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Exciting Time for Quantum Information Science

Logical quantum circuits Large qubit arrays

Lukin group Endres group 

High fidelity operations

Quantinuum
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What should we do with quantum devices?

ØFurther improve them

ØRealize quantum algorithms or applications

ØSolve open questions in science

ØExplore new science and (maybe) discover interesting stuff Today

Universal Randomness Emerges from Natural Quantum Many-Body Systems



Universality

the emergence of important features independent of microscopic details



Universal scaling at criticality
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Nat. Comm. 10, 577 (2019)

Quantum Simulator

Lukin group @ Harvard
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Quantum thermalization
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Perfectly isolated 
quantum dynamics

Independent of the initial states and the choice of subsystems!

A

<latexit sha1_base64="wWfsI/yFJcu4pjYo4BXHu4S/tSI=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4sSRS1GWrmy4r2Ac0MUymN+3QyYOZiVBCwY2/4saFIm79CXf+jdM2C209cOFwzr3ce4+fcCaVZX0bS8srq2vrhY3i5tb2zq65t9+ScSooNGnMY9HxiQTOImgqpjh0EgEk9Dm0/eHNxG8/gJAsju7UKAE3JP2IBYwSpSXPPHTEIPZq2JEsxHCfnTk+KILrXm3smSWrbE2BF4mdkxLK0fDML6cX0zSESFFOpOzaVqLcjAjFKIdx0UklJIQOSR+6mkYkBOlm0x/G+EQrPRzEQlek8FT9PZGRUMpR6OvOkKiBnPcm4n9eN1XBlZuxKEkVRHS2KEg5VjGeBIJ7TABVfKQJoYLpWzEdEEGo0rEVdQj2/MuLpHVeti/KldtKqXqdx1FAR+gYnSIbXaIqqqMGaiKKHtEzekVvxpPxYrwbH7PWJSOfOUB/YHz+AHx1lso=</latexit>

⇢A ⇠ e��HA



Random Unitary Circuits

Universal PoPs!
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Quantum Experiments

Modern experiments enable probing new universal phenomena

• Local observables
• Spatially averaged
• Temporally averaged
• Open systems

Traditional Modern

• Nonlocal, microscopic observables
• Spatially resolved
• Temporally resolved
• Well isolated
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001110111001
010100010111



Emergent Randomness in Natural Quantum Systems

Projected Ensemble Temporal Ensemble Applications

Outcomes

Pr
ob

.
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Projected Ensemble

<latexit sha1_base64="ceZ3O5OODJhFgHDxbA+tFGyXRNk=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHqxWME84BkCbOT2WTMPJaZWSEs+QcvHhTx6v9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knNrh6q3nWvVPYr/gxomQQ5KUOOeq/01e0rkgoqLeHYmE7gJzbMsLaMcDopdlNDE0xGeEA7jkosqAmz2bUTdOqUPoqVdiUtmqm/JzIsjBmLyHUKbIdm0ZuK/3md1MZXYcZkkloqyXxRnHJkFZq+jvpMU2L52BFMNHO3IjLEGhPrAiq6EILFl5dJ87wSVCvV+4ty7SaPowDHcAJnEMAl1OAO6tAAAo/wDK/w5invxXv3PuatK14+cwR/4H3+AGNMjwY=</latexit>⇢A

A

Conventional

A B

New settings

<latexit sha1_base64="+GFWGDxT3/t2YJpBC9MvixOg9bc=">AAACHnicbVDLSgMxFM34tr6qLt0Ei+BCyoz42giiCC4VrAqdMmTS2xrNZEJyR6zjfIkbf8WNC0UEV/o3prULXwcCh3Pu5eacWEth0fc/vIHBoeGR0bHx0sTk1PRMeXbuxKaZ4VDjqUzNWcwsSKGghgIlnGkDLIklnMaXe13/9AqMFak6xo6GRsLaSrQEZ+ikqLweJgzPOZP5fhGFCNdoklyb9KKg2zTMqY5uVuhtqK2IbkLDVFsCDYuoXPGrfg/0Lwn6pEL6OIzKb2Ez5VkCCrlk1tYDX2MjZwYFl1CUwsyCZvyStaHuqGIJ2Ebei1fQJac0aSs17imkPfX7Rs4SaztJ7Ca7Yexvryv+59UzbG01cqF0hqD416FWJimmtNsVbQoDHGXHEcaNcH+l/JwZxtE1WnIlBL8j/yUnq9Vgo7pxtFbZ2e3XMUYWyCJZJgHZJDvkgBySGuHkjjyQJ/Ls3XuP3ov3+jU64PV35skPeO+fLcqjIQ==</latexit>

Eproj = {pz, | zi}
ü All local observables
ü Average

ü Correlations between A and B
ü All statistical moments
ü Strictly more information

<latexit sha1_base64="OqRdUhFvazSbDw5I74m0G3s3bDY=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJViEeilJEfVY8OKxgm2FJpTNdtIu3WzC7kSotb/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC1PBNbrut1VYW9/Y3Cpul3Z29/bL9sFhWyeZYtBiiUjUfUg1CC6hhRwF3KcKaBwK6ISj65nfeQCleSLvcJxCENOB5BFnFI3Us8tPflPzKp75isqBgJ5dcWvuHM4q8XJSITmaPfvL7ycsi0EiE1TrruemGEyoQs4ETEt+piGlbEQH0DVU0hh0MJkfPnVOjdJ3okSZkujM1d8TExprPY5D0xlTHOplbyb+53UzjK6CCZdphiDZYlGUCQcTZ5aC0+cKGIqxIZQpbm512JAqytBkVTIheMsvr5J2veZd1Oq355VGPY+jSI7JCakSj1ySBrkhTdIijGTkmbySN+vRerHerY9Fa8HKZ47IH1ifP1WjktY=</latexit>

| (t)i

<latexit sha1_base64="XRBwdxgffKEdqzuVHjhRBwW/tMQ=">AAACKnicbVDLSgMxFM3UV62vUZdugkVwISUjUl1W3bisYB/QGYZMmmlDM5khyQhl7Pe48VfcdKEUt36IaTtIbT0QOJxzLjf3BAlnSiM0sQpr6xubW8Xt0s7u3v6BfXjUVHEqCW2QmMeyHWBFORO0oZnmtJ1IiqOA01YwuJ/6rWcqFYvFkx4m1ItwT7CQEayN5Nu3L26imJ8hhEauxKLH6QX81ZxVzVnIud1YK98uowqaAa4SJydlkKPu22MzR9KICk04VqrjoER7GZaaEU5HJTdVNMFkgHu0Y6jAEVVeNjt1BM+M0oVhLM0TGs7UxYkMR0oNo8AkI6z7atmbiv95nVSHN17GRJJqKsh8UZhyqGM47Q12maRE86EhmEhm/gpJH0tMtGm3ZEpwlk9eJc3LilOtVB+vyrW7vI4iOAGn4Bw44BrUwAOogwYg4BW8gw/wab1ZY2tifc2jBSufOQZ/YH3/AL3eptw=</latexit>

| 000i, | 001i, | 010i, . . .



Projected Ensemble is Pseudo-random

<latexit sha1_base64="+GFWGDxT3/t2YJpBC9MvixOg9bc=">AAACHnicbVDLSgMxFM34tr6qLt0Ei+BCyoz42giiCC4VrAqdMmTS2xrNZEJyR6zjfIkbf8WNC0UEV/o3prULXwcCh3Pu5eacWEth0fc/vIHBoeGR0bHx0sTk1PRMeXbuxKaZ4VDjqUzNWcwsSKGghgIlnGkDLIklnMaXe13/9AqMFak6xo6GRsLaSrQEZ+ikqLweJgzPOZP5fhGFCNdoklyb9KKg2zTMqY5uVuhtqK2IbkLDVFsCDYuoXPGrfg/0Lwn6pEL6OIzKb2Ez5VkCCrlk1tYDX2MjZwYFl1CUwsyCZvyStaHuqGIJ2Ebei1fQJac0aSs17imkPfX7Rs4SaztJ7Ca7Yexvryv+59UzbG01cqF0hqD416FWJimmtNsVbQoDHGXHEcaNcH+l/JwZxtE1WnIlBL8j/yUnq9Vgo7pxtFbZ2e3XMUYWyCJZJgHZJDvkgBySGuHkjjyQJ/Ls3XuP3ov3+jU64PV35skPeO+fLcqjIQ==</latexit>

Eproj = {pz, | zi}

Claim. For a wide class of quantum states Ψ "  obtained from 
natural quantum dynamics*, ℇ!"#$ is universal.  Furthermore, it is 
statistically indistinguishable from Haar random at infinite 
effective T. 

<latexit sha1_base64="OqRdUhFvazSbDw5I74m0G3s3bDY=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJViEeilJEfVY8OKxgm2FJpTNdtIu3WzC7kSotb/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC1PBNbrut1VYW9/Y3Cpul3Z29/bL9sFhWyeZYtBiiUjUfUg1CC6hhRwF3KcKaBwK6ISj65nfeQCleSLvcJxCENOB5BFnFI3Us8tPflPzKp75isqBgJ5dcWvuHM4q8XJSITmaPfvL7ycsi0EiE1TrruemGEyoQs4ETEt+piGlbEQH0DVU0hh0MJkfPnVOjdJ3okSZkujM1d8TExprPY5D0xlTHOplbyb+53UzjK6CCZdphiDZYlGUCQcTZ5aC0+cKGIqxIZQpbm512JAqytBkVTIheMsvr5J2veZd1Oq355VGPY+jSI7JCakSj1ySBrkhTdIijGTkmbySN+vRerHerY9Fa8HKZ47IH1ifP1WjktY=</latexit>

| (t)i



Projected Ensemble is Pseudo-random

A

ü Same density matrix.

ü Different information content 
ü Different statistical properties.

Quantum thermalization 
@ $ = ∞

<latexit sha1_base64="kEkJANs2BLKW+RBmQN3ucBLxHRw=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGpLqsutFdBfuAzjBk0kwbmpmEJCOUobjxV9y4UMStX+HOvzHTzkJbDwQO59xL7jmhYFRpx/m2SkvLK6tr5fXKxubW9o69u9dWPJWYtDBnXHZDpAijCWlpqhnpCklQHDLSCUfXud95IFJRntzrsSB+jAYJjShG2kiBfeDJIQ8uoSckF5pDL0Z6GIbZ7SSwq07NmQIuErcgVVCgGdhfXp/jNCaJxgwp1XMdof0MSU0xI5OKlyoiEB6hAekZmqCYKD+bRpjAY6P0YcSleYmGU/X3RoZipcZxaCbzC9W8l4v/eb1URxd+RhORapLg2UdRyqDJmvcB+1QSrNnYEIQlNbdCPEQSYW1aq5gS3PnIi6R9WnPrtfrdWbVxVdRRBofgCJwAF5yDBrgBTdACGDyCZ/AK3qwn68V6tz5moyWr2NkHf2B9/gAUHJdA</latexit>

⇢A / I
<latexit sha1_base64="eCY00GomLya0QAQgBz7K7WsVBYI=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiQi1Y1YFMFlBfuAJpTJdNqOnWTCzI1YQlZu/BU3LhRx6ze482+cPhZaPXDhcM693HtPEAuuwXG+rNzc/MLiUn65sLK6tr5hb27VtUwUZTUqhVTNgGgmeMRqwEGwZqwYCQPBGsHgYuQ37pjSXEY3MIyZH5JexLucEjBS2971QgJ9SkR6mbU9YPegwjRW8jbDp/isbRedkjMG/kvcKSmiKapt+9PrSJqELAIqiNYt14nBT4kCTgXLCl6iWUzogPRYy9CIhEz76fiNDO8bpYO7UpmKAI/VnxMpCbUehoHpHB2tZ72R+J/XSqB74qc8ihNgEZ0s6iYCg8SjTHCHK0ZBDA0hVHFzK6Z9oggFk1zBhODOvvyX1A9LbrlUvj4qVs6nceTRDtpDB8hFx6iCrlAV1RBFD+gJvaBX69F6tt6s90lrzprObKNfsD6+AW65mRk=</latexit>

Eproj =?

unraveling

averaging

<latexit sha1_base64="OqRdUhFvazSbDw5I74m0G3s3bDY=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJViEeilJEfVY8OKxgm2FJpTNdtIu3WzC7kSotb/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC1PBNbrut1VYW9/Y3Cpul3Z29/bL9sFhWyeZYtBiiUjUfUg1CC6hhRwF3KcKaBwK6ISj65nfeQCleSLvcJxCENOB5BFnFI3Us8tPflPzKp75isqBgJ5dcWvuHM4q8XJSITmaPfvL7ycsi0EiE1TrruemGEyoQs4ETEt+piGlbEQH0DVU0hh0MJkfPnVOjdJ3okSZkujM1d8TExprPY5D0xlTHOplbyb+53UzjK6CCZdphiDZYlGUCQcTZ5aC0+cKGIqxIZQpbm512JAqytBkVTIheMsvr5J2veZd1Oq355VGPY+jSI7JCakSj1ySBrkhTdIijGTkmbySN+vRerHerY9Fa8HKZ47IH1ifP1WjktY=</latexit>

| (t)i



Many examples and evidence!



Projected Ensemble is Pseudo-random

Theorem 1. Let |&⟩ be chosen uniformly at random from Hilbert space ℋ. 
The ensemble ℇ!,#  forms an *-approximate +-design with probability at least 
1-, if -$ = / +	-! + 234 %

& + 234 234 %
' .

For almost all states |Ψ⟩, ℇ!"#$ forms approximate state designs.

Theorem 2. Let |&⟩ be chosen uniformly at random from an *′-approximate 
+′-design. Then, the ensemble ℇ!,#  forms an *-approximate +-design with 
probability at least 1-, if …

Low-complexity states |Ψ⟩, ℇ!"#$ forms approximate state designs.

Cotler et al., PRXQ (2023)



Solvable model I: Kicked Ising model

1D spin-1/2 chain
<latexit sha1_base64="HaVozCK4X1KE3A75kmXHivupwiA=">AAACEnicbVDLSgNBEJz1bXxFPXoZDIIeDLsSVBBBFERvKiYK2bjMTjrJkNnZZaZXDEu+wYu/4sWDIl49efNvnDwOvgoaiqpuurvCRAqDrvvpjIyOjU9MTk3nZmbn5hfyi0sVE6eaQ5nHMtbXITMghYIyCpRwnWhgUSjhKmwf9fyrW9BGxOoSOwnUItZUoiE4QysF+Y1ycEz36UXQof4ehZtsU9CTwEe4Qx1lp0aoZpf6yNJukC+4RbcP+pd4Q1IgQ5wF+Q+/HvM0AoVcMmOqnptgLWMaBZfQzfmpgYTxNmtC1VLFIjC1rP9Sl65ZpU4bsbalkPbV7xMZi4zpRKHtjBi2zG+vJ/7nVVNs7NYyoZIUQfHBokYqKca0lw+tCw0cZccSxrWwt1LeYppxtCnmbAje75f/kspW0dsuls5LhYPDYRxTZIWsknXikR1yQE7IGSkTTu7JI3kmL86D8+S8Om+D1hFnOLNMfsB5/wIiG5yW</latexit>

UF = Ry e�iHIsing⌧

<latexit sha1_base64="cuQ/zugYIRtjnfLGFonCsa6uHVw=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0WoC2tSiroRim5c1kcf0KRhMp20004ezEyEELp146+4caGIW//AnX/jtM1CqwcuHM65l3vvcSNGhTSMLy23sLi0vJJfLaytb2xu6ds7TRHGHJMGDlnI2y4ShNGANCSVjLQjTpDvMtJyR5cTv3VPuKBhcCeTiNg+6gfUoxhJJTk6vHESeA5JNz2iJSuix5VDaInYd4bw1hl2k7GjF42yMQX8S8yMFEGGuqN/Wr0Qxz4JJGZIiI5pRNJOEZcUMzIuWLEgEcIj1CcdRQPkE2Gn00/G8EApPeiFXFUg4VT9OZEiX4jEd1Wnj+RAzHsT8T+vE0vvzE5pEMWSBHi2yIsZlCGcxAJ7lBMsWaIIwpyqWyEeII6wVOEVVAjm/Mt/SbNSNk/K1etqsXaRxZEHe2AflIAJTkENXIE6aAAMHsATeAGv2qP2rL1p77PWnJbN7IJf0D6+AcA6mIA=</latexit>

Ry = e�i(⇡/2)
P

j Sy
j

<latexit sha1_base64="QCyaHSq+o/kKyrrqe9XKMN6X9M8="></latexit>

HIsing =
X

j

JS
z
j S

z
j+1 + gS

z
j

<latexit sha1_base64="hW62I39YzlwBU6S/DxXYfzlw5pM=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIvgqeyKqBeh6EU8VbAf0F1KNs22odlsSCZCKf0bXjwo4tU/481/Y9ruQVsfDDzem2FmXqwEN+D7315hZXVtfaO4Wdra3tndK+8fNE1mNWUNmolMt2NimOCSNYCDYG2lGUljwVrx8Hbqt56YNjyTjzBSLEpJX/KEUwJOCu9xCMTiaxwq3i1X/Ko/A14mQU4qKEe9W/4Kexm1KZNABTGmE/gKojHRwKlgk1JoDVOEDkmfdRyVJGUmGs9unuATp/RwkmlXEvBM/T0xJqkxozR2nSmBgVn0puJ/XsdCchWNuVQWmKTzRYkVGDI8DQD3uGYUxMgRQjV3t2I6IJpQcDGVXAjB4svLpHlWDS6q5w/nldpNHkcRHaFjdIoCdIlq6A7VUQNRpNAzekVvnvVevHfvY95a8PKZQ/QH3ucPj72QvQ==</latexit>

J⌧ = ⇡

Floquet dynamics

<latexit sha1_base64="ffkAITlGV1Qd17+G4n/MQD/jK88=">AAACEHicbVDLSgNBEJz1GeMr6tHLYBAThLArQb0IQUE8SQTzgLyYnUySIbOzy0yvEDb5BC/+ihcPinj16M2/cZLsQRMLGoqqbrq73EBwDbb9bS0sLi2vrCbWkusbm1vbqZ3dsvZDRVmJ+sJXVZdoJrhkJeAgWDVQjHiuYBW3fzX2Kw9Mae7LexgErOGRruQdTgkYqZU6GtaLmmcgW1dEdgXDFzhTal1nm4CHx7HWjG5HrVTaztkT4HnixCSNYhRbqa9626ehxyRQQbSuOXYAjYgo4FSwUbIeahYQ2iddVjNUEo/pRjR5aIQPjdLGHV+ZkoAn6u+JiHhaDzzXdHoEenrWG4v/ebUQOueNiMsgBCbpdFEnFBh8PE4Ht7liFMTAEEIVN7di2iOKUDAZJk0IzuzL86R8knNOc/m7fLpwGceRQPvoAGWQg85QAd2gIiohih7RM3pFb9aT9WK9Wx/T1gUrntlDf2B9/gCTn5uy</latexit>

| (t)i = (UF )
t|+iN

Theorem. For a subsystem of size %% ≤ ', the 
projected ensemble forms exact quantum state 
k-designs for all k in the thermodynamic limit 
% → ∞.

ü Tensor-network rep.
ü Self dual unitary
ü Constructing Universal gate set

Main ingredients

Ho and Choi, PRL (2022)



Solvable model II: Time-independent Hamiltonian evolution

ü Cluster state (meas. based QC)
ü Arbitrary ' for arbitrary (6

<latexit sha1_base64="AkxUoZb640Mmut8O92QQZyWaaMg="></latexit>

HIsing =
X

i

hi�
x
i +

X

(i,j)2E

J0�
x
i �

x
j

<latexit sha1_base64="ObUSLfgbTw6R2jCA6Z6qgsMh8G4=">AAACIXicbVDLSgMxFM34tr6qLt0Ei+DGMiOibgTRjW6kgn1Ap5ZMeltDM5khuSOWcX7Fjb/ixoUi7sSfMW1n4etA4HDOudzcE8RSGHTdD2dicmp6ZnZuvrCwuLS8Ulxdq5ko0RyqPJKRbgTMgBQKqihQQiPWwMJAQj3onw79+i1oIyJ1hYMYWiHrKdEVnKGV2sXDe79ihK+Z6kmgRxSu0x1x1vYR7lCH6bkRqpdRH1mS0Xs3z12nF1m7WHLL7gj0L/FyUiI5Ku3iu9+JeBKCQi6ZMU3PjbGVMo2CS8gKfmIgZrzPetC0VLEQTCsdXZjRLat0aDfS9imkI/X7RMpCYwZhYJMhwxvz2xuK/3nNBLuHrVSoOEFQfLyom0iKER3WRTtCA0c5sIRxLexfKb9hmnG0pRZsCd7vk/+S2m7Z2y/vXu6Vjk/yOubIBtkk28QjB+SYnJEKqRJOHsgTeSGvzqPz7Lw57+PohJPPrJMfcD6/ADHEpC0=</latexit>

| i = e�iHIsing⌧ |0iN

2D square lattice

A

B

Cotler et al., PRXQ (2023)



Numerical evidence: Unitary time evolution
<latexit sha1_base64="OR8KlPzMldRdG0/9J0ng65OYtNQ=">AAACFHicbZBNS8MwGMdTX+d8q3r0EhyCMBjtEPUiDLwMTxPcVtlKSbN0y5a+kKRiKfsQXvwqXjwo4tWDN7+NadeDbj4Q8uP/fx6S5+9GjAppGN/a0vLK6tp6aaO8ubW9s6vv7XdEGHNM2jhkIbdcJAijAWlLKhmxIk6Q7zLSdSdXmd+9J1zQMLiVSURsHw0D6lGMpJIcvdqEl7AvYt8Zw5HzAC11VxUl8C6n60ywnHRcNaeOXjFqRl5wEcwCKqColqN/9Qchjn0SSMyQED3TiKSdIi4pZmRa7seCRAhP0JD0FAbIJ8JO86Wm8FgpA+iFXJ1Awlz9PZEiX4jEd1Wnj+RIzHuZ+J/Xi6V3Yac0iGJJAjx7yIsZlCHMEoIDygmWLFGAMKfqrxCPEEdYqhzLKgRzfuVF6NRr5lmtfnNaadSLOErgEByBE2CCc9AATdACbYDBI3gGr+BNe9JetHftY9a6pBUzB+BPaZ8/2Wabhw==</latexit>

H =
X

j

hxXj + hyYj + JXjXj+1Mixed field Ising model*

We use the parameters ℎ! = 0.8090, ℎ" = 0.9045, * = 1 adapted from [Kim et al, PRE 90, 052105 (2014)].

<latexit sha1_base64="nRgDtjji1c7GfP4M8mnB/yVyYos="></latexit>

⇢(k)A =
X

z

pz (| A(z)ih A(z)|)⌦k

<latexit sha1_base64="XA0p8h3ePHy6DZLXCbAliGlNNRk="></latexit>

�(k) =
1

2

���
���⇢kA � ⇢(k)

Haar

���
���
1

Evaluate the *-th moment Check the convergence to *-design

Quenched time evolution
<latexit sha1_base64="FIMJy91/32aneJM2x1hTxcpflg0=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoJViEeilJEfVY8OKxgm2FJpTNdtIu3WzC7kaotb/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC1POlHbdb6uwtr6xuVXcLu3s7u2X7YPDtkoySbFFE57I+5Ao5ExgSzPN8T6VSOKQYyccXc/8zgNKxRJxp8cpBjEZCBYxSrSRenb5yW8qVnXPfEnEgGPPrrg1dw5nlXg5qUCOZs/+8vsJzWIUmnKiVNdzUx1MiNSMcpyW/ExhSuiIDLBrqCAxqmAyP3zqnBql70SJNCW0M1d/T0xIrNQ4Dk1nTPRQLXsz8T+vm+noKpgwkWYaBV0sijLu6MSZpeD0mUSq+dgQQiUztzp0SCSh2mRVMiF4yy+vkna95l3U6rfnlUY9j6MIx3ACVfDgEhpwA01oAYUMnuEV3qxH68V6tz4WrQUrnzmCP7A+fwDsZJKS</latexit>

| (0)i
<latexit sha1_base64="h7u6HtV2px6lmbHnvBXWgi5SsCc=">AAACFnicbVDNS8MwHE3n15xfVY9egkOYoKMdol6EqQgeJ7gPWEdJs2wLS9OSpMKs/Su8+K948aCIV/Hmf2O69aCbDwIv7/1+JO95IaNSWda3kZubX1hcyi8XVlbX1jfMza2GDCKBSR0HLBAtD0nCKCd1RRUjrVAQ5HuMNL3hZeo374iQNOC3ahSSjo/6nPYoRkpLrnno+EgNMGLxVQLPoBM/ODVJ3fPSvXux7wjE+4wcwHByTVyzaJWtMeAssTNSBBlqrvnldAMc+YQrzJCUbdsKVSdGQlHMSFJwIklChIeoT9qacuQT2YnHsRK4p5Uu7AVCH67gWP29ESNfypHv6ck0hJz2UvE/rx2p3mknpjyMFOF48lAvYlAFMO0IdqkgWLGRJggLqv8K8QAJhJVusqBLsKcjz5JGpWwflys3R8VqJasjD3bALigBG5yAKrgGNVAHGDyCZ/AK3own48V4Nz4mozkj29kGf2B8/gAv3J4R</latexit>

E = {| A(zB)i, p(zB)}
Projected ensemble

Cotler et al., PRXQ (2023)

<latexit sha1_base64="OqRdUhFvazSbDw5I74m0G3s3bDY=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJViEeilJEfVY8OKxgm2FJpTNdtIu3WzC7kSotb/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC1PBNbrut1VYW9/Y3Cpul3Z29/bL9sFhWyeZYtBiiUjUfUg1CC6hhRwF3KcKaBwK6ISj65nfeQCleSLvcJxCENOB5BFnFI3Us8tPflPzKp75isqBgJ5dcWvuHM4q8XJSITmaPfvL7ycsi0EiE1TrruemGEyoQs4ETEt+piGlbEQH0DVU0hh0MJkfPnVOjdJ3okSZkujM1d8TExprPY5D0xlTHOplbyb+53UzjK6CCZdphiDZYlGUCQcTZ5aC0+cKGIqxIZQpbm512JAqytBkVTIheMsvr5J2veZd1Oq355VGPY+jSI7JCakSj1ySBrkhTdIijGTkmbySN+vRerHerY9Fa8HKZ47IH1ifP1WjktY=</latexit>

| (t)i<latexit sha1_base64="j8z6LaRFKouaAc0OfOEGwKV/HRk=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbRD0GvOQYwTwgWcPsZJIMmZ1dZ3qFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7glgKg6777eTW1jc2t/LbhZ3dvf2D4uFR00SJZrzBIhnpdkANl0LxBgqUvB1rTsNA8lYwvp35rSeujYjUPU5i7od0qMRAMIpWavOH9ELUcNorltyyOwdZJV5GSpCh3it+dfsRS0KukElqTMdzY/RTqlEwyaeFbmJ4TNmYDnnHUkVDbvx0fu+UnFmlTwaRtqWQzNXfEykNjZmEge0MKY7MsjcT//M6CQ5u/FSoOEGu2GLRIJEEIzJ7nvSF5gzlxBLKtLC3EjaimjK0ERVsCN7yy6ukWSl7V+XK3WWpWsniyMMJnMI5eHANVahBHRrAQMIzvMKb8+i8OO/Ox6I152Qzx/AHzucP2omPzg==</latexit>

e�iHt



Emergent !-designs from quench dynamics Δ ( = 1
2 :!( − :)**+(

%

! = 12

! = 24

TFIM

MFIM

<latexit sha1_base64="0/3QUnDfa41roAYVJvtuFEkysfc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04kkq2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91hPXRsTqEccJ9yM6UCIUjKKVHu56171S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mp07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdoQvMWXl0mzWvEuKtX783KtmsdRgGM4gTPw4BJqcAt1aACDATzDK7w50nlx3p2PeeuKk88cwR84nz/i441+</latexit>

NB

Quantum
thermalization

Haar 
sampling 
2!!  times

Convergence as good as 2,&Haar random samples!

<latexit sha1_base64="0/3QUnDfa41roAYVJvtuFEkysfc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04kkq2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91hPXRsTqEccJ9yM6UCIUjKKVHu56171S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mp07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdoQvMWXl0mzWvEuKtX783KtmsdRgGM4gTPw4BJqcAt1aACDATzDK7w50nlx3p2PeeuKk88cwR84nz/i441+</latexit>

NB

<latexit sha1_base64="0/3QUnDfa41roAYVJvtuFEkysfc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04kkq2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91hPXRsTqEccJ9yM6UCIUjKKVHu56171S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mp07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdoQvMWXl0mzWvEuKtX783KtmsdRgGM4gTPw4BJqcAt1aACDATzDK7w50nlx3p2PeeuKk88cwR84nz/i441+</latexit>

NB
<latexit sha1_base64="0/3QUnDfa41roAYVJvtuFEkysfc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04kkq2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91hPXRsTqEccJ9yM6UCIUjKKVHu56171S2a24M5Bl4uWkDDnqvdJXtx+zNOIKmaTGdDw3QT+jGgWTfFLspoYnlI3ogHcsVTTixs9mp07IqVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdoQvMWXl0mzWvEuKtX783KtmsdRgGM4gTPw4BJqcAt1aACDATzDK7w50nlx3p2PeeuKk88cwR84nz/i441+</latexit>

NB

Higher moments
Properties beyond conventional thermalization



Emergent !-designs from quench dynamics

<latexit sha1_base64="OqRdUhFvazSbDw5I74m0G3s3bDY=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJViEeilJEfVY8OKxgm2FJpTNdtIu3WzC7kSotb/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC1PBNbrut1VYW9/Y3Cpul3Z29/bL9sFhWyeZYtBiiUjUfUg1CC6hhRwF3KcKaBwK6ISj65nfeQCleSLvcJxCENOB5BFnFI3Us8tPflPzKp75isqBgJ5dcWvuHM4q8XJSITmaPfvL7ycsi0EiE1TrruemGEyoQs4ETEt+piGlbEQH0DVU0hh0MJkfPnVOjdJ3okSZkujM1d8TExprPY5D0xlTHOplbyb+53UzjK6CCZdphiDZYlGUCQcTZ5aC0+cKGIqxIZQpbm512JAqytBkVTIheMsvr5J2veZd1Oq355VGPY+jSI7JCakSj1ySBrkhTdIijGTkmbySN+vRerHerY9Fa8HKZ47IH1ifP1WjktY=</latexit>

| (t)i

A B



Projected Ensemble forms Pseudo-random states 

“Deep thermalization”

Ho, Choi, PRL (2022)
Ippoliti, Ho, PRXQ (2023)
Ippoliti, Ho, Quantum (2022)
Claeys et al., Quantum (2022)
Choi et al., Nature (2023)
Cotler et al., PRXQ (2023)
Lucas et al., PRA (2023)
Shrotryia, Ho, arXiv:2305.08437
Chan, Luca, arXiv:2402.16939

.

.

.



Projected ensemble at finite temperature

A

Quantum thermalization 
@ $ < ∞	(, ≠ 0)

<latexit sha1_base64="eCY00GomLya0QAQgBz7K7WsVBYI=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiQi1Y1YFMFlBfuAJpTJdNqOnWTCzI1YQlZu/BU3LhRx6ze482+cPhZaPXDhcM693HtPEAuuwXG+rNzc/MLiUn65sLK6tr5hb27VtUwUZTUqhVTNgGgmeMRqwEGwZqwYCQPBGsHgYuQ37pjSXEY3MIyZH5JexLucEjBS2971QgJ9SkR6mbU9YPegwjRW8jbDp/isbRedkjMG/kvcKSmiKapt+9PrSJqELAIqiNYt14nBT4kCTgXLCl6iWUzogPRYy9CIhEz76fiNDO8bpYO7UpmKAI/VnxMpCbUehoHpHB2tZ72R+J/XSqB74qc8ihNgEZ0s6iYCg8SjTHCHK0ZBDA0hVHFzK6Z9oggFk1zBhODOvvyX1A9LbrlUvj4qVs6nceTRDtpDB8hFx6iCrlAV1RBFD+gJvaBX69F6tt6s90lrzprObKNfsD6+AW65mRk=</latexit>

Eproj =?

<latexit sha1_base64="OqRdUhFvazSbDw5I74m0G3s3bDY=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJViEeilJEfVY8OKxgm2FJpTNdtIu3WzC7kSotb/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC1PBNbrut1VYW9/Y3Cpul3Z29/bL9sFhWyeZYtBiiUjUfUg1CC6hhRwF3KcKaBwK6ISj65nfeQCleSLvcJxCENOB5BFnFI3Us8tPflPzKp75isqBgJ5dcWvuHM4q8XJSITmaPfvL7ycsi0EiE1TrruemGEyoQs4ETEt+piGlbEQH0DVU0hh0MJkfPnVOjdJ3okSZkujM1d8TExprPY5D0xlTHOplbyb+53UzjK6CCZdphiDZYlGUCQcTZ5aC0+cKGIqxIZQpbm512JAqytBkVTIheMsvr5J2veZd1Oq355VGPY+jSI7JCakSj1ySBrkhTdIijGTkmbySN+vRerHerY9Fa8HKZ47IH1ifP1WjktY=</latexit>

| (t)i

Claim. ℇ!"#$ approaches the (generalized) Scrooge ensemble

<latexit sha1_base64="ceZ3O5OODJhFgHDxbA+tFGyXRNk=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHqxWME84BkCbOT2WTMPJaZWSEs+QcvHhTx6v9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knNrh6q3nWvVPYr/gxomQQ5KUOOeq/01e0rkgoqLeHYmE7gJzbMsLaMcDopdlNDE0xGeEA7jkosqAmz2bUTdOqUPoqVdiUtmqm/JzIsjBmLyHUKbIdm0ZuK/3md1MZXYcZkkloqyXxRnHJkFZq+jvpMU2L52BFMNHO3IjLEGhPrAiq6EILFl5dJ87wSVCvV+4ty7SaPowDHcAJnEMAl1OAO6tAAAo/wDK/w5invxXv3PuatK14+cwR/4H3+AGNMjwY=</latexit>⇢A

Mark et al., arXiv:2403:11970



Scrooge Ensemble
<latexit sha1_base64="ceZ3O5OODJhFgHDxbA+tFGyXRNk=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHqxWME84BkCbOT2WTMPJaZWSEs+QcvHhTx6v9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knNrh6q3nWvVPYr/gxomQQ5KUOOeq/01e0rkgoqLeHYmE7gJzbMsLaMcDopdlNDE0xGeEA7jkosqAmz2bUTdOqUPoqVdiUtmqm/JzIsjBmLyHUKbIdm0ZuK/3md1MZXYcZkkloqyXxRnHJkFZq+jvpMU2L52BFMNHO3IjLEGhPrAiq6EILFl5dJ87wSVCvV+4ty7SaPowDHcAJnEMAl1OAO6tAAAo/wDK/w5invxXv3PuatK14+cwR/4H3+AGNMjwY=</latexit>⇢A

<latexit sha1_base64="/RXCLN002jhQs1w1pjFG+WQkR6I=">AAACBXicbVBNS8NAEN34WetX1KMegkXwVBKR6rEogseK9gOaUjbbabt0kw27E7GEXrz4V7x4UMSr/8Gb/8Ztm4O2Phh4vDfDzLwgFlyj635bC4tLyyurubX8+sbm1ra9s1vTMlEMqkwKqRoB1SB4BFXkKKARK6BhIKAeDC7Hfv0elOYyusNhDK2Q9iLe5Yyikdr2gR9S7DMq0qtR20d4QBWmt0xJ2YNR2y64RXcCZ554GSmQDJW2/eV3JEtCiJAJqnXTc2NspVQhZwJGeT/REFM2oD1oGhrREHQrnXwxco6M0nG6UpmK0JmovydSGmo9DAPTOb5Zz3pj8T+vmWD3vJXyKE4QIjZd1E2Eg9IZR+J0uAKGYmgIZYqbWx3Wp4oyNMHlTQje7MvzpHZS9ErF0s1poXyRxZEj++SQHBOPnJEyuSYVUiWMPJJn8krerCfrxXq3PqatC1Y2s0f+wPr8Acf0mWo=</latexit>

EScrooge

Thermally deformed 
Haar ensemble

Sampling from ℇ<=>??@A 

1. Pick a Haar random state 0
2. Obtain 1Ψ = 26 0  and normalize it
3. Accept it with Pr ~ 0 26 0 	.

Jozsa, Robb, Wootters, PRA 49, 668 (1994)



Scrooge Ensemble
<latexit sha1_base64="ceZ3O5OODJhFgHDxbA+tFGyXRNk=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHqxWME84BkCbOT2WTMPJaZWSEs+QcvHhTx6v9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knNrh6q3nWvVPYr/gxomQQ5KUOOeq/01e0rkgoqLeHYmE7gJzbMsLaMcDopdlNDE0xGeEA7jkosqAmz2bUTdOqUPoqVdiUtmqm/JzIsjBmLyHUKbIdm0ZuK/3md1MZXYcZkkloqyXxRnHJkFZq+jvpMU2L52BFMNHO3IjLEGhPrAiq6EILFl5dJ87wSVCvV+4ty7SaPowDHcAJnEMAl1OAO6tAAAo/wDK/w5invxXv3PuatK14+cwR/4H3+AGNMjwY=</latexit>⇢A

<latexit sha1_base64="/RXCLN002jhQs1w1pjFG+WQkR6I=">AAACBXicbVBNS8NAEN34WetX1KMegkXwVBKR6rEogseK9gOaUjbbabt0kw27E7GEXrz4V7x4UMSr/8Gb/8Ztm4O2Phh4vDfDzLwgFlyj635bC4tLyyurubX8+sbm1ra9s1vTMlEMqkwKqRoB1SB4BFXkKKARK6BhIKAeDC7Hfv0elOYyusNhDK2Q9iLe5Yyikdr2gR9S7DMq0qtR20d4QBWmt0xJ2YNR2y64RXcCZ554GSmQDJW2/eV3JEtCiJAJqnXTc2NspVQhZwJGeT/REFM2oD1oGhrREHQrnXwxco6M0nG6UpmK0JmovydSGmo9DAPTOb5Zz3pj8T+vmWD3vJXyKE4QIjZd1E2Eg9IZR+J0uAKGYmgIZYqbWx3Wp4oyNMHlTQje7MvzpHZS9ErF0s1poXyRxZEj++SQHBOPnJEyuSYVUiWMPJJn8krerCfrxXq3PqatC1Y2s0f+wPr8Acf0mWo=</latexit>

EScrooge
The most stingy unraveling of 26.

Jozsa, Robb, Wootters, PRA 49, 668 (1994)



Scrooge Ensemble

Pick a random '∗
<latexit sha1_base64="r+oqo69neyXu+x3rSsP5EKAMdKs=">AAACHHicbVDLSgNBEJz1bXxFPXoZDIJ4CLsq6lEUwaOiUSEbl9lJJw6ZnVlmesWw7od48Ve8eFDEiwfBv3ESc/BV0FBUddPdFadSWPT9D29oeGR0bHxisjQ1PTM7V55fOLM6MxxqXEttLmJmQQoFNRQo4SI1wJJYwnnc2e/559dgrNDqFLspNBLWVqIlOEMnReWN2zC1Iso7l2tFaJhqS6ChUDRMGF5xJvODIgoRbtAk+Qk3WrehiMoVv+r3Qf+SYEAqZICjqPwWNjXPElDIJbO2HvgpNnJmUHAJRSnMLKSMd1gb6o4qloBt5P3nCrrilCZtaeNKIe2r3ydylljbTWLX2bvZ/vZ64n9ePcPWTiMXKs0QFP9a1MokRU17SdGmMMBRdh1h3Ah3K+VXzDCOLs+SCyH4/fJfcrZeDbaqW8ebld29QRwTZIksk1USkG2ySw7JEakRTu7IA3kiz9699+i9eK9frUPeYGaR/ID3/gmwh6MG</latexit>

| k⇤i 2 EScrooge

<latexit sha1_base64="U4RsPNAnArFrrqhzZXvW26cEC1w=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBZBXJREpLosunFZwT6giWEynbZDJ5MwMxFCrL/ixoUibv0Qd/6N08dCWw9cOJxzL/feEyacKe0431ZhZXVtfaO4Wdra3tnds/cPWipOJaFNEvNYdkKsKGeCNjXTnHYSSXEUctoOR9cTv/1ApWKxuNNZQv0IDwTrM4K1kQK7/OgligX56P507EksBpyiwK44VWcKtEzcOanAHI3A/vJ6MUkjKjThWKmu6yTaz7HUjHA6LnmpogkmIzygXUMFjqjy8+nxY3RslB7qx9KU0Giq/p7IcaRUFoWmM8J6qBa9ifif1011/9LPmUhSTQWZLeqnHOkYTZJAPSYp0TwzBBPJzK2IDLHERJu8SiYEd/HlZdI6q7q1au32vFK/msdRhEM4ghNw4QLqcAMNaAKBDJ7hFd6sJ+vFerc+Zq0Faz5Thj+wPn8AvgCU1w==</latexit>

| k⇤i

Tell me which 
state I picked!

Perform the 
optimum POVM ℇ6 .

Maybe... 3' ?

• ℇ<=>??@A	minimizes the accessible information.

• ℇ<=>??@A	 is maximally difficult to compress, 
distinguish, or use for information transmission, 

Jozsa, Robb, Wootters, PRA 49, 668 (1994)



Projected Ensemble approximates (generalized) Scrooge Ensemble

Analytic arguments /  “Derivation”

Numerical confirmation: “stringy behavior”

Nature is stingy, hiding/scrambling information as thoroughly as possible.

See Mark et al, arXiv:2403:11970



Projected Ensemble Temporal Ensemble Applications

Outcomes

Pr
ob

.

<latexit sha1_base64="9OwMjRmKgb3nGD6AUq50ONieCnQ=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LQvFYwX5AdynZbLYNzWZDkhVL6d/w4kERr/4Zb/4b03YP2vpg4PHeDDPzQsmZNq777RTW1jc2t4rbpZ3dvf2D8uFRW6eZIrRFUp6qbog15UzQlmGG065UFCchp51wdDvzO49UaZaKBzOWNEjwQLCYEWys5Dd8LKVKn1CjH/XLFbfqzoFWiZeTCuRo9stffpSSLKHCEI617nmuNMEEK8MIp9OSn2kqMRnhAe1ZKnBCdTCZ3zxFZ1aJUJwqW8Kgufp7YoITrcdJaDsTbIZ62ZuJ/3m9zMTXwYQJmRkqyGJRnHFkUjQLAEVMUWL42BJMFLO3IjLEChNjYyrZELzll1dJ+6Lq1aq1+8tK/SaPowgncArn4MEV1OEOmtACAhKe4RXenMx5cd6dj0VrwclnjuEPnM8fjEaRYg==</latexit>

F ⇡ Fd

Emergent Randomness in Natural Quantum Systems

Mark et al., arXiv:2403:11970
Shaw et al. arXiv:2403.11971



Temporal Ensemble

<latexit sha1_base64="W2B7TAp9SOdvD9lDQYDl8XH+51A=">AAACEnicbVA9SwNBEN3z2/gVtbRZDEJSGO5Eoo0QtLGMYFTInWFvM4mLe3vH7pwQzvwGG/+KjYUitlZ2/hs38QpNfDDweG+GmXlhIoVB1/1ypqZnZufmFxYLS8srq2vF9Y0LE6eaQ5PHMtZXITMghYImCpRwlWhgUSjhMrw9GfqXd6CNiNU59hMIItZTois4Qyu1i5V7v2FEGSu+ZqongR5RuM52xSkO6Mhqu7nTLpbcqjsCnSReTkokR6Nd/PQ7MU8jUMglM6bluQkGGdMouIRBwU8NJIzfsh60LFUsAhNko5cGdMcqHdqNtS2FdKT+nshYZEw/Cm1nxPDGjHtD8T+vlWL3MMiESlIExX8WdVNJMabDfGhHaOAo+5YwroW9lfIbphlHm2LBhuCNvzxJLvaqXq1aO9sv1Y/zOBbIFtkmZeKRA1Inp6RBmoSTB/JEXsir8+g8O2/O+0/rlJPPbJI/cD6+Ad5GnQA=</latexit>

| (t)i = e�iHt| 0i

Conventional New
<latexit sha1_base64="3LVA0KI9mRRg/YCv4ojCi34O3GY=">AAACJXicbVBNSwMxFMz6bf2qevQSLIJeyq6IevAgiuCxgrWF7rJk09c2mM2uyVuhrP0zXvwrXjwoInjyr5i2e9DqQMgw8x7JTJRKYdB1P52p6ZnZufmFxdLS8srqWnl948YkmeZQ54lMdDNiBqRQUEeBEpqpBhZHEhrR7fnQb9yDNiJR19hPIYhZV4mO4AytFJZPfN1Lwjb14S4T99SPGfaiKL8YhEhb9MGvGbGLe75mqivBl6OLFmoQlitu1R2B/iVeQSqkQC0sv/nthGcxKOSSGdPy3BSDnGkUXMKg5GcGUsZvWRdalioWgwnyUcoB3bFKm3YSbY9COlJ/buQsNqYfR3ZymMJMekPxP6+VYec4yIVKMwTFxw91MkkxocPKaFto4Cj7ljCuhf0r5T2mGUdbbMmW4E1G/ktu9qveYfXw6qByelbUsUC2yDbZJR45IqfkktRInXDySJ7JK3lznpwX5935GI9OOcXOJvkF5+sb8Lqk6A==</latexit>

⇢d ⌘ Et[| (t)ih (t)]
<latexit sha1_base64="PPyHJu+Lp304Mn3wqX4m7gAIX5I=">AAACGXicbVBNSwMxFMz6bf2qevQSLIJeyq6IehFEETxWsFrolpJNX9vQJLskb8Wy7t/w4l/x4kERj3ry35jWHtQ6EBhm3uNlJkqksOj7n97E5NT0zOzcfGFhcWl5pbi6dmXj1HCo8ljGphYxC1JoqKJACbXEAFORhOuodzrwr2/AWBHrS+wn0FCso0VbcIZOahb9UDHsciazs7wZItyiURmCSnJ6RMOM3oUVK7ZxJzRMdySEebNY8sv+EHScBCNSIiNUmsX3sBXzVIFGLpm19cBPsJExg4JLyAthaiFhvMc6UHdUMwW2kQ2T5XTLKS3ajo17GulQ/bmRMWVtX0VucpDD/vUG4n9ePcX2YSMTOkkRNP8+1E4lxZgOaqItYYCj7DvCuBHur5R3mWEcXZkFV0LwN/I4udotB/vl/Yu90vHJqI45skE2yTYJyAE5JuekQqqEk3vySJ7Ji/fgPXmv3tv36IQ32lknv+B9fAEkmaEB</latexit>

Etemp = {| (t)i}

Claim.	ℇCDE!	is as random as possible up to the energy conservation.



Haar random states

Temporal ensemble is the random phase ensemble
<latexit sha1_base64="6PI92g+PtMjsAxzS5jqqtQrI/m8=">AAACJXicbVBNSwMxEM3W7/q16tFLsAieyq5I9aAgiuCxglWhLSWbTm0wyS7JrFiW/TNe/CtePFhE8ORfMa09aNsHA4/3ZpiZFyVSWAyCL68wMzs3v7C4VFxeWV1b9zc2b2ycGg41HsvY3EXMghQaaihQwl1igKlIwm30cD7wbx/BWBHra+wl0FTsXouO4Ayd1PKPG4phlzOZXeStBsITGpUhqCSnJ3SaZ5hu06TrVua05ZeCcjAEnSThiJTICNWW32+0Y54q0Mgls7YeBgk2M2ZQcAl5sZFaSBh/YPdQd1QzBbaZDb/M6a5T2rQTG1ca6VD9O5ExZW1PRa5zcLcd9wbiNK+eYueomQmdpAia/y7qpJJiTAeR0bYwwFH2HGHcCHcr5V1mGEcXbNGFEI6/PElu9sthpVy5Oiidno3iWCTbZIfskZAcklNySaqkRjh5Jq/knfS9F+/N+/A+f1sL3mhmi/yD9/0DAC6myw==</latexit>

Etemp = Erand phase

<latexit sha1_base64="HBRSsc+uwI8RBUUfjgpG9xJwqtw="></latexit>

=
n DX

j=1

|cj |ei�j |ji
����j ⇠ Unif([0, 2⇡))

o

Statistical moments 
<latexit sha1_base64="V7z1eqfu4gYFaOuZjrSlqlRAI9k="></latexit>

Etemp

⇥
| ih |⌦k

⇤
= ⇢

⌦k
d

X

�2Sk

Perm(�) +O(tr(⇢2d))

Relation between ergodic quantum dynamics and pseudo-randomness.

Theorem. The infinite-time temporal ensemble is equal to a 
random phase ensemble if and only if the Hamiltonian + satisfies 
all *-th no-resonance conditions



Universal fluctuation from ergodic quantum dynamics

Natural Hamiltonian evolution

<latexit sha1_base64="rhlF5eJeCUxWyLMVHapHA08qVcc=">AAACEnicbVA9SwNBEN3zM8avqKXNYhC0MNxJUBshaJMygjGBXAx7m7m4uLd37M4J4cxvsPGv2FgoYmtl579xE6/w68HA470ZZuYFiRQGXffDmZqemZ2bLywUF5eWV1ZLa+sXJk41hyaPZazbATMghYImCpTQTjSwKJDQCq5Px37rBrQRsTrHYQLdiA2UCAVnaKVeaffWT4zYwV1fMzWQQI8pXGZ7oo4jOrF6bu70SmW34k5A/xIvJ2WSo9Ervfv9mKcRKOSSGdPx3AS7GdMouIRR0U8NJIxfswF0LFUsAtPNJi+N6LZV+jSMtS2FdKJ+n8hYZMwwCmxnxPDK/PbG4n9eJ8XwqJsJlaQIin8tClNJMabjfGhfaOAoh5YwroW9lfIrphlHm2LRhuD9fvkvudiveAeV6lm1XDvJ4yiQTbJFdohHDkmN1EmDNAknd+SBPJFn5955dF6c16/WKSef2SA/4Lx9AkTRnT4=</latexit>

| (t)i = e�iHt| 0i

Projective measurement 
in a complete basis

<latexit sha1_base64="O4y6NTQACuVQRshDuwq8g9HPJyw=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAInsKuiHoMevEYwTwgG8LspJMMmZ1dZmaFZM2XePGgiFc/xZt/4+Rx0MSChqKqm+6uMBFcG8/7dnJr6xubW/ntws7u3n7RPTis6zhVDGssFrFqhlSj4BJrhhuBzUQhjUKBjXB4O/Ubj6g0j+WDGSXYjmhf8h5n1Fip4xaDjDyNA0VlXyAJJh235JW9Gcgq8RekBAtUO+5X0I1ZGqE0TFCtW76XmHZGleFM4KQQpBoTyoa0jy1LJY1Qt7PZ4RNyapUu6cXKljRkpv6eyGik9SgKbWdEzUAve1PxP6+Vmt51O+MySQ1KNl/USwUxMZmmQLpcITNiZAllittbCRtQRZmxWRVsCP7yy6ukfl72L8sX9xelys0ijjwcwwmcgQ9XUIE7qEINGKTwDK/w5oydF+fd+Zi35pzFzBH8gfP5A4ifkwU=</latexit>

{|zi}

<latexit sha1_base64="GSCPGJ8uT0tqbCdx/KOIh3Jt9mY=">AAACF3icbVBNSwMxEM3Wr1q/qh69BItQQcquFPUiFL14rGBboS0lm05raHY3JLPFdum/8OJf8eJBEa9689+Yfhy0OhDyeO8NM/N8JYVB1/1yUguLS8sr6dXM2vrG5lZ2e6dqolhzqPBIRvrWZwakCKGCAiXcKg0s8CXU/N7lWK/1QRsRhTc4UNAMWDcUHcEZWqqVLaj88AgP6TlVrQbCPSas3x3lh4e0gSIAM/5kGxI1mvha2ZxbcCdF/wJvBnJkVuVW9rPRjngcQIhcMmPqnquwmTCNgksYZRqxAcV4j3WhbmHI7MxmMrlrRA8s06adSNsXIp2wPzsSFhgzCHzrDBjemXltTP6n1WPsnDUTEaoYIeTTQZ1YUozoOCTaFho4yoEFjGthd6X8jmnG0UaZsSF48yf/BdXjgndSKF4Xc6WLWRxpskf2SZ545JSUyBUpkwrh5IE8kRfy6jw6z86b8z61ppxZzy75Vc7HN0acnsg=</latexit>

p(z, t) = pavg(z)⇥ p̃(z, t)
Fluctuation

Universal PoP

Probability

C
ou

nt

Non-universal  PoP

Probability

C
ou

nt

Systematic
<latexit sha1_base64="f18ioUMYl8zq2qKxlg6xBQRYLMg=">AAACB3icbZDLSsNAFIYnXmu9RV0KMlgEVyURqW6EohuXFewFmhAmk0k7dDIJMxOhTbtz46u4caGIW1/BnW/jNM1CW38Y+PjPOZw5v58wKpVlfRtLyyura+uljfLm1vbOrrm335JxKjBp4pjFouMjSRjlpKmoYqSTCIIin5G2P7iZ1tsPREga83s1TIgboR6nIcVIacszj64chniPETgaQ0f0Yy+AYzjSmLueWbGqVi64CHYBFVCo4ZlfThDjNCJcYYak7NpWotwMCUUxI5Oyk0qSIDxAPdLVyFFEpJvld0zgiXYCGMZCP65g7v6eyFAk5TDydWeEVF/O16bmf7VuqsJLN6M8SRXheLYoTBlUMZyGAgMqCFZsqAFhQfVfIe4jgbDS0ZV1CPb8yYvQOqvatWrt7rxSvy7iKIFDcAxOgQ0uQB3cggZoAgwewTN4BW/Gk/FivBsfs9Ylo5g5AH9kfP4A5naYtw==</latexit>

= hz|⇢d|zi



Projected Ensemble Temporal Ensemble Applications

Outcomes

Pr
ob

.

<latexit sha1_base64="9OwMjRmKgb3nGD6AUq50ONieCnQ=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LQvFYwX5AdynZbLYNzWZDkhVL6d/w4kERr/4Zb/4b03YP2vpg4PHeDDPzQsmZNq777RTW1jc2t4rbpZ3dvf2D8uFRW6eZIrRFUp6qbog15UzQlmGG065UFCchp51wdDvzO49UaZaKBzOWNEjwQLCYEWys5Dd8LKVKn1CjH/XLFbfqzoFWiZeTCuRo9stffpSSLKHCEI617nmuNMEEK8MIp9OSn2kqMRnhAe1ZKnBCdTCZ3zxFZ1aJUJwqW8Kgufp7YoITrcdJaDsTbIZ62ZuJ/3m9zMTXwYQJmRkqyGJRnHFkUjQLAEVMUWL42BJMFLO3IjLEChNjYyrZELzll1dJ+6Lq1aq1+8tK/SaPowgncArn4MEV1OEOmtACAhKe4RXenMx5cd6dj0VrwclnjuEPnM8fjEaRYg==</latexit>

F ⇡ Fd

Emergent Randomness in Natural Quantum Systems

Mark, Choi, Shaw, Endres, SC, PRL (2023) 
See also Choi, … SC, Endres, Nature 613, 468 (2023) 



• Verify the Hamiltonian + ,, ., Ω, 0 ?
• Decoherence or noise level?
• Calibration?

<latexit sha1_base64="m6TFi+LB3/1c2BzG+MPmCn4x3aM="></latexit>

F = h ideal|⇢exp| ideali

Fidelity estimation

• Efficiently measurable?
• Limited controllability

Challenges

Ideal Experiment

<latexit sha1_base64="DlFs7Y1g6cPl3tixBWiDemZPOUY=">AAACBHicbVA9SwNBEN2LXzF+RS3THAbBKtxJUMugjWUE8wG5cOztTZIle3vH7pwYzhQ2/hUbC0Vs/RF2/hs3H4UmPhh4vDfDzLwgEVyj43xbuZXVtfWN/GZha3tnd6+4f9DUcaoYNFgsYtUOqAbBJTSQo4B2ooBGgYBWMLya+K07UJrH8hZHCXQj2pe8xxlFI/nF0oNX19z3EO5RRRkPgYqxp6jsC/CLZafiTGEvE3dOymSOul/88sKYpRFIZIJq3XGdBLsZVciZgHHBSzUklA1pHzqGShqB7mbTJ8b2sVFCuxcrUxLtqfp7IqOR1qMoMJ0RxYFe9Cbif14nxd5FN+MySREkmy3qpcLG2J4kYodcAUMxMoQyxc2tNhtQRRma3AomBHfx5WXSPK24Z5XqTbVcu5zHkSclckROiEvOSY1ckzppEEYeyTN5JW/Wk/VivVsfs9acNZ85JH9gff4A85yY8Q==</latexit>

| ideali
<latexit sha1_base64="dfKOUvWJYO0boyOqDibEIAeNpwQ=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBU0mkqMeiF48V7Ae0IWy2k3bp5oPdibbE/hQvHhTx6i/x5r9x2+agrQ8GHu/NMDPPTwRXaNvfRmFtfWNzq7hd2tnd2z8wy4ctFaeSQZPFIpYdnyoQPIImchTQSSTQ0BfQ9kc3M7/9AFLxOLrHSQJuSAcRDzijqCXPLPfkMPZ6CGOUYQbjZOqZFbtqz2GtEicnFZKj4ZlfvX7M0hAiZIIq1XXsBN2MSuRMwLTUSxUklI3oALqaRjQE5Wbz06fWqVb6VhBLXRFac/X3REZDpSahrztDikO17M3E/7xuisGVm/EoSREitlgUpMLC2JrlYPW5BIZiogllkutbLTakkjLUaZV0CM7yy6ukdV51Lqq1u1qlfp3HUSTH5IScEYdckjq5JQ3SJIw8kmfySt6MJ+PFeDc+Fq0FI585In9gfP4APlKUpw==</latexit>⇢exp

Benchmarking Analog Quantum Devices



See Arute et al, Nature 574 (2019) , Elben et al, PRL 124 (2020), Huang et al, Nat. Phys. 16 (2020) 

Randomly
 Chosen
2,×2,
Unitary Pr

ob
, G

H

Output Bit string, H

2�N

<latexit sha1_base64="C6wVJ8r04FO9K1sPDUSBnwDTPVQ=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwY0hiqLorunElFewD2lgm00k7djITZiZCCf0HNy4Ucev/uPNvnLQVVPTAhcM593LvPWHCqNKO82EVFhaXlleKq6W19Y3NrfL2TlOJVGLSwIIJ2Q6RIoxy0tBUM9JOJEFxyEgrHF3kfuueSEUFv9HjhAQxGnAaUYy0kZrebXZ0NemVK45dPTv2fBc6tjNFTryq5/vQnSsVMEe9V37v9gVOY8I1ZkipjuskOsiQ1BQzMil1U0UShEdoQDqGchQTFWTTayfwwCh9GAlpims4Vb9PZChWahyHpjNGeqh+e7n4l9dJdXQaZJQnqSYczxZFKYNawPx12KeSYM3GhiAsqbkV4iGSCGsTUMmE8PUp/J80Pdv1bf/ar9TO53EUwR7YB4fABSegBi5BHTQABnfgATyBZ0tYj9aL9TprLVjzmV3wA9bbJzr+jus=</latexit>

Average
<latexit sha1_base64="w/vtYG1GmSiNVEmgyUzNQqGjUjw=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHqpiShqMuiG1dSwT6gTcNkOmmHTpJhZiK2oQs3/oobF4q49SPc+TdO2yy09cCFwzn3cu89PmdUKsv6NlZW19Y3NnNb+e2d3b198+CwIeNEYFLHMYtFy0eSMBqRuqKKkRYXBIU+I01/eDX1m/dESBpHd2rEiRuifkQDipHSkmcWnO4N7Mgk9MaQl8anXQd2EOcifoCOZxatsjUDXCZ2RoogQ80zvzq9GCchiRRmSMq2bXHlpkgoihmZ5DuJJBzhIeqTtqYRCol009kTE3iilR4MYqErUnCm/p5IUSjlKPR1Z4jUQC56U/E/r52o4MJNacQTRSI8XxQkDKoYThOBPSoIVmykCcKC6lshHiCBsNK55XUI9uLLy6ThlO2zcuW2UqxeZnHkQAEcgxKwwTmogmtQA3WAwSN4Bq/gzXgyXox342PeumJkM0fgD4zPH01glp0=</latexit>

2N
X

z

p(z)2 ⇡ 2

Universal fluctuation

Pr
ob

, G
H
	

Output Bit string, H

2�N

<latexit sha1_base64="C6wVJ8r04FO9K1sPDUSBnwDTPVQ=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwY0hiqLorunElFewD2lgm00k7djITZiZCCf0HNy4Ucev/uPNvnLQVVPTAhcM593LvPWHCqNKO82EVFhaXlleKq6W19Y3NrfL2TlOJVGLSwIIJ2Q6RIoxy0tBUM9JOJEFxyEgrHF3kfuueSEUFv9HjhAQxGnAaUYy0kZrebXZ0NemVK45dPTv2fBc6tjNFTryq5/vQnSsVMEe9V37v9gVOY8I1ZkipjuskOsiQ1BQzMil1U0UShEdoQDqGchQTFWTTayfwwCh9GAlpims4Vb9PZChWahyHpjNGeqh+e7n4l9dJdXQaZJQnqSYczxZFKYNawPx12KeSYM3GhiAsqbkV4iGSCGsTUMmE8PUp/J80Pdv1bf/ar9TO53EUwR7YB4fABSegBi5BHTQABnfgATyBZ0tYj9aL9TprLVjzmV3wA9bbJzr+jus=</latexit>

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+
<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+
<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+ <latexit sha1_base64="8LVrqJucQl9xNwsjgr7UF8xAfX0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP4+7jMo=</latexit>=

No speckle

<latexit sha1_base64="DK7gUagmw1alGjztBf0Ev0JEDm4=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyxC3ZSZUtSNUHTjSirYB7TTIZOmbWiSGZKM0A7FX3HjQhG3/oc7/8a0nYW2HrhwOOde7r0niBhV2nG+rczK6tr6RnYzt7W9s7tn7x/UVRhLTGo4ZKFsBkgRRgWpaaoZaUaSIB4w0giGN1O/8UikoqF40KOIeBz1Be1RjLSRfPuo1LmDbRVzfwyjwvisU4JXrm/nnaIzA1wmbkryIEXVt7/a3RDHnAiNGVKq5TqR9hIkNcWMTHLtWJEI4SHqk5ahAnGivGR2/QSeGqULe6E0JTScqb8nEsSVGvHAdHKkB2rRm4r/ea1Y9y69hIoo1kTg+aJezKAO4TQK2KWSYM1GhiAsqbkV4gGSCGsTWM6E4C6+vEzqpaJ7Xizfl/OV6zSOLDgGJ6AAXHABKuAWVEENYDAGz+AVvFlP1ov1bn3MWzNWOnMI/sD6/AHBEZN9</latexit>
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X

z

p(z)2 = 1

No or reduced fluctuation

Ideal

Experiment

Randomly
 Chosen
2,×2,
Unitary

Speckle

(non-universal)

No speckle

Benchmarking Digital Quantum Devices via Speckle patterns



<latexit sha1_base64="+OPlhMMBhMEPKvFIUcoKWD1DOeQ=">AAACFnicbVBNSwMxEM36bf2qevQSLEI9tOwWUS9CqSiepILVQrsu2TRtQ5PdJZkV26W/wot/xYsHRbyKN/+N2dqDWh+Eebw3w2SeHwmuwbY/ranpmdm5+YXFzNLyyupadn3jSoexoqxGQxGquk80EzxgNeAgWD1SjEhfsGu/d5z617dMaR4Gl9CPmCtJJ+BtTgkYycsWTr0msDtQMqmfVIb4CJduznFTx9Ib4Mhz8oNdU+y0FLDjZXN20R4BTxJnTHJojKqX/Wi2QhpLFgAVROuGY0fgJkQBp4INM81Ys4jQHumwhqEBkUy7yeisId4xSgu3Q2VeAHik/pxIiNS6L33TKQl09V8vFf/zGjG0D92EB1EMLKDfi9qxwBDiNCPc4opREH1DCFXc/BXTLlGEgkkyY0Jw/p48Sa5KRWe/uHexlytXxnEsoC20jfLIQQeojM5QFdUQRffoET2jF+vBerJerbfv1ilrPLOJfsF6/wKG5Jxq</latexit>

FXEB = 2N
X

z

p1(z)p0(z)� 1

<latexit sha1_base64="Jz2yol1h1b2vFh9mw/Om9cOrbwM="></latexit>

⇡ 2N hp0(z)isample � 1 ⇡ F

Ideal stateExperiment 

Pr
ob

, G
H

Output Bit string, H Pr
ob

, G
H
	

Output Bit string, H

Speckle No or incorrect speckle

Ideal theory Experiments

VS

Comparing Speckle Patterns: XEB

See Arute et al, Nature 574 (2019) , Elben et al, PRL 124 (2020), Huang et al, Nat. Phys. 16 (2020) 

Linear Cross-Entropy Benchmark 
(XEB)

Sample efficient!



<latexit sha1_base64="+OPlhMMBhMEPKvFIUcoKWD1DOeQ=">AAACFnicbVBNSwMxEM36bf2qevQSLEI9tOwWUS9CqSiepILVQrsu2TRtQ5PdJZkV26W/wot/xYsHRbyKN/+N2dqDWh+Eebw3w2SeHwmuwbY/ranpmdm5+YXFzNLyyupadn3jSoexoqxGQxGquk80EzxgNeAgWD1SjEhfsGu/d5z617dMaR4Gl9CPmCtJJ+BtTgkYycsWTr0msDtQMqmfVIb4CJduznFTx9Ib4Mhz8oNdU+y0FLDjZXN20R4BTxJnTHJojKqX/Wi2QhpLFgAVROuGY0fgJkQBp4INM81Ys4jQHumwhqEBkUy7yeisId4xSgu3Q2VeAHik/pxIiNS6L33TKQl09V8vFf/zGjG0D92EB1EMLKDfi9qxwBDiNCPc4opREH1DCFXc/BXTLlGEgkkyY0Jw/p48Sa5KRWe/uHexlytXxnEsoC20jfLIQQeojM5QFdUQRffoET2jF+vBerJerbfv1ilrPLOJfsF6/wKG5Jxq</latexit>

FXEB = 2N
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z

p1(z)p0(z)� 1

<latexit sha1_base64="Jz2yol1h1b2vFh9mw/Om9cOrbwM="></latexit>

⇡ 2N hp0(z)isample � 1 ⇡ F

Ideal stateExperiment 
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Output Bit string, H Pr
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Output Bit string, H

Speckle No or incorrect speckle

Ideal theory Experiments

VS

Comparing Speckle Patterns: XEB

See Arute et al, Nature 574 (2019) , Elben et al, PRL 124 (2020), Huang et al, Nat. Phys. 16 (2020) 

Linear Cross-Entropy Benchmark 
(XEB)

• Need to apply random unitary

• Require long coherence time

Challenging for analog quantum 
simulators

Improved method using emergent randomness

<latexit sha1_base64="GSCPGJ8uT0tqbCdx/KOIh3Jt9mY=">AAACF3icbVBNSwMxEM3Wr1q/qh69BItQQcquFPUiFL14rGBboS0lm05raHY3JLPFdum/8OJf8eJBEa9689+Yfhy0OhDyeO8NM/N8JYVB1/1yUguLS8sr6dXM2vrG5lZ2e6dqolhzqPBIRvrWZwakCKGCAiXcKg0s8CXU/N7lWK/1QRsRhTc4UNAMWDcUHcEZWqqVLaj88AgP6TlVrQbCPSas3x3lh4e0gSIAM/5kGxI1mvha2ZxbcCdF/wJvBnJkVuVW9rPRjngcQIhcMmPqnquwmTCNgksYZRqxAcV4j3WhbmHI7MxmMrlrRA8s06adSNsXIp2wPzsSFhgzCHzrDBjemXltTP6n1WPsnDUTEaoYIeTTQZ1YUozoOCTaFho4yoEFjGthd6X8jmnG0UaZsSF48yf/BdXjgndSKF4Xc6WLWRxpskf2SZ545JSUyBUpkwrh5IE8kRfy6jw6z86b8z61ppxZzy75Vc7HN0acnsg=</latexit>

p(z, t) = pavg(z)⇥ p̃(z, t)



Our protocol

4. Simulate dynamics
5. Obtain outcome 

probabilities 

G H = H Ψ J -,
 

 G*./ H = lim
0→2

%
0 ∫3

0 dJ	G H, J
Ψ # = 	exp(−+,#)|Ψ"⟩

Outcomes ,

Pr
ob

.

Si
m

ul
at

io
n

!! ≈ !
Claim:

State prep |Ψ-⟩
Quench Dyn. $
Measurements

ü Generic ergodic dynamics
ü Weak, independent noise
ü Sample efficient
ü Easy to implement

1. Prepare Ψ&  of interest
2. Evolve under +
3. Measure snapshots {2'}

• Bitstrings or particle configs.

…
H%

H4

<latexit sha1_base64="64hjbXnHDQ/SxDPNaYX4lhniZig=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gOaWDbbSbt0swm7G6XE/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSDhT2nG+rcLK6tr6RnGztLW9s7tX3j9oqTiVFJs05rHsBEQhZwKbmmmOnUQiiQKO7WB0PfXbDygVi8WdHifoR2QgWMgo0Ua6f/IaivUcTxIx4NgrV5yqM4O9TNycVCBHo1f+8voxTSMUmnKiVNd1Eu1nRGpGOU5KXqowIXREBtg1VJAIlZ/Nrp7YJ0bp22EsTQltz9TfExmJlBpHgemMiB6qRW8q/ud1Ux1e+hkTSapR0PmiMOW2ju1pBHafSaSajw0hVDJzq02HRBKqTVAlE4K7+PIyaZ1V3fNq7bZWqV/lcRThCI7hFFy4gDrcQAOaQEHCM7zCm/VovVjv1se8tWDlM4fwB9bnD2iaknc=</latexit>

| 0i

Quench
Dynamics

Ex
pe

rim
en

ts

<latexit sha1_base64="I7M9fmk7XY5duyefPa39TceBCmI=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISKeqx6MVjBfsBTSib7aZdutmE3YlQY3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZFySCa3Ccb6uwtr6xuVXcLu3s7u2X7YPDto5TRVmLxiJW3YBoJrhkLeAgWDdRjESBYJ1gfDPzOw9MaR7Le5gkzI/IUPKQUwJG6tvlJ6+peRXOPEXkULC+XXFqzhx4lbg5qaAczb795Q1imkZMAhVE657rJOBnRAGngk1LXqpZQuiYDFnPUEkipv1sfvgUnxplgMNYmZKA5+rviYxEWk+iwHRGBEZ62ZuJ/3m9FMIrP+MySYFJulgUpgJDjGcp4AFXjIKYGEKo4uZWTEdEEQomq5IJwV1+eZW0z2vuRa1+V680rvM4iugYnaAqctElaqBb1EQtRFGKntErerMerRfr3fpYtBasfOYI/YH1+QNbF5Lo</latexit>

| (t)i

Data Processing

"4($5, $6, … , $7)
'( ) ≡ (())/("#$ )
'. ) ≡ .())/("#$ )≈ 2

1
2∑#$%& 45 6#

∑' 5()* 6 45 6 + − 1

6. Evaluate our computationally 
assisted statistic:

Mark, Choi, Shaw, Endres, SC, PRL (2023) 
Choi, … SC, Endres, Nature 613, 468 (2023) 

ü State overlap benchmarking
ü Evolution benchmarking

✗ Not suitable for large systems 



Benchmarking  Analog Quantum Simulators

PainterKimZhang

10 Superconducting  Qubits 
42 metamaterial resonators

EndresShawChoi

60-atom Rydberg Quantum Simulator

Nature 613, 468 (2023)
Nature 628, 71 (2024)
 

Science 379, 278 (2023)



Bose-Hubbard Fermi-Hubbard 2D Rydberg square array

Lukin group @ Harvard

Trapped Ions

Monroe group @ UMDZwierlein group @ MITGreiner group @ Harvard

Quench Time (Hopping) Quench Time (Hopping) Quench Time (Rabi) Quench Time (Rabi)
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y
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True fidelity
Our formula

a. 10 particles on 10 sites in 1D, particle dephasing; b. Spin-1/2 half-filling 10 particles 10 sites 
(integrable), particle dephasing; c. 1D Long-range TFIM 14 spins, depolarization noise; d. 5x5 square 
lattice PXP model + detuning, dephasing.

a b c düPlatform independent

Benchmarking  Analog Quantum Simulators

Mark, Choi, Shaw, Endres, SC, PRL(2023) 



Emergent Randomness: Take Home Message

Projected Ensemble Temporal Ensemble Applications

Outcomes

Pr
ob

.
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F ⇡ Fd

üNatural quantum systems display a universal form of randomness.

üNature is stingy, hiding/scrambling information

üErgodic quantum dynamics as resource for application

üNear-term quantum devices produce new science
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