
The square root of a negative number could 
easily be regarded as a curious mathemat-
ical construction that has little bearing on 
real life. Indeed, the French polymath René 
Descartes gave such numbers the derogatory 
name ‘imaginary’, reserving the term ‘real 
numbers’ for those that occur on an ordinary 
number line. However, since the development 
of quantum theory nearly a century ago, it has 
seemed likely that complex numbers — which 
combine imaginary and real numbers — are 
deeply embedded in the structure of the phys-
ical world. Indeed, the imaginary unit that  
represents the square root of minus one occurs 
prominently in the basic equations of quantum 
theory.  Renou et al.1 show on page 625 how 
experiments could strengthen the evidence 
that complex numbers are key to describing 
the quantum world, by eliminating a class of 
theory that contains only real numbers. And 
two versions of the experiment they propose 
have already been implemented2,3. 

To understand the difference between 
standard quantum theory and analogous 
real-number theories, consider an electron 
confined to two separate sites. In quantum 
theory, the electron can be in a ‘superposition’ 
of the two locations — neither at one place nor 
the other. Such a superposition is represented 
as a point in an abstract space comprising two 
dimensions. But this is no ordinary space, and 
it is not easy to visualize. Each dimension in the 
abstract space is related to one of the locations 
in the real world through a complex number 
that can be used to compute the probability 
of finding the electron at that location. As the 
electron’s state changes over time, the point 
moves around in the abstract space.

An analogous space with two real dimen-
sions will not be large enough to capture all 
the phenomena that this electron can exhibit, 

because it cannot encode all the possible 
superpositions of the two locations. However, 
a space with four real dimensions is capable 
of faithfully representing the full range of the 
electron’s behaviour. This fact can be gener-
alized: the quantum physics of any individual 
quantum system can be fully represented in 
a real space that has exactly twice the dimen-
sions of its complex space.

Renou et al. sought to determine whether a 
real-space analogue of quantum theory could 
reproduce all the predictions of standard 
quantum theory — not just those for a single 
particle such as the electron in two locations, 
but also those for a system of two or more 
particles. Consider, for example, two parti-
cles prepared at a common source, possibly 
exhibiting the kind of correlation known as 

‘quantum entangle ment’4. In standard quan-
tum theory, the abstract space of the two 
particles is related to the abstract spaces of 
the individual particles through a mathemat-
ical construction known as the tensor product. 
The real-space framework that Renou et al. 
analysed is based on an analogous construc-
tion, which can be called the real tensor prod-
uct. The complex and real tensor products 
both allow the possibility of entanglement, 
but they impose different constraints on the 
physics of the system. 

Researchers had already analysed whether 
two particles generated by the same source, 
but measured separately, could be adequately 
described in real space (with the real tensor 
product). The real-number framework passed 
this test5. The picture was then expanded to 
include an arbitrary number of particles 
prepared at a common source and measured 
separately. The real-number framework 
passed this test as well6,7.

In light of these results, it might be reason-
able to expect that for every conceivable 
experiment, the real-number framework 
would always be able to imitate standard 
quantum theory. But Renou et al. identified 
an experiment for which this is not the case 
(Fig. 1). Particles B1 and B2, each from a differ-
ent entangled pair, are jointly measured at 
the central location, while their partner par-
ticles, A and C, are measured separately. This 
particular combination of preparations and 
measurements turns out to be too much for 
the real tensor product. No theory in which the 
particles are linked in this way can reproduce 
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Figure 1 | An experimental set-up to test real-number analogues of quantum theory. Particles A and B1 
are generated at a single source at the same time that particles B2 and C are generated at a second source. 
Particles B1 and B2 are then jointly measured at a central location, while particles A and C are measured 
separately. Renou et al.1 proposed this experiment to show that a quantum-like framework that omits 
imaginary numbers (square roots of negative numbers) cannot reproduce all the statistical predictions of 
standard quantum theory for the combination of measurement outcomes a, b and c (ref. 1). Two versions of 
this experiment have now been implemented2,3.
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the predictions of standard quantum theory, 
no matter how many dimensions are assigned 
to the real spaces.

Renou and co-workers put forward a meas-
urable quantity whose value can distinguish 
between the real and complex frameworks — 
and this quantity has now been measured2,3. 
In two experimental papers, the value of this 
key quantity (or, in one case, a closely related 
quantity3) was found to conflict strongly with 
the real-number framework. Both experimen-
tal groups used binary quantum objects, 
‘qubits’, as prescribed by Renou et al., but the 
actual physical systems were quite different: 
superconducting qubits in one case2 and 
photons in the other3.

As Renou et al. point out, their work does not 
imply that the empirical content of quantum 
theory cannot be captured by a model that 
uses only real numbers8,9. Indeed, in 1960, 
Ernst Stueckelberg presented precisely this 
kind of model10. There is no contradiction 
here. A representation of a composite system 
using Stueckelberg’s formulation is not based 
on the real tensor product — rather, it is based 
on a real-number encoding of the complex 
tensor product. So even though there are no 
imaginary numbers in Stueckelberg’s theory, 
the structure of complex-number arithmetic 
is still present.

The complex numbers are special in another 
way. In the two-site electron example, the 4D 
real space allows too many possibilities — more 
than can actually be measured — and so the 
theory needs to be restricted. In standard 
quantum theory, by contrast, there is a perfect 
match between the structure of the abstract 
space and the physics that can be observed.

For some quantum physicists, Renou and 
colleagues’ work will raise a long-standing 
question anew: why is the world structured 
such that complex numbers have a funda-
mental role? In the century since quantum 
theory was first developed, many answers to 
this question have been proposed. The current 
findings provide a concrete counterexample 
to the most natural real-number analogue 
of quantum theory, thereby strengthening 
the evidence that the complex structure is 
essential. Conceivably, a deeper explanation 
of this intriguing feature of the physical world 
is still waiting to be discovered.
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Gastric cancer is a highly aggressive disease. 
Janjigian et al.1 present clinical data on page 727 
that point to a way to improve outcomes for 
people who have this type of tumour.

Expression of the protein HER2 is found 
in approximately 20% of gastric cancers. 
For people who have such a HER2-positive 
tumour, the use of an antibody (a drug called 
trastuzumab) that blocks HER2 function 
improves outcomes when given with chemo-
therapy. The combination of immunotherapy 
(a treatment called immune-checkpoint block-
ade that stimulates an antitumour immune 
response) with chemotherapy is beneficial 
for those people whose gastric tumours lack 
HER2 expression2. But what if immuno therapy 
were combined with trastuzumab and chemo-
therapy (Fig. 1)? Could that improve outcomes 
for people with a HER2-positive gastric can-
cer that has spread elsewhere in the body? 
Janjigian and colleagues investigated these 
clinically relevant questions.

HER2 belongs to a family of trans membrane 
receptors called tyrosine kinases, and it 
mediates cell proliferation and develop-
ment. In several types of human cancer, 
tumour-promoting (oncogenic) mutations 
have been found in the gene that encodes 
HER2, and these mutations are associated with 
aggressive tumours that have a high poten-
tial to spread to other locations in the body 
(metastatic tumours). Trastuzumab blocks 
HER2-mediated signalling, inhibiting both 
the downstream pathways and the cell cycle. 

Another important mechanism of action 
of trastuzumab is its ability also to bind to the 
Fc receptor of immune cells — especially those 
of natural killer cells. This leads to the activa-
tion and subsequent recruitment of other 
types of immune cell in addition to natural 
killer cells. Trastuzumab was first introduced 
in the clinic for the treatment of HER2-positive 

breast cancer, and although it is effective in 
some cases when used alone3, there is a better 
(synergistic) response when the treatment is 
combined with chemotherapy4. In people with 
HER2-positive gastric cancer, the addition of 
trastuzumab treatment to chemotherapy 
improves survival compared with the use of 
chemotherapy alone5.

The combination of immune-checkpoint 
blockade (which targets the protein PD-1) 
and chemotherapy became a standard-of-
care treatment (a therapy that is routinely 
used) in the United States in 2021, because it 
increases the length of survival for people with 
metastatic gastric cancers2. This therapeutic 
effect seems to be strongest in individuals 
whose tumour and immune cells express the 
protein PD-L1. PD-1 has an inhibitory effect on 
the immune system through its interaction 
with PD-L1, and, therefore, PD-1 blockade 
leads to the activation of immune cells (called 
cytotoxic T cells) that can kill cancer cells. 
Preclinical animal studies6 have shown that 
trastuzumab treatment leads to an increase 
in the levels of cytotoxic T cells, which can 
subsequently be stimulated by PD-1 blockade, 
leading to an improved response if antibodies 
targeting HER2 and antibodies blocking PD-1 
are combined.

Janjigian and colleagues conducted a 
phase III randomized, double-blind clinical 
trial. This focused on people with previously 
untreated HER-2-positive cancers of the 
stomach or gastro-oesophageal junction 
(the site at which the oesophagus meets the 
stomach) that were metastatic or not amena-
ble to surgical treatment (unresectable). The 
participants received either a PD-1-blocking 
antibody (called pembrolizumab) or a pla-
cebo, together with trastuzumab and the 
treating physician’s choice of one of two 
standard-of-care chemotherapy regimens. 
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Harnessing immune cells to target tumours is a growing 
trend. The results of a clinical trial combining such treatment 
with other standard therapies for gastric cancer have altered 
medical practice — and more changes are to come. See p.727
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