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⑦EntanglementTransitiona

&Measurementinduced phase transitions (MiPTh

Chaotic dynamics (entanglementgrowth) us local projective
measurements.
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Whatif we "throw away"the measurementoutcomes?

->decoherence. Open system
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Each summand:Kmgkat=quantum trajectory

T(kmgkmt) =Pm Bonn probabilit



linequantity:X0], avenage over measurement outcomes:

x5T =2 x =Te(e,0)
4)sun

over quantum trajectories

·
Atlong times:combinedaction of random Ham unities
Imeasurements drive oftoward a featureless/infinite state

3
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T
=Ie# lunital channel

t Iknknt=I
=>linean observables in!

·

Whataboutnon-linem observables?

Nonlinean quantity:

ToT =x4)", can'tto expressed

<4145 in terms of eq
Claim:Interesting phase structure, transitions, inquantum

trajectories [Pm, 144} invisible in E!
I

Post-selection issue:Measuring " requires preparing

the state /4m) many times:requires postselecting over

exp(2pLt) measurements!!!
↳ more on this later:see Sarang + Eual's lectures



Entementtransition:
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Entanglemententropy:S =Sn = - log
=-3CA

Alternatively:Sn=expectation value of a

permutation operation on n-folded replicated space:
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&Purification andleanability transitions

·
Startwith initial state

totoit.

Mesurements will punity state:S =- teflogeFr
Im poly():S1, M I
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↓
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11111111
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· Order parameter (Gullans-Husel
Sancilla Sen Ehrals

II.... M lectures
Monitored log?
circuit-

II.-- I i
scambling ancilla

>
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· Lemnability perspective:See Sarang's lectures

Bob
↑

system
Er Measurementoutcomes

dis

↑
Alice

· Mixed/Entangled phase:Emb random, contain no info!

Dynamics shambles information, notaccessible to local

measurements

·
Pure phase:Measurements effectively extract info from system



③Random tenson networks (RTN)

physical degrees of freedom
I
X xxxxxx Similar to random circuits, butno-

I· unitarity.V =Trxy) =Random
w

·by -Random MPP
I matrixproduct

=1, ..., D bond dimension operation

LookatSCT-0) vs B D can be made continuous:

complexity, transition
[4Ball

-

Area law Dc Volume law
↳

..eS-Cst SAN A
A

"Easy" "Hand 1-

· Very similar to MiPT. Key difference:no Barn

probability

#Statistical mechanicsmapping for RTN
-> Whatdo we know?:

· ExactMapping onto (replical 2D Stat. Mech. Model

· Qualitative picture:

All Renyi
SA =DF (insatDN Entropies have the

Same Da



- -

!Da ⑪* AFLAFM phase
PM phase =DW

condensate
BFx cst

·
Critical point =CFTin 2d with c=o non unitary
can write down a Lagrangian etc. 3 field theory

· Conformal invariance attransition:E
. SAlog Laatciticality,
SA-log <434Bx) in CFT

Conformal invariance:(seen numerically for Clifford t I
Measurements

"DrFAB=SATSB-SA=f(y)
↓B

y
=

xxx Xij. =sin((xi - xj1)

MorontoStat. Much model

·
Focus on RTN for simplicity. (Measurementtransition
similar butmodel more involved)

↳ nextsection



G:Square lattice onas inside a Random toa

lowen half plane.

Network (RTN) defined on G.

· -physical degrees
->

Id boundary system
of freedom (definedon 16

n

Compute: SavageoverW Normalizae

=n. In Em[(tea" -grm]
Replica approach!ItAlteratein

We have:

intr(FA- F), uF=- logtZA=z =1

as m +0

A Replica limit can be problematic
f(n) =S 6(n) =0 fa nEIN*

enr 6(n-0) =1!



Let'snow compute to exa a =nm

Signore foundary for now)
-

and Gaussian moments

... !*ToSir Sgr8DX...
(T1)* - CT3* T2I
end &

3Now g*R: · ·F: pso

are ---s

g,ES &ze SaP

Wick's
Match T"wita (Tis*indifferent replicas. (theorem!I

-x =2w(4g,9) tweight invariantunder

dg? LIR multiplication by hESQ
breondering identical factors in exa

=>Sax Sa symmetry.(X22:g +g)
=>Factor into productof painwise weights

w =π < (g, zj) C class function
(i,j x(

-

g2) =((z)
Weight: Given interms of

Cycle counting function X(g)=# cycles
in
g.



Choice of painingon
site choice

↳try X
of paining on site 2

"Eua Weight =D
#loops

23 #loops -X (g,821~
=DY Lea

R =S g,
=(X)

8
=xl

sy ge ==Es
yclesR =4

↑
physical link -contraction

sality,DX88;)(band dimension

X =# cycles
-

lassicalstatmuch model



IAand to differ by their boundary conditions on A:
A E

ZA
Zo A

8 8
.

·- ↑

"aggy. , 2*
· ="spin"fixed to g1=1)--) (identity: enfora
·="spin"fixed to &swap- X... X:ment
n =Renyiindex -mplicas (tefa")
m =Replica index

x(gi)
9;
-:Gounday link =d

⑧- ·
=dX(8sw gil 3 G
d =dimension of the physical Hilbert space

scalpicture:
Lange D:Stat much model is andered:FM

IFa LA :Volume law

phase



D +8 (lowT Gothe stat. mech. Model).

We wantto maximize X(g,(j) =yi =g.(FM)interaction

ZAandto are dominated by a single configuration

Zo ZA
A

⑧ 8. 8.
↑

·-
--↑ · ↑

borage
8=identity everywhere

links a
X (81) boundary)

z=DX(y=)(#
((k)

miks
L

(A(X (8swAr) - X(g=1)
Zx =Zod

(A(m - nm)
= Zod

=>FA - F =IF =

- lost =n(n - 1) (Alogt

=(logal)LAunderentangled!



In general, LA:minimal number of bonds thathave to be

cut (to minimize the
energy

costof the domain wall in ZA)

. S =minimal aut

=Ryo-Takayanagi
Formula

· Atsmall B: PM phase, DW condensate.

She constant:area law

· Entanglement transition =ondering transition in stat much
model

↳ same for measurementtransition!

·
Atniticality:10 2FT in 2d(z =1)

LE =1

Za/z =P!! general scalingtheory.
~ lightatnitiality

·BigQuestion:Universality class/Critical expanent

>hand! c =0 (logarithmic CFT IZ =1 riviczI
non trivial commulations



# Statistical mechanics model for MiPTS

· Reatrick:logx= *

Si=Nino Ecinir,EssexSteelthat]
integens

=link (ZA- zo =an (Fa-5
⑦ Q

F=
- logz

=>Need to
average:f ,9

=nk +

1
Donn

(9-1 vs qtofaRTN) proba
K-3

I im ExtreOther nonlinean observables:10 =h= K-0

Q=K+copies

with top boundary e
5W ⑧ dentity

contraction:

(Fig from Bao et all

en
⑦K times in in A

region A
1Different "boundary conditions (top layer) in Zn, Zo

·Justlike in the RTA Problem)



· Imarage (see problem sat

*-
permutations (Schrn-Ways"(

dr_lity

-> degrees of freedom:gESQ, permutations
"Spins"(Companc RTN:non trivial Weingarten)functions

Contract w* with *** with permutation :
X (y,'g.)I Wy(g,82)D =Sg,: =

(ex)-1"
g,eSa

D =d

· thingunitaries:
- ~

I ⑲
measurement

if no measurement:
X (g,ge)

Tr[Xg,g,] =dYobcycksQ=2: ⑧ =d2G =d



if measumentsall replicas are forced to agree weight
d

=
d

=>Stamodel:

/games
9;

pd +(1-p)dX(,yj--:85
a) a)+x

"itn(-Fo g;eSq
9 =nk +1
-> I

=>boundary conditions inA

-> Explains mostqualitative features of transition, entanglement
Spontaneous

Scaling etc. Volume law phase:"Symmetry breaking
"

Sax Sq 8:-y9;8R

-> Replica limittricky in general (K-0,q-1)

exceptd +x



W
! ->
X

↳atHilbert space
diminit:deo

d
(8) -d*Sg,, asd -e

kg (g,9j) S2i,gj (up
to defects)

attesal is ((-p) reite
(For the measurementtransition R =nm+1 -I instead of ol

Enlargedsymmetry:Sq (permutation of all gisl

· This is aQ!-Potts model. Q! - I conesponds to

percolation(c=0CFT)

Expand product:Fortuin-Kasteleyn clusters (FA)

-=(1 - p)8g;,8j I: ①! per cluster
I .

=

P 9; all spins the same

↓.- I

*links(!)
#clusters

I z =n,-
·-----

of SaCSa!
↓Iinmeine

Exact results:1 =4/y, etc...



Iconnections?Hand! Sa!SpX Sq
2 =2[k] +2((ab)4e :Relevant!

Potts a,esaT
class function

IR fixed
point?

Grossover:G(d) -al" A =Pc

Far 23, min-cut applies: SoI logd loght
↳See problem sett

Free Enugy. 2 =Pm* ↳
average over

circuits implicit

Conformal invariance:
up

to anisotropy factor
X ignoredhere

atp =PcE = -logZ8 =FaaL - at .... Critical point
"Free Energy" =

dFa = - ↳ Pmlog Pr Entropy of
-

-F measurement
Rexond

F =FL - e6+..., Legg =c(a =1)

Effective central change
Staminology from disordmed systems)


