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Physics background and motivation 

Feynman, “Simulating Physics with Computers,” 1982:

One of the first uses of a quantum computer will be to understand 
quantum matter (chemistry, materials, nuclei, …).

What do we understand about the classical hardness of that problem?

For “matrix product state” algorithms, difficulty is related to entanglement.



Physics background and motivation 

Many old questions about quantum many-body dynamics are now 
quantitatively accessible in one spatial dimension, either through 
nonperturbative analytical methods or numerics.

Experimentally, ultracold atomic systems (either in the continuum or in 
optical lattices) can maintain their quantum phase coherence for many 
interaction times, unlike “typical” electronic materials.

Transport of energy, charge, or spin is determined by the decay of current-
carrying states; either perfect transport or zero transport implies the 
absence of complete thermalization.

In studying this class of model quantum many-body problems, one is led to 
think about how physics changes if the full complexity of the quantum 
wavefunction cannot be retained.

ballistic localizeddiffusive



Studying quantum correlations with classical 
algorithms: applied entanglement entropy

Basic (hazy) concept: “Entanglement entropy determines how much 
classical information is required to describe a quantum state.”

Example:
how many classical real numbers are required to describe a product (not 
entangled) state of N spins?

Answer: ~ N    (versus exponentially many for a general state)

How do we efficiently manipulate/represent moderately entangled states?
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Applied entanglement entropy

The remarkable success of the density-matrix renormalization 
group algorithm in one dimension (White, 1992; Ostlund and 
Rommer, 1995) can be understood as follows:

DMRG constructs “matrix product states” that retain local 
entanglement but throw away long-ranged entanglement.

Graphical tensor network representation:
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“Infinite system” methods

Note that we can impose translation invariance simply by 
requiring constant matrices A.

In other words, for quantities in a translation-invariant system, 
we just calculate A, rather than a large finite system.
(Idea 1 of renaissance; see Vidal ’07, for example)

So where is the approximation?
A finite matrix A can only capture a finite amount of entanglement.

In the early DMRG days, it was often thought:
1. To study an infinite system, we should study a large finite one.
2. Gapless/critical systems are hard
3. Dynamical properties are hard
4. Finite temperature is hard
But none of these is strictly correct.
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• find the ground state of a system by using imaginary time 
evolution (almost unitary for small time steps) 

• parallel updates for infinite/translational invariant 
systems: iTEBD [Vidal ‘07] 

• example,  transverse Ising model:         H =
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Criticality: finite-entanglement scaling
All numerical methods have difficulty with quantum critical points.
In DMRG-type approaches, this can be understood from the 
divergence of entanglement entropy at such points: the 
entanglement in a matrix product state is limited by dim A.

Quantitatively, it is found that dim A plays a role similar to imposing 
a finite system size:                             
     (Tagliacozzo et al., PRB 2008).

Finite matrix dimension effectively moves the system away from the 
critical point.

What determines this “finite-entanglement scaling”?
Is it like “finite-size scaling” of CFT’s (cf. Blöte, Cardy, & Nightingale)
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A way to picture the entanglement of a state 

• Schmidt decomposition of the state (SVD): 
•  
 
 
 
 
 
 
with               and                         

• a natural measure of the entanglement is the entropy:
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Efficient representation of quantum states? 

• Hilbert-space dimension of many-body problems increases 
exponentially with number of sites 
example: spin 1/2 system on “classical” computers  
(store one state in double precision) 

• need an efficient way to “compress” quantum states so 
that the matrices studied remain finite-dimensional 

➡slightly entangled 1D systems: Matrix Product States 

➡DMRG, TEBD, ... 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• (Li-Haldane) “entanglement spectrum” [Calabrese et al ‘08] 
 
 
 
 
 
 
continuum of Schmidt values 

• Want to explain how at a critical point, finite matrix size 
effectively moves the system away from criticality, leading 
to universal relations like
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• let’s look at the effect of the truncation at one bond  

• energy difference to the non-truncated wavefunction  

•
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• energy density of a truncated state 

•            is a non-monotonic function    

➡minimize the energy and find the optimal correlation length     
for a fixed matrix dimension 

➡scaling relation                        yields the entropy, etc.  

• we can find the best approximation of the critical state 
for a given number of states we keep
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• analytical solution for the asymptotic case  
(using a continuum of Schmidt values and              ) 

➡universal finite-entanglement scaling relations

��⇥

We believe this finite-entanglement scaling will result in any approach 
with finite matrix dimension, in the same way that finite-size scaling is 
“universal”. 

Now we try to check this nonlinear c dependence: 
(some more checks are in 

[F. Pollmann, S. Mukerjee, A. Turner, and J.E. Moore, arXiv:0812.2903, PRL to appear])

� =
6

c
�⇤

12
c + 1

⇥ � S =
1⇤

12
c + 1

log ⇥



• test the scaling relation on various critical points using the 
iTEBD method 

• transverse Ising model: 

➡critical at          with   

• XXZ model: 

➡critical at           with   

• spin-1 model: 
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• scaling of the energy and entanglement entropy: 
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• reasonable agreement of the asymptotic theory and 
numerical results  

• Errors are no larger than differences between different 
definitions of entropy 

• Another check: combine non-interacting copies; still get 
nonlinear dependence on total c
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What about dynamics?



• Starting from a product state, 
entanglement is rapidly generated, 
and this growth sets a strict limit on 
microscopically faithful simulation. 

• In an MBL state, the entanglement 
generated in a subregion typically 
grows as log t. 

• In a thermalizing state, the 
entanglement must scale with 
subregion size in order to reproduce 
the thermal entropy. 

• Is the final state really that 
complicated?

What about dynamics?
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• Intuitively we have the idea that the long-time dynamics of 
a thermalizing system is scrambled.  Exact microscopic 
fidelity is difficult or impossible.  Are there some purposes 
for which it isn’t necessary? 

• Another way to look at this: for quantum computation we 
probably want non-generic behavior that depends strongly 
on the initial state. 

• But for physical simulation of hydrodynamics, etc., final 
states are “simple”.  Can simulations at finite bond 
dimension capture these phenomena correctly?  (“Get 
over the complexity hump”) 

• (Is there any universal sense of robustness to 
decoherence, other errors, etc.?)

What about dynamics?



Test: Non-equilibrium transport in XXZ

1. Create two different temperatures in two 
disconnected, infinite 1D “leads”.
2. Connect them by a finite region (e.g., one bond).
3. Evolve in time for as long as possible.

Is a steady-state heat current reached?

Is non-equilibrium (finite bias) thermal transport determined by linear-response 
thermal conductance?

Can be solved in easy-plane case with “generalized hydrodynamics”
(Castro Alvaredo, Doyon, Yoshimura; Bertini et al., 2016)
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Our starting point: think of particles in an integrable model 
as streaming (with self-consistent velocity) but not colliding

“Bethe-Boltzmann equation”

No collision term since quasiparticles retain their identity;
however, they modify each other’s velocities via phase shifts

This type of equation was written down in various older contexts:
I think the most relevant for the models here is

@t⇢(k, x, t) + @x [v({⇢(k0, x, t)})⇢(k, x, t)] = 0



Why Boltzmann equation gets modified in (classical or 
quantum) integrable systems

Solitons/particles pass through each other even in dense system;
no randomization of momentum and no collision term.

However, there is an interaction:

Classical Quantum

Phase shift from Bethe equations

but semiclassically an energy-dependent phase
shift is also just a time delay (Wigner)

Solitons delay each other

so velocity depends on other
solitons at spacetime point

⌧ = 2~ d�

dE



Integrable hydrodynamics
Simplest case is Bose gas with delta-function repulsion.

GGE = Generalized Gibbs Ensemble = includes an infinite number of 
conservation laws:

GGE (conserved quantities) is equivalent to distribution 
function, rather than containing less information.

Somewhat surprising for XXZ, where the charges are quite complicated; 
somehow Takahashi’s old TBA and Bertini et al. backflow leads to Drude 
weight, i.e., it “knows about” the deep quasilocal charges.

⇢(k, x, t)

Z
⇢(k, x, t) dk = n(x, t)

Z
k⇢(k, x, t) = mv(x, t)

Z
k2⇢(k, x, t) = 2m✏(x, t)

...
Z

kn⇢(k, x, t)

Kinetic theory: might as well work
with

instead of its moments.



Summary of when this is useful

Normal fluid:
Initial state → Local equilibrium → Hydrodynamics

Integrable fluid:
Initial state → Local GGE → Boltzmann/hydrodynamics

So, for non-local-GGE initial conditions, still need to solve 
difficult “quench” problem, at least locally.

Two-reservoir problem already solved in 2016 papers: solution is 
function of one variable (x/t).

Let’s look for full (x,t) solutions: are quantum dynamics really 
describable by these classical particle equations?

Mathematical properties of solutions (“semi-Hamiltonian structure”): Bulchandani, 
2017, arXiv, as for NLS
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These are comparisons for interacting spinless fermions (XXZ) between backwards 
Euler solution of Bethe-Boltzmann and microscopic DMRG simulations.
(figure from “Solvable quantum hydrodynamics”, V. Bulchandani, R. Vasseur, C. Karrasch, and JEM, arXiv April 2017)

Take XXZ in zero magnetic field.  Make a spatial variation of initial temperature.
Watch the energy spread out in time.

Note: nonzero temperature is required for coarse-graining time to be finite, 
according to basic principle that systems can’t relax faster than hbar/kT.
(Hence more physically generic than T=0 or Bethe-Bethe comparisons.)
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Challenging cases: isotropic and easy-axis
There now seems to be a growing consensus that the isotropic 
point, at infinite temperature, shows “superdiffusive” dynamics 
with z=3/2.

This is in between z=1 (ballistic) and z=2 (diffusive) and has been 
argued to reflect the Kardar-Parisi-Zhang universality class 
(Ljubotina et al., 2019). 

We (M. Dupont and JEM, arXiv 2019) have been working on trying to understand 
the necessary criteria for this behavior, as a way to test models of its origin.

1. We find that a wide variety of integrable, isotropic models seem to show 
the z=3/2 behavior.

2. Non-integrable models appear to be diffusive, which is unsurprising and yet 
apparently controversial.

3. However, the difference between the two classes of behavior onsets at long times 
where DMRG is not microscopically faithful.



Long-time spin autocorrelators: power laws
Nearest-neighbor models of various spins: (only s=1/2 is 
integrable)
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(g)
<latexit sha1_base64="2uug3kv25L5WO1uBQB2zGfCz7kg=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyN6yd2zY27vszpkQwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCobZJMM95iiUx0J6CGS6F4CwVK3kk1p3Eg+WMwupn5j09cG5GoBxyn3I9ppEQoGEUr3Vej83654tbcOcgq8XJSgRzNfvmrN0hYFnOFTFJjup6boj+hGgWTfFrqZYanlI1oxLuWKhpz40/mp07JmVUGJEy0LYVkrv6emNDYmHEc2M6Y4tAsezPxP6+bYXjlT4RKM+SKLRaFmSSYkNnfZCA0ZyjHllCmhb2VsCHVlKFNp2RD8JZfXiXtes27qNXv6pXGdR5HEU7gFKrgwSU04Baa0AIGETzDK7w50nlx3p2PRWvByWeO4Q+czx+Sd41S</latexit>

(h)
<latexit sha1_base64="U2HUv/v09+XR8y7ieIOEBDnbYoQ=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyN6yBxv29i67cybkwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCobeJUM95isYx1J6CGS6F4CwVK3kk0p1Eg+WMwvpn5j09cGxGrB5wk3I/oUIlQMIpWuq+Ozvvliltz5yCrxMtJBXI0++Wv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsvr5J2veZd1Op39UrjOo+jCCdwClXw4BIacAtNaAGDITzDK7w50nlx3p2PRWvByWeO4Q+czx+T/I1T</latexit>

S = 1/2
<latexit sha1_base64="x42E5TdlUbe+ULU0M0GIF3VqUX4=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU92tgl6EohePFd220C4lm2bb0GyyJFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFldW19Y3iZmlre2d3r7x/0NQyVYT6RHKp2iHWlDNBfcMMp+1EURyHnLbC0e3Ubz1RpZkUj2ac0CDGA8EiRrCxkv9w7Z3VeuWKW3VnQMvEy0kFcjR65a9uX5I0psIQjrXueG5iggwrwwink1I31TTBZIQHtGOpwDHVQTY7doJOrNJHkVS2hEEz9fdEhmOtx3FoO2NshnrRm4r/eZ3URFdBxkSSGirIfFGUcmQkmn6O+kxRYvjYEkwUs7ciMsQKE2PzKdkQvMWXl0mzVvXOq7X7i0r9Jo+jCEdwDKfgwSXU4Q4a4AMBBs/wCm+OcF6cd+dj3lpw8plD+APn8wd/fY3S</latexit>

S = 1
<latexit sha1_base64="j9kghCyIYFfQ12r6iuNk5hSfwW8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHSMwDkiXMTnqTIbOzy8ysEEI+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/loxkn6Ed0IHnIGTVWqtdvvF6x5JbdOcgq8TJSggy1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeG1P+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3Ll4bJUvc3iyMMJnMI5eHAFVbiHGjSAwQCe4RXeHOG8OO/Ox6I152Qzx/AHzucPoOeNXQ==</latexit> S = 3/2

<latexit sha1_base64="s09u7yTj5sia6hrry9Kn7CyGI5E=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJ4qrutoBeh6MVjRbcttEvJptk2NJssSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6387K6tr6xmZhq7i9s7u3Xzo4bGqZKkJ9IrlU7RBrypmgvmGG03aiKI5DTlvh6Hbqt56o0kyKRzNOaBDjgWARI9hYyX+4rp1Xe6WyW3FnQMvEy0kZcjR6pa9uX5I0psIQjrXueG5iggwrwwink2I31TTBZIQHtGOpwDHVQTY7doJOrdJHkVS2hEEz9fdEhmOtx3FoO2NshnrRm4r/eZ3URFdBxkSSGirIfFGUcmQkmn6O+kxRYvjYEkwUs7ciMsQKE2PzKdoQvMWXl0mzWvFqler9Rbl+k8dRgGM4gTPw4BLqcAcN8IEAg2d4hTdHOC/Ou/Mxb11x8pkj+APn8weCiY3U</latexit>

S = 2
<latexit sha1_base64="XW9KeG/IEFL5TJLt7egnYE5Ognw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9C0IvHSMwDkiXMTmaTIbOzy0yvEEI+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0ikMOi6305ubX1jcyu/XdjZ3ds/KB4eNU2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo7uZ33ri2ohYPeI44X5EB0qEglG0Ur1+U+kVS27ZnYOsEi8jJchQ6xW/uv2YpRFXyCQ1puO5CfoTqlEwyaeFbmp4QtmIDnjHUkUjbvzJ/NQpObNKn4SxtqWQzNXfExMaGTOOAtsZURyaZW8m/ud1Ugyv/YlQSYpcscWiMJUEYzL7m/SF5gzl2BLKtLC3EjakmjK06RRsCN7yy6ukWSl7F+XKw2WpepvFkYcTOIVz8OAKqnAPNWgAgwE8wyu8OdJ5cd6dj0VrzslmjuEPnM8fomuNXg==</latexit>

Heisenberg
<latexit sha1_base64="/O8zYRnhSVdQjw49iJ0taIM87Ps=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQJmUE84HJEfY2c8mSvb1jd08IR/6FjYUitv4bO/+Nm+QKTXww8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLHSYwO5RhmgGg3KFbfqLkDWiZeTCuRoDspf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8WF8/IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTObvkyFXyIyYWkKZ4vZWwsZUUWZsSCUbgrf68jpp16reVbV2X6vUb/M4inAG53AJHlxDHRrQhBYwkPAMr/DmaOfFeXc+lq0FJ585hT9wPn8AmQCQ3A==</latexit> Heisenberg

<latexit sha1_base64="/O8zYRnhSVdQjw49iJ0taIM87Ps=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQJmUE84HJEfY2c8mSvb1jd08IR/6FjYUitv4bO/+Nm+QKTXww8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLHSYwO5RhmgGg3KFbfqLkDWiZeTCuRoDspf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8WF8/IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTObvkyFXyIyYWkKZ4vZWwsZUUWZsSCUbgrf68jpp16reVbV2X6vUb/M4inAG53AJHlxDHRrQhBYwkPAMr/DmaOfFeXc+lq0FJ585hT9wPn8AmQCQ3A==</latexit>

Heisenberg
<latexit sha1_base64="/O8zYRnhSVdQjw49iJ0taIM87Ps=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQJmUE84HJEfY2c8mSvb1jd08IR/6FjYUitv4bO/+Nm+QKTXww8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLHSYwO5RhmgGg3KFbfqLkDWiZeTCuRoDspf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8WF8/IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTObvkyFXyIyYWkKZ4vZWwsZUUWZsSCUbgrf68jpp16reVbV2X6vUb/M4inAG53AJHlxDHRrQhBYwkPAMr/DmaOfFeXc+lq0FJ585hT9wPn8AmQCQ3A==</latexit>

Heisenberg
<latexit sha1_base64="/O8zYRnhSVdQjw49iJ0taIM87Ps=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQJmUE84HJEfY2c8mSvb1jd08IR/6FjYUitv4bO/+Nm+QKTXww8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLHSYwO5RhmgGg3KFbfqLkDWiZeTCuRoDspf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8WF8/IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTObvkyFXyIyYWkKZ4vZWwsZUUWZsSCUbgrf68jpp16reVbV2X6vUb/M4inAG53AJHlxDHRrQhBYwkPAMr/DmaOfFeXc+lq0FJ585hT9wPn8AmQCQ3A==</latexit>

superdi↵usive
<latexit sha1_base64="DWVZVBMNnbPThUDs5rW6aqxXVJU=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxRHbxoEeiF4+YCJjASmZne2HC7CPzwBDCf3jxoDFe/Rdv/o0D7EHBSjqpVHWnuyvIBFfadb+dwtr6xuZWcbu0s7u3f1A+PGqp1EiGTZaKVD4EVKHgCTY11wIfMok0DgS2g+HNzG+PUCqeJvd6nKEf037CI86ottKjMhnKkEeRUXyEvXLFrbpzkFXi5aQCORq98lc3TJmJMdFMUKU6nptpf0Kl5kzgtNQ1CjPKhrSPHUsTGqPyJ/Orp+TMKiGJUmkr0WSu/p6Y0FipcRzYzpjqgVr2ZuJ/Xsfo6Mqf8CQzGhO2WBQZQXRKZhGQkEtkWowtoUxyeythAyop0zaokg3BW355lbRqVe+iWrurVerXeRxFOIFTOAcPLqEOt9CAJjCQ8Ayv8OY8OS/Ou/OxaC04+cwx/IHz+QM+mZL8</latexit>

di↵usive
<latexit sha1_base64="2ub5AfpcYZtT6Nvq2gkAjp1PJzo=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjKC+ZDkCHubuWTJ3t6xuxcIR36FjYUitv4cO/+Nm+QKTXww8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nfnqDSPJaPZpqgH9Gh5CFn1FjpacDDMNV8gv1yxa26C5B14uWkAjka/fJXbxCzNEJpmKBadz03MX5GleFM4KzUSzUmlI3pELuWShqh9rPFwTNyYZUBCWNlSxqyUH9PZDTSehoFtjOiZqRXvbn4n9dNTXjjZ1wmqUHJlovCVBATk/n3ZMAVMiOmllCmuL2VsBFVlBmbUcmG4K2+vE5atap3Va091Cr12zyOIpzBOVyCB9dQh3toQBMYRPAMr/DmKOfFeXc+lq0FJ585hT9wPn8AHjKQmw==</latexit> di↵usive

<latexit sha1_base64="2ub5AfpcYZtT6Nvq2gkAjp1PJzo=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjKC+ZDkCHubuWTJ3t6xuxcIR36FjYUitv4cO/+Nm+QKTXww8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nfnqDSPJaPZpqgH9Gh5CFn1FjpacDDMNV8gv1yxa26C5B14uWkAjka/fJXbxCzNEJpmKBadz03MX5GleFM4KzUSzUmlI3pELuWShqh9rPFwTNyYZUBCWNlSxqyUH9PZDTSehoFtjOiZqRXvbn4n9dNTXjjZ1wmqUHJlovCVBATk/n3ZMAVMiOmllCmuL2VsBFVlBmbUcmG4K2+vE5atap3Va091Cr12zyOIpzBOVyCB9dQh3toQBMYRPAMr/DmKOfFeXc+lq0FJ585hT9wPn8AHjKQmw==</latexit>

di↵usive
<latexit sha1_base64="2ub5AfpcYZtT6Nvq2gkAjp1PJzo=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjKC+ZDkCHubuWTJ3t6xuxcIR36FjYUitv4cO/+Nm+QKTXww8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nfnqDSPJaPZpqgH9Gh5CFn1FjpacDDMNV8gv1yxa26C5B14uWkAjka/fJXbxCzNEJpmKBadz03MX5GleFM4KzUSzUmlI3pELuWShqh9rPFwTNyYZUBCWNlSxqyUH9PZDTSehoFtjOiZqRXvbn4n9dNTXjjZ1wmqUHJlovCVBATk/n3ZMAVMiOmllCmuL2VsBFVlBmbUcmG4K2+vE5atap3Va091Cr12zyOIpzBOVyCB9dQh3toQBMYRPAMr/DmKOfFeXc+lq0FJ585hT9wPn8AHjKQmw==</latexit>



Long-time spin autocorrelators: power laws
A variety of integrable s=1 models:

isotropic z=3/2
easy-axis diffusive
easy-plane ballistic
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(a)
<latexit sha1_base64="X/qnRvMwhjWbXpmRy4/PIWPyG6U=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyN6yBxv29i67cybkwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCobeJUM95isYx1J6CGS6F4CwVK3kk0p1Eg+WMwvpn5j09cGxGrB5wk3I/oUIlQMIpWuq/S83654tbcOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6Rdr3kXtfpdvdK4zuMowgmcQhU8uIQG3EITWsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8weJWY1M</latexit>

(b)
<latexit sha1_base64="+ztJnr+tGUTNHl6HB1D2mRcIYE0=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyN6yBxv29i67cybkwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCobeJUM95isYx1J6CGS6F4CwVK3kk0p1Eg+WMwvpn5j09cGxGrB5wk3I/oUIlQMIpWuq8G5/1yxa25c5BV4uWkAjma/fJXbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/mp07JmVUGJIy1LYVkrv6eyGhkzCQKbGdEcWSWvZn4n9dNMbzyM6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWXV0m7XvMuavW7eqVxncdRhBM4hSp4cAkNuIUmtIDBEJ7hFd4c6bw4787HorXg5DPH8AfO5w+K3o1N</latexit>

(c)
<latexit sha1_base64="Zg9SzxQYTZq3+U3BzjvxJ4sdGWU=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyN6yBxv29i67cybkwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCobeJUM95isYx1J6CGS6F4CwVK3kk0p1Eg+WMwvpn5j09cGxGrB5wk3I/oUIlQMIpWuq+y83654tbcOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6Rdr3kXtfpdvdK4zuMowgmcQhU8uIQG3EITWsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8weMY41O</latexit>

(d)
<latexit sha1_base64="rfnaQVugt7qUimZxKo3ANBt1uoU=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyN7eHmzY27vszpkQwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCobZJMM95iiUx0J6CGS6F4CwVK3kk1p3Eg+WMwupn5j09cG5GoBxyn3I/pQIlIMIpWuq+G5/1yxa25c5BV4uWkAjma/fJXL0xYFnOFTFJjup6boj+hGgWTfFrqZYanlI3ogHctVTTmxp/MT52SM6uEJEq0LYVkrv6emNDYmHEc2M6Y4tAsezPxP6+bYXTlT4RKM+SKLRZFmSSYkNnfJBSaM5RjSyjTwt5K2JBqytCmU7IheMsvr5J2veZd1Op39UrjOo+jCCdwClXw4BIacAtNaAGDATzDK7w50nlx3p2PRWvByWeO4Q+czx+N6I1P</latexit>

(e)
<latexit sha1_base64="6zvnyXmoe7WNLsZzMjsKXkuKuSM=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyN4yBxv29i67eybkwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVJ6AaBZfYMtwI7CQKaRQIfAzGNzP/8QmV5rF8MJME/YgOJQ85o8ZK91U875crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17yLWv2uXmlc53EU4QROoQoeXEIDbqEJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QOPbY1Q</latexit>

(f)
<latexit sha1_base64="0lumLFAlojfDNSqQX+CCjG81uHk=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyN4yBxv29i67eybkwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVJ6AaBZfYMtwI7CQKaRQIfAzGNzP/8QmV5rF8MJME/YgOJQ85o8ZK99XwvF+uuDV3DrJKvJxUIEezX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0m7XvMuavW7eqVxncdRhBM4hSp4cAkNuIUmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w+Q8o1R</latexit>

(g)
<latexit sha1_base64="2uug3kv25L5WO1uBQB2zGfCz7kg=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyN6yd2zY27vszpkQwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCobZJMM95iiUx0J6CGS6F4CwVK3kk1p3Eg+WMwupn5j09cG5GoBxyn3I9ppEQoGEUr3Vej83654tbcOcgq8XJSgRzNfvmrN0hYFnOFTFJjup6boj+hGgWTfFrqZYanlI1oxLuWKhpz40/mp07JmVUGJEy0LYVkrv6emNDYmHEc2M6Y4tAsezPxP6+bYXjlT4RKM+SKLRaFmSSYkNnfZCA0ZyjHllCmhb2VsCHVlKFNp2RD8JZfXiXtes27qNXv6pXGdR5HEU7gFKrgwSU04Baa0AIGETzDK7w50nlx3p2PRWvByWeO4Q+czx+Sd41S</latexit>

(h)
<latexit sha1_base64="U2HUv/v09+XR8y7ieIOEBDnbYoQ=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBhtxhoSXRxhKjIAlcyN6yBxv29i67cybkwk+wsdAYW3+Rnf/GBa5Q8CWTvLw3k5l5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCobeJUM95isYx1J6CGS6F4CwVK3kk0p1Eg+WMwvpn5j09cGxGrB5wk3I/oUIlQMIpWuq+Ozvvliltz5yCrxMtJBXI0++Wv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsvr5J2veZd1Op39UrjOo+jCCdwClXw4BIacAtNaAGDITzDK7w50nlx3p2PRWvByWeO4Q+czx+T/I1T</latexit>

Zamolodchikov–Fateev
<latexit sha1_base64="9G8GbsW0+K/0btYl7D/lIOK4oQw=">AAACEXicbVDLSsNAFL3xWesrWnduBovgqiR1ocuiIC4r2Ae2oUwmk3boJBNmJoUS+gtu/BU3LhRx686df+O0zUJbz3DhcM693LnHTzhT2nG+rZXVtfWNzcJWcXtnd2/fPjhsKpFKQhtEcCHbPlaUs5g2NNOcthNJceRz2vKH11O/NaJSMRHf63FCvQj3YxYygrWRhH0ED4AhAgHcVAAEBsBgaPgIleDGeBqoeaOeXXYqzgxombg5KUOOes/+6gaCpBGNNeFYqY7rJNrLsNSMcDopdlNFE0yGuE87hsY4osrLZhdN0KlRAhQKaSrWaKb+nshwpNQ48k1nhPVALXpT8T+vk+rw0stYnKSaxmS+KEw50gJN40EBk5RoPjYEE8nMXxEZYImJNiEWTQju4snLpFmtuOeV6l21XLvK4yjAMZzAGbhwATW4hTo0TNSP8Ayv8GY9WS/Wu/Uxb12x8pkS/IH1+QPdaZYh</latexit>

Zamolodchikov–Fateev
<latexit sha1_base64="9G8GbsW0+K/0btYl7D/lIOK4oQw=">AAACEXicbVDLSsNAFL3xWesrWnduBovgqiR1ocuiIC4r2Ae2oUwmk3boJBNmJoUS+gtu/BU3LhRx686df+O0zUJbz3DhcM693LnHTzhT2nG+rZXVtfWNzcJWcXtnd2/fPjhsKpFKQhtEcCHbPlaUs5g2NNOcthNJceRz2vKH11O/NaJSMRHf63FCvQj3YxYygrWRhH0ED4AhAgHcVAAEBsBgaPgIleDGeBqoeaOeXXYqzgxombg5KUOOes/+6gaCpBGNNeFYqY7rJNrLsNSMcDopdlNFE0yGuE87hsY4osrLZhdN0KlRAhQKaSrWaKb+nshwpNQ48k1nhPVALXpT8T+vk+rw0stYnKSaxmS+KEw50gJN40EBk5RoPjYEE8nMXxEZYImJNiEWTQju4snLpFmtuOeV6l21XLvK4yjAMZzAGbhwATW4hTo0TNSP8Ayv8GY9WS/Wu/Uxb12x8pkS/IH1+QPdaZYh</latexit>Bilinear-biquadratic

<latexit sha1_base64="4kkqBHGL1O83X32VppKNKRpsN7o=">AAAB/XicbVC7TsMwFHXKq5RXeGwsFhUSC1VSBhirsjAWiT6kNqpuHKe16jjBdpBKVfErLAwgxMp/sPE3OG0GaDmSpaNz7rGvj59wprTjfFuFldW19Y3iZmlre2d3z94/aKk4lYQ2Scxj2fFBUc4EbWqmOe0kkkLkc9r2R9eZ336gUrFY3OlxQr0IBoKFjIA2Ut8+qrMsCvLcZ/cpBNLopG+XnYozA14mbk7KKEejb3/1gpikERWacFCq6zqJ9iYgzWWcTku9VNEEyAgGtGuogIgqbzLbfopPjRLgMJbmCI1n6u/EBCKlxpFvJiPQQ7XoZeJ/XjfV4ZU3YSJJNRVk/lCYcqxjnFWBAyYp0XxsCBDJzK6YDEEC0aawkinBXfzyMmlVK+5FpXpbLdfqeR1FdIxO0Bly0SWqoRvUQE1E0CN6Rq/ozXqyXqx362M+WrDyzCH6A+vzB5rQlVE=</latexit>

(+)
<latexit sha1_base64="hBZuk97ixiMcFROEuxs1eZTo5Fg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQEcJuPOgx6MVjRPOAZAmzk9lkyOzsMtMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbmt564NiJWjzhOuB/RgRKhYBSt9FC+OO8VS27FnYOsEi8jJchQ7xW/uv2YpRFXyCQ1puO5CfoTqlEwyaeFbmp4QtmIDnjHUkUjbvzJ/NQpObNKn4SxtqWQzNXfExMaGTOOAtsZURyaZW8m/ud1Ugyv/YlQSYpcscWiMJUEYzL7m/SF5gzl2BLKtLC3EjakmjK06RRsCN7yy6ukWa14l5XqfbVUu8niyMMJnEIZPLiCGtxBHRrAYADP8ApvjnRenHfnY9Gac7KZY/gD5/MHN0uNFg==</latexit>

(-)
<latexit sha1_base64="7tH0FCHSl7ICzXW97jxs8NpJa+o=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzHBQnKHhZZEG0uM8pHAhewte7Bhb++yO2dCCD/BxkJjbP1Fdv4bF7hCwZdM8vLeTGbmBYkUBl3328mtrW9sbuW3Czu7e/sHxcOjpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDvzW09cGxGrRxwn3I/oQIlQMIpWeihfnPeKJbfizkFWiZeREmSo94pf3X7M0ogrZJIa0/HcBP0J1SiY5NNCNzU8oWxEB7xjqaIRN/5kfuqUnFmlT8JY21JI5urviQmNjBlHge2MKA7NsjcT//M6KYbX/kSoJEWu2GJRmEqCMZn9TfpCc4ZybAllWthbCRtSTRnadAo2BG/55VXSrFa8y0r1vlqq3WRx5OEETqEMHlxBDe6gDg1gMIBneIU3RzovzrvzsWjNOdnMMfyB8/kDOlWNGA==</latexit>

Bilinear-biquadratic
<latexit sha1_base64="4kkqBHGL1O83X32VppKNKRpsN7o=">AAAB/XicbVC7TsMwFHXKq5RXeGwsFhUSC1VSBhirsjAWiT6kNqpuHKe16jjBdpBKVfErLAwgxMp/sPE3OG0GaDmSpaNz7rGvj59wprTjfFuFldW19Y3iZmlre2d3z94/aKk4lYQ2Scxj2fFBUc4EbWqmOe0kkkLkc9r2R9eZ336gUrFY3OlxQr0IBoKFjIA2Ut8+qrMsCvLcZ/cpBNLopG+XnYozA14mbk7KKEejb3/1gpikERWacFCq6zqJ9iYgzWWcTku9VNEEyAgGtGuogIgqbzLbfopPjRLgMJbmCI1n6u/EBCKlxpFvJiPQQ7XoZeJ/XjfV4ZU3YSJJNRVk/lCYcqxjnFWBAyYp0XxsCBDJzK6YDEEC0aawkinBXfzyMmlVK+5FpXpbLdfqeR1FdIxO0Bly0SWqoRvUQE1E0CN6Rq/ozXqyXqx362M+WrDyzCH6A+vzB5rQlVE=</latexit>

superdi↵usive
<latexit sha1_base64="DWVZVBMNnbPThUDs5rW6aqxXVJU=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxRHbxoEeiF4+YCJjASmZne2HC7CPzwBDCf3jxoDFe/Rdv/o0D7EHBSjqpVHWnuyvIBFfadb+dwtr6xuZWcbu0s7u3f1A+PGqp1EiGTZaKVD4EVKHgCTY11wIfMok0DgS2g+HNzG+PUCqeJvd6nKEf037CI86ottKjMhnKkEeRUXyEvXLFrbpzkFXi5aQCORq98lc3TJmJMdFMUKU6nptpf0Kl5kzgtNQ1CjPKhrSPHUsTGqPyJ/Orp+TMKiGJUmkr0WSu/p6Y0FipcRzYzpjqgVr2ZuJ/Xsfo6Mqf8CQzGhO2WBQZQXRKZhGQkEtkWowtoUxyeythAyop0zaokg3BW355lbRqVe+iWrurVerXeRxFOIFTOAcPLqEOt9CAJjCQ8Ayv8OY8OS/Ou/OxaC04+cwx/IHz+QM+mZL8</latexit>

di↵usive
<latexit sha1_base64="2ub5AfpcYZtT6Nvq2gkAjp1PJzo=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjKC+ZDkCHubuWTJ3t6xuxcIR36FjYUitv4cO/+Nm+QKTXww8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nfnqDSPJaPZpqgH9Gh5CFn1FjpacDDMNV8gv1yxa26C5B14uWkAjka/fJXbxCzNEJpmKBadz03MX5GleFM4KzUSzUmlI3pELuWShqh9rPFwTNyYZUBCWNlSxqyUH9PZDTSehoFtjOiZqRXvbn4n9dNTXjjZ1wmqUHJlovCVBATk/n3ZMAVMiOmllCmuL2VsBFVlBmbUcmG4K2+vE5atap3Va091Cr12zyOIpzBOVyCB9dQh3toQBMYRPAMr/DmKOfFeXc+lq0FJ585hT9wPn8AHjKQmw==</latexit>

superdi↵usive
<latexit sha1_base64="DWVZVBMNnbPThUDs5rW6aqxXVJU=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxRHbxoEeiF4+YCJjASmZne2HC7CPzwBDCf3jxoDFe/Rdv/o0D7EHBSjqpVHWnuyvIBFfadb+dwtr6xuZWcbu0s7u3f1A+PGqp1EiGTZaKVD4EVKHgCTY11wIfMok0DgS2g+HNzG+PUCqeJvd6nKEf037CI86ottKjMhnKkEeRUXyEvXLFrbpzkFXi5aQCORq98lc3TJmJMdFMUKU6nptpf0Kl5kzgtNQ1CjPKhrSPHUsTGqPyJ/Orp+TMKiGJUmkr0WSu/p6Y0FipcRzYzpjqgVr2ZuJ/Xsfo6Mqf8CQzGhO2WBQZQXRKZhGQkEtkWowtoUxyeythAyop0zaokg3BW355lbRqVe+iWrurVerXeRxFOIFTOAcPLqEOt9CAJjCQ8Ayv8OY8OS/Ou/OxaC04+cwx/IHz+QM+mZL8</latexit>

ballistic
<latexit sha1_base64="T7U6nslT2uCvlGsjpfUy3VM46IE=">AAAB8HicbVDLSgMxFL3xWeur6tJNsAiuykxd6LLoxmUF+5B2KJk004YmmSHJCGXoV7hxoYhbP8edf2OmnYW2Hggczrk3994TJoIb63nfaG19Y3Nru7RT3t3bPzisHB23TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknt7nfeWLa8Fg92GnCAklGikecEuukx5CIfAing0rVq3lz4FXiF6QKBZqDyld/GNNUMmWpIMb0fC+xQUa0+0ywWbmfGpYQOiEj1nNUEclMkM0XnuFzpwxxFGv3lMVz9XdHRqQxUxm6Skns2Cx7ufif10ttdB1kXCWpZYouBkWpwDbG+fV4yDWjVkwdIVRztyumY6IJtS6jsgvBXz55lbTrNf+yVr+vVxs3RRwlOIUzuAAfrqABd9CEFlCQ8Ayv8IY0ekHv6GNRuoaKnhP4A/T5AwjNkI0=</latexit>

� = 0.5
<latexit sha1_base64="Joz401D+hgxhV5iq2GGyOj4wZP4=">AAAB8XicbVBNS8NAEN34WetX1aOXYBE8haQqehGKevBYwX5gG8pmO2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYngGl3321paXlldWy9sFDe3tnd2S3v7DR2nikGdxSJWrYBqEFxCHTkKaCUKaBQIaAbDm4nffAKleSwfcJSAH9G+5CFnFI302LkFgfTKdc67pbLruFPYi8TLSZnkqHVLX51ezNIIJDJBtW57boJ+RhVyJmBc7KQaEsqGtA9tQyWNQPvZ9OKxfWyUnh3GypREe6r+nshopPUoCkxnRHGg572J+J/XTjG89DMukxRBstmiMBU2xvbkfbvHFTAUI0MoU9zcarMBVZShCaloQvDmX14kjYrjnTqV+7Ny9TqPo0AOyRE5IR65IFVyR2qkThiR5Jm8kjdLWy/Wu/Uxa12y8pkD8gfW5w87WY/4</latexit>

� = 1.2
<latexit sha1_base64="Agwx660Ibiq1enHSLJwHOyUj+1M=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgKSRV0ItQ1IPHCvYD21A220m7dLMJuxuhhP4LLx4U8eq/8ea/cdvmoK0PBh7vzTAzL0g4U9p1v63Cyura+kZxs7S1vbO7V94/aKo4lRQbNOaxbAdEIWcCG5ppju1EIokCjq1gdDP1W08oFYvFgx4n6EdkIFjIKNFGeuzeItfkynOqvXLFddwZ7GXi5aQCOeq98le3H9M0QqEpJ0p1PDfRfkakZpTjpNRNFSaEjsgAO4YKEqHys9nFE/vEKH07jKUpoe2Z+nsiI5FS4ygwnRHRQ7XoTcX/vE6qw0s/YyJJNQo6XxSm3NaxPX3f7jOJVPOxIYRKZm616ZBIQrUJqWRC8BZfXibNquOdOdX780rtOo+jCEdwDKfgwQXU4A7q0AAKAp7hFd4sZb1Y79bHvLVg5TOH8AfW5w84U4/2</latexit>



Conclusions
Somehow, reasonably large bond dimension seems to be 
capturing subtle physics at long times, even after the simulated 
state no longer has overlap of order unity with the 

This suggests that, at least for some non-thermalizing many-body 
systems, the long-time physics has a degree of robustness to 
finite entanglement.
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state no longer has overlap of order unity with the 

This suggests that, at least for some non-thermalizing many-body 
systems, the long-time physics has a degree of robustness to 
finite entanglement.

Does this give a reasonably positive prognosis for simulations of 
quantum dynamics in the NISQ era?

It suggests that things we might try to simulate, like dynamics of 
the Hubbard model, will be qualitatively correct even if not 
microscopically correct—they are “easy” quantum computations 
in that sense.

Clearly this can’t be true in all cases—disordered systems are a 
ready counterexample.  When is it true?


