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Particle exchange statistics beyond fermions and bosons
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A Abstract[] It is commonly believed that there are only two types of particle exchange statistics in quantum
mechanics, fermions and bosons, with the exception of anyons in two dimensions. In principle, a second
exception known as parastatistics, which extends outside two dimensions, has been considered but was
believed to be physically equivalent to fermions and bosons. Here we show that non-trivial parastatistics
inequivalent to either fermions or bosons can exist in physical systems. These new types of identical particle
obey generalized exclusion principles, leading to exotic free-particle thermodynamics distinct from any
system of free fermions and bosons. We formulate our theory by developing a second quantization of
paraparticles that naturally includes exactly solvable non-interacting theories and incorporates physical
constraints such as locality. We then construct a family of exactly solvable quantum spin models in one and
two dimensions, in which free paraparticles emerge as quasiparticle excitations, and their exchange statistics
can be physically observed and are notably distinct from fermions and bosons. This demonstrates the
possibility of a new type of quasiparticle in condensed matter systems and—more speculatively—the
potential for previously unconsidered types of elementary particle.
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A Abstract(] Excitons, Coulomb-driven bound states of electrons and holes, are typically composed of
integer charges. However, in bilayer systems influenced by charge fractionalization, a more interesting form
of interlayer exciton can emerge, in which pairing occurs between constituents that carry fractional charges.
Despite numerous theoretical predictions for these fractional excitons, their experimental observation has
remained unexplored. Here we report transport signatures of excitonic pairing in fractional quantum Hall
effect states. By probing the composition of these excitons and their impact on the underlying wavefunction,
we discover two new types of quantum phases of matter. One of these can be viewed as the fractional
counterpart of the exciton condensate at a total filling of 1, whereas the other involves a more unusual type of
exciton that obeys non-bosonic quantum statistics, challenging the standard model of bosonic excitons.
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Emergence of a distinct mechanism of C— N bond formation in photoenzymes
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A Abstractl] C— N bond formation is integral to modern chemical synthesis owing to the ubiquity of
nitrogen heterocycles in small-molecule pharmaceuticals and agrochemicals. Alkene hydroamination with
unactivated alkenes is an atom-economical strategy for constructing these bonds. However, these reactions
are challenging to render asymmetric when preparing fully substituted carbon stereocentres. Here we report a
photoenzymatic alkene hydroamination to prepare 2,2-disubstituted pyrrolidines by a Baeyer— Villiger
mono-oxygenase. Five rounds of protein engineering afforded a mutant, providing excellent product yield
and stereoselectivity. Unlike related photochemical hydroaminations, which rely on the oxidation of the
amine or alkene for C— N bond formation, this work exploits a through-space interaction of a reductively
generated benzylic radical and the nitrogen lone pair. This antibonding interaction lowers the oxidation
potential of the radical, enabling electron transfer to the flavin cofactor. Experiments indicate that the enzyme
microenvironment is essential in enabling a innovative C— N bond formation mechanism with no parallel in
small-molecule catalysis. Molecular dynamics simulations were performed to investigate the substrate in the
enzyme active site, which further support this hypothesis. This work is a rare example of an emerging
mechanism in non-natural biocatalysis in which an enzyme has access to a mechanism that its individual
components do not. Our study showcases the potential of enhancing emergent mechanisms using protein
engineering to provide unique mechanistic solutions to unanswered challenges in chemical synthesis.

Li2ZrF6-based electrolytes for durable lithium metal batteries
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A Abstract[] Lithium (Li) metal batteries (LMBs) are promising for high-energy-density rechargeable
batteries. However, Li dendrites formed by the reaction between highly active Li and non-aqueous
electrolytes lead to safety concerns and rapid capacity decay. Developing a reliable solid— electrolyte
interphase is critical for realizing high-rate and long-life LMBs, but remains technically challenging. Here we
demonstrate that adding excess m-Li2ZrF6 (monoclinic) nanoparticles to a commercial LiPF6-containing
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carbonate electrolyte of LMBs facilitates the release of abundant ZrF62— ions into the electrolyte driven by
the applied voltage, converting to t-Li2ZrF6 (trigonal) and creating a stable solid— electrolyte interphase in
situ with high Li-ion conductivity. Computational and cryogenic transmission electron microscopy studies
revealed that the in situ formation of the t-Li2ZrF6-rich solid— electrolyte interphase markedly enhanced Li-
ion transfer and suppressed the growth of Li dendrites. As a result, LMBs assembled with LiFePO4 cathodes
(areal loading, 1.8/2.2 mAh cm-2), three-dimensional Li— carbon anodes (50- m-thick Li) and
Li2ZrF6-based electrolyte displayed greatly improved cycling stability with high capacity retention (>80.0%)
after 3,000 cycles (1C/2C rate). This achievement represents leading performance and, thus, delivers a
reliable Li2ZrF6-based electrolyte for durable LMBs under practical high-rate conditions.
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A Abstract[] The physical manifestations of memory formation and recall are fundamental questions that
remain unresolvedl. At the cellular level, ensembles of neurons called engrams are activated by learning
events and control memory recall. Astrocytes are found in close proximity to neurons and engage in a range
of activities that support neurotransmission and circuit plasticity. Moreover, astrocytes exhibit experience-
dependent plasticity, although whether specific ensembles of astrocytes participate in memory recall remains
obscure. Here we show that learning events induce c-Fos expression in a subset of hippocampal astrocytes,
and that this subsequently regulates the function of the hippocampal circuit in mice. Intersectional labelling
of astrocyte ensembles with c-Fos after learning events shows that they are closely affiliated with engram
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neurons, and reactivation of these astrocyte ensembles stimulates memory recall. At the molecular level,
learning-associated astrocyte (LAA) ensembles exhibit elevated expression of nuclear factor I-A, and its
selective deletion from this population suppresses memory recall. Taken together, our data identify LAA
ensembles as a form of plasticity that is sufficient to provoke memory recall and indicate that astrocytes are an
active component of the engram.

Foundation models for fast, label-free detection of glioma infiltration
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A Abstract] A critical challenge in glioma treatment is detecting tumour infiltration during surgery to
achieve safe maximal resection. Unfortunately, safely resectable residual tumour is found in the majority of
patients with glioma after surgery, causing early recurrence and decreased survival. Here we present
FastGlioma, a visual foundation model for fast (<10 s) and accurate detection of glioma infiltration in fresh,
unprocessed surgical tissue. FastGlioma was pretrained using large-scale self-supervision (around 4 million
images) on rapid, label-free optical microscopy, and fine-tuned to output a normalized score that indicates
the degree of tumour infiltration within whole-slide optical images. In a prospective, multicentre,
international testing cohort of patients with diffuse glioma (n = 220), FastGlioma was able to detect and
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quantify the degree of tumour infiltration with an average area under the receiver operating characteristic
curve of 92.1 + 0.9%. FastGlioma outperformed image-guided and fluorescence-guided adjuncts for
detecting tumour infiltration during surgery by a wide margin in a head-to-head, prospective study (n =

129). The performance of FastGlioma remained high across diverse patient demographics, medical centres
and diffuse glioma molecular subtypes as defined by the World Health Organization. FastGlioma shows zero-
shot generalization to other adult and paediatric brain tumour diagnoses, demonstrating the potential for our
foundation model to be used as a general-purpose adjunct for guiding brain tumour surgeries. These findings
represent the transformative potential of medical foundation models to unlock the role of artificial
intelligence in the care of patients with cancer.
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