
Taming'Quantum'Entanglement

• Classical'system:'Entropy'always'increases'(2nd law'of'thermo)
• Isolated'Quantum'system:'Entanglement'entropy'(='thermal'entropy)'
• Entanglement'entropy'always'grows

“Disorder)always)reigns”

MPA'Fisher

Simons'– Ultra'Quantrum'Matter'Conf
Boston''9/13/19

How'to'control'(entanglement)'entropy'growth?

1. “ManyPbody'localization” ! Localization'from'disorder'

2. “Quantum'disentangled'states” ! Heavy'particles'“localizing”'light'particles

3. Measurement+driven+entanglement+transition



Entropy:)Thermal)“versus”)entanglement)

Thermal(entropy:

A

B

L

L

Number)of)states,
extensive)for)T>0

Entanglement(Entropy:)Single)eigenstate)

⇢̂A = TrB(⇢̂)
⇢̂ = | ih |

Entanglement)entropy:

SA(L) = �TrA(⇢̂A ln ⇢̂A)

Ĥ| i = E| i
| i

kBT
Sth = �Tr[⇢̂th ln ⇢̂th] ⇠ Ld

SA/Ld = Sth/Ld; L!1

Thermal)entropy)is)state)counting,)entanglement)entropy)
depends)on)the)properties)of)the)states!

ETH:)Equivalence)of)Thermal)and)entanglement)entropies



Entanglement)Dynamics)(i.e.)Growth)

1))Quantum)Quench

2))Unitary)Dynamics)with)no)energy)conservation

Entanglement)spreads)ballistically,
even)though)energy)diffuses

Kim)+)Huse (2013)

Evolve)unentangled)initial)state)w/)Hamiltonian

Nahum,)Ruhman,)Vijay,)Haah)(2017)

Quantum)circuit:)evolve)Qubits)w/)(random))unitary)gates
Initial)state:)unentangled)product)state
Entanglement)spreads)ballistically,)into)maximal)entropy)state

HalfPcut)entanglement)entropy



How$to$control$(entanglement)$entropy$growth?

Via$Measurements

Measurement$driven$entanglement$transition



Taming'entanglement'w/'measurements

“Hybrid'Quantum'Circuit”'w/'both'unitary'and'measurement'gates'

• Unitary'evolution'induces'entanglement'growth
• Measurements'induce'disentanglement'

Explore.competition.between.
unitary.evolution.and.measurements

• Li,'Chen,'MPAF'(2018/2019)
• Skinner,'Ruhman,'Nahum'(2018)'
• Chan,'Nandkishore,'Pretko,'Smith'(2018)
• Choi,'Bao,'Qi,'Altman'(2019)
• Gullans,'Huse (2019)'

Yaodong Li Xiao'Chen



“Hybrid”)Quantum)Circuit
Quantum)circuit)w/)unitary)gates)and)projective)measurements

2"Qubit(Unitaries:

1"Qubit(Measurements

Make(measurements(with(probability,(p

U

t

0

1
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3

4

5 random unitary

Z local-Z measurement

6

7

Phase)Diagram??
• p=0B))No)measurement,)Volume)law)entanglement
• p=1B))Measure)every)Qubit,)no)entanglement)(area)law)
• Transition)at)p=pc)??

??
Entangled)phase? Disentangled)phase?0 1 p



Numerics on+Hybrid+Circuits?

Direct+simulation+very+challenging+for+large+L
(since+the+Hilbert+space+grows+as+2L)

Employ+Quantum+information+“technology”:++

• “Stabilizers” to+encode+special+“codeword” quantum+states

• Evolve+stabilizers+with+Clifford3unitaries

• Measurements+of+ZJcomponent+of+spin

GottesmanJKnill+Theorem:+Such+quantum+circuits+can+be+efficiently+simulated
on+a+classical+computer+(accessing+>500+Qubits,+say)++

U

t

0

1

2

3

4

5 random unitary

Z local-Z measurement

6

7



Pauli&Strings,&Stabilizers&and&Codewords

Pauli&operators&for&a&single&Qubit

Pauli&String&Operators&for&L&Qubits:

Stabilizers&and&“codewords”:&

{1,�
x

,�
y

,�
z

} ! {1, X, Y, Z}

g = 11Y2X3I4X5...ZL

| i is&a&“codeword”&state&if&&“stabilized”&by&L&independent,&
commuting&Pauli&string&operators& gj | i = | i

Example&1:&& gj = Zj

Example&2: g1 = Z1Z2

g2 = X1X2

| i = 1p
2
(|00i+ |11i)

is&stabilized&by

is&stabilized&by

| i = |00, ...0i



Clifford(Unitaries/Dynamics
Clifford(unitaries(take(Pauli(string(operators
into(other(Pauli(string(operators Û ĝU† = ĝ0

Unitary(evolution(of(a(“codeword”(state:(follow(the(dynamics(of(the(L(stabilizers:

| 0i = U | iIf | i stabilized(by( stabilized(by(then( g0j = UgjU†gj



Measurements*and*Stabilizers

If*Zj anticommutes with*g1 and*commutes*with*g2,...,gL (say)*

the*stabilizers*are*modified*under*the*measurement*as:

±1
when*the*“result”*of*the*

measurement*is*

Consider*a*projective*measurement*of*a*codeword gj | i = | i

| i ! P±| i P± = (1± Zj)/2

{g1, g2, ..., gL} ! {±Zj , g2, ..., gL}

Measuring*ZHcomponent*of*jth qubit



Entanglement)and)Stabilizers

AB C
ab c

g = 1112X314Z5Y617Z819110
Stabilizer)length length=6

Entanglement)entropy)SA

na, nb, ncDenote)number)of)stabilizers)starting)in)A)and)ending)in)A,B,C)as

SA =

(nb+nc)
2 log(2)

Entanglement:



Clifford(Circuit:(Simulable
All(24Qubit(unitaries(taken(from(the(Clifford(group:

P± = 1
2 (1± Z)

| ti ! | t+1i = U | ti

All(single(Qubit(measurements(taken(from(Pauli(group

| i ! P±| ip
p±

Simulate(Clifford(quantum(circuits(on(classical(computer(
(accessing(>500(Qubits)((

Make(measurements(with(probability(p

(Comment:(For(Clifford(circuits,(all(Renyi entropies(are(equal)



Entanglement)Entropy
Long/time)steady/state)of)Clifford)circuit

Increasing)
measurement)rate

Area)law)
entanglement

Volume)law
entanglement

ln(LA)

ln(SA)



Entanglement)Transition

pc p>pcp<pc

Entangled)phase Disentangled)phase

0 1

LA

SA

SA(LA) ⇠

8
><

>:

apLA; p < pc
log(LA); p = pc
const; p > pc

apLA

log(LA)

const

p

Li,)Chen,)MPAF)(2018)



Mutual&Information:&Locates&transition
IAB = SA + SB � SAB

IAB(L ! 1) =

(
0; p 6= pc
const; p = pc



Data$Collapse:$$Mutual$Information

⌫ ⇡ 1.4



Log$Scaling$at$Criticality$(p=pc)
SA(LA) = ↵c log(LA)

<latexit sha1_base64="ASEbeKdJPFX0BeXP0dwzU0kIqPE=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNyXRhW6EFkFcuGjRPrAJYTKZtkMnkzAzEUroyo2/4saFIm79Bnf+gl/hNBXR1gMXDufcy733+DGjUlnWh5Gbm19YXMovF1ZW19Y3zM2tpowSgUkDRywSbR9JwignDUUVI+1YEBT6jLT8wdnYb90SIWnEr9UwJm6Iepx2KUZKS565e+VVS5de9QCeQgexuI88DB0W9TLRM4tW2coAf4g9TYoVq/55ftMKap757gQRTkLCFWZIyo5txcpNkVAUMzIqOIkkMcID1CMdTTkKiXTT7I0R3NdKALuR0MUVzNTfEykKpRyGvu4MkerLaW8s/ud1EtU9cVPK40QRjieLugmDKoLjTGBABcGKDTVBWFB9K8R9JBBWOrmCDmHm5VnSPCzbR2W7bhcrNTBBHuyAPVACNjgGFXABaqABMLgDD+AJPBv3xqPxYrxOWnPG98w2+APj7Quav5mu</latexit>

↵c ⇡ 1.6
<latexit sha1_base64="7NLyey/EnHJeDSps6SyHOME1gn0=">AAAB/XicbVDLSsNAFJ3UV62v+ti5GQyCCwmJgrosuHFZwT6gDeFmOmmHTpJhZiLWUgS/xI0LRdz6Hy4E/8BvcOW0FdHWAxcO59zLvfeEgjOlXffdys3Mzs0v5BcLS8srq2vF9Y2qSjNJaIWkPJX1EBTlLKEVzTSndSEpxCGntbB7OvRrl1QqliYXuieoH0M7YREjoI0UFLeawEUHAoKbIIRMr7DnHAVF23XcEfAP8SaJXbLfPm8/BvvloPjabKUki2miCQelGp4rtN8HqRnhdFBoZooKIF1o04ahCcRU+f3R9QO8a5QWjlJpKtF4pP6e6EOsVC8OTWcMuqMmvaH4n9fIdHTi91kiMk0TMl4UZRzrFA+jwC0mKdG8ZwgQycytmHRAAtEmsIIJYerlaVI9cLxDxzv37FIZjZFH22gH7SEPHaMSOkNlVEEEXaM79IAerRvr3nqynsetOet7ZhP9gfXyBfb0mLc=</latexit>



“Log”&Scaling&Collapse

⌫ ⇡ 1.4

SA(p, LA)� SA(pc, LA) = G̃(LA/⇠)

⇠ ⇠ |p� pc|�⌫

SA(p, LA) = A logLA +G(LA/⇠)



Conformal)Symmetry)at)criticality)(p=pc)

IAB = f(⌘)
<latexit sha1_base64="qho3EayC5XGnK5A1zc53wZ69sMQ=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAI8RJ29aAXISqI3hIwD0yWZXZ2Nhky+2CmV4hLvsSLB0W8+ine/AW/wkkiookFDUVVN91dXiK4Asv6MHILi0vLK/nVwtr6xmbR3NpuqjiVlDVoLGLZ9ohigkesARwEayeSkdATrOUNLsZ+645JxePoBoYJc0LSi3jAKQEtuWbx2s3OzkenOCh3GZAD1yxZFWsC/EPsWVKqWvXPy9uWX3PN964f0zRkEVBBlOrYVgJORiRwKtio0E0VSwgdkB7raBqRkCknmxw+wvta8XEQS10R4In6eyIjoVLD0NOdIYG+mvXG4n9eJ4XgxMl4lKTAIjpdFKQCQ4zHKWCfS0ZBDDUhVHJ9K6Z9IgkFnVVBhzD38jxpHlbso4pdt0vVGpoij3bRHiojGx2jKrpCNdRAFKXoAT2hZ+PeeDRejNdpa874ntlBf2C8fQEtn5Uj</latexit>

⌘ ⌘ x12x34

x13x24
<latexit sha1_base64="gVi2COFEpMfd82xOkVBU0BpsrPk=">AAACF3icbVDLTgIxFO3gC1F00KWbRmLiisyAiS5J3BhXmMgjYQjplDvQ0HnYdohkMn/hxl9xw0Jj3OrOT/AT3FnAGAVv0t5zz7k37T1uxJlUlvVuZFZW19Y3spu5re38zq5Z2GvIMBYU6jTkoWi5RAJnAdQVUxxakQDiuxya7vB8qjdHICQLg2s1jqDjk37APEaJ0lTXLDmgCHbgJmYj7HiC0OS2m9jlFOtUOUnTWVlJ9V3WVdcsWiVrFvgH2IugWL38yLuTwmeta745vZDGPgSKciJl27Yi1UmIUIxySHNOLCEidEj60NYwID7ITjLbK8VHmulhLxT6BArP2N8TCfGlHPuu7vSJGshFbUr+p7Vj5Z11EhZEsYKAzh/yYo5ViKcm4R4TQBUfa0CoYPqvmA6INkdpK3PahKWVl0GjXLIrJftKu1FD88iiA3SIjpGNTlEVXaAaqiOK7tADekRPxr0xMZ6Nl3lrxvie2Ud/wnj9Arkeo2Q=</latexit>

xij =
L
⇡ sin

�
⇡
L |xi � xj |

�
<latexit sha1_base64="Eyn+7G9x3Z0mtK7OiWfQ0RS9uqY="></latexit>

A = [x1, x2]
<latexit sha1_base64="jfPp2hebGJPrlz3Jd8y7xyiAPwo=">AAAB8nicbZDLSsNAFIZP6q3WW9Wlm2ARXEhJ6kI3QkUQly3YC6YhTCaTduhkJsxMpKX0Mdy4UMStT+POV/ApnLYi2vrDwMf/n8Occ8KUUaUd58PKLS2vrK7l1wsbm1vbO8XdvaYSmcSkgQUTsh0iRRjlpKGpZqSdSoKSkJFW2L+a5K17IhUV/FYPU+InqMtpTDHSxvIuL7xB4J4MgoofFEtO2ZnK/gF3HkpVp/55fdeKakHxvRMJnCWEa8yQUp7rpNofIakpZmRc6GSKpAj3UZd4BjlKiPJH05HH9pFxIjsW0jyu7an7u2OEEqWGSWgqE6R7aj6bmP9lXqbjc39EeZppwvHsozhjthb2ZH87opJgzYYGEJbUzGrjHpIIa3OlgjnCwsqL0KyU3dOyW3dL1RrMlIcDOIRjcOEMqnADNWgABgEP8ATPlrYerRfrdVaas7579uGPrLcvBDqTcA==</latexit>

B = [x3, x4]
<latexit sha1_base64="TOBdVfTyn0KEz489Yb8jh7Mx0ig=">AAAB8nicbZDLSsNAFIYnXmu9VV26GSyCCymJFXQjFAVx2YK9YBrCZDJph04yYeZEWkofw40LRdz6NO58BZ/CaSuirT8MfPz/Ocw5J0gF12DbH9bC4tLyympuLb++sbm1XdjZbWiZKcrqVAqpWgHRTPCE1YGDYK1UMRIHgjWD3tU4b94zpblMbmGQMi8mnYRHnBIwlnt54fb98nHfP/X8QtEu2RPhH3BmoVixa5/Xd82w6hfe26GkWcwSoIJo7Tp2Ct6QKOBUsFG+nWmWEtojHeYaTEjMtDecjDzCh8YJcSSVeQngifu7Y0hirQdxYCpjAl09m43N/zI3g+jcG/IkzYAldPpRlAkMEo/3xyFXjIIYGCBUcTMrpl2iCAVzpbw5wtzK89A4KTnlklNzipUqmiqH9tEBOkIOOkMVdIOqqI4okugBPaFnC6xH68V6nZYuWN89e+iPrLcvC+STdQ==</latexit>

*If*)have)underlying)conformal
field)theory,)then)mutual)information
depends)only)on)the)cross)ratio

IAB
<latexit sha1_base64="KT1xUwdTNnY3JrvyzBq3UIgOx5k=">AAAB7XicbVC7SgNBFL0bXzG+opY2g0GwkLCrhZZRG+0imAckS5idzCZjZmeWmVkhLNv4BTYWitj6PxaCf+A3WDlJRDR64MLhnHu5954g5kwb131zcjOzc/ML+cXC0vLK6lpxfaOuZaIIrRHJpWoGWFPOBK0ZZjhtxoriKOC0EQxOR37jmirNpLg0w5j6Ee4JFjKCjZXq5530+CTrFEtu2R0DfRNvmpQqpdePm/dsr9opvrS7kiQRFYZwrHXLc2Pjp1gZRjjNCu1E0xiTAe7RlqUCR1T76fjaDO1YpYtCqWwJg8bqz4kUR1oPo8B2Rtj09bQ3Ev/zWokJj/yUiTgxVJDJojDhyEg0eh11maLE8KElmChmb0WkjxUmxgZUsCH8efkvqe+XvYOyd2HTqMIEediCbdgFDw6hAmdQhRoQuIJbuIcHRzp3zqPzNGnNOV8zm/ALzvMn8KuTLQ==</latexit>

⌘
<latexit sha1_base64="TspY/o7GsLTW2WS0oylsuf1JrSM=">AAAB63icbVA9SwNBEN2LXzF+RS1tDoOgTbjTQsuAjWUE8wHJEfc2k2TJ7t6xOyeGI4WVnY2FIrb+Dv+Dnf/GvUREEx8MPN6bYWZeGAtu0PM+ndzC4tLySn61sLa+sblV3N6pmyjRDGosEpFuhtSA4ApqyFFAM9ZAZSigEQ7PM79xA9rwSF3hKIZA0r7iPc4oZlIbkHaKJa/sTeD+EH+WlCpH99fvwe1dtVP8aHcjlkhQyAQ1puV7MQYp1ciZgHGhnRiIKRvSPrQsVVSCCdLJrWP3wCpdtxdpWwrdifp7IqXSmJEMbaekODCzXib+57US7J0FKVdxgqDYdFEvES5Gbva42+UaGIqRJZRpbm912YBqytDGU7AhzL08T+rHZf+k7F/aNKpkijzZI/vkkPjklFTIBamSGmFkQB7IE3l2pPPovDiv09ac8z2zS/7AefsCnk+Rqw==</latexit>



Circuits(with((Translational)(Symmetry

Floquet8Clifford(Circuit

Circuit(with((quasi8)
periodic(measurement
locations

Floquet w/
periodic(measurements
(no(randomness)

All(exponents(the(same!!

CNOTL

local-Z measurement

t = 0

t = 1

t = 2

t = 3

t = 4

t = 5

x

CNOTR

P x H



Beyond'Clifford:'“Ising” Floquet Unitaries

With'generalized'measurements:
No'randomness

InAB = Sn
A + Sn

B � Sn
AB

<latexit sha1_base64="ITCe/o70COiKUaV1oAN7KAfxCRc=">AAACDHicbVDLSgMxFM3UR2t9VQU3boJVEMQyowvdCG3d1N2I9gHtWDJppg3NZIYkI5ShH+DGX3HjQhG3foA7/8JPMDMVUeuFcA/nnMvNPW7IqFSm+W5kZmbn5rO5hfzi0vLKamFtvSGDSGBSxwELRMtFkjDKSV1RxUgrFAT5LiNNd3iW6M0bIiQN+JUahcTxUZ9Tj2KkNNUtFM+veTeuVMfwFF5qWIH7aa/Cg7QnknaZJTMt+A2sv6BYNnfs2uZH1u4W3jq9AEc+4QozJGXbMkPlxEgoihkZ5zuRJCHCQ9QnbQ058ol04vSYMdzVTA96gdCPK5iyPydi5Es58l3t9JEayL9aQv6ntSPlnTgx5WGkCMeTRV7EoApgkgzsUUGwYiMNEBZU/xXiARIIK51fXocwdfI0aByWrKOSdaHTsMGkcmALbIM9YIFjUAY1YIM6wOAW3INH8GTcGQ/Gs/EysWaMr5kN8KuM10+UA5sM</latexit>

M± = 1±�Zp
2(1+�2)

<latexit sha1_base64="+cHRMZaXB5OJ04ls8GfDTP0ywTU="></latexit>

� 2 [0, 1]
<latexit sha1_base64="DlcAO8A3iAdiVyagmpDHkASfq2Q=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBhZREF7osCOKyBfvANJTJZNIOnUzCzEQpsZ/ixoUibv0Sd/6CX+G0FdHWAwOHc87l3jlBypnSjvNhFZaWV1bXiuuljc2t7R27vNtSSSYJbZKEJ7ITYEU5E7Spmea0k0qK44DTdjC8mPjtWyoVS8S1HqXUj3FfsIgRrI3Us8tdbsIhRl0mkOccu37PrjhVZwr0Q9x5Uqk5jc/Lm3ZY79nv3TAhWUyFJhwr5blOqv0cS80Ip+NSN1M0xWSI+9QzVOCYKj+fnj5Gh0YJUZRI84RGU/X3RI5jpUZxYJIx1gM1703E/zwv09G5nzORZpoKMlsUZRzpBE16QCGTlGg+MgQTycytiAywxESbtkqmhIUvL5LWSdU9rboNt1KrwwxF2IcDOAIXzqAGV1CHJhC4gwd4gmfr3nq0XqzXWbRgfc/swR9Yb1+EipXf</latexit>



Purification+Transition+induced+by+measurements
Gullans,+Huse (2019)+

Start+dynamics+in+maximally+
mixed+state,+run+for+

⇢̂(t = 0) = 1
2L 1̂

<latexit sha1_base64="J8kysaMBP3W26CHO01YKomvB32Y=">AAACEHicbVBNS8NAEN34WetXtODFy2IR9VISBfUiFLx48FDBaqGJZbPdmKWbD3YnQgn5CSJ49Wd48aCIV4968t+4TUXU+mDg8d4MM/O8RHAFlvVhjI1PTE5Nl2bKs3PzC4vm0vKZilNJWZPGIpYtjygmeMSawEGwViIZCT3Bzr3e4cA/v2JS8Tg6hX7C3JBcRtznlICWOuaGExDIHBnE+SYcWFv4ADu+JDSz82z74jjHhW/nHbNq1awC+JvYf0m1vvt+c1dZcRsd883pxjQNWQRUEKXatpWAmxEJnAqWl51UsYTQHrlkbU0jEjLlZsVDOV7XShf7sdQVAS7UnxMZCZXqh57uDAkE6q83EP/z2in4+27GoyQFFtHhIj8VGGI8SAd3uWQURF8TQiXXt2IaEJ0H6AzLOoSRl0fJ2XbN3qnZJ3a13kBDlNAqWkObyEZ7qI6OUAM1EUXX6B49oifj1ngwno2XYeuY8TVTQb9gvH4CCUKe9Q==</latexit>t ⇡ cL
<latexit sha1_base64="3QnzrMN/fyne81+7KAqEJwuQwY0=">AAAB9HicbVC7SgNBFL3rM8ZXfHQ2g0GwCrtaaGfAQguLCOYByRJmJ7PJkNmZdWY2GJd8h42FIrb5GLGx9E+cJCKaeODC4Zx7ufeeIOZMG9f9cObmFxaXljMr2dW19Y3N3NZ2RctEEVomkktVC7CmnAlaNsxwWosVxVHAaTXono/8ao8qzaS4Mf2Y+hFuCxYygo2VfIMaOI6VvEMEXTVzebfgjoF+iDdN8mfv958Xw9201My9NVqSJBEVhnCsdd1zY+OnWBlGOB1kG4mmMSZd3KZ1SwWOqPbT8dEDdGCVFgqlsiUMGqu/J1Icad2PAtsZYdPR095I/M+rJyY89VMm4sRQQSaLwoQjI9EoAdRiihLD+5Zgopi9FZEOVpgYm1PWhjDz8iypHBW844J37eWLJZggA3uwD4fgwQkU4RJKUAYCt/AAT/Ds9JxH58V5nbTOOd8zO/AHzvALJgeVdg==</latexit>

hS(⇢)i = �Tr(⇢ ln ⇢)
<latexit sha1_base64="rehmIcV5dTK3T07w3TDdTyMzSp0=">AAACGHicbZDLSgMxFIYz9VbrbdSlm2AR2oV1Rhe6EQqCuGyxN+wMJZNJ29BMZkgyQhn6GG58FTcuFHHbna/gU5jOiGjrD4Ev/zmH5PxexKhUlvVh5JaWV1bX8uuFjc2t7R1zd68lw1hg0sQhC0XHQ5IwyklTUcVIJxIEBR4jbW90Nau374mQNOQNNY6IG6ABp32KkdJWzzxxGOIDRuBtyRHDsAwdkd0v4TFsCJi60GEcplDumUWrYqWCP2DPQ7Fq1T+v79p+rWdOHT/EcUC4wgxJ2bWtSLkJEopiRiYFJ5YkQniEBqSrkaOASDdJF5vAI+34sB8KfbiCqft7IkGBlOPA050BUkM5X5uZ/9W6sepfuAnlUawIx9lD/ZhBFcJZStCngmDFxhoQFlT/FeIhEggrnWVBh7Cw8iK0Tiv2WcWu28VqDWTKgwNwCErABuegCm5ADTQBBg/gCbyAV+PReDbejPesNWd8z+yDPzKmX6ThoKQ=</latexit>

Purification+transition+=+entanglement+transition

Mixed&phase
(Entangled&phase)

Pure&phase
(Disentangled&phase)

0 1 p

Compute+averaged+thermal+entropy

pc



Experimental,Access??
Particles,on,“Comb”,Lattice

Peak,in,correlation,functions,at,
criticality,(as,in,Clifford)

A B

p
<latexit sha1_base64="iFyqdzIbPx89YhNBvHLJxwlDy8A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoOgTbjTQsuAjWUC5gOSI+5t5pI1e3vH7p4YQgorCxsLRWz9I/4HO/+Nm0REEx8MPN6bYWZekAiujet+OpmFxaXllexqbm19Y3Mrv71T03GqGFZZLGLVCKhGwSVWDTcCG4lCGgUC60H/fOzXb1BpHstLM0jQj2hX8pAzaqxUSdr5glt0JyA/xJslhdLR/dW7f3tXbuc/Wp2YpRFKwwTVuum5ifGHVBnOBI5yrVRjQlmfdrFpqaQRan84OXREDqzSIWGsbElDJurviSGNtB5Ege2MqOnpWW8s/uc1UxOe+UMuk9SgZNNFYSqIicn4a9LhCpkRA0soU9zeSliPKsqMzSZnQ5h7eZ7UjoveSdGr2DTKMEUW9mAfDsGDUyjBBZShCgwQHuAJnp1r59F5cV6nrRnne2YX/sB5+wJvlZBn</latexit>

Make,projective,measurements,(Zx),

|h�NA�NBic|2
<latexit sha1_base64="Y3R8sPhUqPH8Mkl2yRtffVfV4pU="></latexit>

But$in$practice?$Hard,to,measure,from,
ensemble,of,(different),pure,states

h |�NA�NB | i
<latexit sha1_base64="zC4M4CV7rfclxPobDhP3zohsDds=">AAACJnicbVDLSgMxFM3UV62vqks3wSK4KjO60I1QFcSVtGCt2CnlTua2hmYyQ5IRytivceOvuHFREXHn2q8wbUV8HQicnHsOyT1BIrg2rvvq5KamZ2bn8vOFhcWl5ZXi6tqFjlPFsM5iEavLADQKLrFuuBF4mSiEKBDYCHrHo3njBpXmsTw3/QRbEXQl73AGxkrt4oEvQHYFUj/RnN7SzGcgqB+iMEDPBu1Dq3xdjqxh7PPVJNQultyyOwb9It5vUqq4tfeTq0ZYbReHfhizNEJpmACtm56bmFYGynAmcFDwU40JsB50sWmphAh1KxuvOaBbVglpJ1b2SEPH6vdEBpHW/SiwzgjMtf49G4n/zZqp6ey3Mi6T1KBkk4c6qaAmpqPOaMgVMiP6lgBT3P6VsmtQwIxttmBL+LPyX3KxU/Z2y17NK1WqZII82SCbZJt4ZI9UyCmpkjph5I48kCF5cu6dR+fZeZlYc85nZp38gPP2AYV7p5M=</latexit>

Why? Cannot,measure,expectation,value,in,a,oneFshot,measurement,



Summary:(Taming(Entanglement

Quantum'Entanglement'Transition:

Competition(between(unitary(induced(entanglement(
and(measurement(induced(disentanglement

Open/future:

• Entanglement(transition(in(d=1<
! Space=time(conformal(symmetry(in(1+1?
! Analytic(access(to((non=unitary)(CFT?
! Genericity(of(Clifford(dynamics?

• Transitions(in(d>1?
• Experimental(access??((Quantum(computer??

U

t

0

1

2

3

4

5 random unitary

Z local-Z measurement

6

7

(Entanglement(transition(=(purification(transition)



Correlation*functions
Mutual*information*upper*bound*for*
all*correlation*functions

O
A

=
X

x2A

Z
x

<latexit sha1_base64="pX4lYhbzzUwHTL7m9XeFGZodopI=">AAACCHicbVA9SwNBEN3zM8avU0sLlwTBKtxpoY2QYCNYGMFLgrnj2NvsJUv29o7dPUk4Utr4P6xsLBSxtbWz87fYuElENPHBwOO9GWbmBQmjUlnWhzEzOze/sJhbyi+vrK6tmxubNRmnAhMHxywWjQBJwignjqKKkUYiCIoCRupB92To16+JkDTml6qfEC9CbU5DipHSkm/uZC5GDJ4P/Ao8hq5MIz/rQZdyWBnAK7/nm0WrZI0Af4g9SYpl5+4NfhbOqr757rZinEaEK8yQlE3bSpSXIaEoZmSQd1NJEoS7qE2amnIUEello0cGcFcrLRjGQhdXcKT+nshQJGU/CnRnhFRHTnpD8T+vmarwyMsoT1JFOB4vClMGVQyHqcAWFQQr1tcEYUH1rRB3kEBY6ezyOoSpl6dJbb9kH5TsC51GFYyRA9ugAPaADQ5BGZyCKnAABjfgHjyCJ+PWeDCejZdx64zxPbMF/sB4/QJ3tpwR</latexit>

O
B

=
X

x2B

Z
x

<latexit sha1_base64="UhHOtbFeAvHDzr0cRGB/jx2PP2E=">AAACCHicbVA9SwNBEN3zM8avU0sLlwTBKtxpoY0QYiNYGMFLgrnj2NvsJUv29o7dPUk4Utr4P6xsLBSxtbWz87fYuElENPHBwOO9GWbmBQmjUlnWhzEzOze/sJhbyi+vrK6tmxubNRmnAhMHxywWjQBJwignjqKKkUYiCIoCRupB92To16+JkDTml6qfEC9CbU5DipHSkm/uZC5GDJ4P/Ao8hq5MIz/rQZdyWBnAK7/nm0WrZI0Af4g9SYpl5+4NfhbOqr757rZinEaEK8yQlE3bSpSXIaEoZmSQd1NJEoS7qE2amnIUEello0cGcFcrLRjGQhdXcKT+nshQJGU/CnRnhFRHTnpD8T+vmarwyMsoT1JFOB4vClMGVQyHqcAWFQQr1tcEYUH1rRB3kEBY6ezyOoSpl6dJbb9kH5TsC51GFYyRA9ugAPaADQ5BGZyCKnAABjfgHjyCJ+PWeDCejZdx64zxPbMF/sB4/QJ62JwT</latexit>

IAB � 1

2

|hOAOBic|2
||OA||2||OB ||2

<latexit sha1_base64="WaFWuK8CbDoIFHqc+zkie4FVOX4="></latexit>

|hOAOBic|2
<latexit sha1_base64="M1qKw8qHU9WHtdHiX1n0Dn7V0aY=">AAACInicbVDLSsNAFJ34rPUVdelmsAiuSlIX6q4qiDtbsA9saphMJu3QySTMTISS9lvc+CtuXCjqSvAL/AonrfhoPTBwOOce7tzjxYxKZVlvxszs3PzCYm4pv7yyurZubmzWZZQITGo4YpFoekgSRjmpKaoYacaCoNBjpOH1TjO/cUOEpBG/VP2YtEPU4TSgGCktueYRdCLtZ/F0AB2GeIcRmDoYMXgxdI9/6Al0xMh1MRxcl4auWbCK1gjwm9iTpFC2qh9nVw2/4povjh/hJCRcYYakbNlWrNopEopiRoZ5J5EkRriHOqSlKUchke10dOIQ7mrFh0Ek9OMKjtTfiRSFUvZDT0+GSHXlpJeJ/3mtRAWH7ZTyOFGE4/GiIGFQRTDrC/pUEKxYXxOEBdV/hbiLBMJKt5rXJUydPE3qpaK9X7Sruo0KGCMHtsEO2AM2OABlcA4qoAYwuAX34BE8GXfGg/FsvI5HZ4yvzBb4A+P9E1L7poY=</latexit>

p
<latexit sha1_base64="iFyqdzIbPx89YhNBvHLJxwlDy8A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoOgTbjTQsuAjWUC5gOSI+5t5pI1e3vH7p4YQgorCxsLRWz9I/4HO/+Nm0REEx8MPN6bYWZekAiujet+OpmFxaXllexqbm19Y3Mrv71T03GqGFZZLGLVCKhGwSVWDTcCG4lCGgUC60H/fOzXb1BpHstLM0jQj2hX8pAzaqxUSdr5glt0JyA/xJslhdLR/dW7f3tXbuc/Wp2YpRFKwwTVuum5ifGHVBnOBI5yrVRjQlmfdrFpqaQRan84OXREDqzSIWGsbElDJurviSGNtB5Ege2MqOnpWW8s/uc1UxOe+UMuk9SgZNNFYSqIicn4a9LhCpkRA0soU9zeSliPKsqMzSZnQ5h7eZ7UjoveSdGr2DTKMEUW9mAfDsGDUyjBBZShCgwQHuAJnp1r59F5cV6nrRnne2YX/sB5+wJvlZBn</latexit>

|hOAOBic|2 ⇠ |xA � xB |��
<latexit sha1_base64="IiQPN5IRLM2nYNVHfVA2AdKOKoI="></latexit>

Consistent*w/*power*law*decay*at*criticality*(p=pc)

|hOAOBic|2 6= Tr
�
⇢OA[B

�
<latexit sha1_base64="dOjysZpH7VHQgptDTS8Qi6rbXcY="></latexit>

Averaged*squared*correlation*function
(not*equal*to*expectation*value*of*any*operator)

Peak*at*p=pc



Cold/Rydberg,Atoms?
“Comb”,Lattice

Optical,microscope:
• Bosons,hopping,on,a,“comb”,lattice
• Make,projective,measurements,of,boson,number,on,“top”,of,“teeth”
• Compute/measure,IAB,and,squared,number,fluctuation,correlation,function
• Expect,power,law,decay,at,criticality

A B

|h�NA�NBic|2 ⇠ |xA � xB |��
<latexit sha1_base64="oDHo0pFh2Ajmjokx8NYlAaSn7zs="></latexit>



Cold/Rydberg,Atoms?
“Comb”,Lattice

Expect,peak,in,correlation,functions,at,criticality,(as,in,Clifford)

A B

|hOAOBic|2
<latexit sha1_base64="M1qKw8qHU9WHtdHiX1n0Dn7V0aY=">AAACInicbVDLSsNAFJ34rPUVdelmsAiuSlIX6q4qiDtbsA9saphMJu3QySTMTISS9lvc+CtuXCjqSvAL/AonrfhoPTBwOOce7tzjxYxKZVlvxszs3PzCYm4pv7yyurZubmzWZZQITGo4YpFoekgSRjmpKaoYacaCoNBjpOH1TjO/cUOEpBG/VP2YtEPU4TSgGCktueYRdCLtZ/F0AB2GeIcRmDoYMXgxdI9/6Al0xMh1MRxcl4auWbCK1gjwm9iTpFC2qh9nVw2/4povjh/hJCRcYYakbNlWrNopEopiRoZ5J5EkRriHOqSlKUchke10dOIQ7mrFh0Ek9OMKjtTfiRSFUvZDT0+GSHXlpJeJ/3mtRAWH7ZTyOFGE4/GiIGFQRTDrC/pUEKxYXxOEBdV/hbiLBMJKt5rXJUydPE3qpaK9X7Sruo0KGCMHtsEO2AM2OABlcA4qoAYwuAX34BE8GXfGg/FsvI5HZ4yvzBb4A+P9E1L7poY=</latexit>

p
<latexit sha1_base64="iFyqdzIbPx89YhNBvHLJxwlDy8A=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoOgTbjTQsuAjWUC5gOSI+5t5pI1e3vH7p4YQgorCxsLRWz9I/4HO/+Nm0REEx8MPN6bYWZekAiujet+OpmFxaXllexqbm19Y3Mrv71T03GqGFZZLGLVCKhGwSVWDTcCG4lCGgUC60H/fOzXb1BpHstLM0jQj2hX8pAzaqxUSdr5glt0JyA/xJslhdLR/dW7f3tXbuc/Wp2YpRFKwwTVuum5ifGHVBnOBI5yrVRjQlmfdrFpqaQRan84OXREDqzSIWGsbElDJurviSGNtB5Ege2MqOnpWW8s/uc1UxOe+UMuk9SgZNNFYSqIicn4a9LhCpkRA0soU9zeSliPKsqMzSZnQ5h7eZ7UjoveSdGr2DTKMEUW9mAfDsGDUyjBBZShCgwQHuAJnp1r59F5cV6nrRnne2YX/sB5+wJvlZBn</latexit>

O
A

=
X

x2A

Z
x

<latexit sha1_base64="pX4lYhbzzUwHTL7m9XeFGZodopI=">AAACCHicbVA9SwNBEN3zM8avU0sLlwTBKtxpoY2QYCNYGMFLgrnj2NvsJUv29o7dPUk4Utr4P6xsLBSxtbWz87fYuElENPHBwOO9GWbmBQmjUlnWhzEzOze/sJhbyi+vrK6tmxubNRmnAhMHxywWjQBJwignjqKKkUYiCIoCRupB92To16+JkDTml6qfEC9CbU5DipHSkm/uZC5GDJ4P/Ao8hq5MIz/rQZdyWBnAK7/nm0WrZI0Af4g9SYpl5+4NfhbOqr757rZinEaEK8yQlE3bSpSXIaEoZmSQd1NJEoS7qE2amnIUEello0cGcFcrLRjGQhdXcKT+nshQJGU/CnRnhFRHTnpD8T+vmarwyMsoT1JFOB4vClMGVQyHqcAWFQQr1tcEYUH1rRB3kEBY6ezyOoSpl6dJbb9kH5TsC51GFYyRA9ugAPaADQ5BGZyCKnAABjfgHjyCJ+PWeDCejZdx64zxPbMF/sB4/QJ3tpwR</latexit>

O
B

=
X

x2B

Z
x

<latexit sha1_base64="UhHOtbFeAvHDzr0cRGB/jx2PP2E=">AAACCHicbVA9SwNBEN3zM8avU0sLlwTBKtxpoY0QYiNYGMFLgrnj2NvsJUv29o7dPUk4Utr4P6xsLBSxtbWz87fYuElENPHBwOO9GWbmBQmjUlnWhzEzOze/sJhbyi+vrK6tmxubNRmnAhMHxywWjQBJwignjqKKkUYiCIoCRupB92To16+JkDTml6qfEC9CbU5DipHSkm/uZC5GDJ4P/Ao8hq5MIz/rQZdyWBnAK7/nm0WrZI0Af4g9SYpl5+4NfhbOqr757rZinEaEK8yQlE3bSpSXIaEoZmSQd1NJEoS7qE2amnIUEello0cGcFcrLRjGQhdXcKT+nshQJGU/CnRnhFRHTnpD8T+vmarwyMsoT1JFOB4vClMGVQyHqcAWFQQr1tcEYUH1rRB3kEBY6ezyOoSpl6dJbb9kH5TsC51GFYyRA9ugAPaADQ5BGZyCKnAABjfgHjyCJ+PWeDCejZdx64zxPbMF/sB4/QJ62JwT</latexit>



Transition)accessible)in)principle

But$in$practice?$Might)be)hard)to)measure)from)ensemble)of)(different))pure)states

IAB
<latexit sha1_base64="lxfrvvAXj0N/zpTXl0kQ/7+0DF8=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8FBcCFlRhe6rLrRXQV7gXYomTTTxmaSIckIZejGJ3DjQhG3vo8LwTfwGVyZtiJa/SHw8f/nkHNOmHCmjee9ObmZ2bn5hfxiYWl5ZXWtuL5R0zJVhFaJ5FI1QqwpZ4JWDTOcNhJFcRxyWg/7p6O8fk2VZlJcmkFCgxh3BYsYwcZatfN2dnwybBddr+SNhb7Bnwa37L5+3LwP9yrt4kurI0kaU2EIx1o3fS8xQYaVYYTTYaGVappg0sdd2rQocEx1kI2nHaId63RQJJV9wqCx+7Mjw7HWgzi0lTE2PT2djcz/smZqoqMgYyJJDRVk8lGUcmQkGq2OOkxRYvjAAiaK2VkR6WGFibEHKtgj/Fn5L9T2S/5Byb/w3XIFJsrDFmzDLvhwCGU4gwpUgcAV3MI9PDjSuXMenadJac756tmEX3KePwHw+5Mu</latexit>


<latexit sha1_base64="JoTbzBcqGIHozRWFpG7WmJ3/v10=">AAAB7XicbZDLSgMxFIbP1Futt3rZuQkWwVWZ0YXuLLjQZQV7gbaUTJppYzNJSDJCHfoOblwo4tadDyNuXPompq2Itv4Q+Pj/c8g5J1ScGev7H15mbn5hcSm7nFtZXVvfyG9uVY1MNKEVIrnU9RAbypmgFcssp3WlKY5DTmth/2yU126oNkyKKztQtBXjrmARI9g6q9rsY6VwO1/wi/5Y6AeCaSicvt9+nr/upOV2/q3ZkSSJqbCEY2Maga9sK8XaMsLpMNdMDFWY9HGXNhwKHFPTSsfTDtG+czookto9YdHY/d2R4tiYQRy6yhjbnpnORuZ/WSOx0UkrZUIllgoy+ShKOLISjVZHHaYpsXzgABPN3KyI9LDGxLoD5dwRZlaehephMTgqBpdBoVSGibKwC3twAAEcQwkuoAwVIHANd/AAj5707r0n73lSmvG+e7bhj7yXL+xdkyA=</latexit>

|h�NA�NBic|2
<latexit sha1_base64="Y3R8sPhUqPH8Mkl2yRtffVfV4pU="></latexit>


<latexit sha1_base64="JoTbzBcqGIHozRWFpG7WmJ3/v10=">AAAB7XicbZDLSgMxFIbP1Futt3rZuQkWwVWZ0YXuLLjQZQV7gbaUTJppYzNJSDJCHfoOblwo4tadDyNuXPompq2Itv4Q+Pj/c8g5J1ScGev7H15mbn5hcSm7nFtZXVvfyG9uVY1MNKEVIrnU9RAbypmgFcssp3WlKY5DTmth/2yU126oNkyKKztQtBXjrmARI9g6q9rsY6VwO1/wi/5Y6AeCaSicvt9+nr/upOV2/q3ZkSSJqbCEY2Maga9sK8XaMsLpMNdMDFWY9HGXNhwKHFPTSsfTDtG+czookto9YdHY/d2R4tiYQRy6yhjbnpnORuZ/WSOx0UkrZUIllgoy+ShKOLISjVZHHaYpsXzgABPN3KyI9LDGxLoD5dwRZlaehephMTgqBpdBoVSGibKwC3twAAEcQwkuoAwVIHANd/AAj5707r0n73lSmvG+e7bhj7yXL+xdkyA=</latexit>

See)a)peak)for)L=20,)LA=1,)LB)=1,)xA – xB =)10

h |�NA�NB | i
<latexit sha1_base64="zC4M4CV7rfclxPobDhP3zohsDds=">AAACJnicbVDLSgMxFM3UV62vqks3wSK4KjO60I1QFcSVtGCt2CnlTua2hmYyQ5IRytivceOvuHFREXHn2q8wbUV8HQicnHsOyT1BIrg2rvvq5KamZ2bn8vOFhcWl5ZXi6tqFjlPFsM5iEavLADQKLrFuuBF4mSiEKBDYCHrHo3njBpXmsTw3/QRbEXQl73AGxkrt4oEvQHYFUj/RnN7SzGcgqB+iMEDPBu1Dq3xdjqxh7PPVJNQultyyOwb9It5vUqq4tfeTq0ZYbReHfhizNEJpmACtm56bmFYGynAmcFDwU40JsB50sWmphAh1KxuvOaBbVglpJ1b2SEPH6vdEBpHW/SiwzgjMtf49G4n/zZqp6ey3Mi6T1KBkk4c6qaAmpqPOaMgVMiP6lgBT3P6VsmtQwIxttmBL+LPyX3KxU/Z2y17NK1WqZII82SCbZJt4ZI9UyCmpkjph5I48kCF5cu6dR+fZeZlYc85nZp38gPP2AYV7p5M=</latexit>

• Cannot)measure)expectation)value)in)a)oneGshot)measurement)(exploit)selfGaveraging?)
• Making)multiple)copies)of)each)pure)state)will)be)hard)

Why?



“Hidden'log”'inside'volume'law'phase:
Stabilizer'length'distribution'function

lnD(x)

lnx

Increasing'measurement'rate



Stabilizer*length*distribution*function

Entanglement*entropy*follows:

AB C
ab c

SA =

(nb+nc)
2 log(2)

D(x, L) ⇡

8
><

>:

b

p

x

2 + a

p

�(x� L/2); p < p

c

b

c

x

2 ; p = p

c

e

�x/⇠

x

2 ; p > p

c

SA(LA) ⇡
R LA

0 dx1

R L
LA

dx2D(x1 � x2, L)

x1 x2

LA

Short*stabilizers

Power*law

Long*stabilizers*+*power*law



“Hidden”(log(inside(volume0law(phase

Entanglement(entropy:

SA(LA) ⇡

8
><

>:

bp log(LA) + apLA; p < pc
bc log(LA); p = pc
log(⇠); p > pc

A

LA

LA

SA

const

bp log(LA) + apLA

bc log(LA)



Beyond'Clifford:'Haar random'Unitaries
Haar random'unitaries with'
single'qubit'projective'measurements

InAB = Sn
A + Sn

B � Sn
AB

<latexit sha1_base64="ITCe/o70COiKUaV1oAN7KAfxCRc=">AAACDHicbVDLSgMxFM3UR2t9VQU3boJVEMQyowvdCG3d1N2I9gHtWDJppg3NZIYkI5ShH+DGX3HjQhG3foA7/8JPMDMVUeuFcA/nnMvNPW7IqFSm+W5kZmbn5rO5hfzi0vLKamFtvSGDSGBSxwELRMtFkjDKSV1RxUgrFAT5LiNNd3iW6M0bIiQN+JUahcTxUZ9Tj2KkNNUtFM+veTeuVMfwFF5qWIH7aa/Cg7QnknaZJTMt+A2sv6BYNnfs2uZH1u4W3jq9AEc+4QozJGXbMkPlxEgoihkZ5zuRJCHCQ9QnbQ058ol04vSYMdzVTA96gdCPK5iyPydi5Es58l3t9JEayL9aQv6ntSPlnTgx5WGkCMeTRV7EoApgkgzsUUGwYiMNEBZU/xXiARIIK51fXocwdfI0aByWrKOSdaHTsMGkcmALbIM9YIFjUAY1YIM6wOAW3INH8GTcGQ/Gs/EysWaMr5kN8KuM10+UA5sM</latexit>

Skinner,'Ruhman,'Nahum'(2018)'

Mapped'Zeroth'Renyi entropy'(n=0)'
to'(first'passage)'percolation,'with

pn=0
c = 1/2

<latexit sha1_base64="NzCw3PWgOiv0KixHTe+qZvXZCdg=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiZ1oZtCQRCXLdgHtjFMJtN26GQSZiZCDf0SNy4UceunuPMX/AqnrYi2HrhwOOde7r0nSDhT2nE+rKXlldW19dxGfnNre6dg7+41VZxKQhsk5rFsB1hRzgRtaKY5bSeS4ijgtBUMLyZ+645KxWJxrUcJ9SLcF6zHCNZG8u1C4pPbTFScMaog96Ts20Wn5EyBfog7T4pVp/55edMKa7793g1jkkZUaMKxUh3XSbSXYakZ4XSc76aKJpgMcZ92DBU4osrLpoeP0ZFRQtSLpSmh0VT9PZHhSKlRFJjOCOuBmvcm4n9eJ9W9cy9jIkk1FWS2qJdypGM0SQGFTFKi+cgQTCQztyIywBITbbLKmxAWXl4kzXLJPS25dbdYrcEMOTiAQzgGF86gCldQgwYQSOEBnuDZurcerRfrdda6ZH3P7MMfWG9fpmeUyA==</latexit>

Numerics for'nLth Renyi entropyM
“Different'transition”,'pc'<1/2'

Li,'Chen,'MPAF'(2019)

Mutual'Information,'varying'Renyi index,'n

pn�1
c ⇡ 0.2

<latexit sha1_base64="mRi2zlqzIPAW9gEDGxclnNzMENo=">AAACAXicbVDLSsNAFJ34aq2vqCCCm8EquCpJXeiy4KbLCPYBTQyT6aQdOpkMMxOxhLrxV9y4UMStf+HOv/ATnLYi2nrgwuGce7n3nkgwqrTjfFgLi0vLK4XiamltfWNzy97eaao0k5g0cMpS2Y6QIoxy0tBUM9IWkqAkYqQVDS7GfuuGSEVTfqWHggQJ6nEaU4y0kUJ7X4T4Oud+j0B3BH0khExvoVOphnbZqTgTwB/izpJyzTny6nufBS+03/1uirOEcI0ZUqrjOkIHOZKaYkZGJT9TRCA8QD3SMZSjhKggn3wwgsdG6cI4laa4hhP190SOEqWGSWQ6E6T7atYbi/95nUzH50FOucg04Xi6KM4Y1CkcxwG7VBKs2dAQhCU1t0LcRxJhbUIrmRDmXp4nzWrFPa24l2655oEpiuAAHIIT4IIzUAN14IEGwOAOPIAn8GzdW4/Wi/U6bV2wvmd2wR9Yb1/VJZgY</latexit>



Beyond'Clifford:'Haar random'Unitaries
Haar random'unitaries with'
single'qubit'projective'measurements

InAB = Sn
A + Sn

B � Sn
AB

<latexit sha1_base64="ITCe/o70COiKUaV1oAN7KAfxCRc=">AAACDHicbVDLSgMxFM3UR2t9VQU3boJVEMQyowvdCG3d1N2I9gHtWDJppg3NZIYkI5ShH+DGX3HjQhG3foA7/8JPMDMVUeuFcA/nnMvNPW7IqFSm+W5kZmbn5rO5hfzi0vLKamFtvSGDSGBSxwELRMtFkjDKSV1RxUgrFAT5LiNNd3iW6M0bIiQN+JUahcTxUZ9Tj2KkNNUtFM+veTeuVMfwFF5qWIH7aa/Cg7QnknaZJTMt+A2sv6BYNnfs2uZH1u4W3jq9AEc+4QozJGXbMkPlxEgoihkZ5zuRJCHCQ9QnbQ058ol04vSYMdzVTA96gdCPK5iyPydi5Es58l3t9JEayL9aQv6ntSPlnTgx5WGkCMeTRV7EoApgkgzsUUGwYiMNEBZU/xXiARIIK51fXocwdfI0aByWrKOSdaHTsMGkcmALbIM9YIFjUAY1YIM6wOAW3INH8GTcGQ/Gs/EysWaMr5kN8KuM10+UA5sM</latexit>

Skinner,'Ruhman,'Nahum'(2018)'

Mapped'Zeroth'Renyi entropy'(n=0)'
to'(first'passage)'percolation,'with

pn=0
c = 1/2

<latexit sha1_base64="NzCw3PWgOiv0KixHTe+qZvXZCdg=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiZ1oZtCQRCXLdgHtjFMJtN26GQSZiZCDf0SNy4UceunuPMX/AqnrYi2HrhwOOde7r0nSDhT2nE+rKXlldW19dxGfnNre6dg7+41VZxKQhsk5rFsB1hRzgRtaKY5bSeS4ijgtBUMLyZ+645KxWJxrUcJ9SLcF6zHCNZG8u1C4pPbTFScMaog96Ts20Wn5EyBfog7T4pVp/55edMKa7793g1jkkZUaMKxUh3XSbSXYakZ4XSc76aKJpgMcZ92DBU4osrLpoeP0ZFRQtSLpSmh0VT9PZHhSKlRFJjOCOuBmvcm4n9eJ9W9cy9jIkk1FWS2qJdypGM0SQGFTFKi+cgQTCQztyIywBITbbLKmxAWXl4kzXLJPS25dbdYrcEMOTiAQzgGF86gCldQgwYQSOEBnuDZurcerRfrdda6ZH3P7MMfWG9fpmeUyA==</latexit>

Numerics for'nLth Renyi entropyM
“Different'transition”,'pc'<1/2'

Li,'Chen,'MPAF'(2019)

Mutual'Information,'varying'Renyi index,'n

pn�1
c ⇡ 0.2

<latexit sha1_base64="mRi2zlqzIPAW9gEDGxclnNzMENo=">AAACAXicbVDLSsNAFJ34aq2vqCCCm8EquCpJXeiy4KbLCPYBTQyT6aQdOpkMMxOxhLrxV9y4UMStf+HOv/ATnLYi2nrgwuGce7n3nkgwqrTjfFgLi0vLK4XiamltfWNzy97eaao0k5g0cMpS2Y6QIoxy0tBUM9IWkqAkYqQVDS7GfuuGSEVTfqWHggQJ6nEaU4y0kUJ7X4T4Oud+j0B3BH0khExvoVOphnbZqTgTwB/izpJyzTny6nufBS+03/1uirOEcI0ZUqrjOkIHOZKaYkZGJT9TRCA8QD3SMZSjhKggn3wwgsdG6cI4laa4hhP190SOEqWGSWQ6E6T7atYbi/95nUzH50FOucg04Xi6KM4Y1CkcxwG7VBKs2dAQhCU1t0LcRxJhbUIrmRDmXp4nzWrFPa24l2655oEpiuAAHIIT4IIzUAN14IEGwOAOPIAn8GzdW4/Wi/U6bV2wvmd2wR9Yb1/VJZgY</latexit>



Random'Haar w/'Generalized'measurements

Projective'measurements

random Haar unitary

generalized measurement

t = 0

t = 1

t = 2

t = 3

t = 4

t = 5

x

Generalized'measurements

M± = 1±�Zp
2(1+�2)

<latexit sha1_base64="+cHRMZaXB5OJ04ls8GfDTP0ywTU="></latexit>

P± = 1±Z
2

<latexit sha1_base64="yaKhdMf9iFoiFgBVS8ysiYRo9/0=">AAACBXicbVC/SwMxGM1Zq7X+OnXUIVgEp3JXQV2EgovjCfYHtseRS3NtaJI7kpxQjltc/FdcHBRxdXZ1c/FvMW1FtPXBBy/vfR/5vhcmjCrtOB/WQmGxuLRcWimvrq1vbNpb200VpxKTBo5ZLNshUoRRQRqaakbaiSSIh4y0wuH52G/dEKloLK70KCE+R31BI4qRNlJg73lB1k14Ds9gN5IIZy40T3idw6yWB3bFqToTwB/izpJK/Ri/fRYLqRfY791ejFNOhMYMKdVxnUT7GZKaYkbycjdVJEF4iPqkY6hAnCg/m1yRwwOj9GAUS1NCw4n6eyJDXKkRD00nR3qgZr2x+J/XSXV06mdUJKkmAk8/ilIGdQzHkcAelQRrNjIEYUnNrhAPkAlDm+DKJoS5k+dJs1Z1j6rupVupe2CKEtgF++AQuOAE1MEF8EADYHAL7sEjeLLurAfr2XqZti5Y3zM74A+s1y+wIZpq</latexit>

� 2 [0, 1]
<latexit sha1_base64="DlcAO8A3iAdiVyagmpDHkASfq2Q=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBhZREF7osCOKyBfvANJTJZNIOnUzCzEQpsZ/ixoUibv0Sd/6CX+G0FdHWAwOHc87l3jlBypnSjvNhFZaWV1bXiuuljc2t7R27vNtSSSYJbZKEJ7ITYEU5E7Spmea0k0qK44DTdjC8mPjtWyoVS8S1HqXUj3FfsIgRrI3Us8tdbsIhRl0mkOccu37PrjhVZwr0Q9x5Uqk5jc/Lm3ZY79nv3TAhWUyFJhwr5blOqv0cS80Ip+NSN1M0xWSI+9QzVOCYKj+fnj5Gh0YJUZRI84RGU/X3RI5jpUZxYJIx1gM1703E/zwv09G5nzORZpoKMlsUZRzpBE16QCGTlGg+MgQTycytiAywxESbtkqmhIUvL5LWSdU9rboNt1KrwwxF2IcDOAIXzqAGV1CHJhC4gwd4gmfr3nq0XqzXWbRgfc/swR9Yb1+EipXf</latexit>

pn=0
c = 1/2

<latexit sha1_base64="CNI4BvLR2DdEJkBmMYAThDbOfb0=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKe4mB70EAoJ4TMA8MFnD7OxsMmR2dp2ZDYQl3+HFgyJe/Rhv/oJf4SQR0cSChqKqm+4uL+ZMadv+sDIrq2vrG9nN3Nb2zu5efv+gqaJEEtogEY9k28OKciZoQzPNaTuWFIcepy1veDn1WyMqFYvEjR7H1A1xX7CAEayN5MY9cpeKij2pOGelXr5gF+0Z0A9xFkmhatc/r25bfq2Xf+/6EUlCKjThWKmOY8faTbHUjHA6yXUTRWNMhrhPO4YKHFLlprOjJ+jEKD4KImlKaDRTf0+kOFRqHHqmM8R6oBa9qfif10l0cOGmTMSJpoLMFwUJRzpC0wSQzyQlmo8NwUQycysiAywx0SannAlh6eVl0iwVnXLRqTuFag3myMIRHMMpOHAOVbiGGjSAwD08wBM8WyPr0XqxXuetGet75hD+wHr7AnumlEM=</latexit>

�n=0
c = 1

<latexit sha1_base64="ZUx8BJ83XjOkn5arPuiVzxoNvDE=">AAAB+nicbVDLSsNAFL2pj9b6ShXcuAlWwVVJdKGbQsFNlxFsK7QxTCaTduhkEmYmSon9FDcuFHHrl7jzL/wEp62Ith4YOJxzLvfOCVJGpbLtD6OwtLyyWiytldc3Nre2zcpOWyaZwKSFE5aI6wBJwignLUUVI9epICgOGOkEw4uJ37klQtKEX6lRSrwY9TmNKEZKS75Z6TEdDpGPb3Jet8d1xzerds2ewvohzjypNuxDt7n3WXR9870XJjiLCVeYISm7jp0qL0dCUczIuNzLJEkRHqI+6WrKUUykl09PH1tHWgmtKBH6cWVN1d8TOYqlHMWBTsZIDeS8NxH/87qZis69nPI0U4Tj2aIoY5ZKrEkPVkgFwYqNNEFYUH2rhQdIIKx0W2VdwsKXF0n7pOac1pxLp9pwYYYS7MMBHIMDZ9CAJrjQAgx38ABP8GzcG4/Gi/E6ixaM75ld+APj7Qt0l5W7</latexit>

pn�1
c ⇡ 0.2

<latexit sha1_base64="mRi2zlqzIPAW9gEDGxclnNzMENo=">AAACAXicbVDLSsNAFJ34aq2vqCCCm8EquCpJXeiy4KbLCPYBTQyT6aQdOpkMMxOxhLrxV9y4UMStf+HOv/ATnLYi2nrgwuGce7n3nkgwqrTjfFgLi0vLK4XiamltfWNzy97eaao0k5g0cMpS2Y6QIoxy0tBUM9IWkqAkYqQVDS7GfuuGSEVTfqWHggQJ6nEaU4y0kUJ7X4T4Oud+j0B3BH0khExvoVOphnbZqTgTwB/izpJyzTny6nufBS+03/1uirOEcI0ZUqrjOkIHOZKaYkZGJT9TRCA8QD3SMZSjhKggn3wwgsdG6cI4laa4hhP190SOEqWGSWQ6E6T7atYbi/95nUzH50FOucg04Xi6KM4Y1CkcxwG7VBKs2dAQhCU1t0LcRxJhbUIrmRDmXp4nzWrFPa24l2655oEpiuAAHIIT4IIzUAN14IEGwOAOPIAn8GzdW4/Wi/U6bV2wvmd2wR9Yb1/VJZgY</latexit>

�n�1
c ⇡ 0.3

<latexit sha1_base64="6iTdClrKUXuhBfq+J+KXHs+gPws=">AAACB3icbVDLSsNAFJ34aq2vqOBGkMEquAqJXeiy4KbLCPYBTQyTyaQdOpmEmYlYQndu/BU3LhRx6y+48y/8BKetiLYeGDiccy537gkzRqWy7Q9jYXFpeaVUXq2srW9sbpnbOy2Z5gKTJk5ZKjohkoRRTpqKKkY6mSAoCRlph4OLsd++IULSlF+pYUb8BPU4jSlGSkuBeeAxHY5QgK8L7vUIdEbQQ1km0ltoW7XArNqWPQH8Ic4sqdbtI7ex91lyA/Pdi1KcJ4QrzJCUXcfOlF8goShmZFTxckkyhAeoR7qacpQQ6ReTO0bwWCsRjFOhH1dwov6eKFAi5TAJdTJBqi9nvbH4n9fNVXzuF5RnuSIcTxfFOYMqheNSYEQFwYoNNUFYUP1XiPtIIKx0dRVdwtzJ86R1ajk1y7l0qnUXTFEG++AQnAAHnIE6aAAXNAEGd+ABPIFn4954NF6M12l0wfie2QV/YLx9AXAOmqI=</latexit>



Dynamics)at)Purification)Transition
Gullans,)Huse (2019))

hS(p, L, t)i = F
�
L/⇠, t/L

�
<latexit sha1_base64="jKe1/XKxZXT0wLoBG+J7z9TkNeY="></latexit>

Dynamic)scaling)with)z=1

x = (L/⇠)1/⌫
<latexit sha1_base64="0Yqq9zcyT1h5W63RwfYpOdlTjEM=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpk10oRuhIIgLFy3YBzaxTCaTduhkEmYm0hDqr7hxoYhbP8Sdv+BXOG1FtPXAhcM593LvPV7MqFSW9WEsLC4tr6zm1vLrG5tb2+bOblNGicCkgSMWibaHJGGUk4aiipF2LAgKPUZa3uB87LfuiJA04tcqjYkboh6nAcVIaalrFobwDJauKs6QHt5mdsXhyahrFq2yNQH8IfYsKVat+ufFTcuvdc13x49wEhKuMENSdmwrVm6GhKKYkVHeSSSJER6gHuloylFIpJtNjh/BA634MIiELq7gRP09kaFQyjT0dGeIVF/OemPxP6+TqODUzSiPE0U4ni4KEgZVBMdJQJ8KghVLNUFYUH0rxH0kEFY6r7wOYe7ledI8KtvHZbtuF6s1MEUO7IF9UAI2OAFVcAlqoAEwSMEDeALPxr3xaLwYr9PWBeN7pgD+wHj7Ao1PlnE=</latexit>

BiBpartite)mutual)information)for)p<pc:

Mixed)phase)(t=4L):

Entangled)phase)(steady)state):

IA,Āc
= ↵p ln(LA)

<latexit sha1_base64="b/Kx+ckBnfb4CbH6Qz26w8kvpiM=">AAACDnicbVA9SwNBEN2LX0mMGhVsbBaDoCjhTgtthAQbBYsIRgO545jbbMzi3t6xuyeE42oLG/+KjYUittZ2/hs3iYgmPhh4vDfDzLwg5kxp2/60clPTM7Nz+UJxvrSwuFReXrlUUSIJbZKIR7IVgKKcCdrUTHPaiiWFMOD0Krg5HvhXt1QqFokL3Y+pF8K1YF1GQBvJL2/iUz+t77oByLSe+STD+Ai7wOMe+DF2udg68+vbfrliV+0h8A9xxkmldlhYu9vJlRp++cPtRCQJqdCEg1Jtx461l4LUjHCaFd1E0RjIDVzTtqECQqq8dPhOhjeN0sHdSJoSGg/V3xMphEr1w8B0hqB7atwbiP957UR3D72UiTjRVJDRom7CsY7wIBvcYZISzfuGAJHM3IpJDyQQbRIsmhAmXp4kl3tVZ7/qnDuVWgONkEfraANtIQcdoBo6QQ3URATdo0f0jF6sB+vJerXeRq0563tmFf2B9f4F6TWbnQ==</latexit>

IA,Āc
= ↵p ln(LA) + LA/⇠

<latexit sha1_base64="l2PqxBi1/mkqZgx/2zO8uKhCc/E="></latexit>

Log)“correction”)exposed)in)mixed)phase)near)purification)transition



Accessible(in(Cold(Atoms/Ions?
“Comb”(Lattice

Set7up
• Bosons(hopping(on(a(“comb”(lattice
• Make(projective(measurements(on(“top”(of(“teeth”
• Compute((and(measure?)(averaged7squared(number(fluctuation(correlation(function
• Expect(power(law(decay(at(criticality

|h�NA�NBic|2 ⇠ |xA � xB |��
<latexit sha1_base64="oDHo0pFh2Ajmjokx8NYlAaSn7zs="></latexit>

A B



Cold%atoms%set+up%%


