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Two distant black holes can be connected in the interior through a wormhole. Such a wormhole
has been interpreted as an entangled state shared between two exterior regions. If Alice and Bob
send signals into each of the black holes, they can meet in the interior. In this letter, we interpret
this meeting in terms of the quantum circuit that prepares the entangled state: Alice and Bob
sending signals creates growing perturbations in the circuit, whose overlap represents their meeting
inside the wormhole. We argue that such overlap in the circuit is quantified by a particular six-point
correlation function. Therefore, exterior observers in possession of the entangled qubits can use this
correlation function to diagnose the collision in the interior without having to jump in themselves.

I. INTRODUCTION

Two distant black holes can be connected in the inte-
rior through a wormhole. In the context of gauge/gravity
duality [1], such an Einstein-Rosen (ER) bridge can be
interpreted as an entangled state between two asymp-
totic quantum field theories [2]: Alice and Bob in the
two asymptotic regions share entangled EPR pairs. At
the heart of this “ER = EPR” mechanism [3] lies the
following mystery: even though Alice’s and Bob’s sys-
tems are not coupled, they can send signals into the dual
wormhole at appropriate times in a way such that they
meet in the interior [4].

In this letter, we explain the “meeting” of two signals
in the interior in terms of a quantum circuit. The cir-
cuit consists of gates acting on the shared EPR pairs,
thus encoding the dynamical evolution of the geometry.
More precisely, the quantum circuit prepares the entan-
gled state corresponding to the wormhole at any given
time [5, 6]. When Alice and Bob send signals into the
bulk geometry, they create perturbations in the circuit,
which initially grow exponentially. Depending on the
time when the signals are sent in, the two perturbations
can have overlap in the quantum circuit. We argue that
this overlap is the “EPR manifestation” of the meeting
of the two signals in the interior.

We offer a precise quantitative measure of the overlap
by defining a notion of size for the operator used to create
the perturbations. This size can be expressed as a partic-
ular six-point correlation function. On the gravity side,
this correlation function detects the backreaction on the
geometry caused by the high-energy collision in the inte-
rior, and hence can diagnose the meeting of two signals
from different boundaries. This demonstrates that “ER
= EPR” can be treated as a quantitative and dynamical
statement: it can be used to diagnose processes in the
wormhole interior from the safe outside without jumping
in.
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tR
<latexit sha1_base64="ojWt2pZpKFc6EH1Nxw4Dh+ayvso=">AAACCHicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJCLosuHFZL71AG8pkOm2HTiZh5kQIoS8guNXXcCdufQvfwkdw2mZhWw8MfPz/OfDPH8RSGHTdb6ewtr6xuVXcLu3s7u0flA+PmiZKNOMNFslItwNquBSKN1Cg5O1YcxoGkreC8c3Ubz1xbUSkHjGNuR/SoRIDwSha6QF7971yxa26syGr4OVQgXzqvfJPtx+xJOQKmaTGdDw3Rj+jGgWTfFLqJobHlI3pkHcsKhpy42ezqBNyZpU+GUTaPoVkpv69yGhoTBoGdjOkODLL3lT814tHqRHMWC+nxRw4uPYzoeIEuWLzGINEEozItBXSF5ozlKkFyrSwPyFsRDVlaLsr2Yq85UJWoXlR9dyqd3dZqbl5WUU4gVM4Bw+uoAa3UIcGMBjCC7zCm/PsvDsfzud8teDkN8ewMM7XL6W9miE=</latexit><latexit sha1_base64="ojWt2pZpKFc6EH1Nxw4Dh+ayvso=">AAACCHicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJCLosuHFZL71AG8pkOm2HTiZh5kQIoS8guNXXcCdufQvfwkdw2mZhWw8MfPz/OfDPH8RSGHTdb6ewtr6xuVXcLu3s7u0flA+PmiZKNOMNFslItwNquBSKN1Cg5O1YcxoGkreC8c3Ubz1xbUSkHjGNuR/SoRIDwSha6QF7971yxa26syGr4OVQgXzqvfJPtx+xJOQKmaTGdDw3Rj+jGgWTfFLqJobHlI3pkHcsKhpy42ezqBNyZpU+GUTaPoVkpv69yGhoTBoGdjOkODLL3lT814tHqRHMWC+nxRw4uPYzoeIEuWLzGINEEozItBXSF5ozlKkFyrSwPyFsRDVlaLsr2Yq85UJWoXlR9dyqd3dZqbl5WUU4gVM4Bw+uoAa3UIcGMBjCC7zCm/PsvDsfzud8teDkN8ewMM7XL6W9miE=</latexit><latexit sha1_base64="ojWt2pZpKFc6EH1Nxw4Dh+ayvso=">AAACCHicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJCLosuHFZL71AG8pkOm2HTiZh5kQIoS8guNXXcCdufQvfwkdw2mZhWw8MfPz/OfDPH8RSGHTdb6ewtr6xuVXcLu3s7u0flA+PmiZKNOMNFslItwNquBSKN1Cg5O1YcxoGkreC8c3Ubz1xbUSkHjGNuR/SoRIDwSha6QF7971yxa26syGr4OVQgXzqvfJPtx+xJOQKmaTGdDw3Rj+jGgWTfFLqJobHlI3pkHcsKhpy42ezqBNyZpU+GUTaPoVkpv69yGhoTBoGdjOkODLL3lT814tHqRHMWC+nxRw4uPYzoeIEuWLzGINEEozItBXSF5ozlKkFyrSwPyFsRDVlaLsr2Yq85UJWoXlR9dyqd3dZqbl5WUU4gVM4Bw+uoAa3UIcGMBjCC7zCm/PsvDsfzud8teDkN8ewMM7XL6W9miE=</latexit><latexit sha1_base64="ojWt2pZpKFc6EH1Nxw4Dh+ayvso=">AAACCHicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJCLosuHFZL71AG8pkOm2HTiZh5kQIoS8guNXXcCdufQvfwkdw2mZhWw8MfPz/OfDPH8RSGHTdb6ewtr6xuVXcLu3s7u0flA+PmiZKNOMNFslItwNquBSKN1Cg5O1YcxoGkreC8c3Ubz1xbUSkHjGNuR/SoRIDwSha6QF7971yxa26syGr4OVQgXzqvfJPtx+xJOQKmaTGdDw3Rj+jGgWTfFLqJobHlI3pkHcsKhpy42ezqBNyZpU+GUTaPoVkpv69yGhoTBoGdjOkODLL3lT814tHqRHMWC+nxRw4uPYzoeIEuWLzGINEEozItBXSF5ozlKkFyrSwPyFsRDVlaLsr2Yq85UJWoXlR9dyqd3dZqbl5WUU4gVM4Bw+uoAa3UIcGMBjCC7zCm/PsvDsfzud8teDkN8ewMM7XL6W9miE=</latexit>

tL
<latexit sha1_base64="oN+wDfzQQo10Tjbak/RKRRoBXa4=">AAACCHicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MaFi4r2B9pQJtNpO3QyCTM3Qgh9AcGtvoY7cetb+BY+gtM2C9t6YeDjnHvhzAliKQy67rdTWFvf2Nwqbpd2dvf2D8qHR00TJZrxBotkpNsBNVwKxRsoUPJ2rDkNA8lbwfhm6reeuDYiUo+YxtwP6VCJgWAUrfSAvbteueJW3dmQVfByqEA+9V75p9uPWBJyhUxSYzqeG6OfUY2CST4pdRPDY8rGdMg7FhUNufGzWdQJObNKnwwibZ9CMlP/XmQ0NCYNA7sZUhyZZW8q/uvFo9QIZqyX02IOHFz7mVBxglyxeYxBIglGZNoK6QvNGcrUAmVa2J8QNqKaMrTdlWxF3nIhq9C8qHpu1bu/rNTcvKwinMApnIMHV1CDW6hDAxgM4QVe4c15dt6dD+dzvlpw8ptjWBjn6xeb8Zob</latexit><latexit sha1_base64="oN+wDfzQQo10Tjbak/RKRRoBXa4=">AAACCHicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MaFi4r2B9pQJtNpO3QyCTM3Qgh9AcGtvoY7cetb+BY+gtM2C9t6YeDjnHvhzAliKQy67rdTWFvf2Nwqbpd2dvf2D8qHR00TJZrxBotkpNsBNVwKxRsoUPJ2rDkNA8lbwfhm6reeuDYiUo+YxtwP6VCJgWAUrfSAvbteueJW3dmQVfByqEA+9V75p9uPWBJyhUxSYzqeG6OfUY2CST4pdRPDY8rGdMg7FhUNufGzWdQJObNKnwwibZ9CMlP/XmQ0NCYNA7sZUhyZZW8q/uvFo9QIZqyX02IOHFz7mVBxglyxeYxBIglGZNoK6QvNGcrUAmVa2J8QNqKaMrTdlWxF3nIhq9C8qHpu1bu/rNTcvKwinMApnIMHV1CDW6hDAxgM4QVe4c15dt6dD+dzvlpw8ptjWBjn6xeb8Zob</latexit><latexit sha1_base64="oN+wDfzQQo10Tjbak/RKRRoBXa4=">AAACCHicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MaFi4r2B9pQJtNpO3QyCTM3Qgh9AcGtvoY7cetb+BY+gtM2C9t6YeDjnHvhzAliKQy67rdTWFvf2Nwqbpd2dvf2D8qHR00TJZrxBotkpNsBNVwKxRsoUPJ2rDkNA8lbwfhm6reeuDYiUo+YxtwP6VCJgWAUrfSAvbteueJW3dmQVfByqEA+9V75p9uPWBJyhUxSYzqeG6OfUY2CST4pdRPDY8rGdMg7FhUNufGzWdQJObNKnwwibZ9CMlP/XmQ0NCYNA7sZUhyZZW8q/uvFo9QIZqyX02IOHFz7mVBxglyxeYxBIglGZNoK6QvNGcrUAmVa2J8QNqKaMrTdlWxF3nIhq9C8qHpu1bu/rNTcvKwinMApnIMHV1CDW6hDAxgM4QVe4c15dt6dD+dzvlpw8ptjWBjn6xeb8Zob</latexit><latexit sha1_base64="oN+wDfzQQo10Tjbak/RKRRoBXa4=">AAACCHicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MaFi4r2B9pQJtNpO3QyCTM3Qgh9AcGtvoY7cetb+BY+gtM2C9t6YeDjnHvhzAliKQy67rdTWFvf2Nwqbpd2dvf2D8qHR00TJZrxBotkpNsBNVwKxRsoUPJ2rDkNA8lbwfhm6reeuDYiUo+YxtwP6VCJgWAUrfSAvbteueJW3dmQVfByqEA+9V75p9uPWBJyhUxSYzqeG6OfUY2CST4pdRPDY8rGdMg7FhUNufGzWdQJObNKnwwibZ9CMlP/XmQ0NCYNA7sZUhyZZW8q/uvFo9QIZqyX02IOHFz7mVBxglyxeYxBIglGZNoK6QvNGcrUAmVa2J8QNqKaMrTdlWxF3nIhq9C8qHpu1bu/rNTcvKwinMApnIMHV1CDW6hDAxgM4QVe4c15dt6dD+dzvlpw8ptjWBjn6xeb8Zob</latexit>

(a) Quantum circuit
<latexit sha1_base64="ODqKA+SLdfTF2OScuXBMZqdog24=">AAACIXicbZDLSsNAFIYn9VbrLepON4NFqJuSiKDLghuXLdgLtKFMppN26GQSZk7EEAq+i+BWX8OduBNfwkdw2mZhWw8c+Pj/c+Cc348F1+A4X1ZhbX1jc6u4XdrZ3ds/sA+PWjpKFGVNGolIdXyimeCSNYGDYJ1YMRL6grX98e3Ubz8wpXkk7yGNmReSoeQBpwSM1LdPesAeIauQC9xIiIQkxJQrmnCY9O2yU3VmhVfBzaGM8qr37Z/eIKJJyCRQQbTuuk4MXkYUcCrYpNRLNIsJHZMh6xqUJGTay2Y/TPC5UQY4iJRpCXim/t3ISKh1GvpmMiQw0sveVPzXi0ep5lQbL6fFOyC48TIu4wSYpPMzgkRgiPA0LjzgilEQqQFCFTefYDoiilAwoZZMRO5yIKvQuqy6TtVtXJVrTh5WEZ2iM1RBLrpGNXSH6qiJKHpCL+gVvVnP1rv1YX3ORwtWvnOMFsr6/gU/4KP8</latexit><latexit sha1_base64="ODqKA+SLdfTF2OScuXBMZqdog24=">AAACIXicbZDLSsNAFIYn9VbrLepON4NFqJuSiKDLghuXLdgLtKFMppN26GQSZk7EEAq+i+BWX8OduBNfwkdw2mZhWw8c+Pj/c+Cc348F1+A4X1ZhbX1jc6u4XdrZ3ds/sA+PWjpKFGVNGolIdXyimeCSNYGDYJ1YMRL6grX98e3Ubz8wpXkk7yGNmReSoeQBpwSM1LdPesAeIauQC9xIiIQkxJQrmnCY9O2yU3VmhVfBzaGM8qr37Z/eIKJJyCRQQbTuuk4MXkYUcCrYpNRLNIsJHZMh6xqUJGTay2Y/TPC5UQY4iJRpCXim/t3ISKh1GvpmMiQw0sveVPzXi0ep5lQbL6fFOyC48TIu4wSYpPMzgkRgiPA0LjzgilEQqQFCFTefYDoiilAwoZZMRO5yIKvQuqy6TtVtXJVrTh5WEZ2iM1RBLrpGNXSH6qiJKHpCL+gVvVnP1rv1YX3ORwtWvnOMFsr6/gU/4KP8</latexit><latexit sha1_base64="ODqKA+SLdfTF2OScuXBMZqdog24=">AAACIXicbZDLSsNAFIYn9VbrLepON4NFqJuSiKDLghuXLdgLtKFMppN26GQSZk7EEAq+i+BWX8OduBNfwkdw2mZhWw8c+Pj/c+Cc348F1+A4X1ZhbX1jc6u4XdrZ3ds/sA+PWjpKFGVNGolIdXyimeCSNYGDYJ1YMRL6grX98e3Ubz8wpXkk7yGNmReSoeQBpwSM1LdPesAeIauQC9xIiIQkxJQrmnCY9O2yU3VmhVfBzaGM8qr37Z/eIKJJyCRQQbTuuk4MXkYUcCrYpNRLNIsJHZMh6xqUJGTay2Y/TPC5UQY4iJRpCXim/t3ISKh1GvpmMiQw0sveVPzXi0ep5lQbL6fFOyC48TIu4wSYpPMzgkRgiPA0LjzgilEQqQFCFTefYDoiilAwoZZMRO5yIKvQuqy6TtVtXJVrTh5WEZ2iM1RBLrpGNXSH6qiJKHpCL+gVvVnP1rv1YX3ORwtWvnOMFsr6/gU/4KP8</latexit><latexit sha1_base64="ODqKA+SLdfTF2OScuXBMZqdog24=">AAACIXicbZDLSsNAFIYn9VbrLepON4NFqJuSiKDLghuXLdgLtKFMppN26GQSZk7EEAq+i+BWX8OduBNfwkdw2mZhWw8c+Pj/c+Cc348F1+A4X1ZhbX1jc6u4XdrZ3ds/sA+PWjpKFGVNGolIdXyimeCSNYGDYJ1YMRL6grX98e3Ubz8wpXkk7yGNmReSoeQBpwSM1LdPesAeIauQC9xIiIQkxJQrmnCY9O2yU3VmhVfBzaGM8qr37Z/eIKJJyCRQQbTuuk4MXkYUcCrYpNRLNIsJHZMh6xqUJGTay2Y/TPC5UQY4iJRpCXim/t3ISKh1GvpmMiQw0sveVPzXi0ep5lQbL6fFOyC48TIu4wSYpPMzgkRgiPA0LjzgilEQqQFCFTefYDoiilAwoZZMRO5yIKvQuqy6TtVtXJVrTh5WEZ2iM1RBLrpGNXSH6qiJKHpCL+gVvVnP1rv1YX3ORwtWvnOMFsr6/gU/4KP8</latexit>

A
<latexit sha1_base64="XLDdXUJaI6gj7aVGL0BySmeEd5Q=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZceOygv2BNpTJ9KYdOpmEmRuxhD6D4FZfw5249Rl8Cx/BaZuFbb0w8HHOvXDmBIkUBl332ymsrW9sbhW3Szu7e/sH5cOjpolTzaHBYxnrdsAMSKGggQIltBMNLAoktILR7dRvPYI2IlYPOE7Aj9hAiVBwhlZqdxGeMLuZ9MoVt+rOhq6Cl0OF5FPvlX+6/ZinESjkkhnT8dwE/YxpFFzCpNRNDSSMj9gAOhYVi8D42SzvhJ5ZpU/DWNunkM7UvxcZi4wZR4HdjBgOzbI3Ff/1kuHYCG6sl9NiDgyv/UyoJEVQfB4jTCXFmE6roX2hgaMcW2BcC/sTyodMM462wJKtyFsuZBWaF1XPrXr3l5XaZV5WkZyQU3JOPHJFauSO1EmDcCLJC3klb86z8+58OJ/z1YKT3xyThXG+fgEFWZyM</latexit><latexit sha1_base64="XLDdXUJaI6gj7aVGL0BySmeEd5Q=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZceOygv2BNpTJ9KYdOpmEmRuxhD6D4FZfw5249Rl8Cx/BaZuFbb0w8HHOvXDmBIkUBl332ymsrW9sbhW3Szu7e/sH5cOjpolTzaHBYxnrdsAMSKGggQIltBMNLAoktILR7dRvPYI2IlYPOE7Aj9hAiVBwhlZqdxGeMLuZ9MoVt+rOhq6Cl0OF5FPvlX+6/ZinESjkkhnT8dwE/YxpFFzCpNRNDSSMj9gAOhYVi8D42SzvhJ5ZpU/DWNunkM7UvxcZi4wZR4HdjBgOzbI3Ff/1kuHYCG6sl9NiDgyv/UyoJEVQfB4jTCXFmE6roX2hgaMcW2BcC/sTyodMM462wJKtyFsuZBWaF1XPrXr3l5XaZV5WkZyQU3JOPHJFauSO1EmDcCLJC3klb86z8+58OJ/z1YKT3xyThXG+fgEFWZyM</latexit><latexit sha1_base64="XLDdXUJaI6gj7aVGL0BySmeEd5Q=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZceOygv2BNpTJ9KYdOpmEmRuxhD6D4FZfw5249Rl8Cx/BaZuFbb0w8HHOvXDmBIkUBl332ymsrW9sbhW3Szu7e/sH5cOjpolTzaHBYxnrdsAMSKGggQIltBMNLAoktILR7dRvPYI2IlYPOE7Aj9hAiVBwhlZqdxGeMLuZ9MoVt+rOhq6Cl0OF5FPvlX+6/ZinESjkkhnT8dwE/YxpFFzCpNRNDSSMj9gAOhYVi8D42SzvhJ5ZpU/DWNunkM7UvxcZi4wZR4HdjBgOzbI3Ff/1kuHYCG6sl9NiDgyv/UyoJEVQfB4jTCXFmE6roX2hgaMcW2BcC/sTyodMM462wJKtyFsuZBWaF1XPrXr3l5XaZV5WkZyQU3JOPHJFauSO1EmDcCLJC3klb86z8+58OJ/z1YKT3xyThXG+fgEFWZyM</latexit><latexit sha1_base64="XLDdXUJaI6gj7aVGL0BySmeEd5Q=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZceOygv2BNpTJ9KYdOpmEmRuxhD6D4FZfw5249Rl8Cx/BaZuFbb0w8HHOvXDmBIkUBl332ymsrW9sbhW3Szu7e/sH5cOjpolTzaHBYxnrdsAMSKGggQIltBMNLAoktILR7dRvPYI2IlYPOE7Aj9hAiVBwhlZqdxGeMLuZ9MoVt+rOhq6Cl0OF5FPvlX+6/ZinESjkkhnT8dwE/YxpFFzCpNRNDSSMj9gAOhYVi8D42SzvhJ5ZpU/DWNunkM7UvxcZi4wZR4HdjBgOzbI3Ff/1kuHYCG6sl9NiDgyv/UyoJEVQfB4jTCXFmE6roX2hgaMcW2BcC/sTyodMM462wJKtyFsuZBWaF1XPrXr3l5XaZV5WkZyQU3JOPHJFauSO1EmDcCLJC3klb86z8+58OJ/z1YKT3xyThXG+fgEFWZyM</latexit>

B
<latexit sha1_base64="iGX6Bx3v61qkwqOtn8OAMxBuSuo=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZdOOygv2BNpTJ9KYdOpmEmRuxhD6D4FZfw5249Rl8Cx/BaZuFbb0w8HHOvXDmBIkUBl332ymsrW9sbhW3Szu7e/sH5cOjpolTzaHBYxnrdsAMSKGggQIltBMNLAoktILR7dRvPYI2IlYPOE7Aj9hAiVBwhlZqdxGeMLuZ9MoVt+rOhq6Cl0OF5FPvlX+6/ZinESjkkhnT8dwE/YxpFFzCpNRNDSSMj9gAOhYVi8D42SzvhJ5ZpU/DWNunkM7UvxcZi4wZR4HdjBgOzbI3Ff/1kuHYCG6sl9NiDgyv/UyoJEVQfB4jTCXFmE6roX2hgaMcW2BcC/sTyodMM462wJKtyFsuZBWaF1XPrXr3l5XaZV5WkZyQU3JOPHJFauSO1EmDcCLJC3klb86z8+58OJ/z1YKT3xyThXG+fgEG/JyN</latexit><latexit sha1_base64="iGX6Bx3v61qkwqOtn8OAMxBuSuo=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZdOOygv2BNpTJ9KYdOpmEmRuxhD6D4FZfw5249Rl8Cx/BaZuFbb0w8HHOvXDmBIkUBl332ymsrW9sbhW3Szu7e/sH5cOjpolTzaHBYxnrdsAMSKGggQIltBMNLAoktILR7dRvPYI2IlYPOE7Aj9hAiVBwhlZqdxGeMLuZ9MoVt+rOhq6Cl0OF5FPvlX+6/ZinESjkkhnT8dwE/YxpFFzCpNRNDSSMj9gAOhYVi8D42SzvhJ5ZpU/DWNunkM7UvxcZi4wZR4HdjBgOzbI3Ff/1kuHYCG6sl9NiDgyv/UyoJEVQfB4jTCXFmE6roX2hgaMcW2BcC/sTyodMM462wJKtyFsuZBWaF1XPrXr3l5XaZV5WkZyQU3JOPHJFauSO1EmDcCLJC3klb86z8+58OJ/z1YKT3xyThXG+fgEG/JyN</latexit><latexit sha1_base64="iGX6Bx3v61qkwqOtn8OAMxBuSuo=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZdOOygv2BNpTJ9KYdOpmEmRuxhD6D4FZfw5249Rl8Cx/BaZuFbb0w8HHOvXDmBIkUBl332ymsrW9sbhW3Szu7e/sH5cOjpolTzaHBYxnrdsAMSKGggQIltBMNLAoktILR7dRvPYI2IlYPOE7Aj9hAiVBwhlZqdxGeMLuZ9MoVt+rOhq6Cl0OF5FPvlX+6/ZinESjkkhnT8dwE/YxpFFzCpNRNDSSMj9gAOhYVi8D42SzvhJ5ZpU/DWNunkM7UvxcZi4wZR4HdjBgOzbI3Ff/1kuHYCG6sl9NiDgyv/UyoJEVQfB4jTCXFmE6roX2hgaMcW2BcC/sTyodMM462wJKtyFsuZBWaF1XPrXr3l5XaZV5WkZyQU3JOPHJFauSO1EmDcCLJC3klb86z8+58OJ/z1YKT3xyThXG+fgEG/JyN</latexit><latexit sha1_base64="iGX6Bx3v61qkwqOtn8OAMxBuSuo=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZdOOygv2BNpTJ9KYdOpmEmRuxhD6D4FZfw5249Rl8Cx/BaZuFbb0w8HHOvXDmBIkUBl332ymsrW9sbhW3Szu7e/sH5cOjpolTzaHBYxnrdsAMSKGggQIltBMNLAoktILR7dRvPYI2IlYPOE7Aj9hAiVBwhlZqdxGeMLuZ9MoVt+rOhq6Cl0OF5FPvlX+6/ZinESjkkhnT8dwE/YxpFFzCpNRNDSSMj9gAOhYVi8D42SzvhJ5ZpU/DWNunkM7UvxcZi4wZR4HdjBgOzbI3Ff/1kuHYCG6sl9NiDgyv/UyoJEVQfB4jTCXFmE6roX2hgaMcW2BcC/sTyodMM462wJKtyFsuZBWaF1XPrXr3l5XaZV5WkZyQU3JOPHJFauSO1EmDcCLJC3klb86z8+58OJ/z1YKT3xyThXG+fgEG/JyN</latexit>

FIG. 1. We model the dynamical evolution of the entan-
gled thermofield double state by a simple quantum circuit: at
each time step the shared qubits (black lines) are randomly
grouped into S

2
pairs, and on each pair a randomly chosen

2-qubit gate (orange dots) is applied.

II. A MEETING IN THE INTERIOR OF THE
WORMHOLE

The eternal black hole geometry (Figure 1b) implies
that objects falling in from the two disconnected bound-
aries can meet in the shared interior. In this section we
will give a quantum circuit interpretation of this phe-
nomenon in the spirit of the “ER = EPR” paradigm [7].
Let us begin with the unperturbed thermofield double
state shared between Alice and Bob:

|TFD〉 =
∑
k

e−
β
2Ek |Ek〉L ⊗ |Ek〉R , (1)

where |Ek〉 are the energy eigenstates of the individual
boundary systems at inverse temperature β. We model
this state by S maximally entangled EPR pairs. As the
left (right) boundary time increases, the circuit grows to-
ward the left (right), as does the interior of the wormhole
[6, 8]. We identify the circuit time with the right bound-
ary time tR and minus of the left boundary time −tL [9]
(see Figure 1).

Alice sends in one thermal-scale quantum from the left
boundary at time twL. In the quantum circuit, an extra
qubit enters at circuit time −twL and propagates toward
the left. This corresponds to the red line in Figure 2.
Bob creates a similar perturbation at the right bound-
ary at time twR. This creates another perturbation in
the quantum circuit that grows toward the right (shown
in pink). Depending on the relative ordering of −twL
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FIG. 2. Left: The red (pink) arrow represents the extra qubit
due to Alice’s (Bob’s) perturbation. Any qubits that interact
directly or indirectly with these perturbations, get perturbed
relative to the original circuit describing the thermofield dou-
ble state. When twL + twR > 0, the two perturbations do not
have overlap in the quantum circuit. Right: Correspondingly,
the signals sent into the bulk hit the singularity before they
have a chance to meet inside the wormhole.

twR
<latexit sha1_base64="R1PfksFwt/0z/PjCL9PAvZFxuGA=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LisYn+gLWUynbRjJ5Mwc6OE0EcQ3OpruBO3PoRv4SM4bbOwrRcGPs65F84cP5bCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMfXU/85iPXRkTqHtOYd0M6UCIQjKKVGtjLnu7GvVLZrbjTIcvg5VCGfGq90k+nH7Ek5AqZpMa0PTfGbkY1Cib5uNhJDI8pG9EBb1tUNOSmm03TjsmpVfokiLR9CslU/XuR0dCYNPTtZkhxaBa9ifivFw9TI5ixXk7zOTC46mZCxQlyxWYxgkQSjMikGNIXmjOUqQXKtLA/IWxINWVo6yvairzFQpahcV7x3Ip3e1GuunlZBTiGEzgDDy6hCjdQgzoweIAXeIU359l5dz6cz9nqipPfHMHcOF+/cWqbrg==</latexit><latexit sha1_base64="R1PfksFwt/0z/PjCL9PAvZFxuGA=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LisYn+gLWUynbRjJ5Mwc6OE0EcQ3OpruBO3PoRv4SM4bbOwrRcGPs65F84cP5bCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMfXU/85iPXRkTqHtOYd0M6UCIQjKKVGtjLnu7GvVLZrbjTIcvg5VCGfGq90k+nH7Ek5AqZpMa0PTfGbkY1Cib5uNhJDI8pG9EBb1tUNOSmm03TjsmpVfokiLR9CslU/XuR0dCYNPTtZkhxaBa9ifivFw9TI5ixXk7zOTC46mZCxQlyxWYxgkQSjMikGNIXmjOUqQXKtLA/IWxINWVo6yvairzFQpahcV7x3Ip3e1GuunlZBTiGEzgDDy6hCjdQgzoweIAXeIU359l5dz6cz9nqipPfHMHcOF+/cWqbrg==</latexit><latexit sha1_base64="R1PfksFwt/0z/PjCL9PAvZFxuGA=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LisYn+gLWUynbRjJ5Mwc6OE0EcQ3OpruBO3PoRv4SM4bbOwrRcGPs65F84cP5bCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMfXU/85iPXRkTqHtOYd0M6UCIQjKKVGtjLnu7GvVLZrbjTIcvg5VCGfGq90k+nH7Ek5AqZpMa0PTfGbkY1Cib5uNhJDI8pG9EBb1tUNOSmm03TjsmpVfokiLR9CslU/XuR0dCYNPTtZkhxaBa9ifivFw9TI5ixXk7zOTC46mZCxQlyxWYxgkQSjMikGNIXmjOUqQXKtLA/IWxINWVo6yvairzFQpahcV7x3Ip3e1GuunlZBTiGEzgDDy6hCjdQgzoweIAXeIU359l5dz6cz9nqipPfHMHcOF+/cWqbrg==</latexit><latexit sha1_base64="R1PfksFwt/0z/PjCL9PAvZFxuGA=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LisYn+gLWUynbRjJ5Mwc6OE0EcQ3OpruBO3PoRv4SM4bbOwrRcGPs65F84cP5bCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMfXU/85iPXRkTqHtOYd0M6UCIQjKKVGtjLnu7GvVLZrbjTIcvg5VCGfGq90k+nH7Ek5AqZpMa0PTfGbkY1Cib5uNhJDI8pG9EBb1tUNOSmm03TjsmpVfokiLR9CslU/XuR0dCYNPTtZkhxaBa9ifivFw9TI5ixXk7zOTC46mZCxQlyxWYxgkQSjMikGNIXmjOUqQXKtLA/IWxINWVo6yvairzFQpahcV7x3Ip3e1GuunlZBTiGEzgDDy6hCjdQgzoweIAXeIU359l5dz6cz9nqipPfHMHcOF+/cWqbrg==</latexit>

�twL
<latexit sha1_base64="7RNGW/BMDOiIhMVNgNGWTjl2n/0=">AAACDHicbZDNSsNAFIVv6l+tf1WXbgaL4MaSiKDLghsXLirYVmhDmUwn7dDJJMzcKCX0FQS3+hruxK3v4Fv4CE7bLGzrhYGPc+6FMydIpDDout9OYWV1bX2juFna2t7Z3SvvHzRNnGrGGyyWsX4IqOFSKN5AgZI/JJrTKJC8FQyvJ37rkWsjYnWPo4T7Ee0rEQpG0UqtM+xmT7fjbrniVt3pkGXwcqhAPvVu+afTi1kacYVMUmPanpugn1GNgkk+LnVSwxPKhrTP2xYVjbjxs2ncMTmxSo+EsbZPIZmqfy8yGhkzigK7GVEcmEVvIv7rJYOREcxYL6f5HBhe+ZlQSYpcsVmMMJUEYzJphvSE5gzlyAJlWtifEDagmjK0/ZVsRd5iIcvQPK96btW7u6jU3LysIhzBMZyCB5dQgxuoQwMYDOEFXuHNeXbenQ/nc7ZacPKbQ5gb5+sX1yyb3w==</latexit><latexit sha1_base64="7RNGW/BMDOiIhMVNgNGWTjl2n/0=">AAACDHicbZDNSsNAFIVv6l+tf1WXbgaL4MaSiKDLghsXLirYVmhDmUwn7dDJJMzcKCX0FQS3+hruxK3v4Fv4CE7bLGzrhYGPc+6FMydIpDDout9OYWV1bX2juFna2t7Z3SvvHzRNnGrGGyyWsX4IqOFSKN5AgZI/JJrTKJC8FQyvJ37rkWsjYnWPo4T7Ee0rEQpG0UqtM+xmT7fjbrniVt3pkGXwcqhAPvVu+afTi1kacYVMUmPanpugn1GNgkk+LnVSwxPKhrTP2xYVjbjxs2ncMTmxSo+EsbZPIZmqfy8yGhkzigK7GVEcmEVvIv7rJYOREcxYL6f5HBhe+ZlQSYpcsVmMMJUEYzJphvSE5gzlyAJlWtifEDagmjK0/ZVsRd5iIcvQPK96btW7u6jU3LysIhzBMZyCB5dQgxuoQwMYDOEFXuHNeXbenQ/nc7ZacPKbQ5gb5+sX1yyb3w==</latexit><latexit sha1_base64="7RNGW/BMDOiIhMVNgNGWTjl2n/0=">AAACDHicbZDNSsNAFIVv6l+tf1WXbgaL4MaSiKDLghsXLirYVmhDmUwn7dDJJMzcKCX0FQS3+hruxK3v4Fv4CE7bLGzrhYGPc+6FMydIpDDout9OYWV1bX2juFna2t7Z3SvvHzRNnGrGGyyWsX4IqOFSKN5AgZI/JJrTKJC8FQyvJ37rkWsjYnWPo4T7Ee0rEQpG0UqtM+xmT7fjbrniVt3pkGXwcqhAPvVu+afTi1kacYVMUmPanpugn1GNgkk+LnVSwxPKhrTP2xYVjbjxs2ncMTmxSo+EsbZPIZmqfy8yGhkzigK7GVEcmEVvIv7rJYOREcxYL6f5HBhe+ZlQSYpcsVmMMJUEYzJphvSE5gzlyAJlWtifEDagmjK0/ZVsRd5iIcvQPK96btW7u6jU3LysIhzBMZyCB5dQgxuoQwMYDOEFXuHNeXbenQ/nc7ZacPKbQ5gb5+sX1yyb3w==</latexit><latexit sha1_base64="7RNGW/BMDOiIhMVNgNGWTjl2n/0=">AAACDHicbZDNSsNAFIVv6l+tf1WXbgaL4MaSiKDLghsXLirYVmhDmUwn7dDJJMzcKCX0FQS3+hruxK3v4Fv4CE7bLGzrhYGPc+6FMydIpDDout9OYWV1bX2juFna2t7Z3SvvHzRNnGrGGyyWsX4IqOFSKN5AgZI/JJrTKJC8FQyvJ37rkWsjYnWPo4T7Ee0rEQpG0UqtM+xmT7fjbrniVt3pkGXwcqhAPvVu+afTi1kacYVMUmPanpugn1GNgkk+LnVSwxPKhrTP2xYVjbjxs2ncMTmxSo+EsbZPIZmqfy8yGhkzigK7GVEcmEVvIv7rJYOREcxYL6f5HBhe+ZlQSYpcsVmMMJUEYzJphvSE5gzlyAJlWtifEDagmjK0/ZVsRd5iIcvQPK96btW7u6jU3LysIhzBMZyCB5dQgxuoQwMYDOEFXuHNeXbenQ/nc7ZacPKbQ5gb5+sX1yyb3w==</latexit>

overlap
<latexit sha1_base64="BebKjCfYcm0+h4iBZFnuAxILcSk=">AAACE3icbVDNSgMxGMzWv1r/qh69BIvgqeyKoMeCF48V7A+0tWTTbBuaTULyrbgsfQzBq76GN/HqA/gWPoJpuwfbOhAYZuaDyYRacAu+/+0V1tY3NreK26Wd3b39g/LhUdOqxFDWoEoo0w6JZYJL1gAOgrW1YSQOBWuF45up33pkxnIl7yHVrBeToeQRpwSc9NAF9gSZcglB9KRfrvhVfwa8SoKcVFCOer/80x0omsRMAhXE2k7ga+hlxACngk1K3cQyTeiYDFnHUUliZnvZrPUEnzllgCNl3JOAZ+rfi4zE1qZx6JIxgZFd9qbiv54epZZT67ycLfaA6LqXcakTYJLOa0SJwKDwdCA84IZREKkjhBrufoLpiBhCwc1YchMFy4OskuZFNfCrwd1lpebnYxXRCTpF5yhAV6iGblEdNRBFBr2gV/TmPXvv3of3OY8WvPzmGC3A+/oFbsmffA==</latexit><latexit sha1_base64="BebKjCfYcm0+h4iBZFnuAxILcSk=">AAACE3icbVDNSgMxGMzWv1r/qh69BIvgqeyKoMeCF48V7A+0tWTTbBuaTULyrbgsfQzBq76GN/HqA/gWPoJpuwfbOhAYZuaDyYRacAu+/+0V1tY3NreK26Wd3b39g/LhUdOqxFDWoEoo0w6JZYJL1gAOgrW1YSQOBWuF45up33pkxnIl7yHVrBeToeQRpwSc9NAF9gSZcglB9KRfrvhVfwa8SoKcVFCOer/80x0omsRMAhXE2k7ga+hlxACngk1K3cQyTeiYDFnHUUliZnvZrPUEnzllgCNl3JOAZ+rfi4zE1qZx6JIxgZFd9qbiv54epZZT67ycLfaA6LqXcakTYJLOa0SJwKDwdCA84IZREKkjhBrufoLpiBhCwc1YchMFy4OskuZFNfCrwd1lpebnYxXRCTpF5yhAV6iGblEdNRBFBr2gV/TmPXvv3of3OY8WvPzmGC3A+/oFbsmffA==</latexit><latexit sha1_base64="BebKjCfYcm0+h4iBZFnuAxILcSk=">AAACE3icbVDNSgMxGMzWv1r/qh69BIvgqeyKoMeCF48V7A+0tWTTbBuaTULyrbgsfQzBq76GN/HqA/gWPoJpuwfbOhAYZuaDyYRacAu+/+0V1tY3NreK26Wd3b39g/LhUdOqxFDWoEoo0w6JZYJL1gAOgrW1YSQOBWuF45up33pkxnIl7yHVrBeToeQRpwSc9NAF9gSZcglB9KRfrvhVfwa8SoKcVFCOer/80x0omsRMAhXE2k7ga+hlxACngk1K3cQyTeiYDFnHUUliZnvZrPUEnzllgCNl3JOAZ+rfi4zE1qZx6JIxgZFd9qbiv54epZZT67ycLfaA6LqXcakTYJLOa0SJwKDwdCA84IZREKkjhBrufoLpiBhCwc1YchMFy4OskuZFNfCrwd1lpebnYxXRCTpF5yhAV6iGblEdNRBFBr2gV/TmPXvv3of3OY8WvPzmGC3A+/oFbsmffA==</latexit><latexit sha1_base64="BebKjCfYcm0+h4iBZFnuAxILcSk=">AAACE3icbVDNSgMxGMzWv1r/qh69BIvgqeyKoMeCF48V7A+0tWTTbBuaTULyrbgsfQzBq76GN/HqA/gWPoJpuwfbOhAYZuaDyYRacAu+/+0V1tY3NreK26Wd3b39g/LhUdOqxFDWoEoo0w6JZYJL1gAOgrW1YSQOBWuF45up33pkxnIl7yHVrBeToeQRpwSc9NAF9gSZcglB9KRfrvhVfwa8SoKcVFCOer/80x0omsRMAhXE2k7ga+hlxACngk1K3cQyTeiYDFnHUUliZnvZrPUEnzllgCNl3JOAZ+rfi4zE1qZx6JIxgZFd9qbiv54epZZT67ycLfaA6LqXcakTYJLOa0SJwKDwdCA84IZREKkjhBrufoLpiBhCwc1YchMFy4OskuZFNfCrwd1lpebnYxXRCTpF5yhAV6iGblEdNRBFBr2gV/TmPXvv3of3OY8WvPzmGC3A+/oFbsmffA==</latexit>

twR
<latexit sha1_base64="R1PfksFwt/0z/PjCL9PAvZFxuGA=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LisYn+gLWUynbRjJ5Mwc6OE0EcQ3OpruBO3PoRv4SM4bbOwrRcGPs65F84cP5bCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMfXU/85iPXRkTqHtOYd0M6UCIQjKKVGtjLnu7GvVLZrbjTIcvg5VCGfGq90k+nH7Ek5AqZpMa0PTfGbkY1Cib5uNhJDI8pG9EBb1tUNOSmm03TjsmpVfokiLR9CslU/XuR0dCYNPTtZkhxaBa9ifivFw9TI5ixXk7zOTC46mZCxQlyxWYxgkQSjMikGNIXmjOUqQXKtLA/IWxINWVo6yvairzFQpahcV7x3Ip3e1GuunlZBTiGEzgDDy6hCjdQgzoweIAXeIU359l5dz6cz9nqipPfHMHcOF+/cWqbrg==</latexit><latexit sha1_base64="R1PfksFwt/0z/PjCL9PAvZFxuGA=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LisYn+gLWUynbRjJ5Mwc6OE0EcQ3OpruBO3PoRv4SM4bbOwrRcGPs65F84cP5bCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMfXU/85iPXRkTqHtOYd0M6UCIQjKKVGtjLnu7GvVLZrbjTIcvg5VCGfGq90k+nH7Ek5AqZpMa0PTfGbkY1Cib5uNhJDI8pG9EBb1tUNOSmm03TjsmpVfokiLR9CslU/XuR0dCYNPTtZkhxaBa9ifivFw9TI5ixXk7zOTC46mZCxQlyxWYxgkQSjMikGNIXmjOUqQXKtLA/IWxINWVo6yvairzFQpahcV7x3Ip3e1GuunlZBTiGEzgDDy6hCjdQgzoweIAXeIU359l5dz6cz9nqipPfHMHcOF+/cWqbrg==</latexit><latexit sha1_base64="R1PfksFwt/0z/PjCL9PAvZFxuGA=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LisYn+gLWUynbRjJ5Mwc6OE0EcQ3OpruBO3PoRv4SM4bbOwrRcGPs65F84cP5bCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMfXU/85iPXRkTqHtOYd0M6UCIQjKKVGtjLnu7GvVLZrbjTIcvg5VCGfGq90k+nH7Ek5AqZpMa0PTfGbkY1Cib5uNhJDI8pG9EBb1tUNOSmm03TjsmpVfokiLR9CslU/XuR0dCYNPTtZkhxaBa9ifivFw9TI5ixXk7zOTC46mZCxQlyxWYxgkQSjMikGNIXmjOUqQXKtLA/IWxINWVo6yvairzFQpahcV7x3Ip3e1GuunlZBTiGEzgDDy6hCjdQgzoweIAXeIU359l5dz6cz9nqipPfHMHcOF+/cWqbrg==</latexit><latexit sha1_base64="R1PfksFwt/0z/PjCL9PAvZFxuGA=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LisYn+gLWUynbRjJ5Mwc6OE0EcQ3OpruBO3PoRv4SM4bbOwrRcGPs65F84cP5bCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMfXU/85iPXRkTqHtOYd0M6UCIQjKKVGtjLnu7GvVLZrbjTIcvg5VCGfGq90k+nH7Ek5AqZpMa0PTfGbkY1Cib5uNhJDI8pG9EBb1tUNOSmm03TjsmpVfokiLR9CslU/XuR0dCYNPTtZkhxaBa9ifivFw9TI5ixXk7zOTC46mZCxQlyxWYxgkQSjMikGNIXmjOUqQXKtLA/IWxINWVo6yvairzFQpahcV7x3Ip3e1GuunlZBTiGEzgDDy6hCjdQgzoweIAXeIU359l5dz6cz9nqipPfHMHcOF+/cWqbrg==</latexit>

twL
<latexit sha1_base64="4Xn8JLAY6W6nrv13mFkxkXUMVco=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LhwUcH+QFvKZDppx04mYeZGCaGPILjV13Anbn0I38JHcNpmYVsvDHyccy+cOX4shUHX/XZWVtfWNzYLW8Xtnd29/dLBYcNEiWa8ziIZ6ZZPDZdC8ToKlLwVa05DX/KmP7qe+M1Hro2I1D2mMe+GdKBEIBhFKzWwlz3djnulsltxp0OWwcuhDPnUeqWfTj9iScgVMkmNaXtujN2MahRM8nGxkxgeUzaiA962qGjITTebph2TU6v0SRBp+xSSqfr3IqOhMWno282Q4tAsehPxXy8epkYwY72c5nNgcNXNhIoT5IrNYgSJJBiRSTGkLzRnKFMLlGlhf0LYkGrK0NZXtBV5i4UsQ+O84rkV7+6iXHXzsgpwDCdwBh5cQhVuoAZ1YPAAL/AKb86z8+58OJ+z1RUnvzmCuXG+fgFnmJuo</latexit><latexit sha1_base64="4Xn8JLAY6W6nrv13mFkxkXUMVco=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LhwUcH+QFvKZDppx04mYeZGCaGPILjV13Anbn0I38JHcNpmYVsvDHyccy+cOX4shUHX/XZWVtfWNzYLW8Xtnd29/dLBYcNEiWa8ziIZ6ZZPDZdC8ToKlLwVa05DX/KmP7qe+M1Hro2I1D2mMe+GdKBEIBhFKzWwlz3djnulsltxp0OWwcuhDPnUeqWfTj9iScgVMkmNaXtujN2MahRM8nGxkxgeUzaiA962qGjITTebph2TU6v0SRBp+xSSqfr3IqOhMWno282Q4tAsehPxXy8epkYwY72c5nNgcNXNhIoT5IrNYgSJJBiRSTGkLzRnKFMLlGlhf0LYkGrK0NZXtBV5i4UsQ+O84rkV7+6iXHXzsgpwDCdwBh5cQhVuoAZ1YPAAL/AKb86z8+58OJ+z1RUnvzmCuXG+fgFnmJuo</latexit><latexit sha1_base64="4Xn8JLAY6W6nrv13mFkxkXUMVco=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LhwUcH+QFvKZDppx04mYeZGCaGPILjV13Anbn0I38JHcNpmYVsvDHyccy+cOX4shUHX/XZWVtfWNzYLW8Xtnd29/dLBYcNEiWa8ziIZ6ZZPDZdC8ToKlLwVa05DX/KmP7qe+M1Hro2I1D2mMe+GdKBEIBhFKzWwlz3djnulsltxp0OWwcuhDPnUeqWfTj9iScgVMkmNaXtujN2MahRM8nGxkxgeUzaiA962qGjITTebph2TU6v0SRBp+xSSqfr3IqOhMWno282Q4tAsehPxXy8epkYwY72c5nNgcNXNhIoT5IrNYgSJJBiRSTGkLzRnKFMLlGlhf0LYkGrK0NZXtBV5i4UsQ+O84rkV7+6iXHXzsgpwDCdwBh5cQhVuoAZ1YPAAL/AKb86z8+58OJ+z1RUnvzmCuXG+fgFnmJuo</latexit><latexit sha1_base64="4Xn8JLAY6W6nrv13mFkxkXUMVco=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LhwUcH+QFvKZDppx04mYeZGCaGPILjV13Anbn0I38JHcNpmYVsvDHyccy+cOX4shUHX/XZWVtfWNzYLW8Xtnd29/dLBYcNEiWa8ziIZ6ZZPDZdC8ToKlLwVa05DX/KmP7qe+M1Hro2I1D2mMe+GdKBEIBhFKzWwlz3djnulsltxp0OWwcuhDPnUeqWfTj9iScgVMkmNaXtujN2MahRM8nGxkxgeUzaiA962qGjITTebph2TU6v0SRBp+xSSqfr3IqOhMWno282Q4tAsehPxXy8epkYwY72c5nNgcNXNhIoT5IrNYgSJJBiRSTGkLzRnKFMLlGlhf0LYkGrK0NZXtBV5i4UsQ+O84rkV7+6iXHXzsgpwDCdwBh5cQhVuoAZ1YPAAL/AKb86z8+58OJ+z1RUnvzmCuXG+fgFnmJuo</latexit>

FIG. 3. Left: When twL+twR < 0, the two perturbations have
overlap in the quantum circuit. Right: In the bulk geometry
this corresponds to a collision inside the wormhole.

and twR, the two perturbations may or may not have an
interval of overlap.

When twL + twR > 0, there is no overlap between the
two perturbations in the circuit. Correspondingly, the
two perturbations do not meet in the interior (Figure 2).
On the other hand, when twL + twR < 0, the overlap of
the two perturbations in the quantum circuit represents
the meeting of the two signals in the interior geometry
(Figure 3). The larger the overlap is, the stronger the
collision is.

III. DIAGNOSING THE COLLISION IN THE
WORMHOLE INTERIOR

Having explained the qualitative picture, we will now
describe how to detect the interior collision.

We want to quantify the overlap in the quantum circuit
in Figure 3. Imagine experimentalists Alice and Bob try
to build the quantum state in their laboratory. They
start from some shared EPR pairs and implement the
following circuits:
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<latexit sha1_base64="4XfA/SxL0l6hpIyrb1ozJDkJG+Q=">AAACB3icbZDNSsNAFIVv6l+tf1WXbgaL4MaSiKDLghuXVewPtKFMppN26GQSZm6EEvoAglt9DXfi1sfwLXwEp20WtvXCwMc598KZEyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Ubz1xbUSsHnGccD+iAyVCwSha6eGC9soVt+rOhqyCl0MF8qn3yj/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rGoaMSNn82STsiZVfokjLV9CslM/XuR0ciYcRTYzYji0Cx7U/FfLxmOjWDGejkt5sDwxs+ESlLkis1jhKkkGJNpKaQvNGcoxxYo08L+hLAh1ZShra5kK/KWC1mF5mXVc6ve/VWl5uZlFeEETuEcPLiGGtxBHRrAIIQXeIU359l5dz6cz/lqwclvjmFhnK9fiQKZgA==</latexit><latexit sha1_base64="4XfA/SxL0l6hpIyrb1ozJDkJG+Q=">AAACB3icbZDNSsNAFIVv6l+tf1WXbgaL4MaSiKDLghuXVewPtKFMppN26GQSZm6EEvoAglt9DXfi1sfwLXwEp20WtvXCwMc598KZEyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Ubz1xbUSsHnGccD+iAyVCwSha6eGC9soVt+rOhqyCl0MF8qn3yj/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rGoaMSNn82STsiZVfokjLV9CslM/XuR0ciYcRTYzYji0Cx7U/FfLxmOjWDGejkt5sDwxs+ESlLkis1jhKkkGJNpKaQvNGcoxxYo08L+hLAh1ZShra5kK/KWC1mF5mXVc6ve/VWl5uZlFeEETuEcPLiGGtxBHRrAIIQXeIU359l5dz6cz/lqwclvjmFhnK9fiQKZgA==</latexit><latexit sha1_base64="4XfA/SxL0l6hpIyrb1ozJDkJG+Q=">AAACB3icbZDNSsNAFIVv6l+tf1WXbgaL4MaSiKDLghuXVewPtKFMppN26GQSZm6EEvoAglt9DXfi1sfwLXwEp20WtvXCwMc598KZEyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Ubz1xbUSsHnGccD+iAyVCwSha6eGC9soVt+rOhqyCl0MF8qn3yj/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rGoaMSNn82STsiZVfokjLV9CslM/XuR0ciYcRTYzYji0Cx7U/FfLxmOjWDGejkt5sDwxs+ESlLkis1jhKkkGJNpKaQvNGcoxxYo08L+hLAh1ZShra5kK/KWC1mF5mXVc6ve/VWl5uZlFeEETuEcPLiGGtxBHRrAIIQXeIU359l5dz6cz/lqwclvjmFhnK9fiQKZgA==</latexit><latexit sha1_base64="4XfA/SxL0l6hpIyrb1ozJDkJG+Q=">AAACB3icbZDNSsNAFIVv6l+tf1WXbgaL4MaSiKDLghuXVewPtKFMppN26GQSZm6EEvoAglt9DXfi1sfwLXwEp20WtvXCwMc598KZEyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Ubz1xbUSsHnGccD+iAyVCwSha6eGC9soVt+rOhqyCl0MF8qn3yj/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rGoaMSNn82STsiZVfokjLV9CslM/XuR0ciYcRTYzYji0Cx7U/FfLxmOjWDGejkt5sDwxs+ESlLkis1jhKkkGJNpKaQvNGcoxxYo08L+hLAh1ZShra5kK/KWC1mF5mXVc6ve/VWl5uZlFeEETuEcPLiGGtxBHRrAIIQXeIU359l5dz6cz/lqwclvjmFhnK9fiQKZgA==</latexit>

(twL + twR < 0)

<latexit sha1_base64="9dV71yZnk4xLgX5+RoTs9MMG6S8=">AAAB/nicbZDLSsNAFIYn9VbrLSqu3AwWoSKURCq6cFF048JFFXuBNoTJdNIOnUzCzEQpIeCruHGhiFufw51v46TNQlt/GPj4zzmcM78XMSqVZX0bhYXFpeWV4mppbX1jc8vc3mnJMBaYNHHIQtHxkCSMctJUVDHSiQRBgcdI2xtdZfX2AxGShvxejSPiBGjAqU8xUtpyzb2KcpPHmxQewwzuUngBrSPXLFtVayI4D3YOZZCr4ZpfvX6I44BwhRmSsmtbkXISJBTFjKSlXixJhPAIDUhXI0cBkU4yOT+Fh9rpQz8U+nEFJ+7viQQFUo4DT3cGSA3lbC0z/6t1Y+WfOwnlUawIx9NFfsygCmGWBexTQbBiYw0IC6pvhXiIBMJKJ1bSIdizX56H1knVrlVPb2vl+mUeRxHsgwNQATY4A3VwDRqgCTBIwDN4BW/Gk/FivBsf09aCkc/sgj8yPn8Av+OUDw==</latexit>

overlap
<latexit sha1_base64="BebKjCfYcm0+h4iBZFnuAxILcSk=">AAACE3icbVDNSgMxGMzWv1r/qh69BIvgqeyKoMeCF48V7A+0tWTTbBuaTULyrbgsfQzBq76GN/HqA/gWPoJpuwfbOhAYZuaDyYRacAu+/+0V1tY3NreK26Wd3b39g/LhUdOqxFDWoEoo0w6JZYJL1gAOgrW1YSQOBWuF45up33pkxnIl7yHVrBeToeQRpwSc9NAF9gSZcglB9KRfrvhVfwa8SoKcVFCOer/80x0omsRMAhXE2k7ga+hlxACngk1K3cQyTeiYDFnHUUliZnvZrPUEnzllgCNl3JOAZ+rfi4zE1qZx6JIxgZFd9qbiv54epZZT67ycLfaA6LqXcakTYJLOa0SJwKDwdCA84IZREKkjhBrufoLpiBhCwc1YchMFy4OskuZFNfCrwd1lpebnYxXRCTpF5yhAV6iGblEdNRBFBr2gV/TmPXvv3of3OY8WvPzmGC3A+/oFbsmffA==</latexit><latexit sha1_base64="BebKjCfYcm0+h4iBZFnuAxILcSk=">AAACE3icbVDNSgMxGMzWv1r/qh69BIvgqeyKoMeCF48V7A+0tWTTbBuaTULyrbgsfQzBq76GN/HqA/gWPoJpuwfbOhAYZuaDyYRacAu+/+0V1tY3NreK26Wd3b39g/LhUdOqxFDWoEoo0w6JZYJL1gAOgrW1YSQOBWuF45up33pkxnIl7yHVrBeToeQRpwSc9NAF9gSZcglB9KRfrvhVfwa8SoKcVFCOer/80x0omsRMAhXE2k7ga+hlxACngk1K3cQyTeiYDFnHUUliZnvZrPUEnzllgCNl3JOAZ+rfi4zE1qZx6JIxgZFd9qbiv54epZZT67ycLfaA6LqXcakTYJLOa0SJwKDwdCA84IZREKkjhBrufoLpiBhCwc1YchMFy4OskuZFNfCrwd1lpebnYxXRCTpF5yhAV6iGblEdNRBFBr2gV/TmPXvv3of3OY8WvPzmGC3A+/oFbsmffA==</latexit><latexit sha1_base64="BebKjCfYcm0+h4iBZFnuAxILcSk=">AAACE3icbVDNSgMxGMzWv1r/qh69BIvgqeyKoMeCF48V7A+0tWTTbBuaTULyrbgsfQzBq76GN/HqA/gWPoJpuwfbOhAYZuaDyYRacAu+/+0V1tY3NreK26Wd3b39g/LhUdOqxFDWoEoo0w6JZYJL1gAOgrW1YSQOBWuF45up33pkxnIl7yHVrBeToeQRpwSc9NAF9gSZcglB9KRfrvhVfwa8SoKcVFCOer/80x0omsRMAhXE2k7ga+hlxACngk1K3cQyTeiYDFnHUUliZnvZrPUEnzllgCNl3JOAZ+rfi4zE1qZx6JIxgZFd9qbiv54epZZT67ycLfaA6LqXcakTYJLOa0SJwKDwdCA84IZREKkjhBrufoLpiBhCwc1YchMFy4OskuZFNfCrwd1lpebnYxXRCTpF5yhAV6iGblEdNRBFBr2gV/TmPXvv3of3OY8WvPzmGC3A+/oFbsmffA==</latexit><latexit sha1_base64="BebKjCfYcm0+h4iBZFnuAxILcSk=">AAACE3icbVDNSgMxGMzWv1r/qh69BIvgqeyKoMeCF48V7A+0tWTTbBuaTULyrbgsfQzBq76GN/HqA/gWPoJpuwfbOhAYZuaDyYRacAu+/+0V1tY3NreK26Wd3b39g/LhUdOqxFDWoEoo0w6JZYJL1gAOgrW1YSQOBWuF45up33pkxnIl7yHVrBeToeQRpwSc9NAF9gSZcglB9KRfrvhVfwa8SoKcVFCOer/80x0omsRMAhXE2k7ga+hlxACngk1K3cQyTeiYDFnHUUliZnvZrPUEnzllgCNl3JOAZ+rfi4zE1qZx6JIxgZFd9qbiv54epZZT67ycLfaA6LqXcakTYJLOa0SJwKDwdCA84IZREKkjhBrufoLpiBhCwc1YchMFy4OskuZFNfCrwd1lpebnYxXRCTpF5yhAV6iGblEdNRBFBr2gV/TmPXvv3of3OY8WvPzmGC3A+/oFbsmffA==</latexit>

(twL + twR > 0)

<latexit sha1_base64="nZYjFwqbmmNhvCyLAuJh4n9NtjM=">AAAB/nicbZDLSsNAFIYn9VbrLSqu3AwWoSKURCq6kqIbFy6q2Au0IUymk3boZBJmJkoJAV/FjQtF3Poc7nwbJ20W2vrDwMd/zuGc+b2IUaks69soLCwuLa8UV0tr6xubW+b2TkuGscCkiUMWio6HJGGUk6aiipFOJAgKPEba3ugqq7cfiJA05PdqHBEnQANOfYqR0pZr7lWUmzzepPAYZnCXwgtoHblm2apaE8F5sHMog1wN1/zq9UMcB4QrzJCUXduKlJMgoShmJC31YkkihEdoQLoaOQqIdJLJ+Sk81E4f+qHQjys4cX9PJCiQchx4ujNAaihna5n5X60bK//cSSiPYkU4ni7yYwZVCLMsYJ8KghUba0BYUH0rxEMkEFY6sZIOwZ798jy0Tqp2rXp6WyvXL/M4imAfHIAKsMEZqINr0ABNgEECnsEreDOejBfj3fiYthaMfGYX/JHx+QPC8ZQR</latexit>

 2(twR)

<latexit sha1_base64="jpM8TAtyLQZ21zVlF9vHEZ66FO4=">AAAB9XicbVBNT8JAEN3iF+IX6tHLRmKCF9ISjB6JXjyikY8EarNdtrBhu212pxLS8D+8eNAYr/4Xb/4bF+hBwZdM8vLeTGbm+bHgGmz728qtrW9sbuW3Czu7e/sHxcOjlo4SRVmTRiJSHZ9oJrhkTeAgWCdWjIS+YG1/dDPz209MaR7JB5jEzA3JQPKAUwJGeuzFmnvVMnjp+H567hVLdsWeA68SJyMllKHhFb96/YgmIZNABdG669gxuClRwKlg00Iv0SwmdEQGrGuoJCHTbjq/eorPjNLHQaRMScBz9fdESkKtJ6FvOkMCQ73szcT/vG4CwZWbchknwCRdLAoSgSHCswhwnytGQUwMIVRxcyumQ6IIBRNUwYTgLL+8SlrVilOrXNzVSvXrLI48OkGnqIwcdInq6BY1UBNRpNAzekVv1th6sd6tj0VrzspmjtEfWJ8/9xuSLA==</latexit>

 1(�twL)

<latexit sha1_base64="4X1WnlVHmF0nTZ1GUWleBc9ugBc=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9WBJpKLHohcPHirYD2hD2Gy37dLNJuxulBr6S7x4UMSrP8Wb/8Ztm4O2Phh4vDfDzLwg5kxpx/m2ciura+sb+c3C1vbObtHe22+qKJGENkjEI9kOsKKcCdrQTHPajiXFYcBpKxhdT/3WA5WKReJej2PqhXggWJ8RrI3k28VurJjvlk+1nz7eTk58u+RUnBnQMnEzUoIMdd/+6vYikoRUaMKxUh3XibWXYqkZ4XRS6CaKxpiM8IB2DBU4pMpLZ4dP0LFReqgfSVNCo5n6eyLFoVLjMDCdIdZDtehNxf+8TqL7l17KRJxoKsh8UT/hSEdomgLqMUmJ5mNDMJHM3IrIEEtMtMmqYEJwF19eJs2zilutnN9VS7WrLI48HMIRlMGFC6jBDdShAQQSeIZXeLOerBfr3fqYt+asbOYA/sD6/AHQ/JKN</latexit>

�a
<latexit sha1_base64="4XfA/SxL0l6hpIyrb1ozJDkJG+Q=">AAACB3icbZDNSsNAFIVv6l+tf1WXbgaL4MaSiKDLghuXVewPtKFMppN26GQSZm6EEvoAglt9DXfi1sfwLXwEp20WtvXCwMc598KZEyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Ubz1xbUSsHnGccD+iAyVCwSha6eGC9soVt+rOhqyCl0MF8qn3yj/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rGoaMSNn82STsiZVfokjLV9CslM/XuR0ciYcRTYzYji0Cx7U/FfLxmOjWDGejkt5sDwxs+ESlLkis1jhKkkGJNpKaQvNGcoxxYo08L+hLAh1ZShra5kK/KWC1mF5mXVc6ve/VWl5uZlFeEETuEcPLiGGtxBHRrAIIQXeIU359l5dz6cz/lqwclvjmFhnK9fiQKZgA==</latexit><latexit sha1_base64="4XfA/SxL0l6hpIyrb1ozJDkJG+Q=">AAACB3icbZDNSsNAFIVv6l+tf1WXbgaL4MaSiKDLghuXVewPtKFMppN26GQSZm6EEvoAglt9DXfi1sfwLXwEp20WtvXCwMc598KZEyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Ubz1xbUSsHnGccD+iAyVCwSha6eGC9soVt+rOhqyCl0MF8qn3yj/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rGoaMSNn82STsiZVfokjLV9CslM/XuR0ciYcRTYzYji0Cx7U/FfLxmOjWDGejkt5sDwxs+ESlLkis1jhKkkGJNpKaQvNGcoxxYo08L+hLAh1ZShra5kK/KWC1mF5mXVc6ve/VWl5uZlFeEETuEcPLiGGtxBHRrAIIQXeIU359l5dz6cz/lqwclvjmFhnK9fiQKZgA==</latexit><latexit sha1_base64="4XfA/SxL0l6hpIyrb1ozJDkJG+Q=">AAACB3icbZDNSsNAFIVv6l+tf1WXbgaL4MaSiKDLghuXVewPtKFMppN26GQSZm6EEvoAglt9DXfi1sfwLXwEp20WtvXCwMc598KZEyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Ubz1xbUSsHnGccD+iAyVCwSha6eGC9soVt+rOhqyCl0MF8qn3yj/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rGoaMSNn82STsiZVfokjLV9CslM/XuR0ciYcRTYzYji0Cx7U/FfLxmOjWDGejkt5sDwxs+ESlLkis1jhKkkGJNpKaQvNGcoxxYo08L+hLAh1ZShra5kK/KWC1mF5mXVc6ve/VWl5uZlFeEETuEcPLiGGtxBHRrAIIQXeIU359l5dz6cz/lqwclvjmFhnK9fiQKZgA==</latexit><latexit sha1_base64="4XfA/SxL0l6hpIyrb1ozJDkJG+Q=">AAACB3icbZDNSsNAFIVv6l+tf1WXbgaL4MaSiKDLghuXVewPtKFMppN26GQSZm6EEvoAglt9DXfi1sfwLXwEp20WtvXCwMc598KZEyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Ubz1xbUSsHnGccD+iAyVCwSha6eGC9soVt+rOhqyCl0MF8qn3yj/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rGoaMSNn82STsiZVfokjLV9CslM/XuR0ciYcRTYzYji0Cx7U/FfLxmOjWDGejkt5sDwxs+ESlLkis1jhKkkGJNpKaQvNGcoxxYo08L+hLAh1ZShra5kK/KWC1mF5mXVc6ve/VWl5uZlFeEETuEcPLiGGtxBHRrAIIQXeIU359l5dz6cz/lqwclvjmFhnK9fiQKZgA==</latexit>

b
<latexit sha1_base64="aQUZaOHGLSXcpaRrqYKiNmrzJKE=">AAACBnicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MZlC7YV2lAm05t26GQSZiZCCN0LbvU13IlbX8O38BGctlnY1gsDH+fcC2dOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGL1GFCNgktsG24EPiYKaRQI7AaTu5nffUKleSwfTJagH9GR5CFn1FipFQyqNbfuzoesg1dADYppDqo//WHM0gilYYJq3fPcxPg5VYYzgdNKP9WYUDahI+xZlDRC7efzoFNyYZUhCWNlnzRkrv69yGmkdRYFdjOiZqxXvZn4r5eMM82Ztl5ByzlMeOvnXCapQckWMcJUEBOTWSdkyBUyIzILlCluf0LYmCrKjG2uYivyVgtZh85V3XPrXuu61nCLsspwBudwCR7cQAPuoQltYIDwAq/w5jw7786H87lYLTnFzSksjfP1Cxv7mUo=</latexit><latexit sha1_base64="aQUZaOHGLSXcpaRrqYKiNmrzJKE=">AAACBnicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MZlC7YV2lAm05t26GQSZiZCCN0LbvU13IlbX8O38BGctlnY1gsDH+fcC2dOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGL1GFCNgktsG24EPiYKaRQI7AaTu5nffUKleSwfTJagH9GR5CFn1FipFQyqNbfuzoesg1dADYppDqo//WHM0gilYYJq3fPcxPg5VYYzgdNKP9WYUDahI+xZlDRC7efzoFNyYZUhCWNlnzRkrv69yGmkdRYFdjOiZqxXvZn4r5eMM82Ztl5ByzlMeOvnXCapQckWMcJUEBOTWSdkyBUyIzILlCluf0LYmCrKjG2uYivyVgtZh85V3XPrXuu61nCLsspwBudwCR7cQAPuoQltYIDwAq/w5jw7786H87lYLTnFzSksjfP1Cxv7mUo=</latexit><latexit sha1_base64="aQUZaOHGLSXcpaRrqYKiNmrzJKE=">AAACBnicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MZlC7YV2lAm05t26GQSZiZCCN0LbvU13IlbX8O38BGctlnY1gsDH+fcC2dOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGL1GFCNgktsG24EPiYKaRQI7AaTu5nffUKleSwfTJagH9GR5CFn1FipFQyqNbfuzoesg1dADYppDqo//WHM0gilYYJq3fPcxPg5VYYzgdNKP9WYUDahI+xZlDRC7efzoFNyYZUhCWNlnzRkrv69yGmkdRYFdjOiZqxXvZn4r5eMM82Ztl5ByzlMeOvnXCapQckWMcJUEBOTWSdkyBUyIzILlCluf0LYmCrKjG2uYivyVgtZh85V3XPrXuu61nCLsspwBudwCR7cQAPuoQltYIDwAq/w5jw7786H87lYLTnFzSksjfP1Cxv7mUo=</latexit><latexit sha1_base64="aQUZaOHGLSXcpaRrqYKiNmrzJKE=">AAACBnicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MZlC7YV2lAm05t26GQSZiZCCN0LbvU13IlbX8O38BGctlnY1gsDH+fcC2dOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGL1GFCNgktsG24EPiYKaRQI7AaTu5nffUKleSwfTJagH9GR5CFn1FipFQyqNbfuzoesg1dADYppDqo//WHM0gilYYJq3fPcxPg5VYYzgdNKP9WYUDahI+xZlDRC7efzoFNyYZUhCWNlnzRkrv69yGmkdRYFdjOiZqxXvZn4r5eMM82Ztl5ByzlMeOvnXCapQckWMcJUEBOTWSdkyBUyIzILlCluf0LYmCrKjG2uYivyVgtZh85V3XPrXuu61nCLsspwBudwCR7cQAPuoQltYIDwAq/w5jw7786H87lYLTnFzSksjfP1Cxv7mUo=</latexit>

 1(�twL)

<latexit sha1_base64="4X1WnlVHmF0nTZ1GUWleBc9ugBc=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9WBJpKLHohcPHirYD2hD2Gy37dLNJuxulBr6S7x4UMSrP8Wb/8Ztm4O2Phh4vDfDzLwg5kxpx/m2ciura+sb+c3C1vbObtHe22+qKJGENkjEI9kOsKKcCdrQTHPajiXFYcBpKxhdT/3WA5WKReJej2PqhXggWJ8RrI3k28VurJjvlk+1nz7eTk58u+RUnBnQMnEzUoIMdd/+6vYikoRUaMKxUh3XibWXYqkZ4XRS6CaKxpiM8IB2DBU4pMpLZ4dP0LFReqgfSVNCo5n6eyLFoVLjMDCdIdZDtehNxf+8TqL7l17KRJxoKsh8UT/hSEdomgLqMUmJ5mNDMJHM3IrIEEtMtMmqYEJwF19eJs2zilutnN9VS7WrLI48HMIRlMGFC6jBDdShAQQSeIZXeLOerBfr3fqYt+asbOYA/sD6/AHQ/JKN</latexit>

 2(twR)

<latexit sha1_base64="jpM8TAtyLQZ21zVlF9vHEZ66FO4=">AAAB9XicbVBNT8JAEN3iF+IX6tHLRmKCF9ISjB6JXjyikY8EarNdtrBhu212pxLS8D+8eNAYr/4Xb/4bF+hBwZdM8vLeTGbm+bHgGmz728qtrW9sbuW3Czu7e/sHxcOjlo4SRVmTRiJSHZ9oJrhkTeAgWCdWjIS+YG1/dDPz209MaR7JB5jEzA3JQPKAUwJGeuzFmnvVMnjp+H567hVLdsWeA68SJyMllKHhFb96/YgmIZNABdG669gxuClRwKlg00Iv0SwmdEQGrGuoJCHTbjq/eorPjNLHQaRMScBz9fdESkKtJ6FvOkMCQ73szcT/vG4CwZWbchknwCRdLAoSgSHCswhwnytGQUwMIVRxcyumQ6IIBRNUwYTgLL+8SlrVilOrXNzVSvXrLI48OkGnqIwcdInq6BY1UBNRpNAzekVv1th6sd6tj0VrzspmjtEfWJ8/9xuSLA==</latexit>

The dotted region indicates the starting point for both.
In the first case, when the perturbations never overlap,
Alice can proceed toward the left and insert the red per-
turbation ψ1, while Bob will proceed toward the right and

insert the pink perturbation ψ2. In the second case, when
the perturbations have overlap, before inserting their ex-
tra qubits both Alice and Bob have to do backward time
evolution.[10] This makes the procedure complex. At the
end there is a timefold in the quantum circuit. As the fold
grows, the collision gets stronger. In order to diagnose
it, we think of the entire circuit as a single (complicated)
operator preparing a state, and we quantify the “size” of
this operator.

Size of an operator is defined as the average number of
fundamental constituents it is made of. For example, in
Feynman’s parton theory of hadrons, the number of “wee
partons” increases as a particle’s momentum increases
[12]. In string theory the length of a string increases as
we observe it with higher and higher resolution [13, 14].
In the Sachdev-Ye-Kitaev (SYK) model the size of an
operator is defined as the average number of fermions
making up the operator [15, 16]. The growth of operator
size was also argued to explain the gravitational force
[17, 18]. Let us explore this connection further and relate
the collision in the wormhole interior to the size growth
of a suitable operator.

The size growth of one single perturbation operator in
the quantum circuit was well studied [15, 16, 19]. For
concreteness, consider the SYK model with N Majo-
rana fermions ψj . The infinite temperature size n∞[O] of
some operator O can be defined as the average number
of fermions making up the operator [15]:

n∞[O] ≡ 1

4

∑
j

tr
(
{O, ψj}† {O, ψj}

)
. (2)

This notion of infinite temperature operator size can be
generalized to a measure of size in thermal states [16]:

nβ [O]

nmax
≡ n∞[Oρ 1

2 ]− n∞[ρ
1
2 ]

nmax − n∞[ρ
1
2 ]

, (3)

where nmax = N
2 is the size of a completely scrambled op-

erator. The thermal size (3) of a single fermion nβ [ψ1(t)]
can be related to an out-of-time-ordered four-point func-
tion [16], which grows exponentially until it saturates to
nmax at a time of order t & t∗:

F4(t) ≡ 1− nβ [ψ1(t)]

nmax

= −
∑
j tr
(
ψ1(t)ψjψ1(t)ρ

1
2ψjρ

1
2

)
∑
j tr(ψ1(t)ψ1(t)ρ) tr

(
ρ

1
2ψjρ

1
2ψj

) . (4)

In our case, the operator that builds the circuit de-
scribed above is composed of two perturbations:

eiHaψ1(−twL)ρ
1
2ψ2(twR)eiHb (5)

where ρ
1
2 represents the thermofield double state. This

operator summarizes the procedure of perturbing the
thermofield double from the right side by ψ2 at time twR
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and from the left by ψ1 at time twL. Taking a, b large and
positive implies that we are looking at the state at a late

time. In order to detect the presence of the fold in the
circuit, we define the renormalized size of the operator
with two perturbations as follows [16, 20]:

nren

nmax
≡ n∞[eiHaψ1(−twL)ρ

1
2ψ2(twR)eiHb]− n∞[eiHaρ

1
2 eiHb]

nmax − n∞[eiHaρ
1
2 eiHb]

. (6)

We can give a pictorial representation of the quantity
(6) for the two cases:
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twL + twR < 0 :
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Without the fold the renormalized size does not grow. In
the case where twR+twL < 0, the fold makes a non-trivial

contribution to the renormalized size. This contribution
grows as the fold grows.

Our proposal is to use the renormalized size (6) to
diagnose the collision in the wormhole interior.

Just as the size of a single perturbation operator
is related to an out-of-time-ordered four-point function
(c.f.(4)), the renormalized size we used in (6) can be writ-
ten as a six-point correlation function: nren

nmax
= 1 − F6,

where

F6 =

∑N
j=1

(
〈TFD|ψL1 (twL)ψR2 (twR)

)
ψLj (a)ψRj (b)

(
ψL1 (twL)ψR2 (twR) |TFD〉

)
∑N
j=1 〈TFD|ψLj (a)ψRj (b) |TFD〉

. (7)
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twR
<latexit sha1_base64="R1PfksFwt/0z/PjCL9PAvZFxuGA=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LisYn+gLWUynbRjJ5Mwc6OE0EcQ3OpruBO3PoRv4SM4bbOwrRcGPs65F84cP5bCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMfXU/85iPXRkTqHtOYd0M6UCIQjKKVGtjLnu7GvVLZrbjTIcvg5VCGfGq90k+nH7Ek5AqZpMa0PTfGbkY1Cib5uNhJDI8pG9EBb1tUNOSmm03TjsmpVfokiLR9CslU/XuR0dCYNPTtZkhxaBa9ifivFw9TI5ixXk7zOTC46mZCxQlyxWYxgkQSjMikGNIXmjOUqQXKtLA/IWxINWVo6yvairzFQpahcV7x3Ip3e1GuunlZBTiGEzgDDy6hCjdQgzoweIAXeIU359l5dz6cz9nqipPfHMHcOF+/cWqbrg==</latexit><latexit sha1_base64="R1PfksFwt/0z/PjCL9PAvZFxuGA=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LisYn+gLWUynbRjJ5Mwc6OE0EcQ3OpruBO3PoRv4SM4bbOwrRcGPs65F84cP5bCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMfXU/85iPXRkTqHtOYd0M6UCIQjKKVGtjLnu7GvVLZrbjTIcvg5VCGfGq90k+nH7Ek5AqZpMa0PTfGbkY1Cib5uNhJDI8pG9EBb1tUNOSmm03TjsmpVfokiLR9CslU/XuR0dCYNPTtZkhxaBa9ifivFw9TI5ixXk7zOTC46mZCxQlyxWYxgkQSjMikGNIXmjOUqQXKtLA/IWxINWVo6yvairzFQpahcV7x3Ip3e1GuunlZBTiGEzgDDy6hCjdQgzoweIAXeIU359l5dz6cz9nqipPfHMHcOF+/cWqbrg==</latexit><latexit sha1_base64="R1PfksFwt/0z/PjCL9PAvZFxuGA=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LisYn+gLWUynbRjJ5Mwc6OE0EcQ3OpruBO3PoRv4SM4bbOwrRcGPs65F84cP5bCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMfXU/85iPXRkTqHtOYd0M6UCIQjKKVGtjLnu7GvVLZrbjTIcvg5VCGfGq90k+nH7Ek5AqZpMa0PTfGbkY1Cib5uNhJDI8pG9EBb1tUNOSmm03TjsmpVfokiLR9CslU/XuR0dCYNPTtZkhxaBa9ifivFw9TI5ixXk7zOTC46mZCxQlyxWYxgkQSjMikGNIXmjOUqQXKtLA/IWxINWVo6yvairzFQpahcV7x3Ip3e1GuunlZBTiGEzgDDy6hCjdQgzoweIAXeIU359l5dz6cz9nqipPfHMHcOF+/cWqbrg==</latexit><latexit sha1_base64="R1PfksFwt/0z/PjCL9PAvZFxuGA=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LisYn+gLWUynbRjJ5Mwc6OE0EcQ3OpruBO3PoRv4SM4bbOwrRcGPs65F84cP5bCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMfXU/85iPXRkTqHtOYd0M6UCIQjKKVGtjLnu7GvVLZrbjTIcvg5VCGfGq90k+nH7Ek5AqZpMa0PTfGbkY1Cib5uNhJDI8pG9EBb1tUNOSmm03TjsmpVfokiLR9CslU/XuR0dCYNPTtZkhxaBa9ifivFw9TI5ixXk7zOTC46mZCxQlyxWYxgkQSjMikGNIXmjOUqQXKtLA/IWxINWVo6yvairzFQpahcV7x3Ip3e1GuunlZBTiGEzgDDy6hCjdQgzoweIAXeIU359l5dz6cz9nqipPfHMHcOF+/cWqbrg==</latexit>

twL
<latexit sha1_base64="4Xn8JLAY6W6nrv13mFkxkXUMVco=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LhwUcH+QFvKZDppx04mYeZGCaGPILjV13Anbn0I38JHcNpmYVsvDHyccy+cOX4shUHX/XZWVtfWNzYLW8Xtnd29/dLBYcNEiWa8ziIZ6ZZPDZdC8ToKlLwVa05DX/KmP7qe+M1Hro2I1D2mMe+GdKBEIBhFKzWwlz3djnulsltxp0OWwcuhDPnUeqWfTj9iScgVMkmNaXtujN2MahRM8nGxkxgeUzaiA962qGjITTebph2TU6v0SRBp+xSSqfr3IqOhMWno282Q4tAsehPxXy8epkYwY72c5nNgcNXNhIoT5IrNYgSJJBiRSTGkLzRnKFMLlGlhf0LYkGrK0NZXtBV5i4UsQ+O84rkV7+6iXHXzsgpwDCdwBh5cQhVuoAZ1YPAAL/AKb86z8+58OJ+z1RUnvzmCuXG+fgFnmJuo</latexit><latexit sha1_base64="4Xn8JLAY6W6nrv13mFkxkXUMVco=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LhwUcH+QFvKZDppx04mYeZGCaGPILjV13Anbn0I38JHcNpmYVsvDHyccy+cOX4shUHX/XZWVtfWNzYLW8Xtnd29/dLBYcNEiWa8ziIZ6ZZPDZdC8ToKlLwVa05DX/KmP7qe+M1Hro2I1D2mMe+GdKBEIBhFKzWwlz3djnulsltxp0OWwcuhDPnUeqWfTj9iScgVMkmNaXtujN2MahRM8nGxkxgeUzaiA962qGjITTebph2TU6v0SRBp+xSSqfr3IqOhMWno282Q4tAsehPxXy8epkYwY72c5nNgcNXNhIoT5IrNYgSJJBiRSTGkLzRnKFMLlGlhf0LYkGrK0NZXtBV5i4UsQ+O84rkV7+6iXHXzsgpwDCdwBh5cQhVuoAZ1YPAAL/AKb86z8+58OJ+z1RUnvzmCuXG+fgFnmJuo</latexit><latexit sha1_base64="4Xn8JLAY6W6nrv13mFkxkXUMVco=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LhwUcH+QFvKZDppx04mYeZGCaGPILjV13Anbn0I38JHcNpmYVsvDHyccy+cOX4shUHX/XZWVtfWNzYLW8Xtnd29/dLBYcNEiWa8ziIZ6ZZPDZdC8ToKlLwVa05DX/KmP7qe+M1Hro2I1D2mMe+GdKBEIBhFKzWwlz3djnulsltxp0OWwcuhDPnUeqWfTj9iScgVMkmNaXtujN2MahRM8nGxkxgeUzaiA962qGjITTebph2TU6v0SRBp+xSSqfr3IqOhMWno282Q4tAsehPxXy8epkYwY72c5nNgcNXNhIoT5IrNYgSJJBiRSTGkLzRnKFMLlGlhf0LYkGrK0NZXtBV5i4UsQ+O84rkV7+6iXHXzsgpwDCdwBh5cQhVuoAZ1YPAAL/AKb86z8+58OJ+z1RUnvzmCuXG+fgFnmJuo</latexit><latexit sha1_base64="4Xn8JLAY6W6nrv13mFkxkXUMVco=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LhwUcH+QFvKZDppx04mYeZGCaGPILjV13Anbn0I38JHcNpmYVsvDHyccy+cOX4shUHX/XZWVtfWNzYLW8Xtnd29/dLBYcNEiWa8ziIZ6ZZPDZdC8ToKlLwVa05DX/KmP7qe+M1Hro2I1D2mMe+GdKBEIBhFKzWwlz3djnulsltxp0OWwcuhDPnUeqWfTj9iScgVMkmNaXtujN2MahRM8nGxkxgeUzaiA962qGjITTebph2TU6v0SRBp+xSSqfr3IqOhMWno282Q4tAsehPxXy8epkYwY72c5nNgcNXNhIoT5IrNYgSJJBiRSTGkLzRnKFMLlGlhf0LYkGrK0NZXtBV5i4UsQ+O84rkV7+6iXHXzsgpwDCdwBh5cQhVuoAZ1YPAAL/AKb86z8+58OJ+z1RUnvzmCuXG+fgFnmJuo</latexit>

a
<latexit sha1_base64="bXJn7ZH0gxyqZkFXRUTLTJm/y9g=">AAACBnicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MZlC7YV2lAm05t26GQSZiZCCN0LbvU13IlbX8O38BGctlnY1gsDH+fcC2dOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGL1GFCNgktsG24EPiYKaRQI7AaTu5nffUKleSwfTJagH9GR5CFn1FipRQfVmlt350PWwSugBsU0B9Wf/jBmaYTSMEG17nluYvycKsOZwGmln2pMKJvQEfYsShqh9vN50Cm5sMqQhLGyTxoyV/9e5DTSOosCuxlRM9ar3kz810vGmeZMW6+g5RwmvPVzLpPUoGSLGGEqiInJrBMy5AqZEZkFyhS3PyFsTBVlxjZXsRV5q4WsQ+eq7rl1r3Vda7hFWWU4g3O4BA9uoAH30IQ2MEB4gVd4c56dd+fD+Vyslpzi5hSWxvn6BRpZmUk=</latexit><latexit sha1_base64="bXJn7ZH0gxyqZkFXRUTLTJm/y9g=">AAACBnicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MZlC7YV2lAm05t26GQSZiZCCN0LbvU13IlbX8O38BGctlnY1gsDH+fcC2dOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGL1GFCNgktsG24EPiYKaRQI7AaTu5nffUKleSwfTJagH9GR5CFn1FipRQfVmlt350PWwSugBsU0B9Wf/jBmaYTSMEG17nluYvycKsOZwGmln2pMKJvQEfYsShqh9vN50Cm5sMqQhLGyTxoyV/9e5DTSOosCuxlRM9ar3kz810vGmeZMW6+g5RwmvPVzLpPUoGSLGGEqiInJrBMy5AqZEZkFyhS3PyFsTBVlxjZXsRV5q4WsQ+eq7rl1r3Vda7hFWWU4g3O4BA9uoAH30IQ2MEB4gVd4c56dd+fD+Vyslpzi5hSWxvn6BRpZmUk=</latexit><latexit sha1_base64="bXJn7ZH0gxyqZkFXRUTLTJm/y9g=">AAACBnicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MZlC7YV2lAm05t26GQSZiZCCN0LbvU13IlbX8O38BGctlnY1gsDH+fcC2dOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGL1GFCNgktsG24EPiYKaRQI7AaTu5nffUKleSwfTJagH9GR5CFn1FipRQfVmlt350PWwSugBsU0B9Wf/jBmaYTSMEG17nluYvycKsOZwGmln2pMKJvQEfYsShqh9vN50Cm5sMqQhLGyTxoyV/9e5DTSOosCuxlRM9ar3kz810vGmeZMW6+g5RwmvPVzLpPUoGSLGGEqiInJrBMy5AqZEZkFyhS3PyFsTBVlxjZXsRV5q4WsQ+eq7rl1r3Vda7hFWWU4g3O4BA9uoAH30IQ2MEB4gVd4c56dd+fD+Vyslpzi5hSWxvn6BRpZmUk=</latexit><latexit sha1_base64="bXJn7ZH0gxyqZkFXRUTLTJm/y9g=">AAACBnicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MZlC7YV2lAm05t26GQSZiZCCN0LbvU13IlbX8O38BGctlnY1gsDH+fcC2dOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGL1GFCNgktsG24EPiYKaRQI7AaTu5nffUKleSwfTJagH9GR5CFn1FipRQfVmlt350PWwSugBsU0B9Wf/jBmaYTSMEG17nluYvycKsOZwGmln2pMKJvQEfYsShqh9vN50Cm5sMqQhLGyTxoyV/9e5DTSOosCuxlRM9ar3kz810vGmeZMW6+g5RwmvPVzLpPUoGSLGGEqiInJrBMy5AqZEZkFyhS3PyFsTBVlxjZXsRV5q4WsQ+eq7rl1r3Vda7hFWWU4g3O4BA9uoAH30IQ2MEB4gVd4c56dd+fD+Vyslpzi5hSWxvn6BRpZmUk=</latexit> b

<latexit sha1_base64="aQUZaOHGLSXcpaRrqYKiNmrzJKE=">AAACBnicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MZlC7YV2lAm05t26GQSZiZCCN0LbvU13IlbX8O38BGctlnY1gsDH+fcC2dOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGL1GFCNgktsG24EPiYKaRQI7AaTu5nffUKleSwfTJagH9GR5CFn1FipFQyqNbfuzoesg1dADYppDqo//WHM0gilYYJq3fPcxPg5VYYzgdNKP9WYUDahI+xZlDRC7efzoFNyYZUhCWNlnzRkrv69yGmkdRYFdjOiZqxXvZn4r5eMM82Ztl5ByzlMeOvnXCapQckWMcJUEBOTWSdkyBUyIzILlCluf0LYmCrKjG2uYivyVgtZh85V3XPrXuu61nCLsspwBudwCR7cQAPuoQltYIDwAq/w5jw7786H87lYLTnFzSksjfP1Cxv7mUo=</latexit><latexit sha1_base64="aQUZaOHGLSXcpaRrqYKiNmrzJKE=">AAACBnicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MZlC7YV2lAm05t26GQSZiZCCN0LbvU13IlbX8O38BGctlnY1gsDH+fcC2dOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGL1GFCNgktsG24EPiYKaRQI7AaTu5nffUKleSwfTJagH9GR5CFn1FipFQyqNbfuzoesg1dADYppDqo//WHM0gilYYJq3fPcxPg5VYYzgdNKP9WYUDahI+xZlDRC7efzoFNyYZUhCWNlnzRkrv69yGmkdRYFdjOiZqxXvZn4r5eMM82Ztl5ByzlMeOvnXCapQckWMcJUEBOTWSdkyBUyIzILlCluf0LYmCrKjG2uYivyVgtZh85V3XPrXuu61nCLsspwBudwCR7cQAPuoQltYIDwAq/w5jw7786H87lYLTnFzSksjfP1Cxv7mUo=</latexit><latexit sha1_base64="aQUZaOHGLSXcpaRrqYKiNmrzJKE=">AAACBnicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MZlC7YV2lAm05t26GQSZiZCCN0LbvU13IlbX8O38BGctlnY1gsDH+fcC2dOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGL1GFCNgktsG24EPiYKaRQI7AaTu5nffUKleSwfTJagH9GR5CFn1FipFQyqNbfuzoesg1dADYppDqo//WHM0gilYYJq3fPcxPg5VYYzgdNKP9WYUDahI+xZlDRC7efzoFNyYZUhCWNlnzRkrv69yGmkdRYFdjOiZqxXvZn4r5eMM82Ztl5ByzlMeOvnXCapQckWMcJUEBOTWSdkyBUyIzILlCluf0LYmCrKjG2uYivyVgtZh85V3XPrXuu61nCLsspwBudwCR7cQAPuoQltYIDwAq/w5jw7786H87lYLTnFzSksjfP1Cxv7mUo=</latexit><latexit sha1_base64="aQUZaOHGLSXcpaRrqYKiNmrzJKE=">AAACBnicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MZlC7YV2lAm05t26GQSZiZCCN0LbvU13IlbX8O38BGctlnY1gsDH+fcC2dOkAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGL1GFCNgktsG24EPiYKaRQI7AaTu5nffUKleSwfTJagH9GR5CFn1FipFQyqNbfuzoesg1dADYppDqo//WHM0gilYYJq3fPcxPg5VYYzgdNKP9WYUDahI+xZlDRC7efzoFNyYZUhCWNlnzRkrv69yGmkdRYFdjOiZqxXvZn4r5eMM82Ztl5ByzlMeOvnXCapQckWMcJUEBOTWSdkyBUyIzILlCluf0LYmCrKjG2uYivyVgtZh85V3XPrXuu61nCLsspwBudwCR7cQAPuoQltYIDwAq/w5jw7786H87lYLTnFzSksjfP1Cxv7mUo=</latexit>

twR
<latexit sha1_base64="R1PfksFwt/0z/PjCL9PAvZFxuGA=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LisYn+gLWUynbRjJ5Mwc6OE0EcQ3OpruBO3PoRv4SM4bbOwrRcGPs65F84cP5bCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMfXU/85iPXRkTqHtOYd0M6UCIQjKKVGtjLnu7GvVLZrbjTIcvg5VCGfGq90k+nH7Ek5AqZpMa0PTfGbkY1Cib5uNhJDI8pG9EBb1tUNOSmm03TjsmpVfokiLR9CslU/XuR0dCYNPTtZkhxaBa9ifivFw9TI5ixXk7zOTC46mZCxQlyxWYxgkQSjMikGNIXmjOUqQXKtLA/IWxINWVo6yvairzFQpahcV7x3Ip3e1GuunlZBTiGEzgDDy6hCjdQgzoweIAXeIU359l5dz6cz9nqipPfHMHcOF+/cWqbrg==</latexit><latexit sha1_base64="R1PfksFwt/0z/PjCL9PAvZFxuGA=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LisYn+gLWUynbRjJ5Mwc6OE0EcQ3OpruBO3PoRv4SM4bbOwrRcGPs65F84cP5bCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMfXU/85iPXRkTqHtOYd0M6UCIQjKKVGtjLnu7GvVLZrbjTIcvg5VCGfGq90k+nH7Ek5AqZpMa0PTfGbkY1Cib5uNhJDI8pG9EBb1tUNOSmm03TjsmpVfokiLR9CslU/XuR0dCYNPTtZkhxaBa9ifivFw9TI5ixXk7zOTC46mZCxQlyxWYxgkQSjMikGNIXmjOUqQXKtLA/IWxINWVo6yvairzFQpahcV7x3Ip3e1GuunlZBTiGEzgDDy6hCjdQgzoweIAXeIU359l5dz6cz9nqipPfHMHcOF+/cWqbrg==</latexit><latexit sha1_base64="R1PfksFwt/0z/PjCL9PAvZFxuGA=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LisYn+gLWUynbRjJ5Mwc6OE0EcQ3OpruBO3PoRv4SM4bbOwrRcGPs65F84cP5bCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMfXU/85iPXRkTqHtOYd0M6UCIQjKKVGtjLnu7GvVLZrbjTIcvg5VCGfGq90k+nH7Ek5AqZpMa0PTfGbkY1Cib5uNhJDI8pG9EBb1tUNOSmm03TjsmpVfokiLR9CslU/XuR0dCYNPTtZkhxaBa9ifivFw9TI5ixXk7zOTC46mZCxQlyxWYxgkQSjMikGNIXmjOUqQXKtLA/IWxINWVo6yvairzFQpahcV7x3Ip3e1GuunlZBTiGEzgDDy6hCjdQgzoweIAXeIU359l5dz6cz9nqipPfHMHcOF+/cWqbrg==</latexit><latexit sha1_base64="R1PfksFwt/0z/PjCL9PAvZFxuGA=">AAACC3icbZDNSsNAFIVv/K31r+rSzWARXJVEBF0W3LisYn+gLWUynbRjJ5Mwc6OE0EcQ3OpruBO3PoRv4SM4bbOwrRcGPs65F84cP5bCoOt+Oyura+sbm4Wt4vbO7t5+6eCwYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMfXU/85iPXRkTqHtOYd0M6UCIQjKKVGtjLnu7GvVLZrbjTIcvg5VCGfGq90k+nH7Ek5AqZpMa0PTfGbkY1Cib5uNhJDI8pG9EBb1tUNOSmm03TjsmpVfokiLR9CslU/XuR0dCYNPTtZkhxaBa9ifivFw9TI5ixXk7zOTC46mZCxQlyxWYxgkQSjMikGNIXmjOUqQXKtLA/IWxINWVo6yvairzFQpahcV7x3Ip3e1GuunlZBTiGEzgDDy6hCjdQgzoweIAXeIU359l5dz6cz9nqipPfHMHcOF+/cWqbrg==</latexit>

twL
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FIG. 4. We consider the perturbed state at left and right
times a and b. The correlator (7) can be approximated by the
bulk geodesic distance between these anchor points.

This quantity has a simple interpretation in gravity. Con-
sider the thermofield double perturbed by ψ1 and ψ2:
ψL1 (twL)ψR2 (twR) |TFD〉. Now consider this state on a
time slice anchored at large left and right times a and
b (Figure 4). If a collision has occurred, it will disrupt
correlations between the left and right systems at these
times. Therefore, the simplest measures of this process
are left-right correlation functions between identical ba-
sis operators ψj . We sum over all fundamental fields ψj
in the theory to account for the universality of gravity:
disruptions of correlations can occur between any of the
degrees of freedom.

A contour representation of the correlator (7) is given
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<latexit sha1_base64="fDW8rz9iqiI6iAQMKRFJeNlfRP4=">AAACFXicdVBPS8MwHE3nvzn/VT16CQ7BwyjdVnW7Db14nOI2YSslzbItLE1Lkgqj7Et48at48aCIV8Gb38asW0FFHwQe771f8svzI0alsu1PI7e0vLK6ll8vbGxube+Yu3ttGcYCkxYOWShufSQJo5y0FFWM3EaCoMBnpOOPL2Z+544ISUN+oyYRcQM05HRAMVJa8sxS0ksv6Yqh7ya25dTrju2UbOvEdurVailVas7pVHnXU88sZgmYJWCWgGXLTlEECzQ986PXD3EcEK4wQ1J2y3ak3AQJRTEj00IvliRCeIyGpKspRwGRbpIuNIVHWunDQSj04Qqm6veJBAVSTgJfJwOkRvK3NxP/8rqxGtTchPIoVoTj+UODmEEVwllFsE8FwYpNNEFYUL0rxCMkEFa6yIIuIfsp/J+0K1a5alWunGLjfFFHHhyAQ3AMyuAMNMAlaIIWwOAePIJn8GI8GE/Gq/E2j+aMxcw++AHj/QvU4Zt4</latexit>
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<latexit sha1_base64="F+lJ0Dt9bZvgjVamPC/0xjgZGPo=">AAACFXicdVBPS8MwHE3nvzn/VT16CQ7BwyjdVnW7Db148DDBbcJWSpplW1ialiQVRtmX8OJX8eJBEa+CN7+NWbeCij4IPN57v+SX50eMSmXbn0ZuaXlldS2/XtjY3NreMXf32jKMBSYtHLJQ3PpIEkY5aSmqGLmNBEGBz0jHH1/M/M4dEZKG/EZNIuIGaMjpgGKktOSZpaSXXtIVQ99NbMup1x3bKdnWie3Uq9VSqtSc06nyrqaeWcwSMEvALAHLlp2iCBZoeuZHrx/iOCBcYYak7JbtSLkJEopiRqaFXixJhPAYDUlXU44CIt0kXWgKj7TSh4NQ6MMVTNXvEwkKpJwEvk4GSI3kb28m/uV1YzWouQnlUawIx/OHBjGDKoSzimCfCoIVm2iCsKB6V4hHSCCsdJEFXUL2U/g/aVesctWqXDvFxvmijjw4AIfgGJTBGWiAS9AELYDBPXgEz+DFeDCejFfjbR7NGYuZffADxvsXy8Obcg==</latexit>
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 R
j (b)

<latexit sha1_base64="bzwgiIOjDV4oOtlZCcW21WoVyY0=">AAACEHicbZDNSgMxFIXv+FvrX9Wlm8Ei1E2ZEUGXBTcuq9gfaMeSSTNtbCYJSUYYhr6E4FZfw5249Q18Cx/BtJ2Fbb0Q+DjnXjg5oWRUG8/7dlZW19Y3Ngtbxe2d3b390sFhU4tEYdLAggnVDpEmjHLSMNQw0paKoDhkpBWOrid+64koTQW/N6kkQYwGnEYUI2OlTldq2nt8uKuEZ71S2at603GXwc+hDPnUe6Wfbl/gJCbcYIa07vieNEGGlKGYkXGxm2giER6hAelY5CgmOsimkcfuqVX6biSUfdy4U/XvRYZirdM4tJsxMkO96E3Efz05TDXF2no5zecw0VWQUS4TQziexYgS5hrhTtpx+1QRbFhqAWFF7U9cPEQKYWM7LNqK/MVClqF5XvW9qn97Ua55eVkFOIYTqIAPl1CDG6hDAzAIeIFXeHOenXfnw/mcra44+c0RzI3z9QtEYZ0g</latexit><latexit sha1_base64="bzwgiIOjDV4oOtlZCcW21WoVyY0=">AAACEHicbZDNSgMxFIXv+FvrX9Wlm8Ei1E2ZEUGXBTcuq9gfaMeSSTNtbCYJSUYYhr6E4FZfw5249Q18Cx/BtJ2Fbb0Q+DjnXjg5oWRUG8/7dlZW19Y3Ngtbxe2d3b390sFhU4tEYdLAggnVDpEmjHLSMNQw0paKoDhkpBWOrid+64koTQW/N6kkQYwGnEYUI2OlTldq2nt8uKuEZ71S2at603GXwc+hDPnUe6Wfbl/gJCbcYIa07vieNEGGlKGYkXGxm2giER6hAelY5CgmOsimkcfuqVX6biSUfdy4U/XvRYZirdM4tJsxMkO96E3Efz05TDXF2no5zecw0VWQUS4TQziexYgS5hrhTtpx+1QRbFhqAWFF7U9cPEQKYWM7LNqK/MVClqF5XvW9qn97Ua55eVkFOIYTqIAPl1CDG6hDAzAIeIFXeHOenXfnw/mcra44+c0RzI3z9QtEYZ0g</latexit><latexit sha1_base64="bzwgiIOjDV4oOtlZCcW21WoVyY0=">AAACEHicbZDNSgMxFIXv+FvrX9Wlm8Ei1E2ZEUGXBTcuq9gfaMeSSTNtbCYJSUYYhr6E4FZfw5249Q18Cx/BtJ2Fbb0Q+DjnXjg5oWRUG8/7dlZW19Y3Ngtbxe2d3b390sFhU4tEYdLAggnVDpEmjHLSMNQw0paKoDhkpBWOrid+64koTQW/N6kkQYwGnEYUI2OlTldq2nt8uKuEZ71S2at603GXwc+hDPnUe6Wfbl/gJCbcYIa07vieNEGGlKGYkXGxm2giER6hAelY5CgmOsimkcfuqVX6biSUfdy4U/XvRYZirdM4tJsxMkO96E3Efz05TDXF2no5zecw0VWQUS4TQziexYgS5hrhTtpx+1QRbFhqAWFF7U9cPEQKYWM7LNqK/MVClqF5XvW9qn97Ua55eVkFOIYTqIAPl1CDG6hDAzAIeIFXeHOenXfnw/mcra44+c0RzI3z9QtEYZ0g</latexit><latexit sha1_base64="bzwgiIOjDV4oOtlZCcW21WoVyY0=">AAACEHicbZDNSgMxFIXv+FvrX9Wlm8Ei1E2ZEUGXBTcuq9gfaMeSSTNtbCYJSUYYhr6E4FZfw5249Q18Cx/BtJ2Fbb0Q+DjnXjg5oWRUG8/7dlZW19Y3Ngtbxe2d3b390sFhU4tEYdLAggnVDpEmjHLSMNQw0paKoDhkpBWOrid+64koTQW/N6kkQYwGnEYUI2OlTldq2nt8uKuEZ71S2at603GXwc+hDPnUe6Wfbl/gJCbcYIa07vieNEGGlKGYkXGxm2giER6hAelY5CgmOsimkcfuqVX6biSUfdy4U/XvRYZirdM4tJsxMkO96E3Efz05TDXF2no5zecw0VWQUS4TQziexYgS5hrhTtpx+1QRbFhqAWFF7U9cPEQKYWM7LNqK/MVClqF5XvW9qn97Ua55eVkFOIYTqIAPl1CDG6hDAzAIeIFXeHOenXfnw/mcra44+c0RzI3z9QtEYZ0g</latexit>

 L
1 (twL)

<latexit sha1_base64="EJlOj5VdvdJicVDawXjw+6P30EY=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIdVMSEXRZcOOiiwr2B9oYJtNpO3QyCTM3lRD6IIJbfQ134talb+EjOG2zsK0XBj7OuRfOnCAWXIPjfFtr6xubW9uFneLu3v7BoX103NRRoihr0EhEqh0QzQSXrAEcBGvHipEwEKwVjG6nfmvMlOaRfIA0Zl5IBpL3OSVgJN+2u7HmvvtYK4OfPdUmF75dcirObPAquDmUUD513/7p9iKahEwCFUTrjuvE4GVEAaeCTYrdRLOY0BEZsI5BSUKmvWyWfILPjdLD/UiZJwHP1L8XGQm1TsPAbIYEhnrZm4r/evEw1Zxq4+W0mAP6N17GZZwAk3Qeo58IDBGeloR7XDEKIjVAqOLmJ5gOiSIUTJVFU5G7XMgqNC8rrlNx769KVScvq4BO0RkqIxddoyq6Q3XUQBSN0Qt6RW/Ws/VufVif89U1K785QQtjff0CtSmfcA==</latexit><latexit sha1_base64="EJlOj5VdvdJicVDawXjw+6P30EY=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIdVMSEXRZcOOiiwr2B9oYJtNpO3QyCTM3lRD6IIJbfQ134talb+EjOG2zsK0XBj7OuRfOnCAWXIPjfFtr6xubW9uFneLu3v7BoX103NRRoihr0EhEqh0QzQSXrAEcBGvHipEwEKwVjG6nfmvMlOaRfIA0Zl5IBpL3OSVgJN+2u7HmvvtYK4OfPdUmF75dcirObPAquDmUUD513/7p9iKahEwCFUTrjuvE4GVEAaeCTYrdRLOY0BEZsI5BSUKmvWyWfILPjdLD/UiZJwHP1L8XGQm1TsPAbIYEhnrZm4r/evEw1Zxq4+W0mAP6N17GZZwAk3Qeo58IDBGeloR7XDEKIjVAqOLmJ5gOiSIUTJVFU5G7XMgqNC8rrlNx769KVScvq4BO0RkqIxddoyq6Q3XUQBSN0Qt6RW/Ws/VufVif89U1K785QQtjff0CtSmfcA==</latexit><latexit sha1_base64="EJlOj5VdvdJicVDawXjw+6P30EY=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIdVMSEXRZcOOiiwr2B9oYJtNpO3QyCTM3lRD6IIJbfQ134talb+EjOG2zsK0XBj7OuRfOnCAWXIPjfFtr6xubW9uFneLu3v7BoX103NRRoihr0EhEqh0QzQSXrAEcBGvHipEwEKwVjG6nfmvMlOaRfIA0Zl5IBpL3OSVgJN+2u7HmvvtYK4OfPdUmF75dcirObPAquDmUUD513/7p9iKahEwCFUTrjuvE4GVEAaeCTYrdRLOY0BEZsI5BSUKmvWyWfILPjdLD/UiZJwHP1L8XGQm1TsPAbIYEhnrZm4r/evEw1Zxq4+W0mAP6N17GZZwAk3Qeo58IDBGeloR7XDEKIjVAqOLmJ5gOiSIUTJVFU5G7XMgqNC8rrlNx769KVScvq4BO0RkqIxddoyq6Q3XUQBSN0Qt6RW/Ws/VufVif89U1K785QQtjff0CtSmfcA==</latexit><latexit sha1_base64="EJlOj5VdvdJicVDawXjw+6P30EY=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIdVMSEXRZcOOiiwr2B9oYJtNpO3QyCTM3lRD6IIJbfQ134talb+EjOG2zsK0XBj7OuRfOnCAWXIPjfFtr6xubW9uFneLu3v7BoX103NRRoihr0EhEqh0QzQSXrAEcBGvHipEwEKwVjG6nfmvMlOaRfIA0Zl5IBpL3OSVgJN+2u7HmvvtYK4OfPdUmF75dcirObPAquDmUUD513/7p9iKahEwCFUTrjuvE4GVEAaeCTYrdRLOY0BEZsI5BSUKmvWyWfILPjdLD/UiZJwHP1L8XGQm1TsPAbIYEhnrZm4r/evEw1Zxq4+W0mAP6N17GZZwAk3Qeo58IDBGeloR7XDEKIjVAqOLmJ5gOiSIUTJVFU5G7XMgqNC8rrlNx769KVScvq4BO0RkqIxddoyq6Q3XUQBSN0Qt6RW/Ws/VufVif89U1K785QQtjff0CtSmfcA==</latexit>

 L
1 (twL)

<latexit sha1_base64="EJlOj5VdvdJicVDawXjw+6P30EY=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIdVMSEXRZcOOiiwr2B9oYJtNpO3QyCTM3lRD6IIJbfQ134talb+EjOG2zsK0XBj7OuRfOnCAWXIPjfFtr6xubW9uFneLu3v7BoX103NRRoihr0EhEqh0QzQSXrAEcBGvHipEwEKwVjG6nfmvMlOaRfIA0Zl5IBpL3OSVgJN+2u7HmvvtYK4OfPdUmF75dcirObPAquDmUUD513/7p9iKahEwCFUTrjuvE4GVEAaeCTYrdRLOY0BEZsI5BSUKmvWyWfILPjdLD/UiZJwHP1L8XGQm1TsPAbIYEhnrZm4r/evEw1Zxq4+W0mAP6N17GZZwAk3Qeo58IDBGeloR7XDEKIjVAqOLmJ5gOiSIUTJVFU5G7XMgqNC8rrlNx769KVScvq4BO0RkqIxddoyq6Q3XUQBSN0Qt6RW/Ws/VufVif89U1K785QQtjff0CtSmfcA==</latexit><latexit sha1_base64="EJlOj5VdvdJicVDawXjw+6P30EY=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIdVMSEXRZcOOiiwr2B9oYJtNpO3QyCTM3lRD6IIJbfQ134talb+EjOG2zsK0XBj7OuRfOnCAWXIPjfFtr6xubW9uFneLu3v7BoX103NRRoihr0EhEqh0QzQSXrAEcBGvHipEwEKwVjG6nfmvMlOaRfIA0Zl5IBpL3OSVgJN+2u7HmvvtYK4OfPdUmF75dcirObPAquDmUUD513/7p9iKahEwCFUTrjuvE4GVEAaeCTYrdRLOY0BEZsI5BSUKmvWyWfILPjdLD/UiZJwHP1L8XGQm1TsPAbIYEhnrZm4r/evEw1Zxq4+W0mAP6N17GZZwAk3Qeo58IDBGeloR7XDEKIjVAqOLmJ5gOiSIUTJVFU5G7XMgqNC8rrlNx769KVScvq4BO0RkqIxddoyq6Q3XUQBSN0Qt6RW/Ws/VufVif89U1K785QQtjff0CtSmfcA==</latexit><latexit sha1_base64="EJlOj5VdvdJicVDawXjw+6P30EY=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIdVMSEXRZcOOiiwr2B9oYJtNpO3QyCTM3lRD6IIJbfQ134talb+EjOG2zsK0XBj7OuRfOnCAWXIPjfFtr6xubW9uFneLu3v7BoX103NRRoihr0EhEqh0QzQSXrAEcBGvHipEwEKwVjG6nfmvMlOaRfIA0Zl5IBpL3OSVgJN+2u7HmvvtYK4OfPdUmF75dcirObPAquDmUUD513/7p9iKahEwCFUTrjuvE4GVEAaeCTYrdRLOY0BEZsI5BSUKmvWyWfILPjdLD/UiZJwHP1L8XGQm1TsPAbIYEhnrZm4r/evEw1Zxq4+W0mAP6N17GZZwAk3Qeo58IDBGeloR7XDEKIjVAqOLmJ5gOiSIUTJVFU5G7XMgqNC8rrlNx769KVScvq4BO0RkqIxddoyq6Q3XUQBSN0Qt6RW/Ws/VufVif89U1K785QQtjff0CtSmfcA==</latexit><latexit sha1_base64="EJlOj5VdvdJicVDawXjw+6P30EY=">AAACF3icbZDNSsNAFIUn/tb6F3XpZrAIdVMSEXRZcOOiiwr2B9oYJtNpO3QyCTM3lRD6IIJbfQ134talb+EjOG2zsK0XBj7OuRfOnCAWXIPjfFtr6xubW9uFneLu3v7BoX103NRRoihr0EhEqh0QzQSXrAEcBGvHipEwEKwVjG6nfmvMlOaRfIA0Zl5IBpL3OSVgJN+2u7HmvvtYK4OfPdUmF75dcirObPAquDmUUD513/7p9iKahEwCFUTrjuvE4GVEAaeCTYrdRLOY0BEZsI5BSUKmvWyWfILPjdLD/UiZJwHP1L8XGQm1TsPAbIYEhnrZm4r/evEw1Zxq4+W0mAP6N17GZZwAk3Qeo58IDBGeloR7XDEKIjVAqOLmJ5gOiSIUTJVFU5G7XMgqNC8rrlNx769KVScvq4BO0RkqIxddoyq6Q3XUQBSN0Qt6RW/Ws/VufVif89U1K785QQtjff0CtSmfcA==</latexit>

 R
2 (twR)

<latexit sha1_base64="aIBVmm9dH7SWcIZ7YlJfLweiqbo=">AAACF3icbZDLSgMxGIUz9VbrbdSlm2AR6qbMFEGXBTcua7EXaMchk2ba0EwmJJnKMPRBBLf6Gu7ErUvfwkcwbWdhW38IfJzz/3ByAsGo0o7zbRU2Nre2d4q7pb39g8Mj+/ikreJEYtLCMYtlN0CKMMpJS1PNSFdIgqKAkU4wvp35nQmRisb8QaeCeBEachpSjLSRfNvuC0X92mOzov3sqTm99O2yU3XmA9fBzaEM8mn49k9/EOMkIlxjhpTquY7QXoakppiRaamfKCIQHqMh6RnkKCLKy+bJp/DCKAMYxtI8ruFc/XuRoUipNArMZoT0SK16M/FfT4xSRbEyXk7LOXR442WUi0QTjhcxwoRBHcNZSXBAJcGapQYQltT8BOIRkghrU2XJVOSuFrIO7VrVdaru/VW57uRlFcEZOAcV4IJrUAd3oAFaAIMJeAGv4M16tt6tD+tzsVqw8ptTsDTW1y/KqZ99</latexit><latexit sha1_base64="aIBVmm9dH7SWcIZ7YlJfLweiqbo=">AAACF3icbZDLSgMxGIUz9VbrbdSlm2AR6qbMFEGXBTcua7EXaMchk2ba0EwmJJnKMPRBBLf6Gu7ErUvfwkcwbWdhW38IfJzz/3ByAsGo0o7zbRU2Nre2d4q7pb39g8Mj+/ikreJEYtLCMYtlN0CKMMpJS1PNSFdIgqKAkU4wvp35nQmRisb8QaeCeBEachpSjLSRfNvuC0X92mOzov3sqTm99O2yU3XmA9fBzaEM8mn49k9/EOMkIlxjhpTquY7QXoakppiRaamfKCIQHqMh6RnkKCLKy+bJp/DCKAMYxtI8ruFc/XuRoUipNArMZoT0SK16M/FfT4xSRbEyXk7LOXR442WUi0QTjhcxwoRBHcNZSXBAJcGapQYQltT8BOIRkghrU2XJVOSuFrIO7VrVdaru/VW57uRlFcEZOAcV4IJrUAd3oAFaAIMJeAGv4M16tt6tD+tzsVqw8ptTsDTW1y/KqZ99</latexit><latexit sha1_base64="aIBVmm9dH7SWcIZ7YlJfLweiqbo=">AAACF3icbZDLSgMxGIUz9VbrbdSlm2AR6qbMFEGXBTcua7EXaMchk2ba0EwmJJnKMPRBBLf6Gu7ErUvfwkcwbWdhW38IfJzz/3ByAsGo0o7zbRU2Nre2d4q7pb39g8Mj+/ikreJEYtLCMYtlN0CKMMpJS1PNSFdIgqKAkU4wvp35nQmRisb8QaeCeBEachpSjLSRfNvuC0X92mOzov3sqTm99O2yU3XmA9fBzaEM8mn49k9/EOMkIlxjhpTquY7QXoakppiRaamfKCIQHqMh6RnkKCLKy+bJp/DCKAMYxtI8ruFc/XuRoUipNArMZoT0SK16M/FfT4xSRbEyXk7LOXR442WUi0QTjhcxwoRBHcNZSXBAJcGapQYQltT8BOIRkghrU2XJVOSuFrIO7VrVdaru/VW57uRlFcEZOAcV4IJrUAd3oAFaAIMJeAGv4M16tt6tD+tzsVqw8ptTsDTW1y/KqZ99</latexit><latexit sha1_base64="aIBVmm9dH7SWcIZ7YlJfLweiqbo=">AAACF3icbZDLSgMxGIUz9VbrbdSlm2AR6qbMFEGXBTcua7EXaMchk2ba0EwmJJnKMPRBBLf6Gu7ErUvfwkcwbWdhW38IfJzz/3ByAsGo0o7zbRU2Nre2d4q7pb39g8Mj+/ikreJEYtLCMYtlN0CKMMpJS1PNSFdIgqKAkU4wvp35nQmRisb8QaeCeBEachpSjLSRfNvuC0X92mOzov3sqTm99O2yU3XmA9fBzaEM8mn49k9/EOMkIlxjhpTquY7QXoakppiRaamfKCIQHqMh6RnkKCLKy+bJp/DCKAMYxtI8ruFc/XuRoUipNArMZoT0SK16M/FfT4xSRbEyXk7LOXR442WUi0QTjhcxwoRBHcNZSXBAJcGapQYQltT8BOIRkghrU2XJVOSuFrIO7VrVdaru/VW57uRlFcEZOAcV4IJrUAd3oAFaAIMJeAGv4M16tt6tD+tzsVqw8ptTsDTW1y/KqZ99</latexit>

 R
2 (twR)

<latexit sha1_base64="aIBVmm9dH7SWcIZ7YlJfLweiqbo=">AAACF3icbZDLSgMxGIUz9VbrbdSlm2AR6qbMFEGXBTcua7EXaMchk2ba0EwmJJnKMPRBBLf6Gu7ErUvfwkcwbWdhW38IfJzz/3ByAsGo0o7zbRU2Nre2d4q7pb39g8Mj+/ikreJEYtLCMYtlN0CKMMpJS1PNSFdIgqKAkU4wvp35nQmRisb8QaeCeBEachpSjLSRfNvuC0X92mOzov3sqTm99O2yU3XmA9fBzaEM8mn49k9/EOMkIlxjhpTquY7QXoakppiRaamfKCIQHqMh6RnkKCLKy+bJp/DCKAMYxtI8ruFc/XuRoUipNArMZoT0SK16M/FfT4xSRbEyXk7LOXR442WUi0QTjhcxwoRBHcNZSXBAJcGapQYQltT8BOIRkghrU2XJVOSuFrIO7VrVdaru/VW57uRlFcEZOAcV4IJrUAd3oAFaAIMJeAGv4M16tt6tD+tzsVqw8ptTsDTW1y/KqZ99</latexit><latexit sha1_base64="aIBVmm9dH7SWcIZ7YlJfLweiqbo=">AAACF3icbZDLSgMxGIUz9VbrbdSlm2AR6qbMFEGXBTcua7EXaMchk2ba0EwmJJnKMPRBBLf6Gu7ErUvfwkcwbWdhW38IfJzz/3ByAsGo0o7zbRU2Nre2d4q7pb39g8Mj+/ikreJEYtLCMYtlN0CKMMpJS1PNSFdIgqKAkU4wvp35nQmRisb8QaeCeBEachpSjLSRfNvuC0X92mOzov3sqTm99O2yU3XmA9fBzaEM8mn49k9/EOMkIlxjhpTquY7QXoakppiRaamfKCIQHqMh6RnkKCLKy+bJp/DCKAMYxtI8ruFc/XuRoUipNArMZoT0SK16M/FfT4xSRbEyXk7LOXR442WUi0QTjhcxwoRBHcNZSXBAJcGapQYQltT8BOIRkghrU2XJVOSuFrIO7VrVdaru/VW57uRlFcEZOAcV4IJrUAd3oAFaAIMJeAGv4M16tt6tD+tzsVqw8ptTsDTW1y/KqZ99</latexit><latexit sha1_base64="aIBVmm9dH7SWcIZ7YlJfLweiqbo=">AAACF3icbZDLSgMxGIUz9VbrbdSlm2AR6qbMFEGXBTcua7EXaMchk2ba0EwmJJnKMPRBBLf6Gu7ErUvfwkcwbWdhW38IfJzz/3ByAsGo0o7zbRU2Nre2d4q7pb39g8Mj+/ikreJEYtLCMYtlN0CKMMpJS1PNSFdIgqKAkU4wvp35nQmRisb8QaeCeBEachpSjLSRfNvuC0X92mOzov3sqTm99O2yU3XmA9fBzaEM8mn49k9/EOMkIlxjhpTquY7QXoakppiRaamfKCIQHqMh6RnkKCLKy+bJp/DCKAMYxtI8ruFc/XuRoUipNArMZoT0SK16M/FfT4xSRbEyXk7LOXR442WUi0QTjhcxwoRBHcNZSXBAJcGapQYQltT8BOIRkghrU2XJVOSuFrIO7VrVdaru/VW57uRlFcEZOAcV4IJrUAd3oAFaAIMJeAGv4M16tt6tD+tzsVqw8ptTsDTW1y/KqZ99</latexit><latexit sha1_base64="aIBVmm9dH7SWcIZ7YlJfLweiqbo=">AAACF3icbZDLSgMxGIUz9VbrbdSlm2AR6qbMFEGXBTcua7EXaMchk2ba0EwmJJnKMPRBBLf6Gu7ErUvfwkcwbWdhW38IfJzz/3ByAsGo0o7zbRU2Nre2d4q7pb39g8Mj+/ikreJEYtLCMYtlN0CKMMpJS1PNSFdIgqKAkU4wvp35nQmRisb8QaeCeBEachpSjLSRfNvuC0X92mOzov3sqTm99O2yU3XmA9fBzaEM8mn49k9/EOMkIlxjhpTquY7QXoakppiRaamfKCIQHqMh6RnkKCLKy+bJp/DCKAMYxtI8ruFc/XuRoUipNArMZoT0SK16M/FfT4xSRbEyXk7LOXR442WUi0QTjhcxwoRBHcNZSXBAJcGapQYQltT8BOIRkghrU2XJVOSuFrIO7VrVdaru/VW57uRlFcEZOAcV4IJrUAd3oAFaAIMJeAGv4M16tt6tD+tzsVqw8ptTsDTW1y/KqZ99</latexit>
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 j(uj)
<latexit sha1_base64="GMcPgsU/+kdASo2RbhXUTGOa2BU=">AAACEHicbZDNSgMxFIXv1L9a/6ou3QSLUDdlRgRdFty4rGB/oB2GTJq2aTOZkGSEYehLCG71NdyJW9/At/ARTNtZ2NYLgY9z7oWTE0rOtHHdb6ewsbm1vVPcLe3tHxwelY9PWjpOFKFNEvNYdUKsKWeCNg0znHakojgKOW2Hk7uZ336iSrNYPJpUUj/CQ8EGjGBjpW5PahaMq0kwvgzKFbfmzgetg5dDBfJpBOWfXj8mSUSFIRxr3fVcafwMK8MIp9NSL9FUYjLBQ9q1KHBEtZ/NI0/RhVX6aBAr+4RBc/XvRYYjrdMotJsRNiO96s3Efz05SjUj2no5Lecwg1s/Y0ImhgqyiDFIODIxmrWD+kxRYnhqARPF7E8QGWGFibEdlmxF3moh69C6qnluzXu4rtTdvKwinME5VMGDG6jDPTSgCQRieIFXeHOenXfnw/lcrBac/OYUlsb5+gWMQJ1M</latexit><latexit sha1_base64="GMcPgsU/+kdASo2RbhXUTGOa2BU=">AAACEHicbZDNSgMxFIXv1L9a/6ou3QSLUDdlRgRdFty4rGB/oB2GTJq2aTOZkGSEYehLCG71NdyJW9/At/ARTNtZ2NYLgY9z7oWTE0rOtHHdb6ewsbm1vVPcLe3tHxwelY9PWjpOFKFNEvNYdUKsKWeCNg0znHakojgKOW2Hk7uZ336iSrNYPJpUUj/CQ8EGjGBjpW5PahaMq0kwvgzKFbfmzgetg5dDBfJpBOWfXj8mSUSFIRxr3fVcafwMK8MIp9NSL9FUYjLBQ9q1KHBEtZ/NI0/RhVX6aBAr+4RBc/XvRYYjrdMotJsRNiO96s3Efz05SjUj2no5Lecwg1s/Y0ImhgqyiDFIODIxmrWD+kxRYnhqARPF7E8QGWGFibEdlmxF3moh69C6qnluzXu4rtTdvKwinME5VMGDG6jDPTSgCQRieIFXeHOenXfnw/lcrBac/OYUlsb5+gWMQJ1M</latexit><latexit sha1_base64="GMcPgsU/+kdASo2RbhXUTGOa2BU=">AAACEHicbZDNSgMxFIXv1L9a/6ou3QSLUDdlRgRdFty4rGB/oB2GTJq2aTOZkGSEYehLCG71NdyJW9/At/ARTNtZ2NYLgY9z7oWTE0rOtHHdb6ewsbm1vVPcLe3tHxwelY9PWjpOFKFNEvNYdUKsKWeCNg0znHakojgKOW2Hk7uZ336iSrNYPJpUUj/CQ8EGjGBjpW5PahaMq0kwvgzKFbfmzgetg5dDBfJpBOWfXj8mSUSFIRxr3fVcafwMK8MIp9NSL9FUYjLBQ9q1KHBEtZ/NI0/RhVX6aBAr+4RBc/XvRYYjrdMotJsRNiO96s3Efz05SjUj2no5Lecwg1s/Y0ImhgqyiDFIODIxmrWD+kxRYnhqARPF7E8QGWGFibEdlmxF3moh69C6qnluzXu4rtTdvKwinME5VMGDG6jDPTSgCQRieIFXeHOenXfnw/lcrBac/OYUlsb5+gWMQJ1M</latexit><latexit sha1_base64="GMcPgsU/+kdASo2RbhXUTGOa2BU=">AAACEHicbZDNSgMxFIXv1L9a/6ou3QSLUDdlRgRdFty4rGB/oB2GTJq2aTOZkGSEYehLCG71NdyJW9/At/ARTNtZ2NYLgY9z7oWTE0rOtHHdb6ewsbm1vVPcLe3tHxwelY9PWjpOFKFNEvNYdUKsKWeCNg0znHakojgKOW2Hk7uZ336iSrNYPJpUUj/CQ8EGjGBjpW5PahaMq0kwvgzKFbfmzgetg5dDBfJpBOWfXj8mSUSFIRxr3fVcafwMK8MIp9NSL9FUYjLBQ9q1KHBEtZ/NI0/RhVX6aBAr+4RBc/XvRYYjrdMotJsRNiO96s3Efz05SjUj2no5Lecwg1s/Y0ImhgqyiDFIODIxmrWD+kxRYnhqARPF7E8QGWGFibEdlmxF3moh69C6qnluzXu4rtTdvKwinME5VMGDG6jDPTSgCQRieIFXeHOenXfnw/lcrBac/OYUlsb5+gWMQJ1M</latexit>

FIG. 5. The complex time contour representing the correlator
(7). Real time goes towards the right.

in figure 5, where the vertical (horizontal) direction rep-
resents Euclidean (Lorentzian) time. Notice that we need
at least six ‘timefolds’ to represent this correlator, which
means that the configuration is ‘maximally out-of-time-
order’ [21, 22].

IV. CALCULATION

In this section we will outline the calculation of gravi-
tational contributions to the six-point function (7). Our
method follows a similar computation of the four-point
function in [23] (see also [24, 25]).

To perform this calculation, for simplicity we consider
a (0 + 1)-dimensional theory whose dynamical variable
consists of time reparametrizations u 7→ t(u). This also
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arises as the asymptotic symmetry of dilaton gravity in
AdS2. Such ‘conformal’ symmetry is generally broken
by the choice of state. The Schwarzian theory addi-
tionally describes the leading explicit symmetry break-
ing effects of any such ‘nearly conformal field theory’
(such as the low energy sector of SYK model [26, 27]),
as well as the boundary dynamics of AdS2 gravity [23].
We will thus compute the correlator (7) by perform-
ing a path integral over time reparametrizations Gold-
stone modes t(u) weighted by the Schwarzian action
S[t(u)] = −C

´
du {t(u), u}:

F6 = N
ˆ

[Dt] eiS[t(u)]G∆1(u1, u
′
1)G∆2(u2, u

′
2)G∆j (uj , u

′
j) .

(8)
The bilocal operators G∆ describe the coupling of the
operator pairs to the reparametrization mode, which is
obtained via a conformal transformation of the two-point
function:

G∆(u, u′) =

(
− t′(u)t′(u′)

(t(u)− t(u′))2

)∆

(9)

The normalization N is given by products of two-point

functions. The insertion points for our setup (figure 5)
are

u1 = −twL − iπ + iδ1, u′1 = −twL − iπ − iδ1
u2 = twR + iδ2, u′2 = twR − iδ2
uj = b, u′j = −a− iπ

where we introduced small Euclidean smearing δ1,2 to
regulate.

In order to perform the integral over reparametriza-
tions, we make the following observations: because the
bulk geometry is always exactly AdS2, the effect of local
operator insertions is to ‘kick’ the boundary trajectory in
a different direction. More formally, the operators source
shock waves along which AdS2 black hole solutions get
glued together [23, 28]. Both sides of the shock wave have
a definite SL(2,R) charge, and their difference compen-
sates for the charge due to the matter fields. All the
information about the geometry is therefore captured by
SL(2,R) gauge transformations at the operator insertion
points. This reduces the path integral (8) to an integral
over suitable SL(2,R) gauge parameters.

Restricting to exponentially growing modes, the piece-
wise SL(2,R) transformations along the contour in figure
5 takes the following form:

t(u) = x− (1 + x)2X−

2 + (1 + x)X−
θ(2, 3) +

(1− x)2X+

2 + (1− x)X+
θ(5, 6) +

(1− x)2Y +

2 + (1− x)Y +
θ(3) + (· · · ) θ(4)− (1 + x)2Y −

2 + (1 + x)Y −
θ(5) ,

(10)

where x = tanh u
2 is the thermal saddle point solu-

tion and X±, Y ± parametrize the null shifts along the
horizons due to the SL(2,R) transformations. The θ-
functions indicate the contours on which the respective
SL(2,R) transformations have support (colored dashed
lines in figure 5). They are chosen such that the change
in SL(2,R) charges due to an operator pair has support
along the part of the contour between the two operators
[29].

With this simplification, the path integral over
repametrizations reduces to the integral over four vari-

ables X±, Y ±. The Schwarzian action receives contribu-
tions from overlapping SL(2,R) transformations on con-
tour segments 3 and 5:

iS = −iC
ˆ

contour

du {t(u), u} = 2iC(X+Y − + Y −Y +) .

(11)

Performing the integral in (8), with appropriate nor-
malizations we get the following integral representation
of the correlator (7) for large a, b:

F6 =
1

Γ(2∆1)Γ(2∆2)

ˆ +∞

0

dp1

ˆ +∞

0

dp2 p
2∆1−1
1 e−p1 p2∆2−1

2 e−p2

(
1

1 + p1p2
16C2δ1δ2

e−
2π
β (twL+twR)

)2∆j

, (12)

where p1,2 can be interpreted as the bulk momenta of
the particles sourced by the operator insertions. The
dependence on a, b has dropped out due to their being
large.

We should note that the above approach is not as spe-
cific to AdS2 gravity as it may seem. An eikonal integral
similar to (12) can be derived in higher dimensions by re-
summing exponentially enhanced gravitational contribu-
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tions. The main difference will be additional dependence
of the integrand on spatial directions (c.f., [24]).

V. RESULT

In the limit of large ∆1,2, we can perform the integral
(12) explicitly by saddle point approximation. Setting
p1 = 2∆1 and p2 = 2∆2, we get

F6 ≈
(

1 +
∆1∆2

4C2δ1δ2
e−

2π
β (twL+twR)

)−2∆j

(13)

Note that this innocuous looking result is highly nontriv-
ial from a microscopic point of view: it corresponds to
the resummation of exponentially growing contributions
from an infinite number of graviton exchange diagrams.
It thus goes far beyond previous perturbative calculations
of out-of-time-order six-point functions (e.g., [22]). It can

be compared with the result of a bulk calculation in JT
gravity: in the geodesic approximation, a two-point func-
tion between identical boundary operators is computed
by e−∆d where ∆ is the dimension of the operators and
d is the geodesic distance between the two boundaries.
We obtain

F6 ≈
e−∆ dpert.

e−∆ dunpert.
=

(
1 +

1

4

δS1δS2

(S − S0)2
e−

2π
β (twL+twR)

)−2∆j

(14)

Here, δS1 and δS2 are the changes of black hole entropy
due to the two perturbations, and S − S0 is the above-
extremal entropy.

We see that results (13) and (14) match with each other
once we identify δSi

S−S0
with ∆i

Cδi
. From these expressions

we can immediately infer the renormalized size of the
operator creating the quantum circuit:

nren

nmax
= 1−F6 ≈


0 −(twL + twR) < 0
∆
2
δS1δS2

(S−S0)2 e
− 2π
β (twL+twR) 0 ≤ −(twL + twR) < 2t∗

1− e−2∆ 2π
β [−(twL+twR)−2t∗] 2t∗ ≤ −(twL + twR)

(15)

where 2t∗ is twice the scrambling time, t∗ ≡
β
2π log

(
S−S0

δS

)
. The renormalized size (15) only grows for

negative twL+ twR. This is expected as it corresponds to
the presence of a collision. As we inject the perturbations
earlier and twL + twR becomes more negative, the size
starts to grow exponentially in − 2π

β (twL + twR). This is

consistent with the fact the collision energy grows expo-
nentially in − 2π

β (twL + twR). When −(twL + twR) > 2t∗,
the size saturates at its maximal value. On the grav-
ity side, a large black hole has formed and the collision
happens exponentially close to the singularity.[30]

VI. CONCLUSION

ER=EPR suggests a modern paradigm for understand-
ing the time evolution of a two-sided black hole in terms
of a quantum circuit shared between the boundaries. In
this context, the collision in the interior of the wormhole
can be interpreted as the overlap of two perturbations

spreading through the quantum circuit. We diagnose this
overlap by computing the size of the operator correspond-
ing to the perturbed state. In this procedure, it appears
that the existence of the singularity in the black hole in-
terior plays a crucial role so that signals never meet if
they are sent in too late. It will thus be interesting to
understand what happens for geometries without a sin-
gularity. For instance, in charged black holes signals can
always meet, but if they are sent late, the meeting will
occur in a region where the dilaton is negative, i.e., grav-
ity is repulsive. To understand this phenomenon remains
an important open problem.
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