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A recent article [Nature 612, 51–55 (2022)] [1] claims to observe traversable wormhole dynamics in
an experiment. This claim is based upon performing a teleportation protocol using a Hamiltonian
that consists of seven Majorana fermions with five fully-commuting terms. The Hamiltonian is
generated via a machine-learning procedure designed to replicate the teleportation behavior of the
Sachdev-Ye-Kitaev (SYK) model. The authors claim that the learned Hamiltonian reproduces
gravitational dynamics of the SYK model and demonstrates gravitational teleportation through an
emergent wormhole. We find: (i) in contrast to these claims, the learned Hamiltonian does not
exhibit thermalization; (ii) the teleportation signal only resembles the SYK model for operators
that were used in the machine-learning training; (iii) the observed perfect size winding is in fact a
generic feature of small-size, fully-commuting models, and does not appear to persist in larger-size
fully-commuting models or in non-commuting models at equivalent system sizes.

The holographic principle posits that certain quantum
mechanical Hamiltonians are dual to quantum theories
of gravity [2–4]. Recently, there has been tremendous
interest towards experimentally realizing such quantum
mechanical models on a quantum processor. To this end,
an important development was the discovery of a quan-
tum teleportation protocol that is related to traversable
wormholes (Fig. 2a) [5–10]. Specifically, when the tele-
portation protocol is implemented using a Hamiltonian
that is holographically dual to gravity, successful telepor-
tation is described from the dual perspective as a particle
traveling through a traversable wormhole.

A recent article [1] claims to observe traversable worm-
hole dynamics in an experimental setting. The most
direct way to observe traversable wormhole dynamics
would be to experimentally implement the SYK model,
which is dual to gravity [11, 12]. However, it is ex-
tremely challenging to experimentally implement even
a small-size version of the SYK model. To this end,
[1] uses a machine-learning procedure to construct a
sparse Hamiltonian that aims to preserve gravitational
physics. More specifically, the machine-learning proce-
dure is based upon reproducing the teleportation behav-
ior of the SYK model (at system size N = 10) with only
a small number of Hamiltonian terms. The result is the
following Hamiltonian, henceforth “Model 1”,

H =− 0.36ψ1ψ2ψ4ψ5 + 0.19ψ1ψ3ψ4ψ7 − 0.71ψ1ψ3ψ5ψ6

+ 0.22ψ2ψ3ψ4ψ6 + 0.49ψ2ψ3ψ5ψ7. (1)

Here, ψi are Majorana fermions satisfying {ψi, ψj} = δij .
The authors claim that Model 1 “is consistent with

gravitational dynamics of the dense SYK Hamilto-
nian” and demonstrates “gravitational teleportation...by
means of an emergent wormhole”. They analyze five key
properties of traversable wormhole physics:
(i) scrambling and thermalization dynamics
(ii) a teleportation signal that is consistent with a neg-

ative energy shockwave
(iii) perfect size winding
(iv) causal time-ordering of teleported signals
(v) a Shapiro time delay

These claims are surprising given that:

Model 1 is fully-commuting. Each of the five Hamil-
tonian terms commutes with every other term.

which is alluded to in the Supplemental Material of [1].
This property is distinct from the SYK model, and fully-
commuting models are known to exhibit markedly differ-
ent dynamics from non-commuting models.

Given the interest in realizing non-trivial models of
quantum gravity in experiment, it seems worthwhile to
investigate the extent to which the model and strategy
in [1] indeed capture the stated features of gravitational
physics. Our central findings are:

• In contrast to the claims of [1], Model 1 does not ther-
malize. It exhibits strong oscillations in the correla-
tion functions that characterize scrambling and ther-
malization (Fig. 1). The observation of thermalization
in [1] is an artifact of averaging over these oscillations.

• In order to generate Model 1, the machine-learning
procedure in [1] trains on teleportation involving two
specific operators, ψ1 and ψ2. The authors character-
ize the teleportation signal [properties (ii, iv, v)] and
size winding [property (iii)] only for those operators
that were trained on. We find that the teleportation
signal only resembles that of the SYK model for the
specific operators that were trained on, and not for
general operators that were not involved in the train-
ing (Fig. 2).

• The observed perfect size winding in Model 1, is
in fact, a widespread property of fully-commuting
Hamiltonians at small system sizes (Fig. 3). Putting
random numerical coefficients in front of the terms
in Eq. (1) or taking random commuting terms, also
produces perfect size winding. In the cases that we
have examined, perfect size winding does not persist
to larger system sizes or to non-commuting models at
equivalent system sizes.

We emphasize an inherent tension between the first
and third observations: Small-size, fully-commuting

ar
X

iv
:2

30
2.

07
89

7v
1 

 [
qu

an
t-

ph
] 

 1
5 

Fe
b 

20
23



2

t

<latexit sha1_base64="TMSRHfjW84RlqkRvr2mpocQUOdU=">AAACK3icbVDLSsNAFJ34rPHVqjs3wSK4KolUdFl047IF+4A2lMl00g6dTOLMjRBDv8CtfoZf40px6384aSPa1gMXDufcy733eBFnCmz73VhZXVvf2Cxsmds7u3v7xdJBS4WxJLRJQh7KjocV5UzQJjDgtBNJigOP07Y3vsn89gOVioXiDpKIugEeCuYzgkFLDegXy3bFnsJaJk5OyihHvV8yjnqDkMQBFUA4Vqrr2BG4KZbACKcTsxcrGmEyxkPa1VTggCo3nV46sU61MrD8UOoSYE3VvxMpDpRKAk93BhhGatHLxP+8bgz+lZsyEcVABZkt8mNuQWhlb1sDJikBnmiCiWT6VouMsMQEdDhzW4CNH2dfZIwzT2KZpPcxFr/OT280ShQjamKaOkdnMbVl0jqvONXKRaNarl3niRbQMTpBZ8hBl6iGblEdNRFBFD2hZ/RivBpvxofxOWtdMfKZQzQH4+sbqmKoKQ==</latexit>

t

<latexit sha1_base64="TMSRHfjW84RlqkRvr2mpocQUOdU=">AAACK3icbVDLSsNAFJ34rPHVqjs3wSK4KolUdFl047IF+4A2lMl00g6dTOLMjRBDv8CtfoZf40px6384aSPa1gMXDufcy733eBFnCmz73VhZXVvf2Cxsmds7u3v7xdJBS4WxJLRJQh7KjocV5UzQJjDgtBNJigOP07Y3vsn89gOVioXiDpKIugEeCuYzgkFLDegXy3bFnsJaJk5OyihHvV8yjnqDkMQBFUA4Vqrr2BG4KZbACKcTsxcrGmEyxkPa1VTggCo3nV46sU61MrD8UOoSYE3VvxMpDpRKAk93BhhGatHLxP+8bgz+lZsyEcVABZkt8mNuQWhlb1sDJikBnmiCiWT6VouMsMQEdDhzW4CNH2dfZIwzT2KZpPcxFr/OT280ShQjamKaOkdnMbVl0jqvONXKRaNarl3niRbQMTpBZ8hBl6iGblEdNRFBFD2hZ/RivBpvxofxOWtdMfKZQzQH4+sbqmKoKQ==</latexit>

(a)

<latexit sha1_base64="ywH2CJs4iN+tKomh4LiEHYSNHjI=">AAACNnicbVDLSsNAFJ34rPHVqjs3wSLopiRS0WXRjcsKtgpNkZvpxA6dTOLMjRhDf8Otfoa/4saduPUTnD5EWz0wcDjnXO6dEySCa3TdV2tmdm5+YbGwZC+vrK6tF0sbTR2nirIGjUWsrgLQTHDJGshRsKtEMYgCwS6D3unAv7xjSvNYXmCWsHYEN5KHnAIayfeR3WMQ5nuw378ult2KO4Tzl3hjUiZj1K9L1pbfiWkaMYlUgNYtz02wnYNCTgXr236qWQK0BzesZaiEiOl2Pjy67+wapeOEsTJPojNUf0/kEGmdRYFJRoBdPe0NxP+8VorhcTvnMkmRSTpaFKbCwdgZNOB0uGIURWYIUMXNrQ7tggKKpqeJLch7D6NfDJjggQKV5bcpyB/nO5t0M82p7tu26dGbbu0vaR5UvGrl8Lxarp2MGy2QbbJD9ohHjkiNnJE6aRBKEvJInsiz9WK9We/Wxyg6Y41nNskErM8vsaustg==</latexit>

Individual correlators (Model 1)(b)

<latexit sha1_base64="98ze/f5QQXFzflSLxDnx60J/LBw=">AAACNnicbVDLSsNAFJ34rPHVqjs3wSLUTUmkosuiG5cV7AOaUibTSTt0MokzN2IM/Q23+hn+iht34tZPcNJWtK0HBg7nnMu9c7yIMwW2/WYsLa+srq3nNszNre2d3Xxhr6HCWBJaJyEPZcvDinImaB0YcNqKJMWBx2nTG15lfvOeSsVCcQtJRDsB7gvmM4JBS64L9AE8Py15J6NuvmiX7TGsReJMSRFNUesWjAO3F5I4oAIIx0q1HTuCToolMMLpyHRjRSNMhrhP25oKHFDVScdHj6xjrfQsP5T6CbDG6t+JFAdKJYGnkwGGgZr3MvE/rx2Df9FJmYhioIJMFvkxtyC0sgasHpOUAE80wUQyfatFBlhiArqnmS3Aho+TX2SMM09imaR3MRa/zk82GiSKETUyTd2jM9/aImmclp1K+eymUqxeThvNoUN0hErIQeeoiq5RDdURQRF6Qs/oxXg13o0P43MSXTKmM/toBsbXN7N0rLc=</latexit>

Individual correlators (SYK)Average correlator

Model 1

SYK
ensemble

t

<latexit sha1_base64="TMSRHfjW84RlqkRvr2mpocQUOdU=">AAACK3icbVDLSsNAFJ34rPHVqjs3wSK4KolUdFl047IF+4A2lMl00g6dTOLMjRBDv8CtfoZf40px6384aSPa1gMXDufcy733eBFnCmz73VhZXVvf2Cxsmds7u3v7xdJBS4WxJLRJQh7KjocV5UzQJjDgtBNJigOP07Y3vsn89gOVioXiDpKIugEeCuYzgkFLDegXy3bFnsJaJk5OyihHvV8yjnqDkMQBFUA4Vqrr2BG4KZbACKcTsxcrGmEyxkPa1VTggCo3nV46sU61MrD8UOoSYE3VvxMpDpRKAk93BhhGatHLxP+8bgz+lZsyEcVABZkt8mNuQWhlb1sDJikBnmiCiWT6VouMsMQEdDhzW4CNH2dfZIwzT2KZpPcxFr/OT280ShQjamKaOkdnMbVl0jqvONXKRaNarl3niRbQMTpBZ8hBl6iGblEdNRFBFD2hZ/RivBpvxofxOWtdMfKZQzQH4+sbqmKoKQ==</latexit>

t

<latexit sha1_base64="TMSRHfjW84RlqkRvr2mpocQUOdU=">AAACK3icbVDLSsNAFJ34rPHVqjs3wSK4KolUdFl047IF+4A2lMl00g6dTOLMjRBDv8CtfoZf40px6384aSPa1gMXDufcy733eBFnCmz73VhZXVvf2Cxsmds7u3v7xdJBS4WxJLRJQh7KjocV5UzQJjDgtBNJigOP07Y3vsn89gOVioXiDpKIugEeCuYzgkFLDegXy3bFnsJaJk5OyihHvV8yjnqDkMQBFUA4Vqrr2BG4KZbACKcTsxcrGmEyxkPa1VTggCo3nV46sU61MrD8UOoSYE3VvxMpDpRKAk93BhhGatHLxP+8bgz+lZsyEcVABZkt8mNuQWhlb1sDJikBnmiCiWT6VouMsMQEdDhzW4CNH2dfZIwzT2KZpPcxFr/OT280ShQjamKaOkdnMbVl0jqvONXKRaNarl3niRbQMTpBZ8hBl6iGblEdNRFBFD2hZ/RivBpvxofxOWtdMfKZQzQH4+sbqmKoKQ==</latexit>

t

<latexit sha1_base64="TMSRHfjW84RlqkRvr2mpocQUOdU=">AAACK3icbVDLSsNAFJ34rPHVqjs3wSK4KolUdFl047IF+4A2lMl00g6dTOLMjRBDv8CtfoZf40px6384aSPa1gMXDufcy733eBFnCmz73VhZXVvf2Cxsmds7u3v7xdJBS4WxJLRJQh7KjocV5UzQJjDgtBNJigOP07Y3vsn89gOVioXiDpKIugEeCuYzgkFLDegXy3bFnsJaJk5OyihHvV8yjnqDkMQBFUA4Vqrr2BG4KZbACKcTsxcrGmEyxkPa1VTggCo3nV46sU61MrD8UOoSYE3VvxMpDpRKAk93BhhGatHLxP+8bgz+lZsyEcVABZkt8mNuQWhlb1sDJikBnmiCiWT6VouMsMQEdDhzW4CNH2dfZIwzT2KZpPcxFr/OT280ShQjamKaOkdnMbVl0jqvONXKRaNarl3niRbQMTpBZ8hBl6iGblEdNRFBFD2hZ/RivBpvxofxOWtdMfKZQzQH4+sbqmKoKQ==</latexit>

t

<latexit sha1_base64="TMSRHfjW84RlqkRvr2mpocQUOdU=">AAACK3icbVDLSsNAFJ34rPHVqjs3wSK4KolUdFl047IF+4A2lMl00g6dTOLMjRBDv8CtfoZf40px6384aSPa1gMXDufcy733eBFnCmz73VhZXVvf2Cxsmds7u3v7xdJBS4WxJLRJQh7KjocV5UzQJjDgtBNJigOP07Y3vsn89gOVioXiDpKIugEeCuYzgkFLDegXy3bFnsJaJk5OyihHvV8yjnqDkMQBFUA4Vqrr2BG4KZbACKcTsxcrGmEyxkPa1VTggCo3nV46sU61MrD8UOoSYE3VvxMpDpRKAk93BhhGatHLxP+8bgz+lZsyEcVABZkt8mNuQWhlb1sDJikBnmiCiWT6VouMsMQEdDhzW4CNH2dfZIwzT2KZpPcxFr/OT280ShQjamKaOkdnMbVl0jqvONXKRaNarl3niRbQMTpBZ8hBl6iGblEdNRFBFD2hZ/RivBpvxofxOWtdMfKZQzQH4+sbqmKoKQ==</latexit>

Model 1

SYK
ensemble

(c)

<latexit sha1_base64="EfPcijf6Vlb+OLDtJUrgKHGAAGU=">AAACNnicbVDLSsNAFJ34rPHVqjs3wSLUTUmkosuiG5cV7AOaUibTSTt0MokzN2IM/Q23+hn+iht34tZPcNJWtK0HBg7nnMu9c7yIMwW2/WYsLa+srq3nNszNre2d3Xxhr6HCWBJaJyEPZcvDinImaB0YcNqKJMWBx2nTG15lfvOeSsVCcQtJRDsB7gvmM4JBS64L9AE8Py2Rk1E3X7TL9hjWInGmpIimqHULxoHbC0kcUAGEY6Xajh1BJ8USGOF0ZLqxohEmQ9ynbU0FDqjqpOOjR9axVnqWH0r9BFhj9e9EigOlksDTyQDDQM17mfif147Bv+ikTEQxUEEmi/yYWxBaWQNWj0lKgCeaYCKZvtUiAywxAd3TzBZgw8fJLzLGmSexTNK7GItf5ycbDRLFiBqZpu7RmW9tkTROy06lfHZTKVYvp43m0CE6QiXkoHNURdeohuqIoAg9oWf0Yrwa78aH8TmJLhnTmX00A+PrG7U9rLg=</latexit>

(d)

<latexit sha1_base64="RB6Zfcef/KFIF4ajJi6wXHGrq0A=">AAACNnicbVDLSsNAFJ34rPXVqjs3wSLUTUmkosuiG5cV7AOaUiaTSTt0MokzN2IM/Q23+hn+iht34tZPcNJWtK0HBg7nnMu9c9yIMwWW9WYsLa+srq3nNvKbW9s7u4XiXlOFsSS0QUIeyraLFeVM0AYw4LQdSYoDl9OWO7zK/NY9lYqF4haSiHYD3BfMZwSDlhwH6AO4flr2Tka9QsmqWGOYi8SekhKaot4rGgeOF5I4oAIIx0p1bCuCboolMMLpKO/EikaYDHGfdjQVOKCqm46PHpnHWvFMP5T6CTDH6t+JFAdKJYGrkwGGgZr3MvE/rxODf9FNmYhioIJMFvkxNyE0swZMj0lKgCeaYCKZvtUkAywxAd3TzBZgw8fJLzLGmSuxTNK7GItf5ycbDRLFiBrl87pHe761RdI8rdjVytlNtVS7nDaaQ4foCJWRjc5RDV2jOmoggiL0hJ7Ri/FqvBsfxuckumRMZ/bRDIyvb7cGrLk=</latexit>

G
a
v
g
(t

)

<latexit sha1_base64="T2StYKmfWsFE4bpbswRhpHfKM+g="></latexit>

G
i(

t)

<latexit sha1_base64="TR4+lEAwnRT2hwQtY8j/wFnMYAQ=">AAACMHicbVDLTsJAFJ3iC/EF6s5NIzHBDWkNRpdEF7rERB4JNGQ6TGFkOq0ztya14R/c6mf4Nboybv0Kp4BRwJPc5OSce3PvPW7ImQLLejcyS8srq2vZ9dzG5tb2Tr6w21BBJAmtk4AHsuViRTkTtA4MOG2FkmLf5bTpDi9Tv/lApWKBuIU4pI6P+4J5jGDQUuOqy0pw3M0XrbI1hrlI7Ckpoilq3YKx3+kFJPKpAMKxUm3bCsFJsARGOB3lOpGiISZD3KdtTQX2qXKS8bkj80grPdMLpC4B5lj9O5FgX6nYd3Wnj2Gg5r1U/M9rR+CdOwkTYQRUkMkiL+ImBGb6u9ljkhLgsSaYSKZvNckAS0xAJzSzBdjwcfJFyjhzJZZxch9h8ev89IaDWDGiRrmcztGeT22RNE7KdqV8elMpVi+miWbRATpEJWSjM1RF16iG6oigO/SEntGL8Wq8GR/G56Q1Y0xn9tAMjK9v2uSpuw==</latexit>

F
i(

t)

<latexit sha1_base64="Dyc6ULXHgv1Iu2BfPeeMFabJABY=">AAACMHicbVDLSsNAFJ3UV62vVt25CRahbkoiFV0WBXFZwT6gDWUynbRjJ5M4cyPE0H9wq5/h1+hK3PoVTtqKtvXAhcM593LvPW7ImQLLejcyS8srq2vZ9dzG5tb2Tr6w21BBJAmtk4AHsuViRTkTtA4MOG2FkmLf5bTpDi9Tv/lApWKBuIU4pI6P+4J5jGDQUuOqy0pw3M0XrbI1hrlI7Ckpoilq3YKx3+kFJPKpAMKxUm3bCsFJsARGOB3lOpGiISZD3KdtTQX2qXKS8bkj80grPdMLpC4B5lj9O5FgX6nYd3Wnj2Gg5r1U/M9rR+CdOwkTYQRUkMkiL+ImBGb6u9ljkhLgsSaYSKZvNckAS0xAJzSzBdjwcfJFyjhzJZZxch9h8ev89IaDWDGiRrmcztGeT22RNE7KdqV8elMpVi+miWbRATpEJWSjM1RF16iG6oigO/SEntGL8Wq8GR/G56Q1Y0xn9tAMjK9v2Ripug==</latexit>

(e)

<latexit sha1_base64="kobv0t0TU6HXZsizcKC8ifE3PRc=">AAACNnicbVDLSsNAFJ34rPHVqjs3wSLopiRS0WXRjcsKtgpNkcn0xg6dTOLMjRhDf8Otfoa/4saduPUTnD5EWz0wcDjnXO6dEySCa3TdV2tmdm5+YbGwZC+vrK6tF0sbTR2nikGDxSJWVwHVILiEBnIUcJUooFEg4DLonQ78yztQmsfyArME2hG9kTzkjKKRfB/hHoMw34P9/nWx7FbcIZy/xBuTMhmjfl2ytvxOzNIIJDJBtW55boLtnCrkTEDf9lMNCWU9egMtQyWNQLfz4dF9Z9coHSeMlXkSnaH6eyKnkdZZFJhkRLGrp72B+J/XSjE8budcJimCZKNFYSocjJ1BA06HK2AoMkMoU9zc6rAuVZSh6WliC/Lew+gXAyZ4oKjK8tuUyh/nO5t0M82Z7tu26dGbbu0vaR5UvGrl8Lxarp2MGy2QbbJD9ohHjkiNnJE6aRBGEvJInsiz9WK9We/Wxyg6Y41nNskErM8vuM+sug==</latexit>

(f)

<latexit sha1_base64="hg4QmqdsGOIAymxbm7lUhPq5eAk=">AAACNnicbVDLSsNAFJ34rPHVqjs3wSLUTUmkosuiG5cV7AOaUibTSTt0MokzN2IM/Q23+hn+iht34tZPcNJWtK0HBg7nnMu9c7yIMwW2/WYsLa+srq3nNszNre2d3Xxhr6HCWBJaJyEPZcvDinImaB0YcNqKJMWBx2nTG15lfvOeSsVCcQtJRDsB7gvmM4JBS64L9AE8Py35J6NuvmiX7TGsReJMSRFNUesWjAO3F5I4oAIIx0q1HTuCToolMMLpyHRjRSNMhrhP25oKHFDVScdHj6xjrfQsP5T6CbDG6t+JFAdKJYGnkwGGgZr3MvE/rx2Df9FJmYhioIJMFvkxtyC0sgasHpOUAE80wUQyfatFBlhiArqnmS3Aho+TX2SMM09imaR3MRa/zk82GiSKETUyTd2jM9/aImmclp1K+eymUqxeThvNoUN0hErIQeeoiq5RDdURQRF6Qs/oxXg13o0P43MSXTKmM/toBsbXN7qYrLs=</latexit>

F
a
v
g
(t

)

<latexit sha1_base64="s+HJijlzT4i64ZUfYYjT40NTuXA="></latexit>

FIG. 1. Lack of thermalization in Model 1. (a) Two-point correlation functions averaged over Majorana operators,
Gavg(t), for Model 1 (green; replicating Fig. 3b of [1]) and several disorder realizations of the N = 10 SYK model (orange). As
observed in [1], the average correlation function displays similar behavior between the two models. For both models, β = 4,
and, for the SYK model, the couplings are drawn from a normal distribution with mean zero and variance 6J2/N3, where
J = 1.125. (b) In Model 1, the individual two-point correlation functions, Gi(t), display large oscillations. (c) In the SYK
model (taking a single disorder instance), the individual correlation functions all exhibit decay. This behavior is independent
of the disorder realization. (d-f) Analogous results for the average and individual four-point correlation functions, Favg(t) and
Fi(t), in Model 1 and the N = 10 SYK model. Again, the agreement between the two models holds only for the averaged
correlation functions (d), and not for the individual correlation functions (e-f).

Hamiltonians do not thermalize but generally exhibit
perfect size winding, while the opposite is true for larger
or non-commuting systems. None of the systems consid-
ered in [1] satisfy both properties simultaneously. Nev-
ertheless, both thermalization [13, 14] and size wind-
ing [7, 10] are central to the holographic correspondence
and are known to occur in the SYK model at large system
sizes [10].

Before proceeding, we note that two additional Hamil-
tonians are numerically studied in the Supplemental Ma-
terial of [1]. We address these in Appendix A. The Hamil-
tonian Eq. (S16) in [1], henceforth “Model 2”, is pro-
duced by the same machine-learning procedure as Model
1. We find that Model 2 is nearly fully-commuting, and
that the above observations similarly hold. In contrast,
the Hamiltonian Eq. (S17) in [1], henceforth “Model 3”,
is produced by an alternate machine-learning procedure
designed to maximize the difference in the teleportation
signal between negative and positive couplings. Model
3 is not fully-commuting and exhibits clearer signatures
of thermalization. However, as noted in [1], it does not
exhibit perfect size winding.

Thermalization and scrambling—Ref. [1] claims
that Model 1 “scrambles and thermalizes similarly to the
original SYK model as characterized by the four- and
two-point correlators.” To support this, they plot the

average of each correlator over local Majorana opera-
tors. For example, they plot (Fig. 3b of [1]) the two-

point correlator Gavg(t) = 1
8

∑8
i=1Gi(t), where Gi(t) =

Re
[〈
ψi(t)ψi(0)

〉
β

]
and the sum is over the seven opera-

tors in Eq. (1) and an additional operator ψ8 that does
not enter the Hamiltonian (reproduced in Fig. 1a). Here,
〈·〉β = Tr[(·)ρβ ] with ρβ = e−βH/Tr[e−βH ].

The decay of two-point correlation functions is indica-
tive of thermalization [15]. We note that it is not typical
to average over a system’s two-point correlation functions
when exploring thermalization, since this averaging can
lead to a decay that is not representative of the individ-
ual correlation functions. As shown in Fig. 3b of [1] and
we reproduce in Fig. 1a above, for both the SYK model
and Model 1, the averaged correlation function, Gavg(t),
indeed exhibits decay. For the SYK model, this decay
is consistent with the behavior of individual two-point
correlation functions, and thus, thermalization (Fig. 1c).
However, for Model 1, the individual two-point correla-
tors, Gi(t), exhibit strong revivals as a function of time
(Fig. 1b). This indicates that the agreement in the ther-
malization behavior between the SYK model and Model
1 observed in Fig. 3b of [1] is an artifact of averaging
over the two-point correlation functions, and that in fact,
Model 1 does not thermalize.
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FIG. 2. Teleportation signal of Model 1. (a) Teleportation circuit from [1]. The qubit to be teleported is swapped
with a pair of Majorana operators in the left system L. The success of teleportation from L to R is measured by the mutual
information between a reference qubit P and a readout qubit T. (b) Mutual information, IPT, of the symmetric teleportation
protocol with µ = −12 for Model 1 (orange; replicating Fig. 2a of [1]) and several realizations of the N = 10 SYK model with
J = 1.25 (grey). The machine-learning procedure in [1] trains Model 1 to reproduce the mutual information (as a function of
time) of the SYK model for a specific pair of input operators, ψ1 and ψ2. For this pair of operators, the mutual information
indeed shows good agreement between the two models. (c) In Model 1, when the teleportation protocol is performed with
input operators that were not involved in the training procedure, i.e. ψi and ψj where i < j ∈ [3, 7], the mutual information as
a function of time exhibits significant variations. (d) For comparison, in the N = 10 SYK model, the mutual information for
all pairs of input operators is consistent. The dashed line indicates the mutual information at t = 0 for reference.

In Fig. 1d-f, we turn to the behavior of four-point

correlation functions, Fi(t) = −Re
[〈 [

ψi(t), ψi(0)
]2 〉

β

]
,

as well as their average, Favg(t) =
∑8
i=1 Fi(t). Much

like the two-point correlators, the agreement between the
four-point correlation functions of Model 1 and the SYK
model (Fig. 3b of [1]), is an artifact of averaging.

In the holographic correspondence, the persistent de-
cay of the two- and four-point correlators corresponds to
a perturbation falling toward a black hole [14, 16]. The
strong revivals in the correlators of Model 1 contrast with
this physics.

Teleportation signal—We now explore the claim
that Model 1 “is consistent with gravitational dynamics
of the dense SYK Hamiltonian beyond its training data”.
Specifically, the authors claim that the teleportation sig-
nal of Model 1 demonstrates behavior compatible with
a qubit emerging from a traversable wormhole. These
claims are based upon analyzing the teleportation signal
for the pair of operators, ψ1 and ψ2, that were involved in
the machine-learning training (Fig. 2 of [1]). To further
test whether Model 1 is consistent with the gravitational
dynamics of the dense SYK model, we examine the tele-
portation signal for operators that were not involved in
the training procedure.

Fig. 2 of [1] presents the mutual information of the
teleportation protocol as a function of two times: the in-
jection time, t0, and the readout time, t1 (see e.g. the
circuit in Fig. 2a). For the symmetric teleportation pro-
tocol, with t = t0 = t1, traversable wormhole dynamics
lead to the presence of a single peak in the mutual infor-
mation as a function of time [1]. We note that Model 1 is
trained to reproduce the symmetric teleportation signal
of the SYK model for a specific pair of input Majorana

operators, ψ1 and ψ2. As depicted in Fig. 2a in [1] and
in Fig. 2b above, the mutual information indeed exhibits
a single peak for the trained operators in Model 1 and
for various instances of the SYK model. However, for
a generic pair of untrained operators in Model 1, the
mutual information does not exhibit single-peak behav-
ior, but rather, displays large oscillations as a function
of time that strongly vary for different input operators
(Fig. 2c). This sharply contrasts with teleportation in
the SYK model, where the mutual information exhibits
a single consistent peak in time for any pair of input op-
erators (Fig. 2d).

We note that Ref. [1] also examines the teleportation
protocol at a fixed injection time, while varying the read-
out time (Fig. 2b in [1]); our analysis of this protocol is
shown in Appendix C. At short times, for Model 1, the
mutual information exhibits a single peak for all pairs of
operators, albeit with large variations in peak height. At
longer times, generic pairs of operators exhibit multiple
peaks in the mutual information, which are not observed
in the SYK model.
Size winding—Beyond a comparison to the N = 10

SYK model, the authors claim that Model 1 satisfies gen-
eral behavior predicted by gravity. They focus on the
property of size winding (Fig. 3d and S14 in [1]), which
is defined by decomposing a time-evolved operator as fol-
lows:

ρ
1/2
β ψi(t) =

∑
P

cPψ
P (2)

where cP is a complex coefficient, and ψP is a Majorana
string with support P ∈ {0, 1}N . Here, Pi = 1 indi-
cates that ψP has support on site i. Size winding is the
condition that the phases of the squared coefficients, c2P ,
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FIG. 3. Comparison of size winding behavior in Model 1 and other random small-size fully-commuting Hamil-
tonians. (a) Scatter plots depicting the eight non-zero coefficients, c2P , for ψ1 of Model 1 at t = 2.8. The x-values are the
coefficient magnitudes, |cP |2, and the y-values are the coefficient phases, φP ≡ arg c2P − arg q(1). Perfect phase alignment
occurs when the phase of all coefficients at a given size |P | matches the phase of their sum (dashed line). This occurs trivially
for the single coefficient with |P | = 1, and via the alignment of ∼2-3 coefficients for |P | = 3, 5. (b) A comparison of the phase
alignment, r̄, for each operator in: Model 1, Model 1 with random coefficients, Model 1 with random terms and coefficients, a
random all-to-all Ising model, the N = 10 SYK model, Model 2, and Model 3. For Models 1,2,3, the phase alignment for the
trained operators, ψ1 and ψ2, is indicated with a star. As in [1], we take β = 4, and time t = 2.8 for Models 1,2 and t = 2
for Model 3. For the random models, three different disorder realizations are shown, with small horizontal offsets for clarity.
(c) An analogous comparison for the linear slope metric, χ. (d) The size winding phase, arg q(|P |) − arg q(1), as a function
of the operator size, |P |, for Model 1 (top) and Model 1 with random coefficients (bottom). The size of each marker is scaled
proportional to |q(|P |)|. The stars in Model 1 correspond to operators ψ1 (replicating Fig. 3d in [1]) and ψ2.

depend linearly on the size |P | of the Majorana string,
i.e. cP = ei(α|P |/N+φ)rP for some real values, α, φ, rP . As
in [1], it is convenient to separate size winding into two
distinct properties:

1. Phase alignment—The phase of c2P is equal for all
P of the same size.

2. Linear slope—The phase of the sum of coefficients
of size l, q(l) =

∑
|P |=l c

2
P , follows a linear slope

with respect to l.

Analytic calculations show that the SYK model exhibits
both properties in the limit of large system sizes [10]. The
authors emphasize that perfect size winding is a neces-
sary criteria of general holographic systems [17].

We begin by noting a difference in the structure of
time-evolved operators between fully-commuting models
such as Model 1, and non-commuting models, such as
the SYK model. In fully-commuting Majorana Hamilto-
nians, a time-evolved operator has non-zero coefficients
for up to 2bN/2c different strings. In a non-commuting
Majorana Hamiltonian, a time-evolved operator has non-
zero coefficients for up to 2N−1 strings. This difference is
particularly pronounced at small system sizes: In Model
1 there are 8 non-zero coefficients (Fig. 3a), while in the

N = 7 SYK model there are 64 non-zero coefficients and
in the N = 10 SYK model studied in [1] there are 512
non-zero coefficients.
Phase alignment—Ref. [1] quantifies the degree of

phase alignment by considering the ratio:

rl =

∣∣∣∑|P |=l c2P ∣∣∣∑
|P |=l |cP |2

, (3)

which is unity when phase alignment is perfect. Using
ψ1 (which is one of the operators that was trained upon),
the authors show that Model 1 exhibits rl & 0.95 for all l
(Fig. S14 in [1]). The authors refer to this as perfect size
winding. In comparison, Ref. [1] finds that the N = 10
SYK model exhibits rl ∼ 0.75 (Fig. S19 in [1]), which the
authors refer to as “damped” size winding.

To avoid characterizing the phase alignment ratio for
each l, we consider the average ratio, r =

∑
l |q(l)|. Since

r is lower bounded by a two-point correlation function,

W = tr(ψiρ
1/2
β ψiρ

1/2
β ) =

∑
P c

2
P , it is natural to define a

rescaled phase alignment ratio as r̄ = r−W
1−W (see Appendix

D for details).
In Fig. 3b, r̄ is plotted for Model 1 and the SYK model,

for all operators. Consistent with the authors’ observa-
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tions (Figs. S14, S19 in [1]), Model 1 exhibits a signifi-
cantly higher r̄ than the SYK model.

We begin by examining to what extent the large phase
alignment, r̄, is a result of the authors’ machine learn-
ing procedure. In particular, we consider Model 1 with
random numerical coefficients in front of the five Hamil-
tonian terms. In all cases, we find that the phase align-
ment, r̄, is similar to Model 1 and significantly higher
than the SYK model. Three specific instances are shown
in Fig. 3b. Next, we further randomize Model 1, by
considering Hamiltonians with five random, commuting,
four-body Majorana terms (in addition to random coef-
ficients). Again, we find that the phase alignment, r̄, is
similar to Model 1 and significantly higher than the SYK
model (Fig. 3b).

The above observations suggest that a large phase
alignment, r̄, is a generic feature of many fully-
commuting models at small system sizes. As a further
example, we plot the phase alignment, r̄, for a random
all-to-all Ising model with four spins, and find similar be-
havior to Model 1; as shown in Appendix E, we find that
the phase alignment, r̄, decreases with increasing system
size.

Linear slope—The authors claim that Model 1 exhibits
a linear size-winding slope. To demonstrate this, in
Fig. 3d of [1], the authors plot the phase of q(l) as a
function of l for the Majorana operator ψ1 (which was
trained upon). The phase indeed exhibits a linear slope
with respect to l.

We examine how generic this behavior is, and the ex-
tent to which it results from the authors’ machine learn-
ing procedure. In order to better compare across models,
we introduce a metric, χ, for quantifying the linear slope
property (see Appendix D for details). As depicted in
Fig. 3c, ψ1 is indeed characterized by a large value of χ.
For the other operator that was trained upon, ψ2, we also
find that χ is large. However, for the untrained operators,

some Majoranas exhibit large values of χ, while others ex-
hibit small values of χ implying that they do not satisfy
the linear slope property. This behavior is illustrated in
Fig. 3d and contrasts with the SYK model. For the SYK
model, all operators exhibit the linear slope property and
χ is clustered near unity, as shown in Fig. 3c.

As in the preceding discussion about phase alignment,
the fact that some operators in Model 1 exhibit a linear
slope with large χ, is a generic feature of small-size, fully-
commuting Hamiltonians. The distribution of χ across
all operators is illustrated in Fig. 3c, for the three types of
models considered in the preceding subsection: (i) Model
1 with random coefficients, (ii) Model 1 with random
terms and coefficients, and (iii) fully-commuting random
Ising models. In each case, the behavior is comparable
to Model 1—certain operators exhibit the linear slope
property with large χ, while others do not.

We note that for all three models studied by the au-
thors (Model 1 in the main text and Models 2,3 in the
Supplemental Material), the trained operators exhibit a
relatively high degree of linearity compared to other op-
erators. This suggests that the authors’ machine-learning
procedure may have introduced a bias among the trained
operators. Nevertheless, the distribution of χ over all op-
erators resembles that of generic random small-size fully-
commuting models.

Size winding has recently emerged as a prominent fea-
ture of the holographic correspondence for systems with a
nearly AdS2 bulk [7], leading to speculation that the pres-
ence of perfect size winding could be a strong signature of
gravity [9, 10]. The fact that the perfect size winding ob-
served in [1] seems reliant on small-size, fully-commuting
models—which defy other features of holography such as
thermalization [13, 14], complexity [18], and chaos [19]—
raises the question of whether the observed perfect size
winding is indeed connected to gravitational physics in a
substantive manner.
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FIG. 4. (a) Two-point correlation functions, Gi(t), for all Majorana operators in Model 2. (b) (left) Mutual information for
the symmetric teleportation protocol with the trained operators, ψ1 and ψ2, and µ = −12 for: Model 2 (blue), and multiple
instances of N = 10 SYK model (grey). (right) Mutual information for the symmetric teleportation protocol with all pairs of
untrained operators, and µ = −12. (c) Size-winding phase for each of the untrained operators at t = 2.8. (d-f) Depicts the
analogous results for Model 3. As in [1], the teleportation protocol is performed with µ = −17 for Model 3 (replicating Fig. S25
of [1]), and the size-winding phase is evaluated at t = 2.
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Appendix A: Other learned models

In the Supplemental Material of [1], two additional
learned Hamiltonians are studied numerically.
Model 2—The first of these, which we refer to as Model

2, is given in Eq. (S16) of [1]:

H =− 0.35ψ1ψ2ψ3ψ6 + 0.11ψ1ψ2ψ3ψ8 − 0.17ψ1ψ2ψ4ψ7

− 0.67ψ1ψ3ψ5ψ7 + 0.38ψ2ψ3ψ6ψ7 − 0.05ψ2ψ5ψ6ψ7.
(A1)

Model 2 is produced from the same machine-learning pro-
cedure as Model 1, i.e. designed to match the teleporta-
tion signal of the N = 10 SYK model. The authors claim
that Model 2 demonstrates perfect size winding and “is
consistent with other gravitational signatures”.

As noted in [1], Model 2 is not fully commuting.
Nevertheless, we observe that Model 2 becomes fully-
commuting if: (i) the two smallest terms in Eq. (A1)
are removed, and (ii) one performs a basis rotation:

ψ1 → cos(θ)ψ1 + sin(θ)ψ7,

ψ7 → cos(θ)ψ7 − sin(θ)ψ1,
(A2)

with θ = tan−1(−0.35/0.38). At the timescale of tele-
portation (t = 2.8), the two smallest terms provide rel-
atively small corrections to physical observables. Thus,
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Model 2 can be considered weakly perturbed from a fully-
commuting limit.

Consistent with this observation, we find that our main
observations regarding Model 1 also apply to Model 2
(Fig. 4a-d). In particular, the individual two-point corre-
lation functions exhibit strong revivals, the teleportation
signal does not resemble the SYK model for untrained
operators, and the size winding behavior resembles that
of a random fully-commuting Hamiltonian (Fig. 3c). In
addition, we note that the teleportation signal for the
trained operators in Model 2 displays a significant revival
within the timescale on which it was trained (Fig. 4b).
This contrasts with the N = 10 SYK model and indicates
that the training procedure was not fully successful; such
disagreement is not shown or commented on in [1].

Model 3—The second additional model, which we refer
to as Model 3, is given in Eq. (S17) of [1]:

H = 0.60ψ1ψ3ψ4ψ5 + 0.72ψ1ψ3ψ5ψ6 + 0.49ψ1ψ5ψ6ψ9

+ 0.49ψ1ψ5ψ7ψ8 + 0.64ψ2ψ4ψ8ψ10 − 0.75ψ2ψ5ψ7ψ8

+ 0.58ψ2ψ5ψ7ψ10 − 0.53ψ2ψ7ψ8ψ10.

(A3)

Model 3 is produced via a different machine-learning pro-
cedure, which is designed to optimize the asymmetry in
the teleportation signal between positive and negative
couplings. Unlike Models 1 and 2, Model 3 is not fully-
commuting or near fully-commuting.

Referring to the average two-point correlator, the au-
thors demonstrate that “no periodicities are present de-
spite the small number of terms in the Hamiltonian”
(Fig. S26 of [1]). In Fig. 4d, we observe that the in-
dividual two-point correlators also exhibit thermalizing
behavior at long time scales (t ∼ 30). This is consistent
with Model 3 being non-commuting. At earlier times,
the correlators exhibit oscillations that are smaller than
those of Model 1 and 2, but larger than fluctuations in
the N = 10 SYK model.

The teleportation signal for Model 3 exhibits a single-
peak structure for nearly all operators, albeit with large
variations in peak height (Fig. 4e).

The authors note that Model 3 does not exhibit perfect
size winding, but rather features a “consistently large ra-
tio [of phase alignment], suggesting slightly damped size
winding”. Indeed, we find that the phase alignment, r̄,
for Model 3 is comparable to that of the N = 10 SYK
model and lower than that of small-size fully-commuting
models (Fig. 3b). This is consistent with our observa-
tion that perfect phase alignment at small system sizes
is a generic feature of fully-commuting Hamiltonians and
not of non-commuting Hamiltonians. We note that only
some operators in Model 3 (including the trained oper-
ators) exhibit a high degree of linearity χ (Fig. 3c). In
this respect, Model 3 resembles the behavior of fully-
commuting or nearly fully-commuting models (including
Model 1 and 2) and not the SYK model.
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FIG. 5. (a) Four-point correlation functions, Fij(t), for Model
1, shown for all pairs of Majorana operators, i < j ∈ [1, 7].
(b) The same correlation functions for a specific instance of
the N = 10 SYK model with J = 1.125 and i < j ∈ [1, 10].

Appendix B: Four-point correlators with i 6= j

Scrambling is quantified in [1] via the behavior of the

four-point correlation functions, Favg(t) =
∑8
i=1 Fi(t),

with Fi(t) = −Re
[〈 [

ψi(t), ψi(0)
]2 〉

β

]
. We note that

such correlation functions, consisting of the same Majo-
rana ψi for the time-evolved and static operators, are not
the most direct probe of scrambling dynamics, since their
initial growth occurs on the same timescale as the decay
of two-point correlation functions (i.e. the thermalization
time). In the SYK model at large system sizes, the ini-
tial growth reaches a value of unity and is followed by a
slower decay to value 1/2 on the timescale of the scram-
bling time; such non-monotonic behavior is evident in the
time traces of the N = 10 SYK model shown in Fig. 1d.
A more typical probe of scrambling is the four-point cor-

relator, Fij(t) = −Re
[〈 [

ψi(t), ψj(0)
]2 〉

β

]
, for different

operators, i 6= j. In the SYK model at large system
sizes, this correlator decays monotonically from unity to
value 1/2 on the timescale of the scrambling time.

In Fig. 5, we plot the four-point correlation functions,
Fij(t) with i 6= j, for both Model 1 and the N = 10
SYK model. Much like the four-point correlation func-
tions with i = j (i.e. Fi(t), see Fig. 1), we find that the
four-point correlation functions in Model 1 exhibit strong
oscillations in time for all i 6= j. In fact, the oscillations
for many pairs of operators have unit amplitude. In con-
trast, in the N = 10 SYK model, all correlation functions
exhibit a smooth decay to value 1/2.
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FIG. 6. (a) Mutual information of the teleportation protocol with fixed injection time as a function of the readout time
(i.e. t0 = 2.8 and t = t1). The mutual information for Model 1 and the trained operators, ψ1 and ψ2, is in reasonable agreement
with that of multiple instances of the N = 10 SYK model (grey). (b) The mutual information for Model 1 and all pairs of
untrained operators, ψi and ψj with i < j ∈ [2, 7], exhibits variations and revivals as a function of time. (c) The mutual
information for all pairs of operators in the N = 10 SYK model exhibits a single consistent peak.

Appendix C: Teleportation at fixed injection time

As previously discussed, two versions of the teleporta-
tion protocol are analyzed in [1]: using symmetric injec-
tion / readout times and fixed injection time. In Fig. 6,
we present results for latter protocol for Model 1 and the
N = 10 SYK model. For Model 1, when the protocol is
performed with the pair of operators that were trained
on, the mutual information displays a single peak as a
function of time. For other pairs of operators, the mu-
tual information displays an initial peak, whose height
varies significantly for different pairs of operators, fol-
lowed by revivals at later times. This contrasts with the
SYK model, in which the mutual information displays
a single consistent peak for all pairs of operators, with
small and infrequent fluctuations at late times.

Appendix D: Size-winding metrics

Here, we elaborate on the phase alignment, r̄, and the
linear slope metric, χ, which are plotted in Fig. 3b and
Fig. 3c.

Phase alignment—We recall that in [1], the phase
alignment is quantified by plotting the ratio, rl =∣∣∣∑|P |=l c2P ∣∣∣ /∑|P |=l |cP |2, for different sizes l (Figs. S14

and S19 of [1]). The denominator of this quantity
is the operator size distribution, p(l) =

∑
|P |=l |cP |2,

which is normalized to one,
∑
l p(l) = 1. To facilitate

comparison between different operators and models, we
consider the weighted average of rl, r =

∑
l p(l) rl =∑

l

∣∣∣∑|P |=l c2P ∣∣∣ =
∑
l |q(l)|. For a given Hamiltonian,

r is lower bounded by the two-point function, W =
tr
(
ψi(t)ρ1/2ψi(t)ρ1/2

)
=
∑
P c

2
P . We note that this two-

point function is constant in time, and therefore the sum
of the squared coefficients is also constant in time. Tak-
ing into account this lower bound motivates us to rescale
r as r̄ = r−W

1−W , which ranges from zero to one.
Linear slope—We seek to quantify the degree to which

the phases of q(l) follow a linear slope with respect to the
size l. The fit of a line of slope µ can be quantified via
C(µ) =

∣∣∑
l q(l)e

−iµl
∣∣. When deviations from a linear

slope are small, this reduces to unity minus a weighted
sum of squared errors; when deviations are large, it takes
into account the periodicity of the phases. The best fit,
C∗, is found by maximizing over µ, C∗ = maxµ C(µ).

We define the metric, χ, to interpolate between zero
and one as C∗ interpolates between its minimum and
maximum values. The maximum value of C(µ) is given
by the weighted average, r, of the phase alignment ratio.
The minimum value is lower bounded by the two-point
function, W = C(µ = 0). In addition, at small system
sizes it is relevant to consider a second lower bound, cor-
responding to fitting a line between the two coefficients,
q(l1) and q(l2), with the largest magnitude. This consid-
eration is necessary to avoid concluding that functions
q(l) with support on only two values of l have non-trivial
size winding. This fit produces a C of value at least M =
|q(l1)|+|q(l2)|−(r−|q(l1)|+|q(l2)|) = 2|q(l1)|+2|q(l2)|−r.
We thus define the metric,

χ =
C∗ − L
r − L , (D1)

where L is the larger of the two lower bounds, L =
max(W,M).

Appendix E: Other fully-commuting models

Here we include details on the random fully-commuting
models presented in Fig. 3. For all random models in
Fig. 3, we take β = 4 and t = 2.8, identical to Model 1.
Majorana models—In Model 1 with randomized coef-

ficients, we draw each coefficient from a normal distri-
bution with mean zero and standard deviation equal to
the root-mean-square of the coefficients of Model 1. In
Model 1 with randomized terms and coefficients, we gen-
erate five random fully-commuting terms by successively
drawing random four-Majorana terms (from N = 7 to-
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System size

FIG. 7. Phase alignment, r̄, of the random all-to-all Ising
model as a function of the system size N ∈ [4, 8], with J =
0.17 and β = 4. Three disorder realizations are shown at each
system size, with small horizontal offsets for clarity.

tal Majorana operators) and keeping each term only if it
commutes with all terms already kept.

Ising models—We consider random all-to-all Ising
models with Hamiltonian, H = 1√

N

∑
i<j JijZ

iZj . The

coefficients Jij are drawn from a normal distribution with
mean zero and standard deviation J = 0.17.

Finite-size scaling—To explore whether the size wind-
ing behavior of fully-commuting models persists at larger
system sizes, in Fig. 7 we plot the phase alignment, r̄,
for random all-to-all Ising models as a function of the
system size N . We focus on Ising models to avoid sub-
tleties with scaling random fully-commuting Majorana
models to larger system sizes (namely, there is no canon-
ical choice of which fully-commuting terms to include).
We scale the evolution time t with the square root of the
system size, t = 2.8

√
N/4, to ensure that operators grow

to the same fraction of the system size for each N . We
find that the phase alignment, r̄, exhibits a decreasing
trend with the system size.

Appendix F: Missing parameters

Several parameters are omitted from [1] which are nec-
essary for reproducing the numerical results shown. For
the ease of future studies, we list these parameters below:

• In plots showing mutual information (e.g. Figs. 1a,
3a, 3e of [1]), the mutual information is divided by
log(2).

• For the teleportation plots (e.g. Figs. 1a, 3a, 3e of
[1]), the two-sided coupling is V = 1

qN

∑
i ψ

i
Lψ

i
R

with N = 10 and q = 4, for both Model 1 and the
SYK models. The teleportation protocol is per-
formed using ψ1 and ψ2.

• In Fig. 3f of [1], the instantaneous coupling plot
uses µ = −12, however with V normalized us-
ing N = 8. This is distinct from the other plots
in Figs. 1-3, which normalize V with N = 10.
The Trotterized coupling plot uses µ = −18 and
N = 8, and is Trotterized into three time steps,
t = −1.6, 0, 1.6.

• As previously emphasized, the correlation functions
in Fig. 3b of [1] are averaged over all local Ma-
jorana operators (for Model 1, this consists of 8
operators: the 7 operators in Eq. (1) and an ad-
ditional uncoupled operator). Also, the authors
plot the real part of two- and four-point corre-
lation functions. To summarize, the plots corre-
spond to Gavg(t) = 1

8

∑8
i=1Gi(t) with Gi(t) =

Re[
〈
ψi(t)ψi(0)

〉
β
] and Favg(t) =

∑8
i=1 Fi(t) with

Fi(t) = −Re[
〈 [
ψi(t), ψi(0)

]2 〉
β
].

• We are not able to exactly replicate the SYK dy-
namics shown in Figs. 1 and 3b in [1]. We find
qualitatively good agreement using an ensemble of
N = 10 SYK models with J = 1.25 for Fig. 1 in [1]
and J = 1.125 for Fig. 3b in [1].
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