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What is Macrorealism?

Realism: Properties exist before measurement

Noninvasive Measurability: Measurements do not disturb the system
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The Leggett-Garg Framework

Tests macrorealism through temporal correlations in a single system measured at successive
times.

Analogous to Bell inequalities (but for time, not space)

Places bounds on temporal correlations

Violations indicate non-macrorealistic behavior
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Three-Time Measurement Protocol

Measure dichotomic observable Q(t) = ±1 at three successive times: t1, t2, t3
K3 ≡ C21 + C32 − C31 = ⟨Q1Q2⟩+ ⟨Q2Q3⟩ − ⟨Q1Q3⟩

Macrorealistic bound on 3-term LGI:

−3 ≤ K3 ≡ C21 + C32 − C31 ≤ 1

Temporal Tsirelson bound on a three term termporal correlations:

KQ
3 ≤ 1.5

Classical macrorealism: −3 ≤ K3 ≤ 1

Quantum evolution: KQ
3 ≤ 1.5
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The Central Question

How far can temporal correlations extend before they fundamentally overturn the notion of
macrorealism?

Classical physics assumes definite properties at all times

Quantum mechanics violates this through temporal superpositions

Can we reach the algebraic maximum violations?

A R Usha Devi (Bangalore University) Pushing non-macrorealism to its extreme limits: December 12, 2025 16 / 46



Beyond temporal Tsirelson Bound (TTB)

The maximum allowed violation of 3-term LGI under standard unitary evolution:

Kmax
3 = 1.5

But can quantum mechanics exceed this? Yes— under unconventional scenarios!

A R Usha Devi (Bangalore University) Pushing non-macrorealism to its extreme limits: December 12, 2025 17 / 46



Algebraic Maximum

The absolute upper limit of the LGI parameter K3 without any physical constraints:

Kmax
3 = 3

Traditional quantum evolution reaches only 1.5. Can we get closer to 3?
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Pushing K3 Beyond TTB in a two-level system

Classical Limit

K3 ≤ 1 Macrorealism

Standard Quantum Limit

K3 ≤ 1.5 Temporal Tsirelsen Bound

New Frontier: Non-unitary evolution and superposed unitaries can exceed TTB in a
two-level system, approaching the algebraic maximum Kmax

3 = 3
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Two Different Scenarios Explored

(i) PT-Symmetric Non-Hermitian Dynamics
Parity-Time symmetric Hamiltonian evolution (Existence of exceptional point)

(ii) Superposition of Unitaries
Coherent superposition of different unitary operations (Time recorded by a melting clock)
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Part I:
PT-Symmetric Non-Hermitian Dynamics
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Parity-Time (PT) Symmetric Quantum Dynamics

Replace Hermiticity Requirement: H = H†

With the parity-time (PT) symmetry condition: H = HPT

A non-Hermitian Hamiltonian has real eigenvalues if and only if it is PT symmetric
i.e., if it commutes with the combined PT operation

PT symmetric Hamiltonian shares common eigenvectors with PT operation up to an
exceptional point or the PT symmetry breaking point
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What is PT Symmetry?

P (Parity): Spatial coordinate reversal (x → −x)

T (Time): Time reversal (t → −t)

A Hamiltonian is PT-symmetric if: [H,PT ] = 0

Not necessarily Hermitian!
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Non-Hermitian Hamiltonians

Traditionally, Hermiticity ensures real eigenvalues and conservation of probability.
PT-symmetric Hamiltonians can violate Hermiticity while maintaining real spectra!

Real eigenvalues in unbroken PT-symmetric phase

Complex eigenvalues at exceptional points

Enable exotic quantum phenomena
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PT Symmetric Dynamics of a Two-Level System

PT symmetric Hamiltonian:

H = s

(
i sinα 1
1 −i sinα

)
s, α ∈ R, s ̸= 0

The non-Hermitian Hamiltonian commutes with the PT operator:

P → σx , T : i → −i
⇒ [H,PT ] = 0

Though the Hamiltonian is non-Hermitian for α ̸= 0, it possesses real eigenvalues (by
virtue of PT symmetry):

E± = ±s cosα

Non-Hermitian but real spectrum!
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Qubit Undergoing PT Symmetric Dynamics

Density matrix evolution:

ρ(0)
Uα(t)−−−→ ρ(t;α) = Uα(t)ρ(0)U

†
α(t)

Tr[Uα(t)ρ(0)U
†
α(t)]

Two-time correlations of the observable Q = σy :
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Temporal correlations under PT symmetric dynamics

Non-unitary time evolution generated by the PT symmetric Hamiltonian:

Uα(t) = e−itH = 1
cosα

(
cos(t ′ − α) −i sin t ′

−i sin t ′ cos(t ′ + α)

)
where t ′ = ∆E

2 t and ∆E = E+ − E− = 2s cosα Temporal correlations:

⟨Q(ti )Q(tj)⟩ =
∑

qi ,qj
qiqj · p(qj , tj |qi , ti ;α)

p(qj , tj |qi , ti ;α) =
Tr

[
Uα(tj−ti )ρqi (ti ;α)U

†
α(tj−ti )Πqj

]
p(qi ,ti ;α)
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Beyond TTB violation of 3-term LGI under PT symmetric
evolution

H. S. Karthik, H. Akshata Shenoy, and A. R. Usha Devi, Leggett-Garg inequalities and
temporal correlations for a qubit under PT -symmetric dynamics, Phys. Rev. A 103,
032420 (2021)
A. V. Varma, I. Mohanty, and S. Das, Temporal correlation beyond quantum bounds in
non-Hermitian PT-symmetric dynamics of a two level system, J. Phys. A 54, 115301
(2021).
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Strange combination of joint probabilities
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PT symmetry goes quantum

Stefan Rotter, May 30, 2018, Physics 11, 54

A proposed microwave circuit would allow exploration of the quantum side of parity-time
symmetry, which, in classical devices, gives rise to effects like one-way or stopped light
(Phys. Rev. A 97, 053846 (2018)).
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Experimental PT Implementation

Photonic systems with gain and loss (L. Xiao, K. Wang, X. Zhan, Z. Bian, K.
Kawabata, M. Ueda, W. Yi, , and P. Xue, Phys. Rev. Lett. 123, 190401 (2019) )

Trapped ion systems (L. Ding et al. Experimental determination of PT-symmetric
exceptional points in a single trapped ion. Phys. Rev. Lett. 126, 083604 (2021))

Nitrogen vacancy centers in diamond (Y. Wu et al. Observation of parity-time
symmetry breaking in a single-spin system. Science 364, 878–880 (2019))

Superconducting circuits (M. Naghiloo, M. Abbasi, Y. N. Joglekar, & K. W. Murch,
Quantum state tomography across the exceptional point in a single dissipative qubit. Nat.
Phys.15, 1232–1236 (2019))

Cavity QED with engineered dissipation (F. Quijandŕıa, U. Naether, S. K. Ozdemir, F.
Nori, & D. Zueco, PT-symmetric circuit QED. Phys. Rev. A 97, 053846 (2018))
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PT symmetric dynamics of a trapped ion

Phys. Rev. Res. 7, 013058 (2025)
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Part II:
Superposition of Unitaries
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Extending Superposition to Dynamics

If superposition of states leads to non-classical behavior, what about superposition of unitary
operations?

System evolves under:

U = αU0 + βU1
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How to Realize It?

Introduce an ancillary qubit in superposition to conditionally apply different unitaries.

|+⟩a

|ψ⟩s U0 U1

ancilla

system
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Realizing Superposition of Unitaries

Initial state:

|Ψ0⟩ = |+⟩a ⊗ |ψ⟩s =
1√
2

(
|0⟩a + |1⟩a

)
⊗ |ψ⟩s

Evolution: U = |0⟩⟨0| ⊗ U0 + |1⟩⟨1| ⊗ U1

|Ψ1⟩ =
1√
2

(
|0⟩a ⊗ U0|ψ⟩s + |1⟩a ⊗ U1|ψ⟩s

)
Projecting the ancilla back onto |+⟩a (and discarding its outcome) yields the effective system
evolution

|ψ⟩s −→ 1√
2

(
U1 + U2

)
|ψ⟩s .
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Superposition of rotating frames of reference

Consider superposition of two rotating frames of reference:

Rotation by angle θ about axis n1

SUPERPOSED WITH

Rotation by angle φ about axis n2

Physical Insight:
By coherently combining different dynamical paths, the system explores an enlarged space of
temporal correlations that ordinary evolution cannot reach.
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NMR experiment

3 qubits: Three spin-1/2 nuclei of 13C-dibromofluoromethane (DBFM) molecule. System
S: 13C, Ancilla A: 19F, Measurement M: 1H.

Figure: (a) The molecular structure of DBFM (b) Quantum circuit for determining Cij (c-f)
Experimentally measured values of K3 vs theoretical curves (solid curves) for different values of α and ϕ.

A R Usha Devi (Bangalore University) Pushing non-macrorealism to its extreme limits: December 12, 2025 40 / 46



Artistic Intuition: Daĺı’s Melting Clocks

Salvador Daĺı’s “The Persistence of Memory” (1931):

Soft, melting clocks draped across an surreal landscape...
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Classical Time (Rigid Clocks):

Time flows uniformly in a single absolute frame

Events happen in a definite sequence: t1 < t2 < t3

Each clock measures time the same way

Properties of events are fixed before measurement (Macrorealism)

Quantum Time recorded from superposed ”clocks” (Melting Clocks):

Time becomes fluid

Events exist in superposed temporal order
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From Rigid Clocks to Melting Time

The Analogy:

Rigid Clock:

One temporal frame ↔ One unitary U

A single way to measure time, a single way to describe evolution

|ψrigid⟩ = U|ψ⟩, K3 ≤ 1.5

Melting Clocks (Quantum):

Superposed temporal frames ↔ Superposed unitaries (U0 + U1)

Time itself becomes a superposition—events “blur” between different temporal orderings

|ψmelting⟩ =
1√
2
(U0 + U1)|ψ⟩, K3 > 1.5

The “melting” happens when two different reference frames simultaneously influence the
measurement outcome, creating interference between temporal descriptions.
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Art Meets Physics: Daĺı’s Insight

“Time is not rigid. Time is not universal. Time can melt.”

In Quantum Mechanics:

Standard evolution treats time rigidly (unitary U)

Non-unitary evolution (PT systems) allows temporal fluidity

Superposed frames create interference in time itself

LGI violations are signatures of this melting

The algebraic maximum K3 = 3 represents the complete melting of temporal
boundaries—a state where time has become maximally fluid and deformable.
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Thanks for your kind attention
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