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Quantum information scrambling (QIS) describes the rapid spread of initially localized information across
an entire quantum many-body system through entanglement generation. Once scrambled, the original local
information becomes encoded globally, inaccessible from any single subsystem. In this work, we introduce
a circuit-based decoding protocol. By utilizing the concept of postselected closed timelike curves (PCTCs),
we demonstrate how postselection allows us to interpret an ordinary quantum experiment as an example of a
paradox-free trajectory, simulating a consistent time loop and reliable information recovery. Specifically, when
conditioned on a final postselected outcome, this experiment can be interpreted as decoding the scrambled
information even before the original information is generated. Furthermore, the success probability of the
PCTC is governed by out-of-time-ordered correlations, which is a standard measure of QIS. We experimentally
implement our protocol on cloud-based Quantinuum and IBM quantum processors. Our approach illuminates
a unique quantum task under postselection: the causally consistent simulation of future-to-past scrambled

information retrieval.
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I. INTRODUCTION

Quantum information scrambling (QIS) arises from strong
interactions in a many-body system [1-3]. Such dynamics
rapidly correlates local information and generates many-body
entanglement across all possible degrees of freedom within
the global system [3-15]. This delocalization process in
many-body physics is typically characterized by the decay
of the out-of-time-order correlator (OTOC) [1,2,16] and has
sparked growing interest in various fields, such as quantum
chaos [14,15,17-28], black hole thermalization and informa-
tion problems [29-40], quantum collision models [41-43],
and quantum computing and error correction [44—46].

Local information can be encoded into a global system
by utilizing QIS. In a scrambled system, the information
becomes dispersed and inaccessible via local measurements
due to many-body entanglement. The robustness of recovering
the original quantum information depends on the strength
and structure of this entanglement [44,47]. Remarkably, it is
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possible to recover the information even when parts of the
system are damaged or lost. For instance, if the scrambled
state is damaged by a local measurement but this damage does
not affect the useful information encoded in the entanglement
correlations, one can still recover the original information
[45,47].

Another example is when a quantum state is thrown into a
black hole, characterized by strong scrambling dynamics, and
the information is believed to irretrievably disappear once it
crosses the event horizon [29]. However, Ref. [29] proposed
a thought experiment suggesting that it might be possible to
probabilistically reconstruct the lost information from sev-
eral emitted Hawking radiation photons from the black hole
through a suitable decoding process. An efficient Yoshida-
Kitaev probabilistic decoding protocol for this thought
experiment was proposed [48], with some extended scenarios
[49-51] experimentally demonstrated [52—-55]. Such a decod-
ing protocol can also be considered postselected quantum
teleportation. The preparation of Einstein-Podolsky-Rosen
(EPR) pairs and the postselection of the measurement out-
comes are necessary for the original state (information) to be
successfully teleported (decoded) in their protocol.

While the Yoshida-Kitaev probabilistic decoding protocol
has been widely adopted to characterize QIS, the physical in-
tuition behind its essential ingredients, particularly the use of
EPR pair preparation and postselection, has remained unclear.
In this work, we clarify their role by drawing a parallel with
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the concept of postselected closed timelike curves (PCTCs)
[56,57].

A closed timelike curve (CTC) is a hypothetical concept
in general relativity that describes a worldline in spacetime
looping back on itself, allowing a particle to return to and
interact with its own past [58,59]. This idea suggests the pos-
sibility of “time travel” and may raise some paradoxes [60].
The PCTCs enable a specific formulation that combines CTCs
with quantum mechanics based on quantum teleportation and
postselection [56,57], which can be simulated on quantum
processors [61-63]. The postselection step introduces nonlin-
ear effects that enforce the Novikov self-consistency principle
[64], which dictates that only logically self-consistent events
can occur. Paradoxical outcomes are assigned zero probabil-
ity, and the success probability of time travel corresponds
to the conditional probability of the remaining consistent
events. Beyond foundational insights into quantum gravity
[65-67], the PCTC framework has found applications in quan-
tum information processing [68—71] and quantum metrology
[72,73].

In this work, we propose a PCTC-inspired protocol to
transmit scrambled (encrypted) quantum information into the
past. Importantly, our approach does not realize physical
“time travel.” It rather provides a controlled quantum simu-
lation of the logical structure associated with PCTC models.
We show that our protocol is operationally equivalent to
the Yoshida-Kitaev probabilistic decoding protocol [48,51].
Within our formulation, the roles of the EPR pair and post-
selection become physically transparent: They serve as the
essential ingredients for constructing a paradox-free PCTC
[56,57,64], thereby enabling consistent simulation of success-
ful future-to-past information recovery.

The protocol is quantified by the fidelity between the
original prepared state and the decoded state. This decod-
ing fidelity relies on the success probability of “time travel”
through a PCTC, which in turn depends on the strength of
QIS (characterized by the decay of the average value of
the OTOC). Consequently, if the scrambling dynamics are
sufficiently strong, the original information can be perfectly
decoded (with unity fidelity). Finally, we demonstrate our
decoding protocol using a four-qubit quantum circuit and then
implement it on both Quantinuum [74] and IBM quantum
(IBMQ) [75,76] processors.

The rest of the paper is organized as follows. In Sec. II,
we review the concept of PCTCs and proceed to introduce
our decoding protocol. In Sec. III, we analyze the decay of
the OTOC to characterize QIS and explore its connection to
PCTCs within our decoding protocol. Section IV presents the
experimental demonstration of the protocol on the Quantin-
uum and IBMQ processors. Finally, we draw our conclusions
in Sec. V.

II. RECOVERING SCRAMBLED INFORMATION VIA
POSTSELECTED CLOSED TIMELIKE CURVES

In this section, we first review the concept of PCTCs. Next,
we introduce a protocol for recovering scrambled information
from the future using PCTCs, as illustrated schematically in
Fig. 2. Our protocol includes three main steps: (1) encoding
quantum information using QIS, (2) simulating “time travel”
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FIG. 1. Comparison between postselected quantum teleportation
and postselected closed timelike curves. (a) Postselected quantum
teleportation. (b) Postselected closed timelike curves. Both scenarios
rely on preparing an entangled pair |®*) and a joint measurement
with postselection on the outcome corresponding to the state |®T).
In the ideal case, the receiver obtains p = | ) (|, which is identical
to the originally prepared state |y) in both scenarios.

via a PCTC to send part of the encoded information into the
past, and (3) decoding the original information conditioned on
the final postselected outcome from the PCTC.

A. Postselected closed timelike curves

In this subsection, we recall the concept of PCTCs [56,57]
by comparing it with postselected quantum teleportation.
Figure 1(a) illustrates the standard postselected quantum tele-
portation. Alice holds an unknown quantum state |y) and
shares an EPR pair with Bob. After Alice performs a joint
measurement and postselects the corresponding outcome, the
state is teleported to Bob. The dotted green line indicates
the instantaneous transfer of the quantum state under this
successful postselection event. In this case, the teleportation
succeeds without requiring classical communication because
the postselection enforces the particular outcome.

Figure 1(b) illustrates the same teleportation structure but
interpreted as a PCTC [56,57]. Here, the postselection is de-
picted in a way that suggests a closed temporal loop. Under
the PCTC interpretation, the postselection introduces nonlin-
ear effects that enforce the Novikov self-consistency principle
[64]. The dotted green arrow represents the effective “return”
of the system to an earlier time.

Thus, Fig. 1 highlights that the PCTC behavior emerges
entirely from the same ingredients as in postselected quantum
teleportation: an initial EPR pair and a final postselection on
the same entangled state. When we select this measurement
outcome, the effective evolution behaves as if part of the
system had traveled backward in time.

B. Decoding protocol

In this subsection, we introduce our decoding protocol, as
shown in Fig. 2. We begin with Alice (A), who prepares an
arbitrary pure quantum state |y) with Hilbert space dimension
da at time T;. As time progresses from 7 to 75, system A
interacts with a chronology-respecting many-body system H,
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FIG. 2. Schematic illustration of the decoding protocol. The
black solid lines depict the timeline of the many-body system H
going forward. The blue (red) arrows depict the timeline of a por-
tion of the encoded information E (E") going forward (backward).
Starting at time 77, Alice (A) sends the information |¢) into the
scrambling unitary operator (scrambler) Uencodze = Uan—sHE, €ncoding
the information in the joint system HE at 7,. By projecting the state
of joint system EE’ into an EPR state, the temporal direction for E is
reversed, causing it to travel backward in time from 75 to 7;. Because
the state of systems E and E’ is initialized as an EPR state at Ty,
the temporal direction for E’ is reversed again. The decoding unitary
operator Ugecode = UHTE—>BH allows Bob (B) to decode Alice’s infor-
mation solely from the portion of the encoded information carried in
E at Ty. Finally, Bob performs measurements before Alice prepares
|yr) at T;, and the decoded state p is conditioned on the postselected
outcome obtained at 7,. The information is perfectly decoded if and
only if the fidelity between |¢) and p is unity.

and the global evolution of this interaction is described by
an encoding unitary operator Uepcode = Upn—nue. Here, U can
also be called a scrambler, and the subscript labels the input
subsystems (A and H) and output subsystems (H and E) of the
operator. Note that the state of system H at 7} will be discussed
later. The quantum information |i¢) has become scrambled
within the many-body entanglement of the joint system HE at
T». Here, the output system E represents a part of the encoded
information with its Hilbert space dimension also equal to d.

Next, the temporal direction of system E is reversed at time
T, allowing it to travel back to T (a time point before 77) and
then resume traveling forward in time. This is achieved by
utilizing a PCTC, where we introduce a chronology-violating
system E’, depicted as the red curve in Fig. 2. If the initial
state of E and E’ at Ty is a maximally entangled state, E’ can
be interpreted as a mirror of E that travels backward in time

[56,57]. Furthermore, it is necessary to perform a projective
(or selective) measurement on the joint system EE’ at 75, and
the measurement outcome must remain consistent with itself
(the same state) at Ty to obey the Novikov self-consistency
principle [64]. Throughout this work, and without loss of gen-
erality, we consider the state of E and E’ at Tj to be prepared
as an EPR pair [77], namely,

da—1

1 . .
|EPR)gp = N ;‘ liYe ® |i)E- (0

Therefore, an EPR projective measurement must be per-
formed at 75, ensuring that the state of system E effectively
travels backward to 7. We denote the success probability
of time travel through the PCTC (preparing and measuring
|EPR)gg at Ty and T, respectively) as P () for different state
V).

At time Ty, a decoding operation Ugecode = UgEﬁBH is ap-
plied to the joint system HE, and then Bob (B) subsequently
receives a state p (generally represented as a density matrix)
before 71. To demonstrate that the final decoding process
requires only Uy gy and the partially encoded information
stored in E, we assume that the initial state of system H at
Tp is maximally mixed, which does not provide any additional
information for the final decoding process. Finally, the fidelity
between the states |¢/) and p quantifies the entire decoding
protocol, namely,

FW) = (Ylply). 2

The original information prepared by Alice is perfectly de-
coded if and only if the fidelity equals unity.

Here, we prove that our decoding protocol is equivalent to
the Yoshida-Kitaev probabilistic decoding protocol [48]. The
proof under the diagrammatic notation is presented in Fig. 3,
and a similar discussion for another protocol can also be found
in Ref. [51].

In our protocol, the initial state of the many-body system H
at 7y is a maximally mixed state. However, the initial state in
the Yoshida-Kitaev probabilistic decoding protocol is derived
from an entangled EPR pair between system H and an aux-
iliary system H’, i.e., |[EPR)yy. Incorporating this constraint
into our protocol, the final unnormalized state | f (1)), corre-
sponding to the input quantum information |y) from Alice,
can be expressed as

| f(¥))BHH
= ap (EPR|UanUpy 1Y) A ® [EPR)gp ® [EPR)gpy,  (3)

as shown in Fig. 3(b). Here, without loss of generality, we
relabel the input system E (at time Tp), output system E (at
time 73), and the chronology-violating system E’ as B, A, and
B/, respectively. This relabeling is justified because, from the
perspective of PCTCs, all these systems represent the same
system that carries the information at different time points or
travels in different directions in time. Additionally, for sim-
plicity, we rearrange both the input and output Hilbert spaces
into the same order as AHBB'H' in the diagrammatic notation,
as shown in Fig. 3(b). Note that although the diagrammatic
notation of |EPR)yy in Fig. 3(b) appears as a single wire,
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FIG. 3. Proof of the equivalence of protocols using diagrammatic notation. (a) The diagram of our decoding protocol, where time
progresses from 7 to 75 in the laboratory’s rest frame. Note that the black dot in the middle of the wire indicates a normalized EPR pair
(scaled by 1/ Jd ). (b) We introduce the purification |[EPR)yy for the initial state of the many-body system H, which is a maximally mixed
state, with its reference system H'. For simplicity, we relabel the input system E (at time Tp), output system E (at time 75), and system E’ as B,
A, and B’, respectively. The equivalence between the diagrams in panels (b) and (c) follows from the properties of the EPR state, as described
in Eq. (4). (d) Diagram obtained by rearranging the input and output Hilbert space order from the diagram in panel (c).

it actually represents multiple EPR pairs shared between the
corresponding subsystems of H and H'.

A key element of this proof is the following identity, which
holds when an arbitrary local unitary U is applied to an EPR
pair, namely,

Ux ® 1x|EPR)xx = Ix ® Uy, |[EPR)xx, 4)

where the superscript T represents the transpose of an operator
and 1 is the identity operator. Thus, using the equality given in
Eq. (4), we can replace the decoding unitary operation UgH ®
1w with 1gy ® Upyy in Eq. (3), namely,

|f () BHmr
= A (EPR|UanUgy [¥)a ® [EPR)pp ® [EPR)yw, (5)

for which the corresponding diagrammatic notation is given
in Fig. 3(c). After rearranging the input Hilbert space order
to AHH'B'B and the output Hilbert space order to HAB'H'B
in the diagrammatic notation [as shown in Fig. 3(d)], the
unnormalized state |f(y)) is identical to the one presented
in the Yoshida-Kitaev probabilistic decoding protocol [48].
Consequently, the normalized decoded state is given by

_ Traw [|f (Y))(f (¥)IBHR ]
’ PW)

where the success probability P () of time travel is expressed
as

, (6)

P = WL W) )

We emphasize that, in our protocol, the input state to
the encoding scrambler U for system H must be the output
from the decoding operation U, This indicates that the de-
coding operation must occur before the encoding scrambler,
unlike in the Yoshida-Kitaev probabilistic decoding proto-

col. Furthermore, their protocol requires generating multiple
EPR pairs depending on the size of both systems H and E,
whereas our protocol uses fewer entanglement resources. For
example, when considering an n-qubit scrambler and perform-
ing quantum state tomography on system B over S shots,
the Yoshida-Kitaev probabilistic decoding protocol requires
a total of (n — 1)S physical EPR pairs. Because the success
probability P () is identical in both protocols, they require
the same sampling overhead (S) to achieve an equivalent num-
ber of successful postselection events. However, our protocol
requires only a single physical EPR pair between systems
E and E’ per shot (S pairs in total). The maximally mixed
state of the remaining (n — 1) qubits in system H is simply
achieved by preparing each qubit in either the |0) or |1) state
with equal classical probability across the S shots. Thus, for
any n > 2, our protocol strictly reduces the total experimental
entanglement cost by a factor of (n — 1).

Furthermore, the product of the success probability P (i)
and the fidelity F () is lower bounded by dgz [48], namely,

1

PW)FW) = 7 vy ®)

A
(see Appendix A for the derivation). This indicates that the
original information is accurately decoded (with 7 ~ 1) when
the success probability is sufficiently low (with P = dgz) in

the ideal case.

III. QUANTUM INFORMATION SCRAMBLING AND
OUT-OF-TIME-ORDER CORRELATORS

Quantum information scrambling is typically characterized
by the decay of the OTOC [1,2,16], defined as

OW, V) = (Wg (6 )V We(t)Va), )
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where V4 and Wy are initially commuting unitary and
Hermitian operators acting on separate systems A and E,
respectively. In our decoding protocol, any pure state |Y)a
prepared by Alice can be written as |)a = Val¢o)a, Where
|do)a is a fixed reference state. Thus, V represents a generic
state-preparation operation performed solely on system A be-
fore the scrambling dynamics is applied. The operator Wg
can be considered as a local perturbation applied to E at
time 75, and We(t) = Ugecode WeUsncode = U WU is the time-
evolved version of Wg in the Heisenberg picture according to
the scrambling unitary operator U. From the perspective of
PCTCs, one can also interpret W (¢) as follows. After apply-
ing Uencode, @ local perturbation W is introduced on system E
at T;. The system E is then effectively propagated backward
in time through the PCTC and decoded by Ugecode- Thus,
the action of Wi () incorporates both the forward scrambling
dynamics and the nontrivial temporal structure introduced
by the PCTC, offering a physical intuition for how a local
disturbance at 75 influences the reconstructed information pg
at an earlier time before 7.

The quantity O(W, V) can be understood as the overlap
between two processes: (1) Wg(t) Valpo)a, in which Vy is
applied first and then the time-evolved perturbation Wg(t)
acts, and (2) VAWE(?)|do)a, in which Wg(¢) acts first fol-
lowed by Va. When ¢ = 0, the value of the OTOC O(W, V) =
1V W and V because W (0) commutes with V. As scrambling
progresses, W (#) ceases to commute with V as it becomes
increasingly nonlocal, thereby leading to the rapid decay of
the OTOC. Such a decay directly measures the delocalization
of information initially localized in system A at 7] across the
joint system H and E at 7;.

The average value of the OTOC in Eq. (9) can be directly
calculated by the success probability P(y) of “time travel” in
our decoding protocol [48]:

Oug = // AWdV OW,V) = /dl/fp(‘(ﬂ) (10)

(see Appendix B for the derivation). Here, the double integral
is defined with respect to the normalized Haar measure on the
unitary group. This means that dW and dV denote sampling
Wr and Vj uniformly from all unitary operators, in the sense
that the distribution is unchanged under left or right multipli-
cation by any unitary. Similarly, dv is the normalized Haar
measure over pure states |Y) in our protocol. Equation (10)
shows that the average success probability of “time travel”
through the PCTC decreases as the average value of the OTOC
decays.

Furthermore, one can observe that the average value of the
OTOC decays to dgz for the aforementioned perfect decoding
case [F(¢)=land P(y) = dgz V ¢]. This indicates that the
unitary evolution U must generate sufficiently strong scram-
bling dynamics (which makes O,,, decay to a’A_2 ) so that the
information |1) can be fully encoded through the many-body
entanglement in the joint system HE at 75, and then perfectly
decoded.

IV. EXPERIMENTAL DEMONSTRATION

As we mentioned above, although the existence of CTCs
is still vague, one can probabilistically simulate it based on

postselected quantum teleportation. Here, we demonstrate our
decoding protocol using a four-qubit quantum circuit, shown
in Fig. 4. The circuit is implemented using Quantinuum [74]
and IBMQ [75,76] processors.

In the following, we explain the circuit in detail in the
laboratory’s rest frame (from 7 to 73). At time Tp, system H
is initialized as a two-qubit maximally mixed state [(1/2) ®
(1/2)], a uniform mixture of states in the computational basis.
Thus, we uniformly prepare each of the two qubits in the state
|0) or |1). Systems E and E’ are initialized as a two-qubit EPR
pair, as shown in Eq. (1) with dy = 2:

L
V2

which is a Bell state [77].

After applying the decoding operation U to the joint
system HE, we perform quantum state tomography (i.e.,
single-qubit Pauli measurements [77]) on qubit B before 7;.
To ensure the information is from the future, we reset qubit B
and then prepare a pure quantum state |1) on the same qubit
(which we rename qubit A after 77). We emphasize that the
state |y) is prepared freely, with no knowledge of the previous
measurement results. We then apply the encoding scrambler U
to encode the information within the joint system HE at 7. To
complete the decoding protocol, a Bell state measurement is
performed on the joint system EE’ after 75, and we postselect
the outcome corresponding to |®*)gg as in Eq. (11). Finally,
we reconstruct the density matrix p from the postselected
measurement results and calculate the fidelity F (), given
in Eq. (2), between the states p and |v/), confirming that the
encoded quantum information has been successfully decoded.

To characterize the nature of the scrambling dy-
namics, we repeat this protocol by encoding the six

1M)ee = —=(10)e @ 10)e + [De® [D)r), (11

different initial states and two different scramblers:
|11ﬂ) € {lx=), lxg ), ly-), |y+1), lz-), lz)},  where  |xi) =
U 1), yx) = 510) £il1)), |z-)=11), and

|z+) = 10). For the scrambling unitary operator U, we
consider the three-qubit Clifford scramblers proposed in
Ref. [49]. The first Clifford scrambler, denoted as Uy, is
capable of fully delocalizing arbitrary quantum information.
The explicit matrix form of this unitary operator is given by

(U U T D N TS R
1 -1 1 1 1 1 -1 1

11 -1 1 1 -1 1 1

P T T T B B B S
CAnbYVH [0 NS U N SR R S
-1 1 -1 -1 1 1 -1 1

-1 -1 1 -1 1 -1 1 1

-1 1 1 1 1 1 1 -l

(12

The success probability for an arbitrary state |y) under the
scrambler Uy is P(3) = 0.25. According to Eq. (8), this leads
to an estimated fidelity of unity for any state ), indicating
perfect decoding.

To show the strength of U,, we compare it with another
Clifford scrambler, denoted as U,, which only scrambles clas-
sical information:

U. = diag(1,1,1,—1,1, -1, =1, —1). (13)
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FIG. 4. Experimental demonstration of the decoding protocol using a four-qubit quantum circuit. Time progresses from 7; to 75 in the
laboratory’s rest frame. Initially, the system H is prepared as a two-qubit maximally mixed state, while the systems E and E’ are initialized
as |®T) = (|00) + |11))/ /2, which is one of the Bell states. The three-qubit decoding operation U is applied to decode the information
stored solely in system E, and Bob performs quantum state tomography on qubit B before 7;. After 7}, Alice prepares the information |)
and encodes it using the scrambler U. To complete the decoding protocol, a Bell state measurement is performed after 75, and Bob needs to

postselect his results corresponding to the state |®T).

In this case, the average success probability of the PCTC
Payg = 0.5, resulting in a lower bound on the fidelity of 0.5.
Only states |yr) prepared in |0) or |1) can be perfectly de-
coded, while the fidelity of all other states is 0.5. The circuit
decompositions for both Clifford scramblers (U, and U,) are
given in Appendix C.

We performed the experiments using the H1-1 processor
from Quantinuum [74] and the ibm_torino processor from
IBMQ [75,76]. The topology and calibration data are also pre-
sented in Appendix C. The experimental results, as shown in
Table I, are obtained through 4000 and 40 000 shots for each
measurement procedure in the state tomography using the H1-
1 and ibm_torino, respectively. For both processors, when U,
is employed as the scrambler in the protocol, we observe that
the success probability of “time travel” P(yr) approximately
approaches d;z = 0.25 for all initial states |y), which also
means that Oy ~ 0.25 due to Eq. (10). Due to the strong QIS
Uy, the decoding protocol succeeds with an average fidelity
of 0.985 (0.8453) using H1-1 (ibm_torino). Additionally, it

TABLE I. Experimental results of the decoding fidelity (F) and
the success probability of “time travel” (P) for different initial states
[) under Clifford scramblers (U, and U.). As shown in Eq. (10),
the average value of the out-of-time-order correlator (O,,) equals
the average value of P(y). Note that the results obtained from
IBMQ can be substantially improved (reaching fidelities comparable
to those reported by Quantinuum) through the use of advanced error
mitigation techniques developed by Algorithmiq [78].

Uy (Quantinuum) Uy ABMQ) U. (IBMQ)
[¥) F) Pw) F) PW) F) P®)
|x_) 0.976 0.258  0.8320 0.2519 0.5021 0.4430
|x4) 0.986 0.249  0.8219 0.2619 0.5014 0.4440
ly—) 0.990 0.243  0.8681 0.2592 0.4949 0.4454
[y+) 0.988 0.256  0.8506 0.2578 0.5082 0.4406
|z—) 0.983 0.253  0.8479 0.2566 0.9092 0.4405
|z4) 0.987 0.252 0.8512 0.2564 0.9130 0.4461
Average  0.985 0.252  0.8453 0.2573 0.6381 0.4433

can be observed that the average fidelity achieved on the H1-1
processor is higher than that on ibm_torino. This is attributed
to the H1-1 processor’s longer qubit relaxation and decoher-
ence times, as well as lower readout and gate error rates (see
Appendix C for the calibration data of both processors).

In contrast, applying the same protocol with the scram-
bler U, using ibm_torino results in a low decoding fidelity.
Although the fidelity for states |z4) remains relatively high
(around 0.91), the fidelity drops significantly to around 0.5
for other states (|x1+) and |y4)). This indicates that U, only
has the capability to scramble classical information (|z+))
instead of general quantum information. The large value of
Oavg = Pavg = 0.4433 further supports this conclusion.

V. CONCLUSIONS

We have proposed a protocol and experimentally demon-
strated it on both Quantinuum and IBM quantum processors,
leveraging QIS and PCTCs to decode encrypted quantum
information from the future into the past. Although QIS delo-
calizes the original quantum information through many-body
entanglement, we can still retrieve it by sending part of the
scrambled information into the past. Here, the “time travel” is
simulated through PCTCs, and its average success probability
is directly related to the average value of OTOC in QIS.
Notably, we show that the choice of the postselected outcome
in our protocol is governed by the Novikov self-consistency
principle: the outcome must be consistent with the state in
which it was prepared in the past. Furthermore, we observe
that the perfect decoding fidelity of our protocol requires
strong QIS, which corresponds to a sufficiently low average
value of the OTOC.

To substantiate our theoretical framework, we conducted a
proof-of-principle experiment, highlighting the essential roles
that QIS and PCTCs play in the success of decoding an en-
crypted message in our protocol. Importantly, our protocol
preserves the causality of information [79]. Sending a secret
to the past via PCTCs is like ouroboros, a serpent devouring
its own tail. Any attempt to alter the past is a futile endeavor
because whatever happened, happened.
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Our work paves the way for several intriguing future re-
search directions. Our protocol allows the estimation of the
average value of the OTOC for arbitrary QIS using only
one additional entangled EPR pair. While our demonstra-
tion utilizes a three-qubit scrambler, exploring more complex
scrambling dynamics could enhance the understanding of the
relationship between the decoding fidelity and different types
of QIS, potentially optimizing the protocol further. Further-
more, our protocol establishes a connection between QIS and
PCTCs, exploring insights related to black holes, wormholes,
and “time travel.”
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APPENDIX A: A LOWER BOUND FOR THE PRODUCT OF
THE PCTC SUCCESS PROBABILITY AND DECODING
FIDELITY

We demonstrate that the product of the PCTC success
probability [P in Eq. (7)] and the decoding fidelity [F in
Eq. (2)] in our decoding protocol is lower bounded by d;2 for
an arbitrary encoded state |v/). Here, ds denotes the Hilbert
space dimension of the original input quantum information
|[vr) from Alice. Note that a similar proof can also be found
in Ref. [48]. We begin by substituting Eq. (6) into Eq. (2) and

multiplying by P (), namely,
POHFW)
= B(VI(Traw [1f W)Y f () lBrn DIV )8
2 (¥ |(Truw [[EPR)(EPR[uw X |/ (¥)) (f (¥)lrnw DIV )8
= (Y| & nw (EPR[(|f (Y))(f (¥)Iun )1V )B @ [EPR)
= |6(¥| ® mw (EPR| % |f (¥ ))branr . (AD)

The above inequality holds because we also perform an EPR
projective measurement on the joint system HH' before trac-
ing them out. Next, by substituting Eq. (5) into Eq. (A1), one
obtains

PW)F W) = [(¥| ® ap (EPR| ® up (EPR|UauUg iy [¥) A

® |[EPR)pp ® |EPR)up |- (A2)
Note that Uy and Ug,y, commute, and we can apply the
equality given in Eq. (4) once more to replace Uy, with U,y
since

AB'(EPR| & HH (EPRMAH ® U];k/H,

= ap (EPR| ® i (EPR|US; ® Tpm. (A3)
Thus, with U} ,Uan = Ian, Eq. (A2) results in
PW)F) > (Y] © ap (EPR| X |¢/)a ® [EPR)pp |*
da—1dy—1
i X x (i
dA@ ZO ,Zo 1) a (W j)e x (il
da—1 2
‘— (i) (i)
dz vy (A4)
We have completed the proof that a lower bound of
P )F () for an arbitrary initial state i) is d;z. |

APPENDIX B: DIRECTLY OBSERVING QIS FROM THE
AVERAGE SUCCESS PROBABILITY OF THE PCTC

Here, we show that the average success probability of the
PCTC in our protocol is equal to the average value of the
OTOC (Ogyg). Note that a similar proof can also be found in
Refs. [49,80]. We begin by substituting Eq. (5) into Eq. (7)
and averaging over all possible input states i, namely,

/dwp(%ﬁ): /dlﬁ(f(w)lf(w))

= /dlﬂ x a{¥| ® BB (EPR| ® un (EPR|

X Upry Uy (IEPR)(EPR | o YUruUpiy

X [¥)a ® [EPR)pp ® [EPR)np- B1)
Note that the above EPR projection operator |EPR)(EPR|ap
can be represented as a Haar average over all local unitary
operators W acting on the subsystems A and B’ [49,80]:

|EPR)(EPR|zp = / AWWa @ W (B2)
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Next, by substituting Eq. (B2) into Eq. (B1), one obtains

/ dYPY) = f f AWy (¥ ® 53 (EPR| ® e (EPRIUL U Wa W UnisUhsg [¥) 2 ® |EPR) 5 ® [EPR )

= [ awawa1® wn (EPRI @ s (EPRI(U W3 U ) U WaUs) 1)1 © [EPRw  [EPR

= / / dWdy A (| ® e (EPR| ® wp (EPR|(Uy, 1, Wa Upi) " (U ,WaUar)|¥) o ® [EPR)gp ® |EPR)

= // dWdyr A (| ® B (EPR| ® i (EPR|(Ugyy Wy Usn)(U{WaUar)|¥) A ® [EPR)pp © [EPR)py.  (B3)

Here, the last equality follows from Eq. (4). We can define
the time-evolved version of W in the Heisenberg picture ac-
cording to the scrambling unitary operator U, i.e., Wa(t) =
U /IHWAUAH and W (1) = Ugy Wy Un. Furthermore, as we
mentioned in Sec. III, the input state |1/)  can be generated by
a unitary operator V acting on a fixed initial state |¢)4, i.e.,
[¥)a = Valdo)a. Thus, the average over ¥ can be performed
by integrating over V, namely,

/dW’(W) = // dWdV x (¢o| ® ge' (EPR| ® uw (EPR|

X Wy (1 )V WA ()Va
X |¢o)a ® [EPR)pp ® |[EPR)uw

= / f AW dV (Wg (1)VWa(t)Va). (B4)

As we mentioned in Sec. II B, we relabel certain systems to
simplify the previous proof. To better illustrate the connection
between OTOCs and PCTCs through our decoding protocol,
we return to the notation and labeling conventions employed
in Fig. 2. Because the EPR projection operator is applied to
the joint system EE’ at 75 [as shown in Fig. 3(a)], the unitary
operator W in Eq. (B2) should act on system E. Thus, Eq. (B4)
can be rewritten as

/ dyP) = / f dWdV (W (1)VWs(1)Va) = Oy

(BS)
(a) [ 1
LA
[ 77 ]
N
(b)

FIG. 5. Circuit representation of two Clifford scramblers. (a) The
quantum information scrambling unitary operator Uj. (b) The classi-
cal information scrambling unitary operator U..

(

This completes the proof that the average value of the OTOC
(Oayg) is equal to the average success probability of the PCTC
in our protocol. n
The OTOC (W (t)V,/ Wi(1)Va) in Eq. (BS) can be inter-
preted as the overlap between the following two states:

We(@)Valdo)a @ |IEPR)gpr @ |EPR) gy

= UJIEﬁBHWEUAH»HEVA
X |¢o)a ® |EPR)gp @ |[EPR)nm, (B6)
VaWe()|¢o)a ® [EPR)gp' ® [EPR)up
= VaUpie auWeUsn—ne
X [¢o)s ® [EPR)gp ® [EPR)pp . (B7)

The state in Eq. (B6) follows the standard procedure of our
protocol. Starting at 77, Alice prepares the state |{)a by
applying the unitary operator V on the initial state |¢g)a, and
then the information is encoded in the joint system HE at time
T, by the encoding scrambler Uapg_.pyg. A unitary operator
Wg is then applied to system E, which can be regarded as
a perturbation from the perspective of QIS. After system E
travels backward in time from 7; to 7y through the PCTC, the
decoding operation U:IE_>BH is applied, and Bob receives the
state.

In contrast, the state in Eq. (B7) represents the inverse
version of our protocol, where the direction of all timelines
(as indicated by the arrows in Fig. 2) is reversed. As time
proceeds backward from 77 to Ty, Bob encodes the state
|¢o)p into the joint system HE using the scrambling opera-
tion (UgH%HE)T = Uy yg. After system E travels forward
in time from 7y to 75 through the PCTC, the perturbation Wg
is applied to system E, and the temporal direction is again
reversed at 7. As time proceeds backward from 7, to Tj,
the decoding operation UJIE_) An 18 applied, and Alice finally
applies the unitary operator V to her state.

TABLE II. Calibration data (obtained on 10 April 2024) for the
Quantinuum processor H1-1 used in our experiments.

Relaxation time > 1 min
Decoherence time ~4 s

Readout error 2.5%x 1073
Single-qubit gate error 2.1 x 1073
Two-qubit gate error 8.8 x 1074
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TABLE III. Calibration data (obtained on 26 September 2024) for the IBM Quantum processor ibm_torino used in our experiments. The
qubit index refers to those in Fig. 6(a). Here, Ry is a single-qubit rotation gate around the Z axis, and /X is the square root of Pauli-X gate.
The average two-qubit (controlled- Z) gate error is estimated to be 1.62 x 1073,

System label Relaxation  Decoherence Frequency Anharmonicity Frrors

(at time Tp) Qubit index time (ps) time (Ls) (GHz) (GHz) Readout R; VX

H 87 293.88 256.22 0 0 6.30 x 1073 0 1.44 x 107*
88 280.95 403.23 0 0 2.54 x 1072 0 1.49 x 1074

E 94 274.41 272.24 0 0 1.07 x 1072 0 1.52 x 107*

E 107 88.68 105.80 0 0 2.86 x 1072 0 5.16 x 1074

Consequently, the value of the OTOC for the specific uni- gates, along with the controlled-Z gates, as shown in Fig. 5(a).
tary operators Wg and V, can be determined by calculating In contrast, the classical information scrambler U, only re-
the overlap between the output states from the standard and  quires the three controlled-Z gates, as shown in Fig. 5(b).
inverse versions of our decoding protocol. Nevertheless, for We performed the experiment on the Quantinuum HI1-
the average value of the OTOC (O,yg), we highlight that it can 1 quantum charge-coupled processor, which features 20
be directly obtained from the average success probability of  trapped-ion (’'Yb™) qubits with all-to-all connectivity [74].
the PCTC in our decoding protocol using Eq. (BS), without ~ This allows the circuit shown in Fig. 5(a) to be executed
the need for the Haar averaging over all possible operators Wi directly on the H1-1 processor. The calibration data for H1-1
and Vj. is presented in Table II.

We also conduct the experiment on an IBM Quantum
processor called ibm_torino, which contains 133 supercon-
ducting qubits [75,76]. The topology of the qubits used in the
experiment is illustrated in Fig. 6(a), and the corresponding
calibration data for each used qubit is presented in Table III.
However, the two-qubit gates in Fig. 5 do not match the

In this Appendix, we provide the circuit decompositions topology shown in Fig. 6(a). Therefore, we provide circuit de-
for the three-qubit Clifford scrambling unitary operators (Ug compositions in Figs. 6(b) and 6(c) to align with the topology
and U, ) used in the main text. In Ref. [49], the quantum infor- of ibm_torino, and the corresponding decomposition of each
mation scrambler U, can be represented by several Hadamard Hadamard gate is shown in Fig. 6(d).

APPENDIX C: CIRCUIT DECOMPOSITIONS OF THE
THREE-QUBIT CLIFFORD SCRAMBLING UNITARY
OPERATORS FOR QUANTINUUM AND IBM QUANTUM
PROCESSORS

(a)

:—RZ(

L\i|j
|
=
|
g
o
|

=]
=]

Ug = =ttty =y = —
—{a =] (]

=

U = i+ (i ——
—— {7 (i

FIG. 6. Topology of the IBM Quantum processor (ibm_torino) and circuit decompositions used. (a) Topology of the ibm_torino where the
blue solid circles are the qubits used to conduct the experiment. (b) Circuit decomposition of the Clifford quantum information scrambler Uy
for ibm_torino. (¢) Circuit decomposition of the Clifford classical information scrambler U, for ibm_torino. (d) The circuit decomposition of
each Hadamard gate H is given by a single +/X gate and two R (rotation around the Z axis) gates with the rotational angle 7 /2.
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