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Abstract

Programmable quantum simulators and quantum computers are 
opening unprecedented opportunities for exploring and exploiting 
the properties of highly entangled complex quantum systems. The 
complexity of large quantum systems is the source of computational 
power but also makes them di!cult to control precisely or characterize 
accurately using measured classical data. We review protocols for probing 
the properties of complex many-qubit systems using measurement 
schemes that are practical using today’s quantum platforms. In these 
protocols, a quantum state is repeatedly prepared and measured  
in a randomly chosen basis; then a classical computer processes 
the measurement outcomes to estimate the desired property. The 
randomization of the measurement procedure has distinct advantages. 
For example, a single data set can be used multiple times to pursue a 
variety of applications, and imperfections in the measurements are 
mapped to a simpli"ed noise model that can more easily be mitigated. 
We discuss a range of cases that have already been realized in quantum 
devices, including Hamiltonian simulation tasks, probes of quantum 
chaos, measurements of non-local order parameters, and comparison 
of quantum states produced in distantly separated laboratories. 
By providing a workable method for translating a complex quantum 
state into a succinct classical representation that preserves a rich 
variety of relevant physical properties, the randomized measurement 
toolbox strengthens our ability to grasp and control the quantum 
world. 

Sections

Introduction

Experimental recipe and 
post-processing of the 
measurements

Applications of randomized 
measurements

Challenges and perspectives

1Institute for Quantum Information and Matter, Caltech, Pasadena, CA, USA. 2Walter Burke Institute for Theoretical 
Physics, Caltech, Pasadena, CA, USA. 3Institute for Theoretical Physics, University of Innsbruck, Innsbruck, 
Austria. 4Institute for Quantum Optics and Quantum Information of the Austrian Academy of Sciences, Innsbruck, 
Austria. 5AWS Center for Quantum Computing, Pasadena, CA, USA. 6Department of Computing and Mathematical 
Sciences, Caltech, Pasadena, CA, USA. 7Institute for Integrated Circuits, Johannes Kepler University Linz, Linz, 
Austria. 8Université Grenoble Alpes, CNRS, LPMMC, Grenoble, France.  e-mail: peter.zoller@uibk.ac.at

 Nature Reviews Physics 1 (2022).

Nature Reviews Physics

nature reviews physics https://doi.org/10.1038/s42254-022-00535-2

Review article Check for updates

The randomized 
measurement toolbox
Andreas Elben    1,2,3,4, Steven T. Flammia1,5, Hsin-Yuan Huang    1,6, Richard Kueng    7, John Preskill1,2,5,6, 
Benoît Vermersch    3,4,8 & Peter Zoller    3,4 

Abstract

Programmable quantum simulators and quantum computers are 
opening unprecedented opportunities for exploring and exploiting 
the properties of highly entangled complex quantum systems. The 
complexity of large quantum systems is the source of computational 
power but also makes them di!cult to control precisely or characterize 
accurately using measured classical data. We review protocols for probing 
the properties of complex many-qubit systems using measurement 
schemes that are practical using today’s quantum platforms. In these 
protocols, a quantum state is repeatedly prepared and measured  
in a randomly chosen basis; then a classical computer processes 
the measurement outcomes to estimate the desired property. The 
randomization of the measurement procedure has distinct advantages. 
For example, a single data set can be used multiple times to pursue a 
variety of applications, and imperfections in the measurements are 
mapped to a simpli"ed noise model that can more easily be mitigated. 
We discuss a range of cases that have already been realized in quantum 
devices, including Hamiltonian simulation tasks, probes of quantum 
chaos, measurements of non-local order parameters, and comparison 
of quantum states produced in distantly separated laboratories. 
By providing a workable method for translating a complex quantum 
state into a succinct classical representation that preserves a rich 
variety of relevant physical properties, the randomized measurement 
toolbox strengthens our ability to grasp and control the quantum 
world. 

Sections

Introduction

Experimental recipe and 
post-processing of the 
measurements

Applications of randomized 
measurements

Challenges and perspectives

1Institute for Quantum Information and Matter, Caltech, Pasadena, CA, USA. 2Walter Burke Institute for Theoretical 
Physics, Caltech, Pasadena, CA, USA. 3Institute for Theoretical Physics, University of Innsbruck, Innsbruck, 
Austria. 4Institute for Quantum Optics and Quantum Information of the Austrian Academy of Sciences, Innsbruck, 
Austria. 5AWS Center for Quantum Computing, Pasadena, CA, USA. 6Department of Computing and Mathematical 
Sciences, Caltech, Pasadena, CA, USA. 7Institute for Integrated Circuits, Johannes Kepler University Linz, Linz, 
Austria. 8Université Grenoble Alpes, CNRS, LPMMC, Grenoble, France.  e-mail: peter.zoller@uibk.ac.at

Lecture 2:



uibk |

Measure first, ask questions later

2

Randomized Measurements

Classical Shadows
H.-Y. Huang, R. Kueng, and J. Preskill, Nat. Phys. 16, 1050 (2020)

Predicting Many Properties of a Quantum System from Very Few Measurements 

T. Brydges, A. Elben et al., Science (2019),

Probing Renyi Entanglement Entropy via Randomized Measurements

A  Elben, B Vermersch, CF Roos, and PZ, PRA (2019),

Randomized Measurements: A Toolbox … 

Exp:

Theory:

Nature Reviews Physics

nature reviews physics https://doi.org/10.1038/s42254-022-00535-2

Review article Check for updates

The randomized 
measurement toolbox
Andreas Elben    1,2,3,4, Steven T. Flammia1,5, Hsin-Yuan Huang    1,6, Richard Kueng    7, John Preskill1,2,5,6, 
Benoît Vermersch    3,4,8 & Peter Zoller    3,4 

Abstract

Programmable quantum simulators and quantum computers are 
opening unprecedented opportunities for exploring and exploiting 
the properties of highly entangled complex quantum systems. The 
complexity of large quantum systems is the source of computational 
power but also makes them di!cult to control precisely or characterize 
accurately using measured classical data. We review protocols for probing 
the properties of complex many-qubit systems using measurement 
schemes that are practical using today’s quantum platforms. In these 
protocols, a quantum state is repeatedly prepared and measured  
in a randomly chosen basis; then a classical computer processes 
the measurement outcomes to estimate the desired property. The 
randomization of the measurement procedure has distinct advantages. 
For example, a single data set can be used multiple times to pursue a 
variety of applications, and imperfections in the measurements are 
mapped to a simpli"ed noise model that can more easily be mitigated. 
We discuss a range of cases that have already been realized in quantum 
devices, including Hamiltonian simulation tasks, probes of quantum 
chaos, measurements of non-local order parameters, and comparison 
of quantum states produced in distantly separated laboratories. 
By providing a workable method for translating a complex quantum 
state into a succinct classical representation that preserves a rich 
variety of relevant physical properties, the randomized measurement 
toolbox strengthens our ability to grasp and control the quantum 
world. 

Sections

Introduction

Experimental recipe and 
post-processing of the 
measurements

Applications of randomized 
measurements

Challenges and perspectives

1Institute for Quantum Information and Matter, Caltech, Pasadena, CA, USA. 2Walter Burke Institute for Theoretical 
Physics, Caltech, Pasadena, CA, USA. 3Institute for Theoretical Physics, University of Innsbruck, Innsbruck, 
Austria. 4Institute for Quantum Optics and Quantum Information of the Austrian Academy of Sciences, Innsbruck, 
Austria. 5AWS Center for Quantum Computing, Pasadena, CA, USA. 6Department of Computing and Mathematical 
Sciences, Caltech, Pasadena, CA, USA. 7Institute for Integrated Circuits, Johannes Kepler University Linz, Linz, 
Austria. 8Université Grenoble Alpes, CNRS, LPMMC, Grenoble, France.  e-mail: peter.zoller@uibk.ac.at

 Nature Reviews Physics 1 (2022).

Nature Reviews Physics

nature reviews physics https://doi.org/10.1038/s42254-022-00535-2

Review article Check for updates

The randomized 
measurement toolbox
Andreas Elben    1,2,3,4, Steven T. Flammia1,5, Hsin-Yuan Huang    1,6, Richard Kueng    7, John Preskill1,2,5,6, 
Benoît Vermersch    3,4,8 & Peter Zoller    3,4 

Abstract

Programmable quantum simulators and quantum computers are 
opening unprecedented opportunities for exploring and exploiting 
the properties of highly entangled complex quantum systems. The 
complexity of large quantum systems is the source of computational 
power but also makes them di!cult to control precisely or characterize 
accurately using measured classical data. We review protocols for probing 
the properties of complex many-qubit systems using measurement 
schemes that are practical using today’s quantum platforms. In these 
protocols, a quantum state is repeatedly prepared and measured  
in a randomly chosen basis; then a classical computer processes 
the measurement outcomes to estimate the desired property. The 
randomization of the measurement procedure has distinct advantages. 
For example, a single data set can be used multiple times to pursue a 
variety of applications, and imperfections in the measurements are 
mapped to a simpli"ed noise model that can more easily be mitigated. 
We discuss a range of cases that have already been realized in quantum 
devices, including Hamiltonian simulation tasks, probes of quantum 
chaos, measurements of non-local order parameters, and comparison 
of quantum states produced in distantly separated laboratories. 
By providing a workable method for translating a complex quantum 
state into a succinct classical representation that preserves a rich 
variety of relevant physical properties, the randomized measurement 
toolbox strengthens our ability to grasp and control the quantum 
world. 

Sections

Introduction

Experimental recipe and 
post-processing of the 
measurements

Applications of randomized 
measurements

Challenges and perspectives

1Institute for Quantum Information and Matter, Caltech, Pasadena, CA, USA. 2Walter Burke Institute for Theoretical 
Physics, Caltech, Pasadena, CA, USA. 3Institute for Theoretical Physics, University of Innsbruck, Innsbruck, 
Austria. 4Institute for Quantum Optics and Quantum Information of the Austrian Academy of Sciences, Innsbruck, 
Austria. 5AWS Center for Quantum Computing, Pasadena, CA, USA. 6Department of Computing and Mathematical 
Sciences, Caltech, Pasadena, CA, USA. 7Institute for Integrated Circuits, Johannes Kepler University Linz, Linz, 
Austria. 8Université Grenoble Alpes, CNRS, LPMMC, Grenoble, France.  e-mail: peter.zoller@uibk.ac.at

Lecture 2:

<latexit sha1_base64="oKfky+nVLMChDu1u5X3hdoKv9EY=">AAACD3icbVDNSsNAGNzUv1r/oj16WSxCvZRERXssePFYwbSFNoTNZtsu3WTD7kYIIQ/hE3jVJ/AmXn0EH8D3cNPmYFsHlh1mvo9vGD9mVCrL+jYqG5tb2zvV3dre/sHhkXl80pM8EZg4mDMuBj6ShNGIOIoqRgaxICj0Gen7s7vC7z8RISmPHlUaEzdEk4iOKUZKS55Z73pOc+RzFsg01F8m8wvPbFgtaw64TuySNECJrmf+jAKOk5BECjMk5dC2YuVmSCiKGclro0SSGOEZmpChphEKiXSzefgcnmslgGMu9IsUnKt/NzIUyiKbngyRmspVrxD/84aJGrfdjEZxokiEF4fGCYOKw6IJGFBBsGKpJggLqrNCPEUCYaX7WrriCzQjKte92KstrJPeZcu+aV09XDc67bKhKjgFZ6AJbHALOuAedIEDMEjBC3gFb8az8W58GJ+L0YpR7tTBEoyvX6zhnRI=</latexit>

P
U
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit> s

<latexit sha1_base64="oKfky+nVLMChDu1u5X3hdoKv9EY=">AAACD3icbVDNSsNAGNzUv1r/oj16WSxCvZRERXssePFYwbSFNoTNZtsu3WTD7kYIIQ/hE3jVJ/AmXn0EH8D3cNPmYFsHlh1mvo9vGD9mVCrL+jYqG5tb2zvV3dre/sHhkXl80pM8EZg4mDMuBj6ShNGIOIoqRgaxICj0Gen7s7vC7z8RISmPHlUaEzdEk4iOKUZKS55Z73pOc+RzFsg01F8m8wvPbFgtaw64TuySNECJrmf+jAKOk5BECjMk5dC2YuVmSCiKGclro0SSGOEZmpChphEKiXSzefgcnmslgGMu9IsUnKt/NzIUyiKbngyRmspVrxD/84aJGrfdjEZxokiEF4fGCYOKw6IJGFBBsGKpJggLqrNCPEUCYaX7WrriCzQjKte92KstrJPeZcu+aV09XDc67bKhKjgFZ6AJbHALOuAedIEDMEjBC3gFb8az8W58GJ+L0YpR7tTBEoyvX6zhnRI=</latexit> P U
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="oKfky+nVLMChDu1u5X3hdoKv9EY=">AAACD3icbVDNSsNAGNzUv1r/oj16WSxCvZRERXssePFYwbSFNoTNZtsu3WTD7kYIIQ/hE3jVJ/AmXn0EH8D3cNPmYFsHlh1mvo9vGD9mVCrL+jYqG5tb2zvV3dre/sHhkXl80pM8EZg4mDMuBj6ShNGIOIoqRgaxICj0Gen7s7vC7z8RISmPHlUaEzdEk4iOKUZKS55Z73pOc+RzFsg01F8m8wvPbFgtaw64TuySNECJrmf+jAKOk5BECjMk5dC2YuVmSCiKGclro0SSGOEZmpChphEKiXSzefgcnmslgGMu9IsUnKt/NzIUyiKbngyRmspVrxD/84aJGrfdjEZxokiEF4fGCYOKw6IJGFBBsGKpJggLqrNCPEUCYaX7WrriCzQjKte92KstrJPeZcu+aV09XDc67bKhKjgFZ6AJbHALOuAedIEDMEjBC3gFb8az8W58GJ+L0YpR7tTBEoyvX6zhnRI=</latexit> P
U
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="oKfky+nVLMChDu1u5X3hdoKv9EY=">AAACD3icbVDNSsNAGNzUv1r/oj16WSxCvZRERXssePFYwbSFNoTNZtsu3WTD7kYIIQ/hE3jVJ/AmXn0EH8D3cNPmYFsHlh1mvo9vGD9mVCrL+jYqG5tb2zvV3dre/sHhkXl80pM8EZg4mDMuBj6ShNGIOIoqRgaxICj0Gen7s7vC7z8RISmPHlUaEzdEk4iOKUZKS55Z73pOc+RzFsg01F8m8wvPbFgtaw64TuySNECJrmf+jAKOk5BECjMk5dC2YuVmSCiKGclro0SSGOEZmpChphEKiXSzefgcnmslgGMu9IsUnKt/NzIUyiKbngyRmspVrxD/84aJGrfdjEZxokiEF4fGCYOKw6IJGFBBsGKpJggLqrNCPEUCYaX7WrriCzQjKte92KstrJPeZcu+aV09XDc67bKhKjgFZ6AJbHALOuAedIEDMEjBC3gFb8az8W58GJ+L0YpR7tTBEoyvX6zhnRI=</latexit>

P
U
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit> s

data reused many times …

Rigorous error bounds:
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Measurement post-processing
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theory - L. K. Joshi et al., Phys. Rev. X. 12, (2022).

exp - L. K. Joshi et al. [Monroe group], unpublished

theory - C Kokail et al., Nat. Phys. 17, 936 (2021).

theory + exp - MK Joshi, C Kokail, R van Bijnen et al., arXiv 2023

theory [+ exp ] - A. Elben et al., Phys. Rev. Lett. 125, 200501 (2020).

theory [+ exp ] -  A. Neven et al., Npj Quantum Inf. 7, (2021).

theory - B. Vermersch et al., Phys. Rev. X 9, 021061 (2019).

exp - M. K. Joshi et al., Phys. Rev. Lett. 124, 240505 (2020).

• Entanglement Hamiltonian Tomography

• OTOCS

• Partially transposed density matrix

• Spectral form factor & quantum chaos

• observation of quantum Mpemba effect
theory + exp - MK Joshi et al. unpublished

theory - A. Elben et al., Science Advances 6, eaaz3666 (2020).
• topological invariants

Randomized Measurements
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Trapped ions
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Figure 4: Domain statistics and reconstructed single shot images of 53 spins. (a) Top and bottom: reconstructed
images based on binary detection of spin state (see Appendix E).The top image shows a chain of 53 ions in bright spin states.
The other three images show 53 ions in combinations of bright and dark spin states. Center: statistics of the sizes of domains,
or blocks with spins pointing along the same direction. Histograms are plotted on a logarithmic scale, to visualize the rare
regions with large domains. Dashed lines are fits to exponential functions, which could be expected for infinite-temperature
thermal state. Long tails of deviations are clearly visible, and varies depending on B̃z/J0. (b) Mean of the largest domain sizes
in each single experimental shot. Error bars are the standard deviation of the mean (see Appendix F). Dashed lines represent
a piecewise linear fit, from which we extract the transition point (see text). The green, yellow, and red data points correspond
to the transverse fields shown in the domain statistics data on the left.

The occurrence of long domains of correlated spins in
the state |"ix (fluorescing spins) signifies the fully po-
larized initial state, where the correlations in the initial
state are largely preserved by the interactions. With an
increasing transverse field, the absence of spin-ordering
is reflected by exponentially small probabilities for ob-
serving long strings. We plot the domain length statis-
tics in Fig. 4a at late times (see Appendix F), for three
example transverse field strengths, B̃z/J0 = (0.1, 1.0,
1.6). The dashed lines in Fig. 4a are fits to exponen-
tials on the histogram of domain sizes. The rare occur-
rence of especially large domains (e.g. the red boxes in
Fig. 4a) shows the existence of many-body high-order
correlations, where the order is given by the length of
the domain. We plot the mean of the largest domain size
in Fig. 4b, as a function of the normalized transverse field
strength. The average longest domain size ranges from
12 to 20, and shows a sharp transition across the critical
point of the DPT. We fit this observable to a piecewise
linear function, and extract the critical point to be B̃z/J0

= 0.89(7). For more details, see Appendix F.
The DPT studied here, with up to 53 trapped ion

qubits, is the largest quantum simulation ever performed
with high-e�ciency single shot individual qubit measure-
ments. This gives access to arbitrary many-body corre-
lators that carry information that is di�cult or impossi-
ble to model classically. This experimental platform can
be extended to tackle provably hard quantum problems
such as Ising sampling [36]. Given an even higher level
of control over the interactions between spins, as already
demonstrated for smaller numbers of trapped ion qubits
[37], this same system can be upgraded to a universal
quantum computer.

APPENDIX A: CONFINEMENT OF LONG ION
CHAINS

The ion chain is confined in a 3-layer linear Paul trap
with ⌫cm = 4.85 MHz transverse center-of-mass motional
frequency [30]. The harmonic axial confinement is kept
low enough so that the lowest energy conformation of the
ions is linear; for 8� 16 ions the axial center-of-mass fre-
quency is ⇠ 400 kHz and for 53 ions it is ⇠ 200 kHz. The
ion spacing is anisotropic across the chain, with typical
spacings of 1.5 µm at the center of the chain and 3.5 µm
at either end [38].

The e↵ective lifetime of an ion chain is limited by
Langevin collisions with the residual background gas in
the UHV apparatus [39], which in general re-orders the
crystal but can also melt the crystal and even ultimately
eject the ions from rf-heating or other mechanisms. This
can be mitigated by quickly re-cooling the chain, and
we expect that occasionally the crystal returns without
notice. Rarely, such collisions with the background gas
are inelastic, either populating the 171Yb+ ion in the
metastable F7/2 state or forming a YbH+ molecule. The
355 nm Raman laser quickly returns the ions back to their
atomic ground state manifold, with a small probability
of creating doubly-charged ions. The mean time between
Langevin collisions is expected to be of order 1 collision
per hour per trapped ion, and we expect that the mean
lifetime for a chain of ions might therefore scale inversely
with the number of ions. For 53 ions we observe an av-
erage lifetime of about 5 minutes. However, we observe
rare events where a long ion chain survives for about 30
minutes. We speculate that either the chain is consis-
tently re-captured instantaneously, or the local pressure

[see also JQI experiments]
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<latexit sha1_base64="XyVLVLjT1mE9N6fj92XbBWvEfbE=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkVbTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSbfZsG8aVw/XtXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f0fieww==</latexit> P
U

2
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="ADM685r9XEIuJIrlReZWLREwqBY=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkWrTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeqYd80rh+atXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f1UiexQ==</latexit>

P
U

4
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="G+VH0vw3LD5bSif76K6GSEu1cZQ=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkVrTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeqYd80mg/XtXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f06CexA==</latexit> P U
3
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

(c)state preparation and analysis(b)

VQE circuit
1) VQE ground state

↑↑

2) VQE heated state

(a) XXZ chain
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Entanglement properties
<latexit sha1_base64="lO+QS5ZKR0WndrCNTjw2jv07Ifs=">AAAB7HicdVBNSwMxEJ31s9avqkcvwaJ4KtmyrfUgFLx4rOC2hXYp2TRtQ7PZJckKpfQ3ePGgiFd/kDf/jdm2goo+GHi8N8PMvDARXBuMP5yV1bX1jc3cVn57Z3dvv3Bw2NRxqijzaSxi1Q6JZoJL5htuBGsnipEoFKwVjq8zv3XPlOaxvDOThAURGUo+4JQYK/kUXSG3VyjiUtXD3mUN4RK28CoZcctV7CF3rmBchCUavcJ7tx/TNGLSUEG07rg4McGUKMOpYLN8N9UsIXRMhqxjqSQR08F0fuwMnVqljwaxsiUNmqvfJ6Yk0noShbYzImakf3uZ+JfXSc2gFky5TFLDJF0sGqQCmRhln6M+V4waMbGEUMXtrYiOiCLU2HzyNoSvT9H/pFkuudVS5dYr1s+WceTgGE7gHFy4gDrcQAN8oMDhAZ7g2ZHOo/PivC5aV5zlzBH8gPP2CaxcjeA=</latexit>
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theory: exact GS theory: VQE-circuit

<latexit sha1_base64="IOyutwLuGTLVc2Y85UtrtYwsMHw=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiDkNMwEox4DXjwmYBZIhtDTqUk66Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3cmvrG5tb+e3Czu7e/kHx8Kil4lQybLJYxLLjU4WCR9jUXAvsJBJp6Ats+5Prud++Q6l4HN3qaYJeSIcRDzij2kiNcb9YcuxK1TEgv4lrOwuUYIV6v/jWG8QsDTHSTFCluq6TaC+jUnMmcFbopQoTyiZ0iF1DIxqi8rLFoTNyZpQBCWJpKtJkoX6dyGio1DT0TWdI9Uj99ObiX1431cGVl/EoSTVGbLkoSAXRMZl/TQZcItNiaghlkptbCRtRSZk22RRMCJ+fkv9Jq2K7F3a1cV6qlVdx5OEETqEMLlxCDW6gDk1ggHAPj/Bkja0H69l6WbbmrNXMMXyD9foB6vmM8w==</latexit>

j
<latexit sha1_base64="IOyutwLuGTLVc2Y85UtrtYwsMHw=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiDkNMwEox4DXjwmYBZIhtDTqUk66Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3cmvrG5tb+e3Czu7e/kHx8Kil4lQybLJYxLLjU4WCR9jUXAvsJBJp6Ats+5Prud++Q6l4HN3qaYJeSIcRDzij2kiNcb9YcuxK1TEgv4lrOwuUYIV6v/jWG8QsDTHSTFCluq6TaC+jUnMmcFbopQoTyiZ0iF1DIxqi8rLFoTNyZpQBCWJpKtJkoX6dyGio1DT0TWdI9Uj99ObiX1431cGVl/EoSTVGbLkoSAXRMZl/TQZcItNiaghlkptbCRtRSZk22RRMCJ+fkv9Jq2K7F3a1cV6qlVdx5OEETqEMLlxCDW6gDk1ggHAPj/Bkja0H69l6WbbmrNXMMXyD9foB6vmM8w==</latexit>

j

Ansatz:

Δ = 1 Δ = 1.7
Δ

<latexit sha1_base64="oVvOS6/RurJdWpgLm45YDeYsL5E="></latexit>

| (✓opt)i

<latexit sha1_base64="JGhhZ8wm+8WCUNMaNIf6Z4vbQ2s="></latexit>

| 0i

ρA

βj βj

<latexit sha1_base64="EW6RpkigbP2736Y1Ydu3ellVtxY="></latexit>
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h j

<latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"
<latexit sha1_base64="hBbSIHx5/zuTOQV0Ciz6wmcdb2U="></latexit>

# <latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"
<latexit sha1_base64="hBbSIHx5/zuTOQV0Ciz6wmcdb2U="></latexit>

#
<latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

" <latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"

<latexit sha1_base64="d0fQZZ8QVC6iBBK9+XLIozIZFTk="></latexit>

⇢A(�) =
1

ZA(�)
e�
P

j2A � jh j+...

<latexit sha1_base64="gmkneuzV9On/uzM6ens+ZhRRi2E=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYFA8hV3xdQx48RjBPCBZwuykNxkyO7vOzAbCku/w4kERr36MN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8m/rNESrNY/loxgn6Ee1LHnJGjZX8zogqTDQXsewOu6WyW3FnIMvEy0kZctS6pa9OL2ZphNIwQbVue25i/Iwqw5nASbGTakwoG9I+ti2VNELtZ7OjJ+TUKj0SxsqWNGSm/p7IaKT1OApsZ0TNQC96U/E/r52a8NbPuExSg5LNF4WpICYm0wRIjytkRowtoUxxeythA6ooMzanog3BW3x5mTQuKt515erhslw9y+MowDGcwDl4cANVuIca1IHBEzzDK7w5I+fFeXc+5q0rTj5zBH/gfP4AOniSUw==</latexit>"k

ε(θ2)

ε(θ1)
εG

<latexit sha1_base64="5TqszlN7PQTzLC1O2Tgpda5kvj0="></latexit>"max
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↑

Entanglement  
Hamiltonian Learning

<latexit sha1_base64="Kh/IN0/b/QJjp/6NlnAUqj4yZd8=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYFA8hV3xdQx48ZiAeUCyhNlJbzJmdnaZ6RXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkZ3U7/1BNqIWD3gOAE/YgMlQsEZWqmOvVLZrbgz0GXi5aRMctR6pa9uP+ZpBAq5ZMZ0PDdBP2MaBZcwKXZTAwnjIzaAjqWKRWD8bHbohJ5apU/DWNtSSGfq74mMRcaMo8B2RgyHZtGbiv95nRTDWz8TKkkRFJ8vClNJMabTr2lfaOAox5YwroW9lfIh04yjzaZoQ/AWX14mzYuKd125ql+Wq2d5HAVyTE7IOfHIDamSe1IjDcIJkGfySt6cR+fFeXc+5q0rTj5zRP7A+fwB2v2M5g==</latexit>
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<latexit sha1_base64="/6q+WwK576LJIBcbohvLjaZi/ZM=">AAACE3icbVDLSsNAFJ3UV62vqAsXbgaLUDclUdEuC25cVjBtoQ1hMpm0QyeTMDMRSshn+AVu9QvciVs/wA/wP5y0WdjWA8MczrmXe+/xE0alsqxvo7K2vrG5Vd2u7ezu7R+Yh0ddGacCEwfHLBZ9H0nCKCeOooqRfiIIinxGev7krvB7T0RIGvNHNU2IG6ERpyHFSGnJM086XuZ4dt4Y+jEL5DTSXybzC8+sW01rBrhK7JLUQYmOZ/4MgxinEeEKMyTlwLYS5WZIKIoZyWvDVJIE4QkakYGmHEVEutnsgByeayWAYSz04wrO1L8dGYpksZuujJAay2WvEP/zBqkKW25GeZIqwvF8UJgyqGJYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeyad80rx6u6+1WmVAVnIIz0AA2uAVtcA86wAEY5OAFvII349l4Nz6Mz3lpxSh7jsECjK9f0FCewg==</latexit>

PU1
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="XyVLVLjT1mE9N6fj92XbBWvEfbE=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkVbTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSbfZsG8aVw/XtXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f0fieww==</latexit> P
U

2
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="ADM685r9XEIuJIrlReZWLREwqBY=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkWrTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeqYd80rh+atXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f1UiexQ==</latexit>

P
U

4
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="G+VH0vw3LD5bSif76K6GSEu1cZQ=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkVrTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeqYd80mg/XtXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f06CexA==</latexit> P U
3
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

(c)state preparation and analysis(b)

VQE circuit
1) VQE ground state

↑↑

2) VQE heated state

(a) XXZ chain
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Entanglement properties
<latexit sha1_base64="lO+QS5ZKR0WndrCNTjw2jv07Ifs=">AAAB7HicdVBNSwMxEJ31s9avqkcvwaJ4KtmyrfUgFLx4rOC2hXYp2TRtQ7PZJckKpfQ3ePGgiFd/kDf/jdm2goo+GHi8N8PMvDARXBuMP5yV1bX1jc3cVn57Z3dvv3Bw2NRxqijzaSxi1Q6JZoJL5htuBGsnipEoFKwVjq8zv3XPlOaxvDOThAURGUo+4JQYK/kUXSG3VyjiUtXD3mUN4RK28CoZcctV7CF3rmBchCUavcJ7tx/TNGLSUEG07rg4McGUKMOpYLN8N9UsIXRMhqxjqSQR08F0fuwMnVqljwaxsiUNmqvfJ6Yk0noShbYzImakf3uZ+JfXSc2gFky5TFLDJF0sGqQCmRhln6M+V4waMbGEUMXtrYiOiCLU2HzyNoSvT9H/pFkuudVS5dYr1s+WceTgGE7gHFy4gDrcQAN8oMDhAZ7g2ZHOo/PivC5aV5zlzBH8gPP2CaxcjeA=</latexit>
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theory: exact GS theory: VQE-circuit

<latexit sha1_base64="IOyutwLuGTLVc2Y85UtrtYwsMHw=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiDkNMwEox4DXjwmYBZIhtDTqUk66Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3cmvrG5tb+e3Czu7e/kHx8Kil4lQybLJYxLLjU4WCR9jUXAvsJBJp6Ats+5Prud++Q6l4HN3qaYJeSIcRDzij2kiNcb9YcuxK1TEgv4lrOwuUYIV6v/jWG8QsDTHSTFCluq6TaC+jUnMmcFbopQoTyiZ0iF1DIxqi8rLFoTNyZpQBCWJpKtJkoX6dyGio1DT0TWdI9Uj99ObiX1431cGVl/EoSTVGbLkoSAXRMZl/TQZcItNiaghlkptbCRtRSZk22RRMCJ+fkv9Jq2K7F3a1cV6qlVdx5OEETqEMLlxCDW6gDk1ggHAPj/Bkja0H69l6WbbmrNXMMXyD9foB6vmM8w==</latexit>

j
<latexit sha1_base64="IOyutwLuGTLVc2Y85UtrtYwsMHw=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiDkNMwEox4DXjwmYBZIhtDTqUk66Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3cmvrG5tb+e3Czu7e/kHx8Kil4lQybLJYxLLjU4WCR9jUXAvsJBJp6Ats+5Prud++Q6l4HN3qaYJeSIcRDzij2kiNcb9YcuxK1TEgv4lrOwuUYIV6v/jWG8QsDTHSTFCluq6TaC+jUnMmcFbopQoTyiZ0iF1DIxqi8rLFoTNyZpQBCWJpKtJkoX6dyGio1DT0TWdI9Uj99ObiX1431cGVl/EoSTVGbLkoSAXRMZl/TQZcItNiaghlkptbCRtRSZk22RRMCJ+fkv9Jq2K7F3a1cV6qlVdx5OEETqEMLlxCDW6gDk1ggHAPj/Bkja0H69l6WbbmrNXMMXyD9foB6vmM8w==</latexit>

j

Ansatz:

Δ = 1 Δ = 1.7
Δ

<latexit sha1_base64="oVvOS6/RurJdWpgLm45YDeYsL5E="></latexit>
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<latexit sha1_base64="JGhhZ8wm+8WCUNMaNIf6Z4vbQ2s="></latexit>
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<latexit sha1_base64="EW6RpkigbP2736Y1Ydu3ellVtxY="></latexit>
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<latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"
<latexit sha1_base64="hBbSIHx5/zuTOQV0Ciz6wmcdb2U="></latexit>

# <latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"
<latexit sha1_base64="hBbSIHx5/zuTOQV0Ciz6wmcdb2U="></latexit>

#
<latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

" <latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"

<latexit sha1_base64="d0fQZZ8QVC6iBBK9+XLIozIZFTk="></latexit>
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e�
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<latexit sha1_base64="gmkneuzV9On/uzM6ens+ZhRRi2E=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYFA8hV3xdQx48RjBPCBZwuykNxkyO7vOzAbCku/w4kERr36MN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8m/rNESrNY/loxgn6Ee1LHnJGjZX8zogqTDQXsewOu6WyW3FnIMvEy0kZctS6pa9OL2ZphNIwQbVue25i/Iwqw5nASbGTakwoG9I+ti2VNELtZ7OjJ+TUKj0SxsqWNGSm/p7IaKT1OApsZ0TNQC96U/E/r52a8NbPuExSg5LNF4WpICYm0wRIjytkRowtoUxxeythA6ooMzanog3BW3x5mTQuKt515erhslw9y+MowDGcwDl4cANVuIca1IHBEzzDK7w5I+fFeXc+5q0rTj5zBH/gfP4AOniSUw==</latexit>"k
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<latexit sha1_base64="5TqszlN7PQTzLC1O2Tgpda5kvj0="></latexit>"max
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A ĀĀ

ρA = e−H̃A /ZA
LA

5 10 15
0

2

4

6

LA

S
V

N
A

AntiferromagnetCFT

↑

Entanglement  
Hamiltonian Learning

<latexit sha1_base64="Kh/IN0/b/QJjp/6NlnAUqj4yZd8=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYFA8hV3xdQx48ZiAeUCyhNlJbzJmdnaZ6RXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkZ3U7/1BNqIWD3gOAE/YgMlQsEZWqmOvVLZrbgz0GXi5aRMctR6pa9uP+ZpBAq5ZMZ0PDdBP2MaBZcwKXZTAwnjIzaAjqWKRWD8bHbohJ5apU/DWNtSSGfq74mMRcaMo8B2RgyHZtGbiv95nRTDWz8TKkkRFJ8vClNJMabTr2lfaOAox5YwroW9lfIh04yjzaZoQ/AWX14mzYuKd125ql+Wq2d5HAVyTE7IOfHIDamSe1IjDcIJkGfySt6cR+fFeXc+5q0rTj5zRP7A+fwB2v2M5g==</latexit>
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<latexit sha1_base64="/6q+WwK576LJIBcbohvLjaZi/ZM=">AAACE3icbVDLSsNAFJ3UV62vqAsXbgaLUDclUdEuC25cVjBtoQ1hMpm0QyeTMDMRSshn+AVu9QvciVs/wA/wP5y0WdjWA8MczrmXe+/xE0alsqxvo7K2vrG5Vd2u7ezu7R+Yh0ddGacCEwfHLBZ9H0nCKCeOooqRfiIIinxGev7krvB7T0RIGvNHNU2IG6ERpyHFSGnJM086XuZ4dt4Y+jEL5DTSXybzC8+sW01rBrhK7JLUQYmOZ/4MgxinEeEKMyTlwLYS5WZIKIoZyWvDVJIE4QkakYGmHEVEutnsgByeayWAYSz04wrO1L8dGYpksZuujJAay2WvEP/zBqkKW25GeZIqwvF8UJgyqGJYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeyad80rx6u6+1WmVAVnIIz0AA2uAVtcA86wAEY5OAFvII349l4Nz6Mz3lpxSh7jsECjK9f0FCewg==</latexit>

PU1
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="XyVLVLjT1mE9N6fj92XbBWvEfbE=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkVbTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSbfZsG8aVw/XtXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f0fieww==</latexit> P
U

2
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="ADM685r9XEIuJIrlReZWLREwqBY=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkWrTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeqYd80rh+atXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f1UiexQ==</latexit>

P
U

4
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="G+VH0vw3LD5bSif76K6GSEu1cZQ=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkVrTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeqYd80mg/XtXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f06CexA==</latexit> P U
3
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

(c)state preparation and analysis(b)

VQE circuit
1) VQE ground state

↑↑

2) VQE heated state

(a) XXZ chain
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Entanglement properties
<latexit sha1_base64="lO+QS5ZKR0WndrCNTjw2jv07Ifs=">AAAB7HicdVBNSwMxEJ31s9avqkcvwaJ4KtmyrfUgFLx4rOC2hXYp2TRtQ7PZJckKpfQ3ePGgiFd/kDf/jdm2goo+GHi8N8PMvDARXBuMP5yV1bX1jc3cVn57Z3dvv3Bw2NRxqijzaSxi1Q6JZoJL5htuBGsnipEoFKwVjq8zv3XPlOaxvDOThAURGUo+4JQYK/kUXSG3VyjiUtXD3mUN4RK28CoZcctV7CF3rmBchCUavcJ7tx/TNGLSUEG07rg4McGUKMOpYLN8N9UsIXRMhqxjqSQR08F0fuwMnVqljwaxsiUNmqvfJ6Yk0noShbYzImakf3uZ+JfXSc2gFky5TFLDJF0sGqQCmRhln6M+V4waMbGEUMXtrYiOiCLU2HzyNoSvT9H/pFkuudVS5dYr1s+WceTgGE7gHFy4gDrcQAN8oMDhAZ7g2ZHOo/PivC5aV5zlzBH8gPP2CaxcjeA=</latexit>
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theory: exact GS theory: VQE-circuit

<latexit sha1_base64="IOyutwLuGTLVc2Y85UtrtYwsMHw=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiDkNMwEox4DXjwmYBZIhtDTqUk66Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3cmvrG5tb+e3Czu7e/kHx8Kil4lQybLJYxLLjU4WCR9jUXAvsJBJp6Ats+5Prud++Q6l4HN3qaYJeSIcRDzij2kiNcb9YcuxK1TEgv4lrOwuUYIV6v/jWG8QsDTHSTFCluq6TaC+jUnMmcFbopQoTyiZ0iF1DIxqi8rLFoTNyZpQBCWJpKtJkoX6dyGio1DT0TWdI9Uj99ObiX1431cGVl/EoSTVGbLkoSAXRMZl/TQZcItNiaghlkptbCRtRSZk22RRMCJ+fkv9Jq2K7F3a1cV6qlVdx5OEETqEMLlxCDW6gDk1ggHAPj/Bkja0H69l6WbbmrNXMMXyD9foB6vmM8w==</latexit>

j
<latexit sha1_base64="IOyutwLuGTLVc2Y85UtrtYwsMHw=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiDkNMwEox4DXjwmYBZIhtDTqUk66Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3cmvrG5tb+e3Czu7e/kHx8Kil4lQybLJYxLLjU4WCR9jUXAvsJBJp6Ats+5Prud++Q6l4HN3qaYJeSIcRDzij2kiNcb9YcuxK1TEgv4lrOwuUYIV6v/jWG8QsDTHSTFCluq6TaC+jUnMmcFbopQoTyiZ0iF1DIxqi8rLFoTNyZpQBCWJpKtJkoX6dyGio1DT0TWdI9Uj99ObiX1431cGVl/EoSTVGbLkoSAXRMZl/TQZcItNiaghlkptbCRtRSZk22RRMCJ+fkv9Jq2K7F3a1cV6qlVdx5OEETqEMLlxCDW6gDk1ggHAPj/Bkja0H69l6WbbmrNXMMXyD9foB6vmM8w==</latexit>
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Figure 4: Domain statistics and reconstructed single shot images of 53 spins. (a) Top and bottom: reconstructed
images based on binary detection of spin state (see Appendix E).The top image shows a chain of 53 ions in bright spin states.
The other three images show 53 ions in combinations of bright and dark spin states. Center: statistics of the sizes of domains,
or blocks with spins pointing along the same direction. Histograms are plotted on a logarithmic scale, to visualize the rare
regions with large domains. Dashed lines are fits to exponential functions, which could be expected for infinite-temperature
thermal state. Long tails of deviations are clearly visible, and varies depending on B̃z/J0. (b) Mean of the largest domain sizes
in each single experimental shot. Error bars are the standard deviation of the mean (see Appendix F). Dashed lines represent
a piecewise linear fit, from which we extract the transition point (see text). The green, yellow, and red data points correspond
to the transverse fields shown in the domain statistics data on the left.

The occurrence of long domains of correlated spins in
the state |"ix (fluorescing spins) signifies the fully po-
larized initial state, where the correlations in the initial
state are largely preserved by the interactions. With an
increasing transverse field, the absence of spin-ordering
is reflected by exponentially small probabilities for ob-
serving long strings. We plot the domain length statis-
tics in Fig. 4a at late times (see Appendix F), for three
example transverse field strengths, B̃z/J0 = (0.1, 1.0,
1.6). The dashed lines in Fig. 4a are fits to exponen-
tials on the histogram of domain sizes. The rare occur-
rence of especially large domains (e.g. the red boxes in
Fig. 4a) shows the existence of many-body high-order
correlations, where the order is given by the length of
the domain. We plot the mean of the largest domain size
in Fig. 4b, as a function of the normalized transverse field
strength. The average longest domain size ranges from
12 to 20, and shows a sharp transition across the critical
point of the DPT. We fit this observable to a piecewise
linear function, and extract the critical point to be B̃z/J0

= 0.89(7). For more details, see Appendix F.
The DPT studied here, with up to 53 trapped ion

qubits, is the largest quantum simulation ever performed
with high-e�ciency single shot individual qubit measure-
ments. This gives access to arbitrary many-body corre-
lators that carry information that is di�cult or impossi-
ble to model classically. This experimental platform can
be extended to tackle provably hard quantum problems
such as Ising sampling [36]. Given an even higher level
of control over the interactions between spins, as already
demonstrated for smaller numbers of trapped ion qubits
[37], this same system can be upgraded to a universal
quantum computer.

APPENDIX A: CONFINEMENT OF LONG ION
CHAINS

The ion chain is confined in a 3-layer linear Paul trap
with ⌫cm = 4.85 MHz transverse center-of-mass motional
frequency [30]. The harmonic axial confinement is kept
low enough so that the lowest energy conformation of the
ions is linear; for 8� 16 ions the axial center-of-mass fre-
quency is ⇠ 400 kHz and for 53 ions it is ⇠ 200 kHz. The
ion spacing is anisotropic across the chain, with typical
spacings of 1.5 µm at the center of the chain and 3.5 µm
at either end [38].

The e↵ective lifetime of an ion chain is limited by
Langevin collisions with the residual background gas in
the UHV apparatus [39], which in general re-orders the
crystal but can also melt the crystal and even ultimately
eject the ions from rf-heating or other mechanisms. This
can be mitigated by quickly re-cooling the chain, and
we expect that occasionally the crystal returns without
notice. Rarely, such collisions with the background gas
are inelastic, either populating the 171Yb+ ion in the
metastable F7/2 state or forming a YbH+ molecule. The
355 nm Raman laser quickly returns the ions back to their
atomic ground state manifold, with a small probability
of creating doubly-charged ions. The mean time between
Langevin collisions is expected to be of order 1 collision
per hour per trapped ion, and we expect that the mean
lifetime for a chain of ions might therefore scale inversely
with the number of ions. For 53 ions we observe an av-
erage lifetime of about 5 minutes. However, we observe
rare events where a long ion chain survives for about 30
minutes. We speculate that either the chain is consis-
tently re-captured instantaneously, or the local pressure

Experimental Energy Optimization Trajectory 
for Ground State (VQE)
N = 51 ions
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Learning the Entanglement Hamiltonian?
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Protocol 0: Quantum state tomography

ρA(g̃) = exp (−H̃A(g̃))

ρA = exp (−H̃A) ✓ expensive * 

* except: for small system sizes, or if we know 
something about the quantum state

measurement 
data

Do we know something about the structure of  to make tomography efficient?H̃A
A. Anshu et al., Sample-Efficient Learning of Interacting Quantum Systems, Nat. Phys. 17, 931 (2021).

?
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Entanglement Hamiltonian in QFT: Bisognano-Wichmann Theorem
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Bisognano and Wichmann, J. Math. Phys.  (1976)

Lorentz invariance
Relativistic Quantum Field Theory

vacuum state |Ω⟩

Entanglement Hamiltonian

Review: M Dalmonte, V Eisler, M Falconi, B Vermersch, Entanglement Hamiltonians - from field theory to lattice models & experiments, Ann Phys 2022,534, 2200064

H = ∫A∪B
ddx ℋ(x) … … x1B A

Gibbs state with local temperature β(x) ∼ x1

H̃A

ρA ≡ TrB |Ω⟩⟨Ω | = exp [− ∫A
ddx β(x)ℋ(x) ]

β(x) ∼ x1
hot~entangled

Casini, Huerta & Myers, Journal of HEP (2011)

EH  as deformed system HamiltonianH̃A
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Conformal Field Theory Entanglement Hamiltonian

H = ∫A∪B
ddx ℋ(x)

x1
… … x1A

parabolicβ(x) ∼

Casini, Huerta & Myers, Journal of HEP (2011) 1+1 CFT:  Hislop, Longo, Cardy, Calabrese, Tonni, Wen, Ryu, Ludwig, … (ground state, thermal & quench)
Review: M Dalmonte, V Eisler, M Falconi, B Vermersch, Entanglement Hamiltonians - from field theory to lattice models & experiments, Ann Phys 2022,534, 2200064

vacuum state |Ω⟩

Gibbs state with local temperature β(x) ∼ x1

H̃A

ρA ≡ TrB |Ω⟩⟨Ω | = exp [− ∫A
ddx β(x)ℋ(x) ]

Entanglement Hamiltonian as deformed system Hamiltonian

scale invariance
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Lattice Bisognano-Wichmann & beyond
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βℓ

A

A

A

Ĥ = ∑
ℓ

ĥℓ k-local Hamiltonian

EH as local deformation 
of system Hamiltonian

BW recipe

ℓ

βℓ

ℓ

ramp

parabola

H̃A = ∑
ℓ∈A

βℓ ĥℓ + …

ground state of many-body lattice model

gℓ

ℓ

ρA = e−H̃A

entanglement

Hamiltonian

Gibbs state with local 
inverse temperature

1. Validity of BW-like EH, non-local corrections 
often sub-leading

Analytical results:  non-interacting, non-critical chains 
Numerical evidence: lattice models, quench dynamics

Review: M Dalmonte, V Eisler, M Falconi, B Vermersch, Entanglement Hamiltonians - from field theory to lattice models & experiments, Ann Phys 2022,534, 2200064
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βℓ

A

A

A

Ĥ = ∑
ℓ

ĥℓ k-local Hamiltonian

EH as local deformation 
of system Hamiltonian

BW recipe

ℓ

βℓ

ℓ

ramp

parabola

H̃A = ∑
ℓ∈A

βℓ ĥℓ + …

ground state of many-body lattice model

gℓ

ℓ

ρA = e−H̃A

entanglement

Hamiltonian

Gibbs state with local 
inverse temperature

Review: M Dalmonte, V Eisler, M Falconi, B Vermersch, Entanglement Hamiltonians - from field theory to lattice models & experiments, Ann Phys 2022,534, 2200064
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`

g `

parabolic deformation!

βℓ

Numerical example: Heisenberg model 1D

 DMRG
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βℓ

A

A

A

Ĥ = ∑
ℓ

ĥℓ k-local Hamiltonian

EH as local deformation 
of system Hamiltonian

BW recipe

ℓ

βℓ

ℓ

ramp

parabola

H̃A = ∑
ℓ∈A

βℓ ĥℓ + …

ground state of many-body lattice model

gℓ

ℓ

ρA = e−H̃A

entanglement

Hamiltonian

2. suggests an efficient ansatz  
to `learn' Entanglement Hamiltonian

Gibbs state with local 
inverse temperature

Review: M Dalmonte, V Eisler, M Falconi, B Vermersch, Entanglement Hamiltonians - from field theory to lattice models & experiments, Ann Phys 2022,534, 2200064
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Many-Body Problem

Hamiltonian

Ĥ = ∑
j

ĥj k-local 

|ΨE⟩

|ΨG⟩

excited state

ground state
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| i

volume law 
entanglementSA ∝ V = Ld

A

thermal entropy

area law 
entanglementSA ∝ Ld−1

A

 CFT  ∼ c log LA d = 1

Example: XXZ / Heisenberg model (1D)

ĤT = J
N−1

∑
i=1

( ̂Sx
i

̂Sx
i+1 + ̂Sy

i
̂Sy
i+1) + Δ

N−1

∑
i=1

̂Sz
i

̂Sz
i+1

J
Δ

−J gapless gapped

Heisenberg

∼ LA

<latexit sha1_base64="53hhJ0hWezVA9vleolfZ7nxPPIY=">AAAB+3icdVDLSgNBEJyNrxhfUY9eBoPgadlN1my8Rb14TMDEQLKE2UknGTL7YGZWCMt+gVf9Am/i1Y/xA/wPJw/BiBY0FFXddHf5MWdSWdaHkVtb39jcym8Xdnb39g+Kh0dtGSWCQotGPBIdn0jgLISWYopDJxZAAp/DvT+5mfn3DyAki8I7NY3BC8goZENGidJS86pfLFmm5Vy4lw62zIpbcxxbk6pbLlctbJvWHCW0RKNf/OwNIpoEECrKiZRd24qVlxKhGOWQFXqJhJjQCRlBV9OQBCC9dH5ohs+0MsDDSOgKFZ6rPydSEkg5DXzdGRA1lr+9mfiX103UsOalLIwTBSFdLBomHKsIz77GAyaAKj7VhFDB9K2YjokgVOlsVrb4gkxAZTqX7+fx/6RdNu2qWWk6pfr1MqE8OkGn6BzZyEV1dIsaqIUoAvSIntCzkRkvxqvxtmjNGcuZY7QC4/0LlbWVdA==</latexit>

A
<latexit sha1_base64="0KF8aWY7u0vqw1+msO2RjuJRfz4=">AAAB+3icdVDLSsNAFJ3UV62vqks3g0VwFZJaWpelbly2YB/QhjKZ3rRDJ5MwMxFKyBe41S9wJ279GD/A/3D6EKyPAxcO59zLvff4MWdKO867ldvY3Nreye8W9vYPDo+KxycdFSWSQptGPJI9nyjgTEBbM82hF0sgoc+h609v5n73HqRikbjTsxi8kIwFCxgl2kitxrBYcuxKuVKtlfFv4trOAiW0QnNY/BiMIpqEIDTlRKm+68TaS4nUjHLICoNEQUzolIyhb6ggISgvXRya4QujjHAQSVNC44X6fSIloVKz0DedIdET9dObi395/UQH117KRJxoEHS5KEg41hGef41HTALVfGYIoZKZWzGdEEmoNtmsbfElmYLOTC5fz+P/Sadsu1X7qlUp1RurhPLoDJ2jS+SiGqqjW9REbUQRoAf0iJ6szHq2XqzXZWvOWs2cojVYb5+Q7JVx</latexit>

B

ℋ

4

(a) (b) Transverse field

0.0 0.5 1.0 1.5 2.0

12

14

16

18

20

m
ea

n
of

la
rg

es
td

om
ai

n 
si

ze

 Bz /J0

~

103 103 103  Bz /J0 = 1.6~
 Bz /J0 = 1.0~

 Bz /J0 = 0.1~

Figure 4: Domain statistics and reconstructed single shot images of 53 spins. (a) Top and bottom: reconstructed
images based on binary detection of spin state (see Appendix E).The top image shows a chain of 53 ions in bright spin states.
The other three images show 53 ions in combinations of bright and dark spin states. Center: statistics of the sizes of domains,
or blocks with spins pointing along the same direction. Histograms are plotted on a logarithmic scale, to visualize the rare
regions with large domains. Dashed lines are fits to exponential functions, which could be expected for infinite-temperature
thermal state. Long tails of deviations are clearly visible, and varies depending on B̃z/J0. (b) Mean of the largest domain sizes
in each single experimental shot. Error bars are the standard deviation of the mean (see Appendix F). Dashed lines represent
a piecewise linear fit, from which we extract the transition point (see text). The green, yellow, and red data points correspond
to the transverse fields shown in the domain statistics data on the left.

The occurrence of long domains of correlated spins in
the state |"ix (fluorescing spins) signifies the fully po-
larized initial state, where the correlations in the initial
state are largely preserved by the interactions. With an
increasing transverse field, the absence of spin-ordering
is reflected by exponentially small probabilities for ob-
serving long strings. We plot the domain length statis-
tics in Fig. 4a at late times (see Appendix F), for three
example transverse field strengths, B̃z/J0 = (0.1, 1.0,
1.6). The dashed lines in Fig. 4a are fits to exponen-
tials on the histogram of domain sizes. The rare occur-
rence of especially large domains (e.g. the red boxes in
Fig. 4a) shows the existence of many-body high-order
correlations, where the order is given by the length of
the domain. We plot the mean of the largest domain size
in Fig. 4b, as a function of the normalized transverse field
strength. The average longest domain size ranges from
12 to 20, and shows a sharp transition across the critical
point of the DPT. We fit this observable to a piecewise
linear function, and extract the critical point to be B̃z/J0

= 0.89(7). For more details, see Appendix F.
The DPT studied here, with up to 53 trapped ion

qubits, is the largest quantum simulation ever performed
with high-e�ciency single shot individual qubit measure-
ments. This gives access to arbitrary many-body corre-
lators that carry information that is di�cult or impossi-
ble to model classically. This experimental platform can
be extended to tackle provably hard quantum problems
such as Ising sampling [36]. Given an even higher level
of control over the interactions between spins, as already
demonstrated for smaller numbers of trapped ion qubits
[37], this same system can be upgraded to a universal
quantum computer.

APPENDIX A: CONFINEMENT OF LONG ION
CHAINS

The ion chain is confined in a 3-layer linear Paul trap
with ⌫cm = 4.85 MHz transverse center-of-mass motional
frequency [30]. The harmonic axial confinement is kept
low enough so that the lowest energy conformation of the
ions is linear; for 8� 16 ions the axial center-of-mass fre-
quency is ⇠ 400 kHz and for 53 ions it is ⇠ 200 kHz. The
ion spacing is anisotropic across the chain, with typical
spacings of 1.5 µm at the center of the chain and 3.5 µm
at either end [38].

The e↵ective lifetime of an ion chain is limited by
Langevin collisions with the residual background gas in
the UHV apparatus [39], which in general re-orders the
crystal but can also melt the crystal and even ultimately
eject the ions from rf-heating or other mechanisms. This
can be mitigated by quickly re-cooling the chain, and
we expect that occasionally the crystal returns without
notice. Rarely, such collisions with the background gas
are inelastic, either populating the 171Yb+ ion in the
metastable F7/2 state or forming a YbH+ molecule. The
355 nm Raman laser quickly returns the ions back to their
atomic ground state manifold, with a small probability
of creating doubly-charged ions. The mean time between
Langevin collisions is expected to be of order 1 collision
per hour per trapped ion, and we expect that the mean
lifetime for a chain of ions might therefore scale inversely
with the number of ions. For 53 ions we observe an av-
erage lifetime of about 5 minutes. However, we observe
rare events where a long ion chain survives for about 30
minutes. We speculate that either the chain is consis-
tently re-captured instantaneously, or the local pressure
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Figure 4: Domain statistics and reconstructed single shot images of 53 spins. (a) Top and bottom: reconstructed
images based on binary detection of spin state (see Appendix E).The top image shows a chain of 53 ions in bright spin states.
The other three images show 53 ions in combinations of bright and dark spin states. Center: statistics of the sizes of domains,
or blocks with spins pointing along the same direction. Histograms are plotted on a logarithmic scale, to visualize the rare
regions with large domains. Dashed lines are fits to exponential functions, which could be expected for infinite-temperature
thermal state. Long tails of deviations are clearly visible, and varies depending on B̃z/J0. (b) Mean of the largest domain sizes
in each single experimental shot. Error bars are the standard deviation of the mean (see Appendix F). Dashed lines represent
a piecewise linear fit, from which we extract the transition point (see text). The green, yellow, and red data points correspond
to the transverse fields shown in the domain statistics data on the left.

The occurrence of long domains of correlated spins in
the state |"ix (fluorescing spins) signifies the fully po-
larized initial state, where the correlations in the initial
state are largely preserved by the interactions. With an
increasing transverse field, the absence of spin-ordering
is reflected by exponentially small probabilities for ob-
serving long strings. We plot the domain length statis-
tics in Fig. 4a at late times (see Appendix F), for three
example transverse field strengths, B̃z/J0 = (0.1, 1.0,
1.6). The dashed lines in Fig. 4a are fits to exponen-
tials on the histogram of domain sizes. The rare occur-
rence of especially large domains (e.g. the red boxes in
Fig. 4a) shows the existence of many-body high-order
correlations, where the order is given by the length of
the domain. We plot the mean of the largest domain size
in Fig. 4b, as a function of the normalized transverse field
strength. The average longest domain size ranges from
12 to 20, and shows a sharp transition across the critical
point of the DPT. We fit this observable to a piecewise
linear function, and extract the critical point to be B̃z/J0

= 0.89(7). For more details, see Appendix F.
The DPT studied here, with up to 53 trapped ion

qubits, is the largest quantum simulation ever performed
with high-e�ciency single shot individual qubit measure-
ments. This gives access to arbitrary many-body corre-
lators that carry information that is di�cult or impossi-
ble to model classically. This experimental platform can
be extended to tackle provably hard quantum problems
such as Ising sampling [36]. Given an even higher level
of control over the interactions between spins, as already
demonstrated for smaller numbers of trapped ion qubits
[37], this same system can be upgraded to a universal
quantum computer.

APPENDIX A: CONFINEMENT OF LONG ION
CHAINS

The ion chain is confined in a 3-layer linear Paul trap
with ⌫cm = 4.85 MHz transverse center-of-mass motional
frequency [30]. The harmonic axial confinement is kept
low enough so that the lowest energy conformation of the
ions is linear; for 8� 16 ions the axial center-of-mass fre-
quency is ⇠ 400 kHz and for 53 ions it is ⇠ 200 kHz. The
ion spacing is anisotropic across the chain, with typical
spacings of 1.5 µm at the center of the chain and 3.5 µm
at either end [38].

The e↵ective lifetime of an ion chain is limited by
Langevin collisions with the residual background gas in
the UHV apparatus [39], which in general re-orders the
crystal but can also melt the crystal and even ultimately
eject the ions from rf-heating or other mechanisms. This
can be mitigated by quickly re-cooling the chain, and
we expect that occasionally the crystal returns without
notice. Rarely, such collisions with the background gas
are inelastic, either populating the 171Yb+ ion in the
metastable F7/2 state or forming a YbH+ molecule. The
355 nm Raman laser quickly returns the ions back to their
atomic ground state manifold, with a small probability
of creating doubly-charged ions. The mean time between
Langevin collisions is expected to be of order 1 collision
per hour per trapped ion, and we expect that the mean
lifetime for a chain of ions might therefore scale inversely
with the number of ions. For 53 ions we observe an av-
erage lifetime of about 5 minutes. However, we observe
rare events where a long ion chain survives for about 30
minutes. We speculate that either the chain is consis-
tently re-captured instantaneously, or the local pressure
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Figure 4: Domain statistics and reconstructed single shot images of 53 spins. (a) Top and bottom: reconstructed
images based on binary detection of spin state (see Appendix E).The top image shows a chain of 53 ions in bright spin states.
The other three images show 53 ions in combinations of bright and dark spin states. Center: statistics of the sizes of domains,
or blocks with spins pointing along the same direction. Histograms are plotted on a logarithmic scale, to visualize the rare
regions with large domains. Dashed lines are fits to exponential functions, which could be expected for infinite-temperature
thermal state. Long tails of deviations are clearly visible, and varies depending on B̃z/J0. (b) Mean of the largest domain sizes
in each single experimental shot. Error bars are the standard deviation of the mean (see Appendix F). Dashed lines represent
a piecewise linear fit, from which we extract the transition point (see text). The green, yellow, and red data points correspond
to the transverse fields shown in the domain statistics data on the left.

The occurrence of long domains of correlated spins in
the state |"ix (fluorescing spins) signifies the fully po-
larized initial state, where the correlations in the initial
state are largely preserved by the interactions. With an
increasing transverse field, the absence of spin-ordering
is reflected by exponentially small probabilities for ob-
serving long strings. We plot the domain length statis-
tics in Fig. 4a at late times (see Appendix F), for three
example transverse field strengths, B̃z/J0 = (0.1, 1.0,
1.6). The dashed lines in Fig. 4a are fits to exponen-
tials on the histogram of domain sizes. The rare occur-
rence of especially large domains (e.g. the red boxes in
Fig. 4a) shows the existence of many-body high-order
correlations, where the order is given by the length of
the domain. We plot the mean of the largest domain size
in Fig. 4b, as a function of the normalized transverse field
strength. The average longest domain size ranges from
12 to 20, and shows a sharp transition across the critical
point of the DPT. We fit this observable to a piecewise
linear function, and extract the critical point to be B̃z/J0

= 0.89(7). For more details, see Appendix F.
The DPT studied here, with up to 53 trapped ion

qubits, is the largest quantum simulation ever performed
with high-e�ciency single shot individual qubit measure-
ments. This gives access to arbitrary many-body corre-
lators that carry information that is di�cult or impossi-
ble to model classically. This experimental platform can
be extended to tackle provably hard quantum problems
such as Ising sampling [36]. Given an even higher level
of control over the interactions between spins, as already
demonstrated for smaller numbers of trapped ion qubits
[37], this same system can be upgraded to a universal
quantum computer.

APPENDIX A: CONFINEMENT OF LONG ION
CHAINS

The ion chain is confined in a 3-layer linear Paul trap
with ⌫cm = 4.85 MHz transverse center-of-mass motional
frequency [30]. The harmonic axial confinement is kept
low enough so that the lowest energy conformation of the
ions is linear; for 8� 16 ions the axial center-of-mass fre-
quency is ⇠ 400 kHz and for 53 ions it is ⇠ 200 kHz. The
ion spacing is anisotropic across the chain, with typical
spacings of 1.5 µm at the center of the chain and 3.5 µm
at either end [38].

The e↵ective lifetime of an ion chain is limited by
Langevin collisions with the residual background gas in
the UHV apparatus [39], which in general re-orders the
crystal but can also melt the crystal and even ultimately
eject the ions from rf-heating or other mechanisms. This
can be mitigated by quickly re-cooling the chain, and
we expect that occasionally the crystal returns without
notice. Rarely, such collisions with the background gas
are inelastic, either populating the 171Yb+ ion in the
metastable F7/2 state or forming a YbH+ molecule. The
355 nm Raman laser quickly returns the ions back to their
atomic ground state manifold, with a small probability
of creating doubly-charged ions. The mean time between
Langevin collisions is expected to be of order 1 collision
per hour per trapped ion, and we expect that the mean
lifetime for a chain of ions might therefore scale inversely
with the number of ions. For 53 ions we observe an av-
erage lifetime of about 5 minutes. However, we observe
rare events where a long ion chain survives for about 30
minutes. We speculate that either the chain is consis-
tently re-captured instantaneously, or the local pressure

ρA ∼ e−∑i∈A βiĥi

Parametrization as Gibbs state with local 
inverse temperature

local temperature
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Figure 4: Domain statistics and reconstructed single shot images of 53 spins. (a) Top and bottom: reconstructed
images based on binary detection of spin state (see Appendix E).The top image shows a chain of 53 ions in bright spin states.
The other three images show 53 ions in combinations of bright and dark spin states. Center: statistics of the sizes of domains,
or blocks with spins pointing along the same direction. Histograms are plotted on a logarithmic scale, to visualize the rare
regions with large domains. Dashed lines are fits to exponential functions, which could be expected for infinite-temperature
thermal state. Long tails of deviations are clearly visible, and varies depending on B̃z/J0. (b) Mean of the largest domain sizes
in each single experimental shot. Error bars are the standard deviation of the mean (see Appendix F). Dashed lines represent
a piecewise linear fit, from which we extract the transition point (see text). The green, yellow, and red data points correspond
to the transverse fields shown in the domain statistics data on the left.

The occurrence of long domains of correlated spins in
the state |"ix (fluorescing spins) signifies the fully po-
larized initial state, where the correlations in the initial
state are largely preserved by the interactions. With an
increasing transverse field, the absence of spin-ordering
is reflected by exponentially small probabilities for ob-
serving long strings. We plot the domain length statis-
tics in Fig. 4a at late times (see Appendix F), for three
example transverse field strengths, B̃z/J0 = (0.1, 1.0,
1.6). The dashed lines in Fig. 4a are fits to exponen-
tials on the histogram of domain sizes. The rare occur-
rence of especially large domains (e.g. the red boxes in
Fig. 4a) shows the existence of many-body high-order
correlations, where the order is given by the length of
the domain. We plot the mean of the largest domain size
in Fig. 4b, as a function of the normalized transverse field
strength. The average longest domain size ranges from
12 to 20, and shows a sharp transition across the critical
point of the DPT. We fit this observable to a piecewise
linear function, and extract the critical point to be B̃z/J0

= 0.89(7). For more details, see Appendix F.
The DPT studied here, with up to 53 trapped ion

qubits, is the largest quantum simulation ever performed
with high-e�ciency single shot individual qubit measure-
ments. This gives access to arbitrary many-body corre-
lators that carry information that is di�cult or impossi-
ble to model classically. This experimental platform can
be extended to tackle provably hard quantum problems
such as Ising sampling [36]. Given an even higher level
of control over the interactions between spins, as already
demonstrated for smaller numbers of trapped ion qubits
[37], this same system can be upgraded to a universal
quantum computer.

APPENDIX A: CONFINEMENT OF LONG ION
CHAINS

The ion chain is confined in a 3-layer linear Paul trap
with ⌫cm = 4.85 MHz transverse center-of-mass motional
frequency [30]. The harmonic axial confinement is kept
low enough so that the lowest energy conformation of the
ions is linear; for 8� 16 ions the axial center-of-mass fre-
quency is ⇠ 400 kHz and for 53 ions it is ⇠ 200 kHz. The
ion spacing is anisotropic across the chain, with typical
spacings of 1.5 µm at the center of the chain and 3.5 µm
at either end [38].

The e↵ective lifetime of an ion chain is limited by
Langevin collisions with the residual background gas in
the UHV apparatus [39], which in general re-orders the
crystal but can also melt the crystal and even ultimately
eject the ions from rf-heating or other mechanisms. This
can be mitigated by quickly re-cooling the chain, and
we expect that occasionally the crystal returns without
notice. Rarely, such collisions with the background gas
are inelastic, either populating the 171Yb+ ion in the
metastable F7/2 state or forming a YbH+ molecule. The
355 nm Raman laser quickly returns the ions back to their
atomic ground state manifold, with a small probability
of creating doubly-charged ions. The mean time between
Langevin collisions is expected to be of order 1 collision
per hour per trapped ion, and we expect that the mean
lifetime for a chain of ions might therefore scale inversely
with the number of ions. For 53 ions we observe an av-
erage lifetime of about 5 minutes. However, we observe
rare events where a long ion chain survives for about 30
minutes. We speculate that either the chain is consis-
tently re-captured instantaneously, or the local pressure
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Figure 4: Domain statistics and reconstructed single shot images of 53 spins. (a) Top and bottom: reconstructed
images based on binary detection of spin state (see Appendix E).The top image shows a chain of 53 ions in bright spin states.
The other three images show 53 ions in combinations of bright and dark spin states. Center: statistics of the sizes of domains,
or blocks with spins pointing along the same direction. Histograms are plotted on a logarithmic scale, to visualize the rare
regions with large domains. Dashed lines are fits to exponential functions, which could be expected for infinite-temperature
thermal state. Long tails of deviations are clearly visible, and varies depending on B̃z/J0. (b) Mean of the largest domain sizes
in each single experimental shot. Error bars are the standard deviation of the mean (see Appendix F). Dashed lines represent
a piecewise linear fit, from which we extract the transition point (see text). The green, yellow, and red data points correspond
to the transverse fields shown in the domain statistics data on the left.

The occurrence of long domains of correlated spins in
the state |"ix (fluorescing spins) signifies the fully po-
larized initial state, where the correlations in the initial
state are largely preserved by the interactions. With an
increasing transverse field, the absence of spin-ordering
is reflected by exponentially small probabilities for ob-
serving long strings. We plot the domain length statis-
tics in Fig. 4a at late times (see Appendix F), for three
example transverse field strengths, B̃z/J0 = (0.1, 1.0,
1.6). The dashed lines in Fig. 4a are fits to exponen-
tials on the histogram of domain sizes. The rare occur-
rence of especially large domains (e.g. the red boxes in
Fig. 4a) shows the existence of many-body high-order
correlations, where the order is given by the length of
the domain. We plot the mean of the largest domain size
in Fig. 4b, as a function of the normalized transverse field
strength. The average longest domain size ranges from
12 to 20, and shows a sharp transition across the critical
point of the DPT. We fit this observable to a piecewise
linear function, and extract the critical point to be B̃z/J0

= 0.89(7). For more details, see Appendix F.
The DPT studied here, with up to 53 trapped ion

qubits, is the largest quantum simulation ever performed
with high-e�ciency single shot individual qubit measure-
ments. This gives access to arbitrary many-body corre-
lators that carry information that is di�cult or impossi-
ble to model classically. This experimental platform can
be extended to tackle provably hard quantum problems
such as Ising sampling [36]. Given an even higher level
of control over the interactions between spins, as already
demonstrated for smaller numbers of trapped ion qubits
[37], this same system can be upgraded to a universal
quantum computer.

APPENDIX A: CONFINEMENT OF LONG ION
CHAINS

The ion chain is confined in a 3-layer linear Paul trap
with ⌫cm = 4.85 MHz transverse center-of-mass motional
frequency [30]. The harmonic axial confinement is kept
low enough so that the lowest energy conformation of the
ions is linear; for 8� 16 ions the axial center-of-mass fre-
quency is ⇠ 400 kHz and for 53 ions it is ⇠ 200 kHz. The
ion spacing is anisotropic across the chain, with typical
spacings of 1.5 µm at the center of the chain and 3.5 µm
at either end [38].

The e↵ective lifetime of an ion chain is limited by
Langevin collisions with the residual background gas in
the UHV apparatus [39], which in general re-orders the
crystal but can also melt the crystal and even ultimately
eject the ions from rf-heating or other mechanisms. This
can be mitigated by quickly re-cooling the chain, and
we expect that occasionally the crystal returns without
notice. Rarely, such collisions with the background gas
are inelastic, either populating the 171Yb+ ion in the
metastable F7/2 state or forming a YbH+ molecule. The
355 nm Raman laser quickly returns the ions back to their
atomic ground state manifold, with a small probability
of creating doubly-charged ions. The mean time between
Langevin collisions is expected to be of order 1 collision
per hour per trapped ion, and we expect that the mean
lifetime for a chain of ions might therefore scale inversely
with the number of ions. For 53 ions we observe an av-
erage lifetime of about 5 minutes. However, we observe
rare events where a long ion chain survives for about 30
minutes. We speculate that either the chain is consis-
tently re-captured instantaneously, or the local pressure
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Figure 4: Domain statistics and reconstructed single shot images of 53 spins. (a) Top and bottom: reconstructed
images based on binary detection of spin state (see Appendix E).The top image shows a chain of 53 ions in bright spin states.
The other three images show 53 ions in combinations of bright and dark spin states. Center: statistics of the sizes of domains,
or blocks with spins pointing along the same direction. Histograms are plotted on a logarithmic scale, to visualize the rare
regions with large domains. Dashed lines are fits to exponential functions, which could be expected for infinite-temperature
thermal state. Long tails of deviations are clearly visible, and varies depending on B̃z/J0. (b) Mean of the largest domain sizes
in each single experimental shot. Error bars are the standard deviation of the mean (see Appendix F). Dashed lines represent
a piecewise linear fit, from which we extract the transition point (see text). The green, yellow, and red data points correspond
to the transverse fields shown in the domain statistics data on the left.

The occurrence of long domains of correlated spins in
the state |"ix (fluorescing spins) signifies the fully po-
larized initial state, where the correlations in the initial
state are largely preserved by the interactions. With an
increasing transverse field, the absence of spin-ordering
is reflected by exponentially small probabilities for ob-
serving long strings. We plot the domain length statis-
tics in Fig. 4a at late times (see Appendix F), for three
example transverse field strengths, B̃z/J0 = (0.1, 1.0,
1.6). The dashed lines in Fig. 4a are fits to exponen-
tials on the histogram of domain sizes. The rare occur-
rence of especially large domains (e.g. the red boxes in
Fig. 4a) shows the existence of many-body high-order
correlations, where the order is given by the length of
the domain. We plot the mean of the largest domain size
in Fig. 4b, as a function of the normalized transverse field
strength. The average longest domain size ranges from
12 to 20, and shows a sharp transition across the critical
point of the DPT. We fit this observable to a piecewise
linear function, and extract the critical point to be B̃z/J0

= 0.89(7). For more details, see Appendix F.
The DPT studied here, with up to 53 trapped ion

qubits, is the largest quantum simulation ever performed
with high-e�ciency single shot individual qubit measure-
ments. This gives access to arbitrary many-body corre-
lators that carry information that is di�cult or impossi-
ble to model classically. This experimental platform can
be extended to tackle provably hard quantum problems
such as Ising sampling [36]. Given an even higher level
of control over the interactions between spins, as already
demonstrated for smaller numbers of trapped ion qubits
[37], this same system can be upgraded to a universal
quantum computer.

APPENDIX A: CONFINEMENT OF LONG ION
CHAINS

The ion chain is confined in a 3-layer linear Paul trap
with ⌫cm = 4.85 MHz transverse center-of-mass motional
frequency [30]. The harmonic axial confinement is kept
low enough so that the lowest energy conformation of the
ions is linear; for 8� 16 ions the axial center-of-mass fre-
quency is ⇠ 400 kHz and for 53 ions it is ⇠ 200 kHz. The
ion spacing is anisotropic across the chain, with typical
spacings of 1.5 µm at the center of the chain and 3.5 µm
at either end [38].

The e↵ective lifetime of an ion chain is limited by
Langevin collisions with the residual background gas in
the UHV apparatus [39], which in general re-orders the
crystal but can also melt the crystal and even ultimately
eject the ions from rf-heating or other mechanisms. This
can be mitigated by quickly re-cooling the chain, and
we expect that occasionally the crystal returns without
notice. Rarely, such collisions with the background gas
are inelastic, either populating the 171Yb+ ion in the
metastable F7/2 state or forming a YbH+ molecule. The
355 nm Raman laser quickly returns the ions back to their
atomic ground state manifold, with a small probability
of creating doubly-charged ions. The mean time between
Langevin collisions is expected to be of order 1 collision
per hour per trapped ion, and we expect that the mean
lifetime for a chain of ions might therefore scale inversely
with the number of ions. For 53 ions we observe an av-
erage lifetime of about 5 minutes. However, we observe
rare events where a long ion chain survives for about 30
minutes. We speculate that either the chain is consis-
tently re-captured instantaneously, or the local pressure
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<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

(c)state preparation and analysis(b)

VQE circuit
1) VQE ground state

↑↑

2) VQE heated state

(a) XXZ chain
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Entanglement properties
<latexit sha1_base64="lO+QS5ZKR0WndrCNTjw2jv07Ifs=">AAAB7HicdVBNSwMxEJ31s9avqkcvwaJ4KtmyrfUgFLx4rOC2hXYp2TRtQ7PZJckKpfQ3ePGgiFd/kDf/jdm2goo+GHi8N8PMvDARXBuMP5yV1bX1jc3cVn57Z3dvv3Bw2NRxqijzaSxi1Q6JZoJL5htuBGsnipEoFKwVjq8zv3XPlOaxvDOThAURGUo+4JQYK/kUXSG3VyjiUtXD3mUN4RK28CoZcctV7CF3rmBchCUavcJ7tx/TNGLSUEG07rg4McGUKMOpYLN8N9UsIXRMhqxjqSQR08F0fuwMnVqljwaxsiUNmqvfJ6Yk0noShbYzImakf3uZ+JfXSc2gFky5TFLDJF0sGqQCmRhln6M+V4waMbGEUMXtrYiOiCLU2HzyNoSvT9H/pFkuudVS5dYr1s+WceTgGE7gHFy4gDrcQAN8oMDhAZ7g2ZHOo/PivC5aV5zlzBH8gPP2CaxcjeA=</latexit>

c = 1

volume-la
w

area-law

volume-law

area-law

5 10 15
0

2

4

6

LA

S
V

N
A

VQE ground  
state

heated state

VQE ground  
state

heated state

theory: exact GS theory: VQE-circuit

<latexit sha1_base64="IOyutwLuGTLVc2Y85UtrtYwsMHw=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiDkNMwEox4DXjwmYBZIhtDTqUk66Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3cmvrG5tb+e3Czu7e/kHx8Kil4lQybLJYxLLjU4WCR9jUXAvsJBJp6Ats+5Prud++Q6l4HN3qaYJeSIcRDzij2kiNcb9YcuxK1TEgv4lrOwuUYIV6v/jWG8QsDTHSTFCluq6TaC+jUnMmcFbopQoTyiZ0iF1DIxqi8rLFoTNyZpQBCWJpKtJkoX6dyGio1DT0TWdI9Uj99ObiX1431cGVl/EoSTVGbLkoSAXRMZl/TQZcItNiaghlkptbCRtRSZk22RRMCJ+fkv9Jq2K7F3a1cV6qlVdx5OEETqEMLlxCDW6gDk1ggHAPj/Bkja0H69l6WbbmrNXMMXyD9foB6vmM8w==</latexit>

j
<latexit sha1_base64="IOyutwLuGTLVc2Y85UtrtYwsMHw=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiDkNMwEox4DXjwmYBZIhtDTqUk66Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3cmvrG5tb+e3Czu7e/kHx8Kil4lQybLJYxLLjU4WCR9jUXAvsJBJp6Ats+5Prud++Q6l4HN3qaYJeSIcRDzij2kiNcb9YcuxK1TEgv4lrOwuUYIV6v/jWG8QsDTHSTFCluq6TaC+jUnMmcFbopQoTyiZ0iF1DIxqi8rLFoTNyZpQBCWJpKtJkoX6dyGio1DT0TWdI9Uj99ObiX1431cGVl/EoSTVGbLkoSAXRMZl/TQZcItNiaghlkptbCRtRSZk22RRMCJ+fkv9Jq2K7F3a1cV6qlVdx5OEETqEMLlxCDW6gDk1ggHAPj/Bkja0H69l6WbbmrNXMMXyD9foB6vmM8w==</latexit>

j

Ansatz:

Δ = 1 Δ = 1.7
Δ

<latexit sha1_base64="oVvOS6/RurJdWpgLm45YDeYsL5E="></latexit>

| (✓opt)i

<latexit sha1_base64="JGhhZ8wm+8WCUNMaNIf6Z4vbQ2s="></latexit>

| 0i
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βj βj

<latexit sha1_base64="EW6RpkigbP2736Y1Ydu3ellVtxY="></latexit>

H = J

X

j

⇣
S

x

j
S

x

j+1 + S
y

j
S

y

j+1 + �S
z

j
S

z

j+1

⌘
=
X

j

h j

<latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"
<latexit sha1_base64="hBbSIHx5/zuTOQV0Ciz6wmcdb2U="></latexit>

# <latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"
<latexit sha1_base64="hBbSIHx5/zuTOQV0Ciz6wmcdb2U="></latexit>

#
<latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

" <latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"

<latexit sha1_base64="d0fQZZ8QVC6iBBK9+XLIozIZFTk="></latexit>

⇢A(�) =
1

ZA(�)
e�
P

j2A � jh j+...

<latexit sha1_base64="gmkneuzV9On/uzM6ens+ZhRRi2E=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYFA8hV3xdQx48RjBPCBZwuykNxkyO7vOzAbCku/w4kERr36MN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8m/rNESrNY/loxgn6Ee1LHnJGjZX8zogqTDQXsewOu6WyW3FnIMvEy0kZctS6pa9OL2ZphNIwQbVue25i/Iwqw5nASbGTakwoG9I+ti2VNELtZ7OjJ+TUKj0SxsqWNGSm/p7IaKT1OApsZ0TNQC96U/E/r52a8NbPuExSg5LNF4WpICYm0wRIjytkRowtoUxxeythA6ooMzanog3BW3x5mTQuKt515erhslw9y+MowDGcwDl4cANVuIca1IHBEzzDK7w5I+fFeXc+5q0rTj5zBH/gfP4AOniSUw==</latexit>"k
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<latexit sha1_base64="5TqszlN7PQTzLC1O2Tgpda5kvj0="></latexit>"max
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Entanglement  
Hamiltonian Learning

<latexit sha1_base64="Kh/IN0/b/QJjp/6NlnAUqj4yZd8=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYFA8hV3xdQx48ZiAeUCyhNlJbzJmdnaZ6RXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkZ3U7/1BNqIWD3gOAE/YgMlQsEZWqmOvVLZrbgz0GXi5aRMctR6pa9uP+ZpBAq5ZMZ0PDdBP2MaBZcwKXZTAwnjIzaAjqWKRWD8bHbohJ5apU/DWNtSSGfq74mMRcaMo8B2RgyHZtGbiv95nRTDWz8TKkkRFJ8vClNJMabTr2lfaOAox5YwroW9lfIh04yjzaZoQ/AWX14mzYuKd125ql+Wq2d5HAVyTE7IOfHIDamSe1IjDcIJkGfySt6cR+fFeXc+5q0rTj5zRP7A+fwB2v2M5g==</latexit>
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<latexit sha1_base64="/6q+WwK576LJIBcbohvLjaZi/ZM=">AAACE3icbVDLSsNAFJ3UV62vqAsXbgaLUDclUdEuC25cVjBtoQ1hMpm0QyeTMDMRSshn+AVu9QvciVs/wA/wP5y0WdjWA8MczrmXe+/xE0alsqxvo7K2vrG5Vd2u7ezu7R+Yh0ddGacCEwfHLBZ9H0nCKCeOooqRfiIIinxGev7krvB7T0RIGvNHNU2IG6ERpyHFSGnJM086XuZ4dt4Y+jEL5DTSXybzC8+sW01rBrhK7JLUQYmOZ/4MgxinEeEKMyTlwLYS5WZIKIoZyWvDVJIE4QkakYGmHEVEutnsgByeayWAYSz04wrO1L8dGYpksZuujJAay2WvEP/zBqkKW25GeZIqwvF8UJgyqGJYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeyad80rx6u6+1WmVAVnIIz0AA2uAVtcA86wAEY5OAFvII349l4Nz6Mz3lpxSh7jsECjK9f0FCewg==</latexit>

PU1
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="XyVLVLjT1mE9N6fj92XbBWvEfbE=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkVbTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSbfZsG8aVw/XtXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f0fieww==</latexit> P
U

2
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="ADM685r9XEIuJIrlReZWLREwqBY=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkWrTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeqYd80rh+atXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f1UiexQ==</latexit>

P
U

4
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="G+VH0vw3LD5bSif76K6GSEu1cZQ=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkVrTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeqYd80mg/XtXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f06CexA==</latexit> P U
3
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

(c)state preparation and analysis(b)

VQE circuit
1) VQE ground state

↑↑

2) VQE heated state

(a) XXZ chain
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Entanglement properties
<latexit sha1_base64="lO+QS5ZKR0WndrCNTjw2jv07Ifs=">AAAB7HicdVBNSwMxEJ31s9avqkcvwaJ4KtmyrfUgFLx4rOC2hXYp2TRtQ7PZJckKpfQ3ePGgiFd/kDf/jdm2goo+GHi8N8PMvDARXBuMP5yV1bX1jc3cVn57Z3dvv3Bw2NRxqijzaSxi1Q6JZoJL5htuBGsnipEoFKwVjq8zv3XPlOaxvDOThAURGUo+4JQYK/kUXSG3VyjiUtXD3mUN4RK28CoZcctV7CF3rmBchCUavcJ7tx/TNGLSUEG07rg4McGUKMOpYLN8N9UsIXRMhqxjqSQR08F0fuwMnVqljwaxsiUNmqvfJ6Yk0noShbYzImakf3uZ+JfXSc2gFky5TFLDJF0sGqQCmRhln6M+V4waMbGEUMXtrYiOiCLU2HzyNoSvT9H/pFkuudVS5dYr1s+WceTgGE7gHFy4gDrcQAN8oMDhAZ7g2ZHOo/PivC5aV5zlzBH8gPP2CaxcjeA=</latexit>
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theory: exact GS theory: VQE-circuit

<latexit sha1_base64="IOyutwLuGTLVc2Y85UtrtYwsMHw=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiDkNMwEox4DXjwmYBZIhtDTqUk66Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3cmvrG5tb+e3Czu7e/kHx8Kil4lQybLJYxLLjU4WCR9jUXAvsJBJp6Ats+5Prud++Q6l4HN3qaYJeSIcRDzij2kiNcb9YcuxK1TEgv4lrOwuUYIV6v/jWG8QsDTHSTFCluq6TaC+jUnMmcFbopQoTyiZ0iF1DIxqi8rLFoTNyZpQBCWJpKtJkoX6dyGio1DT0TWdI9Uj99ObiX1431cGVl/EoSTVGbLkoSAXRMZl/TQZcItNiaghlkptbCRtRSZk22RRMCJ+fkv9Jq2K7F3a1cV6qlVdx5OEETqEMLlxCDW6gDk1ggHAPj/Bkja0H69l6WbbmrNXMMXyD9foB6vmM8w==</latexit>

j
<latexit sha1_base64="IOyutwLuGTLVc2Y85UtrtYwsMHw=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiDkNMwEox4DXjwmYBZIhtDTqUk66Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3cmvrG5tb+e3Czu7e/kHx8Kil4lQybLJYxLLjU4WCR9jUXAvsJBJp6Ats+5Prud++Q6l4HN3qaYJeSIcRDzij2kiNcb9YcuxK1TEgv4lrOwuUYIV6v/jWG8QsDTHSTFCluq6TaC+jUnMmcFbopQoTyiZ0iF1DIxqi8rLFoTNyZpQBCWJpKtJkoX6dyGio1DT0TWdI9Uj99ObiX1431cGVl/EoSTVGbLkoSAXRMZl/TQZcItNiaghlkptbCRtRSZk22RRMCJ+fkv9Jq2K7F3a1cV6qlVdx5OEETqEMLlxCDW6gDk1ggHAPj/Bkja0H69l6WbbmrNXMMXyD9foB6vmM8w==</latexit>

j

Ansatz:

Δ = 1 Δ = 1.7
Δ

<latexit sha1_base64="oVvOS6/RurJdWpgLm45YDeYsL5E="></latexit>
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<latexit sha1_base64="JGhhZ8wm+8WCUNMaNIf6Z4vbQ2s="></latexit>
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<latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"
<latexit sha1_base64="hBbSIHx5/zuTOQV0Ciz6wmcdb2U="></latexit>

# <latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"
<latexit sha1_base64="hBbSIHx5/zuTOQV0Ciz6wmcdb2U="></latexit>

#
<latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

" <latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"

<latexit sha1_base64="d0fQZZ8QVC6iBBK9+XLIozIZFTk="></latexit>
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<latexit sha1_base64="gmkneuzV9On/uzM6ens+ZhRRi2E=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYFA8hV3xdQx48RjBPCBZwuykNxkyO7vOzAbCku/w4kERr36MN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8m/rNESrNY/loxgn6Ee1LHnJGjZX8zogqTDQXsewOu6WyW3FnIMvEy0kZctS6pa9OL2ZphNIwQbVue25i/Iwqw5nASbGTakwoG9I+ti2VNELtZ7OjJ+TUKj0SxsqWNGSm/p7IaKT1OApsZ0TNQC96U/E/r52a8NbPuExSg5LNF4WpICYm0wRIjytkRowtoUxxeythA6ooMzanog3BW3x5mTQuKt515erhslw9y+MowDGcwDl4cANVuIca1IHBEzzDK7w5I+fFeXc+5q0rTj5zBH/gfP4AOniSUw==</latexit>"k
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<latexit sha1_base64="Kh/IN0/b/QJjp/6NlnAUqj4yZd8=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYFA8hV3xdQx48ZiAeUCyhNlJbzJmdnaZ6RXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkZ3U7/1BNqIWD3gOAE/YgMlQsEZWqmOvVLZrbgz0GXi5aRMctR6pa9uP+ZpBAq5ZMZ0PDdBP2MaBZcwKXZTAwnjIzaAjqWKRWD8bHbohJ5apU/DWNtSSGfq74mMRcaMo8B2RgyHZtGbiv95nRTDWz8TKkkRFJ8vClNJMabTr2lfaOAox5YwroW9lfIh04yjzaZoQ/AWX14mzYuKd125ql+Wq2d5HAVyTE7IOfHIDamSe1IjDcIJkGfySt6cR+fFeXc+5q0rTj5zRP7A+fwB2v2M5g==</latexit>

t

st
at

e 
pr

ep
ar

at
io

n
da

ta
 a

cq
ui

si
tio

n 
+ 

EH
T

<latexit sha1_base64="/6q+WwK576LJIBcbohvLjaZi/ZM=">AAACE3icbVDLSsNAFJ3UV62vqAsXbgaLUDclUdEuC25cVjBtoQ1hMpm0QyeTMDMRSshn+AVu9QvciVs/wA/wP5y0WdjWA8MczrmXe+/xE0alsqxvo7K2vrG5Vd2u7ezu7R+Yh0ddGacCEwfHLBZ9H0nCKCeOooqRfiIIinxGev7krvB7T0RIGvNHNU2IG6ERpyHFSGnJM086XuZ4dt4Y+jEL5DTSXybzC8+sW01rBrhK7JLUQYmOZ/4MgxinEeEKMyTlwLYS5WZIKIoZyWvDVJIE4QkakYGmHEVEutnsgByeayWAYSz04wrO1L8dGYpksZuujJAay2WvEP/zBqkKW25GeZIqwvF8UJgyqGJYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeyad80rx6u6+1WmVAVnIIz0AA2uAVtcA86wAEY5OAFvII349l4Nz6Mz3lpxSh7jsECjK9f0FCewg==</latexit>

PU1
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="XyVLVLjT1mE9N6fj92XbBWvEfbE=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkVbTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSbfZsG8aVw/XtXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f0fieww==</latexit> P
U

2
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="ADM685r9XEIuJIrlReZWLREwqBY=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkWrTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeqYd80rh+atXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f1UiexQ==</latexit>

P
U

4
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="G+VH0vw3LD5bSif76K6GSEu1cZQ=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkVrTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeqYd80mg/XtXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f06CexA==</latexit> P U
3
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

(c)state preparation and analysis(b)

VQE circuit
1) VQE ground state

↑↑

2) VQE heated state

(a) XXZ chain
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Entanglement properties
<latexit sha1_base64="lO+QS5ZKR0WndrCNTjw2jv07Ifs=">AAAB7HicdVBNSwMxEJ31s9avqkcvwaJ4KtmyrfUgFLx4rOC2hXYp2TRtQ7PZJckKpfQ3ePGgiFd/kDf/jdm2goo+GHi8N8PMvDARXBuMP5yV1bX1jc3cVn57Z3dvv3Bw2NRxqijzaSxi1Q6JZoJL5htuBGsnipEoFKwVjq8zv3XPlOaxvDOThAURGUo+4JQYK/kUXSG3VyjiUtXD3mUN4RK28CoZcctV7CF3rmBchCUavcJ7tx/TNGLSUEG07rg4McGUKMOpYLN8N9UsIXRMhqxjqSQR08F0fuwMnVqljwaxsiUNmqvfJ6Yk0noShbYzImakf3uZ+JfXSc2gFky5TFLDJF0sGqQCmRhln6M+V4waMbGEUMXtrYiOiCLU2HzyNoSvT9H/pFkuudVS5dYr1s+WceTgGE7gHFy4gDrcQAN8oMDhAZ7g2ZHOo/PivC5aV5zlzBH8gPP2CaxcjeA=</latexit>
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theory: exact GS theory: VQE-circuit

<latexit sha1_base64="IOyutwLuGTLVc2Y85UtrtYwsMHw=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiDkNMwEox4DXjwmYBZIhtDTqUk66Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3cmvrG5tb+e3Czu7e/kHx8Kil4lQybLJYxLLjU4WCR9jUXAvsJBJp6Ats+5Prud++Q6l4HN3qaYJeSIcRDzij2kiNcb9YcuxK1TEgv4lrOwuUYIV6v/jWG8QsDTHSTFCluq6TaC+jUnMmcFbopQoTyiZ0iF1DIxqi8rLFoTNyZpQBCWJpKtJkoX6dyGio1DT0TWdI9Uj99ObiX1431cGVl/EoSTVGbLkoSAXRMZl/TQZcItNiaghlkptbCRtRSZk22RRMCJ+fkv9Jq2K7F3a1cV6qlVdx5OEETqEMLlxCDW6gDk1ggHAPj/Bkja0H69l6WbbmrNXMMXyD9foB6vmM8w==</latexit>

j
<latexit sha1_base64="IOyutwLuGTLVc2Y85UtrtYwsMHw=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiDkNMwEox4DXjwmYBZIhtDTqUk66Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3cmvrG5tb+e3Czu7e/kHx8Kil4lQybLJYxLLjU4WCR9jUXAvsJBJp6Ats+5Prud++Q6l4HN3qaYJeSIcRDzij2kiNcb9YcuxK1TEgv4lrOwuUYIV6v/jWG8QsDTHSTFCluq6TaC+jUnMmcFbopQoTyiZ0iF1DIxqi8rLFoTNyZpQBCWJpKtJkoX6dyGio1DT0TWdI9Uj99ObiX1431cGVl/EoSTVGbLkoSAXRMZl/TQZcItNiaghlkptbCRtRSZk22RRMCJ+fkv9Jq2K7F3a1cV6qlVdx5OEETqEMLlxCDW6gDk1ggHAPj/Bkja0H69l6WbbmrNXMMXyD9foB6vmM8w==</latexit>

j
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<latexit sha1_base64="oVvOS6/RurJdWpgLm45YDeYsL5E="></latexit>
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<latexit sha1_base64="JGhhZ8wm+8WCUNMaNIf6Z4vbQ2s="></latexit>
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<latexit sha1_base64="EW6RpkigbP2736Y1Ydu3ellVtxY="></latexit>
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<latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"
<latexit sha1_base64="hBbSIHx5/zuTOQV0Ciz6wmcdb2U="></latexit>

# <latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"
<latexit sha1_base64="hBbSIHx5/zuTOQV0Ciz6wmcdb2U="></latexit>

#
<latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

" <latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"

<latexit sha1_base64="d0fQZZ8QVC6iBBK9+XLIozIZFTk="></latexit>
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<latexit sha1_base64="gmkneuzV9On/uzM6ens+ZhRRi2E=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYFA8hV3xdQx48RjBPCBZwuykNxkyO7vOzAbCku/w4kERr36MN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8m/rNESrNY/loxgn6Ee1LHnJGjZX8zogqTDQXsewOu6WyW3FnIMvEy0kZctS6pa9OL2ZphNIwQbVue25i/Iwqw5nASbGTakwoG9I+ti2VNELtZ7OjJ+TUKj0SxsqWNGSm/p7IaKT1OApsZ0TNQC96U/E/r52a8NbPuExSg5LNF4WpICYm0wRIjytkRowtoUxxeythA6ooMzanog3BW3x5mTQuKt515erhslw9y+MowDGcwDl4cANVuIca1IHBEzzDK7w5I+fFeXc+5q0rTj5zBH/gfP4AOniSUw==</latexit>"k
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<latexit sha1_base64="Kh/IN0/b/QJjp/6NlnAUqj4yZd8=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYFA8hV3xdQx48ZiAeUCyhNlJbzJmdnaZ6RXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkZ3U7/1BNqIWD3gOAE/YgMlQsEZWqmOvVLZrbgz0GXi5aRMctR6pa9uP+ZpBAq5ZMZ0PDdBP2MaBZcwKXZTAwnjIzaAjqWKRWD8bHbohJ5apU/DWNtSSGfq74mMRcaMo8B2RgyHZtGbiv95nRTDWz8TKkkRFJ8vClNJMabTr2lfaOAox5YwroW9lfIh04yjzaZoQ/AWX14mzYuKd125ql+Wq2d5HAVyTE7IOfHIDamSe1IjDcIJkGfySt6cR+fFeXc+5q0rTj5zRP7A+fwB2v2M5g==</latexit>
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<latexit sha1_base64="/6q+WwK576LJIBcbohvLjaZi/ZM=">AAACE3icbVDLSsNAFJ3UV62vqAsXbgaLUDclUdEuC25cVjBtoQ1hMpm0QyeTMDMRSshn+AVu9QvciVs/wA/wP5y0WdjWA8MczrmXe+/xE0alsqxvo7K2vrG5Vd2u7ezu7R+Yh0ddGacCEwfHLBZ9H0nCKCeOooqRfiIIinxGev7krvB7T0RIGvNHNU2IG6ERpyHFSGnJM086XuZ4dt4Y+jEL5DTSXybzC8+sW01rBrhK7JLUQYmOZ/4MgxinEeEKMyTlwLYS5WZIKIoZyWvDVJIE4QkakYGmHEVEutnsgByeayWAYSz04wrO1L8dGYpksZuujJAay2WvEP/zBqkKW25GeZIqwvF8UJgyqGJYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeyad80rx6u6+1WmVAVnIIz0AA2uAVtcA86wAEY5OAFvII349l4Nz6Mz3lpxSh7jsECjK9f0FCewg==</latexit>

PU1
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="XyVLVLjT1mE9N6fj92XbBWvEfbE=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkVbTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSbfZsG8aVw/XtXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f0fieww==</latexit> P
U

2
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="ADM685r9XEIuJIrlReZWLREwqBY=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkWrTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeqYd80rh+atXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f1UiexQ==</latexit>

P
U

4
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="G+VH0vw3LD5bSif76K6GSEu1cZQ=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkVrTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeqYd80mg/XtXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f06CexA==</latexit> P U
3
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

(c)state preparation and analysis(b)

VQE circuit
1) VQE ground state

↑↑

2) VQE heated state

(a) XXZ chain
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Entanglement properties
<latexit sha1_base64="lO+QS5ZKR0WndrCNTjw2jv07Ifs=">AAAB7HicdVBNSwMxEJ31s9avqkcvwaJ4KtmyrfUgFLx4rOC2hXYp2TRtQ7PZJckKpfQ3ePGgiFd/kDf/jdm2goo+GHi8N8PMvDARXBuMP5yV1bX1jc3cVn57Z3dvv3Bw2NRxqijzaSxi1Q6JZoJL5htuBGsnipEoFKwVjq8zv3XPlOaxvDOThAURGUo+4JQYK/kUXSG3VyjiUtXD3mUN4RK28CoZcctV7CF3rmBchCUavcJ7tx/TNGLSUEG07rg4McGUKMOpYLN8N9UsIXRMhqxjqSQR08F0fuwMnVqljwaxsiUNmqvfJ6Yk0noShbYzImakf3uZ+JfXSc2gFky5TFLDJF0sGqQCmRhln6M+V4waMbGEUMXtrYiOiCLU2HzyNoSvT9H/pFkuudVS5dYr1s+WceTgGE7gHFy4gDrcQAN8oMDhAZ7g2ZHOo/PivC5aV5zlzBH8gPP2CaxcjeA=</latexit>
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theory: exact GS theory: VQE-circuit

<latexit sha1_base64="IOyutwLuGTLVc2Y85UtrtYwsMHw=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiDkNMwEox4DXjwmYBZIhtDTqUk66Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3cmvrG5tb+e3Czu7e/kHx8Kil4lQybLJYxLLjU4WCR9jUXAvsJBJp6Ats+5Prud++Q6l4HN3qaYJeSIcRDzij2kiNcb9YcuxK1TEgv4lrOwuUYIV6v/jWG8QsDTHSTFCluq6TaC+jUnMmcFbopQoTyiZ0iF1DIxqi8rLFoTNyZpQBCWJpKtJkoX6dyGio1DT0TWdI9Uj99ObiX1431cGVl/EoSTVGbLkoSAXRMZl/TQZcItNiaghlkptbCRtRSZk22RRMCJ+fkv9Jq2K7F3a1cV6qlVdx5OEETqEMLlxCDW6gDk1ggHAPj/Bkja0H69l6WbbmrNXMMXyD9foB6vmM8w==</latexit>

j
<latexit sha1_base64="IOyutwLuGTLVc2Y85UtrtYwsMHw=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiDkNMwEox4DXjwmYBZIhtDTqUk66Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3cmvrG5tb+e3Czu7e/kHx8Kil4lQybLJYxLLjU4WCR9jUXAvsJBJp6Ats+5Prud++Q6l4HN3qaYJeSIcRDzij2kiNcb9YcuxK1TEgv4lrOwuUYIV6v/jWG8QsDTHSTFCluq6TaC+jUnMmcFbopQoTyiZ0iF1DIxqi8rLFoTNyZpQBCWJpKtJkoX6dyGio1DT0TWdI9Uj99ObiX1431cGVl/EoSTVGbLkoSAXRMZl/TQZcItNiaghlkptbCRtRSZk22RRMCJ+fkv9Jq2K7F3a1cV6qlVdx5OEETqEMLlxCDW6gDk1ggHAPj/Bkja0H69l6WbbmrNXMMXyD9foB6vmM8w==</latexit>

j

Ansatz:

Δ = 1 Δ = 1.7
Δ

<latexit sha1_base64="oVvOS6/RurJdWpgLm45YDeYsL5E="></latexit>

| (✓opt)i

<latexit sha1_base64="JGhhZ8wm+8WCUNMaNIf6Z4vbQ2s="></latexit>

| 0i

ρA

βj βj

<latexit sha1_base64="EW6RpkigbP2736Y1Ydu3ellVtxY="></latexit>
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j
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x

j+1 + S
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j
S
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j+1 + �S
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j
S

z
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⌘
=
X

j

h j

<latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"
<latexit sha1_base64="hBbSIHx5/zuTOQV0Ciz6wmcdb2U="></latexit>

# <latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"
<latexit sha1_base64="hBbSIHx5/zuTOQV0Ciz6wmcdb2U="></latexit>

#
<latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

" <latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"

<latexit sha1_base64="d0fQZZ8QVC6iBBK9+XLIozIZFTk="></latexit>

⇢A(�) =
1

ZA(�)
e�
P

j2A � jh j+...

<latexit sha1_base64="gmkneuzV9On/uzM6ens+ZhRRi2E=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYFA8hV3xdQx48RjBPCBZwuykNxkyO7vOzAbCku/w4kERr36MN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8m/rNESrNY/loxgn6Ee1LHnJGjZX8zogqTDQXsewOu6WyW3FnIMvEy0kZctS6pa9OL2ZphNIwQbVue25i/Iwqw5nASbGTakwoG9I+ti2VNELtZ7OjJ+TUKj0SxsqWNGSm/p7IaKT1OApsZ0TNQC96U/E/r52a8NbPuExSg5LNF4WpICYm0wRIjytkRowtoUxxeythA6ooMzanog3BW3x5mTQuKt515erhslw9y+MowDGcwDl4cANVuIca1IHBEzzDK7w5I+fFeXc+5q0rTj5zBH/gfP4AOniSUw==</latexit>"k

ε(θ2)

ε(θ1)
εG

<latexit sha1_base64="5TqszlN7PQTzLC1O2Tgpda5kvj0="></latexit>"max
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↑

Entanglement  
Hamiltonian Learning

<latexit sha1_base64="Kh/IN0/b/QJjp/6NlnAUqj4yZd8=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYFA8hV3xdQx48ZiAeUCyhNlJbzJmdnaZ6RXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkZ3U7/1BNqIWD3gOAE/YgMlQsEZWqmOvVLZrbgz0GXi5aRMctR6pa9uP+ZpBAq5ZMZ0PDdBP2MaBZcwKXZTAwnjIzaAjqWKRWD8bHbohJ5apU/DWNtSSGfq74mMRcaMo8B2RgyHZtGbiv95nRTDWz8TKkkRFJ8vClNJMabTr2lfaOAox5YwroW9lfIh04yjzaZoQ/AWX14mzYuKd125ql+Wq2d5HAVyTE7IOfHIDamSe1IjDcIJkGfySt6cR+fFeXc+5q0rTj5zRP7A+fwB2v2M5g==</latexit>

t
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e 
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<latexit sha1_base64="/6q+WwK576LJIBcbohvLjaZi/ZM=">AAACE3icbVDLSsNAFJ3UV62vqAsXbgaLUDclUdEuC25cVjBtoQ1hMpm0QyeTMDMRSshn+AVu9QvciVs/wA/wP5y0WdjWA8MczrmXe+/xE0alsqxvo7K2vrG5Vd2u7ezu7R+Yh0ddGacCEwfHLBZ9H0nCKCeOooqRfiIIinxGev7krvB7T0RIGvNHNU2IG6ERpyHFSGnJM086XuZ4dt4Y+jEL5DTSXybzC8+sW01rBrhK7JLUQYmOZ/4MgxinEeEKMyTlwLYS5WZIKIoZyWvDVJIE4QkakYGmHEVEutnsgByeayWAYSz04wrO1L8dGYpksZuujJAay2WvEP/zBqkKW25GeZIqwvF8UJgyqGJYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeyad80rx6u6+1WmVAVnIIz0AA2uAVtcA86wAEY5OAFvII349l4Nz6Mz3lpxSh7jsECjK9f0FCewg==</latexit>

PU1
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="XyVLVLjT1mE9N6fj92XbBWvEfbE=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkVbTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSbfZsG8aVw/XtXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f0fieww==</latexit> P
U

2
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="ADM685r9XEIuJIrlReZWLREwqBY=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkWrTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeqYd80rh+atXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f1UiexQ==</latexit>

P
U

4
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="G+VH0vw3LD5bSif76K6GSEu1cZQ=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkVrTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeqYd80mg/XtXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f06CexA==</latexit> P U
3
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

(c)state preparation and analysis(b)

VQE circuit
1) VQE ground state

↑↑

2) VQE heated state

(a) XXZ chain
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Entanglement properties
<latexit sha1_base64="lO+QS5ZKR0WndrCNTjw2jv07Ifs=">AAAB7HicdVBNSwMxEJ31s9avqkcvwaJ4KtmyrfUgFLx4rOC2hXYp2TRtQ7PZJckKpfQ3ePGgiFd/kDf/jdm2goo+GHi8N8PMvDARXBuMP5yV1bX1jc3cVn57Z3dvv3Bw2NRxqijzaSxi1Q6JZoJL5htuBGsnipEoFKwVjq8zv3XPlOaxvDOThAURGUo+4JQYK/kUXSG3VyjiUtXD3mUN4RK28CoZcctV7CF3rmBchCUavcJ7tx/TNGLSUEG07rg4McGUKMOpYLN8N9UsIXRMhqxjqSQR08F0fuwMnVqljwaxsiUNmqvfJ6Yk0noShbYzImakf3uZ+JfXSc2gFky5TFLDJF0sGqQCmRhln6M+V4waMbGEUMXtrYiOiCLU2HzyNoSvT9H/pFkuudVS5dYr1s+WceTgGE7gHFy4gDrcQAN8oMDhAZ7g2ZHOo/PivC5aV5zlzBH8gPP2CaxcjeA=</latexit>
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theory: exact GS theory: VQE-circuit

<latexit sha1_base64="IOyutwLuGTLVc2Y85UtrtYwsMHw=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiDkNMwEox4DXjwmYBZIhtDTqUk66Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3cmvrG5tb+e3Czu7e/kHx8Kil4lQybLJYxLLjU4WCR9jUXAvsJBJp6Ats+5Prud++Q6l4HN3qaYJeSIcRDzij2kiNcb9YcuxK1TEgv4lrOwuUYIV6v/jWG8QsDTHSTFCluq6TaC+jUnMmcFbopQoTyiZ0iF1DIxqi8rLFoTNyZpQBCWJpKtJkoX6dyGio1DT0TWdI9Uj99ObiX1431cGVl/EoSTVGbLkoSAXRMZl/TQZcItNiaghlkptbCRtRSZk22RRMCJ+fkv9Jq2K7F3a1cV6qlVdx5OEETqEMLlxCDW6gDk1ggHAPj/Bkja0H69l6WbbmrNXMMXyD9foB6vmM8w==</latexit>

j
<latexit sha1_base64="IOyutwLuGTLVc2Y85UtrtYwsMHw=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiDkNMwEox4DXjwmYBZIhtDTqUk66Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3cmvrG5tb+e3Czu7e/kHx8Kil4lQybLJYxLLjU4WCR9jUXAvsJBJp6Ats+5Prud++Q6l4HN3qaYJeSIcRDzij2kiNcb9YcuxK1TEgv4lrOwuUYIV6v/jWG8QsDTHSTFCluq6TaC+jUnMmcFbopQoTyiZ0iF1DIxqi8rLFoTNyZpQBCWJpKtJkoX6dyGio1DT0TWdI9Uj99ObiX1431cGVl/EoSTVGbLkoSAXRMZl/TQZcItNiaghlkptbCRtRSZk22RRMCJ+fkv9Jq2K7F3a1cV6qlVdx5OEETqEMLlxCDW6gDk1ggHAPj/Bkja0H69l6WbbmrNXMMXyD9foB6vmM8w==</latexit>

j

Ansatz:

Δ = 1 Δ = 1.7
Δ

<latexit sha1_base64="oVvOS6/RurJdWpgLm45YDeYsL5E="></latexit>

| (✓opt)i

<latexit sha1_base64="JGhhZ8wm+8WCUNMaNIf6Z4vbQ2s="></latexit>

| 0i

ρA

βj βj

<latexit sha1_base64="EW6RpkigbP2736Y1Ydu3ellVtxY="></latexit>
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<latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"
<latexit sha1_base64="hBbSIHx5/zuTOQV0Ciz6wmcdb2U="></latexit>

# <latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"
<latexit sha1_base64="hBbSIHx5/zuTOQV0Ciz6wmcdb2U="></latexit>

#
<latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

" <latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"

<latexit sha1_base64="d0fQZZ8QVC6iBBK9+XLIozIZFTk="></latexit>

⇢A(�) =
1

ZA(�)
e�
P

j2A � jh j+...

<latexit sha1_base64="gmkneuzV9On/uzM6ens+ZhRRi2E=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYFA8hV3xdQx48RjBPCBZwuykNxkyO7vOzAbCku/w4kERr36MN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8m/rNESrNY/loxgn6Ee1LHnJGjZX8zogqTDQXsewOu6WyW3FnIMvEy0kZctS6pa9OL2ZphNIwQbVue25i/Iwqw5nASbGTakwoG9I+ti2VNELtZ7OjJ+TUKj0SxsqWNGSm/p7IaKT1OApsZ0TNQC96U/E/r52a8NbPuExSg5LNF4WpICYm0wRIjytkRowtoUxxeythA6ooMzanog3BW3x5mTQuKt515erhslw9y+MowDGcwDl4cANVuIca1IHBEzzDK7w5I+fFeXc+5q0rTj5zBH/gfP4AOniSUw==</latexit>"k

ε(θ2)

ε(θ1)
εG

<latexit sha1_base64="5TqszlN7PQTzLC1O2Tgpda5kvj0="></latexit>"max

0
0.

02
3

0.
39

8
1

5 10 15
0

2

4

6

LA

S
V

N
A

5 10 15
0

2

4

6

LA

S
V

N
A

experiment

0

2

4

6

�h
ea

t
j

0

10

20

30

40
�

j

0 5 10
j 2 A

0

2

4

6

�h
ea

t
j

0

10

20

30

40

0 5 10
j 2 A

State preparation & analysis

area law

entanglement

volume law

entanglement

51 Ions

A ĀĀ
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Entanglement  
Hamiltonian Learning

<latexit sha1_base64="Kh/IN0/b/QJjp/6NlnAUqj4yZd8=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYFA8hV3xdQx48ZiAeUCyhNlJbzJmdnaZ6RXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk41hwaPZazbATMghYIGCpTQTjSwKJDQCkZ3U7/1BNqIWD3gOAE/YgMlQsEZWqmOvVLZrbgz0GXi5aRMctR6pa9uP+ZpBAq5ZMZ0PDdBP2MaBZcwKXZTAwnjIzaAjqWKRWD8bHbohJ5apU/DWNtSSGfq74mMRcaMo8B2RgyHZtGbiv95nRTDWz8TKkkRFJ8vClNJMabTr2lfaOAox5YwroW9lfIh04yjzaZoQ/AWX14mzYuKd125ql+Wq2d5HAVyTE7IOfHIDamSe1IjDcIJkGfySt6cR+fFeXc+5q0rTj5zRP7A+fwB2v2M5g==</latexit>
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<latexit sha1_base64="/6q+WwK576LJIBcbohvLjaZi/ZM=">AAACE3icbVDLSsNAFJ3UV62vqAsXbgaLUDclUdEuC25cVjBtoQ1hMpm0QyeTMDMRSshn+AVu9QvciVs/wA/wP5y0WdjWA8MczrmXe+/xE0alsqxvo7K2vrG5Vd2u7ezu7R+Yh0ddGacCEwfHLBZ9H0nCKCeOooqRfiIIinxGev7krvB7T0RIGvNHNU2IG6ERpyHFSGnJM086XuZ4dt4Y+jEL5DTSXybzC8+sW01rBrhK7JLUQYmOZ/4MgxinEeEKMyTlwLYS5WZIKIoZyWvDVJIE4QkakYGmHEVEutnsgByeayWAYSz04wrO1L8dGYpksZuujJAay2WvEP/zBqkKW25GeZIqwvF8UJgyqGJYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeyad80rx6u6+1WmVAVnIIz0AA2uAVtcA86wAEY5OAFvII349l4Nz6Mz3lpxSh7jsECjK9f0FCewg==</latexit>

PU1
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="XyVLVLjT1mE9N6fj92XbBWvEfbE=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkVbTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSbfZsG8aVw/XtXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f0fieww==</latexit> P
U

2
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="ADM685r9XEIuJIrlReZWLREwqBY=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkWrTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeqYd80rh+atXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f1UiexQ==</latexit>

P
U

4
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="G+VH0vw3LD5bSif76K6GSEu1cZQ=">AAACE3icbVDLSsNAFJ34rPUVdeHCzWAR6qYkVrTLghuXFUxbaEOYTCbt0EkmzEyEEvIZfoFb/QJ34tYP8AP8DydtFrb1wDCHc+7l3nv8hFGpLOvbWFvf2NzaruxUd/f2Dw7No+Ou5KnAxMGccdH3kSSMxsRRVDHSTwRBkc9Iz5/cFX7viQhJefyopglxIzSKaUgxUlryzNOOlzleM68Pfc4COY30l8n80jNrVsOaAa4SuyQ1UKLjmT/DgOM0IrHCDEk5sK1EuRkSimJG8uowlSRBeIJGZKBpjCIi3Wx2QA4vtBLAkAv9YgVn6t+ODEWy2E1XRkiN5bJXiP95g1SFLTejcZIqEuP5oDBlUHFYpAEDKghWbKoJwoLqXSEeI4Gw0pktTPEFmhCV61zs5RRWSfeqYd80mg/XtXarTKgCzsA5qAMb3II2uAcd4AAMcvACXsGb8Wy8Gx/G57x0zSh7TsACjK9f06CexA==</latexit> P U
3
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

(c)state preparation and analysis(b)

VQE circuit
1) VQE ground state

↑↑

2) VQE heated state

(a) XXZ chain
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Entanglement properties
<latexit sha1_base64="lO+QS5ZKR0WndrCNTjw2jv07Ifs=">AAAB7HicdVBNSwMxEJ31s9avqkcvwaJ4KtmyrfUgFLx4rOC2hXYp2TRtQ7PZJckKpfQ3ePGgiFd/kDf/jdm2goo+GHi8N8PMvDARXBuMP5yV1bX1jc3cVn57Z3dvv3Bw2NRxqijzaSxi1Q6JZoJL5htuBGsnipEoFKwVjq8zv3XPlOaxvDOThAURGUo+4JQYK/kUXSG3VyjiUtXD3mUN4RK28CoZcctV7CF3rmBchCUavcJ7tx/TNGLSUEG07rg4McGUKMOpYLN8N9UsIXRMhqxjqSQR08F0fuwMnVqljwaxsiUNmqvfJ6Yk0noShbYzImakf3uZ+JfXSc2gFky5TFLDJF0sGqQCmRhln6M+V4waMbGEUMXtrYiOiCLU2HzyNoSvT9H/pFkuudVS5dYr1s+WceTgGE7gHFy4gDrcQAN8oMDhAZ7g2ZHOo/PivC5aV5zlzBH8gPP2CaxcjeA=</latexit>
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<latexit sha1_base64="IOyutwLuGTLVc2Y85UtrtYwsMHw=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiDkNMwEox4DXjwmYBZIhtDTqUk66Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3cmvrG5tb+e3Czu7e/kHx8Kil4lQybLJYxLLjU4WCR9jUXAvsJBJp6Ats+5Prud++Q6l4HN3qaYJeSIcRDzij2kiNcb9YcuxK1TEgv4lrOwuUYIV6v/jWG8QsDTHSTFCluq6TaC+jUnMmcFbopQoTyiZ0iF1DIxqi8rLFoTNyZpQBCWJpKtJkoX6dyGio1DT0TWdI9Uj99ObiX1431cGVl/EoSTVGbLkoSAXRMZl/TQZcItNiaghlkptbCRtRSZk22RRMCJ+fkv9Jq2K7F3a1cV6qlVdx5OEETqEMLlxCDW6gDk1ggHAPj/Bkja0H69l6WbbmrNXMMXyD9foB6vmM8w==</latexit>

j
<latexit sha1_base64="IOyutwLuGTLVc2Y85UtrtYwsMHw=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiDkNMwEox4DXjwmYBZIhtDTqUk66Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3cmvrG5tb+e3Czu7e/kHx8Kil4lQybLJYxLLjU4WCR9jUXAvsJBJp6Ats+5Prud++Q6l4HN3qaYJeSIcRDzij2kiNcb9YcuxK1TEgv4lrOwuUYIV6v/jWG8QsDTHSTFCluq6TaC+jUnMmcFbopQoTyiZ0iF1DIxqi8rLFoTNyZpQBCWJpKtJkoX6dyGio1DT0TWdI9Uj99ObiX1431cGVl/EoSTVGbLkoSAXRMZl/TQZcItNiaghlkptbCRtRSZk22RRMCJ+fkv9Jq2K7F3a1cV6qlVdx5OEETqEMLlxCDW6gDk1ggHAPj/Bkja0H69l6WbbmrNXMMXyD9foB6vmM8w==</latexit>

j

Ansatz:

Δ = 1 Δ = 1.7
Δ

<latexit sha1_base64="oVvOS6/RurJdWpgLm45YDeYsL5E="></latexit>

| (✓opt)i

<latexit sha1_base64="JGhhZ8wm+8WCUNMaNIf6Z4vbQ2s="></latexit>

| 0i
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<latexit sha1_base64="EW6RpkigbP2736Y1Ydu3ellVtxY="></latexit>
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<latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"
<latexit sha1_base64="hBbSIHx5/zuTOQV0Ciz6wmcdb2U="></latexit>

# <latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"
<latexit sha1_base64="hBbSIHx5/zuTOQV0Ciz6wmcdb2U="></latexit>

#
<latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

" <latexit sha1_base64="l4x2JgcOAHDtkBzDRsLRFAaa/Oo="></latexit>

"

<latexit sha1_base64="d0fQZZ8QVC6iBBK9+XLIozIZFTk="></latexit>

⇢A(�) =
1

ZA(�)
e�
P

j2A � jh j+...

<latexit sha1_base64="gmkneuzV9On/uzM6ens+ZhRRi2E=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYFA8hV3xdQx48RjBPCBZwuykNxkyO7vOzAbCku/w4kERr36MN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8m/rNESrNY/loxgn6Ee1LHnJGjZX8zogqTDQXsewOu6WyW3FnIMvEy0kZctS6pa9OL2ZphNIwQbVue25i/Iwqw5nASbGTakwoG9I+ti2VNELtZ7OjJ+TUKj0SxsqWNGSm/p7IaKT1OApsZ0TNQC96U/E/r52a8NbPuExSg5LNF4WpICYm0wRIjytkRowtoUxxeythA6ooMzanog3BW3x5mTQuKt515erhslw9y+MowDGcwDl4cANVuIca1IHBEzzDK7w5I+fFeXc+5q0rTj5zBH/gfP4AOniSUw==</latexit>"k

ε(θ2)

ε(θ1)
εG

<latexit sha1_base64="5TqszlN7PQTzLC1O2Tgpda5kvj0="></latexit>"max

0
0.

02
3

0.
39

8
1

5 10 15
0

2

4

6

LA

S
V

N
A

5 10 15
0

2

4

6

LA

S
V

N
A

experiment

0

2

4

6

�h
ea

t
j

0

10

20

30

40
�

j

0 5 10
j 2 A

0

2

4

6

�h
ea

t
j

0

10

20

30

40

0 5 10
j 2 A

Entanglement properties

Results: Theory and Experiment
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<latexit sha1_base64="AI5LUndT9mGs7N8mk7TnEdcn/b8=">AAABZ3icZY7NSsNAFIVv6l+NP40KIriJBsVVmBTUbcGNyyimLbShTKY3ZegkE2YmBSl9A7f6bj6Cb2GM2WgPXPg4917OSQrBtSHk02ptbG5t77R37b39g8OOc3Tc17JUDCMmhVTDhGoUPMfIcCNwWCikWSJwkMwffvaDBSrNZf5iXguMMzrLecoZNZX1HJCJ4xGf1HLXIWjAg0bhxAnHU8nKDHPDBNV6FJDCxEuqDGcCV/a41FhQNqczHFWY0wx1vKybrtyrypm6qVTV5MatXbuqEPwPXId+1w/u/Nunrte7bsq04Rwu4QYCuIcePEIIETBI4Q3e4QO+rI51ap39nras5ucE/si6+AY4JFjP</latexit>

10
<latexit sha1_base64="IO+qYN5ydcQRVLIuvK+gXeIz0TM=">AAABZnicZY7NSsNAFIXv1L8atY2KuHATDIqrkhSq24IblymYttCGMpnelqGTmTAzEaT0Cdzqw/kGPoYxZqM9cOHj3Hs5J80FNzYIPkljZ3dv/6B56Bwdn7Ta7unZ0KhCM4yZEkqPU2pQcImx5VbgONdIs1TgKF09/uxHL6gNV/LZvuaYZHQp+YIzaktr0Ju5ftAJKnnbENbgQ61o5kbTuWJFhtIyQY2ZhEFukzXVljOBG2daGMwpW9ElTkqUNEOTrKuiG++mdObeQulypPUq1ykrhP8Dt2HY7YT3nd6g6/dv6zJNuIJruIMQHqAPTxBBDAwQ3uAdPuCLtMgFufw9bZD65xz+iHjf5ypYmQ==</latexit>

5
<latexit sha1_base64="2j8CusteBptI7CW407UwcXodcho=">AAABZ3icZY7NSsNAFIXv1L8afxoVRHATDYqrkClUtwU3LqOYttCGMpnelKGTTMhMBCl9A7f6bj6Cb2GM2WgPXPg4917OiXMptPH9T9La2Nza3mnvWnv7B4cd++h4oFVZcAy5kqoYxUyjFBmGRhiJo7xAlsYSh/Hi/mc/fMFCC5U9m9cco5TNM5EIzkxlPdHe1HZ9z6/lrANtwIVGwdQOJjPFyxQzwyXTekz93ERLVhjBJa6sSakxZ3zB5jiuMGMp6mhZN105V5UzcxJVVJMZp3atqgL9H7gOg65Hb73eY9ftXzdl2nAOl3ADFO6gDw8QQAgcEniDd/iAL9Ihp+Ts97RFmp8T+CNy8Q09LljU</latexit>

15
<latexit sha1_base64="fSgvBxx7QifbNUjDvh8rJDWZN/I=">AAABZ3icZY7NSsNAFIVv6l+NP40KIriJBsVVmQTUbcGNyyimLbShTKY3ZehkJmQmBSl9A7f6bj6Cb2GM2WgPXPg4917OSXLBtSHk02ptbG5t77R37b39g8OOc3Tc16osGEZMCVUME6pRcImR4UbgMC+QZonAQTJ/+NkPFlhoruSLec0xzuhM8pQzairrOSATxyNdUstdB78BDxqFEyccTxUrM5SGCar1yCe5iZe0MJwJXNnjUmNO2ZzOcFShpBnqeFk3XblXlTN1U1VUI41bu3ZVwf8fuA79oOvfdW+fAq933ZRpwzlcwg34cA89eIQQImCQwhu8wwd8WR3r1Dr7PW1Zzc8J/JF18Q05J1jQ</latexit>

20
<latexit sha1_base64="OJIfoR/rf6edVbsBCZCQ6xvrqyg=">AAABZ3icZY7NSsNAFIVv6l+NP40KIriJBsVVSQLVbcGNyyimLbShTKY3ZehkJsxMBCl9A7f6bj6Cb2GM2WgPXPg4917OSQvOtPH9T6u1sbm1vdPetff2Dw47ztHxQMtSUYyp5FKNUqKRM4GxYYbjqFBI8pTjMF3c/+yHL6g0k+LZvBaY5GQuWMYoMZX1FPamjud3/VruOgQNeNAomjrRZCZpmaMwlBOtx4FfmGRJlGGU48qelBoLQhdkjuMKBclRJ8u66cq9qpyZm0lVjTBu7dpVheB/4DoMwm5w2+09hl7/uinThnO4hBsI4A768AARxEAhgzd4hw/4sjrWqXX2e9qymp8T+CPr4hs+MVjV</latexit>

25
<latexit sha1_base64="gO/evsk7Y+SOsgTbHuiMB5uA2VE=">AAABZ3icZY7NSsNAFIXv1L8afxoVRHATDYqrMKmo24Ibl1FMW2hDmUxvytBJJmQmgpS+gVt9Nx/BtzDGbLQHLnycey/nxLkU2lD6SVpr6xubW+1ta2d3b79jHxz2tSoLjiFXUhXDmGmUIsPQCCNxmBfI0ljiIJ7f/+wHL1hoobJn85pjlLJZJhLBmamsp2s6sV3q0VrOKvgNuNAomNjBeKp4mWJmuGRaj3yam2jBCiO4xKU1LjXmjM/ZDEcVZixFHS3qpkvnonKmTqKKajLj1K5VVfD/B65Cv+v5t97NY9ftXTZl2nAK53AFPtxBDx4ggBA4JPAG7/ABX6RDjsnJ72mLND9H8Efk7Bs6KljR</latexit>

30
<latexit sha1_base64="ovanU7/7OEU6xUNErrux470rd74=">AAABZ3icZY7NSsNAFIXv1L8afxoVRHATDYqrkrRUtwU3LqOYttCGMpnelKGTmZCZCFL6Bm713XwE38IYs9EeuPBx7r2cE2eCa+N5n6Sxsbm1vdPctfb2Dw5b9tHxQKsiZxgyJVQ+iqlGwSWGhhuBoyxHmsYCh/Hi/mc/fMFccyWfzWuGUUrnkiecUVNaT93e1Ha9tlfJWQe/BhdqBVM7mMwUK1KUhgmq9dj3MhMtaW44E7iyJoXGjLIFneO4RElT1NGyarpyrkpn5iQqL0cap3KtsoL/P3AdBp22f9vuPXbc/nVdpgnncAk34MMd9OEBAgiBQQJv8A4f8EVa5JSc/Z42SP1zAn9ELr4BPzRY1g==</latexit>

35
<latexit sha1_base64="ZhCYaiFOEQQLmvqmiXaMW6GEHS0=">AAABZ3icZY7NSsNAFIXv1L8afxoVRHATDYqrMCn+bAtuXEYxbaENZTK9KUMnmZCZCFL6Bm713XwE38IYs9EeuPBx7r2cE+dSaEPpJ2mtrW9sbrW3rZ3dvf2OfXDY16osOIZcSVUMY6ZRigxDI4zEYV4gS2OJg3h+/7MfvGChhcqezWuOUcpmmUgEZ6aynq7pxHapR2s5q+A34EKjYGIH46niZYqZ4ZJpPfJpbqIFK4zgEpfWuNSYMz5nMxxVmLEUdbSomy6di8qZOokqqsmMU7tWVcH/H7gK/a7n33o3j123d9mUacMpnMMV+HAHPXiAAELgkMAbvMMHfJEOOSYnv6ct0vwcwR+Rs287LVjS</latexit>
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<latexit sha1_base64="g1Vx5/uP5erjC4iXvd/oIxX/2tg=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIviqsyIr2VBEJcV7AOmQ8mkmTY0kwxJRihDP8ONC0Xc+jXu/Bsz7Sy09UDgcM695NwTJpxp47rfTmlldW19o7xZ2dre2d2r7h+0tUwVoS0iuVTdEGvKmaAtwwyn3URRHIecdsLxbe53nqjSTIpHM0loEOOhYBEj2FjJ78XYjAjm2d20X625dXcGtEy8gtSgQLNf/eoNJEljKgzhWGvfcxMTZFgZRjidVnqppgkmYzykvqUCx1QH2SzyFJ1YZYAiqewTBs3U3xsZjrWexKGdzCPqRS8X//P81EQ3QcZEkhoqyPyjKOXISJTfjwZMUWL4xBJMFLNZERlhhYmxLVVsCd7iycukfV73ruqXDxe1xmlRRxmO4BjOwINraMA9NKEFBCQ8wyu8OcZ5cd6dj/loySl2DuEPnM8fcruRSg==</latexit>

F

<latexit sha1_base64="21gOTqCjIXjb918rf/Z+PCreyaU=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYFA8hV3xdQx48ZiAeUCyhNnZ3mTM7OwyMyuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KUsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1A6pRcIkNw43AdqqQxoHAVjC8m/qtJ1SaJ/LBjFL0Y9qXPOKMGivVw16p7FbcGcgy8XJShhy1XumrGyYsi1EaJqjWHc9NjT+mynAmcFLsZhpTyoa0jx1LJY1R++PZoRNyapWQRImyJQ2Zqb8nxjTWehQHtjOmZqAXvan4n9fJTHTrj7lMM4OSzRdFmSAmIdOvScgVMiNGllCmuL2VsAFVlBmbTdGG4C2+vEyaFxXvunJVvyxXz/I4CnAMJ3AOHtxAFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHwr2M1g==</latexit>

d

<latexit sha1_base64="qzGtoj5WkgH615FaFzbeTWAEzcE=">AAAB6HicdVDLSsNAFJ34rPVVdelmsCiuwiSmte4Kbly2YB/QhjKZTNqxk0mYmQgl9AvcuFDErZ/kzr9x+hBU9MCFwzn3cu89QcqZ0gh9WCura+sbm4Wt4vbO7t5+6eCwrZJMEtoiCU9kN8CKciZoSzPNaTeVFMcBp51gfD3zO/dUKpaIWz1JqR/joWARI1gbqRkOSmVkI7fqeh5EtuteuahmiOd66KICHRvNUQZLNAal936YkCymQhOOleo5KNV+jqVmhNNpsZ8pmmIyxkPaM1TgmCo/nx86hadGCWGUSFNCw7n6fSLHsVKTODCdMdYj9dubiX95vUxHNT9nIs00FWSxKMo41AmcfQ1DJinRfGIIJpKZWyEZYYmJNtkUTQhfn8L/Sdu1napdaXrl+tkyjgI4BifgHDjgEtTBDWiAFiCAggfwBJ6tO+vRerFeF60r1nLmCPyA9fYJGBqNEQ==</latexit>

d sweep

<latexit sha1_base64="hj06+BABPNwkxWw+MhD/PTUwID0=">AAAB73icdVDLSgMxFM3UV62vqks3waK4GjJxWutCqLhx4aKCrYV2KJk004ZmHiYZoQz9CTcuFHHr77jzb0wfgooeuHA4517uvcdPBFcaoQ8rt7C4tLySXy2srW9sbhW3d5oqTiVlDRqLWLZ8opjgEWtorgVrJZKR0Bfs1h9eTPzbeyYVj6MbPUqYF5J+xANOiTZS66p7Ds8gRt1iCdkIV7DrQmRjfIpR1RAXu+i4DB0bTVECc9S7xfdOL6ZpyCJNBVGq7aBEexmRmlPBxoVOqlhC6JD0WdvQiIRMedn03jE8MEoPBrE0FWk4Vb9PZCRUahT6pjMkeqB+exPxL6+d6qDqZTxKUs0iOlsUpALqGE6ehz0uGdViZAihkptbIR0QSag2ERVMCF+fwv9JE9tOxS5fu6Xa4TyOPNgD++AIOOAE1MAlqIMGoECAB/AEnq0769F6sV5nrTlrPrMLfsB6+wRCBY6+</latexit>
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<latexit sha1_base64="/ky/e6DuAehdMhQC/K9T/urCAbA=">AAAB63icbVDLSsNAFL3xWeur6tLNYBVchUR8dVdw47KCfUAbymQ6aYfOTMLMRCihv+DGhSJu/SF3/o2TNgttPXDhcM693HtPmHCmjed9Oyura+sbm6Wt8vbO7t5+5eCwpeNUEdokMY9VJ8SaciZp0zDDaSdRFIuQ03Y4vsv99hNVmsXy0UwSGgg8lCxiBJtc8txarV+peq43A1omfkGqUKDRr3z1BjFJBZWGcKx11/cSE2RYGUY4nZZ7qaYJJmM8pF1LJRZUB9ns1ik6s8oARbGyJQ2aqb8nMiy0nojQdgpsRnrRy8X/vG5qotsgYzJJDZVkvihKOTIxyh9HA6YoMXxiCSaK2VsRGWGFibHxlG0I/uLLy6R14frX7tXDZbV+WsRRgmM4gXPw4QbqcA8NaAKBETzDK7w5wnlx3p2PeeuKU8wcwR84nz/VuY1e</latexit>

0.99
<latexit sha1_base64="v0wCK8X27kXgLuHyLBFaFBK8++w=">AAAB63icbVDLSsNAFL3xWeur6tLNYBVchUR81F3BjcsK9gFtKJPppB06MwkzE6GE/oIbF4q49Yfc+TdO2iy09cCFwzn3cu89YcKZNp737aysrq1vbJa2yts7u3v7lYPDlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+C73209UaRbLRzNJaCDwULKIEWxyyXNva/1K1XO9GdAy8QtShQKNfuWrN4hJKqg0hGOtu76XmCDDyjDC6bTcSzVNMBnjIe1aKrGgOshmt07RmVUGKIqVLWnQTP09kWGh9USEtlNgM9KLXi7+53VTE9WCjMkkNVSS+aIo5cjEKH8cDZiixPCJJZgoZm9FZIQVJsbGU7Yh+IsvL5PWhetfu1cPl9X6aRFHCY7hBM7Bhxuowz00oAkERvAMr/DmCOfFeXc+5q0rTjFzBH/gfP4A1DWNXQ==</latexit>

0.98
<latexit sha1_base64="zPpZB0WLCrIbBDvtmBCHzlNRqRY=">AAAB63icbVBNS8NAEJ34WetX1aOXxSp4Como1VvBi8cK9gPaUDbbTbt0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZemHCmjed9Oyura+sbm6Wt8vbO7t5+5eCwpeNUEdokMY9VJ8SaciZp0zDDaSdRFIuQ03Y4vsv99hNVmsXy0UwSGgg8lCxiBJtc8tzbWr9S9VxvBrRM/IJUoUCjX/nqDWKSCioN4Vjrru8lJsiwMoxwOi33Uk0TTMZ4SLuWSiyoDrLZrVN0ZpUBimJlSxo0U39PZFhoPRGh7RTYjPSil4v/ed3URDdBxmSSGirJfFGUcmRilD+OBkxRYvjEEkwUs7ciMsIKE2PjKdsQ/MWXl0nrwvWv3auHy2r9tIijBMdwAufgQw3qcA8NaAKBETzDK7w5wnlx3p2PeeuKU8wcwR84nz/SsY1c</latexit>

0.97

<latexit sha1_base64="g1Vx5/uP5erjC4iXvd/oIxX/2tg=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIviqsyIr2VBEJcV7AOmQ8mkmTY0kwxJRihDP8ONC0Xc+jXu/Bsz7Sy09UDgcM695NwTJpxp47rfTmlldW19o7xZ2dre2d2r7h+0tUwVoS0iuVTdEGvKmaAtwwyn3URRHIecdsLxbe53nqjSTIpHM0loEOOhYBEj2FjJ78XYjAjm2d20X625dXcGtEy8gtSgQLNf/eoNJEljKgzhWGvfcxMTZFgZRjidVnqppgkmYzykvqUCx1QH2SzyFJ1YZYAiqewTBs3U3xsZjrWexKGdzCPqRS8X//P81EQ3QcZEkhoqyPyjKOXISJTfjwZMUWL4xBJMFLNZERlhhYmxLVVsCd7iycukfV73ruqXDxe1xmlRRxmO4BjOwINraMA9NKEFBCQ8wyu8OcZ5cd6dj/loySl2DuEPnM8fcruRSg==</latexit>F
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Results: Experiment + Theory

ℱmax =
Tr(ρ1, ρ2)

max{Tr(ρ2
1 ), Tr(ρ2

2 )}
ρ1 = ρexp

ρ2 = ρ ( β )
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Figure 4: Domain statistics and reconstructed single shot images of 53 spins. (a) Top and bottom: reconstructed
images based on binary detection of spin state (see Appendix E).The top image shows a chain of 53 ions in bright spin states.
The other three images show 53 ions in combinations of bright and dark spin states. Center: statistics of the sizes of domains,
or blocks with spins pointing along the same direction. Histograms are plotted on a logarithmic scale, to visualize the rare
regions with large domains. Dashed lines are fits to exponential functions, which could be expected for infinite-temperature
thermal state. Long tails of deviations are clearly visible, and varies depending on B̃z/J0. (b) Mean of the largest domain sizes
in each single experimental shot. Error bars are the standard deviation of the mean (see Appendix F). Dashed lines represent
a piecewise linear fit, from which we extract the transition point (see text). The green, yellow, and red data points correspond
to the transverse fields shown in the domain statistics data on the left.

The occurrence of long domains of correlated spins in
the state |"ix (fluorescing spins) signifies the fully po-
larized initial state, where the correlations in the initial
state are largely preserved by the interactions. With an
increasing transverse field, the absence of spin-ordering
is reflected by exponentially small probabilities for ob-
serving long strings. We plot the domain length statis-
tics in Fig. 4a at late times (see Appendix F), for three
example transverse field strengths, B̃z/J0 = (0.1, 1.0,
1.6). The dashed lines in Fig. 4a are fits to exponen-
tials on the histogram of domain sizes. The rare occur-
rence of especially large domains (e.g. the red boxes in
Fig. 4a) shows the existence of many-body high-order
correlations, where the order is given by the length of
the domain. We plot the mean of the largest domain size
in Fig. 4b, as a function of the normalized transverse field
strength. The average longest domain size ranges from
12 to 20, and shows a sharp transition across the critical
point of the DPT. We fit this observable to a piecewise
linear function, and extract the critical point to be B̃z/J0

= 0.89(7). For more details, see Appendix F.
The DPT studied here, with up to 53 trapped ion

qubits, is the largest quantum simulation ever performed
with high-e�ciency single shot individual qubit measure-
ments. This gives access to arbitrary many-body corre-
lators that carry information that is di�cult or impossi-
ble to model classically. This experimental platform can
be extended to tackle provably hard quantum problems
such as Ising sampling [36]. Given an even higher level
of control over the interactions between spins, as already
demonstrated for smaller numbers of trapped ion qubits
[37], this same system can be upgraded to a universal
quantum computer.

APPENDIX A: CONFINEMENT OF LONG ION
CHAINS

The ion chain is confined in a 3-layer linear Paul trap
with ⌫cm = 4.85 MHz transverse center-of-mass motional
frequency [30]. The harmonic axial confinement is kept
low enough so that the lowest energy conformation of the
ions is linear; for 8� 16 ions the axial center-of-mass fre-
quency is ⇠ 400 kHz and for 53 ions it is ⇠ 200 kHz. The
ion spacing is anisotropic across the chain, with typical
spacings of 1.5 µm at the center of the chain and 3.5 µm
at either end [38].

The e↵ective lifetime of an ion chain is limited by
Langevin collisions with the residual background gas in
the UHV apparatus [39], which in general re-orders the
crystal but can also melt the crystal and even ultimately
eject the ions from rf-heating or other mechanisms. This
can be mitigated by quickly re-cooling the chain, and
we expect that occasionally the crystal returns without
notice. Rarely, such collisions with the background gas
are inelastic, either populating the 171Yb+ ion in the
metastable F7/2 state or forming a YbH+ molecule. The
355 nm Raman laser quickly returns the ions back to their
atomic ground state manifold, with a small probability
of creating doubly-charged ions. The mean time between
Langevin collisions is expected to be of order 1 collision
per hour per trapped ion, and we expect that the mean
lifetime for a chain of ions might therefore scale inversely
with the number of ions. For 53 ions we observe an av-
erage lifetime of about 5 minutes. However, we observe
rare events where a long ion chain survives for about 30
minutes. We speculate that either the chain is consis-
tently re-captured instantaneously, or the local pressure
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Figure 4: Domain statistics and reconstructed single shot images of 53 spins. (a) Top and bottom: reconstructed
images based on binary detection of spin state (see Appendix E).The top image shows a chain of 53 ions in bright spin states.
The other three images show 53 ions in combinations of bright and dark spin states. Center: statistics of the sizes of domains,
or blocks with spins pointing along the same direction. Histograms are plotted on a logarithmic scale, to visualize the rare
regions with large domains. Dashed lines are fits to exponential functions, which could be expected for infinite-temperature
thermal state. Long tails of deviations are clearly visible, and varies depending on B̃z/J0. (b) Mean of the largest domain sizes
in each single experimental shot. Error bars are the standard deviation of the mean (see Appendix F). Dashed lines represent
a piecewise linear fit, from which we extract the transition point (see text). The green, yellow, and red data points correspond
to the transverse fields shown in the domain statistics data on the left.

The occurrence of long domains of correlated spins in
the state |"ix (fluorescing spins) signifies the fully po-
larized initial state, where the correlations in the initial
state are largely preserved by the interactions. With an
increasing transverse field, the absence of spin-ordering
is reflected by exponentially small probabilities for ob-
serving long strings. We plot the domain length statis-
tics in Fig. 4a at late times (see Appendix F), for three
example transverse field strengths, B̃z/J0 = (0.1, 1.0,
1.6). The dashed lines in Fig. 4a are fits to exponen-
tials on the histogram of domain sizes. The rare occur-
rence of especially large domains (e.g. the red boxes in
Fig. 4a) shows the existence of many-body high-order
correlations, where the order is given by the length of
the domain. We plot the mean of the largest domain size
in Fig. 4b, as a function of the normalized transverse field
strength. The average longest domain size ranges from
12 to 20, and shows a sharp transition across the critical
point of the DPT. We fit this observable to a piecewise
linear function, and extract the critical point to be B̃z/J0

= 0.89(7). For more details, see Appendix F.
The DPT studied here, with up to 53 trapped ion

qubits, is the largest quantum simulation ever performed
with high-e�ciency single shot individual qubit measure-
ments. This gives access to arbitrary many-body corre-
lators that carry information that is di�cult or impossi-
ble to model classically. This experimental platform can
be extended to tackle provably hard quantum problems
such as Ising sampling [36]. Given an even higher level
of control over the interactions between spins, as already
demonstrated for smaller numbers of trapped ion qubits
[37], this same system can be upgraded to a universal
quantum computer.

APPENDIX A: CONFINEMENT OF LONG ION
CHAINS

The ion chain is confined in a 3-layer linear Paul trap
with ⌫cm = 4.85 MHz transverse center-of-mass motional
frequency [30]. The harmonic axial confinement is kept
low enough so that the lowest energy conformation of the
ions is linear; for 8� 16 ions the axial center-of-mass fre-
quency is ⇠ 400 kHz and for 53 ions it is ⇠ 200 kHz. The
ion spacing is anisotropic across the chain, with typical
spacings of 1.5 µm at the center of the chain and 3.5 µm
at either end [38].

The e↵ective lifetime of an ion chain is limited by
Langevin collisions with the residual background gas in
the UHV apparatus [39], which in general re-orders the
crystal but can also melt the crystal and even ultimately
eject the ions from rf-heating or other mechanisms. This
can be mitigated by quickly re-cooling the chain, and
we expect that occasionally the crystal returns without
notice. Rarely, such collisions with the background gas
are inelastic, either populating the 171Yb+ ion in the
metastable F7/2 state or forming a YbH+ molecule. The
355 nm Raman laser quickly returns the ions back to their
atomic ground state manifold, with a small probability
of creating doubly-charged ions. The mean time between
Langevin collisions is expected to be of order 1 collision
per hour per trapped ion, and we expect that the mean
lifetime for a chain of ions might therefore scale inversely
with the number of ions. For 53 ions we observe an av-
erage lifetime of about 5 minutes. However, we observe
rare events where a long ion chain survives for about 30
minutes. We speculate that either the chain is consis-
tently re-captured instantaneously, or the local pressure

N = 51 ions
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Quench dynamics with analog quantum simulator
ρA

u1
u2
u3

e−iHt

quench dynamics

time

|↑ ⟩
|↓ ⟩

|↑ ⟩

product state  entangled state→

Randomized Tomography

̂ρA = ∑
s,s′ 

∑
U

PU(s)(−2)−D[s,s′ ]U |s′ ⟩⟨s′ |U†

tomographically complete

timetime

ρA = 𝔼U∼𝖢𝖴𝖤[ ̂ρA]

exponentially expensive
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✓expensive*   (scales exponentially)∼ rank(ρA) 2NAdata

Protocol 0: Quantum State Tomography

A B

ρA

* tomography can be made `more efficient’ if we know something 
about the quantum state: MPS, low rank, neural network, …

* or, we are only interested in certain functionals of , e.g. 
expectation values 

ρA
⟨O⟩ = 𝖳𝗋 OAρA

sample-efficient entanglement 
Hamiltonian tomography

Classical Shadows
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verify

design ansatz
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H̃A(g̃ )
construct

fit
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ΩA(g̃ ) ª e
°H̃A(g̃ )

modification needed?

- Ansatz for Entanglement  Hamiltonian:

e.g. deformation of system Hamiltonian 
plus corrections
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H̃A(g̃ )

- Measure experimental frequencies:
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≥
UΩAU †|sihs|

¥

- Fit optimal parameters  by minimizing the       
distance to the frequencies

g̃
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U ,s

"
8V

√
U |sihs|U † e

°H̃A(g̃ )

Z (g̃ )

!
°PU (s)

#2

- Verify by measuring Hilbert-Schmidt fidelities
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<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="oKfky+nVLMChDu1u5X3hdoKv9EY=">AAACD3icbVDNSsNAGNzUv1r/oj16WSxCvZRERXssePFYwbSFNoTNZtsu3WTD7kYIIQ/hE3jVJ/AmXn0EH8D3cNPmYFsHlh1mvo9vGD9mVCrL+jYqG5tb2zvV3dre/sHhkXl80pM8EZg4mDMuBj6ShNGIOIoqRgaxICj0Gen7s7vC7z8RISmPHlUaEzdEk4iOKUZKS55Z73pOc+RzFsg01F8m8wvPbFgtaw64TuySNECJrmf+jAKOk5BECjMk5dC2YuVmSCiKGclro0SSGOEZmpChphEKiXSzefgcnmslgGMu9IsUnKt/NzIUyiKbngyRmspVrxD/84aJGrfdjEZxokiEF4fGCYOKw6IJGFBBsGKpJggLqrNCPEUCYaX7WrriCzQjKte92KstrJPeZcu+aV09XDc67bKhKjgFZ6AJbHALOuAedIEDMEjBC3gFb8az8W58GJ+L0YpR7tTBEoyvX6zhnRI=</latexit>
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U
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)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit> s

<latexit sha1_base64="oKfky+nVLMChDu1u5X3hdoKv9EY=">AAACD3icbVDNSsNAGNzUv1r/oj16WSxCvZRERXssePFYwbSFNoTNZtsu3WTD7kYIIQ/hE3jVJ/AmXn0EH8D3cNPmYFsHlh1mvo9vGD9mVCrL+jYqG5tb2zvV3dre/sHhkXl80pM8EZg4mDMuBj6ShNGIOIoqRgaxICj0Gen7s7vC7z8RISmPHlUaEzdEk4iOKUZKS55Z73pOc+RzFsg01F8m8wvPbFgtaw64TuySNECJrmf+jAKOk5BECjMk5dC2YuVmSCiKGclro0SSGOEZmpChphEKiXSzefgcnmslgGMu9IsUnKt/NzIUyiKbngyRmspVrxD/84aJGrfdjEZxokiEF4fGCYOKw6IJGFBBsGKpJggLqrNCPEUCYaX7WrriCzQjKte92KstrJPeZcu+aV09XDc67bKhKjgFZ6AJbHALOuAedIEDMEjBC3gFb8az8W58GJ+L0YpR7tTBEoyvX6zhnRI=</latexit> P U
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="oKfky+nVLMChDu1u5X3hdoKv9EY=">AAACD3icbVDNSsNAGNzUv1r/oj16WSxCvZRERXssePFYwbSFNoTNZtsu3WTD7kYIIQ/hE3jVJ/AmXn0EH8D3cNPmYFsHlh1mvo9vGD9mVCrL+jYqG5tb2zvV3dre/sHhkXl80pM8EZg4mDMuBj6ShNGIOIoqRgaxICj0Gen7s7vC7z8RISmPHlUaEzdEk4iOKUZKS55Z73pOc+RzFsg01F8m8wvPbFgtaw64TuySNECJrmf+jAKOk5BECjMk5dC2YuVmSCiKGclro0SSGOEZmpChphEKiXSzefgcnmslgGMu9IsUnKt/NzIUyiKbngyRmspVrxD/84aJGrfdjEZxokiEF4fGCYOKw6IJGFBBsGKpJggLqrNCPEUCYaX7WrriCzQjKte92KstrJPeZcu+aV09XDc67bKhKjgFZ6AJbHALOuAedIEDMEjBC3gFb8az8W58GJ+L0YpR7tTBEoyvX6zhnRI=</latexit> P
U
(s
)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit>s

<latexit sha1_base64="oKfky+nVLMChDu1u5X3hdoKv9EY=">AAACD3icbVDNSsNAGNzUv1r/oj16WSxCvZRERXssePFYwbSFNoTNZtsu3WTD7kYIIQ/hE3jVJ/AmXn0EH8D3cNPmYFsHlh1mvo9vGD9mVCrL+jYqG5tb2zvV3dre/sHhkXl80pM8EZg4mDMuBj6ShNGIOIoqRgaxICj0Gen7s7vC7z8RISmPHlUaEzdEk4iOKUZKS55Z73pOc+RzFsg01F8m8wvPbFgtaw64TuySNECJrmf+jAKOk5BECjMk5dC2YuVmSCiKGclro0SSGOEZmpChphEKiXSzefgcnmslgGMu9IsUnKt/NzIUyiKbngyRmspVrxD/84aJGrfdjEZxokiEF4fGCYOKw6IJGFBBsGKpJggLqrNCPEUCYaX7WrriCzQjKte92KstrJPeZcu+aV09XDc67bKhKjgFZ6AJbHALOuAedIEDMEjBC3gFb8az8W58GJ+L0YpR7tTBEoyvX6zhnRI=</latexit>
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)

<latexit sha1_base64="odZwNkvG8+u0dFvgyKPvSRLxyr4=">AAACCHicbVDLSgMxFM3UV62vqks3wSK4KjMq2mXBjcsK9gHtWDKZtA3NJENyRyhDf8AvcKtf4E7c+hd+gP9hpp2FbT0QcjjnXu7hBLHgBlz32ymsrW9sbhW3Szu7e/sH5cOjllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB2MbzO//cS04Uo+wCRmfkSGkg84JWClx16gRGgmkf1SM+2XK27VnQGvEi8nFZSj0S//9EJFk4hJoIIY0/XcGPyUaOBUsGmplxgWEzomQ9a1VJKIGT+dpZ7iM6uEeKC0fRLwTP27kZLIZNHsZERgZJa9TPzP6yYwqPkpl3ECTNL5oUEiMCicVYBDrhkFMbGEUM1tVkxHRBMKtqiFK4EmYwZZL95yC6ukdVH1rquX91eVei1vqIhO0Ck6Rx66QXV0hxqoiSjS6AW9ojfn2Xl3PpzP+WjByXeO0QKcr19BFZta</latexit> s
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A
<latexit sha1_base64="Cp6ck/SFriIPc12LnMV/l80oVc4=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg23X664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsBopUS</latexit>

0
<latexit sha1_base64="hpGEZpBeTphENkkapl9SADWDZto=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg2vX664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsDOZUT</latexit>

1
<latexit sha1_base64="Cp6ck/SFriIPc12LnMV/l80oVc4=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg23X664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsBopUS</latexit>

0
<latexit sha1_base64="Cp6ck/SFriIPc12LnMV/l80oVc4=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg23X664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsBopUS</latexit>

0
<latexit sha1_base64="Cp6ck/SFriIPc12LnMV/l80oVc4=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg23X664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsBopUS</latexit>

0
<latexit sha1_base64="hpGEZpBeTphENkkapl9SADWDZto=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg2vX664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsDOZUT</latexit>

1
<latexit sha1_base64="Cp6ck/SFriIPc12LnMV/l80oVc4=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg23X664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsBopUS</latexit>

0
<latexit sha1_base64="hpGEZpBeTphENkkapl9SADWDZto=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg2vX664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsDOZUT</latexit>

1
<latexit sha1_base64="Cp6ck/SFriIPc12LnMV/l80oVc4=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg23X664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsBopUS</latexit>

0
<latexit sha1_base64="Cp6ck/SFriIPc12LnMV/l80oVc4=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg23X664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsBopUS</latexit>

0
<latexit sha1_base64="hpGEZpBeTphENkkapl9SADWDZto=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg2vX664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsDOZUT</latexit>

1
<latexit sha1_base64="Cp6ck/SFriIPc12LnMV/l80oVc4=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg23X664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsBopUS</latexit>

0
<latexit sha1_base64="Cp6ck/SFriIPc12LnMV/l80oVc4=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg23X664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsBopUS</latexit>

0
<latexit sha1_base64="Cp6ck/SFriIPc12LnMV/l80oVc4=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg23X664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsBopUS</latexit>

0
<latexit sha1_base64="hpGEZpBeTphENkkapl9SADWDZto=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg2vX664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsDOZUT</latexit>

1

<latexit sha1_base64="hpGEZpBeTphENkkapl9SADWDZto=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg2vX664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsDOZUT</latexit>

1
<latexit sha1_base64="hpGEZpBeTphENkkapl9SADWDZto=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg2vX664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsDOZUT</latexit>

1
<latexit sha1_base64="Cp6ck/SFriIPc12LnMV/l80oVc4=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg23X664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsBopUS</latexit>

0
<latexit sha1_base64="hpGEZpBeTphENkkapl9SADWDZto=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg2vX664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsDOZUT</latexit>

1
<latexit sha1_base64="hpGEZpBeTphENkkapl9SADWDZto=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg2vX664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsDOZUT</latexit>

1
<latexit sha1_base64="hpGEZpBeTphENkkapl9SADWDZto=">AAAB+3icbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAF48JmAckS5id9CZDZmeXmV4hhP0Cr/oF3sSrH+MH+B9Okj2YxIKGoqqb7q4gkcKg6347hY3Nre2d4m5pb//g8Kh8fNIycao5NHksY90JmAEpFDRRoIROooFFgYR2MH6Y+e1n0EbE6gknCfgRGyoRCs7QSg2vX664VXcOuk68nFRIjnq//NMbxDyNQCGXzJiu5yboT5lGwSVkpV5qIGF8zIbQtVSxCIw/nR+a0QurDGgYa1sK6Vz9OzFlkTGTKLCdEcORWfVm4n9eN8Xw3p8KlaQIii8WhamkGNPZ13QgNHCUE0sY18LeSvmIacbRZrO0JdBsDJjZXLzVFNZJ66rq3VavGzeVWi1PqEjOyDm5JB65IzXySOqkSTgB8kJeyZuTOe/Oh/O5aC04+cwpWYLz9QsDOZUT</latexit>

1

data

Learning Protocol

<latexit sha1_base64="TiN3xh0riNe07TyacAZCPuTltYg="></latexit>

F ∼ ;Y
[
ρKH[HA ρTVYL KH[H

A

]
= . . .

data more data



System Hamiltonian

↵ = 2.5

<latexit sha1_base64="pq6VMWizU56EoT8xoeSPkdnJCSQ=">AAACBnicbVDLSsNAFJ3UV62vqks3g0VwFZJSqRuh6MZlBfuAJpSb6aQdOpmEmYlQQvd+gVv9Anfi1t/wA/wPp20WtvXAhcM593IuJ0g4U9pxvq3CxubW9k5xt7S3f3B4VD4+aas4lYS2SMxj2Q1AUc4EbWmmOe0mkkIUcNoJxnczv/NEpWKxeNSThPoRDAULGQFtJM8DnowA3+CqfdUvVxzbmQOvEzcnFZSj2S//eIOYpBEVmnBQquc6ifYzkJoRTqclL1U0ATKGIe0ZKiCiys/mP0/xhVEGOIylGaHxXP17kUGk1CQKzGYEeqRWvZn4n9dLdXjtZ0wkqaaCLILClGMd41kBeMAkJZpPDAEimfkVkxFIINrUtJQSSBhTPTW9uKstrJN21XZrdv2hVmnc5g0V0Rk6R5fIRXXUQPeoiVqIoAS9oFf0Zj1b79aH9blYLVj5zSlagvX1C+ILmMg=</latexit>
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⇠ ↵

NA = 8

<latexit sha1_base64="9Q3rldI/Dg/XTHHDciiyeGwlHpg=">AAAB7nicbVDLSgNBEOyNrxhfUY9ehgTBU9gVIbkIES+eJIJ5QLKE2UknGTI7u8zMCmHJR3jxoIhXv8ebf+Mk2YMmFjQUVd10dwWx4Nq47reT29jc2t7J7xb29g8Oj4rHJy0dJYphk0UiUp2AahRcYtNwI7ATK6RhILAdTG7nfvsJleaRfDTTGP2QjiQfckaNldr3/RtyTWr9YtmtuAuQdeJlpAwZGv3iV28QsSREaZigWnc9NzZ+SpXhTOCs0Es0xpRN6Ai7lkoaovbTxbkzcm6VARlGypY0ZKH+nkhpqPU0DGxnSM1Yr3pz8T+vm5hhzU+5jBODki0XDRNBTETmv5MBV8iMmFpCmeL2VsLGVFFmbEIFG4K3+vI6aV1WvKtK9eGqXC9lceThDEpwAR5UoQ530IAmMJjAM7zCmxM7L86787FszTnZzCn8gfP5A4hRjk0=</latexit>
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5
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15

B

⇠ ↵

NA = 8

<latexit sha1_base64="9Q3rldI/Dg/XTHHDciiyeGwlHpg=">AAAB7nicbVDLSgNBEOyNrxhfUY9ehgTBU9gVIbkIES+eJIJ5QLKE2UknGTI7u8zMCmHJR3jxoIhXv8ebf+Mk2YMmFjQUVd10dwWx4Nq47reT29jc2t7J7xb29g8Oj4rHJy0dJYphk0UiUp2AahRcYtNwI7ATK6RhILAdTG7nfvsJleaRfDTTGP2QjiQfckaNldr3/RtyTWr9YtmtuAuQdeJlpAwZGv3iV28QsSREaZigWnc9NzZ+SpXhTOCs0Es0xpRN6Ai7lkoaovbTxbkzcm6VARlGypY0ZKH+nkhpqPU0DGxnSM1Yr3pz8T+vm5hhzU+5jBODki0XDRNBTETmv5MBV8iMmFpCmeL2VsLGVFFmbEIFG4K3+vI6aV1WvKtK9eGqXC9lceThDEpwAR5UoQ530IAmMJjAM7zCmxM7L86787FszTnZzCn8gfP5A4hRjk0=</latexit>

NU = NM = 150

<latexit sha1_base64="reb838eF09fzHiV5TFgtGwU4FaA=">AAACC3icbVBLSgNBEO2Jvxg/GXXppjEIrsKMROJGCLpxY4jgmEAyDD2dmqRJz4fuHiEMOYIncKsncCduPYQH8B52klmYxAdVPN6roornJ5xJZVnfRmFtfWNzq7hd2tnd2y+bB4ePMk4FBYfGPBYdn0jgLAJHMcWhkwggoc+h7Y9upn77CYRkcfSgxgm4IRlELGCUKC15ZrnpOfgKN7073e0LyzMrVtWaAa8SOycVlKPlmT+9fkzTECJFOZGya1uJcjMiFKMcJqVeKiEhdEQG0NU0IiFIN5s9PsGnWunjIBa6IoVn6t+NjIRSjkNfT4ZEDeWyNxX/87qpCi7djEVJqiCi80NByrGK8TQF3GcCqOJjTQgVTP+K6ZAIQpXOauGKL8gI1ETnYi+nsEoez6t2rVq/r1Ua13lCRXSMTtAZslEdNdAtaiEHUZSiF/SK3oxn4934MD7nowUj3zlCCzC+fgH2Gpkv</latexit>

10�7

<latexit sha1_base64="+rarrTSehhDbnSNu2/zZKnULZD8=">AAACAXicbVDLSsNAFL3xWeur6tJNsAhuLIkU6rLoxmUF+4A2lsl00g6dTMLMjVBCV36BW/0Cd+LWL/ED/A8nbRa29cCFwzn3cu89fiy4Rsf5ttbWNza3tgs7xd29/YPD0tFxS0eJoqxJIxGpjk80E1yyJnIUrBMrRkJfsLY/vs389hNTmkfyAScx80IylDzglKCR2q7zmF7Wpv1S2ak4M9irxM1JGXI0+qWf3iCiScgkUkG07rpOjF5KFHIq2LTYSzSLCR2TIesaKknItJfOzp3a50YZ2EGkTEm0Z+rfiZSEWk9C33SGBEd62cvE/7xugsG1l3IZJ8gknS8KEmFjZGe/2wOuGEUxMYRQxc2tNh0RRSiahBa2+IqMGWa5uMsprJLWVcWtVmr31XL9Jk+oAKdwBhfgQg3qcAcNaAKFMbzAK7xZz9a79WF9zlvXrHzmBBZgff0C8x6XPQ==</latexit>

<latexit sha1_base64="KU4Si+kjwYgr2z5CfVbD7w7jLQA="></latexit>
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X
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<latexit sha1_base64="NtAbHDLfRy9Fe2q1UbkK4NQ18Ho="></latexit>

Ansatz for Entanglement Hamiltonian

We choose a simple deformation of 
the system Hamiltonian
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}] B = 0.75

<latexit sha1_base64="RH4e63zd7cB3M2zai5zh0S/eCYg=">AAACAnicbVDLSgNBEJyNrxhfUY9eBoPgadmVSLwIIV48RjAPSJYwO+kkQ2YfzPQKYcnNL/CqX+BNvPojfoD/4STZg0ksaCiquunu8mMpNDrOt5Xb2Nza3snvFvb2Dw6PiscnTR0likODRzJSbZ9pkCKEBgqU0I4VsMCX0PLHdzO/9QRKiyh8xEkMXsCGoRgIztBI7Rq9pY5due4VS47tzEHXiZuREslQ7xV/uv2IJwGEyCXTuuM6MXopUyi4hGmhm2iIGR+zIXQMDVkA2kvn907phVH6dBApUyHSufp3ImWB1pPAN50Bw5Fe9Wbif14nwcGNl4owThBCvlg0SCTFiM6ep32hgKOcGMK4EuZWykdMMY4moqUtvmJjwKnJxV1NYZ00r2y3bFceyqVqLUsoT87IObkkLqmQKrknddIgnEjyQl7Jm/VsvVsf1ueiNWdlM6dkCdbXLy/VlrU=</latexit>

J̃i,i+1

<latexit sha1_base64="fvDbXU3JBzKCFC/JRcCbiHavRow=">AAAB+3icdVDLSsNAFJ34rPUV69LN0CIISkjS2NRdwY24qmAf0JYymU7boZNJmJmIJeRX3LhQxK0/4s6/cfoQVPTAhcM593LvPUHMqFS2/WGsrK6tb2zmtvLbO7t7++ZBoSmjRGDSwBGLRDtAkjDKSUNRxUg7FgSFASOtYHI581t3REga8Vs1jUkvRCNOhxQjpaW+WegqygYkvc76KT2D9NTJ+mbJtqrl87JfgbblVaqO62vi+lX3woOOZc9RAkvU++Z7dxDhJCRcYYak7Dh2rHopEopiRrJ8N5EkRniCRqSjKUchkb10fnsGj7UygMNI6OIKztXvEykKpZyGge4MkRrL395M/MvrJGpY7aWUx4kiHC8WDRMGVQRnQcABFQQrNtUEYUH1rRCPkUBY6bjyOoSvT+H/pOlajmf5N16pVlzGkQNHoAhOgAN8UANXoA4aAIN78ACewLORGY/Gi/G6aF0xljOH4AeMt0+zW5Qm</latexit>

J̃i,i+2

<latexit sha1_base64="+W0h2SBt+ELDiEBTHMY3uhATkvk=">AAAB+3icdVDLSsNAFJ34rPVV69LN0CIISkjS2sRdwY24qmAf0IYwmUzboZMHMxOxhPyKGxeKuPVH3Pk3Th+Cih64cDjnXu69x08YFdIwPrSV1bX1jc3CVnF7Z3dvv3RQ7og45Zi0ccxi3vORIIxGpC2pZKSXcIJCn5GuP7mc+d07wgWNo1s5TYgbolFEhxQjqSSvVB5IygKSXedeRs8gPbVyr1Q1dKd2XrMb0NDrDce0bEUs27Eu6tDUjTmqYImWV3ofBDFOQxJJzJAQfdNIpJshLilmJC8OUkEShCdoRPqKRigkws3mt+fwWCkBHMZcVSThXP0+kaFQiGnoq84QybH47c3Ev7x+KoeOm9EoSSWJ8GLRMGVQxnAWBAwoJ1iyqSIIc6puhXiMOMJSxVVUIXx9Cv8nHUs367p9U682K8s4CuAIVMAJMIENmuAKtEAbYHAPHsATeNZy7VF70V4XrSvacuYQ/ID29gm04JQn</latexit>

B̃i

<latexit sha1_base64="VTAslYFMJmMAGsOzp3koRbvbPp4=">AAAB9HicdVDLSsNAFL2pr1pfVZduhhbBVUhLsS6LblxWsA9oQ5lMJu3QySTOTAol5DvcuFDErR/jzr9x0laoogcu93DOvcyd48WcKe04n1ZhY3Nre6e4W9rbPzg8Kh+fdFWUSEI7JOKR7HtYUc4E7WimOe3HkuLQ47TnTW9yvzejUrFI3Ot5TN0QjwULGMHaSO5QM+7T9DobpSwblauOXXdyoDVyuSQ1e9GdKqzQHpU/hn5EkpAKTThWalBzYu2mWGpGOM1Kw0TRGJMpHtOBoQKHVLnp4ugMnRvFR0EkTQmNFur6RopDpeahZyZDrCfqt5eLf3mDRAdXbspEnGgqyPKhIOFIRyhPAPlMUqL53BBMJDO3IjLBEhNtciqZEL5/iv4n3bpda9jNu0a1VVnFUYQzqMAF1KAJLbiFNnSAwAM8wjO8WDPryXq13pajBWu1cwo/YL1/AUV+klg=</latexit>

<latexit sha1_base64="WQgq19QZicoqy3U3gule5ghLfTM=">AAACEHicbVDLSsNAFJ34rPUVHzs3g0VwFRIV2y6EoiAuK9gHtKFMJtN26CQTZiZCDfkJv8CtfoE7cesf+AH+h5M2C9t64MLhnHu5h+NFjEpl29/G0vLK6tp6YaO4ubW9s2vu7TcljwUmDcwZF20PScJoSBqKKkbakSAo8BhpeaObzG89EiEpDx/UOCJugAYh7VOMlJZ65mE3QGqIEUtuU3gFbataLVd6Zsm27AngInFyUgI56j3zp+tzHAckVJghKTuOHSk3QUJRzEha7MaSRAiP0IB0NA1RQKSbTNKn8EQrPuxzoSdUcKL+vUhQIOU48PRmllXOe5n4n9eJVb/iJjSMYkVCPH3UjxlUHGZVQJ8KghUba4KwoDorxEMkEFa6sJkvnseZnxZ1L858C4ukeWY5l9b5/UWpdp03VABH4BicAgeUQQ3cgTpoAAyewAt4BW/Gs/FufBif09UlI785ADMwvn4B1hWblw==</latexit>F = 0.9978

ℱ > 98 %
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(polynomial number of samples)

EHT for the Ground state of a long-range Ising chain (Theory)
entanglement spectrum

Bisognano-Wichmann # experimental runs

ramp



EHT for spatially separated regions
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Future: Seeing RG Flow, and ”Quantum Gravity in the Lab"

Quantum Simulator

βℓ

ℓ

ρA = e−H̃A
entanglement 
Hamiltonian

entanglement  geometry ↔

𝖠𝖽𝖲2+1

𝖢𝖥𝖳1+1

Holographic gauge/ gravity duality

A Periwal, M Schleier-Smith et al, Nature (2021); 

N Yao, C Monroe et al., Nature (2019)

B Swingle, PRD (2012); M Nozaki, S Ryu &T Takayanagi, JHEP (2011);  

A. R. Brown et al., arXiv:1911.06314; S. Nezami, et al., arXiv:2102.01064

IR

|Ψ⟩ = ∑
σ1,σ2,…,σn

c(σ1, σ2, …, σn) |σ1, σ2, …, σn⟩

Tensor Network: MERA G Vidal, PRL (2007).
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C. Kokail, R. van Bijnen, A. Elben, B. Vermersch, and P. Zoller, Nat. Phys. 17, 936 (2021).
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Quench dynamics with analog quantum simulator

time

Ut = e−iHt

quench 
dynamics u1

u2

u3

|Ψ⟩
ρA = e−H̃A

|Ψ⟩ =
χ

∑
α=1

e−ξα/2 |ΦA
α⟩ ⊗ |ΦB

α⟩

Schmidt values as function of time
product → entangled state

Q.: Can we measure Entanglement Spectrum in quench dynamics?

… more efficiently than tomography?
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Quench dynamics with analog quantum simulator

time

Ut = e−iHt

quench 
dynamics u1

u2

u3

|Ψ⟩
 thermalization:    (Gibbs)→ ρA ∼ e−βHA

Local operator structure of  H̃A

physical Hamiltonian

with few parameters
?

ρA = e−H̃A

entanglement Hamiltonian

see also Bisognano-Wichmann theorem, Conformal Field Theory
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Figure 4: Domain statistics and reconstructed single shot images of 53 spins. (a) Top and bottom: reconstructed
images based on binary detection of spin state (see Appendix E).The top image shows a chain of 53 ions in bright spin states.
The other three images show 53 ions in combinations of bright and dark spin states. Center: statistics of the sizes of domains,
or blocks with spins pointing along the same direction. Histograms are plotted on a logarithmic scale, to visualize the rare
regions with large domains. Dashed lines are fits to exponential functions, which could be expected for infinite-temperature
thermal state. Long tails of deviations are clearly visible, and varies depending on B̃z/J0. (b) Mean of the largest domain sizes
in each single experimental shot. Error bars are the standard deviation of the mean (see Appendix F). Dashed lines represent
a piecewise linear fit, from which we extract the transition point (see text). The green, yellow, and red data points correspond
to the transverse fields shown in the domain statistics data on the left.

The occurrence of long domains of correlated spins in
the state |"ix (fluorescing spins) signifies the fully po-
larized initial state, where the correlations in the initial
state are largely preserved by the interactions. With an
increasing transverse field, the absence of spin-ordering
is reflected by exponentially small probabilities for ob-
serving long strings. We plot the domain length statis-
tics in Fig. 4a at late times (see Appendix F), for three
example transverse field strengths, B̃z/J0 = (0.1, 1.0,
1.6). The dashed lines in Fig. 4a are fits to exponen-
tials on the histogram of domain sizes. The rare occur-
rence of especially large domains (e.g. the red boxes in
Fig. 4a) shows the existence of many-body high-order
correlations, where the order is given by the length of
the domain. We plot the mean of the largest domain size
in Fig. 4b, as a function of the normalized transverse field
strength. The average longest domain size ranges from
12 to 20, and shows a sharp transition across the critical
point of the DPT. We fit this observable to a piecewise
linear function, and extract the critical point to be B̃z/J0

= 0.89(7). For more details, see Appendix F.
The DPT studied here, with up to 53 trapped ion

qubits, is the largest quantum simulation ever performed
with high-e�ciency single shot individual qubit measure-
ments. This gives access to arbitrary many-body corre-
lators that carry information that is di�cult or impossi-
ble to model classically. This experimental platform can
be extended to tackle provably hard quantum problems
such as Ising sampling [36]. Given an even higher level
of control over the interactions between spins, as already
demonstrated for smaller numbers of trapped ion qubits
[37], this same system can be upgraded to a universal
quantum computer.

APPENDIX A: CONFINEMENT OF LONG ION
CHAINS

The ion chain is confined in a 3-layer linear Paul trap
with ⌫cm = 4.85 MHz transverse center-of-mass motional
frequency [30]. The harmonic axial confinement is kept
low enough so that the lowest energy conformation of the
ions is linear; for 8� 16 ions the axial center-of-mass fre-
quency is ⇠ 400 kHz and for 53 ions it is ⇠ 200 kHz. The
ion spacing is anisotropic across the chain, with typical
spacings of 1.5 µm at the center of the chain and 3.5 µm
at either end [38].

The e↵ective lifetime of an ion chain is limited by
Langevin collisions with the residual background gas in
the UHV apparatus [39], which in general re-orders the
crystal but can also melt the crystal and even ultimately
eject the ions from rf-heating or other mechanisms. This
can be mitigated by quickly re-cooling the chain, and
we expect that occasionally the crystal returns without
notice. Rarely, such collisions with the background gas
are inelastic, either populating the 171Yb+ ion in the
metastable F7/2 state or forming a YbH+ molecule. The
355 nm Raman laser quickly returns the ions back to their
atomic ground state manifold, with a small probability
of creating doubly-charged ions. The mean time between
Langevin collisions is expected to be of order 1 collision
per hour per trapped ion, and we expect that the mean
lifetime for a chain of ions might therefore scale inversely
with the number of ions. For 53 ions we observe an av-
erage lifetime of about 5 minutes. However, we observe
rare events where a long ion chain survives for about 30
minutes. We speculate that either the chain is consis-
tently re-captured instantaneously, or the local pressure

[see also JQI experiments]

Programmable Quantum Simulator with Trapped Ions

Innsbruck, JQI  …

… and single site  
control & readout

Ĥ Ising =
∑

i , j
Ji j σ̂

x
i σ̂

x
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∑
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σ̂z

i
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long range

entangle

entangle

time

Quantum Circuits  
as quench dynamics

T Brydges et al., Science 2019; C Kokail et al., Nature 2019
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C Kokail

λα = e−ξα

Von Neumann SA

C Kokail, R van Bijnen, A Elben, B Vermersch, & P.Z, arXiv: 2009.09000.

Sub-system [1:5] of 10 ions [similar data for 20 ions and subsystem [8:14] ]

Ut = e−iHt

quench 
dynamics u1

u2

u3

|Ψ⟩
ρA

|Ψ⟩ =
χ

∑
α=1

e−ξα/2 |ΦA
α⟩ ⊗ |ΦB

α⟩

We wish to `see’ the Schmidt values 
 in quench dynamics in timeλα = e−ξα

H = ∑
i<j

(Jijσ+
i σ−

j +  h.c.) + B∑
i

σz
i for B ≫ J

theory: quench

theory: EHT

exp: EHT
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t [ms]
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e�
⇠ ↵

1 : 5

<latexit sha1_base64="H/sb0L/JYxcDawpobEWzjs+Jq2Q=">AAAB6nicbVDLSgNBEOyNrxhfUY9ehgTBU9iVSMRTwIvHiOYByRJmJ5NkyOzsMtMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcRSGHTdbye3sbm1vZPfLeztHxweFY9PWiZKNONNFslIdwJquBSKN1Gg5J1YcxoGkreDye3cbz9xbUSkHnEacz+kIyWGglG00oN3c9Uvlt2KuwBZJ15GypCh0S9+9QYRS0KukElqTNdzY/RTqlEwyWeFXmJ4TNmEjnjXUkVDbvx0ceqMnFtlQIaRtqWQLNTfEykNjZmGge0MKY7NqjcX//O6CQ6v/VSoOEGu2HLRMJEEIzL/mwyE5gzl1BLKtLC3EjammjK06RRsCN7qy+ukdVnxqpXafbVcL2Vx5OEMSnABHtSgDnfQgCYwGMEzvMKbI50X5935WLbmnGzmFP7A+fwBZuqNIg==</latexit>

0 2 4 6 8

0

2

4

t [ms]
S
A

(1-p)e�H̃A+p1

<latexit sha1_base64="UrRiDPWk7EOPoxm67s1rlwbFP24="></latexit>

coh. dyn.

<latexit sha1_base64="7BD2aVCv/E/9EcQ4pGS0ZnY+0xo=">AAACA3icbVDLSsNAFL3xWeur6tLNYBFchaQIdVlw47KCfUgbymQyaYdOZsLMRAilS7/ArX6BO3Hrh/gB/ofTNgvbeuDC4Zx7ufeeMOVMG8/7djY2t7Z3dkt75f2Dw6PjyslpW8tMEdoikkvVDbGmnAnaMsxw2k0VxUnIaScc3878zhNVmknxYPKUBgkeChYzgo2VHokcuSjKhTuoVD3XmwOtE78gVSjQHFR++pEkWUKFIRxr3fO91AQTrAwjnE7L/UzTFJMxHtKepQInVAeT+cFTdGmVCMVS2RIGzdW/ExOcaJ0noe1MsBnpVW8m/uf1MhPfBBMm0sxQQRaL4owjI9HsexQxRYnhuSWYKGZvRWSEFSbGZrS0JQwlj6Zlm4u/msI6addc/9qt39eqDVQkVIJzuIAr8KEODbiDJrSAQAIv8ApvzrPz7nw4n4vWDaeYOYMlOF+/cWWXpw==</latexit>

e�H̃A -part

<latexit sha1_base64="vh93WOvJaCasN5SHnVzK7ySKPwc=">AAACGHicbVDLSgNBEJyN7/ha9aiHwSB4SdiVQDwqXnKMYFRI1jA720mGzD6Y6RXDshc/wy/wql/gTbx68wP8DydxD2osaCiquqeny0+k0Og4H1Zpbn5hcWl5pby6tr6xaW9tX+o4VRzaPJaxuvaZBikiaKNACdeJAhb6Eq780dnEv7oFpUUcXeA4AS9kg0j0BWdopJ69BzdZtYtCBpA1895p3kW4w6yaMIV5z644NWcKOkvcglRIgVbP/uwGMU9DiJBLpnXHdRL0MvOW4BLycjfVkDA+YgPoGBqxELSXTa/I6YFRAtqPlakI6VT9OZGxUOtx6JvOkOFQ//Um4n9eJ8X+sZeJKEkRIv69qJ9KijGdREIDoYCjHBvCuBLmr5QPmWIcTXC/tvh+LIO8bHJx/6YwSy6Pam691jivV05okdAy2SX75JC4pEFOSJO0SJtwck8eyRN5th6sF+vVevtuLVnFzA75Bev9Cz34oMo=</latexit>

C Kokail

λα = e−ξα

Von Neumann SA

Sub-system [1:5] of 10 ions
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t = 5ms

<latexit sha1_base64="lkFfZdLu9zmFa1nsEadGx4DtFjY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LC2CBymJVOpFKHjxWMF+QBPKZrtpl+4mYXdSLKH/xIsHRbz6T7z5b9y2OWjrg4HHezPMzAsSwTU4zrdV2Njc2t4p7pb29g8Oj+zjk7aOU0VZi8YiVt2AaCZ4xFrAQbBuohiRgWCdYHw39zsTpjSPo0eYJsyXZBjxkFMCRurbNuBbfO1desCeIJN61rcrTtVZAK8TNycVlKPZt7+8QUxTySKggmjdc50E/Iwo4FSwWclLNUsIHZMh6xkaEcm0ny0un+FzowxwGCtTEeCF+nsiI1LrqQxMpyQw0qveXPzP66UQ3vgZj5IUWESXi8JUYIjxPAY84IpREFNDCFXc3IrpiChCwYRVMiG4qy+vk/ZV1a1V6w+1SqOcx1FEZ6iMLpCL6qiB7lETtRBFE/SMXtGblVkv1rv1sWwtWPnMKfoD6/MHgZiS3A==</latexit>

t = 4ms

<latexit sha1_base64="UP3lXIn3m0iVnM85e8Kf1wErx1Y=">AAAB+XicbVBNSwMxEM36WevXqkcvoUXwIGVXCvUiFLx4rGA/oLuUbJq2oUl2SWaLZek/8eJBEa/+E2/+G9N2D9r6YODx3gwz86JEcAOe9+1sbG5t7+wW9or7B4dHx+7JacvEqaasSWMR605EDBNcsSZwEKyTaEZkJFg7Gt/N/faEacNj9QjThIWSDBUfcErASj3XBXyLq8FVAOwJMmlmPbfsVbwF8Drxc1JGORo99yvoxzSVTAEVxJiu7yUQZkQDp4LNikFqWELomAxZ11JFJDNhtrh8hi+s0seDWNtSgBfq74mMSGOmMrKdksDIrHpz8T+vm8LgJsy4SlJgii4XDVKBIcbzGHCfa0ZBTC0hVHN7K6YjogkFG1bRhuCvvrxOWtcVv1qpPVTL9VIeRwGdoxK6RD6qoTq6Rw3URBRN0DN6RW9O5rw4787HsnXDyWfO0B84nz+ACZLb</latexit>

t = 3ms

<latexit sha1_base64="v/UuIm6LXYAq9BDfqEIje2YeDk8=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LC2CBymJFupFKHjxWMF+QBPKZrtpl+4mYXdSLKH/xIsHRbz6T7z5b9y2OWjrg4HHezPMzAsSwTU4zrdV2Njc2t4p7pb29g8Oj+zjk7aOU0VZi8YiVt2AaCZ4xFrAQbBuohiRgWCdYHw39zsTpjSPo0eYJsyXZBjxkFMCRurbNuBbfO1desCeIJN61rcrTtVZAK8TNycVlKPZt7+8QUxTySKggmjdc50E/Iwo4FSwWclLNUsIHZMh6xkaEcm0ny0un+FzowxwGCtTEeCF+nsiI1LrqQxMpyQw0qveXPzP66UQ3vgZj5IUWESXi8JUYIjxPAY84IpREFNDCFXc3IrpiChCwYRVMiG4qy+vk/ZV1a1V6w+1SqOcx1FEZ6iMLpCL6qiB7lETtRBFE/SMXtGblVkv1rv1sWwtWPnMKfoD6/MHfnqS2g==</latexit>

t = 2ms

<latexit sha1_base64="UyBNvN0Vp6ncG2KEzrikOlM7VzE=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LC2CBylJKdSLUPDisYL9gCaUzXbTLt1Nwu6kWEL/iRcPinj1n3jz37htc9DWBwOP92aYmRckgmtwnG+rsLW9s7tX3C8dHB4dn9inZx0dp4qyNo1FrHoB0UzwiLWBg2C9RDEiA8G6weRu4XenTGkeR48wS5gvySjiIacEjDSwbcC3uOZde8CeIJN6PrArTtVZAm8SNycVlKM1sL+8YUxTySKggmjdd50E/Iwo4FSweclLNUsInZAR6xsaEcm0ny0vn+NLowxxGCtTEeCl+nsiI1LrmQxMpyQw1uveQvzP66cQ3vgZj5IUWERXi8JUYIjxIgY85IpREDNDCFXc3IrpmChCwYRVMiG46y9vkk6t6tarjYd6pVnO4yiiC1RGV8hFDdRE96iF2oiiKXpGr+jNyqwX6936WLUWrHzmHP2B9fkDfOuS2Q==</latexit>

Experiment vs. Theory

Q.: How to extract the ES (and EH) from experimental data?

H = ∑
i<j

(Jijσ+
i σ−

j +  h.c.) + B∑
i

σz
i for B ≫ J
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Technical Slide: Measuring ES and Tomography of EH

Efficient Entanglement Hamiltonian Tomography

A B

38

Ansatz for  as few k-local terms, 
typically as deformation of  + corrections. 

H̃A(g̃)
HA

ρA(g̃) = exp (−H̃A(g̃))
experiment

ρA
<latexit sha1_base64="pHfAWyOFQuAne8EZW6bp+wyNpjU=">AAACRHicfZC9SgNBFIVn/Y3rX6JYKRIUwUKWXYOaVEZsLBWSKCQhzI432TEzs8v8hISQN7Cw1QfyHXwHO7EVR6OQEPRWl3O+ezmcMGFUad9/caamZ2bn5lML7uLS8spqOrNWUbGRBMokZrG8CbECRgWUNdUMbhIJmIcMrsP2+Zd/3QGpaCxKupdAneOWoE1KsLZSpSajuHHWSO/6nl/I+7lCdnIJPP97dosbW3w7fX962cg4+7XbmBgOQhOGlaqCaNm00UEQJLrel5DEUg/cvX8pRaQFvzgLGgUJJm3cgmopqPebsdAgyGDcYTa1KNT7VCTmx27SbtZwho1W7gjaN0QNRoWq0c18d/R0lMZccayjCVH1eDgugqLCJq5x3AZs69YapFv7/pqNuo0IWAe0rVeAAU9D13b7W2D276Vy6AU57+jKlnyMhpNCm2gH7aMAnaAiukCXqIwIukMP6BE9Oc/Oq/PmvA/RKefnZh2NjfPxCXmZtNA=</latexit>

 H = HA + HB + HAB

Find best  
from fit to data

ρA(g̃) Verify from x-
platform fidelity

fidelity 
threshold

classical postprocessing

expand ansatz EH 
… new physics (?)

Protocol: (systematic = success or fail)

few parameters  

& measurements
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Step 1: Ansatz for Entanglement Hamiltonian — The Recipe

39

few parameters

H = ∑
i<j

(Jijσ+
i σ−

j +  h.c.) + B∑
i

σz
i · · ·

<latexit sha1_base64="bG4QDKtFPWz/thvVHEhfAz2bP0A=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idnU3GzM4sM71CWHLyB7zqH3gTr36JP+B3OEn2YBILGoqqbrq7gkRwA6777RTW1jc2t4rbpZ3dvf2D8uFRy6hUU9akSijdCYhhgkvWBA6CdRLNSBwI1g5Gt1O//cS04Uo+wDhhfkwGkkecErBSq0dDBaZfrrhVdwa8SrycVFCORr/80wsVTWMmgQpiTNdzE/AzooFTwSalXmpYQuiIDFjXUkliZvxsdu0En1klxJHStiTgmfp3IiOxMeM4sJ0xgaFZ9qbif143hejaz7hMUmCSzhdFqcCg8PR1HHLNKIixJYRqbm/FdEg0oWADWtgSaDJiMCnZYLzlGFZJ66Lq1aqX97VK/SaPqIhO0Ck6Rx66QnV0hxqoiSh6RC/oFb05z8678+F8zlsLTj5zjBbgfP0C8DSXnw==</latexit>

· · ·

<latexit sha1_base64="bG4QDKtFPWz/thvVHEhfAz2bP0A=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idnU3GzM4sM71CWHLyB7zqH3gTr36JP+B3OEn2YBILGoqqbrq7gkRwA6777RTW1jc2t4rbpZ3dvf2D8uFRy6hUU9akSijdCYhhgkvWBA6CdRLNSBwI1g5Gt1O//cS04Uo+wDhhfkwGkkecErBSq0dDBaZfrrhVdwa8SrycVFCORr/80wsVTWMmgQpiTNdzE/AzooFTwSalXmpYQuiIDFjXUkliZvxsdu0En1klxJHStiTgmfp3IiOxMeM4sJ0xgaFZ9qbif143hejaz7hMUmCSzhdFqcCg8PR1HHLNKIixJYRqbm/FdEg0oWADWtgSaDJiMCnZYLzlGFZJ66Lq1aqX97VK/SaPqIhO0Ck6Rx66QnV0hxqoiSh6RC/oFb05z8678+F8zlsLTj5zjBbgfP0C8DSXnw==</latexit>

A

<latexit sha1_base64="tHHyAiF6eq4GJWX0+NJYprXTzKE=">AAAB+3icdVDLSsNAFJ3UV62vqks3g0VwFZISWrurunHZgn1AG8pketMOnTyYmQgl9Avc6he4E7d+jB/gfzhpI1jRAxcO59zLvfd4MWdSWdaHUdjY3NreKe6W9vYPDo/KxyddGSWCQodGPBJ9j0jgLISOYopDPxZAAo9Dz5vdZn7vAYRkUXiv5jG4AZmEzGeUKC21r0flimXWHMtpONgyrSUyYldrVgPbuVJBOVqj8udwHNEkgFBRTqQc2Fas3JQIxSiHRWmYSIgJnZEJDDQNSQDSTZeHLvCFVsbYj4SuUOGl+nMiJYGU88DTnQFRU/nby8S/vEGi/Cs3ZWGcKAjpapGfcKwinH2Nx0wAVXyuCaGC6VsxnRJBqNLZrG3xBJmBWuhcvp/H/5Nu1bQds952Ks2bPKEiOkPn6BLZqI6a6A61UAdRBOgRPaFnY2G8GK/G26q1YOQzp2gNxvsXYpCVVA==</latexit>

Example:

 as deformation of system Hamiltonian  + correctionsH̃A HA ≡ H |A

Structure of Entanglement Hamiltonian : quasi-local few-body terms?H̃A

deformed system Hamiltonian (base level)

Ansatz:

H̃A(J̃, B̃) = ∑
ij

(J̃ijσ+
i σ−

j +  h.c.) + ∑
i

B̃iσz
i

few variational parameters

+   …

Hamiltonians  of physical systems: as sum of quasi-local few-body termsH

corrections (level 1)

for B ≫ J
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Step 2: Fit to data, e.g. from randomized measurements

40

Experimental data

time

e−iHt

quench dynamics

( 0 , 1 , 0 ) = sA
<latexit sha1_base64="QsfoaeNOqliPKWhYctn/RIliQvQ="></latexit><latexit sha1_base64="QsfoaeNOqliPKWhYctn/RIliQvQ="></latexit><latexit sha1_base64="QsfoaeNOqliPKWhYctn/RIliQvQ="></latexit><latexit sha1_base64="QsfoaeNOqliPKWhYctn/RIliQvQ="></latexit>

(

0
,

1
,

0)
=

s
A

<latexit sha1_base64="ZUAVGUuCRugPLiF02HVJ5Mjd+/I="></latexit><latexit sha1_base64="ZUAVGUuCRugPLiF02HVJ5Mjd+/I="></latexit><latexit sha1_base64="ZUAVGUuCRugPLiF02HVJ5Mjd+/I="></latexit><latexit sha1_base64="ZUAVGUuCRugPLiF02HVJ5Mjd+/I="></latexit>

A
u1

u2

u3

U1

<latexit sha1_base64="NfJF30me0blfOzeMBC4An8DG2LQ=">AAAB/nicbVBNS8NAEN3Ur1q/qh69BIvgqSRS0WPRi8eKpi20oWy2k3bpZhN2J0IJBf+AV/0H3sSrf8U/4O9w2+ZgWx8MPN6bYWZekAiu0XG+rcLa+sbmVnG7tLO7t39QPjxq6jhVDDwWi1i1A6pBcAkechTQThTQKBDQCka3U7/1BErzWD7iOAE/ogPJQ84oGunB67m9csWpOjPYq8TNSYXkaPTKP91+zNIIJDJBte64ToJ+RhVyJmBS6qYaEspGdAAdQyWNQPvZ7NSJfWaUvh3GypREe6b+nchopPU4CkxnRHGol72p+J/XSTG89jMukxRBsvmiMBU2xvb0b7vPFTAUY0MoU9zcarMhVZShSWdhS6DoCHBSMsG4yzGskuZF1a1VL+9rlfpNHlGRnJBTck5cckXq5I40iEcYGZAX8krerGfr3fqwPuetBSufOSYLsL5+Afhgle0=</latexit>

U2

<latexit sha1_base64="Csqwnm0G42dN/QPawJVpLU1XtFg=">AAAB/nicbVBNS8NAEN34WetX1aOXYBE8laRU9Fj04rGiaQttKJvtpF262YTdiVBCwT/gVf+BN/HqX/EP+DvctjnY1gcDj/dmmJkXJIJrdJxva219Y3Nru7BT3N3bPzgsHR03dZwqBh6LRazaAdUguAQPOQpoJwpoFAhoBaPbqd96AqV5LB9xnIAf0YHkIWcUjfTg9aq9UtmpODPYq8TNSZnkaPRKP91+zNIIJDJBte64ToJ+RhVyJmBS7KYaEspGdAAdQyWNQPvZ7NSJfW6Uvh3GypREe6b+nchopPU4CkxnRHGol72p+J/XSTG89jMukxRBsvmiMBU2xvb0b7vPFTAUY0MoU9zcarMhVZShSWdhS6DoCHBSNMG4yzGskma14tYql/e1cv0mj6hATskZuSAuuSJ1ckcaxCOMDMgLeSVv1rP1bn1Yn/PWNSufOSELsL5+Afn4le4=</latexit>

U3

<latexit sha1_base64="ZZu6Ug6T6mQZbQPdYVNol6x3/70=">AAAB/nicbVDLSgNBEOz1GeMr6tHLYBA8hV2N6DHoxWNENwkkS5id9CZDZh/MzAphCfgDXvUPvIlXf8Uf8DucJHswiQUNRVU33V1+IrjStv1trayurW9sFraK2zu7e/ulg8OGilPJ0GWxiGXLpwoFj9DVXAtsJRJp6Ats+sPbid98Qql4HD3qUYJeSPsRDzij2kgPbveiWyrbFXsKskycnJQhR71b+un0YpaGGGkmqFJtx060l1GpORM4LnZShQllQ9rHtqERDVF52fTUMTk1So8EsTQVaTJV/05kNFRqFPqmM6R6oBa9ifif1051cO1lPEpSjRGbLQpSQXRMJn+THpfItBgZQpnk5lbCBlRSpk06c1t8SYeox0UTjLMYwzJpnFecauXyvlqu3eQRFeAYTuAMHLiCGtxBHVxg0IcXeIU369l6tz6sz1nripXPHMEcrK9f+5CV7w==</latexit>

U4

<latexit sha1_base64="DnG6DQ2i95cGcCguwW+W4F8+Yxc=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jukkgWcLsZDYZMvtgplcIS8Af8Kp/4E28+iv+gN/hJNmDSSxoKKq66e7yEyk02va3VVhb39jcKm6Xdnb39g/Kh0dNHaeKcZfFMlZtn2ouRcRdFCh5O1Gchr7kLX90O/VbT1xpEUePOE64F9JBJALBKBrpwe3VeuWKXbVnIKvEyUkFcjR65Z9uP2ZpyCNkkmrdcewEvYwqFEzySambap5QNqID3jE0oiHXXjY7dULOjNInQaxMRUhm6t+JjIZaj0PfdIYUh3rZm4r/eZ0Ug2svE1GSIo/YfFGQSoIxmf5N+kJxhnJsCGVKmFsJG1JFGZp0Frb4io44TkomGGc5hlXSvKg6terlfa1Sv8kjKsIJnMI5OHAFdbiDBrjAYAAv8Apv1rP1bn1Yn/PWgpXPHMMCrK9f/SiV8A==</latexit>

U5

<latexit sha1_base64="MMdED+LOYe62JtzSje1gHAjDjmg=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRi0WPRi8eKpi20oWy2k3bpZhN2N0IJBf+AV/0H3sSrf8U/4O9w2+ZgWx8MPN6bYWZekHCmtON8W4W19Y3NreJ2aWd3b/+gfHjUVHEqKXo05rFsB0QhZwI9zTTHdiKRRAHHVjC6nfqtJ5SKxeJRjxP0IzIQLGSUaCM9eL1ar1xxqs4M9ipxc1KBHI1e+afbj2kaodCUE6U6rpNoPyNSM8pxUuqmChNCR2SAHUMFiVD52ezUiX1mlL4dxtKU0PZM/TuRkUipcRSYzojooVr2puJ/XifV4bWfMZGkGgWdLwpTbuvYnv5t95lEqvnYEEIlM7fadEgkodqks7AlkGSEelIywbjLMayS5kXVvazW7i8r9Zs8oiKcwCmcgwtXUIc7aIAHFAbwAq/wZj1b79aH9TlvLVj5zDEswPr6Bf7AlfE=</latexit>

· ·
·

<latexit sha1_base64="bG4QDKtFPWz/thvVHEhfAz2bP0A=">AAACAXicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI9BLx4jmAckS5idnU3GzM4sM71CWHLyB7zqH3gTr36JP+B3OEn2YBILGoqqbrq7gkRwA6777RTW1jc2t4rbpZ3dvf2D8uFRy6hUU9akSijdCYhhgkvWBA6CdRLNSBwI1g5Gt1O//cS04Uo+wDhhfkwGkkecErBSq0dDBaZfrrhVdwa8SrycVFCORr/80wsVTWMmgQpiTNdzE/AzooFTwSalXmpYQuiIDFjXUkliZvxsdu0En1klxJHStiTgmfp3IiOxMeM4sJ0xgaFZ9qbif143hejaz7hMUmCSzhdFqcCg8PR1HHLNKIixJYRqbm/FdEg0oWADWtgSaDJiMCnZYLzlGFZJ66Lq1aqX97VK/SaPqIhO0Ck6Rx66QnV0hxqoiSh6RC/oFb05z8678+F8zlsLTj5zjBbgfP0C8DSXnw==</latexit>

·10−2

q

P
(q
)

s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>
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)

<latexit sha1_base64="xITsf1Bg3IL7MOrgvLhQeQkeprE=">AAACFHicbVC7TsMwFHXKq5RXgIGBxaJCKkuVoCIYK1gYi0TaSm0UOY7TWnWcyHaQqii/wQ+wwh+wIVZ2foDvwGkz0JYjWT46517de4+fMCqVZX0blbX1jc2t6nZtZ3dv/8A8POrKOBWYODhmsej7SBJGOXEUVYz0E0FQ5DPS8yd3hd97IkLSmD+qaULcCI04DSlGSkueedLxMsez88bQj1kgp5H+MplfeGbdalozwFVil6QOSnQ882cYxDiNCFeYISkHtpUoN0NCUcxIXhumkiQIT9CIDDTlKCLSzWYH5PBcKwEMY6EfV3Cm/u3IUCSL3XRlhNRYLnuF+J83SFV442aUJ6kiHM8HhSmDKoZFGjCggmDFppogLKjeFeIxEggrndnCFF+gCVF5TQdjL8ewSrqXTbvVvHpo1du3ZURVcArOQAPY4Bq0wT3oAAdgkIMX8ArejGfj3fgwPuelFaPsOQYLML5+AWbjntw=</latexit>

·10−2
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P
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)

s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>
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U
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)

<latexit sha1_base64="jcd5RdLzGUIrg+206DrKhfI0gdM=">AAACFHicbVC7TsMwFHV4lvIKMDCwRFRIZamSqgjGChbGIpG2UhtFjuO0Vh07sh2kKspv8AOs8AdsiJWdH+A7cNoMtOVIlo/OuVf33hMklEhl29/G2vrG5tZ2Zae6u7d/cGgeHXclTwXCLuKUi34AJaaEYVcRRXE/ERjGAcW9YHJX+L0nLCTh7FFNE+zFcMRIRBBUWvLN046fuX4zrw8DTkM5jfWXyfzSN2t2w57BWiVOSWqgRMc3f4YhR2mMmUIUSjlw7ER5GRSKIIrz6jCVOIFoAkd4oCmDMZZeNjsgty60EloRF/oxZc3Uvx0ZjGWxm66MoRrLZa8Q//MGqYpuvIywJFWYofmgKKWW4laRhhUSgZGiU00gEkTvaqExFBApndnClEDACVZ5VQfjLMewSrrNhtNqXD20au3bMqIKOAPnoA4ccA3a4B50gAsQyMELeAVvxrPxbnwYn/PSNaPsOQELML5+AWiMnt0=</latexit>

·10−2

q

P
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)

s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>
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)

<latexit sha1_base64="z0TOo8fq+AwSQ2Qj6Hk8x8nKWyc=">AAACFHicbVC7TsMwFHXKq5RXgIGBJaJCKkuVQBGMFSyMRSK0UhtFjuO0Vh07sh2kKspv8AOs8AdsiJWdH+A7cNoMtOVIlo/OuVf33hMklEhl299GZWV1bX2julnb2t7Z3TP3Dx4lTwXCLuKUi14AJaaEYVcRRXEvERjGAcXdYHxb+N0nLCTh7EFNEuzFcMhIRBBUWvLNo46fuf5F3hgEnIZyEusvk/mZb9btpj2FtUycktRBiY5v/gxCjtIYM4UolLLv2InyMigUQRTntUEqcQLRGA5xX1MGYyy9bHpAbp1qJbQiLvRjypqqfzsyGMtiN10ZQzWSi14h/uf1UxVdexlhSaowQ7NBUUotxa0iDSskAiNFJ5pAJIje1UIjKCBSOrO5KYGAY6zymg7GWYxhmTyeN51W8/K+VW/flBFVwTE4AQ3ggCvQBnegA1yAQA5ewCt4M56Nd+PD+JyVVoyy5xDMwfj6BWo1nt4=</latexit>

·10−2

q

P
(q
)

s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>
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)

<latexit sha1_base64="UDw4zbi+1I63NZY3+j6DMqar/U4=">AAACFHicbVC7TsMwFHXKq5RXgIGBJaJCKkuVoCIYK1gYi0TaSm0UOY7TWnXsyHaQqii/wQ+wwh+wIVZ2foDvwGkz0JYjWT46517de0+QUCKVbX8blbX1jc2t6nZtZ3dv/8A8POpKngqEXcQpF/0ASkwJw64iiuJ+IjCMA4p7weSu8HtPWEjC2aOaJtiL4YiRiCCotOSbJx0/c/1W3hgGnIZyGusvk/mFb9btpj2DtUqcktRBiY5v/gxDjtIYM4UolHLg2InyMigUQRTntWEqcQLRBI7wQFMGYyy9bHZAbp1rJbQiLvRjypqpfzsyGMtiN10ZQzWWy14h/ucNUhXdeBlhSaowQ/NBUUotxa0iDSskAiNFp5pAJIje1UJjKCBSOrOFKYGAE6zymg7GWY5hlXQvm06refXQqrdvy4iq4BScgQZwwDVog3vQAS5AIAcv4BW8Gc/Gu/FhfM5LK0bZcwwWYHz9Amvent8=</latexit>
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s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>

P
U

5
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)

<latexit sha1_base64="3K2t08aCdQpR2kIshtzBA29zEIg=">AAACFHicbVC7TsMwFHV4lvIKMDCwRFRIZakS1ArGChbGIpG2UhtFjuO0Vh07sh2kKspv8AOs8AdsiJWdH+A7cNoMtOVIlo/OuVf33hMklEhl29/G2vrG5tZ2Zae6u7d/cGgeHXclTwXCLuKUi34AJaaEYVcRRXE/ERjGAcW9YHJX+L0nLCTh7FFNE+zFcMRIRBBUWvLN046fuX4rrw8DTkM5jfWXyfzSN2t2w57BWiVOSWqgRMc3f4YhR2mMmUIUSjlw7ER5GRSKIIrz6jCVOIFoAkd4oCmDMZZeNjsgty60EloRF/oxZc3Uvx0ZjGWxm66MoRrLZa8Q//MGqYpuvIywJFWYofmgKKWW4laRhhUSgZGiU00gEkTvaqExFBApndnClEDACVZ5VQfjLMewSrpXDafZaD00a+3bMqIKOAPnoA4ccA3a4B50gAsQyMELeAVvxrPxbnwYn/PSNaPsOQELML5+AW2HnuA=</latexit>

Protocol: 

χ2(g̃) = ∑
U,s [Tr (U |s⟩⟨s |U†

exp (−H̃A(g̃))
Z(g̃) ) − PU(s)]

2

• Ansatz for , which is physically motivated H̃A(g̃)
• Best fit to experimental observations: g̃

PU(s)
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Step 3: Testing, and Improving Ansatz via Fidelity Estimation

41

Fmax(⇢1, ⇢2) =
Tr[⇢1⇢2]

max{Tr[⇢21],Tr[⇢22]}

<latexit sha1_base64="Hug3qH0PEyv/d9qh5A4P6Xfc4E4="></latexit>
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P
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s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>
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)

<latexit sha1_base64="xITsf1Bg3IL7MOrgvLhQeQkeprE=">AAACFHicbVC7TsMwFHXKq5RXgIGBxaJCKkuVoCIYK1gYi0TaSm0UOY7TWnWcyHaQqii/wQ+wwh+wIVZ2foDvwGkz0JYjWT46517de4+fMCqVZX0blbX1jc2t6nZtZ3dv/8A8POrKOBWYODhmsej7SBJGOXEUVYz0E0FQ5DPS8yd3hd97IkLSmD+qaULcCI04DSlGSkueedLxMsez88bQj1kgp5H+MplfeGbdalozwFVil6QOSnQ882cYxDiNCFeYISkHtpUoN0NCUcxIXhumkiQIT9CIDDTlKCLSzWYH5PBcKwEMY6EfV3Cm/u3IUCSL3XRlhNRYLnuF+J83SFV442aUJ6kiHM8HhSmDKoZFGjCggmDFppogLKjeFeIxEggrndnCFF+gCVF5TQdjL8ewSrqXTbvVvHpo1du3ZURVcArOQAPY4Bq0wT3oAAdgkIMX8ArejGfj3fgwPuelFaPsOQYLML5+AWbjntw=</latexit>
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q

P
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) s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>

P
U
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s)

<latexit sha1_base64="jcd5RdLzGUIrg+206DrKhfI0gdM=">AAACFHicbVC7TsMwFHV4lvIKMDCwRFRIZamSqgjGChbGIpG2UhtFjuO0Vh07sh2kKspv8AOs8AdsiJWdH+A7cNoMtOVIlo/OuVf33hMklEhl29/G2vrG5tZ2Zae6u7d/cGgeHXclTwXCLuKUi34AJaaEYVcRRXE/ERjGAcW9YHJX+L0nLCTh7FFNE+zFcMRIRBBUWvLN046fuX4zrw8DTkM5jfWXyfzSN2t2w57BWiVOSWqgRMc3f4YhR2mMmUIUSjlw7ER5GRSKIIrz6jCVOIFoAkd4oCmDMZZeNjsgty60EloRF/oxZc3Uvx0ZjGWxm66MoRrLZa8Q//MGqYpuvIywJFWYofmgKKWW4laRhhUSgZGiU00gEkTvaqExFBApndnClEDACVZ5VQfjLMewSrrNhtNqXD20au3bMqIKOAPnoA4ccA3a4B50gAsQyMELeAVvxrPxbnwYn/PSNaPsOQELML5+AWiMnt0=</latexit>

·10−2
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P
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s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>
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)

<latexit sha1_base64="UDw4zbi+1I63NZY3+j6DMqar/U4=">AAACFHicbVC7TsMwFHXKq5RXgIGBJaJCKkuVoCIYK1gYi0TaSm0UOY7TWnXsyHaQqii/wQ+wwh+wIVZ2foDvwGkz0JYjWT46517de0+QUCKVbX8blbX1jc2t6nZtZ3dv/8A8POpKngqEXcQpF/0ASkwJw64iiuJ+IjCMA4p7weSu8HtPWEjC2aOaJtiL4YiRiCCotOSbJx0/c/1W3hgGnIZyGusvk/mFb9btpj2DtUqcktRBiY5v/gxDjtIYM4UolHLg2InyMigUQRTntWEqcQLRBI7wQFMGYyy9bHZAbp1rJbQiLvRjypqpfzsyGMtiN10ZQzWWy14h/ucNUhXdeBlhSaowQ/NBUUotxa0iDSskAiNFp5pAJIje1UJjKCBSOrOFKYGAE6zymg7GWY5hlXQvm06refXQqrdvy4iq4BScgQZwwDVog3vQAS5AIAcv4BW8Gc/Gu/FhfM5LK0bZcwwWYHz9Amvent8=</latexit>
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s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>

P U
5
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)

<latexit sha1_base64="3K2t08aCdQpR2kIshtzBA29zEIg=">AAACFHicbVC7TsMwFHV4lvIKMDCwRFRIZakS1ArGChbGIpG2UhtFjuO0Vh07sh2kKspv8AOs8AdsiJWdH+A7cNoMtOVIlo/OuVf33hMklEhl29/G2vrG5tZ2Zae6u7d/cGgeHXclTwXCLuKUi34AJaaEYVcRRXE/ERjGAcW9YHJX+L0nLCTh7FFNE+zFcMRIRBBUWvLN046fuX4rrw8DTkM5jfWXyfzSN2t2w57BWiVOSWqgRMc3f4YhR2mMmUIUSjlw7ER5GRSKIIrz6jCVOIFoAkd4oCmDMZZeNjsgty60EloRF/oxZc3Uvx0ZjGWxm66MoRrLZa8Q//MGqYpuvIywJFWYofmgKKWW4laRhhUSgZGiU00gEkTvaqExFBApndnClEDACVZ5VQfjLMewSrpXDafZaD00a+3bMqIKOAPnoA4ccA3a4B50gAsQyMELeAVvxrPxbnwYn/PSNaPsOQELML5+AW2HnuA=</latexit>
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s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>

PU
3
(s
)

<latexit sha1_base64="z0TOo8fq+AwSQ2Qj6Hk8x8nKWyc=">AAACFHicbVC7TsMwFHXKq5RXgIGBJaJCKkuVQBGMFSyMRSK0UhtFjuO0Vh07sh2kKspv8AOs8AdsiJWdH+A7cNoMtOVIlo/OuVf33hMklEhl299GZWV1bX2julnb2t7Z3TP3Dx4lTwXCLuKUi14AJaaEYVcRRXEvERjGAcXdYHxb+N0nLCTh7EFNEuzFcMhIRBBUWvLNo46fuf5F3hgEnIZyEusvk/mZb9btpj2FtUycktRBiY5v/gxCjtIYM4UolLLv2InyMigUQRTntUEqcQLRGA5xX1MGYyy9bHpAbp1qJbQiLvRjypqqfzsyGMtiN10ZQzWSi14h/uf1UxVdexlhSaowQ7NBUUotxa0iDSskAiNFJ5pAJIje1UIjKCBSOrO5KYGAY6zymg7GWYxhmTyeN51W8/K+VW/flBFVwTE4AQ3ggCvQBnegA1yAQA5ewCt4M56Nd+PD+JyVVoyy5xDMwfj6BWo1nt4=</latexit>

Given Data 
Set

e�H̃A

<latexit sha1_base64="kxEKkgJeoAD4k7FQ52lw5dY+G7s=">AAAB+XicbVDJSgNBEO1xjXEb9eilMQheHHpCtmPUS44RzAJJDD2dmqRJz0J3TyAM+RMvHhTx6p9482/sLAeNPih4vFdFVT0vFlxpQr6sjc2t7Z3dzF52/+Dw6Ng+OW2qKJEMGiwSkWx7VIHgITQ01wLasQQaeAJa3vhu7rcmIBWPwgc9jaEX0GHIfc6oNlLftuExve5qLgaQ1mb9m1nfzhGnTCqkSDBx8pVSsVQwhCyA3RXJoRXqffuzO4hYEkComaBKdVwS615KpeZMwCzbTRTElI3pEDqGhjQA1UsXl8/wpVEG2I+kqVDjhfpzIqWBUtPAM50B1SO17s3F/7xOov1KL+VhnGgI2XKRnwisIzyPAQ+4BKbF1BDKJDe3YjaikjJtwsqaENz1l/+SZt5xC075vpCr3q7iyKBzdIGukIvKqIpqqI4aiKEJekIv6NVKrWfrzXpftm5Yq5kz9AvWxze4wZO+</latexit>

⇢A

<latexit sha1_base64="2N2F7pZ/YVo+XuUIiVbTP7ltmE8=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKoR6rXjxWsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHNzP/4Ylpw5W8t5OEBTEZSh5xSqyT2j09Uv2rfrniVb058Crxc1KBHM1++as3UDSNmbRUEGO6vpfYICPacirYtNRLDUsIHZMh6zoqScxMkM2vneIzpwxwpLQrafFc/T2RkdiYSRy6zpjYkVn2ZuJ/Xje10WWQcZmklkm6WBSlAluFZ6/jAdeMWjFxhFDN3a2Yjogm1LqASi4Ef/nlVdK+qPq1av2uVmlc53EU4QRO4Rx8qEMDbqEJLaDwCM/wCm9IoRf0jj4WrQWUzxzDH6DPH2L2jwU=</latexit>

Fmax(e
�H̃A , ⇢A)

<latexit sha1_base64="ro19doPe7BMSS7dnbl26Ze1iL5E="></latexit>

A.Elben et.al. 
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<latexit sha1_base64="q09MvLqkE4tWhdQYxIKy3t0y5Wk=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgqmRqy7QLoeJGcFPBPqAdhkyaaUMzD5KMUsZ+ihsXirj1S9z5N2baCip6IHA4517uyfFizqRC6MPIrayurW/kNwtb2zu7e2ZxvyOjRBDaJhGPRM/DknIW0rZiitNeLCgOPE673uQi87u3VEgWhTdqGlMnwKOQ+YxgpSXXLA4CrMYE8/Rq5p7DM4hcs4TKVrWBUA1qUjlt2FVNapW6Xa9Bq4zmKIElWq75PhhGJAloqAjHUvYtFCsnxUIxwumsMEgkjTGZ4BHtaxrigEonnUefwWOtDKEfCf1CBefq940UB1JOA09PZkHlby8T//L6ifLrTsrCOFE0JItDfsKhimDWAxwyQYniU00wEUxnhWSMBSZKt1XQJXz9FP5POhVdVNm+rpaacFlHHhyCI3ACLGCDJrgELdAGBNyBB/AEno1749F4MV4XozljuXMAfsB4+wRZIJNT</latexit>

H̃A =

X

i,j<i

J̃ij

�
�
+
i �

�
j +H.c.

�
+

X

i

B̃i�
z
i

<latexit sha1_base64="AF92DWZWoIqX+jvbcR+evT7DjfE="></latexit>
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Fmax(⇢1, ⇢2) =
Tr[⇢1⇢2]

max{Tr[⇢21],Tr[⇢22]}

<latexit sha1_base64="Hug3qH0PEyv/d9qh5A4P6Xfc4E4="></latexit>

A.Elben et.al. 
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a
a
a

KA = 0

<latexit sha1_base64="q09MvLqkE4tWhdQYxIKy3t0y5Wk=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgqmRqy7QLoeJGcFPBPqAdhkyaaUMzD5KMUsZ+ihsXirj1S9z5N2baCip6IHA4517uyfFizqRC6MPIrayurW/kNwtb2zu7e2ZxvyOjRBDaJhGPRM/DknIW0rZiitNeLCgOPE673uQi87u3VEgWhTdqGlMnwKOQ+YxgpSXXLA4CrMYE8/Rq5p7DM4hcs4TKVrWBUA1qUjlt2FVNapW6Xa9Bq4zmKIElWq75PhhGJAloqAjHUvYtFCsnxUIxwumsMEgkjTGZ4BHtaxrigEonnUefwWOtDKEfCf1CBefq940UB1JOA09PZkHlby8T//L6ifLrTsrCOFE0JItDfsKhimDWAxwyQYniU00wEUxnhWSMBSZKt1XQJXz9FP5POhVdVNm+rpaacFlHHhyCI3ACLGCDJrgELdAGBNyBB/AEno1749F4MV4XozljuXMAfsB4+wRZIJNT</latexit>

K(1)
A ,K(2)

A

<latexit sha1_base64="xhulEX6jYUPG4LcJi7IuNwjcidM="></latexit>

·10−2

q

P
(q
)

s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>

P
U

1
(s
)

<latexit sha1_base64="xITsf1Bg3IL7MOrgvLhQeQkeprE=">AAACFHicbVC7TsMwFHXKq5RXgIGBxaJCKkuVoCIYK1gYi0TaSm0UOY7TWnWcyHaQqii/wQ+wwh+wIVZ2foDvwGkz0JYjWT46517de4+fMCqVZX0blbX1jc2t6nZtZ3dv/8A8POrKOBWYODhmsej7SBJGOXEUVYz0E0FQ5DPS8yd3hd97IkLSmD+qaULcCI04DSlGSkueedLxMsez88bQj1kgp5H+MplfeGbdalozwFVil6QOSnQ882cYxDiNCFeYISkHtpUoN0NCUcxIXhumkiQIT9CIDDTlKCLSzWYH5PBcKwEMY6EfV3Cm/u3IUCSL3XRlhNRYLnuF+J83SFV442aUJ6kiHM8HhSmDKoZFGjCggmDFppogLKjeFeIxEggrndnCFF+gCVF5TQdjL8ewSrqXTbvVvHpo1du3ZURVcArOQAPY4Bq0wT3oAAdgkIMX8ArejGfj3fgwPuelFaPsOQYLML5+AWbjntw=</latexit>

·10
−2

q

P
(q
) s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>

P
U

2(
s)

<latexit sha1_base64="jcd5RdLzGUIrg+206DrKhfI0gdM=">AAACFHicbVC7TsMwFHV4lvIKMDCwRFRIZamSqgjGChbGIpG2UhtFjuO0Vh07sh2kKspv8AOs8AdsiJWdH+A7cNoMtOVIlo/OuVf33hMklEhl29/G2vrG5tZ2Zae6u7d/cGgeHXclTwXCLuKUi34AJaaEYVcRRXE/ERjGAcW9YHJX+L0nLCTh7FFNE+zFcMRIRBBUWvLN046fuX4zrw8DTkM5jfWXyfzSN2t2w57BWiVOSWqgRMc3f4YhR2mMmUIUSjlw7ER5GRSKIIrz6jCVOIFoAkd4oCmDMZZeNjsgty60EloRF/oxZc3Uvx0ZjGWxm66MoRrLZa8Q//MGqYpuvIywJFWYofmgKKWW4laRhhUSgZGiU00gEkTvaqExFBApndnClEDACVZ5VQfjLMewSrrNhtNqXD20au3bMqIKOAPnoA4ccA3a4B50gAsQyMELeAVvxrPxbnwYn/PSNaPsOQELML5+AWiMnt0=</latexit>

·10−2

q

P
(q
)

s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>

P
U

4
(s
)

<latexit sha1_base64="UDw4zbi+1I63NZY3+j6DMqar/U4=">AAACFHicbVC7TsMwFHXKq5RXgIGBJaJCKkuVoCIYK1gYi0TaSm0UOY7TWnXsyHaQqii/wQ+wwh+wIVZ2foDvwGkz0JYjWT46517de0+QUCKVbX8blbX1jc2t6nZtZ3dv/8A8POpKngqEXcQpF/0ASkwJw64iiuJ+IjCMA4p7weSu8HtPWEjC2aOaJtiL4YiRiCCotOSbJx0/c/1W3hgGnIZyGusvk/mFb9btpj2DtUqcktRBiY5v/gxDjtIYM4UolHLg2InyMigUQRTntWEqcQLRBI7wQFMGYyy9bHZAbp1rJbQiLvRjypqpfzsyGMtiN10ZQzWWy14h/ucNUhXdeBlhSaowQ/NBUUotxa0iDSskAiNFp5pAJIje1UJjKCBSOrOFKYGAE6zymg7GWY5hlXQvm06refXQqrdvy4iq4BScgQZwwDVog3vQAS5AIAcv4BW8Gc/Gu/FhfM5LK0bZcwwWYHz9Amvent8=</latexit>

·10−2

q

P
(q
)

s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>

P U
5
(s
)

<latexit sha1_base64="3K2t08aCdQpR2kIshtzBA29zEIg=">AAACFHicbVC7TsMwFHV4lvIKMDCwRFRIZakS1ArGChbGIpG2UhtFjuO0Vh07sh2kKspv8AOs8AdsiJWdH+A7cNoMtOVIlo/OuVf33hMklEhl29/G2vrG5tZ2Zae6u7d/cGgeHXclTwXCLuKUi34AJaaEYVcRRXE/ERjGAcW9YHJX+L0nLCTh7FFNE+zFcMRIRBBUWvLN046fuX4rrw8DTkM5jfWXyfzSN2t2w57BWiVOSWqgRMc3f4YhR2mMmUIUSjlw7ER5GRSKIIrz6jCVOIFoAkd4oCmDMZZeNjsgty60EloRF/oxZc3Uvx0ZjGWxm66MoRrLZa8Q//MGqYpuvIywJFWYofmgKKWW4laRhhUSgZGiU00gEkTvaqExFBApndnClEDACVZ5VQfjLMewSrpXDafZaD00a+3bMqIKOAPnoA4ccA3a4B50gAsQyMELeAVvxrPxbnwYn/PSNaPsOQELML5+AW2HnuA=</latexit>

·10 −
2

q

P
(q
)

s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>

PU
3
(s
)

<latexit sha1_base64="z0TOo8fq+AwSQ2Qj6Hk8x8nKWyc=">AAACFHicbVC7TsMwFHXKq5RXgIGBJaJCKkuVQBGMFSyMRSK0UhtFjuO0Vh07sh2kKspv8AOs8AdsiJWdH+A7cNoMtOVIlo/OuVf33hMklEhl299GZWV1bX2julnb2t7Z3TP3Dx4lTwXCLuKUi14AJaaEYVcRRXEvERjGAcXdYHxb+N0nLCTh7EFNEuzFcMhIRBBUWvLNo46fuf5F3hgEnIZyEusvk/mZb9btpj2FtUycktRBiY5v/gxCjtIYM4UolLLv2InyMigUQRTntUEqcQLRGA5xX1MGYyy9bHpAbp1qJbQiLvRjypqqfzsyGMtiN10ZQzWSi14h/uf1UxVdexlhSaowQ7NBUUotxa0iDSskAiNFJ5pAJIje1UIjKCBSOrO5KYGAY6zymg7GWYxhmTyeN51W8/K+VW/flBFVwTE4AQ3ggCvQBnegA1yAQA5ewCt4M56Nd+PD+JyVVoyy5xDMwfj6BWo1nt4=</latexit>

e�H̃A

<latexit sha1_base64="kxEKkgJeoAD4k7FQ52lw5dY+G7s=">AAAB+XicbVDJSgNBEO1xjXEb9eilMQheHHpCtmPUS44RzAJJDD2dmqRJz0J3TyAM+RMvHhTx6p9482/sLAeNPih4vFdFVT0vFlxpQr6sjc2t7Z3dzF52/+Dw6Ng+OW2qKJEMGiwSkWx7VIHgITQ01wLasQQaeAJa3vhu7rcmIBWPwgc9jaEX0GHIfc6oNlLftuExve5qLgaQ1mb9m1nfzhGnTCqkSDBx8pVSsVQwhCyA3RXJoRXqffuzO4hYEkComaBKdVwS615KpeZMwCzbTRTElI3pEDqGhjQA1UsXl8/wpVEG2I+kqVDjhfpzIqWBUtPAM50B1SO17s3F/7xOov1KL+VhnGgI2XKRnwisIzyPAQ+4BKbF1BDKJDe3YjaikjJtwsqaENz1l/+SZt5xC075vpCr3q7iyKBzdIGukIvKqIpqqI4aiKEJekIv6NVKrWfrzXpftm5Yq5kz9AvWxze4wZO+</latexit>

⇢A

<latexit sha1_base64="2N2F7pZ/YVo+XuUIiVbTP7ltmE8=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKoR6rXjxWsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHNzP/4Ylpw5W8t5OEBTEZSh5xSqyT2j09Uv2rfrniVb058Crxc1KBHM1++as3UDSNmbRUEGO6vpfYICPacirYtNRLDUsIHZMh6zoqScxMkM2vneIzpwxwpLQrafFc/T2RkdiYSRy6zpjYkVn2ZuJ/Xje10WWQcZmklkm6WBSlAluFZ6/jAdeMWjFxhFDN3a2Yjogm1LqASi4Ef/nlVdK+qPq1av2uVmlc53EU4QRO4Rx8qEMDbqEJLaDwCM/wCm9IoRf0jj4WrQWUzxzDH6DPH2L2jwU=</latexit>

Fmax(e
�H̃A , ⇢A)

<latexit sha1_base64="ro19doPe7BMSS7dnbl26Ze1iL5E="></latexit>
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<latexit sha1_base64="IQ9SwBP0t/knu2UhrBSBAc6org4="></latexit>
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<latexit sha1_base64="GAXp0hVxCJwu2Rlsc3JJmWcWG0Y="></latexit>
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Fmax(⇢1, ⇢2) =
Tr[⇢1⇢2]

max{Tr[⇢21],Tr[⇢22]}

<latexit sha1_base64="Hug3qH0PEyv/d9qh5A4P6Xfc4E4="></latexit>

A.Elben et.al. 

Phys. Rev. Lett. 124, 010504see cross-platform verification of NISQ
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<latexit sha1_base64="q09MvLqkE4tWhdQYxIKy3t0y5Wk=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgqmRqy7QLoeJGcFPBPqAdhkyaaUMzD5KMUsZ+ihsXirj1S9z5N2baCip6IHA4517uyfFizqRC6MPIrayurW/kNwtb2zu7e2ZxvyOjRBDaJhGPRM/DknIW0rZiitNeLCgOPE673uQi87u3VEgWhTdqGlMnwKOQ+YxgpSXXLA4CrMYE8/Rq5p7DM4hcs4TKVrWBUA1qUjlt2FVNapW6Xa9Bq4zmKIElWq75PhhGJAloqAjHUvYtFCsnxUIxwumsMEgkjTGZ4BHtaxrigEonnUefwWOtDKEfCf1CBefq940UB1JOA09PZkHlby8T//L6ifLrTsrCOFE0JItDfsKhimDWAxwyQYniU00wEUxnhWSMBSZKt1XQJXz9FP5POhVdVNm+rpaacFlHHhyCI3ACLGCDJrgELdAGBNyBB/AEno1749F4MV4XozljuXMAfsB4+wRZIJNT</latexit>

K(1)
A ,K(2)

A

<latexit sha1_base64="xhulEX6jYUPG4LcJi7IuNwjcidM="></latexit>

K(1)
A ,K(2)

A ,K(3)
A ,K(4)

A

<latexit sha1_base64="eicMBST5aWoDac3siqlvXFtHAVo="></latexit>

K(3)
A =

X

k<l2A

J̃ZZ
kl �z

k�
z
l +

X

k<l<m2A

J̃ZZZ
klm �z

k�
z
l �

z
m

<latexit sha1_base64="zSCuyhxN17ARAR7b06wvDixZZvs="></latexit>

K(4)
A =

X

k<l

X

m 6=k,l

J̃XXZ
klm (�x

k�
x
l �

z
m + �y

k�
y
l �

z
m)

<latexit sha1_base64="K5/vr58glGvJhkJs4n7AXXC2VxM="></latexit>

·10−2

q

P
(q
)

s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>

P
U

1
(s
)

<latexit sha1_base64="xITsf1Bg3IL7MOrgvLhQeQkeprE=">AAACFHicbVC7TsMwFHXKq5RXgIGBxaJCKkuVoCIYK1gYi0TaSm0UOY7TWnWcyHaQqii/wQ+wwh+wIVZ2foDvwGkz0JYjWT46517de4+fMCqVZX0blbX1jc2t6nZtZ3dv/8A8POrKOBWYODhmsej7SBJGOXEUVYz0E0FQ5DPS8yd3hd97IkLSmD+qaULcCI04DSlGSkueedLxMsez88bQj1kgp5H+MplfeGbdalozwFVil6QOSnQ882cYxDiNCFeYISkHtpUoN0NCUcxIXhumkiQIT9CIDDTlKCLSzWYH5PBcKwEMY6EfV3Cm/u3IUCSL3XRlhNRYLnuF+J83SFV442aUJ6kiHM8HhSmDKoZFGjCggmDFppogLKjeFeIxEggrndnCFF+gCVF5TQdjL8ewSrqXTbvVvHpo1du3ZURVcArOQAPY4Bq0wT3oAAdgkIMX8ArejGfj3fgwPuelFaPsOQYLML5+AWbjntw=</latexit>

·10
−2

q

P
(q
) s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>

P
U

2(
s)

<latexit sha1_base64="jcd5RdLzGUIrg+206DrKhfI0gdM=">AAACFHicbVC7TsMwFHV4lvIKMDCwRFRIZamSqgjGChbGIpG2UhtFjuO0Vh07sh2kKspv8AOs8AdsiJWdH+A7cNoMtOVIlo/OuVf33hMklEhl29/G2vrG5tZ2Zae6u7d/cGgeHXclTwXCLuKUi34AJaaEYVcRRXE/ERjGAcW9YHJX+L0nLCTh7FFNE+zFcMRIRBBUWvLN046fuX4zrw8DTkM5jfWXyfzSN2t2w57BWiVOSWqgRMc3f4YhR2mMmUIUSjlw7ER5GRSKIIrz6jCVOIFoAkd4oCmDMZZeNjsgty60EloRF/oxZc3Uvx0ZjGWxm66MoRrLZa8Q//MGqYpuvIywJFWYofmgKKWW4laRhhUSgZGiU00gEkTvaqExFBApndnClEDACVZ5VQfjLMewSrrNhtNqXD20au3bMqIKOAPnoA4ccA3a4B50gAsQyMELeAVvxrPxbnwYn/PSNaPsOQELML5+AWiMnt0=</latexit>

·10−2

q

P
(q
)

s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>

P
U

4
(s
)

<latexit sha1_base64="UDw4zbi+1I63NZY3+j6DMqar/U4=">AAACFHicbVC7TsMwFHXKq5RXgIGBJaJCKkuVoCIYK1gYi0TaSm0UOY7TWnXsyHaQqii/wQ+wwh+wIVZ2foDvwGkz0JYjWT46517de0+QUCKVbX8blbX1jc2t6nZtZ3dv/8A8POpKngqEXcQpF/0ASkwJw64iiuJ+IjCMA4p7weSu8HtPWEjC2aOaJtiL4YiRiCCotOSbJx0/c/1W3hgGnIZyGusvk/mFb9btpj2DtUqcktRBiY5v/gxDjtIYM4UolHLg2InyMigUQRTntWEqcQLRBI7wQFMGYyy9bHZAbp1rJbQiLvRjypqpfzsyGMtiN10ZQzWWy14h/ucNUhXdeBlhSaowQ/NBUUotxa0iDSskAiNFp5pAJIje1UJjKCBSOrOFKYGAE6zymg7GWY5hlXQvm06refXQqrdvy4iq4BScgQZwwDVog3vQAS5AIAcv4BW8Gc/Gu/FhfM5LK0bZcwwWYHz9Amvent8=</latexit>

·10−2

q

P
(q
)

s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>

P U
5
(s
)

<latexit sha1_base64="3K2t08aCdQpR2kIshtzBA29zEIg=">AAACFHicbVC7TsMwFHV4lvIKMDCwRFRIZakS1ArGChbGIpG2UhtFjuO0Vh07sh2kKspv8AOs8AdsiJWdH+A7cNoMtOVIlo/OuVf33hMklEhl29/G2vrG5tZ2Zae6u7d/cGgeHXclTwXCLuKUi34AJaaEYVcRRXE/ERjGAcW9YHJX+L0nLCTh7FFNE+zFcMRIRBBUWvLN046fuX4rrw8DTkM5jfWXyfzSN2t2w57BWiVOSWqgRMc3f4YhR2mMmUIUSjlw7ER5GRSKIIrz6jCVOIFoAkd4oCmDMZZeNjsgty60EloRF/oxZc3Uvx0ZjGWxm66MoRrLZa8Q//MGqYpuvIywJFWYofmgKKWW4laRhhUSgZGiU00gEkTvaqExFBApndnClEDACVZ5VQfjLMewSrpXDafZaD00a+3bMqIKOAPnoA4ccA3a4B50gAsQyMELeAVvxrPxbnwYn/PSNaPsOQELML5+AW2HnuA=</latexit>

·10 −
2

q

P
(q
)

s

<latexit sha1_base64="zQiMoM/CB+/9X9CxHLINlou1JWA=">AAACCXicbVDLSsNAFJ3UV62vqks3g0VwVRKp6LLoxmUF+4A2lslk0g6dTMLMjVBCvsAfcKt/4E7c+hX+gN/hpM3Cth4Y5nDOvdzD8WLBNdj2t1VaW9/Y3CpvV3Z29/YPqodHHR0lirI2jUSkeh7RTHDJ2sBBsF6sGAk9wbre5Db3u09MaR7JB5jGzA3JSPKAUwJGehx4kfD1NDRfqrNhtWbX7RnwKnEKUkMFWsPqz8CPaBIyCVQQrfuOHYObEgWcCpZVBolmMaETMmJ9QyUJmXbTWeoMnxnFx0GkzJOAZ+rfjZSEOo9mJkMCY73s5eJ/Xj+B4NpNuYwTYJLODwWJwBDhvALsc8UoiKkhhCpusmI6JopQMEUtXPEUmTDIKqYYZ7mGVdK5qDuN+uV9o9a8KSoqoxN0is6Rg65QE92hFmojihR6Qa/ozXq23q0P63M+WrKKnWO0AOvrF9SUm3Q=</latexit>

PU
3
(s
)

<latexit sha1_base64="z0TOo8fq+AwSQ2Qj6Hk8x8nKWyc=">AAACFHicbVC7TsMwFHXKq5RXgIGBJaJCKkuVQBGMFSyMRSK0UhtFjuO0Vh07sh2kKspv8AOs8AdsiJWdH+A7cNoMtOVIlo/OuVf33hMklEhl299GZWV1bX2julnb2t7Z3TP3Dx4lTwXCLuKUi14AJaaEYVcRRXEvERjGAcXdYHxb+N0nLCTh7EFNEuzFcMhIRBBUWvLNo46fuf5F3hgEnIZyEusvk/mZb9btpj2FtUycktRBiY5v/gxCjtIYM4UolLLv2InyMigUQRTntUEqcQLRGA5xX1MGYyy9bHpAbp1qJbQiLvRjypqqfzsyGMtiN10ZQzWSi14h/uf1UxVdexlhSaowQ7NBUUotxa0iDSskAiNFJ5pAJIje1UIjKCBSOrO5KYGAY6zymg7GWYxhmTyeN51W8/K+VW/flBFVwTE4AQ3ggCvQBnegA1yAQA5ewCt4M56Nd+PD+JyVVoyy5xDMwfj6BWo1nt4=</latexit>

e�H̃A

<latexit sha1_base64="kxEKkgJeoAD4k7FQ52lw5dY+G7s=">AAAB+XicbVDJSgNBEO1xjXEb9eilMQheHHpCtmPUS44RzAJJDD2dmqRJz0J3TyAM+RMvHhTx6p9482/sLAeNPih4vFdFVT0vFlxpQr6sjc2t7Z3dzF52/+Dw6Ng+OW2qKJEMGiwSkWx7VIHgITQ01wLasQQaeAJa3vhu7rcmIBWPwgc9jaEX0GHIfc6oNlLftuExve5qLgaQ1mb9m1nfzhGnTCqkSDBx8pVSsVQwhCyA3RXJoRXqffuzO4hYEkComaBKdVwS615KpeZMwCzbTRTElI3pEDqGhjQA1UsXl8/wpVEG2I+kqVDjhfpzIqWBUtPAM50B1SO17s3F/7xOov1KL+VhnGgI2XKRnwisIzyPAQ+4BKbF1BDKJDe3YjaikjJtwsqaENz1l/+SZt5xC075vpCr3q7iyKBzdIGukIvKqIpqqI4aiKEJekIv6NVKrWfrzXpftm5Yq5kz9AvWxze4wZO+</latexit>

⇢A

<latexit sha1_base64="2N2F7pZ/YVo+XuUIiVbTP7ltmE8=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKoR6rXjxWsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHNzP/4Ylpw5W8t5OEBTEZSh5xSqyT2j09Uv2rfrniVb058Crxc1KBHM1++as3UDSNmbRUEGO6vpfYICPacirYtNRLDUsIHZMh6zoqScxMkM2vneIzpwxwpLQrafFc/T2RkdiYSRy6zpjYkVn2ZuJ/Xje10WWQcZmklkm6WBSlAluFZ6/jAdeMWjFxhFDN3a2Yjogm1LqASi4Ef/nlVdK+qPq1av2uVmlc53EU4QRO4Rx8qEMDbqEJLaDwCM/wCm9IoRf0jj4WrQWUzxzDH6DPH2L2jwU=</latexit>

Fmax(e
�H̃A , ⇢A)

<latexit sha1_base64="ro19doPe7BMSS7dnbl26Ze1iL5E="></latexit>

Given Data 
Set

here: heuristic 

ansatz for EH


