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For entangled particles, a change in one instantly affects the other, no matter how far apart they are.

How Einstein lost the battle
to explain quantum reality

By suppressing ‘philosophical’ questions, post-war physicists created an
unquestioning orthodoxy that lingers to this day. By Jim Baggott

uantummechanicsisanextraordinarily
successful scientific theory, on which
much of our technology-obsessed life-
styles depend. It is also bewildering.
Although the theory works, it leaves
physicists chasing probabilities instead of
certainties and breaks the link between cause
and effect. It gives us particles that are waves
and waves that are particles, cats that seem
to be both alive and dead, and lots of spooky

quantum weirdness around hard-to-explain
phenomena, suchas quantum entanglement.

Myths are alsorife. Forinstance, inthe early
twentieth century, when the theory’s founders
were arguing among themselves about what
it all meant, the views of Danish physicist
Niels Bohr came to dominate. Albert Einstein
famously disagreed with himand, in the1920s
and 1930s, the two locked horns in debate. A
persistent myth was created that suggests

Bohr won the argument by browbeating the
stubborn and increasingly isolated Einstein
into submission. Acting like some fanatical
priesthood, physicists of Bohr’s ‘church’
sought to shut down further debate. They
established the ‘Copenhageninterpretation’,
named after the location of Bohr’s institute,
as adogmatic orthodoxy.

My latest book Quantum Drama, co-written
with science historian John Heilbron,
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explores the origins of this myth and its role
in motivating the singular personalities that
would go onto challenge it. Their persistence
intheface of widespread indifference paid off,
because they helped tolay the foundations for
a quantum-computing industry expected to
be worth tens of billions by 2040.

Johndied on5November 2023, so sadly did
not see his last work through to publication.
This essay is dedicated to his memory.

Foundational myth

Ascientific mythis not produced by accident
or error. It requires effort. “To qualify as
a myth, a false claim should be persistent
and widespread,” Heilbron said in a 2014
conference talk. “It should have a plausible
and assignable reason for its endurance, and
immediate cultural relevance,” he noted.
“Although erroneous or fabulous, such myths
arenotentirely wrong, and their exaggerations
bring out aspects of a situation, relationship
or project that might otherwise be ignored.”

To see how these observations apply to
the historical development of quantum
mechanics, let’slook more closely at the Bohr-
Einstein debate. The only way to make sense of
thetheory, Bohrarguedin1927, wastoaccept
his principle of complementarity. Physicists
have no choice but to describe quantum
experiments and their results using wholly
incompatible, yet complementary, concepts
borrowed from classical physics.

In one kind of experiment, an electron,
for example, behaves like a classical wave. In
another, it behaves like a classical particle.
Physicists can observe only one type of
behaviour at a time, because there is no
experiment that can be devised that could
show both behaviours at once.

Bohrinsisted that thereisno contradiction
incomplementarity, because the use of these
classical concepts is purely symbolic. This
was not about whether electrons are really
waves or particles. It was about accepting
that physicists can never know what an
electronreallyis and that they must reach for
symbolic descriptions of waves and particles
as appropriate. With these restrictions, Bohr
regarded the theory to be complete — no
further elaboration was necessary.

Such a pronouncement prompts an
important question. What is the purpose
of physics? Is its main goal to gain ever-
more-detailed descriptions and control of
phenomena, regardless of whether physicists
canunderstand these descriptions? Or, rather,
isitacontinuingsearch for deeper and deeper
insights into the nature of physical reality?

Einstein preferred the second answer, and
refused to accept that complementarity could
be the last word on the subject. In his debate
with Bohr, he devised a series of elaborate
thought experiments, in which he sought to
demonstrate the theory’s inconsistencies and
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Niels Bohr (left) and Albert Einstein.

ambiguities, and its incompleteness. These
wereintended to highlight matters of principle;
they were not meant to be taken literally.

Entangled probabilities

In1935, Einstein’s criticisms found their focus
ina paper! published with his colleagues Boris
Podolsky and Nathan Rosen at the Institute
for Advanced Study in Princeton, New Jersey.
In their thought experiment (known as EPR,
the authors’ initials), a pair of particles (A
and B) interact and move apart. Suppose
each particle can possess, with equal proba-
bility, one of two quantum properties, which
for simplicity I will call ‘up’ and ‘down’, meas-
ured in relation to some instrument setting.
Assuming their properties are correlated by
a physical law, if A is measured to be ‘up’, B
must be ‘down’, and vice versa. The Austrian
physicist Erwin Schrodinger invented the term
entangled to describe this kind of situation.
If the entangled particles are allowed to
move so far apart that they can no longer
affect one another, physicists might say that
theyarenolongerin ‘causal contact’. Quantum
mechanics predicts that scientists should
still be able to measure A and thereby — with
certainty —infer the correlated property of B.
But the theory gives us only probabilities.
We have no way of knowing in advance what
result wewillget for A.IfAisfound to be ‘down’,
how does the distant, causally disconnected
B ‘know” how to correlate with its entangled
partner and give theresult ‘up’? The particles
cannot break the correlation, because this
would break the physical law that created it.
Physicists could simply assume that, when
far enough apart, the particles are separate
and distinct, or ‘locally real’, each possessing

properties that were fixed at the moment of
their interaction. Suppose A sets off towards
ameasuringinstrument carrying the property
‘up’. A devious experimenter is perfectly at
liberty to change the instrument setting so
that when A arrives, it is now measured to be
‘down’. How, then, is the correlation estab-
lished? Do the particles somehow remainin
contact, sending messages to each other or
exerting influences on each other over vast
distances at speeds faster than light, in conflict
with Einstein’s special theory of relativity?

The alternative possibility, equally discom-
forting to contemplate, is that the entangled
particles do not actually existindependently
of each other. They are ‘non-local’, implying
that their properties are not fixed until a
measurement is made on one of them.

Both these alternatives were unacceptable
to Einstein, leading him to conclude that
quantum mechanics cannot be complete.

The EPR thought experiment delivered a
shock to Bohr’s camp, but it was quickly (if
unconvincingly) rebuffed by Bohr. Einstein’s
challenge was not enough; he was content to
criticize the theory but there was no consensus
onanalternative to Bohr’s complementarity.
Bohr was judged by the wider scientific com-
munity to have won the debate and, by the
early 1950s, Einstein’s star was waning.

Unlike Bohr, Einstein had established no
school of his own. He had rather retreated into
his own mind, in vain pursuit of atheory that
would unify electromagnetismand gravity,and
so eliminate the need for quantum mechanics
altogether. He referred to himself as a “lone
traveler”. In 1948, US theoretical physicist
J.Robert Oppenheimer remarked toareporter
at Time magazine that the older Einstein had
become “alandmark, but notabeacon”.

Prevailing view

Subsequent readings of this period in
quantum history promoted a persistent and
widespread suggestion that the Copenhagen
interpretation had been established as the
orthodox view. I offer two anecdotes asillus-
tration. When learning quantum mechanics
as a graduate student at Harvard University
in the 1950s, US physicist N. David Mermin
recalled vivid memories of the responses
that his conceptual enquiries elicited from
his professors, whom he viewed as ‘agents
of Copenhagen’. “You’ll never get a PhD if
you allow yourself to be distracted by such
frivolities,” they advised him, “so get back to
serious business and produce some results.
Shut up, in other words, and calculate.”

It seemed that dissidents faced serious
repercussions. When US physicist John
Clauser — a pioneer of experimental tests
of quantum mechanics in the early 1970s —
struggled to find an academic position, he
was clear in his own mind about the reasons.
He thought he had fallen foul of the ‘religion’
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fostered by Bohr and the Copenhagen church:
“Any physicist who openly criticized or even
seriously questioned these foundations ...
wasimmediately branded as a“‘quack’. Quacks
naturally found it difficult to find decent jobs
within the profession.”

But pulling on the historical threads
suggests a different explanation for both
Mermin’s and Clauser’s struggles. Because
there was no viable alternative to complemen-
tarity, those writing the first post-war student
textbooks on quantum mechanics in the late
1940s had little choice but to present (often
garbled) versions of Bohr’s theory. Bohr was
notoriously vague and more than occasionally
incomprehensible. Awkward questions about
the theory’s foundations were typically
given short shrift. It was more important for
studentstolearn how to apply the theory than
to fret about what it meant.

One important exception is US physicist
David Bohm’s 1951 book Quantum Theory,
which contains an extensive discussion of
the theory’s interpretation, including EPR’s
challenge. But, at the time, Bohm stuck to
Bohr’s mantra.

The Americanization of post-war physics
meant that no value was placed on ‘philosophi-
cal’ debates that did not yield practical results.
The task of ‘getting to the numbers’ meant that
there was no time or inclination for the kind
of pointless discussion in which Bohr and
Einstein had indulged. Pragmatism prevailed.
Physicists encouraged their students to
choose research topics that were likely to
provide them with a suitable grounding for
an academic career, or ones that appealed to

prospective employers. These did notinclude
research on quantum foundations.

These developments conspired to produce
asubtly different kind of orthodoxy. In The
Structure of Scientific Revolutions (1962), US
philosopher Thomas Kuhn describes ‘normal’
science asthe everyday puzzle-solving activi-
ties of scientists in the context of a prevailing
‘paradigm’. This can be interpreted as the
foundational framework on which scientific
understanding is based. Kuhn argued that
researchers pursuing normal science tend
to accept foundational theories without

“It was more important for
studentstolearnhowto
apply the theory thantofret
about what it meant.”

question and seek to solve problems within
the bounds of these concepts. Only when
intractable problems accumulate and the
situation becomes intolerable might the
paradigm ‘shift’,ina process that Kuhnlikened
to a political revolution.

The prevailing view also defines what
kinds of problem the community will accept
as scientific and which problems researchers
areencouraged (and funded) to investigate. As
Kuhnacknowledged in his book: “Other prob-
lems, including many that had previously been
standard, arerejected as metaphysical, asthe
concern of another discipline, or sometimes
asjust too problematic to be worth the time.”

WhatKuhnsays about normalscience canbe
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Aspect, Clauser and Zeilinger won the 2022 physics Nobel for work on entangled photons.

applied to ‘mainstream’ physics. By the 1950s,
the physics community had become broadly
indifferent to foundational questions that lay
outside the mainstream. Such questions were
judged to belong in a philosophy class, and
there was no place for philosophy in physics.
Mermin’s professors were not, as he had first
thought, ‘agents of Copenhagen’. As he later
told me, his professors “had no interest in
understanding Bohr, and thought that Ein-
stein’s distaste for [quantum mechanics] was
justsilly”. Instead, they were “just indifferent
to philosophy. Full stop. Quantum mechanics
worked. Why worry about what it meant?”

It is more likely that Clauser fell foul of
the orthodoxy of mainstream physics. His
experimental tests of quantum mechanics?
in 1972 were met with indifference or, more
actively, dismissal as junk or fringe science.
After all, as expected, quantum mechanics
passed Clauser’s tests and arguably nothing
new was discovered. Clauser failed to get an
academic position not because he had had
the audacity to challenge the Copenhagen
interpretation; his audacity was in challenging
the mainstream. As a colleague told Clauser
later, physics faculty members at one
university to which he had applied “thought
that the whole field was controversial”.

However, it’s important to acknowledge
that the enduring myth of the Copenhagen
interpretation contains grains of truth,
too. Bohr had a strong and domineering
personality. He wanted to be associated
with quantum theory in much the same way
that Einstein is associated with theories of
relativity. Complementarity was accepted
as the last word on the subject by the physi-
cists of Bohr’s school. Most vociferous were
Bohr’s ‘bulldog’ Léon Rosenfeld, Wolfgang
Pauli and Werner Heisenberg, although all
came to hold distinct views about what the
interpretation actually meant.

They did seek to shut down rivals. French
physicist Louis de Broglie’s ‘pilot wave’
interpretation, which restores causality and
determinisminatheoryinwhichreal particles
are guided by a real wave, was shot down by
Pauliin1927.Some 30 years later, US physicist
Hugh Everett’s relative state or many-worlds
interpretation was dismissed, as Rosenfeld
later described, as “hopelessly wrong ideas”.
Rosenfeld added that Everett “was undescrib-
ably stupid and could not understand the
simplest things in quantum mechanics”.

Unorthodox interpretations

But the myth of the Copenhagen inter-
pretation served an important purpose. It
motivated a project that might otherwise have
beenignored.Einstein liked Bohm’s Quantum
Theory and asked to see him in Princeton in
the spring of 1951. Their discussion prompted
Bohm to abandon Bohr’s views, and he went
on to reinvent de Broglie’s pilot wave theory.
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He also developed an alternative to the EPR
challenge that held the promise of translation
into areal experiment.

Befuddled by Bohrian vagueness, finding
no solace in student textbooks and inspired
by Bohm, Irish physicistJohn Bell pushed back
against the Copenhageninterpretationand, in
1964, built onBohm’s version of EPR to develop
anow-famous theorem?® The assumption that
the entangled particles Aand Barelocally real
leads to predictions that are incompatible
with those of quantum mechanics. This was
no longer amatter for philosophers alone: this
was about real physics.

It took Clauser three attempts to pass
his graduate course on advanced quantum
mechanics at Columbia University because
his brain “kind of refused to do it”. He blamed
Bohr and Copenhagen, found Bohm and
Bell, and in 1972 became the first to perform
experimental tests of Bell’s theorem with
entangled photons?.

French physicist Alain Aspect similarly
struggled to discern a “physical world
behind the mathematics”, was perplexed
by complementarity (“Bohr is impossible
to understand”) and found Bell. In 1982, he
performed what wouldbecome aniconic test
of Bell'stheorem*, changing the settings of the
instruments used to measure the properties of
pairs of entangled photons while the particles
were mid-flight. This prevented the photons
from somehow conspiring to correlate
themselves through messages or influences
passed between them, because the nature of
the measurements to be made on them was
not set until they were already too far apart.
All these tests settled in favour of quantum
mechanics and non-locality.

Although the wider physics community
still considered testing quantum mechanics
to be a fringe science and mostly a waste
of time, exposing a hitherto unsuspected
phenomenon — quantum entanglement and
non-locality — was not. Aspect’s cause was
aided by US physicist Richard Feynman, who
in1981had published his own version of Bell’s
theorem®and had speculated on the possibility
of building a quantum computer. In 1984,
Charles Bennett at IBM and Giles Brassard at
the University of Montreal in Canada proposed
entanglement as the basis for an innovative
system of quantum cryptography?®.

It is tempting to think that these develop-
ments finally helped to bringwork on quantum
foundationsinto mainstream physics, making
itrespectable. Not so. According to Austrian
physicist Anton Zeilinger, who has helped to
found the science of quantum information
and its promise of a quantum technology,
even those working in quantum information
consider foundations to be “not the right
thing”. “We don’t understand the reason why.
Must be psychological reasons, something
like that, something very deep,” Zeilinger says.
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The lack of any kind of physical mechanism
to explain how entanglement works does not
prevent the pragmatic physicist from getting
to the numbers.

Similarly, by awarding the 2022 Nobel Prize
inPhysics to Clauser, Aspect and Zeilinger, the
Nobels as an institution have not necessarily
become friendly to foundational research.
Commenting on the award, the chair of the
Nobel Committee for Physics, Anders Irbick,
said: “It has become increasingly clear thata
new kind of quantum technology is emerging.
We can see that the laureates’ work with
entangled states is of great importance, even
beyond the fundamental questions about
the interpretation of quantum mechanics.”
Or, rather, their work is of great importance
because of the efforts of those few dissidents,
such as Bohm and Bell, who were prepared to
resist the orthodoxy of mainstream physics,
which they interpreted as the enduring myth

ofthe Copenhagen interpretation.

The lesson from Bohr-Einstein and the
riddle of entanglement is this. Even if we are
prepared to acknowledge the myth, we still
needtoexercise care. Heilbron warned against
wanton slaying: “The myth you slay today may
contain a truth you need tomorrow.”

Jim Baggott is a science writer based in Cape
Town, South Africa. He is co-author with John
Heilbron of Quantum Drama.
e-mail: info@jimbaggott.com
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The pill: arevolution that
started with troubling trials

Bold play remembers Puerto Rican womeninvolved in
tests of the first oral contraceptive. By Mariana Lenharo

t’s the 1950s and two US scientists are
looking for somewhere to test the first
birth-control pill. Where better than
Puerto Rico? The territory had an estab-
lished network of family-planning clin-
ics, and the use of contraception had been
legal there since 1937. That wasn’t the case in
much of the United States, including Massa-
chusetts, where biologist Gregory Pincus and
obstetrician-gynaecologist John Rock were
developing the oral contraceptive.

Puerto Ricanwomenwereinterestedina pill
that could give them more control over their
reproductive lives. Butas they lined up outside
aclinicin the outskirts of San Juan to receive
the medication, many were unaware that it
was an experimental drug and they were part
of a clinical trial. When some of them started
reporting debilitating side effects, these were
dismissed as psychosomatic.

The play Las Borinquerias, whose title
means ‘the Puerto Rican women’, revisits the
complicated history of the world’s first oral
contraceptive. Mixing the excitement of sci-
entific breakthrough with the shock of flawed
research ethics and shadows of colonialism
and exploitation, it puts the spotlight on the
womenwho, after playing akey partinthe pill’'s
development, were quickly forgotten.

Las Borinquenas

Directed by Rebecca Aparicio
Ensemble Studio Theatre, New York City
3 April - 5 May 2024

It’salong-overdue tribute and, mostimpor-
tantly, areminder to remain vigilant against
abuse and disrespect in studies with human
participants. In a world where the fight for
access to birth control is ongoing, it is bold
and commendable to recognize that this sig-
nificant advance was built on ethically prob-
lematic studies that harmed some of the very
women they aimed to serve and empower.

Written by Nelson Diaz-Marcano, a Puerto
Rican theatre-maker based in New York City,
the show was developed by the Ensemble Stu-
dio Theatre in New York and the Alfred P. Sloan
Foundation, aresearch funder basedinthe city.
It had its world premiere on 3 April and is on
until 5May at the Ensemble Studio Theatre.

Taking control

The play follows the intertwined lives of
five women — Chavela, Yolanda, Fernanda,
Maria and Rosa — as they cross paths with the
researchers testing the pill. As the audience
witnesses their love stories, aspirations, strug-
gles and loyal friendships, the protagonists





