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Chapter 14

TELEPORTATION THROUGH THE WORMHOLE

This chapter includes the work published as:

[1] Daniel Jafferis, Alexander Zlokapa, Joseph D. Lykken, David K. Kolchmeyer,
Samantha 1. Davis, Nikolai Lauk, Hartmut Neven, and Maria Spiropulu.
“Traversable wormhole dynamics on a quantum processor.” In: Nature 612.7938
(2022), pp. 51-55.

14.1 Introduction

Traversable wormholes [1,2] provide a mechanism to probe the conjectured ER=EPR
relation between entanglement and spacetime geometry [3} 4] via the holographic
correspondence of quantum many-body systems and gravitational physics [5]. In
this construction, a pair of black holes in a thermofield double state have their inte-
riors connected via an Einstein-Rosen bridge. Classically, the null energy condition
prevents such wormholes from being traversable [6, 7, [8, 9]. The basic mechanism
found in Ref. [1] is that the gravitational backreaction to quantum effects induced
by couplings between the exterior regions of the pair of black holes can render
the wormhole traversable [10]. It was demonstrated by Refs. [1, [2] that sending
quantum information through such a wormhole is the gravitational description of
quantum teleportation in the dual many-body system: the physical picture behind

this teleportation is that the qubit traverses the emergent wormhole.

Considering gravity with nearly AdS; boundary conditions [[11], the thermofield
double (TFD) state corresponds to an AdS-Schwarzschild wormhole [12]. Two
quantum systems — denoted L and R for the two black holes — are entangled in
the TFD state at temperature 1/8. In the gravitational picture, a qubit is injected
into L at time —¢¢ and arrives at R at ¢; due to a coupling interaction at t = 0. This
coupling induces a negative null energy in the bulk that shifts the qubit away from
the singularity (Fig. [I4.Th), consistent with a quantum computation that recovers
the infalling qubit under unitary black hole dynamics [13]]. Interpreted in terms of
recovering information from unitary black hole evaporation [|13]], the negative energy
shockwave produces a quantum computation that causes the scrambled infalling

qubit to reappear in the auxiliary entangled system, i.e., emerging at R after a
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Figure 14.1: Traversable wormhole in spacetime and in the holographic dual. a)
Diagram of a traversable wormhole in anti-de Sitter space. A qubit injected at
t = —t¢ enters through the left side of the wormhole; at + = 0 a coupling (dashed
line) is applied between the two sides of the wormhole, causing a negative energy
shockwave (blue); the qubit experiences a time advance upon contact with the
shockwave, causing it to emerge from the right side at ¢+ = ¢;. b) Illustration of
time-ordering (wormhole) and time-inversion (scrambling) of teleportation signals.
The smooth semiclassical geometry of a traversable wormhole produces a regime of
teleportation that obeys causality; non-gravitational teleportation causes the signals
to arrive in reverse order. c) The traversable wormhole expressed as a quantum
circuit, equivalent to the gravitational picture in the semiclassical limit of an infinite
~i(HL+HR)! ynder the
left and right SYK models. The thermofield double state (|TFD)) initializes the

wormhole at t = 0. The time evolution and Majorana fermion SWAP gates achieve

number of qubits. The unitary U(¢) denotes time evolution e

qubit injection and arrival readout at the appropriate times. When u < 0, the
coupling ¢’V generates a negative energy shockwave, allowing traversability; when
u > 0, the coupling generates a positive energy shockwave and the qubit falls into

the singularity.
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time of order the scrambling time. If the sign of the interaction is reversed, the
qubit irretrievably falls into the singularity. Wormhole teleportation corresponds
to on-shell propagation through the bulk from the left to the right boundary. The
time-ordering of the transmitted quantum information is then preserved through the
wormhole (Fig. [14.1p), unlike teleportation by random unitary dynamics [14} [I5]
16,|17,/18].

In the semiclassical limit of an infinite number of qubits, it is known that the
SYK model [19, 20] may be used to experimentally realize traversable wormhole
dynamics [21]. In this work, we study the dynamics of traversable wormholes
via many-body simulation of an SYK-like system of N fermions [19, 20]], where
traversable wormhole protocol is equivalent to a quantum teleportation protocol in
the large-N semiclassical limit (Fig. [14.1f).

14.2 Traversable wormhole teleportation protocol

To implement the quantum teleportation protocol, we initialize the thermofield
double state [TFD) = ‘/L? e PE2 |0y ® |n)g, where |n), g are the energy
eigenstates of the left and right SYK systems. Explicitly, given left and right
Hamiltonians H; and Hi with N Majorana fermions iy on each side, the SYK

model with g couplings is given by

A 2 2

Air= ). Jigdie 0% (14.1)

I<ji1<<jg<N

where the couplings are chosen from a Gaussian distribution with mean zero and
variance J%(g — 1)!/N9~!. To swap in a qubit at # = —1¢, the system is time-evolved
by e for A = A; + Hg. Att = 0, the interaction ¢*V is applied across both the
left and right subsystems with coupling operator V = qiN 2 l/;il/’;;e The sign of u
must be negative to produce a negative energy shockwave that allows the qubit to

travel through the wormhole. We measure the mutual information /p7 given by

Ipr(1) = Sp(t) + S7(1) — Spr (), (14.2)

where S is a measure of entropy. If a quantum system were to teleport via scrambling
rather than traversing a wormhole, the mutual information would be symmetric in u.
Perfect teleportation is achieved when /p7 is maximal. No information is transmitted

when Ipy is zero.
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Figure 14.2: Majorana SWAP gates. a) ZX +iZY Majorana SWAP gate decom-
position for inserting a qubit (Q) into the wormhole. L, L, are qubits in the left
subsystem. b) X +iY Majorana SWAP gate for extracting the qubit from the worm-
hole, which coincidences with the regular SWAP gate. R is a qubit in the right

subsystem and T is the register.

14.3 Experimental implementation

To implement the wormhole protocol experimentally, the protocol needs to be
decomposed into a quantum circuit that can be realized on near-term quantum hard-
ware. We consider a system of 2N Majorana fermions, with N Majorana fermions
on each of the left and right subsystems, corresponding to a total of N qubits. Each
Majorana fermion in the Hamiltonian is encoded in a digital quantum processor via
the standard Jordan-Wigner transformation to Pauli strings. Specifically, Majorana
fermions are transformed to the form %ZMX or %Z‘X’kY for k € [1,N]. The
choice of the mapping between each i , and each Pauli string is optimized to
minimize the required number of two-qubit gates to perform the wormhole telepor-
tation protocol. We choose the Jordan-Wigner transformation as follows, where Z'

indicates Z ® - - - ® Z,

A

= 52X, dp=5X

g2 = L FZY. dr=5Y
gl =4 ZSX i =527
gf = s HZX, by =527, (14.3)
o3 = i HZHX, Iy =52,
o8 = iy FZX, Iy =52,
wL — 1 Z6X wR — 1 Z6Y

The particular choice of 1/711e = %X, 1&1% = %Y, &i = %ZX, J/z = %ZY ensures

that the decomposition of Majorana SWAP gates into two-qubit gates is efficient.
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To swap a qubit into or out of the wormhole, we pair up Majorana fermions on a
single qubit into a Dirac fermion y = %(Z‘X’k X +iZ®kY). The appropriate SWAP
operator is given by,
xxt X

SWAP= 17 T
X XX

. (14.4)

To reduce the number of two-qubit gates, we restrict our attention to Jordan-Wigner
transforms that only swap into or out of X + /Y and ZX +iZY. Explicitly, the
SWAP operators for extracting a qubit from and inserting a qubit into the system,

respectively, are given by,

(1 00 0
0010
SWAPy, iy = , 145
S P (14.5)
00 0 1
1 0000 0 0 O
00100 0 0 0
01000 0 0 0
00010 0 0 0
SWAPx.izy = . 14.6
HYTN00001 0 0 0 (14.6)
00000 0 -1 0
00000 -1 0 0
00000 0 0 I

The gate decomposition of the swap operators is shown in Fig. [I4.2] Since the X +iY
Majorana SWAP coincides with the standard SWAP given by Eq. [[4.5] the final
SWAP in the protocol from R to T (Fig. [I4.1k) is replaced by direct measurement
of the rightmost qubit of R to further reduce gate count. The ZX +iZY SWAP
operator for the initial SWAP of the protocol is decomposed into gates using the
prescription in Ref. [22], which recursively decomposes an arbitrary unitary matrix

into a product of fully-controlled quantum gates.

We proceed to the decomposition of the time evolution operator, U () = e~ (HL+H R
for the SYK model. We choose g = 4 and perform numerical simulations to identify
sufficiently small N that could be experimentally implemented while preserving
features of the gravitational physics. Our numerical simulation shows that N = 10 s
sufficient to produce such traversable wormhole behavior (Fig.[14.3). When u < 0,

mutual information is expected to peak around the scrambling time in the limit of
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Figure 14.3: Learning a traversable wormhole Hamiltonian from the SYK model.
a) Mutual information of multiple N = 10 SYK models (black and purple, g = 4)
and corresponding learned Hamiltonians (orange and green) showing asymmetry in
coupling with u < 0 (wormhole teleportation) and u > 0 (scrambling teleportation).
Thick lines show a specific instantiation of an SYK model and its corresponding
learned sparsification with 5 nonzero coefficients (Eq. [14.7); light lines indicate a
population of SYK models and learned sparsifications with 5 to 10 nonzero co-
efficients, demonstrating the reliability of the learning procedure. The learned
Hamiltonian is trained only on the mutual information Ipy(¢) for t = tg = t; (left),
and its behavior is consistent with the a wormhole after a qubit is injected at fixed —z
(right). b) Sparsification of the original SYK model with 210 nonzero coeflicients
(top) to the learned Hamiltonian with 5 nonzero coefficients (bottom, Eq. [14.7).
Groups of four Majorana fermions (blue dots) are coupled with coefficients. Line
thickness indicates coefficient magnitude, and color distinguishes individual coeffi-

cients (bottom only).

large N. The peaking behavior of Ipr(#) may be observed in two ways: either
by setting the injection and readout times to be symmetric (t = 79 = 1), or by
fixing the time of injection (fixed 79) and measuring different readout times (¢ = ¢1).
In the semiclassical gravity description, a pole in the causal left-right propagator
corresponds to timelike geodesics connecting the left and right systems — i.e., a
traversable wormhole in the bulk geometry [2]]. Hence, we expect the teleportation
signal to be maximized when 7y = t| = t, for scrambling time .. We measure the
corresponding peak signature in Ipy(t) forboth r =ty = t; and ¢t = 11 (fixed 7g). This
result is reinforced by a theoretical analysis of chord diagrams in the double-scaled
limit [23]] and comparison to prior numerical results [24}25,26] (see Supplementary
Information of Ref. [27]).
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Nevertheless, the circuit depth ~ O(N*) to experimentally implement an N = 10
SYK system remains prohibitive on current hardware. We turn to sparsification
of the SYK system and produce evidence of gravitational physics in the sparsified
system. Sparsification of the SYK system (i.e., setting many J;, . ;, to zero) is shown
to preserve gravitational physics even when the number of terms in the Hamiltonian
is randomly reduced from O (N*) to kN with k of order unity [28,[29,30]. Here, we
apply techniques from machine learning to optimize the sparsification procedure.
The result reduces an N = 10 SYK model with 210 terms to an N = 7 model
with 5 terms, yielding a 9-qubit circuit for the wormhole teleportation protocol.
While larger Hamiltonians may provide a stronger teleportation signal, additional
gates at current hardware fidelity further attenuate the signal (see Supplementary
Information of Ref. [27]); hence, we restrict our attention to the smallest sparsified

model with gravitational properties and do not enter the beyond-classical regime.

We construct an analogue of training a neural network. Due to unitarity and differen-
tiability of the quantum circuit, backpropagation across the wormhole teleportation
protocol allows gradient descent to optimize the J;, ;, coefficients with regular-
ization, interpreting the Hamiltonian coefficients as neural network weights. The
dataset consists of Ipr(t) with t = g = t; for a standard wormhole constructed by
the SYK model with Gaussian-distributed coefficients. The loss function is chosen
to be the total mean squared error of /py(t) for both positive and negative values of a
fixed interaction coupling u, where u is chosen to maximize the mutual information.
Training with weight regularization and truncation sparsifies the Hamiltonian while

preserving mutual information dynamics.

Applying the learning process, we produce a large population of sparse Hamiltonians
exhibiting the appropriate interaction sign dependence (Fig.[14.3h). We select the

Hamiltonian,

Hy g =-0364" 020" +0.199" 2ty

—0.710 02070 + 0.224 %0354 ° (14.7)
+0.490207 g,

which requires 7 of the original N = 10 SYK model fermions, where i/ denotes the
Majorana fermions of either the left or the right systems. Investigation of the sparse
learned Hamiltonian in Eq. and its description of gravitational physics are in
Appendix [F| We find that the Hamiltonian is consistent with gravitational dynamics

of the dense SYK Hamiltonian beyond its training data and satisfies necessary
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Figure 14.4: Observation of traversable wormhole dynamics.

a) Thermalization

protocol (109 CZ gates), measuring the mutual information between a qubit injected

into a sparse SYK model at time — and at .

Error bars show three standard

deviations over 20 runs. b) Traversable wormhole with fixed injection time (164

CZ gates), showing the difference in mutual information between u =

u = +12. Error bars show one standard deviation over 28 runs.

—12 and

¢) Traversable

wormhole with symmetric injection and readout time (164 CZ gates), showing
the difference in mutual information between u = —12 and u = +12. Error bars
show one standard deviation over 20 runs. Insets show noisy simulations with gate
errors increased by a factor of 1.5, plotted with y-axis mutual information range
[-3 % 1073,3 x 1073]; the peak is not visible. The measurements in b) and c) agree
with noisy simulation and reproduce the sign asymmetry of the mutual information
consistent with through-the-wormhole teleportation. The scrambling-unscrambling
dynamics of wormbhole teleportation cause the mutual information to be significantly
attenuated by noise. In noisy simulations, each gate is subjected to depolarization
error determined by calibration data (median CZ error: 0.3%). Each run consists of

90,000 measurements.

criteria of general holographic systems: perfect size winding, Shapiro time delay,

and causally time-ordered teleportation 31} 32} |18].

We initialize the protocol of Fig.[I4.Ic by preparing the TFD state using a hardware-
efficient variational quantum eigensolver [33] as the ground state of the Hamiltonian
Hyep = Hy + Hg +ivV where V is the usual coupling operator. The ground state of
Hrgp is approximately the thermofield double state with inverse temperature O (1/v)
[34, [35]]. Time evolution and the interaction ¢V are applied with a single Trotter
step. This is sufficient to achieve a close approximation for the relevant range of #,

i.e., the number of gates remains constant for all times.
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14.4 Traversable wormhole dynamics on a quantum processor

Here, we proceed with a quantum experiment. Namely, we realize the entangled sys-
tem on the Google Sycamore superconducting qubit array [36]] with a 9-qubit circuit
of 164 controlled-Z gates and 295 single-qubit gates. A noisy simulation assuming
all gate errors are depolarizing noise agrees with the experimental measurement
of the quantum system as shown in Fig. [I4.4l A simpler protocol measuring ther-
malization with 109 CZ gates (Fig. [I4.4p) demonstrates the high fidelity of the
experiment; additional experiments with ¢ = 0 confirm that coherent errors are
dominated by the true teleportation signal (see Supplementary Information of Ref.
[27]). Measuring the traversable wormhole protocol (Fig.[14.4b, c), we observe in-
creased teleportation when the interaction introduces a negative energy shockwave
rather than a positive one. The asymmetric signature is consistent with the physical
interpretation that the qubit underwent teleportation through the wormhole. The
scrambling-unscrambling dynamics of wormhole teleportation is sensitive to er-
rors: at gate error rates larger than our experiment by a factor of 1.5, the asymmetric

wormhole peak-like signal cannot be resolved (see Fig.[14.4]insets).

We find that the protocol is efficiently scalable to larger system sizes. To satisfy
limitations of current quantum hardware, we adopted techniques from machine
learning to construct a small-N sparse Hamiltonian that preserves gravitational
physics. For systems with N = O(50) fermions, random sparsification is as effective
as optimal sparsification up to an order unity constant [28,[29, 30]. This removes the
need for classical simulation without introducing significant overhead, successfully

extending to the beyond-classical regime.

This work is the first successful attempt to investigate traversable wormhole dy-
namics in an experimental setting. Looking forward, we anticipate that near-term
quantum computers that extend beyond the capabilities of classical simulation will
coincide with system sizes that provide novel gravitational insight. At too large N,
semiclassical gravity describes system dynamics; at too small N, relevant features
may not be resolvable. In the regime of N = O(100) fermions, measurement of
inelastic effects in the bulk may provide quantitative insights into aspects of quantum
gravity that are poorly understood from a theoretical perspective, such as string pro-
duction and finite-N corrections to scattering. We conclude that the demonstrated
approach of on-chip quantum experimentation of gravity promises future insights

into the holographic correspondence.
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