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Schematic of the black hole information paradox. Alice drops a qubit into a
black hole and asks whether Bob can reconstruct the qubit using only the
outgoing Hawking radiation. Credit: Norman Yao, UC Berkeley

Physicists have used a seven-qubit quantum computer to simulate the
scrambling of information inside a black hole, heralding a future in
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which entangled quantum bits might be used to probe the mysterious
interiors of these bizarre objects.

Scrambling is what happens when matter disappears inside a black hole.
The information attached to that matter—the identities of all its
constituents, down to the energy and momentum of its most elementary
particles—is chaotically mixed with all the other matter and information
inside, seemingly making it impossible to retrieve.

This leads to a so-called "black hole information paradox," since
quantum mechanics says that information is never lost, even when that
information disappears inside a black hole.

So, while some physicists claim that information falling through the
event horizon of a black hole is lost forever, others argue that this
information can be reconstructed, but only after waiting an inordinate
amount of time—until the black hole has shrunk to nearly half its
original size. Black holes shrink because they emit Hawking radiation,
which is caused by quantum mechanical fluctuations at the very edge of
the black hole and is named after the late physicist Stephen Hawking.

Unfortunately, a black hole the mass of our sun would take about 1067

years to evaporate—far, far longer than the age of the universe.

However, there is a loophole—or rather, a wormhole—out of this black
hole. It may be possible to retrieve this infalling information
significantly faster by measuring subtle entanglements between the black
hole and the Hawking radiation it emits.

Two bits of information—like the quantum bits, or qubits, in a quantum
computer—are entangled when they are so closely linked that the
quantum state of one automatically determines the state of the other, no
matter how far apart they are. Physicists sometimes refer to this as
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"spooky action at a distance," and measurements of entangled qubits can
lead to the "teleportation" of quantum information from one qubit to
another.

"One can recover the information dropped into the black hole by doing a
massive quantum calculation on these outgoing Hawking photons," said
Norman Yao, a UC Berkeley assistant professor of physics. "This is
expected to be really, really hard, but if quantum mechanics is to be
believed, it should, in principle, be possible. That's exactly what we are
doing here, but for a tiny three-qubit `black hole' inside a seven-qubit
quantum computer."

By dropping an entangled qubit into a black hole and querying the
emerging Hawking radiation, you could theoretically determine the state
of a qubit inside the black hole, providing a window into the abyss.

Yao and his colleagues at the University of Maryland and the Perimeter
Institute for Theoretical Physics in Waterloo, Ontario, Canada, will
report their results in a paper appearing in the March 6 issue of the
journal Nature.
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Scientists have implemented a test for quantum scrambling, which is a chaotic
shuffling of the information stored among a collection of quantum particles.
Quantum scrambling is one suggestion for how information can fall into a black
hole and come out as random-looking radiation. Perhaps, the argument goes, it is
not random at all, and black holes are just excellent scramblers. Credit: E.
Edwards/Joint Quantum Institute

Teleportation

Yao, who is interested in understanding the nature of quantum chaos,
learned from friend and colleague Beni Yoshida, a theorist at the
Perimeter Institute, that recovering quantum information falling into a
black hole is possible if the information is scrambled rapidly inside the
black hole. The more thoroughly it is mixed throughout the black hole,
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the more reliably the information can be retrieved via teleportation.
Based on this insight, Yoshida and Yao proposed last year an experiment
to provably demonstrate scrambling on a quantum computer.

"With our protocol, if you measure a teleportation fidelity that is high
enough, then you can guarantee that scrambling happened within the
quantum circuit," Yao said. "So, then we called up my buddy, Chris
Monroe."

Monroe, a physicist at the University of Maryland in College Park who
heads one of the world's leading trapped-ion quantum information
groups, decided to give it a try. His group implemented the protocol
proposed by Yoshida and Yao and effectively measured an out-of-time-
ordered correlation function.

Called OTOCs, these peculiar correlation functions are created by
comparing two quantum states that differ in the timing of when certain
kicks or perturbations are applied. The key is being able to evolve a
quantum state both forward and backward in time to understand the
effect of that second kick on the first kick.

Monroe's group created a scrambling quantum circuit on three qubits
within a seven-qubit trapped-ion quantum computer and characterized
the resulting decay of the OTOC. While the decay of the OTOC is
typically taken as a strong indication that scrambling has occurred, to
prove that they had to show that the OTOC didn't simply decay because
of decoherence—that is, that it wasn't just poorly shielded from the
noise of the outside world, which also causes quantum states to fall apart.

Yao and Yoshida proved that the greater the accuracy with which they
could retrieve the entangled or teleported information, the more
stringently they could put a lower limit on the amount of scrambling that
had occurred in the OTOC.
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Monroe and his colleagues measured a teleportation fidelity of
approximately 80 percent, meaning that perhaps half of the quantum
state was scrambled and the other half decayed by decoherence.
Nevertheless, this was enough to demonstrate that genuine scrambling
had indeed occurred in this three-qubit quantum circuit.

"One possible application for our protocol is related to the benchmarking
of quantum computers, where one might be able to use this technique to
diagnose more complicated forms of noise and decoherence in quantum
processors," Yao said.

Yao is also working with a UC Berkeley group led by Irfan Siddiqi to
demonstrate scrambling in a different quantum system, superconducting
qutrits: quantum bits that have three, rather than two, states. Siddiqi, a
UC Berkeley professor of physics, also leads the effort at Lawrence
Berkeley National Laboratory to build an advanced quantum computing
test bed.

"At its core, this is a qubit or qutrit experiment, but the fact that we can
relate it to cosmology is because we believe the dynamics of quantum
information is the same," he said. "The U.S. is launching a billion-dollar
quantum initiative, and understanding the dynamics of quantum
information connects many areas of research within this initiative:
quantum circuits and computing, high energy physics, black hole
dynamics, condensed matter physics and atomic, molecular and optical
physics. The language of quantum information has become pervasive for
our understanding of all these different systems."

Aside from Yao, Yoshida and Monroe, other co-authors are UC
Berkeley graduate student T. Schuster and K. A. Landsman, C. Figgatt
and N. M. Linke of Maryland's Joint Quantum Institute. The work was
supported by the Department of Energy and the National Science
Foundation.
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  More information: Verified quantum information scrambling, Nature
(2019). DOI: 10.1038/s41586-019-0952-6 , 
www.nature.com/articles/s41586-019-0952-6
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