Lectures plan

* Lecture 1 - Measurement induced collective phenomena
- A quantum information perspective on the non-local effect of measurements.

- Impact of measurements on quantum critical states.

* Lecture 2 - Observing post-measurement states without post-selection

* Lecture 3 - Decoherence induced transitions and mixed state topological order

- A new perspective on error thresholds in topological codes.
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* Quantum Collapse can destroy quantum correlations:
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How much can Eve learn about Alice’s state from her measurements?

This is quantified by the classical mutual information between Alice and Eve
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Do all the different information measures undergo the same transition?
How do they translate to the effective statistical mechanics description ?
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* Need to compute time evolution of a replicated density matrix
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Haar average projects the local replicated Hilbert space to n!
states corresponding to the possible pairings of ket (forward

propagating) and bra (backward propagating) copies.
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« The real time path integral is mapped to the partition function of a classical

“spin” model. The boundary condition set by the object we calculated
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Non-local effects from measuring entangled ground states

1. Given a quantum state, ' ‘ ‘ ]
measure a subset of the qubits. W) = ’ F

k]

Ground state

2. Evaluate the correlations in the resulting state

between unmeasured spins. !

Note: There is no dynamics!
(0| Z(2) 2 (a)| W) =

|
|

Garratt, Weinstein, EA, arXiv:2207.09476
Weinstein, Sajith, EA, Garratt, arXiv:2301.08268
Yang, Mao, Jian, arXiv230108255

Murciano et. al. arXiv:230204325

Sun, Yao and Jian arXiv:230111337
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How to characterize the post-measurement state?
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outcome o,,

Can we average the outcome o,,, over runs ?
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Example: critical transverse field Ising model

Correlations on the t=0 slice of the

Ground state correlations in the
d+1 dimensional classical Ising model

d-dimensional quantum Ising model
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Post measurement state B —— Freeze the measured spins on the t=0 surface.
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Post measurement correlations mapped to surface
criticality with a new kind of disorder on the surface
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How partial measurement of Z; (order parameter)
impacts the post measurement connected correlation?

Cm(r) — <Z7"Z0>m = <Zr>m<ZO>m

Simple to solve for the 3 dimensional
transverse-field Ising mode — Gaussian fixed point
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The post-selection problem
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To probe (X) = (¥m |X|thm ) need to obtain the same state [,,,) many times.
But the probability for this is vanishingly small: p,, ~ 27

Averaging observables over measurements = dephasing

) ® 121«& f}?f a»qd‘@t & i
Measure Z; Ym) ® CD ?Cb & CD %Cb
Measure probe observable X: @ (D .@.(b & CD _g,cb

outcome x,,

T = Pl R) = tr | X | i

Repeat

p=Y PupPn  Alocal quantum channel. cannot have non-local effect!

Need non-linear averages: Y.,,, b, ((X?),, — (X),,?) but these are unobservable!



How to ubserve unobservables?

Nonlinear in p,, unobservable (X)2 = ZPm<¢m’X|¢m>2

Alternative linear quantity: Wy Ly = Z PmWm @Dm ’X’¢m>

The weight w,, utilizes knowledge of the measurement outcomes.

a natural choice for w,, is an estimate of the conditional o
expectation value obtained by a classical computation W = <¢m |X |¢m>

Observe measurement induced phenomena through the "quantum classical correlation”:

Cross correlation between model and experiment C T = g P (X

Compare to the fully theoretical result: (X)C(X)C
m m

A new paradigm for comparing experiment to theory

Traditional experiments Post-measurements experiments

Cannot determine conditional expectation values

—— Theory
® Cross-correlation

—— Theory
® Experiment

Quantum-Classical

Expectation value

Classical-Classical

Tuning parameter Tuning parameter

Problem: In this paradigm, the experimental result is sensitive to our theory (classical model).
Can we learn about theory independent quantities?
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Bounding the true entanglement entropy

Upper bound:
S9C — 8, = — (tr [pm log pC] — tr [om 1og pm])
= D (pmlpy,) >0
S9° > 9, J

Using the monotonicity of D (i.e. D4 < Dp )
we can get also a lower bound:

S3° > 84> 537 - S35




E.[S]

Example: Using MPS as the classical model for pg,

0.0 T T
0.00 0.08 0.16 0.24 0.32

Entanglement estimator vs L at the critical point:

1.0 4

o
o

Xa//\IET [S,QC]

0.4 4

>

Requires only polynomial resources with system size:

2
X—l/)\L

3 4

* Truncate y

Truncate y

-4: Truncate bond

dimension y

Xx ™ L ()‘
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