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FIG. 2. (a) Time dependence of the entanglement entropy
SA with |A| = L/2 and L = 512, in the random Cli↵ord
circuit averaged over circuit realizations, starting from either
a maximally entangled state or a trivial product state. (b)
Distribution function of SA for di↵erent circuit realizations
and over time well after saturation. The solid lines are fits to
a normal distribution.

The simulability of Cli↵ord circuits is a result known
as the Gottesman-Knill theorem [17–20]. As reviewed
in Appendix A, the methodology involves following the
dynamics of “stabilizers” – mutually commuting and in-
dependent Pauli string operators – that uniquely specify
the wavefunction, and readily allow for calculation of the
entanglement entropy [23, 32–34]. Cli↵ord circuits have
proven useful in the study of entanglement and operator
dynamics in various contexts [23, 35, 36].

A. The steady state

Given a circuit of a finite length L of qubits, we are pri-
marily interested in the late time behavior when T ! 1.
In this infinite time (circuit depth) limit we expect the
system to evolve into a steady state, characterized by a
typical value of entanglement entropy that depends on
the measurement rate p, but not the dynamics at finite
times. To check that this limit is well-defined, we com-
pute the time dependence of the entanglement entropies
starting from two types of initial states, namely,

• The trivial product state,
Q

x |0ix, which is a sta-
bilizer state, i.e. the simultaneous eigenvector with

|A|

SA
p < pc , SA = α(p) ln |A| + s(p) |A|

p > pc , SA = c(p) |A|0

p = pc , SA = α(pc) ln |A|

pc

Volume law phase Area law phase>
p > pcp < pc

<

FIG. 3. The phase diagram and scaling behavior of the en-
tanglement entropy in both phases and at criticality.

eigenvalue 1 of its stabilizers G = {Z1, Z2, . . . , ZL}.

• The maximally entangled state, obtained by evolv-
ing the random Cli↵ord circuit without measure-
ments well after saturation.

The results, averaged over circuit realizations, are plot-
ted in Fig. 2(a). For all values of p and for both choices
of the initial state, the entanglement entropy saturates
to a value that is determined solely by p. We believe
that this holds for an arbitrary choice of the initial state.
Therefore, we can talk about the “steady state” for a
given rate of measurement without referring to the ini-
tial state. The steady state is thus a bulk property of the
circuit.
After saturation there are only minimal fluctuation in

the entropies over time. Moreover, the fluctuations are
also small over di↵erent circuit realizations. In Fig. 2(b),
we plot the distribution of the entanglement entropy
taken from an ensemble of circuits, and over many time
steps well after saturation. Notice that the functions are
sharply peaked for each p, and fit well to the Gaussian
distribution.
We define SA(p; |A|, L) to be the late-time entangle-

ment entropy of a subsystem with size |A|, when averaged
over di↵erent circuit realizations, for a circuit with length
L and measurement rate p. Given the (average) spa-
tial translational symmetry this quantity only depends
on the size (but not the location) of the subregion A. In
the following we will usually refer to this quantity as the
entanglement entropy, unless otherwise specified.

B. The two phases

Attempts have been made to map out the phase dia-
gram [12–14]. The limiting cases are easy to understand.
When p ! 1, the steady state is close to a trivial product
state, and has area law entanglement entropy. The other
limit, p ! 0, corresponds to the random unitary circuit,
where the steady state is characterized by maximal vol-
ume law entanglement entropy [23]. The putative phase
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<latexit sha1_base64="PRUMmPwGN/pqlgNJ9bfVArMFcZo=">AAACC3icbZDNSgMxFIXv1L9a/0ZdugktgqsyI0Vd1rpxWcFpC+1QMmnahmYyQ5IRyti9G1/FjQtF3PoC7nwb03YQbT0QOHz3Xm7uCWLOlHacLyu3srq2vpHfLGxt7+zu2fsHDRUlklCPRDySrQArypmgnmaa01YsKQ4DTpvB6Gpab95RqVgkbvU4pn6IB4L1GcHaoK5d9O47sWLdS9SRWAw4RWgOaj+ga5ecsjMTWjZuZkqQqd61Pzu9iCQhFZpwrFTbdWLtp1hqRjidFDqJojEmIzygbWMFDqny09ktE3RsSA/1I2me0GhGf0+kOFRqHAamM8R6qBZrU/hfrZ3o/oWfMhEnmgoyX9RPONIRmgaDekxSovnYGEwkM39FZIglJtrEVzAhuIsnL5vGadk9K1duKqVqLYsjD0dQhBNw4RyqcA118IDAAzzBC7xaj9az9Wa9z1tzVjZzCH9kfXwDrX6aMA==</latexit>

U | Ai| Bi
<latexit sha1_base64="6wPJsSjzegqfedeeTJB5SLLpp/A=">AAACCXicbVBNS8NAEN3Ur1q/oh69LBbBU0mkqMdaLx4r2FZoQ9hsJ+3SzSbsboQSe/XiX/HiQRGv/gNv/hu3bRBtfbDw5r0ZZucFCWdKO86XVVhaXlldK66XNja3tnfs3b2WilNJoUljHsvbgCjgTEBTM83hNpFAooBDOxheTvz2HUjFYnGjRwl4EekLFjJKtJF8G993E8X8C9yVRPQ55HX9p/btslNxpsCLxM1JGeVo+PZntxfTNAKhKSdKdVwn0V5GpGaUw7jUTRUkhA5JHzqGChKB8rLpJWN8ZJQeDmNpntB4qv6eyEik1CgKTGdE9EDNexPxP6+T6vDcy5hIUg2CzhaFKcc6xpNYcI9JoJqPDCFUMvNXTAdEEqpNeCUTgjt/8iJpnVTc00r1ulqu1fM4iugAHaJj5KIzVENXqIGaiKIH9IRe0Kv1aD1bb9b7rLVg5TP76A+sj2+eyZmn</latexit>

| Ai| Bi

<latexit sha1_base64="7jflZsOeRea8mg/r0iZhDMXDPlw=">AAAB+nicdVC7TsNAEDzzDOEVoKQ5ESFRIMsOESRdFBrKIMhDSqxofdmEU2yfdXdGikw+gRZ6OkTLz9DyJdhOIgGCqUYzO9rdcUOPK21ZH8bS8srq2npuI7+5tb2zW9jbbykRSYZNJjwhOy4o9HiATc21h51QIviuh213fJn67XuUiovgVk9CdHwYBXzIGehEuqkLt18oWqZVrVhnVToj5dKCWNQ2rQxFMkejX/jsDQSLfAw080CpLpRDCFGe2naondgVYjzN9yKFIbAxjLCb0AB8VE6c3Tulx5ECLWiSodyjmYjfEzH4Sk18N5n0Qd+p314q/uV1Iz2sODEPwkhjwNJFmnuYLVJM8qQIpAMuUWtIz0fKA8pAgtYoOQXGEjFKmsknpSw+p/+TVsm0z83ydalYq8/ryZFDckROiE0uSI1ckQZpEkZG5JE8kWfjwXgxXo232eiSMc8ckB8w3r8AWzOUPw==</latexit>

Bob

<latexit sha1_base64="3n6tFn/iXmFJpEqJEMO6EXkiHxk="></latexit>

Alice measurement
with outcome zA

<latexit sha1_base64="II1OPzbr4ATZuBjB5bxHCUppE0s="></latexit>

| zAi = U 0
zA | Ai

<latexit sha1_base64="e5+mgValbjeTnBjGM8UfbkQ6bOc="></latexit>

“undo”
unitary

<latexit sha1_base64="5mOc1bTAmTYf44/EGHBsHW1HH7k="></latexit>

| Ai

<latexit sha1_base64="/YoqAL6I5DDLEWpDWkY1WvtlhSQ="></latexit>

Goal: Transfer Alice’s state to Bob without revealing her precise wavefunction

<latexit sha1_base64="rx7wZdy5ejPPV9TiIroO/Tp3h2A=">AAAB+3icbVDLTsMwEHR4lvIK5cjFokKUS5UgXscCF45FIm2lNkSO46RWHSeyHUSJ8itcOIAQV36EG3+D+zhAy0grjWZ2tbvjp4xKZVnfxsLi0vLKammtvL6xubVt7lRaMskEJg5OWCI6PpKEUU4cRRUjnVQQFPuMtP3B9chvPxAhacLv1DAlbowiTkOKkdKSZ1ZqzqGXP3mXxdF9L0BRRIRnVq26NQacJ/aUVMEUTc/86gUJzmLCFWZIyq5tpcrNkVAUM1KUe5kkKcIDFJGuphzFRLr5+PYCHmglgGEidHEFx+rviRzFUg5jX3fGSPXlrDcS//O6mQov3JzyNFOE48miMGNQJXAUBAyoIFixoSYIC6pvhbiPBMJKx1XWIdizL8+T1nHdPquf3p5UG1fTOEpgD+yDGrDBOWiAG9AEDsDgETyDV/BmFMaL8W58TFoXjOnMLvgD4/MH/2uTyw==</latexit>

(U 0
zA)

†

<latexit sha1_base64="q4Lt0BgVASKHBhpzzalV9X4sHSI=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclUTqYyPUunFZwbSFJobJdNIOnUzCzEQoITs3/oobF4q49Rfc+TdO2yy09cCFwzn3cu89QcKoVJb1bSwsLi2vrJbWyusbm1vb5s5uS8apwMTBMYtFJ0CSMMqJo6hipJMIgqKAkXYwvB777QciJI35nRolxItQn9OQYqS05JsHDryE5D6j0A0Fwpmb0Dyr5R3/Cnb8Ru6bFatqTQDniV2QCijQ9M0vtxfjNCJcYYak7NpWorwMCUUxI3nZTSVJEB6iPulqylFEpJdN/sjhkVZ6MIyFLq7gRP09kaFIylEU6M4IqYGc9cbif143VeGFl1GepIpwPF0UpgyqGI5DgT0qCFZspAnCgupbIR4gnYfS0ZV1CPbsy/OkdVK1z6qnt7VKvVHEUQL74BAcAxucgzq4AU3gAAwewTN4BW/Gk/FivBsf09YFo5jZA39gfP4AUAKYWQ==</latexit>

U = ei
⇡
4 XAXB

<latexit sha1_base64="/ylvikLiJlSCyqstFdJ14A/a3eU=">AAACInicbZDLSgMxFIYzXmu9VV26CRZBEMqMeF0IVTcuK9gLdIZyJk3b0ExmSDKWMu2zuPFV3LhQ1JXgw5hehNr6Q+DnO+ckOb8fcaa0bX9Zc/MLi0vLqZX06tr6xmZma7ukwlgSWiQhD2XFB0U5E7Somea0EkkKgc9p2W/fDOrlByoVC8W97kbUC6ApWIMR0AbVMhc9N1KsduVKEE1O8SWGnhtHIGXY+WWH2Mc9tx52xCSuZbJ2zh4KzxpnbLJorEIt82HuIHFAhSYclKo6dqS9BKRmhNN+2o0VjYC0oUmrxgoIqPKS4Yp9vG9IHTdCaY7QeEgnJxIIlOoGvukMQLfUdG0A/6tVY9049xImolhTQUYPNWKOdYgHeeE6k5Ro3jUGiGTmr5i0QALRJtW0CcGZXnnWlI5yzmnu5O44m78ex5FCu2gPHSAHnaE8ukUFVEQEPaJn9IrerCfrxXq3Pketc9Z4Zgf9kfX9AwrRpKA=</latexit>

| Ai = a| "i+ b| #i
<latexit sha1_base64="oNSpiV/it+RRmXd8CfEhqZj1gqU=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQnitSBVZWEsEn1ITRQ5rtNadRzLdkBV6MzCr7AwgBArX8DG3+C2GaDlSFc6Oude3XtPKBhV2nG+rcLC4tLySnG1tLa+sbllb+80VZJKTBo4YYlsh0gRRjlpaKoZaQtJUBwy0goHV2O/dUekogm/1UNB/Bj1OI0oRtpIgb3/4AlFg5onEe8xAi/hg5cKJGVyn0uBXXYqzgRwnrg5KYMc9cD+8roJTmPCNWZIqY7rCO1nSGqKGRmVvFQRgfAA9UjHUI5iovxs8soIHhqlC6NEmuIaTtTfExmKlRrGoemMke6rWW8s/ud1Uh1d+BnlItWE4+miKGVQJ3CcC+xSSbBmQ0MQltTcCnEfSYS1Sa9kQnBnX54nzeOKe1Y5vTkpV2t5HEWwBw7AEXDBOaiCa1AHDYDBI3gGr+DNerJerHfrY9pasPKZXfAH1ucPi2qa0w==</latexit>

| Bi = | "i



<latexit sha1_base64="rx7wZdy5ejPPV9TiIroO/Tp3h2A=">AAAB+3icbVDLTsMwEHR4lvIK5cjFokKUS5UgXscCF45FIm2lNkSO46RWHSeyHUSJ8itcOIAQV36EG3+D+zhAy0grjWZ2tbvjp4xKZVnfxsLi0vLKammtvL6xubVt7lRaMskEJg5OWCI6PpKEUU4cRRUjnVQQFPuMtP3B9chvPxAhacLv1DAlbowiTkOKkdKSZ1ZqzqGXP3mXxdF9L0BRRIRnVq26NQacJ/aUVMEUTc/86gUJzmLCFWZIyq5tpcrNkVAUM1KUe5kkKcIDFJGuphzFRLr5+PYCHmglgGEidHEFx+rviRzFUg5jX3fGSPXlrDcS//O6mQov3JzyNFOE48miMGNQJXAUBAyoIFixoSYIC6pvhbiPBMJKx1XWIdizL8+T1nHdPquf3p5UG1fTOEpgD+yDGrDBOWiAG9AEDsDgETyDV/BmFMaL8W58TFoXjOnMLvgD4/MH/2uTyw==</latexit>

(U 0
zA)

†

Quantum teleportation 

<latexit sha1_base64="/ylvikLiJlSCyqstFdJ14A/a3eU=">AAACInicbZDLSgMxFIYzXmu9VV26CRZBEMqMeF0IVTcuK9gLdIZyJk3b0ExmSDKWMu2zuPFV3LhQ1JXgw5hehNr6Q+DnO+ckOb8fcaa0bX9Zc/MLi0vLqZX06tr6xmZma7ukwlgSWiQhD2XFB0U5E7Somea0EkkKgc9p2W/fDOrlByoVC8W97kbUC6ApWIMR0AbVMhc9N1KsduVKEE1O8SWGnhtHIGXY+WWH2Mc9tx52xCSuZbJ2zh4KzxpnbLJorEIt82HuIHFAhSYclKo6dqS9BKRmhNN+2o0VjYC0oUmrxgoIqPKS4Yp9vG9IHTdCaY7QeEgnJxIIlOoGvukMQLfUdG0A/6tVY9049xImolhTQUYPNWKOdYgHeeE6k5Ro3jUGiGTmr5i0QALRJtW0CcGZXnnWlI5yzmnu5O44m78ex5FCu2gPHSAHnaE8ukUFVEQEPaJn9IrerCfrxXq3Pketc9Z4Zgf9kfX9AwrRpKA=</latexit>

| Ai = a| "i+ b| #i
<latexit sha1_base64="oNSpiV/it+RRmXd8CfEhqZj1gqU=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQnitSBVZWEsEn1ITRQ5rtNadRzLdkBV6MzCr7AwgBArX8DG3+C2GaDlSFc6Oude3XtPKBhV2nG+rcLC4tLySnG1tLa+sbllb+80VZJKTBo4YYlsh0gRRjlpaKoZaQtJUBwy0goHV2O/dUekogm/1UNB/Bj1OI0oRtpIgb3/4AlFg5onEe8xAi/hg5cKJGVyn0uBXXYqzgRwnrg5KYMc9cD+8roJTmPCNWZIqY7rCO1nSGqKGRmVvFQRgfAA9UjHUI5iovxs8soIHhqlC6NEmuIaTtTfExmKlRrGoemMke6rWW8s/ud1Uh1d+BnlItWE4+miKGVQJ3CcC+xSSbBmQ0MQltTcCnEfSYS1Sa9kQnBnX54nzeOKe1Y5vTkpV2t5HEWwBw7AEXDBOaiCa1AHDYDBI3gGr+DNerJerHfrY9pasPKZXfAH1ucPi2qa0w==</latexit>

| Bi = | "i

Transfer complete!

But…no one is perfect.

<latexit sha1_base64="gzJixwIjSLeR8OroVgd5KVInrpk=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPqxSNGeSSwIbNDAxNmZzczsya44RO8eNAYr36RN//GAfagYCWdVKq6090VxIJr47rfTm5peWV1Lb9e2Njc2t4p7u7VdZQohjUWiUg1A6pRcIk1w43AZqyQhoHARjC8mfiNR1SaR/LBjGL0Q9qXvMcZNVa6f+pcdYolt+xOQRaJl5ESZKh2il/tbsSSEKVhgmrd8tzY+ClVhjOB40I70RhTNqR9bFkqaYjaT6enjsmRVbqkFylb0pCp+nsipaHWozCwnSE1Az3vTcT/vFZiepd+ymWcGJRstqiXCGIiMvmbdLlCZsTIEsoUt7cSNqCKMmPTKdgQvPmXF0n9pOydl8/uTkuV6yyOPBzAIRyDBxdQgVuoQg0Y9OEZXuHNEc6L8+58zFpzTjazD3/gfP4AKjyNvA==</latexit>zA

<latexit sha1_base64="Sa35F709UJmaIgpmXoBsvBynUWQ=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHxYDa7SBRuqBePmLhAAhvSOzQ4YfaRmVkTQvAXvOrdm/Hqv3j1S9xdIFGjdapUdaW7y4sEV9qyPozc0vLK6lp+vbCxubW9U9zda6owlgwdFopQtj1QKHiAjuZaYDuSCL4nsOWNrlK/dY9S8TC41eMIXR+GAR9wBjqRnAvBGfaKJcu0alXrtEZnpFJeEIvappWhROZo9Iqf3X7IYh8DzQQo1YFKBBHKE9uOtDvxwnA0LXRjhRGwEQyxk9AAfFTuJLt4So9iBTqkSYZyQTMRvycm4Cs19r1k0gd9p357qfiX14n1oOpOeBDFGgOWLtJcYLZIMcmTKpD2uUStIT0fKQ8oAwlao+QUGEvEOOmmkJSy+Jz+T5pl0z4zKzflUv1yXk+eHJBDckxsck7q5Jo0iEMY4eSRPJFn48F4MV6Nt9lozphn9skPGO9f6BqVHg==</latexit>

Alice

<latexit sha1_base64="e5+mgValbjeTnBjGM8UfbkQ6bOc="></latexit>

“undo”
unitary

<latexit sha1_base64="3n6tFn/iXmFJpEqJEMO6EXkiHxk="></latexit>

Alice measurement
with outcome zA

<latexit sha1_base64="bPKLOXOyqa3X+R1bCqDHoO+7un4=">AAACGnicdVBNS8NAFNz4WetX1aOXxSJ4kJDUovUmiuBRwdpCG8rL9rUu3WzC7osgxT/h1f4ab+LViz9GMI0VVOqchpk3MG/CRElLnvfuzMzOzS8sFpaKyyura+uljc0bG6dGYF3EKjbNECwqqbFOkhQ2E4MQhQob4eBs7Dfu0FgZ62u6TzCIoK9lTwqgTGqeawLdV9gplT3XO655B8f8i1Qr38TjvuvlKLMJLjulj3Y3FmmEmoQCa1tQTSBBs+/7CQXDMI4HD8V2ajEBMYA+tjKqIUIbDPPSD3w3tUAxzzJcKp6L+DMxhMja+yjMLiOgW/vXG4tTvdDAAGma1UqpVwuGUicpoRbjDiQV5h2sMDIbCnlXGiSC8WfIpeYCDBChkRyEyMQ0W66Y7fU9Cv+f3FRc/9CtXlXKJ6eT5Qpsm+2wPeazI3bCLtglqzPBFHtkT2zkjJxn58V5/TqdcSaZLfYLztsnV82hgA==</latexit>

Entangle

<latexit sha1_base64="PRUMmPwGN/pqlgNJ9bfVArMFcZo=">AAACC3icbZDNSgMxFIXv1L9a/0ZdugktgqsyI0Vd1rpxWcFpC+1QMmnahmYyQ5IRyti9G1/FjQtF3PoC7nwb03YQbT0QOHz3Xm7uCWLOlHacLyu3srq2vpHfLGxt7+zu2fsHDRUlklCPRDySrQArypmgnmaa01YsKQ4DTpvB6Gpab95RqVgkbvU4pn6IB4L1GcHaoK5d9O47sWLdS9SRWAw4RWgOaj+ga5ecsjMTWjZuZkqQqd61Pzu9iCQhFZpwrFTbdWLtp1hqRjidFDqJojEmIzygbWMFDqny09ktE3RsSA/1I2me0GhGf0+kOFRqHAamM8R6qBZrU/hfrZ3o/oWfMhEnmgoyX9RPONIRmgaDekxSovnYGEwkM39FZIglJtrEVzAhuIsnL5vGadk9K1duKqVqLYsjD0dQhBNw4RyqcA118IDAAzzBC7xaj9az9Wa9z1tzVjZzCH9kfXwDrX6aMA==</latexit>

U | Ai| Bi
<latexit sha1_base64="6wPJsSjzegqfedeeTJB5SLLpp/A=">AAACCXicbVBNS8NAEN3Ur1q/oh69LBbBU0mkqMdaLx4r2FZoQ9hsJ+3SzSbsboQSe/XiX/HiQRGv/gNv/hu3bRBtfbDw5r0ZZucFCWdKO86XVVhaXlldK66XNja3tnfs3b2WilNJoUljHsvbgCjgTEBTM83hNpFAooBDOxheTvz2HUjFYnGjRwl4EekLFjJKtJF8G993E8X8C9yVRPQ55HX9p/btslNxpsCLxM1JGeVo+PZntxfTNAKhKSdKdVwn0V5GpGaUw7jUTRUkhA5JHzqGChKB8rLpJWN8ZJQeDmNpntB4qv6eyEik1CgKTGdE9EDNexPxP6+T6vDcy5hIUg2CzhaFKcc6xpNYcI9JoJqPDCFUMvNXTAdEEqpNeCUTgjt/8iJpnVTc00r1ulqu1fM4iugAHaJj5KIzVENXqIGaiKIH9IRe0Kv1aD1bb9b7rLVg5TP76A+sj2+eyZmn</latexit>

| Ai| Bi

<latexit sha1_base64="7jflZsOeRea8mg/r0iZhDMXDPlw=">AAAB+nicdVC7TsNAEDzzDOEVoKQ5ESFRIMsOESRdFBrKIMhDSqxofdmEU2yfdXdGikw+gRZ6OkTLz9DyJdhOIgGCqUYzO9rdcUOPK21ZH8bS8srq2npuI7+5tb2zW9jbbykRSYZNJjwhOy4o9HiATc21h51QIviuh213fJn67XuUiovgVk9CdHwYBXzIGehEuqkLt18oWqZVrVhnVToj5dKCWNQ2rQxFMkejX/jsDQSLfAw080CpLpRDCFGe2naondgVYjzN9yKFIbAxjLCb0AB8VE6c3Tulx5ECLWiSodyjmYjfEzH4Sk18N5n0Qd+p314q/uV1Iz2sODEPwkhjwNJFmnuYLVJM8qQIpAMuUWtIz0fKA8pAgtYoOQXGEjFKmsknpSw+p/+TVsm0z83ydalYq8/ryZFDckROiE0uSI1ckQZpEkZG5JE8kWfjwXgxXo232eiSMc8ckB8w3r8AWzOUPw==</latexit>

Bob

<latexit sha1_base64="/YoqAL6I5DDLEWpDWkY1WvtlhSQ="></latexit>

Goal: Transfer Alice’s state to Bob without revealing her precise wavefunction

<latexit sha1_base64="lFrhKDatdku7uM8Dv6Hqpu1fZsY="></latexit>

U = ei(
⇡
4 +✏)XAXB

<latexit sha1_base64="NGo7kgd0GIwpNwtvhg1V+tnU3gs="></latexit>

| zAi = U 0
zAe

↵(✏)ZB | Ai
<latexit sha1_base64="Tp0rHNYZie2cs2mXPnkUBwVWJ2w="></latexit>

e↵(✏)ZB | Ai

<latexit sha1_base64="eOrHc5GbgscIiNhNryeeVWfWTBw="></latexit>

non-unitary operator
encoding imperfect

teleportation



Many-body teleportation

<latexit sha1_base64="eZRfRw5GRLX9SagrXdTFlXz4VO4=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4sgFEoivjZCqRuXFewDmhAmk0k7dDIJMxOhpN278VfcuFDErT/gzr9x2mahrQcuHM65l3vv8RNGpbKsb6Owsrq2vlHcLG1t7+zumfsHbRmnApMWjlksuj6ShFFOWooqRrqJICjyGen4w5up33kgQtKY36tRQtwI9TkNKUZKS55ZHjuJpF7DEYj3GYHXcFytOjiIlazmmmdWrJo1A1wmdk4qIEfTM7+cIMZpRLjCDEnZs61EuRkSimJGJiUnlSRBeIj6pKcpRxGRbjb7ZQKPtRLAMBa6uIIz9fdEhiIpR5GvOyOkBnLRm4r/eb1UhVduRnmSKsLxfFGYMqhiOA0GBlQQrNhIE4QF1bdCPEACYaXjK+kQ7MWXl0n7tGZf1M7vzir1Rh5HERyBMjgBNrgEdXALmqAFMHgEz+AVvBlPxovxbnzMWwtGPnMI/sD4/AEGj5pr</latexit>

| Bi = |++ · · ·+i

<latexit sha1_base64="Sa35F709UJmaIgpmXoBsvBynUWQ=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHxYDa7SBRuqBePmLhAAhvSOzQ4YfaRmVkTQvAXvOrdm/Hqv3j1S9xdIFGjdapUdaW7y4sEV9qyPozc0vLK6lp+vbCxubW9U9zda6owlgwdFopQtj1QKHiAjuZaYDuSCL4nsOWNrlK/dY9S8TC41eMIXR+GAR9wBjqRnAvBGfaKJcu0alXrtEZnpFJeEIvappWhROZo9Iqf3X7IYh8DzQQo1YFKBBHKE9uOtDvxwnA0LXRjhRGwEQyxk9AAfFTuJLt4So9iBTqkSYZyQTMRvycm4Cs19r1k0gd9p357qfiX14n1oOpOeBDFGgOWLtJcYLZIMcmTKpD2uUStIT0fKQ8oAwlao+QUGEvEOOmmkJSy+Jz+T5pl0z4zKzflUv1yXk+eHJBDckxsck7q5Jo0iEMY4eSRPJFn48F4MV6Nt9lozphn9skPGO9f6BqVHg==</latexit>

Alice <latexit sha1_base64="7jflZsOeRea8mg/r0iZhDMXDPlw=">AAAB+nicdVC7TsNAEDzzDOEVoKQ5ESFRIMsOESRdFBrKIMhDSqxofdmEU2yfdXdGikw+gRZ6OkTLz9DyJdhOIgGCqUYzO9rdcUOPK21ZH8bS8srq2npuI7+5tb2zW9jbbykRSYZNJjwhOy4o9HiATc21h51QIviuh213fJn67XuUiovgVk9CdHwYBXzIGehEuqkLt18oWqZVrVhnVToj5dKCWNQ2rQxFMkejX/jsDQSLfAw080CpLpRDCFGe2naondgVYjzN9yKFIbAxjLCb0AB8VE6c3Tulx5ECLWiSodyjmYjfEzH4Sk18N5n0Qd+p314q/uV1Iz2sODEPwkhjwNJFmnuYLVJM8qQIpAMuUWtIz0fKA8pAgtYoOQXGEjFKmsknpSw+p/+TVsm0z83ydalYq8/ryZFDckROiE0uSI1ckQZpEkZG5JE8kWfjwXgxXo232eiSMc8ckB8w3r8AWzOUPw==</latexit>

Bob

<latexit sha1_base64="eOrHc5GbgscIiNhNryeeVWfWTBw="></latexit>

non-unitary operator
encoding imperfect

teleportation

<latexit sha1_base64="e5+mgValbjeTnBjGM8UfbkQ6bOc="></latexit>

“undo”
unitary

<latexit sha1_base64="UUmXvhjj1pzSfP4bpy4qtkO9W4U=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHqxWMF+wFNLJvtpF262YTdjVJi/4cXD4p49b9489+4bXPQ1gcDj/dmmJkXJJwp7TjfVmFpeWV1rbhe2tjc2t4p7+41VZxKig0a81i2A6KQM4ENzTTHdiKRRAHHVjC8nvitB5SKxeJOjxL0I9IXLGSUaCPdP3mJYt1LTxLR59gtV5yqM4W9SNycVCBHvVv+8noxTSMUmnKiVMd1Eu1nRGpGOY5LXqowIXRI+tgxVJAIlZ9Nrx7bR0bp2WEsTQltT9XfExmJlBpFgemMiB6oeW8i/ud1Uh1e+BkTSapR0NmiMOW2ju1JBHaPSaSajwwhVDJzq00HRBKqTVAlE4I7//IiaZ5U3bPq6e1ppXaVx1GEAziEY3DhHGpwA3VoAAUJz/AKb9aj9WK9Wx+z1oKVz+zDH1ifP7S1kqg=</latexit>

| Ai

<latexit sha1_base64="hcZq/oteVavR1cd3RFYNY35l2Rg="></latexit>

Uniform product
state (arbitrary

quantization axis n̂)
<latexit sha1_base64="hKwN+QSid7jrteypM2tJ+WthPCU=">AAAB6nicbVDLTgJBEOzFF4IP1KOXiWjiiewaoh6JXjxidIEENmR2mIWR2dnNzCwJ2fAJXjxojFe/wR/wD7z5IXp2eBwUrKSTSlV3urv8mDOlbfvTyiwtr6yuZddz+Y3Nre3Czm5NRYkk1CURj2TDx4pyJqirmea0EUuKQ5/Tut+/HPv1AZWKReJWD2PqhbgrWMAI1ka6cdt37ULRLtkToEXizEixcvj19j7If1fbhY9WJyJJSIUmHCvVdOxYeymWmhFOR7lWomiMSR93adNQgUOqvHRy6ggdGaWDgkiaEhpN1N8TKQ6VGoa+6Qyx7ql5byz+5zUTHZx7KRNxoqkg00VBwpGO0Phv1GGSEs2HhmAimbkVkR6WmGiTTs6E4My/vEhqJyXntFS+NmlcwBRZ2IcDOAYHzqACV1AFFwh04R4e4cni1oP1bL1MWzPWbGYP/sB6/QHxcZIE</latexit>

Uj

<latexit sha1_base64="hKwN+QSid7jrteypM2tJ+WthPCU=">AAAB6nicbVDLTgJBEOzFF4IP1KOXiWjiiewaoh6JXjxidIEENmR2mIWR2dnNzCwJ2fAJXjxojFe/wR/wD7z5IXp2eBwUrKSTSlV3urv8mDOlbfvTyiwtr6yuZddz+Y3Nre3Czm5NRYkk1CURj2TDx4pyJqirmea0EUuKQ5/Tut+/HPv1AZWKReJWD2PqhbgrWMAI1ka6cdt37ULRLtkToEXizEixcvj19j7If1fbhY9WJyJJSIUmHCvVdOxYeymWmhFOR7lWomiMSR93adNQgUOqvHRy6ggdGaWDgkiaEhpN1N8TKQ6VGoa+6Qyx7ql5byz+5zUTHZx7KRNxoqkg00VBwpGO0Phv1GGSEs2HhmAimbkVkR6WmGiTTs6E4My/vEhqJyXntFS+NmlcwBRZ2IcDOAYHzqACV1AFFwh04R4e4cni1oP1bL1MWzPWbGYP/sB6/QHxcZIE</latexit>

Uj

<latexit sha1_base64="hKwN+QSid7jrteypM2tJ+WthPCU=">AAAB6nicbVDLTgJBEOzFF4IP1KOXiWjiiewaoh6JXjxidIEENmR2mIWR2dnNzCwJ2fAJXjxojFe/wR/wD7z5IXp2eBwUrKSTSlV3urv8mDOlbfvTyiwtr6yuZddz+Y3Nre3Czm5NRYkk1CURj2TDx4pyJqirmea0EUuKQ5/Tut+/HPv1AZWKReJWD2PqhbgrWMAI1ka6cdt37ULRLtkToEXizEixcvj19j7If1fbhY9WJyJJSIUmHCvVdOxYeymWmhFOR7lWomiMSR93adNQgUOqvHRy6ggdGaWDgkiaEhpN1N8TKQ6VGoa+6Qyx7ql5byz+5zUTHZx7KRNxoqkg00VBwpGO0Phv1GGSEs2HhmAimbkVkR6WmGiTTs6E4My/vEhqJyXntFS+NmlcwBRZ2IcDOAYHzqACV1AFFwh04R4e4cni1oP1bL1MWzPWbGYP/sB6/QHxcZIE</latexit>

Uj

<latexit sha1_base64="hKwN+QSid7jrteypM2tJ+WthPCU=">AAAB6nicbVDLTgJBEOzFF4IP1KOXiWjiiewaoh6JXjxidIEENmR2mIWR2dnNzCwJ2fAJXjxojFe/wR/wD7z5IXp2eBwUrKSTSlV3urv8mDOlbfvTyiwtr6yuZddz+Y3Nre3Czm5NRYkk1CURj2TDx4pyJqirmea0EUuKQ5/Tut+/HPv1AZWKReJWD2PqhbgrWMAI1ka6cdt37ULRLtkToEXizEixcvj19j7If1fbhY9WJyJJSIUmHCvVdOxYeymWmhFOR7lWomiMSR93adNQgUOqvHRy6ggdGaWDgkiaEhpN1N8TKQ6VGoa+6Qyx7ql5byz+5zUTHZx7KRNxoqkg00VBwpGO0Phv1GGSEs2HhmAimbkVkR6WmGiTTs6E4My/vEhqJyXntFS+NmlcwBRZ2IcDOAYHzqACV1AFFwh04R4e4cni1oP1bL1MWzPWbGYP/sB6/QHxcZIE</latexit>

Uj

<latexit sha1_base64="hKwN+QSid7jrteypM2tJ+WthPCU=">AAAB6nicbVDLTgJBEOzFF4IP1KOXiWjiiewaoh6JXjxidIEENmR2mIWR2dnNzCwJ2fAJXjxojFe/wR/wD7z5IXp2eBwUrKSTSlV3urv8mDOlbfvTyiwtr6yuZddz+Y3Nre3Czm5NRYkk1CURj2TDx4pyJqirmea0EUuKQ5/Tut+/HPv1AZWKReJWD2PqhbgrWMAI1ka6cdt37ULRLtkToEXizEixcvj19j7If1fbhY9WJyJJSIUmHCvVdOxYeymWmhFOR7lWomiMSR93adNQgUOqvHRy6ggdGaWDgkiaEhpN1N8TKQ6VGoa+6Qyx7ql5byz+5zUTHZx7KRNxoqkg00VBwpGO0Phv1GGSEs2HhmAimbkVkR6WmGiTTs6E4My/vEhqJyXntFS+NmlcwBRZ2IcDOAYHzqACV1AFFwh04R4e4cni1oP1bL1MWzPWbGYP/sB6/QHxcZIE</latexit>

Uj

<latexit sha1_base64="bPKLOXOyqa3X+R1bCqDHoO+7un4=">AAACGnicdVBNS8NAFNz4WetX1aOXxSJ4kJDUovUmiuBRwdpCG8rL9rUu3WzC7osgxT/h1f4ab+LViz9GMI0VVOqchpk3MG/CRElLnvfuzMzOzS8sFpaKyyura+uljc0bG6dGYF3EKjbNECwqqbFOkhQ2E4MQhQob4eBs7Dfu0FgZ62u6TzCIoK9lTwqgTGqeawLdV9gplT3XO655B8f8i1Qr38TjvuvlKLMJLjulj3Y3FmmEmoQCa1tQTSBBs+/7CQXDMI4HD8V2ajEBMYA+tjKqIUIbDPPSD3w3tUAxzzJcKp6L+DMxhMja+yjMLiOgW/vXG4tTvdDAAGma1UqpVwuGUicpoRbjDiQV5h2sMDIbCnlXGiSC8WfIpeYCDBChkRyEyMQ0W66Y7fU9Cv+f3FRc/9CtXlXKJ6eT5Qpsm+2wPeazI3bCLtglqzPBFHtkT2zkjJxn58V5/TqdcSaZLfYLztsnV82hgA==</latexit>

Entangle

<latexit sha1_base64="PRUMmPwGN/pqlgNJ9bfVArMFcZo=">AAACC3icbZDNSgMxFIXv1L9a/0ZdugktgqsyI0Vd1rpxWcFpC+1QMmnahmYyQ5IRyti9G1/FjQtF3PoC7nwb03YQbT0QOHz3Xm7uCWLOlHacLyu3srq2vpHfLGxt7+zu2fsHDRUlklCPRDySrQArypmgnmaa01YsKQ4DTpvB6Gpab95RqVgkbvU4pn6IB4L1GcHaoK5d9O47sWLdS9SRWAw4RWgOaj+ga5ecsjMTWjZuZkqQqd61Pzu9iCQhFZpwrFTbdWLtp1hqRjidFDqJojEmIzygbWMFDqny09ktE3RsSA/1I2me0GhGf0+kOFRqHAamM8R6qBZrU/hfrZ3o/oWfMhEnmgoyX9RPONIRmgaDekxSovnYGEwkM39FZIglJtrEVzAhuIsnL5vGadk9K1duKqVqLYsjD0dQhBNw4RyqcA118IDAAzzBC7xaj9az9Wa9z1tzVjZzCH9kfXwDrX6aMA==</latexit>

U | Ai| Bi
<latexit sha1_base64="6wPJsSjzegqfedeeTJB5SLLpp/A=">AAACCXicbVBNS8NAEN3Ur1q/oh69LBbBU0mkqMdaLx4r2FZoQ9hsJ+3SzSbsboQSe/XiX/HiQRGv/gNv/hu3bRBtfbDw5r0ZZucFCWdKO86XVVhaXlldK66XNja3tnfs3b2WilNJoUljHsvbgCjgTEBTM83hNpFAooBDOxheTvz2HUjFYnGjRwl4EekLFjJKtJF8G993E8X8C9yVRPQ55HX9p/btslNxpsCLxM1JGeVo+PZntxfTNAKhKSdKdVwn0V5GpGaUw7jUTRUkhA5JHzqGChKB8rLpJWN8ZJQeDmNpntB4qv6eyEik1CgKTGdE9EDNexPxP6+T6vDcy5hIUg2CzhaFKcc6xpNYcI9JoJqPDCFUMvNXTAdEEqpNeCUTgjt/8iJpnVTc00r1ulqu1fM4iugAHaJj5KIzVENXqIGaiKIH9IRe0Kv1aD1bb9b7rLVg5TP76A+sj2+eyZmn</latexit>

| Ai| Bi
<latexit sha1_base64="f6oUuyDFaWSwhUQUqkvS35nuJ5A="></latexit>

| ãi = 1p
N U 0e↵(✏)

P
j ajO

B
j (n) | Ai

<latexit sha1_base64="YJ7nUXxxNgBWr6c05QbR3/ds0vI="></latexit>

e↵(✏)
P

j ajO
B
j (n) | Ai

<latexit sha1_base64="VAEITDBtsXRMrnDpBzua8GOOj9s="></latexit>

Alice measurement with
(most likely) outcome ã

<latexit sha1_base64="9smFs69fiKB70yTmDfKYlADL3A0="></latexit>

U =
Y

j

Uj =
Y

j

ei(
⇡
4 +✏)OA

j (n?)OB
j (n?)



Many-body teleportation

<latexit sha1_base64="eZRfRw5GRLX9SagrXdTFlXz4VO4=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4sgFEoivjZCqRuXFewDmhAmk0k7dDIJMxOhpN278VfcuFDErT/gzr9x2mahrQcuHM65l3vv8RNGpbKsb6Owsrq2vlHcLG1t7+zumfsHbRmnApMWjlksuj6ShFFOWooqRrqJICjyGen4w5up33kgQtKY36tRQtwI9TkNKUZKS55ZHjuJpF7DEYj3GYHXcFytOjiIlazmmmdWrJo1A1wmdk4qIEfTM7+cIMZpRLjCDEnZs61EuRkSimJGJiUnlSRBeIj6pKcpRxGRbjb7ZQKPtRLAMBa6uIIz9fdEhiIpR5GvOyOkBnLRm4r/eb1UhVduRnmSKsLxfFGYMqhiOA0GBlQQrNhIE4QF1bdCPEACYaXjK+kQ7MWXl0n7tGZf1M7vzir1Rh5HERyBMjgBNrgEdXALmqAFMHgEz+AVvBlPxovxbnzMWwtGPnMI/sD4/AEGj5pr</latexit>

| Bi = |++ · · ·+i

<latexit sha1_base64="Sa35F709UJmaIgpmXoBsvBynUWQ=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHxYDa7SBRuqBePmLhAAhvSOzQ4YfaRmVkTQvAXvOrdm/Hqv3j1S9xdIFGjdapUdaW7y4sEV9qyPozc0vLK6lp+vbCxubW9U9zda6owlgwdFopQtj1QKHiAjuZaYDuSCL4nsOWNrlK/dY9S8TC41eMIXR+GAR9wBjqRnAvBGfaKJcu0alXrtEZnpFJeEIvappWhROZo9Iqf3X7IYh8DzQQo1YFKBBHKE9uOtDvxwnA0LXRjhRGwEQyxk9AAfFTuJLt4So9iBTqkSYZyQTMRvycm4Cs19r1k0gd9p357qfiX14n1oOpOeBDFGgOWLtJcYLZIMcmTKpD2uUStIT0fKQ8oAwlao+QUGEvEOOmmkJSy+Jz+T5pl0z4zKzflUv1yXk+eHJBDckxsck7q5Jo0iEMY4eSRPJFn48F4MV6Nt9lozphn9skPGO9f6BqVHg==</latexit>

Alice <latexit sha1_base64="7jflZsOeRea8mg/r0iZhDMXDPlw=">AAAB+nicdVC7TsNAEDzzDOEVoKQ5ESFRIMsOESRdFBrKIMhDSqxofdmEU2yfdXdGikw+gRZ6OkTLz9DyJdhOIgGCqUYzO9rdcUOPK21ZH8bS8srq2npuI7+5tb2zW9jbbykRSYZNJjwhOy4o9HiATc21h51QIviuh213fJn67XuUiovgVk9CdHwYBXzIGehEuqkLt18oWqZVrVhnVToj5dKCWNQ2rQxFMkejX/jsDQSLfAw080CpLpRDCFGe2naondgVYjzN9yKFIbAxjLCb0AB8VE6c3Tulx5ECLWiSodyjmYjfEzH4Sk18N5n0Qd+p314q/uV1Iz2sODEPwkhjwNJFmnuYLVJM8qQIpAMuUWtIz0fKA8pAgtYoOQXGEjFKmsknpSw+p/+TVsm0z83ydalYq8/ryZFDckROiE0uSI1ckQZpEkZG5JE8kWfjwXgxXo232eiSMc8ckB8w3r8AWzOUPw==</latexit>

Bob
<latexit sha1_base64="UUmXvhjj1pzSfP4bpy4qtkO9W4U=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHqxWMF+wFNLJvtpF262YTdjVJi/4cXD4p49b9489+4bXPQ1gcDj/dmmJkXJJwp7TjfVmFpeWV1rbhe2tjc2t4p7+41VZxKig0a81i2A6KQM4ENzTTHdiKRRAHHVjC8nvitB5SKxeJOjxL0I9IXLGSUaCPdP3mJYt1LTxLR59gtV5yqM4W9SNycVCBHvVv+8noxTSMUmnKiVMd1Eu1nRGpGOY5LXqowIXRI+tgxVJAIlZ9Nrx7bR0bp2WEsTQltT9XfExmJlBpFgemMiB6oeW8i/ud1Uh1e+BkTSapR0NmiMOW2ju1JBHaPSaSajwwhVDJzq00HRBKqTVAlE4I7//IiaZ5U3bPq6e1ppXaVx1GEAziEY3DhHGpwA3VoAAUJz/AKb9aj9WK9Wx+z1oKVz+zDH1ifP7S1kqg=</latexit>

| Ai

<latexit sha1_base64="hcZq/oteVavR1cd3RFYNY35l2Rg="></latexit>

Uniform product
state (arbitrary

quantization axis n̂)
<latexit sha1_base64="hKwN+QSid7jrteypM2tJ+WthPCU=">AAAB6nicbVDLTgJBEOzFF4IP1KOXiWjiiewaoh6JXjxidIEENmR2mIWR2dnNzCwJ2fAJXjxojFe/wR/wD7z5IXp2eBwUrKSTSlV3urv8mDOlbfvTyiwtr6yuZddz+Y3Nre3Czm5NRYkk1CURj2TDx4pyJqirmea0EUuKQ5/Tut+/HPv1AZWKReJWD2PqhbgrWMAI1ka6cdt37ULRLtkToEXizEixcvj19j7If1fbhY9WJyJJSIUmHCvVdOxYeymWmhFOR7lWomiMSR93adNQgUOqvHRy6ggdGaWDgkiaEhpN1N8TKQ6VGoa+6Qyx7ql5byz+5zUTHZx7KRNxoqkg00VBwpGO0Phv1GGSEs2HhmAimbkVkR6WmGiTTs6E4My/vEhqJyXntFS+NmlcwBRZ2IcDOAYHzqACV1AFFwh04R4e4cni1oP1bL1MWzPWbGYP/sB6/QHxcZIE</latexit>

Uj

<latexit sha1_base64="hKwN+QSid7jrteypM2tJ+WthPCU=">AAAB6nicbVDLTgJBEOzFF4IP1KOXiWjiiewaoh6JXjxidIEENmR2mIWR2dnNzCwJ2fAJXjxojFe/wR/wD7z5IXp2eBwUrKSTSlV3urv8mDOlbfvTyiwtr6yuZddz+Y3Nre3Czm5NRYkk1CURj2TDx4pyJqirmea0EUuKQ5/Tut+/HPv1AZWKReJWD2PqhbgrWMAI1ka6cdt37ULRLtkToEXizEixcvj19j7If1fbhY9WJyJJSIUmHCvVdOxYeymWmhFOR7lWomiMSR93adNQgUOqvHRy6ggdGaWDgkiaEhpN1N8TKQ6VGoa+6Qyx7ql5byz+5zUTHZx7KRNxoqkg00VBwpGO0Phv1GGSEs2HhmAimbkVkR6WmGiTTs6E4My/vEhqJyXntFS+NmlcwBRZ2IcDOAYHzqACV1AFFwh04R4e4cni1oP1bL1MWzPWbGYP/sB6/QHxcZIE</latexit>

Uj

<latexit sha1_base64="hKwN+QSid7jrteypM2tJ+WthPCU=">AAAB6nicbVDLTgJBEOzFF4IP1KOXiWjiiewaoh6JXjxidIEENmR2mIWR2dnNzCwJ2fAJXjxojFe/wR/wD7z5IXp2eBwUrKSTSlV3urv8mDOlbfvTyiwtr6yuZddz+Y3Nre3Czm5NRYkk1CURj2TDx4pyJqirmea0EUuKQ5/Tut+/HPv1AZWKReJWD2PqhbgrWMAI1ka6cdt37ULRLtkToEXizEixcvj19j7If1fbhY9WJyJJSIUmHCvVdOxYeymWmhFOR7lWomiMSR93adNQgUOqvHRy6ggdGaWDgkiaEhpN1N8TKQ6VGoa+6Qyx7ql5byz+5zUTHZx7KRNxoqkg00VBwpGO0Phv1GGSEs2HhmAimbkVkR6WmGiTTs6E4My/vEhqJyXntFS+NmlcwBRZ2IcDOAYHzqACV1AFFwh04R4e4cni1oP1bL1MWzPWbGYP/sB6/QHxcZIE</latexit>

Uj

<latexit sha1_base64="hKwN+QSid7jrteypM2tJ+WthPCU=">AAAB6nicbVDLTgJBEOzFF4IP1KOXiWjiiewaoh6JXjxidIEENmR2mIWR2dnNzCwJ2fAJXjxojFe/wR/wD7z5IXp2eBwUrKSTSlV3urv8mDOlbfvTyiwtr6yuZddz+Y3Nre3Czm5NRYkk1CURj2TDx4pyJqirmea0EUuKQ5/Tut+/HPv1AZWKReJWD2PqhbgrWMAI1ka6cdt37ULRLtkToEXizEixcvj19j7If1fbhY9WJyJJSIUmHCvVdOxYeymWmhFOR7lWomiMSR93adNQgUOqvHRy6ggdGaWDgkiaEhpN1N8TKQ6VGoa+6Qyx7ql5byz+5zUTHZx7KRNxoqkg00VBwpGO0Phv1GGSEs2HhmAimbkVkR6WmGiTTs6E4My/vEhqJyXntFS+NmlcwBRZ2IcDOAYHzqACV1AFFwh04R4e4cni1oP1bL1MWzPWbGYP/sB6/QHxcZIE</latexit>

Uj

<latexit sha1_base64="hKwN+QSid7jrteypM2tJ+WthPCU=">AAAB6nicbVDLTgJBEOzFF4IP1KOXiWjiiewaoh6JXjxidIEENmR2mIWR2dnNzCwJ2fAJXjxojFe/wR/wD7z5IXp2eBwUrKSTSlV3urv8mDOlbfvTyiwtr6yuZddz+Y3Nre3Czm5NRYkk1CURj2TDx4pyJqirmea0EUuKQ5/Tut+/HPv1AZWKReJWD2PqhbgrWMAI1ka6cdt37ULRLtkToEXizEixcvj19j7If1fbhY9WJyJJSIUmHCvVdOxYeymWmhFOR7lWomiMSR93adNQgUOqvHRy6ggdGaWDgkiaEhpN1N8TKQ6VGoa+6Qyx7ql5byz+5zUTHZx7KRNxoqkg00VBwpGO0Phv1GGSEs2HhmAimbkVkR6WmGiTTs6E4My/vEhqJyXntFS+NmlcwBRZ2IcDOAYHzqACV1AFFwh04R4e4cni1oP1bL1MWzPWbGYP/sB6/QHxcZIE</latexit>

Uj

To what extent do protocol imperfections modify  
entanglement in a teleported quantum state? 

Among the infinite set of possible teleportation protocols, are 
some more resilient to certain types of imperfections than others?

<latexit sha1_base64="9smFs69fiKB70yTmDfKYlADL3A0="></latexit>

U =
Y

j

Uj =
Y

j

ei(
⇡
4 +✏)OA

j (n?)OB
j (n?)

<latexit sha1_base64="uu8OdOPGg1rGhT3eqYR4agYfb5Y="></latexit>

P. Sala, SM, Y. Liu, J. Alicea, PRX Quantum 5, 030307 (2024).



Many-body teleportation

<latexit sha1_base64="eZRfRw5GRLX9SagrXdTFlXz4VO4=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4sgFEoivjZCqRuXFewDmhAmk0k7dDIJMxOhpN278VfcuFDErT/gzr9x2mahrQcuHM65l3vv8RNGpbKsb6Owsrq2vlHcLG1t7+zumfsHbRmnApMWjlksuj6ShFFOWooqRrqJICjyGen4w5up33kgQtKY36tRQtwI9TkNKUZKS55ZHjuJpF7DEYj3GYHXcFytOjiIlazmmmdWrJo1A1wmdk4qIEfTM7+cIMZpRLjCDEnZs61EuRkSimJGJiUnlSRBeIj6pKcpRxGRbjb7ZQKPtRLAMBa6uIIz9fdEhiIpR5GvOyOkBnLRm4r/eb1UhVduRnmSKsLxfFGYMqhiOA0GBlQQrNhIE4QF1bdCPEACYaXjK+kQ7MWXl0n7tGZf1M7vzir1Rh5HERyBMjgBNrgEdXALmqAFMHgEz+AVvBlPxovxbnzMWwtGPnMI/sD4/AEGj5pr</latexit>

| Bi = |++ · · ·+i

<latexit sha1_base64="Sa35F709UJmaIgpmXoBsvBynUWQ=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHxYDa7SBRuqBePmLhAAhvSOzQ4YfaRmVkTQvAXvOrdm/Hqv3j1S9xdIFGjdapUdaW7y4sEV9qyPozc0vLK6lp+vbCxubW9U9zda6owlgwdFopQtj1QKHiAjuZaYDuSCL4nsOWNrlK/dY9S8TC41eMIXR+GAR9wBjqRnAvBGfaKJcu0alXrtEZnpFJeEIvappWhROZo9Iqf3X7IYh8DzQQo1YFKBBHKE9uOtDvxwnA0LXRjhRGwEQyxk9AAfFTuJLt4So9iBTqkSYZyQTMRvycm4Cs19r1k0gd9p357qfiX14n1oOpOeBDFGgOWLtJcYLZIMcmTKpD2uUStIT0fKQ8oAwlao+QUGEvEOOmmkJSy+Jz+T5pl0z4zKzflUv1yXk+eHJBDckxsck7q5Jo0iEMY4eSRPJFn48F4MV6Nt9lozphn9skPGO9f6BqVHg==</latexit>

Alice <latexit sha1_base64="7jflZsOeRea8mg/r0iZhDMXDPlw=">AAAB+nicdVC7TsNAEDzzDOEVoKQ5ESFRIMsOESRdFBrKIMhDSqxofdmEU2yfdXdGikw+gRZ6OkTLz9DyJdhOIgGCqUYzO9rdcUOPK21ZH8bS8srq2npuI7+5tb2zW9jbbykRSYZNJjwhOy4o9HiATc21h51QIviuh213fJn67XuUiovgVk9CdHwYBXzIGehEuqkLt18oWqZVrVhnVToj5dKCWNQ2rQxFMkejX/jsDQSLfAw080CpLpRDCFGe2naondgVYjzN9yKFIbAxjLCb0AB8VE6c3Tulx5ECLWiSodyjmYjfEzH4Sk18N5n0Qd+p314q/uV1Iz2sODEPwkhjwNJFmnuYLVJM8qQIpAMuUWtIz0fKA8pAgtYoOQXGEjFKmsknpSw+p/+TVsm0z83ydalYq8/ryZFDckROiE0uSI1ckQZpEkZG5JE8kWfjwXgxXo232eiSMc8ckB8w3r8AWzOUPw==</latexit>

Bob
<latexit sha1_base64="UUmXvhjj1pzSfP4bpy4qtkO9W4U=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHqxWMF+wFNLJvtpF262YTdjVJi/4cXD4p49b9489+4bXPQ1gcDj/dmmJkXJJwp7TjfVmFpeWV1rbhe2tjc2t4p7+41VZxKig0a81i2A6KQM4ENzTTHdiKRRAHHVjC8nvitB5SKxeJOjxL0I9IXLGSUaCPdP3mJYt1LTxLR59gtV5yqM4W9SNycVCBHvVv+8noxTSMUmnKiVMd1Eu1nRGpGOY5LXqowIXRI+tgxVJAIlZ9Nrx7bR0bp2WEsTQltT9XfExmJlBpFgemMiB6oeW8i/ud1Uh1e+BkTSapR0NmiMOW2ju1JBHaPSaSajwwhVDJzq00HRBKqTVAlE4I7//IiaZ5U3bPq6e1ppXaVx1GEAziEY3DhHGpwA3VoAAUJz/AKb9aj9WK9Wx+z1oKVz+zDH1ifP7S1kqg=</latexit>

| Ai

<latexit sha1_base64="hcZq/oteVavR1cd3RFYNY35l2Rg="></latexit>

Uniform product
state (arbitrary

quantization axis n̂)
<latexit sha1_base64="hKwN+QSid7jrteypM2tJ+WthPCU=">AAAB6nicbVDLTgJBEOzFF4IP1KOXiWjiiewaoh6JXjxidIEENmR2mIWR2dnNzCwJ2fAJXjxojFe/wR/wD7z5IXp2eBwUrKSTSlV3urv8mDOlbfvTyiwtr6yuZddz+Y3Nre3Czm5NRYkk1CURj2TDx4pyJqirmea0EUuKQ5/Tut+/HPv1AZWKReJWD2PqhbgrWMAI1ka6cdt37ULRLtkToEXizEixcvj19j7If1fbhY9WJyJJSIUmHCvVdOxYeymWmhFOR7lWomiMSR93adNQgUOqvHRy6ggdGaWDgkiaEhpN1N8TKQ6VGoa+6Qyx7ql5byz+5zUTHZx7KRNxoqkg00VBwpGO0Phv1GGSEs2HhmAimbkVkR6WmGiTTs6E4My/vEhqJyXntFS+NmlcwBRZ2IcDOAYHzqACV1AFFwh04R4e4cni1oP1bL1MWzPWbGYP/sB6/QHxcZIE</latexit>

Uj

<latexit sha1_base64="hKwN+QSid7jrteypM2tJ+WthPCU=">AAAB6nicbVDLTgJBEOzFF4IP1KOXiWjiiewaoh6JXjxidIEENmR2mIWR2dnNzCwJ2fAJXjxojFe/wR/wD7z5IXp2eBwUrKSTSlV3urv8mDOlbfvTyiwtr6yuZddz+Y3Nre3Czm5NRYkk1CURj2TDx4pyJqirmea0EUuKQ5/Tut+/HPv1AZWKReJWD2PqhbgrWMAI1ka6cdt37ULRLtkToEXizEixcvj19j7If1fbhY9WJyJJSIUmHCvVdOxYeymWmhFOR7lWomiMSR93adNQgUOqvHRy6ggdGaWDgkiaEhpN1N8TKQ6VGoa+6Qyx7ql5byz+5zUTHZx7KRNxoqkg00VBwpGO0Phv1GGSEs2HhmAimbkVkR6WmGiTTs6E4My/vEhqJyXntFS+NmlcwBRZ2IcDOAYHzqACV1AFFwh04R4e4cni1oP1bL1MWzPWbGYP/sB6/QHxcZIE</latexit>

Uj

<latexit sha1_base64="hKwN+QSid7jrteypM2tJ+WthPCU=">AAAB6nicbVDLTgJBEOzFF4IP1KOXiWjiiewaoh6JXjxidIEENmR2mIWR2dnNzCwJ2fAJXjxojFe/wR/wD7z5IXp2eBwUrKSTSlV3urv8mDOlbfvTyiwtr6yuZddz+Y3Nre3Czm5NRYkk1CURj2TDx4pyJqirmea0EUuKQ5/Tut+/HPv1AZWKReJWD2PqhbgrWMAI1ka6cdt37ULRLtkToEXizEixcvj19j7If1fbhY9WJyJJSIUmHCvVdOxYeymWmhFOR7lWomiMSR93adNQgUOqvHRy6ggdGaWDgkiaEhpN1N8TKQ6VGoa+6Qyx7ql5byz+5zUTHZx7KRNxoqkg00VBwpGO0Phv1GGSEs2HhmAimbkVkR6WmGiTTs6E4My/vEhqJyXntFS+NmlcwBRZ2IcDOAYHzqACV1AFFwh04R4e4cni1oP1bL1MWzPWbGYP/sB6/QHxcZIE</latexit>

Uj

<latexit sha1_base64="hKwN+QSid7jrteypM2tJ+WthPCU=">AAAB6nicbVDLTgJBEOzFF4IP1KOXiWjiiewaoh6JXjxidIEENmR2mIWR2dnNzCwJ2fAJXjxojFe/wR/wD7z5IXp2eBwUrKSTSlV3urv8mDOlbfvTyiwtr6yuZddz+Y3Nre3Czm5NRYkk1CURj2TDx4pyJqirmea0EUuKQ5/Tut+/HPv1AZWKReJWD2PqhbgrWMAI1ka6cdt37ULRLtkToEXizEixcvj19j7If1fbhY9WJyJJSIUmHCvVdOxYeymWmhFOR7lWomiMSR93adNQgUOqvHRy6ggdGaWDgkiaEhpN1N8TKQ6VGoa+6Qyx7ql5byz+5zUTHZx7KRNxoqkg00VBwpGO0Phv1GGSEs2HhmAimbkVkR6WmGiTTs6E4My/vEhqJyXntFS+NmlcwBRZ2IcDOAYHzqACV1AFFwh04R4e4cni1oP1bL1MWzPWbGYP/sB6/QHxcZIE</latexit>

Uj

<latexit sha1_base64="hKwN+QSid7jrteypM2tJ+WthPCU=">AAAB6nicbVDLTgJBEOzFF4IP1KOXiWjiiewaoh6JXjxidIEENmR2mIWR2dnNzCwJ2fAJXjxojFe/wR/wD7z5IXp2eBwUrKSTSlV3urv8mDOlbfvTyiwtr6yuZddz+Y3Nre3Czm5NRYkk1CURj2TDx4pyJqirmea0EUuKQ5/Tut+/HPv1AZWKReJWD2PqhbgrWMAI1ka6cdt37ULRLtkToEXizEixcvj19j7If1fbhY9WJyJJSIUmHCvVdOxYeymWmhFOR7lWomiMSR93adNQgUOqvHRy6ggdGaWDgkiaEhpN1N8TKQ6VGoa+6Qyx7ql5byz+5zUTHZx7KRNxoqkg00VBwpGO0Phv1GGSEs2HhmAimbkVkR6WmGiTTs6E4My/vEhqJyXntFS+NmlcwBRZ2IcDOAYHzqACV1AFFwh04R4e4cni1oP1bL1MWzPWbGYP/sB6/QHxcZIE</latexit>

Uj

<latexit sha1_base64="oDmY9i4BTpyYPbbth51Y/jO7ijs="></latexit>

P. Sala, SM, Y. Liu, J. Alicea PRX Quantum 5, 030307 (2024)

<latexit sha1_base64="hDivpUS4yhxEfjS+7y20AGdHgW0=">AAACC3icbVDLSsNAFJ34rPUVdelmaBEq0pKIr41QdFNcVbAPbEOYTKftpDNJmJkIJXTvxl9x40IRt/6AO//GaZuFth64cDjnXu69x4sYlcqyvo2FxaXlldXMWnZ9Y3Nr29zZrcswFpjUcMhC0fSQJIwGpKaoYqQZCYK4x0jDG1yP/cYDEZKGwZ0aRsThqBfQLsVIack1cxV4Cdsy5q5fKN7Ae9fXlfhH9ggWYR82Xf/QNfNWyZoAzhM7JXmQouqaX+1OiGNOAoUZkrJlW5FyEiQUxYyMsu1YkgjhAeqRlqYB4kQ6yeSXETzQSgd2Q6ErUHCi/p5IEJdyyD3dyZHqy1lvLP7ntWLVvXASGkSxIgGeLurGDKoQjoOBHSoIVmyoCcKC6lsh7iOBsNLxZXUI9uzL86R+XLLPSqe3J/nyVRpHBuyDHCgAG5yDMqiAKqgBDB7BM3gFb8aT8WK8Gx/T1gUjndkDf2B8/gA0uZgA</latexit>

H =
X

j

(�JZjZj+1 � hXj)
<latexit sha1_base64="EGA5E/cSMid22VX8/tuoN5F+yEg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe6Kr2PQi3iKaB6QLGF2MkmGzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSyFQdf9dnJLyyura/n1wsbm1vZOcXevbqJEM15jkYx0M6CGS6F4DQVK3ow1p2EgeSMY3kz8xhPXRkTqEUcx90PaV6InGEUrPQxO7jrFklt2pyCLxMtICTJUO8WvdjdiScgVMkmNaXlujH5KNQom+bjQTgyPKRvSPm9ZqmjIjZ9OTx2TI6t0SS/SthSSqfp7IqWhMaMwsJ0hxYGZ9ybif14rwd6VnwoVJ8gVmy3qJZJgRCZ/k67QnKEcWUKZFvZWwgZUU4Y2nYINwZt/eZHUT8veRfn8/qxUuc7iyMMBHMIxeHAJFbiFKtSAQR+e4RXeHOm8OO/Ox6w152Qz+/AHzucP03WNgw==</latexit>

h/J

<latexit sha1_base64="GQuMYZhMmwPAndQ0tTFN44pZFYg=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivV3V6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDfFmMvg==</latexit>

0
<latexit sha1_base64="NnheaOSZn26Yw2193kDmkX09Oo4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmYns8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgecQpQSs1u1xGOO6VK17Vm8FdJn5OKpCj3it/dfuKpjGTSAUxpuN7CQYZ0cipYJNSNzUsIXREBqxjqSQxM0E2u3binlil70ZK25LoztTfExmJjRnHoe2MCQ7NojcV//M6KUbXQcZlkiKTdL4oSoWLyp2+7va5ZhTF2BJCNbe3unRINKFoAyrZEPzFl5dJ86zqX1Yv7s8rtZs8jiIcwTGcgg9XUIM7qEMDKDzCM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AcVvj0Y=</latexit>1<latexit sha1_base64="xTnVU9LIIvMUIutHcVm1RgxoeJo=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVvV6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDfd2Mvw==</latexit>

1

<latexit sha1_base64="HNAcrIpgk3pBrj+seA8LoS0yhhs="></latexit>

Critical
<latexit sha1_base64="K+Tlb866pzpfBAXM+Ym5KnNmE/E="></latexit>

Paramagnet

<latexit sha1_base64="FaaRuJ3GVsIMs5HjEpiFTFYE9JY="></latexit>

| Ai: ground state of the Ising spin chain

<latexit sha1_base64="9smFs69fiKB70yTmDfKYlADL3A0="></latexit>

U =
Y

j

Uj =
Y

j

ei(
⇡
4 +✏)OA

j (n?)OB
j (n?)



Quantum criticality under imperfect teleportation

<latexit sha1_base64="eZRfRw5GRLX9SagrXdTFlXz4VO4=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4sgFEoivjZCqRuXFewDmhAmk0k7dDIJMxOhpN278VfcuFDErT/gzr9x2mahrQcuHM65l3vv8RNGpbKsb6Owsrq2vlHcLG1t7+zumfsHbRmnApMWjlksuj6ShFFOWooqRrqJICjyGen4w5up33kgQtKY36tRQtwI9TkNKUZKS55ZHjuJpF7DEYj3GYHXcFytOjiIlazmmmdWrJo1A1wmdk4qIEfTM7+cIMZpRLjCDEnZs61EuRkSimJGJiUnlSRBeIj6pKcpRxGRbjb7ZQKPtRLAMBa6uIIz9fdEhiIpR5GvOyOkBnLRm4r/eb1UhVduRnmSKsLxfFGYMqhiOA0GBlQQrNhIE4QF1bdCPEACYaXjK+kQ7MWXl0n7tGZf1M7vzir1Rh5HERyBMjgBNrgEdXALmqAFMHgEz+AVvBlPxovxbnzMWwtGPnMI/sD4/AEGj5pr</latexit>

| Bi = |++ · · ·+i
<latexit sha1_base64="YJ7nUXxxNgBWr6c05QbR3/ds0vI="></latexit>

e↵(✏)
P

j ajO
B
j (n) | Ai

<latexit sha1_base64="hcZq/oteVavR1cd3RFYNY35l2Rg="></latexit>

Uniform product
state (arbitrary

quantization axis n̂)

<latexit sha1_base64="ZxgLHtcTkFnlCf5kk8hefLSVsfw="></latexit>

imperfect
teleportation

<latexit sha1_base64="pvfc5pFGal/hPWuMcSsiu+XewMQ="></latexit>

Impurity action
depends on n̂

<latexit sha1_base64="ZwKkaJcdU3hHlnhMyVD4tdz55QM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswODYzMzm5mZo1kwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/Wbj6g0j+S9Gcfoh3QgeZ8zaqxUe+oWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OQ/Oi/PufMxbc042cwh/4Hz+AOl5jQY=</latexit>x

<latexit sha1_base64="hnLXyj98SyWJxboWlxO2Ayd1ueI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSTi17HoxWMFawttKJvtpl26uwm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvTAQ36HnfTmlldW19o7xZ2dre2d2r7h88mjjVlLVoLGLdCYlhgivWQo6CdRLNiAwFa4fj29xvPzFteKwecJKwQJKh4hGnBHOphyTtV2te3ZvBXSZ+QWpQoNmvfvUGMU0lU0gFMabrewkGGdHIqWDTSi81LCF0TIasa6kikpkgm906dU+sMnCjWNtS6M7U3xMZkcZMZGg7JcGRWfRy8T+vm2J0HWRcJSkyReeLolS4GLv54+6Aa0ZRTCwhVHN7q0tHRBOKNp6KDcFffHmZPJ7V/cv6xf15rXFTxFGGIziGU/DhChpwB01oAYURPMMrvDnSeXHenY95a8kpZg7hD5zPHyRtjlI=</latexit>⌧
<latexit sha1_base64="I2Dc2B7kGDzIADmRJZzFVH8izGs="></latexit>

h c|A| ci !
Z

D�RD�Le�ScAcont(x, ⌧ = 0)
<latexit sha1_base64="I9wNyLIWpydsEbpq39mA53bktS0="></latexit>

A



Quantum criticality under imperfect teleportation

<latexit sha1_base64="eZRfRw5GRLX9SagrXdTFlXz4VO4=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4sgFEoivjZCqRuXFewDmhAmk0k7dDIJMxOhpN278VfcuFDErT/gzr9x2mahrQcuHM65l3vv8RNGpbKsb6Owsrq2vlHcLG1t7+zumfsHbRmnApMWjlksuj6ShFFOWooqRrqJICjyGen4w5up33kgQtKY36tRQtwI9TkNKUZKS55ZHjuJpF7DEYj3GYHXcFytOjiIlazmmmdWrJo1A1wmdk4qIEfTM7+cIMZpRLjCDEnZs61EuRkSimJGJiUnlSRBeIj6pKcpRxGRbjb7ZQKPtRLAMBa6uIIz9fdEhiIpR5GvOyOkBnLRm4r/eb1UhVduRnmSKsLxfFGYMqhiOA0GBlQQrNhIE4QF1bdCPEACYaXjK+kQ7MWXl0n7tGZf1M7vzir1Rh5HERyBMjgBNrgEdXALmqAFMHgEz+AVvBlPxovxbnzMWwtGPnMI/sD4/AEGj5pr</latexit>

| Bi = |++ · · ·+i
<latexit sha1_base64="YJ7nUXxxNgBWr6c05QbR3/ds0vI="></latexit>

e↵(✏)
P

j ajO
B
j (n) | Ai

<latexit sha1_base64="hcZq/oteVavR1cd3RFYNY35l2Rg="></latexit>

Uniform product
state (arbitrary

quantization axis n̂)

<latexit sha1_base64="ZxgLHtcTkFnlCf5kk8hefLSVsfw="></latexit>

imperfect
teleportation

<latexit sha1_base64="pvfc5pFGal/hPWuMcSsiu+XewMQ="></latexit>

Impurity action
depends on n̂

<latexit sha1_base64="ZwKkaJcdU3hHlnhMyVD4tdz55QM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswODYzMzm5mZo1kwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/Wbj6g0j+S9Gcfoh3QgeZ8zaqxUe+oWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OQ/Oi/PufMxbc042cwh/4Hz+AOl5jQY=</latexit>x

<latexit sha1_base64="hnLXyj98SyWJxboWlxO2Ayd1ueI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSTi17HoxWMFawttKJvtpl26uwm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvTAQ36HnfTmlldW19o7xZ2dre2d2r7h88mjjVlLVoLGLdCYlhgivWQo6CdRLNiAwFa4fj29xvPzFteKwecJKwQJKh4hGnBHOphyTtV2te3ZvBXSZ+QWpQoNmvfvUGMU0lU0gFMabrewkGGdHIqWDTSi81LCF0TIasa6kikpkgm906dU+sMnCjWNtS6M7U3xMZkcZMZGg7JcGRWfRy8T+vm2J0HWRcJSkyReeLolS4GLv54+6Aa0ZRTCwhVHN7q0tHRBOKNp6KDcFffHmZPJ7V/cv6xf15rXFTxFGGIziGU/DhChpwB01oAYURPMMrvDnSeXHenY95a8kpZg7hD5zPHyRtjlI=</latexit>⌧

<latexit sha1_base64="I9wNyLIWpydsEbpq39mA53bktS0="></latexit>

A

<latexit sha1_base64="hnLXyj98SyWJxboWlxO2Ayd1ueI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSTi17HoxWMFawttKJvtpl26uwm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvTAQ36HnfTmlldW19o7xZ2dre2d2r7h88mjjVlLVoLGLdCYlhgivWQo6CdRLNiAwFa4fj29xvPzFteKwecJKwQJKh4hGnBHOphyTtV2te3ZvBXSZ+QWpQoNmvfvUGMU0lU0gFMabrewkGGdHIqWDTSi81LCF0TIasa6kikpkgm906dU+sMnCjWNtS6M7U3xMZkcZMZGg7JcGRWfRy8T+vm2J0HWRcJSkyReeLolS4GLv54+6Aa0ZRTCwhVHN7q0tHRBOKNp6KDcFffHmZPJ7V/cv6xf15rXFTxFGGIziGU/DhChpwB01oAYURPMMrvDnSeXHenY95a8kpZg7hD5zPHyRtjlI=</latexit>⌧

<latexit sha1_base64="s/P7Nw5eFyt80W47t3h7dptbXBs="></latexit>

. . . acts only
at ⌧ = 0

<latexit sha1_base64="I9wNyLIWpydsEbpq39mA53bktS0="></latexit>

A

<latexit sha1_base64="QFXKJDnnEidR4DIqmexvScP+iZE="></latexit>

h c|MAM| ci !
Z

D�RD�Le�Sc�SmeasAcont(x, ⌧ = 0)

<latexit sha1_base64="STSCXNMh7pMUVHvFv8KgoWOrQDo="></latexit>

M ⇠ e↵(✏)
P

j ajO
B
j (n)

<latexit sha1_base64="URP8MffT6HqCdU5fhjSQr0bcgE8="></latexit>

Correction from imperfect
teleportation. . .



Quantum criticality under imperfect teleportation

<latexit sha1_base64="eZRfRw5GRLX9SagrXdTFlXz4VO4=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4sgFEoivjZCqRuXFewDmhAmk0k7dDIJMxOhpN278VfcuFDErT/gzr9x2mahrQcuHM65l3vv8RNGpbKsb6Owsrq2vlHcLG1t7+zumfsHbRmnApMWjlksuj6ShFFOWooqRrqJICjyGen4w5up33kgQtKY36tRQtwI9TkNKUZKS55ZHjuJpF7DEYj3GYHXcFytOjiIlazmmmdWrJo1A1wmdk4qIEfTM7+cIMZpRLjCDEnZs61EuRkSimJGJiUnlSRBeIj6pKcpRxGRbjb7ZQKPtRLAMBa6uIIz9fdEhiIpR5GvOyOkBnLRm4r/eb1UhVduRnmSKsLxfFGYMqhiOA0GBlQQrNhIE4QF1bdCPEACYaXjK+kQ7MWXl0n7tGZf1M7vzir1Rh5HERyBMjgBNrgEdXALmqAFMHgEz+AVvBlPxovxbnzMWwtGPnMI/sD4/AEGj5pr</latexit>

| Bi = |++ · · ·+i <latexit sha1_base64="ZwKkaJcdU3hHlnhMyVD4tdz55QM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswODYzMzm5mZo1kwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/Wbj6g0j+S9Gcfoh3QgeZ8zaqxUe+oWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OQ/Oi/PufMxbc042cwh/4Hz+AOl5jQY=</latexit>x

<latexit sha1_base64="hnLXyj98SyWJxboWlxO2Ayd1ueI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSTi17HoxWMFawttKJvtpl26uwm7E6GE/gUvHhTx6h/y5r9x0+agrQ8GHu/NMDMvTAQ36HnfTmlldW19o7xZ2dre2d2r7h88mjjVlLVoLGLdCYlhgivWQo6CdRLNiAwFa4fj29xvPzFteKwecJKwQJKh4hGnBHOphyTtV2te3ZvBXSZ+QWpQoNmvfvUGMU0lU0gFMabrewkGGdHIqWDTSi81LCF0TIasa6kikpkgm906dU+sMnCjWNtS6M7U3xMZkcZMZGg7JcGRWfRy8T+vm2J0HWRcJSkyReeLolS4GLv54+6Aa0ZRTCwhVHN7q0tHRBOKNp6KDcFffHmZPJ7V/cv6xf15rXFTxFGGIziGU/DhChpwB01oAYURPMMrvDnSeXHenY95a8kpZg7hD5zPHyRtjlI=</latexit>⌧

<latexit sha1_base64="azI/uNN5I8UaoK7uJyYb/jI4v+w=">AAAB9HicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiOYBZIh9HR6kiY9PWN3TSAM8x1ePCji1Y/x5t/YWQ6a+KDg8V4VVfWCRAqDrvvtrKyurW9sFraK2zu7e/ulg8OGiVPNeJ3FMtatgBouheJ1FCh5K9GcRoHkzWB4N/GbI66NiNUjjhPuR7SvRCgYRSv5WWdAMesEIVF53i2V3Yo7BVkm3pyUYY5at/TV6cUsjbhCJqkxbc9N0M+oRsEkz4ud1PCEsiHt87alikbc+Nn06JycWqVHwljbUkim6u+JjEbGjKPAdkYUB2bRm4j/ee0Uwxs/EypJkSs2WxSmkmBMJgmQntCcoRxbQpkW9lbCBlRThjanog3BW3x5mTTOK95V5fLholy9ncdRgGM4gTPw4BqqcA81qAODJ3iGV3hzRs6L8+58zFpXnPnMEfyB8/kD/FGSQQ==</latexit>

n̂
<latexit sha1_base64="oXNo1C7uMQGJm5XB/p271OE9CCE=">AAAB9HicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTkzTpWeyuCcRhvsOLB0W8+jHe/Bs7yRw08UHB470qqup5sRQabfvbKqysrq1vFDdLW9s7u3vl/YOmjhLFeINFMlJtj2ouRcgbKFDydqw4DTzJW97oduq3xlxpEYUPOIm5G9BBKHzBKBrJTbtDimnX88lTlvXKFbtqz0CWiZOTCuSo98pf3X7EkoCHyCTVuuPYMbopVSiY5Fmpm2geUzaiA94xNKQB1246OzojJ0bpEz9SpkIkM/X3REoDrSeBZzoDikO96E3F/7xOgv61m4owTpCHbL7ITyTBiEwTIH2hOEM5MYQyJcythA2pogxNTiUTgrP48jJpnlWdy+rF/XmldpPHUYQjOIZTcOAKanAHdWgAg0d4hld4s8bWi/VufcxbC1Y+cwh/YH3+AA6okk0=</latexit>

ẑ
<latexit sha1_base64="hK7utmNFm3/XpuUEO8xvRRhcpzU=">AAAB9HicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTkzTpWeyuCYZhvsOLB0W8+jHe/Bs7yRw08UHB470qqup5sRQabfvbKqysrq1vFDdLW9s7u3vl/YOmjhLFeINFMlJtj2ouRcgbKFDydqw4DTzJW97oduq3xlxpEYUPOIm5G9BBKHzBKBrJTbtDimnX88lTlvXKFbtqz0CWiZOTCuSo98pf3X7EkoCHyCTVuuPYMbopVSiY5Fmpm2geUzaiA94xNKQB1246OzojJ0bpEz9SpkIkM/X3REoDrSeBZzoDikO96E3F/7xOgv61m4owTpCHbL7ITyTBiEwTIH2hOEM5MYQyJcythA2pogxNTiUTgrP48jJpnlWdy+rF/XmldpPHUYQjOIZTcOAKanAHdWgAg0d4hld4s8bWi/VufcxbC1Y+cwh/YH3+AAuckks=</latexit>

x̂
<latexit sha1_base64="VVp+JuVQlSrS0zRfrOdt6zh/uEk=">AAAB9HicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiOYBTJD6On0JE16FrtrAsMw3+HFgyJe/Rhv/o2d5aCJDwoe71VRVc9PpNBo29/Wyura+sZmaau8vbO7t185OGzpOFWMN1ksY9XxqeZSRLyJAiXvJIrT0Je87Y/uJn57zJUWcfSIWcK9kA4iEQhG0Uhe7g4p5q4fkKwoepWqXbOnIMvEmZMqzNHoVb7cfszSkEfIJNW669gJejlVKJjkRdlNNU8oG9EB7xoa0ZBrL58eXZBTo/RJECtTEZKp+nsip6HWWeibzpDiUC96E/E/r5ticOPlIkpS5BGbLQpSSTAmkwRIXyjOUGaGUKaEuZWwIVWUocmpbEJwFl9eJq3zmnNVu3y4qNZv53GU4BhO4AwcuIY63EMDmsDgCZ7hFd6ssfVivVsfs9YVaz5zBH9gff4ADSKSTA==</latexit>

ŷ

<latexit sha1_base64="9NMchH++oW7tRJHlz55/v80rA0g="></latexit>

Relevant
imperfection (bad)

<latexit sha1_base64="O2OCFKSA8PpFote5eJFQfxFSIzY="></latexit>

“Marginal” disguised
imperfection (better)

<latexit sha1_base64="QaUI9pBFvYhHh1h1xq6a8v+tC9Q=">AAACMHicdVDJSgNBFOxxjXFL1JuXxiB4kGEmBk1uQRE8RjALJCG86byJbWaj+40QQv7Bq36GX6Mn8epXONlAJdapqHoF9cqJPKnJst6NpeWV1bX11EZ6c2t7ZzeT3avpMFYCqyL0QtVwQKMnA6ySJA8bkULwHQ/rTv9q7NcfUWkZBnc0iLDtQy+QrhRAiVS7dl0U1MnkLNMqFa2zEp+SQn5OLG6b1gQ5NkOlkzUOWt1QxD4GJDzQugmFCCJUp7YdUXvohGF/lG7FGiMQfehhM6EB+Kjbw0nnET+ONVDIkwyXHp+I+DMxBF/rge8klz7Qvf7rjcWFnuMvlhX0kRZZzZjcYnsogygmDMS4GkkPJ9W0UDKZD3lXKiSC8cPIZcAFKCBCJTkIkYhxsmc62XE+Fv+f1PKmfW4WbvO58uVs0RQ7ZEfshNnsgpXZDauwKhPsgT2xZ/ZivBpvxofxOT1dMmaZffYLxtc3yE+oxA==</latexit>

E↵ect

<latexit sha1_base64="rznxYoN5lMXDNBfZii9DMz7mGaU="></latexit>

Marginal
imperfection (good)

<latexit sha1_base64="YJ7nUXxxNgBWr6c05QbR3/ds0vI="></latexit>

e↵(✏)
P

j ajO
B
j (n) | Ai

<latexit sha1_base64="hcZq/oteVavR1cd3RFYNY35l2Rg="></latexit>

Uniform product
state (arbitrary

quantization axis n̂)

<latexit sha1_base64="ZxgLHtcTkFnlCf5kk8hefLSVsfw="></latexit>

imperfect
teleportation

<latexit sha1_base64="pvfc5pFGal/hPWuMcSsiu+XewMQ="></latexit>

Impurity action
depends on n̂

<latexit sha1_base64="CRNHcDM8WRLcwle/hS9mZne9VwA="></latexit> S
(2
)

`

<latexit sha1_base64="DQwHsbynKCcmLn+eqCihOYPdaF8=">AAACJHicdZA7SwNBFIVnfRtfq5Y2g1GwkLgbg8YuaGNhEcGYQDaEu+NNHHb2wcxsQEL+ia35NXZiYeM/EZzdRFDRUx3OuXe48/mJ4Eo7zps1Mzs3v7C4tFxYWV1b37A3t25VnEqGDRaLWLZ8UCh4hA3NtcBWIhFCX2DTDy6yvjlAqXgc3eiHBDsh9CPe4wy0ibq27TGMNEq656EQR1d7XbvolJyzqnN8RiemUv4yDnVLTq4imaretT+8u5iloXmGCVCqDZUEEpSHrpvoztCP42BU8FKFCbAA+tg2NoIQVWeYnz+i+6kCHVOzQ7mgeYjfN4YQKvUQ+mYyBH2vfndZ+GfnSwhQ/1W1U92rdoY8SlKNEctu0FxgfoNikhtkSO+4RK0h+xlSHlEGErRhxSmwjFpqGBYMry8o9H9zWy65J6XKdblYO5+SWyI7ZJccEJeckhq5JHXSIIwMyCN5ImNrbD1bL9brZHTGmu5skx+y3j8BxaWkLA==</latexit>

`/L

<latexit sha1_base64="7CwEG5THd28YpNVeJmwx+7NTT4M=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgQ2S5idzCZD5rHMzAphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHfFKWfG+v63V1pZXVvfKG9WtrZ3dveq+wePRmWa0BZRXOlOjA3lTNKWZZbTTqopFjGn7Xh0O/XbT1QbpuSDHac0EnggWcIItk4KSS/vaoFokkx61Zpf92dAyyQoSA0KNHvVr25fkUxQaQnHxoSBn9oox9oywumk0s0MTTEZ4QENHZVYUBPls5Mn6MQpfZQo7UpaNFN/T+RYGDMWsesU2A7NojcV//PCzCbXUc5kmlkqyXxRknFkFZr+j/pMU2L52BFMNHO3IjLEGhPrUqq4EILFl5fJ41k9uKxf3J/XGjdFHGU4gmM4hQCuoAF30IQWEFDwDK/w5lnvxXv3PuatJa+YOYQ/8D5/ADSqkTg=</latexit> c e
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e↵. central charge S(`)

<latexit sha1_base64="mPPij5jzb3S7rG6Whxlq1D8ZSTo="></latexit>

increasing
imperfection
strength

<latexit sha1_base64="LRFxLXbO4Md3We7t+OWP8/r5Qfg="></latexit>

S` ⇠
c

3
log ` ! ce↵

3
log `



Alice, Bob and the quantum 
ice-cream  

<latexit sha1_base64="2QJEYnFMk8/6JZTL16mJb6N9SnM="></latexit>

‘30s
<latexit sha1_base64="aeT8Hh02bxHrXS7EruNSgPmYCRY="></latexit>

today
<latexit sha1_base64="Hraz9g0o4ojccFlr29oiwjP+nuo=">AAAB/3icdVC7SgNBFJ31GeMramkzGAQLWXZjiEkXtLGMYB6QLPHu5CYOmX0wMyuEJYW/YKu9ndj6KbZ+ibubBFT0VIdz7uHee9xQcKUt68NYWl5ZXVvPbeQ3t7Z3dgt7+y0VRJJhkwUikB0XFAruY1NzLbATSgTPFdh2x5ep375HqXjg3+hJiI4HI58POQOdSJ3biqXyCfqFomVatap1VqMzUi4tiEVt08pQJHM0+oXP3iBgkYe+ZgKU6kI5hBDlqW2H2ondIBhP871IYQhsDCPsJtQHD5UTZ0dP6XGkQAc0yVAuaCbi90QMnlITz00mPdB36reXin953UgPq07M/TDS6LN0keYCs0WKSZ60gXTAJWoN6flIuU8ZSNAaJafAWCJGST1pKYvP6f+kVTLtilm+LhXrF/N6cuSQHJETYpNzUidXpEGahBFBHskTeTYejBfj1XibjS4Z88wB+QHj/QuVL5S/</latexit>

‘60s

In this talk: 
<latexit sha1_base64="rH1MJLoQH9rUpVb0NFs+Z5jiwb4="></latexit>

last decades



<latexit sha1_base64="9xYhQfF8LC58SBO7LkKiCoLHLQc=">AAACH3icdVDLSgNBEJyN7/iKevQyGAUPEnZj0OQg+Lh4VDCJkCyhd2zNkN2ddaZXCEu+w6t+jTfx6scITmIEA7FORVUXVFeQhNKQ6346uZnZufmFxaX88srq2nphY7NhVKoF1oUKlb4NwGAoY6yTpBBvE40QBSE2g97F0G8+oTZSxTfUT9CP4CGW91IAWcnfbeuu6mRnB9eDk91OoeiW3FrVPazxH1Ip/xKXeyV3hCIb46pT+GrfKZFGGJMIwZgWVBJIUB94XkJ+FijVG+TbqcEERA8esGVpDBEaPxs1H/C91AApbjNchnwk4t9EBpEx/SiwlxFQ10x4gYYe0lTLxobiNK+V0n3Vz2ScpISxGHYgGeKogxFa2rWQ30mNRDD8DLmMuQANRKglByGsmNr58nav31H4/6RRLnlHpcp1uXh6Pl5ukW2zHbbPPHbMTtklu2J1Jtgje2Yv7NV5dd6cd+fj5zTnjDNbbALO5zfriqLD</latexit>⇢A,Q =

<latexit sha1_base64="If3F1XtzO+tkyxiLPzraCkHFCI4=">AAACCHicdVC7TsMwFHV4lvIqMLJYFCQGFCWotHSrYGEsEi1IbRXduBewmtjBdpBQ1R/gF1hhZ0Os/AUrX4KTFgkQnOnonHt8r0+YRFwbz3t3pqZnZufmCwvFxaXlldXS2npby1QxbDEZSXURgsaIC2wZbiK8SBRCHEZ4Hg6OM//8FpXmUpyZuwR7MVwJfskZGCsFpdWukFz0URi6fRP420Gp7Ll1z68f1OiYHFYmpFqnvuvlKJMJmkHpo9uXLI3tCywCrTtQSSBBtef7iekNQykHo2I31ZgAG8AVdiwVEKPuDfPrR3Qn1WAktRnKI5qL+D0xhFjruzi0kzGYa/3by8S/vE5qLg97Qy6S1KBg2SLDI8wXaaa4rQVpnys0BrLzkXJBGSgwBhWnwJgVU9tT0Zby9XP6P2nvu37VrZzulxtHk3oKZJNskV3ikxppkBPSJC3CSEoeyCN5cu6dZ+fFeR2PTjmTzAb5AeftE0YUmRA=</latexit>q1

<latexit sha1_base64="2beFGxvdqJ9pnJqRKktJ2MFnGaM=">AAACCHicdVC7TgJBFJ3FNz5YtbSZCCYWhuwSVOiMNpaaCJgAIXeHK07YnVlnZk0I8Qf8BVvt7Yytf2Hrlzi7YKJGT3Vyzj1z75wgDrk2nvfu5GZm5+YXFpfyyyurawV3faOpZaIYNpgMpboMQGPIBTYMNyFexgohCkJsBcOT1G/dotJcigszirEbwUDwK87AWKnnFjpCctFHYWjpplcp9dyiV657fn3/kE5IrTolB3Xql70MRTLFWc/96PQlSyL7AgtB6zZUY4hR7fl+bLrjQMrhXb6TaIyBDWGAbUsFRKi74+z6O7qTaDCS2gzlIc1E/J4YQ6T1KArsZATmWv/2UvEvr52Yq1p3zEWcGBQsXWR4iNkizRS3tSDtc4XGQHo+Ui4oAwXGoOIUGLNiYnvK21K+fk7/J81K2T8oV88rxaPjaT2LZItsk13ik0NyRE7JGWkQRhLyQB7Jk3PvPDsvzutkNOdMM5vkB5y3T0epmRE=</latexit>q2

<latexit sha1_base64="TFuLHKFNpwH8a+/CbnHl+cFDFr4=">AAACCHicdVC7TgMxEPSFd3gdUNJYJEgUKLoLgSQdgoYSJBKQkijac5Zg5c4+bB9SFOUH+AVa6OkQLX9By5fgO4IECKYazex41xPEIdfG896c3NT0zOzc/EJ+cWl5ZdVdW29qmSiGDSZDqS4D0BhygQ3DTYiXsUKIghAvgsFx6l/cotJcinMzjLETQV/wK87AWKnrrraF5KKHwtDiTXev2HULXqnu+fX9Kv0ktcqEHNSpX/IyFMgEp133vd2TLInsCywErVtQiSFGtev7semMAikH43w70RgDG0AfW5YKiFB3Rtn1Y7qdaDCS2gzlIc1E/J4YQaT1MArsZATmWv/2UvEvr5WYq1pnxEWcGBQsXWR4iNkizRS3tSDtcYXGQHo+Ui4oAwXGoOIUGLNiYnvK21K+fk7/J81yyT8oVc7KhcOjST3zZJNskR3ikyo5JCfklDQIIwm5Jw/k0blznpxn5+VzNOdMMhvkB5zXD0k+mRI=</latexit>q3

<latexit sha1_base64="tfnOlPQ8ix/txtbRnS8wuU5HfFA=">AAACCHicdVC7TgJBFJ31ifgAtbSZCCYWhuwS5NERbSwxkUcChNwdLjphd2admTUhhB/wF2y1tzO2/oWtX+LwMFGjpzo55565d44fBVwb1313lpZXVtfWExvJza3tnVR6d6+hZawY1pkMpGr5oDHgAuuGmwBbkUII/QCb/vB86jfvUGkuxZUZRdgN4VrwAWdgrNRLpzpCctFHYWj2tlfI9tIZN1dxvcppic5JubAgxQr1cu4MGbJArZf+6PQli0P7AgtA6zYUIohQnXheZLpjX8rhJNmJNUbAhnCNbUsFhKi749n1E3oUazCS2gzlAZ2J+D0xhlDrUejbyRDMjf7tTcW/vHZsBuXumIsoNijYdJHhAc4Waaa4rQVpnys0BqbnI+WCMlBgDCpOgTErxranpC3l6+f0f9LI57xirnCZz1TPFvUkyAE5JMfEIyVSJRekRuqEkZg8kEfy5Nw7z86L8zofXXIWmX3yA87bJ0rTmRM=</latexit>q4

<latexit sha1_base64="ew29H9fcK9HluJiqZ5p2w+/eNLQ=">AAACDHicdVC7SgNBFJ31GeMrmtJmMBEsJOzG4KMQojaWEUwMZJdwd3LVIbszy8ysEEJ+wV+w1d5ObP0HW7/EyQtU9FSHc+6ZO/eEScS1cd0PZ2Z2bn5hMbOUXV5ZXVvPbWw2tEwVwzqTkVTNEDRGXGDdcBNhM1EIcRjhddg9H/rX96g0l+LK9BIMYrgV/IYzMFZq5/K+kFx0UBha9NWdbJ+eFNu5gltyj4/c/WM6JpXylLjUK7kjFMgEtXbu0+9Ilsb2FRaB1i2oJJCg2vO8xAT9UMruIOunGhNgXbjFlqUCYtRBf3TBgO6kGoykNkN5REcifk/0Ida6F4d2MgZzp397Q/Evr5Wam6Ogz0WSGhRsuMjwCEeLNFPcVoO0wxUaA8PvI+WCMlBgDCpOgTErprarrC1lejn9nzTKJe+gVLksF6pnk3oyZItsk13ikUNSJRekRuqEkR55JE/k2XlwXpxX5208OuNMMnnyA877FzDwmqI=</latexit>⇢A =
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Alice and Bob in an asymmetric state
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Ferromagnetic state
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A small detour: classical Mpemba effect 
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when you put both hot milk and cold milk into a
refrigerator at the same time, the hot milk freezes first
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a feedback loop; it is thus a virtual potential (Methods). Its form U(x) 
is a function of position x and consists of a tilted double well, the outer 
edges of which have a slope that saturates at a magnitude correspond-
ing to the maximum force Fmax that the optical tweezers can exert. The 
tilted double well creates a bistable potential with two macrostates: 
the shallow left well corresponds to a metastable macrostate and the 
deep right well to a stable macrostate. The linear parts of the potential 
provide direct kinetic paths towards the minima, and the barrier allows 
spontaneous hopping between the wells. As the spatial dimensions 
are small and the energy barrier low, the bead can rapidly equilibrate 
with the bath (!0.1 s). We can then easily carry out several thousand 
trials, forming a statistical ensemble from which accurate measure-
ments of both equilibrium and non-equilibrium states are possible. As 
we will see below, to observe the Mpemba effect, we should place the 
potential asymmetrically between the potential boundaries, xmin and 
xmax, which determine the region in space explored by the particle at 
high temperatures. The parameter α ≡ |xmax/xmin| defines the degree of 
asymmetry within the domain ‘box’. In our experiments, we change α 
by varying xmax while fixing xmin.

In our experiments, the particle is always in contact with water at 
temperature Tb; however, the initial state of the system is drawn from 
a Boltzmann distribution at a higher initial temperature30. All tem-
peratures are measured relative to the bath temperature Tb, and all 
energies are scaled by kBTb, where kB is the Boltzmann constant. After an 
effectively instantaneous quench at t = 0, the particle position evolves 
according to the imposed virtual potential U(x) under thermal envi-
ronment fluctuations for 60 ms. This protocol is repeated N = 1,000 
times, with the resulting data used to create a statistical ensemble 
from which we estimate the state of the system every 10 µs. Figure 2a–c 
shows example time traces of evolution in the potential U(x). From the 
time traces, we form frequency estimates of the probability density 
function p(x, t) that records the system state as it evolves between the 
initial state p(x, 0) = π(x; Tinitial) ∝ exp[−U(x)/kBTinitial] and the final state 
at equilibrium with the bath, characterized by π(x; Tb).

At intermediate times while the system is relaxing, the dynamical 
state p(x, t) does not in general have the form of a Boltzmann distribu-
tion for the potential U(x) at any temperature; nevertheless, we can 
define a scalar quantity31,32 that measures the ‘distance’ D between p(x, t)  
and the Boltzmann distribution in equilibrium with the bath, π(x; Tb). 
For simplicity, we choose an L1 measure of distance, but any measure 

that is monotonic with Tinitial will also work (Methods). As shown in 
Fig. 2d, we can use the L1 distance curve to determine the time at which 
the system reaches equilibrium (D≈0, within noise levels—black curve; 
see Methods).

Mpemba effect in asymmetric domains
To determine how the Mpemba effect depends on the shape of the 
potential, we first place the double-well potential in a symmetric box 
(α = 1). Figure 3a shows the measured times to reach equilibrium for 
systems that start at different initial temperatures. The equilibration 
time increases sharply and saturates at high temperatures, where the 
initial probability distribution is nearly uniform. As the equilibra-
tion time monotonically increases with initial temperature, there is 
no Mpemba effect. The situation changes qualitatively when xmax is 
increased and the box becomes asymmetric. For α = 3 (Fig. 3b), the 
equilibration time increases initially but then decreases rapidly for 
higher temperatures (Tinitial > 10), indicating the Mpemba effect.  
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Fig. 1 | Schematic of the energy landscape and Boltzmann distribution for 
the Mpemba effect. a, The solid black line represents the energy landscape 
U(x), set asymmetrically within the box [xmin, xmax] with infinite potential walls 
at the domain boundaries. The asymmetry coefficient α ≡ |xmax/xmin|, where xmax 
is changed to vary α. The outer slopes of the potential correspond to the 
maximum force that can be exerted by the optical tweezers. The difference in 
energy between metastable and stable states is ∆E. b, The Boltzmann 
distribution at the bath temperature, π(x; Tb). The interval pr is the probability 
for a particle to initially be in the right domain for Th → ∞. At the bath 
temperature, the probability to be in the ground state (right well) is pr0

. We find 
that the Mpemba effect is strongest for pr ≈ pr0

, a condition that allows the 
probability contained in the initial ‘basin of attraction’ to drain directly to the 
ground state. Similarly, for the left well, p p≈l l0

, with pl = 1 − pr and p l0
 = 1 − pr0

.
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Fig. 2 | Dynamics of system relaxation to equilibrium. a–c, Ten trajectories 
of a particle released from the equilibrium distributions at hot (red; a), warm 
(blue; b) and cold (black; c) temperatures into the cold bath, with the evolving 
probability density p(x, t) shown for three times (estimates based on 1,000 
trajectories) on a logarithmic timescale. d, The L1 distances calculated for 
systems at three different temperatures (Th = 1,000, Tw = 12 and Tc = 1) from their 
respective time traces. The initially hot system starts a greater distance from 
equilibrium than the initially warm system but equilibrates first (th < tw), 
illustrating the Mpemba effect. The cold distance plot is a control experiment 
where the particle is released from the equilibrium distribution at the bath’s 
temperature. At each time, the distribution fluctuates from the average by an 
always-positive distance. There are N = 1,000 runs per initial temperature; 
asymmetry coefficient α = 3.
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Fig. 3 | Equilibration time as a function of initial system temperature.  
a–c, Solid markers are the equilibration times teq for asymmetry coefficients 
α = 1 (a), α = 3 (b) and α = 9 (c). Regions of each plot with a negative slope indicate 
the Mpemba effect. The error bars represent standard deviations calculated 
using equation (32) (Methods).
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