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Measurements as a part of quantum dynamics

Quantum Zeno effect

Ref: phys.org

Quantum teleportation/swapping:



Measurements as a part of quantum dynamics

Information flow
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Measurement-induced phenomena
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measurement-induced transitions

Teleportation transitions

Bao, Block & Altman ’24
Skinner, Ruhman & Nahum ’19
Li, Chen, Fisher ’19 A B
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Projected ensembles, deep thermalization

Measurement-altered criticality

Garratt, Weinstein & Altman ’23, Murciano, Sala, Liu,
Mong, Alicea 23 + many others Ho, Choi ’22, Ippoliti, Ho ’23, ...



Measurement-altered criticality

Measurements Conspire Nonlocally to Restructure Critical Quantum States

Samuel J. Garratt ,1 Zack Weinstein ,1 and Ehud Altman®'?
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Critical chain
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Entanglement in a one-dimensional critical state after
measurements
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Measurement-induced/Localizable entanglement

MIE(4) = 3 pra S (4)

Lin, Ye, Zou, Sang and Hsieh ’23.

» Entanglement induced by measuring some regions. Also known as “localizable
y - L )
entanglement if Opt]m]zed over basis Popp, Verstraete, Martin-Delgado, Cirac '04,
Verstraete, Popp, Cirac '04,

» Related to teleportation, MBQC, sign problems, strange correlators, projected
ensembles ...

e Can also be thought of as CMI of system + measurement channel with register
Zhang & Gopalakrishnan ‘24




MIE in gapped phases

 For 1d positive states, decays exponentially Hastings ‘15

e For SPT states (say cluster state): long-range MIE = log D

In symmetric basis
Else, Schwarz, Bartlett & Doherty ‘12
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MIE in quantum critical states: nhumerics

102

B

MIE(4) = 3 pmSen(A)

MIEg(A,mg) = Sm, (4)

New exponents
for Ising model??

Universality?

Lin, Ye, Zou, Sang and Hsieh ’23.

Found evidence of long-range, conformally invariant MIE in CFTs. New exponents?



MIE in Luttinger liquids: setup

PR
c W‘w Wz W

MIE(4) = 3 pmSim(A)

_ 9 2
L= A7 (Oup) MIEr(A, mg) = Semg (A)

P~ pt2m

e Measuring charge

A(z) ~ ng + 5=0. + Acos(p(z) + 2mnez) + . ..



Overview

— k+1
1 9 Zy= Pm
e Replica trick | §,, = ——lim —(F4 — Fp) m
n —1k—00k N
ZA = me(trpm A)
m
e Path integral representation + conformal map
Cardy & Calabrese '04 Rajabpour et al ’15, ’16
C(1)
\

B
B =27
e Quantum + classical decomposition ® =@+ 6p V2€0c1 =0
‘ Pl |a = m(x)

e Sum over topological sectors/relative windings + measurement outcomes

Related to: Fradkin Moore 06 Oshikawa ’10, Zaletel, Bardarson, Moore ’11, Zhou, Chen, Faulkner,
Fradkin ’16 & related works by Stéphan, Misguish & Pasquier 11, 14



Replica trick

Randomness from measurement outcomes: S, = log trp)f

n . 6 n
logtrpy = lllﬂ%%(tfﬂfx)k

Very similar to formalism used for random circuits/tensor networks, measurement-
induced phase transitions:

L im 2 (Fy - )

Sn = o mon

RV, A.C. Potter, Y-Z. You and A.W.W. Ludwig ’19
Zhou & Nahum 19

C-M. Jiang, RV, Y-Z. You and A.W.W. Ludwig '20
Bao, Choi & Altman ‘20

Need to compute (and analytically continue) the partition functions:

Zy= ) (p )™ Zy =) pltpl
m m



* Path integral representation
tr pm = Zm = [ D]ple ¥I6(p(z, 7 = 0) — m(z))
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tr Pm. A
ket copiesofthis I P ooeuremont outeome m
— k+1 . n k
ZO — E (tr pm)n ZA — me(tr pm’A)
m m

Following cardy & calabrese 04



Conformal ma
Myt P

q, = e_”ﬂ/(h/n) = 6_27[2”/}1(5) . _ sin(mz12/L) sin(mx34/L)
" Cross ratio: ¢= sin(wzy3/L) sin(mza4/L)

Note: Expect conformal invariance of final answer. Some specific measurement
outcomes are known to be “problematic”, as they break conformal invariance...




Forced case

. 1 A
MIE{™ (4) = —— log 22:M=

]. - n D,Ml
2.5 A
2.0 A

e Force outcomes onto Dirichlet BC

L

e Cylinder partition functions known = !5;

exactly for compact free boson

1.0 1

» Previous works missed (?) the conformal

invariance of this quantity. Only reported,;.

asymptotic limits

0.0 A1

Rajabpour et al ’15, 16, Antonini, Bentsen,
Cao, Harper, Jian Swingle ’22, ...

XXZ model: H = Z 0f0%, +olo?,

n 3.0 A1

——— Theory (n=0.5)
® n=0.5,1L=120
4 n=0.5,L=160

n=0.5, L=200

- Theory (n=1.0)
m n=1.0,L=120

n=1.0, L=160
n=1.0, L=200
—— Theory (n=3.0)
n=3.0, L=120
n=3.0, L=160
n=3.0, L=200
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Ae(-1,1)




MIE: classical + quantum fluctuations
P |a = m(x)

) e Need to deal with (random) measurement
@ @ outcome

e Absorb measurements in classical solution:

V2¢C1 — O

= gy + 0
@ Pcl @ P |a — m(x)

e Using the quadratic nature of the action,
we loosely have:

7 = e Slodl Zy

m

p N\
& W
e BUT: we have to sum over topological

sectors (compact field)

el ™




Winding contribution

k
Need to evaluate a sum over winding sectors: Wy := Z exp [— ZSC(n) [@ffi)]]
=1

BELH ' /

Action of classical solution satisfying {m} at boundaries

Borrow “trick” from Fradkin & Moore (in context of 2+1d QC points):

Entanglement entropy of 2D conformal quantum critical points:
hearing the shape of a quantum drum

Eduardo Fradkin! and Joel E. Moore? 3

Subtlety related to compactification: Oshikawa ’10, Zaletel, Bardarson, Moore ’11, Zhou, Chen,
Faulkner, Fradkin ’16 & related works by Stéphan, Misguish & Pasquier 11, ’14

Use relative coordinates that do not see measurements (¢, — ¢,.)/\/§

... and “center of mass”, which can be simplified using ZZm =7

( - )
/Q oo 952 g(w—|—6—90)2 k
—o0 weEZ
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Final result and asymptotics

e Closed form analytic answer!

e Natural BCFT interpretation in terms of Born
averaging over Dirichlet boundary conditions

e Small cross-ratio dominated by winding contribution:

%)

______
- -~

@1
¢ g/2
¢ n> i, (29 n>1,
MIE™(A4) ~ ¢ g}(ég(l/ < 1 MIE®™ ~ {(2log¢ n=1
¢—0 C n=s, F ¢—0 ) n=4
\<2gn(1—n) 0<n< %, \CQHQ n <1,

e Logarithms everywhere, makes extracting exponents numerically tricky...

» Different universality for the “real MIE”. Qualitatively very different, larger
that pre-existing mutual information only for “real” measurements!

Calabrese, Cardy & Tonni ‘09



Numerics

(a) _ (b) (c)
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Note: even the case of entanglement of two disjoint intervals in the free boson

CFT doesn’t have a closed form solution for any cross ratio! cajabrese, cardy & Tonni ‘09

K. Khanna & RV, PRL ‘26



Full distribution of MIE

A=0.0
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e Can access higher cumulants by computing: Zatky.kz) = (trp? ) tr o

e Broad distribution distribution at small cross ratio.
Peak at log 2 (maximum “quantum wire” behavior)

K. Khanna & RV, 2512.13809



Full distribution of MIE

b.

40

S Numerics

A(Sm)
|
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« Can access higher cumulants by computing: Zatky.k;) = (trp? Yo trpg:

e Broad distribution distribution at small cross ratio.
Peak at log 2 (maximum “quantum wire” behavior)

K. Khanna & RV, 2512.13809



Measurement altered criticality

Measurement-altered criticality U, g [ ..
Garratt, Weinstein & Altman ’23, Murciano, Sala, Liu, fJ\ fJ\ /l\ fl\ KJ\
Mong, Alicea ’23 + many others Y \|J \[/
; = = = %

e New interesting critical phenomena from weakly monitoring ground states

» Very scarce analytical results, with notable exception of Patil, Ludwig *24
(found monitored fixed points perturbatively close to clean limit)

. . . : L
Exact analytical results for monitored Luttinger liquids! Same setup as:

Garratt, Weinstein & Altman ’23,

Sara Murciano
(CNRS)

Kabir Khanna
(Geneva)




“Strong-measurement” altered criticality

% %

¢® K=~0.34

(( 3
[ ¢ Forced * K ~0.25 “& ]
 m Born-rule % 3
— ox100 ' 1(|)1 I 107
— s s T
d(r)=zsin(T)

1078

e K ~0.25

TT -
d(r) /2K Bl
_ \/ log d(r) e
— o100 ' ' 10! X107
d(r) =Lsin (£)

work in progress with Sara Murciano & Kabir Khanna



Born averaging over conformal boundary conditions

e Analytic solution but technique specific to compact free boson. @

e ... BUT, the final answer has a very appealing BCFT-friendly form:

27
2 MIE(™ = / P(6,)MIELY (5,,)
0

/

Forced MIE with uniform outcomes ¢?1 and 9>
5g0 — ¢2 - qﬂl

______ e Suggests that (almost) all measurement outcomes flow
o T to “nice” uniform Dirichlet boundary conditions




Conclusion

e Exact replica trick calculation of MIE for Luttinger liquids (aka compact
boson CFT)

® Promising angle to deal with measurements in CFT and field theory?

® |sing CFT? Other observables? Measurements = average over boundary
conditions? BCFT interpretation? ongoing work(s) with A. Kumar, S. Murciano, A. Ludwig, R. Patil

e Measurement altered criticality =~ ongoing work with S. Murciano
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