() = J' ()

V[ ariet - )G - 60 - w01 @) - 1wie ] [T agew{zo0 ).

Here, Z(J,]') contains the terms having the contribution of the final field configuration,
q¢, given by

Z(]r]/) = m(tl)

(69)

i 1
200,1) = gy, ({mten) + mtto) + o) = "ol
1

[ A0 (Lteg) +mto) + ) = " gy — sy 1 [ v it - f>l<f>)2]-

Since A~1(t), as given in Equation (A2), is real, the qf[ terms in Equation (70) will be

(70)

canceled out and the only term that contains g will be considered for the integration over
the final configuration. The expression of Z(], J') upon simplification is then given by

() = 8G(T) 3 ][m(tf)+m(t0)+m(t1)—m(mm(tf)}{ tfdt’G(tf—t’)[]’(t’)—](t)]}

4iA(H) [_qf [m(to) +1
m(ty) to

(71)
2 2
_[[m(toz)ﬂ] ttfdt/G(tf—f/)](t/)} +[[m(t°2)+” ttfdt’c(tf—t’)l’(t’)H
We write the particular term of Equation (71) as
2
Al(t)[[m“o”” tfdt/G(tf—t/)](t/)} —Al(t)w/tfdt at'G(ty —t')G(ty — )] (H)] (). (72)
to 4 to to

Now, putting Equation (72) back into Equation (71), and then using the final expression of
Z(J,]') in Equation (69), we can write the generating function for the inverted oscillator as

Z2(,J') = m(t) = sk b exp[ i dt [, dr e — )G (tf—t>c<t/—t@][ﬁ(t)ﬁ(ﬂ)—f(t)f(t/)@

(
<% dqfexp[’A (Q{[ gt ][ <tf>+m<to>+m<t1>—7’”(2‘122’5”}{ ;fdt'caf—t')mt/)—f’(tn}qf

(73)
+ [t H1P [J}ffdtﬁi{dt'cuf—t')G(tf—tw'(t)f'(t')—f(t)f(t')]} m(te) + 1A() i d'q;G(¥ — to)
xmmr(t'n}].
Next, we define
t t
j= O o)+ )+ ) ] [ at [t~ 076 - 100
Dty + 1A [ dt GO~ ) () - 1) 79

Then, the integral over the final field configuration in Equation (73) can be evaluated as

o iA-1
[ e ( leG(g)jqf) dqy = 47G(T)A()S(j). (75)
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Finally, the generating function can be written as
201,1) = 0 5 (17 o) + DAWGE 1)+ PG )+ mt) + m(ry) — "t
Glty = )) ~ 1(0)]) exp {zdm (I | i aeGloy = )G oy~ DO )~ 1010 76)

2 [ dt [ dv'(@ (t_t/)G(tf_t)G(t/_tO)]U/(t)]/(t/)_](t)](t/)]}}

Influence Phase

In the case of a Feynman path integral, the logarithm of the path integral is usually
defined as the “effective action”. Similarly for the Schwinger-Keldysh path integral, the
logarithm of the generating function of the path integral is defined as the “influence phase”.
The influence phase is given by

® = ~iln[Z(],]')]. 77)

Using Equation (76), the influence phase for the inverted oscillator is given by the following
expression:

P = —iln{zm\/% )T (ft/ df'[m(te) + 1AL G(H — to) + M {m(tf) +m(to) + m(ty) — m(:’g)(;rllgtf)}
Glty =) -0 | + ﬁm{ il 2 [ o [ Gl — )Gty — 0 (7€)~ 1010 79)

+2 [/ dt [ dr'[©(t— )G(tr — HG(H — k][I ()] () = J(B)] (#)] }

6. Calculation of Out-of-Time-Ordered Correlator

In this section, we compute the out-of-time-ordered correlator (OTOC) as an arbitrarily
ordered 4-point correlation function for the inverted oscillator using the invariant operator
method and Schwinger—Keldysh path integral formalism. Note that we closely follow the
calculation of OTOCs for a harmonic oscillator [6] and modify the same for an inverted
oscillator.

To do so, the invariant operator is given in Equation (12) as

1= 1 [(K‘(’t))z— (kP —m(t (k) —f<t>K<t>>q2ﬂ. (79)

The invariant operator given above has the form of the forced harmonic oscillator, which
makes it hard to find the wavefunction 9(g,t) of the desired system. Because of this
peculiar reason, it is necessary to perform the unitary transformation over the invariant
operator. By doing so, the invariant operator method yields a straightforward calculation
of the wavefunction.

Now, the corresponding unitary operator can be represented as

0 = exp ( - izgi (K(1) —f(t)K(t))t?2>- (80)

If one performs the unitary transformation on the invariant operator of Equation (79), then



Symmetry 2024, 16, 1308 14 of 28

1) = Ul ex ( () —f<t>K<t>>c72)
[ { 1<q> ( m(t)(K(t) f(t)K(t))q2>2H (81)
><eXP< L(K(H) = F(DK(1)a ):>I() _%K%Y—Kz(t)pz}'

The new eigenstate of the invariant operator after the diagonalization will be in the
below given form:

PN

¢n = ¢u(d,t) = Upn

im(t) A
—exp (= 2 (k(e) - FOKE)E ) o (52)
K(t)
Then, the eigenvalue equation for the invariant operator becomes

I(t)n(d,t) = npn(4,t)
K2(1) Ppmy 1
2

N _ 2, _
- a7 2k2(p) T T

(83)

The solution to Equation (83) will be in terms of the Weber function:

. 1 im(t) 2 (1)
t) = K(t) — f(t)K(t D 2 —= 4
pu(0.) = o (S (ko) FORO)E ) ou (V2§ 59
where D, (x) is the Weber function.
Then, the expression for the eigenstate of the inverted oscillator in Equation (20) is
modified in terms of the Weber function as

im . 52
) = (0, =z exp(—ina(0)) exp (ZKE’g k() - K0P )2 (V2 S ). )
Here, the phase factor is v, (¢ fo ) t,dltéz Gk

Using the form of Green’s functlon for the inverted oscillator, computed in Appendix B,
one can define the Heisenberg-picture field operator in terms of annihilation and creation
operators:

Lo ( * )
— t)a_+¢(t)ay ). 86
\é (t) Gt) ay (86)

Here, {(t) = e'0* and *(t) = e~T0!. Note that Ty is the factor used in Green’s function for
the inverted oscillator given in Equation (A18). We can obtain annihilation and creation op-
erators for inverted oscillators by putting w(t) = iw(t) in the operators for any parametric
oscillator [82]:

o = i[(d)+{xop - m ik~ sokcoig}]
_ \/g[(K‘gtO_{K(t)p—m(t)[K—f(t)K(t)]qH. (87)

From this equation, we can immediately argue that a’ = ia_;a’ = ia., and obviously,
[a_,ay]=1.

q(t) =
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We can express the time evolution of the ground state of the inverted oscillator using
the Heisenberg field operator, 4(t1), such that t; > ty:

() = d(h) e |0)
— eitoHe—itOﬁqA(tl) eit(]H |0>
= e™Hg(t; —t9) |0) . (88)

Similarly, one can evolve the ground state from #; to tp, using a Heisenberg field operator,
4(t2), as shown below:

9(t2)) = d4(t2) €' |0)
— eitlHe—itlﬁqA(tz) eit(]H |0>
=eM™fg(ty — 1) 0). (89)

Using the form of the Heisenberg field operator in Equation (86), the time evolution in
Equation (88) and Equation (89) can be expressed as

() = e”oﬁ%atl ) 1), (90)
(k) = effﬂﬁﬂgatz — ) [1). 1)

The two-point correlator for the ground state, p = |0) (0|, of the inverted oscillator can be
written as

Tr(qA(tZ)q(tl) 1toHp€ 1t0F{> (0le —itoH 5 ( )ﬁ(t1)eit°H|O>
= (P(t2)|p(t1))- (92)

Using Equations (90) and (91), the two-point correlator for the ground state of the inverted
oscillator becomes

I - 2
Tr (ﬁ(tz)ﬁ(fl)eltOH P e’t“H> = TOC(tl —to) " (t2 — t1). (93)

The two-point time evolution of the ground state of the inverted oscillator can be written as

(1, £2)) = 4(t2)G (1) |0) . (94)

Using the unit operator i = effttop—ifl fo, remembering that t1» > to, one can rewrite the
above equation as

[p(t1, t2)) = th"e_thOf?( 2)q(tr)e'™0 [0) (95)

= e'M0G(ty — tg)d(t — o) |0) .

Inserting the form of the Heisenberg field operators, from Equation (86) in Equation (95),
one can show that

(b1, ) = eifito L0

\/EC(h —t0)|{"(t2 —to)a— + C(ta —to)ay | [1). (96)
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(W, )Pt t)) =

r2(0

After operating the annihilation and creation operator on |1), Equation (96) becomes

g, T
9t t2)) = 020 10) ¢ (12— t0) ) + V(2= t0) 2| O7)
These two-point correlators can be used to compute four-point correlators. An out-of-time-
ordered correlator (OTOC) [54,83] is a 4-point correlating function which can be computed
without time-ordering (we can randomly take the points without considering the flow

of direction of time). Equation (94) expresses the "scattering matrix" interpretation of an
OTOC. If we use 1}, t, 1 and t; instead of t1, t5, t3 and ty, then the OTOC will be

T (qua>L7<t’z>q<tz>q<t1>eff“o 0} (0] H) — (8 [p(t1, 12)). ©8)

Substituting Equation (97) in Equation (98), one can show that

>aa—mqu—mﬂaé—mﬂm+¢zﬂ%—n»a@ﬁww—mnm+vﬁaa—mnm

= DO 7ty — )" (£, — t0)T(Ey — t0)T* (t2 — to) + {(t1 — to)T* (£ — t)T* (£} — t0)(t2 — to) 99)

L2 — )2 (b — to)T (K — to)* (£ — toﬂ.

The lesser Green’s function in terms of Heisenberg field operators can be expressed as

2 o L

Go(t, br) = \FCTr (q(tz)q(tl)eleOpe—lH%). (100)
0

Using the two-point correlator for the ground state of the inverted oscillator in Equation (93),

we can express the lesser Green’s function in the below given form:

1 *
G<(t1,t2) = Fog(tl —to)é (tz—to). (101)
Using the results of [6], the OTOC in Equation (99) can be expressed in terms of the lesser
Green’s function given in Equation (101) and which is given by

Tr (q (E)A(E)(12)d(t1)e™ [0) (0] e"m“)
(102)

1—*4
=L [G<(t1/tﬁ)G<(t2/ th) + G (t1,t5)G< (2, t]) + G (t1, 12) G (ty, 1)) |-

7. Numerical Results

Further explicitly writing Equation (102) by putting Green’s functions from Equa-
tion (A16), one can obtain the real part of the functional form of the out-of-time-ordered
correlator function: represented as

- 2
F(t) = {1 +2e~ Bt eos (W) } X %{m%ﬂz(t)qé +f2(t)}. (103)

From the above equation (Equation (103)), it is clear that the exact value of the OTOC is
sensitive to the functional form of frequency and coupling of the oscillator.

In this section, using Equation (103), we numerically evaluate the exact results for
OTOC measures computed by varying the functional forms of coupling, f () and frequency,
and the Q(t) of the inverted harmonic oscillator. Particularly, we choose the coupled
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f(t) and frequency Q(t) as quenched parameters and parameterize plots by varying
quench protocol.

We begin by considering the mass, m(t) = mge'!, where my is the initial mass and 77 is a

positive and real number, which measures the rate of increment of mass. The system is very
similar to the generalized Caldirola—Kanai oscillator. Since the final form of Equation (103)
is independent of 77, we are not very concerned about this parameter. We further set the
other quantities in Equation (103) as my = 1 and g9 = 10.

In Figure 2, we show the dynamical behavior of the OTOC, F () for similar quench
protocols chosen as the coupling, f(t) = fo tanh(t) and frequency, Q(t) = Q tanh(#)
of the inverted oscillator. Here, fy and )y are free parameters. From all subplots, it
is evident that the early-time behavior of the OTOC is characterized by fluctuating
values of the OTOC such that the amplitude of these fluctuations decrease as we move
further in time. We also observe that for time values on the order of magnitude 1,
the OTOC values scale on the order of 10° or 10*. Upon approximation, the growth
exhibits an exponential behavior of the form

F(t) = ae®) 4 ¢

with coefficients which are found, by an exponential fit of the plot, in Figure 2c to be
a=1.73x10% b = 0.442,and ¢ = —1.81 x 10%, all of which are non-zero. The apparent
linear region near the quench can be attributed to the saturation of the exponential
rise that begins after the quench point. At some time beyond the quench point t = 1,
these oscillations are completely damped and we observe a linear rise in the value of
the OTOC characterizing the chaotic nature of the system. Finally, once the dynamics
of the chosen quench protocols drive the system from non-equilibrium to equilibrium,
we observe that the OTOC saturates to a constant value irrespective of time. Now, one
can choose different triggers to thermalize the dynamical behavior of F(t) by varying
the value of the coupling parameter f. It is evident from the plots that once fj starts
to increase, the quenched coupling triggers F (t) in such a way that the fluctuations
tend to dampen earlier.

Particularly in the subplot of Figure 2a, when fy = 5.0, we observe rapid oscillations
having higher amplitudes in values of F(¢) in the region 0 < t < 0.8, marked by a
red background. As we approach the quench point at t = 1, the amplitude of these
oscillation dampens are marked by the yellow region. The chosen quench protocol
then starts to thermalize the system and we observe that the fluctuations completely
die out at f ~ 1.6. The value of F(t) then rises and saturates for { > 2. This late-time
behavior of the OTOC is marked by a green background.

In the subplot of Figure 2b, we observe a similar dynamical behavior in the value
of F(t). However, it is evident that at the chosen value of free parameter f; = 10,
the fluctuations die out at ¢ ~ 0.8. Hence, the early-time behavior of the OTOC is
characterized by a fluctuating vale of F(t) marked by a red background. This is
followed by a rising value of F(t) for 0.8 < t < 1.2 in the region around the quench
point marked by a yellow background. Finally, beyond the quench point, the rise in the
value of F(t) is followed by thermalization. This is marked by a green background.
In the subplot of Figure 2¢, we increase the free parameter to fo = 15. We again
observe fluctuations in values of F(t), although dying away at t ~ 0.5. Most of the
early-time behavior of the OTOC is characterized by fluctuations which dampen for
0 < t < 0.8, marked by a red background. Near the quench point, in the region
0.8 <t < 1.2, we again observe a rising behavior in value of the OTOC, marked by a
yellow background. The late-time behavior evidently shows a trend of thermalization
in the value of F(t), for the region t > 1.2, marked by a green background. For this
parameter, we extract the quantum Lyapunov exponent by plotting the logarithm of
F (t) with respect to time.
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The quantum Lyapunov exponent is considered as the rate of growth of the logarithmic
value of the OTOC and is often used to describe the chaotic nature of the system. Using
the value of the OTOC from Equation (103), we can define the Lyapunov exponent for
the inverted oscillator as

AL = %log[}'(t)]. (104)

One can focus on the rising trend in the F(t) vs. t plot, and approximate the behavior
of F(t) in the rising region as an exponential one, F(t) ~ e*f. Ay can then be
computed as the slope of the plot of log[F(¢)] vs. t.

In Figure 3, we plot the dynamical behavior of the logarithm of the OTOC for the
same parameters chosen in Figure 2c. Then, A can be computed as the slope of the
rising trend in this figure from 0.8 < t < 1.2. The average slope, computed for the
nearly linear region of Figure 3, was found to be A; = 1.124, while the average rate
of change in the logarithm of F(t) (using Equation (104)) is A;, = 1.121. Thus, we
conclude that the extracted value of the Lyapunov exponent using the graph seems to
be in agreement with that using the theoretical value. It is evident from the value of
Ap that the system of inverted oscillators is chaotic in nature.

In Figure 4, we show the dynamical behavior of the OTOC F (t) for different quench
protocols chosen as the coupling, f(t) = fo sech(t) and frequency, Q(t) = Qg tanh(t).
For all subplots, it is clear that, at early time, the value of F(t) fluctuates with rapid
oscillations, which are dampened at some time after the quench point t = 1. As we
move further in time, it is evident that the dynamical effects of quench protocols
reduce the amplitude of F(t) to zero. Also, as we choose increasing values of the free
parameter )y, the frequency of fluctuations in the value of the OTOC increases.
Particularly in the subplot of Figure 4a, when ()y = 1, we observe that the early-
time behavior of F(t) at 0 < t < 0.8 is dominated by fluctuations, marked by a
red background. These oscillations in the value of the OTOC tend to dampen as we
move further in time. Around the quench point, for 0.8 < t < 1.2, we observe a rise,
followed by a dip in the value of F(t), marked by a yellow background. At late time,
for t > 1.2, the oscillations tend to die out completely, such that F(t) becomes zero;
this is marked by a green background.

In the subplot of Figure 4b, when we increase the free parameter as )y = 2.5, we
observe rapid oscillations in the value of F(t) with a higher frequency than that of
the previous case, in the early-time region, i.e.,, 0 < t < 0.8 (red background). The
amplitude of these fluctuations dampens for later times. Around the quench point,
0.8 <t < 1.2 and at late times, t > 1.2, we again observe a similar trend to that of the
previous case, marked by a yellow and green background, respectively.

In the subplot of Figure 4c, we further increase the free parameter, ()y = 5 and observe
a similar trend in the dynamical behavior of F(t) to that of previous cases. However
at early times, for 0 < t < 0.8, the fluctuations are more rapid with a higher frequency
than that of the previous case. This is marked by a red background.

It is evident from the nature of the plots shown in Figure 2 that the similar quench
protocols for coupling and frequency of the inverted oscillator trigger thermalization
such that the OTOC saturates to a non-zero value at very late times. On the other
hand, if we choose different quench protocols, as shown in Figure 4, for coupling and
frequency of the oscillator, the OTOC, although having no fluctuation at late times,
saturates to a zero value.
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OTOC (F(t)) vs. Time (t) (fy =15, =3.5) OTOC (F(t)) vs. Time (t) (fy=10,2y = 3.5)
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Figure 2. Variation in the OTOC (F(t)) versus time () for a constant Qg but different fp, such that
frequency and coupling of the inverted oscillator have the same quench profiles.
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9.8

Logarithm of OTOC (log(F(t))) vs. Time (t) (fo = 15,0 = 3.5)
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Figure 3. Variation in the logarithm of the OTOC (log F (¢)) with respect to time (t), where we choose

same quench profiles for frequency and coupling.
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OTOC (F(t)) vs. Time (t) (fy= 1,2 =5)
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Figure 4. Variation in the OTOC (F (t)) versus time (t) for a constant fy but different (), such that
the frequency and coupling of the inverted oscillator have different quench profiles.

8. Conclusions

We have studied the Schwinger—Keldysh path integral formalism in the context of a
generic time-dependent inverted oscillator system that is governed by non-equilibrium
dynamics, with a generic Hamiltonian, and how the formalism can help to generate the
out-of-time-ordered correlators (OTOCs). The following list of points serves as an epilogue
for this paper:

Starting with a time-dependent Hamiltonian of an inverted oscillator, we use the Lewis—
Riesenfeld invariant method to solve the TDSE and hence compute the eigenstates and

eigenvalues. We notice that these eigenvalues are independent of the state n, but are

continuous functions of time. Using these eigenstates, we have derived the correlation

functions in the form of a density matrix.

Next, we calculate the time-dependent Green’s function for the considered Hamilto-
nian of an inverted oscillator. The obtained form of Green’s function is used while

computing the four-point OTOC.

Further, we derive the expression of time-dependent eigenstates of the Hamiltonian

of generalized inverted oscillator in a Heisenberg picture. The two-point correlators

are then derived by using the form of Green’s function. It is evident that the time-
dependent OTOC can be expressed in the form of the lesser Green'’s function.

Next, we have expressed the classical action in terms of Heisenberg field operators

and Green’s functions. This action is then used to compute the generating function

of the system. The final form of the generating functional is evidently dependent on

Green’s function and Heisenberg field operators. This generating functional is then

used to evaluate the expression for the 4-point OTOC.

Since there is no implicit time-ordering in the OTOC, one could not use Feynman

path integrals to evaluate such correlators. Instead, we have employed the use of

Schwinger—Keldysh path integral formalism to compute the OTOC for a time-dependent

inverted oscillator. By choosing a Schwinger—Keldysh contour, we have given the exact

form of OTOC for the inverted oscillator. Furthermore, we also mention the form of

influence phase.

The analytical form of the real part of the OTOC is then used to numerically evaluate

the dynamical behavior of the OTOC. Furthermore, we choose quenched coupling
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and frequency of the inverted oscillator, so as to comment on the thermalization of the
OTOC for different parametric variations.

From the numerical results, it is evident that there are different phases in the dynamical
behavior of the OTOC, with the first being the oscillatory phase where the value of
the OTOC fluctuates with a decreasing amplitude. The oscillatory phase is dominant
at early times. When we set both the quenched frequency as well as coupling to the
same quench protocol, then the quench seems to be thermalizing the OTOC at late
time. However, before this thermalization, we observed a clear rise in the value of the
OTOC, showcasing the chaotic nature of the system. We could extract the quantum
Lyapunov exponent by using this rise in the value of the OTOC. Clearly, the two other
phases of the OTOC are the exponential rise and saturation. Furthermore, we observe
that as we increase the coupling free parameter in the chosen quench protocol, the
fluctuations stop at earlier time. Hence, it can be inferred that increasing coupling
essentially make the oscillatory phase of the OTOC less dominant. Also, the initial
conditions when changed have drastic effects on the dynamical behavior of the OTOC,
again due to the chaotic nature of the system.

On the other hand, if we choose two different quench protocols as the quenched
frequency and coupling, then at early time, the value of F(t) fluctuates with rapid
oscillations, which are dampened at some time after the quench point t = 1. As there
is no rise in the OTOC, one can infer that the system is no longer chaotic. As we
continue to move further in time, it is evident that the dynamical effects of quench
protocols through trying to thermalize the value of OTOC reduce the amplitude of
F(t) to zero. Also, as we choose increasing values of a frequency-free parameter, the
frequency of oscillations at early time increases rapidly.

Some future prospects of the present work are appended below point-wise:

In this work, we have developed a means to compute the OTOC for an inverted
oscillator in the presence of quenched parameters using its time-dependent ground
state. We can develop a thermal effective field theory of this model and compute a
thermal OTOC as well [6]. Inspired by the work of [84], we can then use the thermal
OTOC to find that our quenched inverted oscillator model exactly saturates to the
Maldacena-Shenker-Stanford (MSS) bound on the quantum Lyapunov exponent A <
27/ B, where  represents the inverse equilibrium temperature of the representative
quantum mechanical system after achieving thermalization at the late time scales.
This extended version of the computation will also be extremely helpful to comment
on whether maximal chaos can be achieved from the present set up or not. Studying
the thermal OTOCs and scrambling time scales in systems depending on quenched
inverted oscillators can be intriguing. For such a case, one needs to use the well-known
thermofield double state [85] instead of the temperature-independent ground state to
extend the present computation at finite temperature. One important assumption we
need to use to explicitly perform the computation of the OTOC with the thermofield
double state is that the system fully thermalizes at the late time scales. There are many
applications in black hole physics associated with shock wave geometry [58,86-91]
and in cosmology [54,92], where one can use the derived results of Schwinger—Keldysh
formalism as well as the OTOC. However, the specific effect of the time-dependent
quench in the coupling parameters of the underlying theoretical set up have not been
studied yet in both the abovementioned problems. It would be really interesting to
explicitly study these effects within the framework of black hole physics as well as in
cosmology.

Since in this computation, the time-dependent quantum quench plays a significant
role, it is highly natural to study the thermalization phenomenon explicitly from the
present set up, as we all know, quantum quench triggers the thermalization procedure
in general. If the system under consideration fully thermalizes at the late time scales,
then the corresponding system can be described in terms of a pure thermal ensemble
and the quantum states are described by thermofield double states. But these types of
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features are very special and can only happen in very specific small classes of specific
theories. If we have a slow/fast quench in the coupling parameters of the theory, then
it is naturally expected from the set up that before quench, just after quench, and
at late time scales, the corresponding quantum mechanical states will be different.
In technical language, these are pre-quench, post-quench-Calabrese—Cardy (CC), or
generalized Calabrese—Cardy (gCC) [93-96] and Generalized Gibbs ensemble (if not
fully thermalized) [93-96] or pure thermofield double states. This particular information
is extremely important because the computation of an OTOC is fully dependent on
the underlying quantum states. It is expected that for a given theoretical set up, we
need to use three different quantum states in three different regimes to compute the
expression for the OTOC in the presence of time-dependent quench in the coupling
parameters of the theory. In the OTOC computation, which we have performed in
this paper, we have used the ground states at zero temperature, which is technically a
pre-quench state. It would be highly desirable if one could study the OTOC using the
post-quench CC/gCC as well as Generalized Gibbs ensemble/thermal states. Now,
one very crucial point is that which people usually do not use to construct these states
at different regimes, which is the invariant operator method. This method allows us
to construct all possible states at different time scales having a quench profile in the
respective parameters of the theory. This implies that the invariant operator method
automatically allows us to construct the corresponding quantum states in the pre-
quench and post-quench regions, which is necessarily needed to compute an OTOC.
Most importantly, the invariant operator method allows us to construct the quantum
mechanical states at each instant of time in the time scale, except at the very late time
scale when the full thermalization or the effective thermalization has been achieved
by the underlying physical set up.

*  The OTOC has been used to understand the dynamics of cosmological scalar fields [54],
it would be interesting to explore such ideas in the presence of quench. Our work deals
with inverted oscillators in the presence of a quench which can be applied to many
models appearing in cosmology, quantum gravity, and condensed matter physics.
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Appendix A. Integration over Initial Field Configuration

In this appendix, our prime objective is to simplify the expression of the wave-
function in Equation (67) by evaluating the contribution of the integral over initial field
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configuration, 9. We begin with writing the contribution of the initial field to the wave-
function of inverted oscillator, x(q|/) as

(e )

m2 m2
[(t%n (tﬂ Gty - fl)]

_ ! i : 2
~qo] ey) o)y = (o) +11 [ G = D10+ o) ~ ’”“0)’"(“‘)] ] )|
f f to f m(t) f
Further, we define
i . {mz(%gz(ta)} Gty —t)
A10) = ltopmto) + 23] 6() + mito) (1) + "5 (a2)
Here, ( )
1 im(t) .
2 = 2k (KO~ FOKD) (A3)
Using Equation (A2), we can rewrite the expression for Equation (A1) as
L1 m(ty)m 2
X(ar11) = exp | gt (me) + mCo)}ag = (i) 1) i dt Gloy = 01+ [mir) ~ "2 g ) | -
x [Zdqoexp (éé((;")) [90 — [ﬂz)r
where the factor g is
m(tg)-+m(o)lag—Dm(to)+1] 10 dt Glt—1)1(0) {m(tn’”(i?,ifjﬁ‘f)} i (45)
p :{ 2A(D }
Then, performing the integration over qg, one can rewrite Equation (A4) as
. —iA~l(t m(to)m(ty)
Xagl1) = 26 (DA 0 exp| =gt ({me) + mito)+ mte) =" | "

Since we have integrated over the initial field configuration, the generating function for the
inverted oscillator is simplified and only depends on the final field configuration, qg, as
shown in Section 4.

Appendix B. Calculation of Green’s Function

In this work, we have obtained the generating function and OTOC for the inverted
oscillator, in terms of Green’s function. We compute this Green’s function for the inverted
oscillator in this appendix. Although there are several time-dependent Green’s functions,
for our system, the most important is the outgoing or retarded Green'’s function. Let U (¢, t')
be the time operator which depends on final time ¢’ and initial time ¢. Since the Hamiltonian
is time-dependent for our system, U(t, ') will satisfy the TDSE. We can write it as

au(t,t)

o AHu(t,t). (A7)

i




Symmetry 2024, 16, 1308

25 of 28

When we put the Hamiltonian of the inverted oscillator of Equation (1) in the above
equation, we obtain

AUt t 1 2uLt) 1 , . SU
1 é()if 2L " 2m(f) af;z e >m(OQ (O (OU — 5 F(U - %f(t)q(t)a—q- (A8)
From the above equation,
a .
2= Immodneeu - Lo 49)

After multiplying the above equation by i and re-arranging, we obtain the following
differential equation:

{30 - mterofu-o (A10)

The integrating factor for this differential equation will be e/ {2/(1)=3m(H Q4 (1)}t The so-
lution of the above differential equation can be expressed using integrating factor as

U(f) = ¢ o2 J{mOO2OF 0 ~f(1)}at, (A11)

Here, c is a real constant. In quantum mechanics, the outgoing or retarded Green’s Function
is defined by
Gila g 1) =0 —t) {qlUtt)|q), (A12)

and the incoming or advanced Green’s function is
G-(q.t:9,t) =0 —t) (g UL ) |q). (A13)
The combined form of Green’s function using Equation (A11) can be given as

A

G+ = =0 (j:(t — t’)> Ut t)

= o[ & (1) )ecd I ImtFO -0}, (A14)

In the above equation, we can eliminate the integration from the power of the exponential
by assuming

d(I'(t)t 1,.

AW _ Lm0 - £0) (A1)

Using Equation (A15), one can rewrite Green’s function in Equation (A14) as

G(t) = e[%tt)t) at — ¢ er(t)t. (A16)

To apply the boundary condition, we need to change Equation (A16) in terms of hyperbolic
sines and cosines, as given below:

G(t) = A sinh (T(t)t) + B cosh (T(£)¢). (A17)

Applying the boundary conditions G(0) = 0 and G(0) = 1, Green’s function for the
inverted oscillator is

G(t) = rio sinh (r(t)t>. (A18)
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