with greater specificities and potencies, and
newer antifolates to treat an assortment of
cancers and autoimmune disorders.In connec-
tion with the latter, SLC19Al is one of the two
main folate transportersin tissues; the otheris
SLC46A1, whichisknown asthe proton-coupled
folate transporter®. SLC46Al is needed for gut
absorptionof dietaryfolatesandis akey trans-
porter of folates in human tumours at the acid
pH of the tumour microenvironment®®, Par-
ticularinterest hasfocused on the discovery of
new SLC46A1-specific antifolates that have lim-
ited transport by SLC19A1 and greater tumour
selectivity than is the case for antifolates such
as methotrexate’. When combined with the
cryo-EM structure of SLC46Alin its apo- and
pemetrexed-bound forms', the SLC19Al struc-
tures provide the foundation for designing a
new generation of more-selective therapeutics
for cancer®, on the basis of their preferential
transport by SLC46A1 rather than SLC19A1.
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A holographicwormhole
inaquantum computer

Adam R. Brown & Leonard Susskind

A system of nine quantum bits has been used to simulate
astate known as a holographic wormhole, a concept that
featuresin attempts to reconcile quantum mechanics with
the general theory of relativity. See p.51

The holographic principle is a guide in our
quest to understand how to combine the two
most celebrated theories of modern physics
— quantum mechanics and general relativ-
ity. According to this principle, theories that
include both quantum mechanics and gravity
can be exactly equivalent to other theories
thatinvolve quantum mechanics but not grav-
ity. Such an alternative description is known
as a dual, and has fewer dimensions than its
gravitational counterpart — much like how a
hologram projected on a 2D surface displays
a3Dimage. On page 51, Jafferis et al.' report
using a quantum computer to generate a state
that mimics ahologram whose dual is an entity
known as awormhole, and then evolving this
state to simulate a message traversing the
wormhole.

Theidea of awormhole dates back to 1935,
when Albert Einstein and his collaborator,
Nathan Rosen, studied black holes in the
context of Einstein’s general theory of rela-
tivity?. Every black hole has both an interior
region, from which nothing can escape, and
an exterior region, from where escape is still
possible. The two regions are demarcated by a

surface called the event horizon. What Einstein
and Rosen noticed is that, in a mathematical
idealization of ablack hole, there is actually
notoneexterior region, but two, and they are
connected through a kind of wormhole now
known as an Einstein-Rosen bridge.

But this is no ordinary bridge. On the one
hand, in the version studied by Einstein and
Rosen (and unlike that considered by Jafferis
and colleagues), it is impossible to travel
through the wormhole from one exterior
region to the other — the wormhole cannot
be traversed. On the other hand, if someone
jumps into the interior region of the black
hole from one exterior region, it is possible
for themto meet someone jumpinginfromthe
other exterior region, but their time together
would be brief, because by jumping in they’d
be doomed to certain death. The bridge can-
notbe crossed, but people from opposite ends
can briefly meetin the middle.

In the same year, Einstein and Rosen
wrote another paper, this time in collabora-
tion with Boris Podolsky?. The trio’s paper
examined quantum mechanics (without
gravity), and identified the phenomenon

© 2022 Springer Nature Limited. All rights reserved.

From the archive

A book captures a snapshot of scientists
around the globe, and the pages of an
encyclopedia contain an indexing mirage.

50yearsago

Passion to Know: The Scientists of Today'’s
World — Who They Are, What They Are
Doing and Why! By Mitchell Wilson

— Mitchell Wilson was an American
physicist who assisted Fermi in cosmic ray
research. He is now a writer. ... Sir George
Weidenfeld, the publisher, proposed that
he should travel around the world, visiting
the most interesting centres of science,
meet the most interesting people, and
write a book on what he had heard and
seen. The result is a readable mixture of
fact, reporting, and opinion ... The feature
he found common to all scientists was the
passion to know.

From Nature 1 December 1972

150 years ago

Can any of your readers inform me if there
is such a thing as a good and honestly
constructed cyclopaedia — one that does
not ... refer you ... to articles that do not
exist? | have been repeatedly annoyed by
this kind of will-o’-the-wisp, but have to-day
met with such an outrageous example of
it, that, although it involves some trouble,
| feel it to be a duty to make a public
exposure of it in your columns. Requiring
some facts on unusual atmospheric
refraction, | turned to “Refraction” in the
“English Encyclopaedia”. This article
referred me to “Mirage, Fata Morgana,”
&c., for information on this branch of

the subject. Turning to “Mirage,” | found
not a word but another reference to
“Reflection and Refraction, Atmospheric,
Extraordinary.” Next | tried “Fata Morgana,”
again the same reference. Coming back to
letter R, | found the article “Reflection and
Refraction,” but was here referred to “Light,
Optics, Refraction, Refrangibility;” then

to letter A, “Atmosphere, Atmospheric”
—nothing on the subject. Letter E,
“Extraordinary Refraction” — nothing but a
reference back again to “Mirage!” ... | was
thus sent on a search through five volumes
of the work, and made to hunt out nine
distinct headings for what does not exist.
From Nature 28 November 1872
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now known as quantum entanglement,
which Einstein described as “spooky action
atadistance”. Entanglement is a property of
quantum systems that allows themto be linked
through a strange, non-classical pattern of
correlations, even when they are separated by
extremely long distances. This pattern of cor-
relations is a signature of quantum mechan-
ics, because it cannot be reproduced by any
classical process that doesn’t involve faster-
than-light communication. However, quantum
entanglement cannot itself be used to send
messages faster than light, and so although
entanglement mightindeed seem spooky, we
now understand thatit’s not really action ata
distance.

At the time, these two ideas — wormholes
and entanglement — were considered to be
entirely separate. Butsince then, the relation-
ship between them has become increasingly
central to our understanding of quantum
gravity*. The two exterior regions of the
black hole are connected by a huge amount
of quantum entanglement, and the inability
to travel from one exterior region to another
is understood to be ‘holographically dual’
to the inability to use entanglement to send
messages faster than light speed (Fig. 1).

Later, the connection between wormholes
and entanglement was taken a step further,
with a thought experiment that consid-
ered what would happen if the two exterior
regions could be made to interact>. Such an
interaction could be used to send a message
from one exterior region to the other, and it
was shown that this would have an elegant
holographic dual. In the dual gravitational
description, the reason that the message
passes from one exterior region to the other
is that the interaction causes the wormhole
to open up and become briefly traversable.
The message simply passes through the
wormbhole. This doesn’t permit faster-than-
light communication through the wormhole,
because the wormhole can be opened only by
theinteraction, and it is possible to make the
twosidesinteractonlyifthereisalready away
of connecting the two exteriors that takesless
time than traversing the wormhole®”.

A modified version of this thought experi-
ment was later proposed — one that could
actually be performed as an experiment on a
quantum computer®®. The first step is to gen-
erateaparticularentangled state between the
two halves of aquantum computer, chosento
betheholographic dual of two exterior regions
connected by an emergent wormhole. Next,
we insert the message on one side, wait for it
to get scrambled, and then briefly couple the
two sides. After a short delay, the message
unscrambles on the other side. This is the
dualtothe message traversing the wormhole.
Jafferis et al. report performing this simulation
on a small quantum system comprising nine
quantum bits (qubits).
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Figure1|An emergent wormhole in a quantum
computer. Quantum systems can display a
non-classical pattern of correlations, even

when the parts are separated by long distances,
because of a property known as quantum
entanglement. The holographic principle tells us
that some non-gravitational quantum states have
an alternative description in terms of higher-
dimensional gravitational states. This alternative
description is known as a holographic dual.
Jafferis et al.! generated a certain highly entangled
quantum state between the two halves of aquantum
computer, chosen so that its holographic dualis an
entity known as an ‘emergent wormhole’ stretched
between two exterior regions. They then simulated
amessage traversing this wormhole.

We should stress that, in this simulation, the
‘gravity’ experienced by the message travers-
ing the wormhole is the emergent gravity in
theholographic description, and is therefore
entirely unrelated to the gravitational forces
that moor the quantum computer to Earth.
This means, for example, that there is no risk
of the quantum computer being swallowed
by the black hole. We also stress that it is
possible to predict the evolution of the state
of the quantum computer simply by using
the normal rules of non-gravitational quan-
tum mechanics, without any reference to the
holographic gravitational dual.

But what the holographic gravitational
description offers is a simple explanation
for a complicated phenomenon. In the
non-gravitational description, the appear-
ance of the unscrambled message on the
other side is an unambiguous prediction of
quantum mechanics, but it is nonetheless
somewhat mysterious. The surprise is not
that the message made it across in some
form, but that it made it across unscrambled.
However, this is easily understood from the
gravitational description: the message arrives
unscrambled on the other side because it has

© 2022 Springer Nature Limited. All rights reserved.

traversed the wormhole. This protocol, if
successful, thus uses a quantum computer to
exhibit aphenomenon for which the simplest
explanation invokes the idea of an emergent
wormhole.

The holographic duality is sharpest in
systems that contain a huge number of
degrees of freedom, but state-of-the-art quan-
tum computers have such high error rates that
they can simulate only a modest number of
qubits. With nine qubits in total, Jafferis and
colleagues’ quantum system is so small that
the holographic wormhole is of low resolu-
tion. Furthermore, because nine qubits can
be easily simulated on a classical computer,
the results of this experiment cannot teach
us anything that could not be learnt from a
classical computation, and will not teach us
anything new about quantum gravity. Never-
theless, Jafferis and colleagues’ experiment
is a proof of principle that sets the stage for
further developments.

The technology of quantum computers
is advancing rapidly, and other laboratories
are already trying to implement holographic
traversable wormholes on different platforms
from that used by these authors™. The past
decade has seen an explosion of ideas con-
necting black holes with quantum compu-
ting —adialogue that holds great potential for
stimulatingideasinbothfields. To see this, we
need look no further thanthe original thought
experiment from five years ago®: although the
authors could haveinvented their protocol by
thinking about quantum mechanics alone, in
fact, the protocol was discovered only after
takinginspiration fromblack holes. We might
hope that, in the future, quantum-communi-
cation techniques might be invented that are
too difficult to analyse by conventional means,
but which use the holographic duality as a
powerful tool for analysis and discovery.
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