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We observe that the comment of Kobrin et al. [1] is consistent with Jafferis et al. [2] on key points:
i) the microscopic mechanism of the experimentally observed teleportation is size winding and ii) the
system thermalizes and scrambles at the time of teleportation. These properties are consistent with
a gravitational interpretation of the teleportation dynamics, as opposed to the late-time dynamics.
The objections of Kobrin et al. [1] concern counterfactual scenarios outside of the experimentally
implemented protocol.

1. The first scenario of [1] asks about times after the teleportation: they extend the dynamics
via single-sided evolution to conclude that the learned Hamiltonian does not thermalize. We
find that wormhole teleportation persists despite the addition of a non-commuting perturbation
that reduces single-sided revivals. Moreover, we show thermalization under the learned eternal
traversable wormhole Hamiltonian, which, like the experimentally implemented protocol, couples
the left and right systems.

2. The second scenario of [1] asks about teleporting different fermions: they claim no size winding
occurs on untrained fermions. We find all fermions are teleported by size winding albeit at different
times. A strongly gravitational signature emerges: fermions that thermalize more slowly exhibit
size winding at later times, consistent with a holographic interpretation of less massive fermions
having a more delocalized wavepacket, taking them longer to traverse the wormhole.

3. The third scenario of [1] asks about different Hamiltonians: they find similar behavior in ran-
dom commuting Hamiltonians. Besides identifying technical issues in their analysis, we note that
an ensemble of similar Hamiltonians to the learned Hamiltonian should exist and exhibit similar
properties. We also show the commuting structure is unrelated to the presence of gravitational
physics by adding a large non-commuting term and finding that size winding is preserved.

I. INTRODUCTION

The purpose of Jafferis et al. [2] was to perform quan-
tum many-body teleportation with a traversable worm-
hole interpretation. This requires satisfying key proper-
ties at the time of the teleportation. Before the inter-
action between the left and right systems is applied, the
transmitted fermions must thermalize and scramble in
the left system, as defined by the decay of two-point and
out-of-time-order correlators. The fermions must spread
through the left system via operator growth with the par-
ticular phase coherence described by size winding. Ap-
plying the interaction must then reverse the direction of
the size winding, ensuring that time evolution causes the
fermions to unthermalize and unscramble on the right
system. We observe that the numerical results of Kobrin
et al. [1] are fully consistent with this picture.

Kobrin et al. [1] raises objections over a counterfac-
tual scenario regarding the dynamics of a single-sided
system with no interaction to perform the traversable
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wormhole protocol. We show that introducing a large
non-commuting perturbation that damps revivals of the
single-sided system at late times has minimal impact on
transmission dynamics at the time of teleportation; this
shows a decoupling between the issue of late-time dy-
namics and a gravitational interpretation of the telepor-
tation. Moreover, we consider a gravitationally inter-
pretable counterfactual scenario: the evolution of the
coupled left-right system, corresponding to an eternal
traversable wormhole [3]. The wormhole teleportation
protocol proposed in [4] and implemented in our experi-
ment is strictly equivalent to a single Trotter step of time
evolution under the eternal traversable wormhole Hamil-
tonian. Due to the left-right interaction, we find that
this coupled system thermalizes at high temperature as
expected from the gravitational interpretation [3].

A second counterfactual discussed by [1] is the telepor-
tation of different fermions: they claim that the learned
Hamiltonian is biased to have good size winding only on
the two fermions implemented in the experiment. This
objection is not directly relevant to general holographic
models, which can have very different properties across
different fermions; not all fermions must have size wind-
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ing. Nevertheless, in the learned Hamiltonian, we find
that all fermions show size winding at times 2 . t . 5;
their claim is an artifact of only analyzing size winding
at t = 2.8. We find that fermions that thermalize more
slowly in the eternal traversable wormhole Hamiltonian
achieve good size winding at later times. This is a grav-
itationally meaningful feature associated with different
masses across fermions: a lighter fermions has a delo-
calized wave packet that causes it to thermalize more
slowly and take longer to traverse the wormhole, hence
exhibiting size winding later. A late time corresponds
to a boost in the near-horizon region, which makes the
wavepacket more localized via length contraction. We
view this time dependence as evidence for a holographic
interpretation of the learned Hamiltonian. We note that
the size winding behavior (2 . t . 5) occurs before the
model experiences revivals from its commuting structure.
To ensure gravitational dynamics at later times (t & 10),
one needs to apply a perturbation such as a left-right cou-
pling or non-commuting Floquet evolution, as described
in the previous paragraph.

Finally, Kobrin et al. [1] comment on the properties
of random Hamiltonians of the same structure as the
learned Hamiltonian [2]. Below, we note technical is-
sues with this analysis and find that a strict minority of
random Hamiltonians have as good size winding as the
learned Hamiltonian at the time of teleportation. Cru-
cially, however, we see no contradiction in non-bulk ex-
planations of perfect size winding. We expect similar
Hamiltonians to exhibit similar properties. Moreover,
the commuting structure of the Hamiltonian is not cen-
tral to achieving size winding properties. We provide a
large perturbation of the learned Hamiltonian that ther-
malizes but has similar size winding and teleportation
behavior, suggesting that the commuting structure is ir-
relevant to the presence of gravitational physics.

II. GRAVITATIONAL DYNAMICS AFTER
TELEPORTATION

In the setting of a traversable wormhole, the telepor-
tation time of the coupled system defines the relevant
timescale of the dynamics. On this timescale, the two-
point and out-of-time-order correlators decay for individ-
ual fermions and for the average over all fermions. Our
usage of “thermalization” and “scrambling” in the main
text of [2] reflects the properties of the learned Hamilto-
nian on the timescale of the teleportation (t ≈ 2.8). At
t = 2.8, we found that the two Majorana fermions being
teleported each spread onto 8 operators, with the largest
operator of size 5. (In the absence of the commuting
structure, each fermion would spread onto 36 operators
in an N = 7 SYK model.)

To build a minimal example of a system that is inter-
pretable as a traversable wormhole, the learning proce-
dure coarse-grained out details concerning behavior after
the teleportation time. Consequently, different counter-

factual scenarios that occur after the teleportation can
be subject to different interpretations. Kobrin et al. [1]
considered a direct extension of system dynamics: evolv-
ing the single-sided Hamiltonians independently. Due to
the commuting structure of the Hamiltonian, the two-
point function exhibits revivals that prevent thermaliza-
tion and hence prevents interpreting each single-sided
system as a black hole. Since these revivals occur by
time t ≈ 10, dynamics such as the mutual information
can show non-gravitational behavior at times t0+t1 & 10.

The revivals of the single-sided system after the time of
teleportation can be straightforwardly suppressed by in-
troducing a periodic non-commuting perturbation, pro-
ducing behavior more similar to the SYK model as we
shall demonstrate in Sec. IV. We will find that although
the late-time dynamics are now governed by a non-
commuting Hamiltonian, the behavior of the system at
the time of teleportation (t ≈ 2.8) is unchanged. In par-
ticular, the teleportation dynamics at t ≈ 2.8 remain con-
sistent with the expected gravitational signature. This
shows that the late-time thermalization of the model —
satisfying the single-sided counterfactual proposed by [1]
— is a feature that is decoupled from the existence of
gravitational dynamics at early times. For a full discus-
sion of this decoupling, see Sec. IV.

(a)

(b)

FIG. 1. Thermalization and operator growth. (a), The
left-left two-point function of the coupled eternal traversable
wormhole Hamiltonian (β = 0.001). The two fermions tele-
ported in the traversable wormhole experiment are shown in
black (ψ1, ψ2); the two fermions identified by [1] to have poor
size winding are shown in red (ψ4, ψ7). Fermions ψ4, ψ7 are
the slowest to thermalize. (b), The single-sided operator
growth of individual fermions. Solid lines show support p(l)
(Eq. 1) over operators of size l = 3, and dashed lines show
support over operators of size l = 5. Fermions ψ4 and ψ7

grow the slowest, indicating that they traverse the wormhole
later.

Here, we examine a different counterfactual scenario
that leads to meaningful gravitational behavior. We ob-
serve that the entire coupled system

Htot = HL +HR + µMQHint, Hint = i
∑
j

ψjLψ
j
R

behaves as expected from the eternal traversable worm-
hole interpretation [3]. Note that the protocol imple-
mented in the traversable wormhole experiment is equiv-
alent, at the circuit level, to a first-order Trotterization of
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(a) (b)

(c) (d)

FIG. 2. Size winding of individual fermions. (a), The time of best size winding vs. the value of the two-point function
shown in Fig. 1(a) at t = 2.8. Fermions that thermalize more slowly have good size winding at later times. As in Fig. 1,
fermions ψ4 and ψ7 are shown in red, and fermions ψ1 and ψ2 are shown in black. (b), The size winding phase arg q(l) (Eq. 2)
for each of the fermions at the time of their best size winding. All fermions achieve near-linear phase dependence. (c), The ratio
|q(l)|/p(l) for all fermions. (d), The wormhole teleportation protocol using fermions ψ4 and ψ7 and applying the interaction
at t = 4. The fermions with the worst size winding (previously colored red) show a clear mutual information peak asymmetry
at the time of teleportation, showing that they teleport by size winding.

e−iHtott with a single Trotter step. The Hamiltonian Htot

exhibits operator growth and thermalizes at high temper-
ature (Fig. 1a), as is expected of the eternal traversable
wormhole. No revivals occur in the two-point function,
even at late times, due to the presence of Hint. At low
temperature, since the ground state of Htot is the ther-
mofield double state and has an O(1) gap to the first ex-
cited state, the two-point function appropriately exhibits
larger oscillations.

In Fig. 1a, a diversity of decay rates of the two-
point function is seen across different fermions; high-
lighted in red are the two fermions that decay the slowest.
The gravitational interpretation of thermalization rates is
that each fermion corresponds to a different mass. Since
the wave packet of a lighter fermion is more spread out,
its two-point function decays more slowly.

We check this behavior by examining the single-sided
system HL. Inserting a fermion onto the TFD and time
evolving under HL should result in operator growth, with
lighter fermions growing more slowly. In Fig. 1b, we
see that the fermions that exhibit the slowest operator
growth in HL are precisely the same fermions that ther-
malize the slowest in Htot. When examining size wind-
ing in the following section, we shall define the precise
measure of operator growth (Eq. 1) and observe further
behavior consistent with the gravitational interpretation
of fermions with different masses.

III. SIZE WINDING

The size winding analysis included in the main text of
[2] depicts the first fermion of the learned Hamiltonian.
Here, we also show the size winding of all fermions at
different times.

A holographic dual need not have size winding across
all fermions; if a subset of fermions have additional non-
gravitational interactions, they would not necessarily ex-
hibit size winding. Consequently, the absence of size
winding on fermions other than those teleported have no

known implication for the holographic dual of the tele-
ported fermions.

Attaching different masses to the fermions has an im-
plication for size winding. Since lighter fermions traverse
the wormhole more slowly, the event of traversing the
wormhole occurs later. Consequently, the microscopic
mechanism of size winding should occur at later times.
In Fig. 2a, we see this expectation holds for the learned
Hamiltonian.

Size winding decomposes a time-evolved fermion ψjL(t)
over Majorana strings of size |P |

ρ
1/2
β ψjL(t) =

∑
P

cP (t)ψPL ,

where the support of the fermion on operators of size l is
given by

p(l, t) =
∑
|P |=l

|cP (t)|2 (1)

and the winding size distribution is given by

q(l, t) =
∑
|P |=l

cP (t)2. (2)

We measure the quality of size winding by evaluating
the linearity of size winding phases arg q(l, t); in perfect
size winding at time t, q(l, t) is linear in l. In Fig. 2b,
we show the phases of each of the fermions at the time
they are most linear. This demonstrates that all fermions
eventually achieve near-perfect linearity [5].

Kobrin et al. [1] observe that fermions ψ4 and ψ7

(colored red) have poor size winding at t = 2.8. We
see in Fig. 2b that those fermions achieve near-perfect
linearity of size winding phases at slightly later times
(t ≈ 4, shown in Fig. 2a). Those fermions also ther-
malize more slowly in the coupled system (Fig. 1a) and
experience slower operator growth in the single-sided sys-
tem (Fig. 1b). This is consistent with interpreting them
as taking longer to traverse the wormhole. While the
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Learned H0 Perturbed H0 + H1(a) (b) (c)
Perturbed H0 + H1

|q
(l)

|/
p(
l)

FIG. 3. Behavior of perturbed Hamiltonian. (a), Two-point function (top) and mutual information dynamics (bottom)
of individual fermions in the learned Hamiltonian (ψ1, ψ2 in black; other fermions in gray). (b), Two-point function (top) and
mutual information dynamics (bottom) of individual fermions in the perturbed Hamiltonian (same colors). Compared to (a),
the two-point function of H0+H1 does not experience as large revivals due to a non-commuting term and shows slightly damped
oscillatory behavior. The mutual information dynamics preserve the gravitational signature of asymmetry in the interaction
sign. (c), The perturbed Hamiltonian’s size winding phases arg q(l) (top) and ratios |q(l)|/p(l) (inset) shown at the time of
best size winding (bottom). All fermions show size winding at different times, which is seen in (b) to be sufficient to generate
a gravitational teleportation signature. Lighter fermions thermalize more slowly and traverse the wormhole at later times.

ratio |q(l)|/p(l) is not unity for all fermions (Fig. 2c), it
is sufficiently large to achieve a teleportation signal with
sign dependence on the coupling for fermions ψ4 and ψ7

(Fig. 2d).

IV. COMMUTING HAMILTONIAN
STRUCTURE

In [2], we used a learning procedure to identify a mini-
mal example of a Hamiltonian with traversable wormhole
dynamics. The learning procedure involves a free param-
eter that controls the sparsity of the SYK model, gener-
ating an ensemble that includes non-commuting Hamil-
tonians but preserves gravitationally relevant properties.

A priori, it was not known that a small commuting
Hamiltonian (Eq. 3) would exhibit behavior such as size
winding. After this finding, it may be expected that ad-
ditional Hamiltonians of similar form have similar prop-
erties. Indeed, while the learning procedure may aid in
the discovery of Hamiltonians with gravitational behav-
ior, there always exists a non-bulk explanation of its be-
havior. For this reason, the presence of size winding in
Hamiltonians explicitly constructed to be similar to the
learned Hamiltonian is unsurprising; it has no relevance
in determining if the learned Hamiltonian behaves grav-
itationally.

Here, we examine if the commuting structure of the
Hamiltonian is intrinsically related to its size winding

properties and dynamics. We take the learned Hamilto-
nian

H0 =− 0.36ψ1ψ2ψ4ψ5 + 0.19ψ1ψ3ψ4ψ7

− 0.71ψ1ψ3ψ5ψ6 + 0.22ψ2ψ3ψ4ψ6

+ 0.49ψ2ψ3ψ5ψ7, (3)

and add a perturbation with coefficient roughly equal to
the median coefficient in H0,

H1 = 0.3ψ1ψ2ψ3ψ5, (4)

which forces the system to thermalize at long timescales
but does not significantly modify the two-point function
or mutual information dynamics at the timescale t = 2.8
of the wormhole teleportation (Fig. 3ab). In particular,
the two fermions ψ1, ψ2 that traverse the wormhole do
not exhibit revivals in the perturbed system H0 + H1,
unlike the revivals seen in just H0. The perturbed system
H0+H1 shows size winding (Fig. 3c) sufficient to produce
an asymmetric teleportation signal.

To emphasize the independence of 1) exhibiting gravi-
tational physics at the time of teleportation and 2) ther-
malizing at late times, we show that applying the non-
commuting perturbation in Trotterized time evolution
still produces the mutual information dynamics charac-
teristic of a gravitational signal. We prepare the ther-
mofield double state using only the learned Hamiltonian,
but evolve under a time-dependent Floquet Hamiltonian
that alternates between the perturbation (H1) and the
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commuting system (H0), with the alternation occurring
in intervals of ∆t = 2.8. A fermion explores a space of
12 operators under the Floquet Hamiltonian instead of 8
operators under H0.

(a)
(b)

FIG. 4. Behavior of Floquet Hamiltonian. (a), Two-
point function of the single-sided system under alternating
evolution by H0 and H1 (Floquet), compared to H0 and an
SYK model. (b), Mutual information dynamics of the Flo-
quet Hamiltonian with fixed injection time −t0 = −2.8. The
system shows gravitational behavior despite the insertion of
periodic non-commuting evolution.

We compare the dynamics of the Floquet Hamiltonian
to the learned Hamiltonian H0 and an N = 7 SYK model
(35 terms) in Fig. 4a. In Fig. 4b we show the asymmetry
in mutual information in the Floquet case, demonstrat-
ing decoupling between the gravitational behavior at the
time of teleportation from late-time dynamics. The per-
turbation would satisfy the late-time single-sided coun-
terfactual argued by Kobrin et al. [1]; however, it has no
significant effect on the physics at the time of the tele-
portation.

This example demonstrates that adding a large non-
commuting term does not introduce any meaningful
change to the gravitationally interesting regime (t ≈ 2.8,
µ = −12). It suggests that the commuting structure of
the learned Hamiltonian is not intrinsic to the relevant
behavior we observe at the time of teleportation.

Kobrin et al. [1] comment on two methods of generat-

ing Hamiltonians similar to Eq. 3. First, they consider
randomizing the coefficients by sampling from a normal
distribution; second, they randomize both the coefficients
and the choice of terms, such that they obtain a 7-fermion
5-term commuting Hamiltonian. We point out that these
are strictly equivalent procedures: there exists a unique
7-fermion 5-term commuting Hamiltonian, up to relabel-
ing of fermions, given by

H = α1ψ
1ψ2ψ3ψ4 + α2ψ

1ψ2ψ5ψ6

+ α3ψ
3ψ4ψ5ψ6 + α4ψ

1ψ3ψ5ψ7

+ α5ψ
2ψ4ψ5ψ7.

Hence, “randomizing coefficients and terms” is precisely
the same as simply randomizing coefficients.

The authors of [1] claim that the quality of size wind-
ing “over all operators resembles that of generic random
small-size fully commuting models.” We reproduce the
method of generating random Hamiltonians reported by
[1] and observe that at t = 2.8, from 1000 random in-
stances, 29% of random models have as good size wind-
ing on the best two fermions and only 3% have as good
size winding on all fermions, as measured by linearity of
arg q(l). Measured by the variable χ proposed by [1],
these numbers are 25% and 2% respectively. This con-
tradicts the claim of [1], which analyzed size winding at
t = 2.8.

Setting aside these technical issues with the analysis of
[1], we reiterate that the presence of similar Hamiltonians
with similar properties does not have any bearing on a
gravitational interpretation of the learned Hamiltonian
H0.
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