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Physics and astrophysics – Einstein’s physics 

Co-organised by Dr Brian Patton, University of Oxford, UK and Dr Kentaro Miuchi, Kobe 

University, Japan 

 

Gravitational waves were detected in 2015, 100 years after Einstein’s Prediction. This discovery 

has broadened the frontiers of physics and astrophysics; it confirmed that we have obtained a 

new tool to study the nature of the most fundamental, yet not fully understood, force, namely 

gravity. The papers in which Einstein formulated his physics are now at least a century old, but 

many key outcomes are still driving cutting edge science. Here are examples, other than 

gravitational waves, of how Einstein’s physics still defines the frontiers of modern science: 

Relativity is indispensable to enhance the spatial resolution of the GPS system; the photoelectric 

effect is used in many places and may provide a key contribution to a sustainable future for energy 

generation. Intensive studies are ongoing to improve the efficiency of the solar cell. Perovskite 

materials are the cutting edge of these; and laser-cooling based on the Bose-Einstein 

condensation is intensively studied and can be applied for quantum computer and quantum 

cryptography. Black holes are typical places where general relativity can be observed. Many 

astronomical studies are being performed to reveal the nature of the black hole. 

 

Einstein - Changing our understanding of the world - from the smallest particles to size of 

the cosmos 

Professor Stefan Hild, University of Glasgow, UK 

 

Albert Einstein, has probably influenced and changed our understanding of the world around us 

more than any other single person in the past century. Amongst others, he set the foundation for 

quantum mechanics, by suggesting the concept of quanta, discrete amounts of energy in order 

to explain the photoelectric effect; he came up with an explanation for the observed Brownian 

motion and thereby gave evidence that atoms and molecules exist; he unified electromagnetism 

and mechanics by proposing Special Relativity and showing that the speed of light is a universal 

constant; he came up with the Theory of General Relativity, which governs gravity and the 

Universe on the largest scales; Stimulated emission; Entanglement; and so on and so forth. 

Einstein is nowadays widely considered as the epitome of a genius. Without his contributions to 

science many aspects of our daily modern life, such as lasers or satellite navigation would not be 

possible! 

 

The first part of this talk will try to give an overview of some of the most important aspects of 

Einstein's scientific advances and give account to the incredible breadth and depth of his scientific 

contributions.  

 

The second part of the talk will focus Einstein's legacy and the recent discovery of gravitational 

waves, performed by the more than 1000 scientists of the LIGO Scientific collaboration, exactly 

100 years after Einstein predicted them. On 14 September 2015 the LIGO gravitational wave 

detectors picked up an incredible tiny, but unambiguous signal of two massive black holes which 

collided and merged 1.3 billion years ago. The first detection of gravitational waves, which is by 

the way the most energetic event ever witnessed by humans, has not only already changed our 

picture of the Universe, but this discovery also opens up a new window to the Universe and will 

allow us to observe most violent phenomena in the cosmos. Welcome to the era of gravitational 

wave astronomy! 
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Einstein’s Particles of Light: a wave of single photons  

Dr Ruth Oulton, University of Bristol, UK 

 

In 1909, Einstein, in his paper “The Development of Our Views on the Composition and Essence 

of Radiation” reflected on the seemingly intractable problem of the nature of light. Light is a wave, 

of that he was sure. Young’s experiments, passing light through two narrow slits had revealed 

interference stripes, the essential characteristic of waves. But the later experiments on the 

photoelectric effect performed by Hertz in 1887 could only be explained if one thought of light as 

distinct particles – photons. How could these two very distinct ideas be reconciled? In fact modern 

physics still does not really have a satisfactory explanation of wave-particle duality, as it’s known. 

Our best interpretation so far is that the photon is really a ‘wavefunction’ that represents a 

probability that the particle may be found in a particular point in space and time.  Flawed though 

it may be, the wavefunction concept turned out to be one of the most useful concepts in physics, 

explaining and predicting the foundations of chemistry, solid state materials and much more.   

 

One of the rather inconvenient notions that rears its ugly head in quantum physics is the notion 

of ‘action at a distance’. Unconvinced by the use of wavefunctions, Einstein and colleagues came 

up with a thought experiment that would settle once and for all that the wavefunction is an 

unphysical concept. In the resulting famous Einstein-Podolsky-Rosen (EPR) thought experiment, 

two particles can be made to interact so that their properties become inseparable – ‘entangled’ 

with each other. These entangled particles should have strange properties – if separated, a 

change on one particle has an instantaneous effect on the other – as if two coins tossed 100km 

apart at exactly the same time would always give the same answer. Einstein, founding father of 

relativity understood that the ultimate speed limit of the universe – the speed of light – meant that 

physical actions can never be instantaneous. The case seemed to be clear: the EPR thought 

experiment ‘proved’ reductio ad absurdum that the wavefunction, entanglement and action-at-a-

distance were all physical impossibilities. The thought experiment remained an obscure and 

forgotten intellectual curiosity for many decades. But in the 1980’s Alain Aspect, studying for his 

PhD, decided to test the EPR thought experiment. The result? Well, it turns out that entanglement 

is possible! Counterintuitive though it may be, it is possible to produce two photons that when 

entangled and then separated, give identical results even when separated over long distances.   

 

So it seems that quantum physics is weird and counterintuitive, but is it just a curiosity? Well, 

certainly not anymore! It turns out that creating single photons and entangling many of them to 

form a network is incredibly useful. This network might be physically small – the photons can be 

confined within small light-pipes (waveguides) which route photons in a network on a photonic 

chip that could contain thousands of photons in a few cm. Alternatively, a similar network could 

be formed over 100’s or even 1000’s km. The interconnected photons can be used to imprint 

information – a 1 or a 0, and processed in bits rather like electronic transistors process current 

flow or a telecoms networks sends information in light pulses. The difference with a quantum 

photonic chip is that the photons are entangled – this means that every photon is affected by an 

operation on every other photon, making operations on this hugely parallel ‘quantum computer’ 

far faster than the fastest ‘classical’ supercomputer will ever be able to achieve. Dr Oulton will 

give an overview of where quantum technology could be taking the world in the future. 

 

But let’s come back to Einstein’s question: what is a single photon? How can it be a wave and a 

particle at the same time? This question is now more pertinent and urgent than ever – our future 

technology will be based on understanding this. Dr Oulton will finish by presenting some 
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experimental results that show that we still do not quite have all the answers about single photons 

and their nature. 

 

X-ray observations of black holes  

Dr Hirofumi Noda, Tohoku University, Japan 

 

Since Einstein proposed general relativity in 1915, space-time distortion around a massive object 

has been observed by experimental evidences such as perihelion precessions of planets and 

gravitational lensing. Moreover, the gravitational wave event from merging Black Holes (BHs) was 

successfully detected for the first time last year [1], as predicted by general relativity. Like these, 

various methods are now available to observationally examine relativistic phenomena including 

even BHs, and hence, the research fields related to relativity are attracting more and more 

attentions in astrophysics.  

 

We can confirm the presence of BHs by detecting multi-wavelength radiation from matters rotating 

around BHs [e.g., 2], although BHs cannot be spatially resolved even now. In particular, X-ray 

photons produced in a corona near an event horizon give us information about relativistic 

environments. Tanaka et al. (1995)[3] finely resolved an Fe-Kα fluorescence line at 6.4 keV which 

occurs near a BH with an X-ray satellite ASCA. They discovered that the shape of the spectrum 

close to the BH centre was drastically transformed from narrow symmetric to broad asymmetric 

shape by transverse Doppler shift and gravitational redshift (Figure 1). Following this, hundreds 

of BH observations have been performed with multiple X-ray satellites, and have advanced 

studies of relativistic phenomena and deeply related topics, e.g., BH spinning, accretion physics, 

and plasma outflows, so far.  

 

In this presentation, Dr Noda would like to introduce from the history to latest hot topics about X-

ray observations of BHs. Furthermore, he also would like to show X-ray satellite missions with X-

ray micro-calorimeters cooled to ultra-low temperature by cryogenic technologies in space, 

touching the Hitomi satellite [e.g., 4, 5]. They provided us unprecedentedly high spectroscopy 

performance, and will enable us to more precisely study the space-time distortion around BHs in 

the future.  

 

References 
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Figure 1 : (Top left) The Japanese X-ray satellite Hitomi. (Top right) A profile of an Fe-Kα line 

determined by Newtonian and relativistic effects in black and red, respectively. (Bottom) A 

schematic picture of materials around a black hole (BH), and the Fe-Kα line generation. 
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Glossary - Einstein’s Physics 

Accretion physics :【降着の物理学】  An astrophysical field to describe matters falling onto a 

massive object by its attracting force. An accretion flow onto a black hole is known to become 

like a disk, called accretion disk.  

ASCA : 【あすか衛星】  The Japanese 4th X-ray satellite operated in 1993 -2001. It carried first 

X-ray CCD cameras at focal length of X-ray telescopes, and achieved high spectroscopy 

performance in 0.4−10 keV band.  

Black hole : 【ブラックホール】 A massive and compact object, from which anything, even 

light,  cannot escape to outside. Two types of black holes are now observed. One is a stellar 

mass black hole with a mass of a few Solar masses, which appears after a massive star died. 

The other is a supermassive black hole with a mass of about million−billion Solar masses 

present at a galactic center.  

Black hole spinning : 【ブラックホールの回転】 A black hole can have only three properties; 

mass, charge, and angular momentum. The last is expressed as black hole spinning, and it can 

be measured by strength of relativistic effects seen in a profile of an Fe-Kα fluorescence line. 

Corona : 【コロナ】 X-ray emitting plasmas with electron temperature of about 1 billion Kelvin, 

which presumably appear near an event horizon of a black hole. 

Doppler shift : 【ドップラーシフト】 A change of the wavelength of sounds and lights from an 

object approaching or leaving an observer The size of this shift depends on velocities of the object 

and the observer. This is a Newtonian effect, namely a non-relativistic effect.   

Event horizon : 【事象の地平線】 A boundary of space-time, meaning a surface of a black hole. 

After entering within an event horizon, anything cannot return to its outside. A radius of event 

horizon changes with black hole properties.  

Fe-Kα fluorescence line : 【鉄Kα蛍光輝線】An emission line at 6.4 keV produced by electron 

transitions from L- to K-shells in Iron atoms. X-rays from a corona near a black hole are partly 

photo-absorbed in surrounding materials, making electrons in K-shells transit to L-shells in Iron 

atoms. As a result, a prominent Fe-Kα line can be generated near a black hole.  

Gravitational lensing : 【重力レンズ】A light bending effect due to a warped space-time, often 

utilised to search for invisible massive objects such as dark matter and black holes.  

Gravitational redshift : 【重力赤方偏移】Wavelength of lights produced at a position closer to 

a massive object becomes longer, hence reddened, due to time dilation. This is an effect of 

general relativity, representing space-time distortion.  

Gravitational wave : 【重力波】Ripple of space-time from moving massive objects. Its presence 

was predicted by general relativity, and it was first detected by the Laser Interferometer 

Gravitational-Wave Observatories (LIGO) in 2015.  

Hitomi : 【ひとみ衛星】The Japanese 6th X-ray satellite, launched at 2016 February 17, and its 

operation was stopped in 2016 April, because of an accident. An X-ray micro-calorimeter onboard 

it was successfully operated in orbit for the first time, achieving an unprecedentedly high energy 

resolution of 4.9 eV at 6 keV.  
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Perihelion precessions of planets : 【惑星の近日点移動】 Perihelions of planets in the Solar 

system are moving because of slightly warped space-time around the Sun. In 1915, Einstein 

explained the perihelion of the Mercury by general relativity.  

Plasma outflows : 【噴出流】 Plasmas accelerated outward from a black hole. Two types of 

outflows are confirmed; one is called jet which is emitted toward polar directions of a black hole 

with a relativistic velocity, while the other is called disk wind which goes in almost parallel 

directions to an accretion disk.  

Relativistic effects : 【相対論的効果】 Phenomena due to special or general relativity. Refer to 

transverse Doppler shift and gravitational redshift. 

Space-time : 【時空】 A concept merging space and time, utilised in general relativity.  

Transverse Doppler shift : 【横ドップラーシフト】 Even if a light-emitting object does not 

approach or leave an observer, wavelength of lights is shifted when velocity of the object is 

relativistic. This is due to time dilation in a system of the moving object. This is a typical effect of 

special relativity.  

X-ray : 【X線】One kind of light. Its wavelength is short (about 10 nm−0.1Å), and hence, X-ray 

photons can carry relatively high energies.   

X-ray micro-calorimeter : 【X線マイクロカロリメーター】An X-ray detector which precisely 

resolves X-ray energies by measuring temperature increase of a sensor which X-rays enter. For 

it, the sensor temperature must be kept at ultra-low temperature with accuracy of ±1 micro Kelvin 

in orbit by cryogenic technologies. 

X-ray satellite : 【X線衛星】 An astronomical satellite which includes X-ray detectors. X-ray 

photons from space are photo-absorbed and/or Compton-scattered by an atmosphere of the 

earth, and cannot observed on ground. Therefore, we need to observe them by detectors onboard 

satellite in orbit. 
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Biology and life sciences - Mechanisms of learning and relearning in the brain 

Co-organised by Dr Charlotte Stagg, University of Oxford, UK and Professor Fumiko Toyoshima, 

Kyoto University, Japan 

How the brain learns is a fundamental question of everyday life. The discovery that brain cells 

that fire together wire together, i.e. the connections or synapses between neurons are 

strengthened by repeated patterned firing of brain cells, known as long-term potentiation, 

fundamentally changed neuroscience. Since that finding, the understanding of the mechanisms 

underpinning brain plasticity and learning in the brain has gradually increased. However, in recent 

years there has been a step-change in this study as we have begun to understand not only how 

the brain is able to store and retrieve memories, but to use highly novel manipulations of cellular 

activity to start to produce new memories. Here we will explore how these new technologies, 

including optogenetics, are allowing the understanding of how complex memory traces are laid 

down in the brain. Further, this session will explain how researchers are beginning to use these 

techniques to modulate memory, and what the potentials and limitations of the techniques might 

be. This rapidly emerging field has huge potential applications both for the study of neuroscience 

and for the development of novel treatments for a number of neuropsychiatric diseases.  

 

Mechanisms of learning and memory: from synapses to networks  

Professor Ole Paulsen, University of Cambridge, UK 

Much progress has been made in understanding the cellular mechanisms that underpin memory 

formation in the mammalian brain during the past few decades. Synaptic plasticity is a strong 

candidate mechanism, and hippocampal long-term potentiation (LTP) remains our best-studied 

synaptic model of memory. Its rapid onset, long-lasting expression and associative properties are 

attractive features of LTP as a mechanism that could support behavioural memory. Moreover, 

hippocampal LTP shares cellular mechanisms with hippocampus-dependent learning and 

memory. However, the code by which changes in synaptic efficacy translate into storage of 

information in the brain remains a mystery, and insight into this relationship will require an 

understanding not only at synaptic, but also circuit and network levels. This presentation aims to 

give an overview of our current understanding of learning and memory mechanisms in the brain 

and suggest how the application of new technologies promises to deliver new insights into the 

mysterious mechanisms of memory. 

Neural circuit mechanisms of memory in mice and men   

Dr Helen Barron, University of Oxford, UK 

Neural circuit level descriptions of cognitive processes can provide important insight into brain 

function. However, they are difficult to measure in humans using non-invasive methods. Here Dr 

Barron will present a set of studies that illustrate how electrophysiology and optogenetics in 

rodents can be used as a basis for inferring neural circuit level processes measured in humans. 

By taking advantage of ultra-high field MRI and brain stimulation in humans, Dr Barron will show 

evidence to suggest that memories are stored in neocortex in balanced excitatory-inhibitory 

ensembles, lying dormant unless cortical excitability is modulated. She will then discuss how 

these balanced memories may be released during memory recall by interaction with the 

hippocampus. 
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Planning behavioural strategies based on spatial learning and memory  

Dr Takuya Sasaki, The University of Tokyo, Japan 

To adapt to continuously changing environments, living animals need to update behavioural 

strategies in reference to their learned memory and experiences. These cognitive functions are 

based on brain activity in which numerous neuronal cells generate diverse patterns of electrical 

action potentials. The hippocampus is one of the brain regions involved in learning and memory 

and composed of neurons that exhibit action potentials selectively when the animal visits a 

particular location of the environment, termed as ‘place cells’. This cell type is considered to help 

create the cognitive map that allows individual animals to internally recognise where they are in 

any given environment. Owing to these unique physiological functions, the hippocampus is widely 

studied as a model system to understand how learning and memory are supported by neuronal 

network activity. To address this research issue, the group uses a large-scale electrophysiological 

recording technique in which tens of electrodes monitor neuronal activity signals in the 

hippocampus of freely moving rodents. In a recording space, animals need to learn 

heterogeneously distributed values and develop goal-directed behavioural strategy to efficiently 

obtain reward at a discrete location and time. Recent studies show that action potentials of 

hippocampal neurons can be modulated by a variety of extracellular local field potential 

oscillations, not simply by the animal’s particular locations. Such oscillatory neuronal activity 

contains the information of recently visited places and places to be visited in future, meaning that 

the hippocampal neuronal network can actively consolidate previously learned memory and 

predict future upcoming events. The novel evidence proposes a neural mechanism underlying 

cognitive learning processes and purposeful behaviours to flexibly choose strategies that meet 

the instantaneous demands of the current situations. 
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Glossary - Mechanisms of learning and relearning in the brain 

Action potentials：【活動電位】 is a short-lasting change in electrical potential of neurons 

triggered by ion flow though the cell membrane. An action potential is a means for neurons to 

transport electrical signals from one cell to the next. 一過的な神経細胞の細胞膜電位変化。神経

情報処理の要となる。 

Cognitive map：【認知地図】 is a mental image of external environments to encode spatial 

information. Place cell populations in the hippocampus are assumed to form a cognitive map. 外

界環境の心的イメージ。場所細胞が一要素になると考えられている。 

Consolidation：【（記憶の）固定化】 is an internal process that stabilises learned memory. 

Newly acquired memory trace is unstable and needs to be reactivated for long-term storage on 

neuronal circuits. 獲得した記憶の安定化の過程。長期記憶を形成するために必要である。 

Extracellular local field potential oscillation ： 【細胞外局所場電位振動】  is an 

electrophysiological signal in the extracellular spaces in the nervous system. This signal is 

considered to represent rhythmic or repetitive activity and transmission in neuronal populations. 

細胞外空間から記録され、神経細胞群の周期的活動や情報伝達を反映しているとされる。 

Hippocampus：【海馬】 is a brain region that plays important roles in learning and memory. 

The hippocampus includes place cells and is considered as a major brain structure for spatial 

information processing. 学習や記憶、空間情報処理に関与するとされる脳領域。  

Large-scale electrophysiological recording：【大規模電気生理記録法】  is a method to 

simultaneously measure electrical activity of neuronal populations using tens or hundreds of 

electrodes. General extracellular recordings monitor both action potentials of individual neurons 

and local field potential oscillations. 神経細胞群の電気的活動を計測する方法。一般には、活動

電位と局所場電位の両方が記録できる。 

Place cell：【場所細胞】 is a type of neuron in the hippocampus that exhibits action potentials 

whenever the animal is in a certain place in the local environment. This cell was discovered by 

Professor John O’Keefe (now in University College London) in 1971. 動物の特定位置に対応して

活動電位を生じる細胞。University College LondonのO’Keefe教授らによって発見された。 
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Medical and neuroscience – Characterising mechanisms of sensory perception: basic 

science and clinical application  

Co-organised by Professor Essi Viding, University College London, UK and Professor Kenji 

Tanaka, Keio University, Japan 

To clarify how psychiatric disorders develop, it is critical to link causal biological and 

environmental mechanisms with behaviour. This effort will require integration of multiple levels of 

analyses in both animal and human studies.  

 

Psychiatric disorders are diagnosed documenting behavioural symptoms, but the extant evidence 

base strongly indicates that individuals who are diagnosed with any given disorder on the basis 

of their behaviour form a heterogeneous grouping with regard to biological and environmental 

risk. This has led to an increased scientific interest in elucidating specific mechanistic pathways 

that may explain vulnerability to psychiatric disorders.  

 

The initial step of cognition/affect is sensory perception. The mechanisms of sensory perception 

are yet to be fully elucidated by basic neuroscience. Furthermore, how sensory perceptual 

processes may affect the formation of thoughts and beliefs, what happens when such processes 

go awry, and how such processes may be harnessed by CBT or impacted by pharmacological 

intervention are all important avenues for research into psychiatric vulnerability. 

 

Characterising mechanisms of sensory perception: basic science and psychiatric 

treatment implications  

Dr Tomoyuki Furuyashiki, Kobe University, Japan 

 

Animals can initiate and adapt their 

behaviours according to 

environments. To achieve this aim, 

sensory neurons transform sensory 

stimuli to nerve impulses, which are 

transmitted to sensory cortices 

(Figure 1) through a chain of several 

neurons. Sensory cortices ‘decode’ 

specific properties of sensory stimuli 

from a pattern of electrical impulses 

and somehow integrate these 

pieces of information to create 

sensory perception. Sensory stimuli 

also evoke recall of sematic, 

episodic and emotional memories 

that have been associated with the 

stimuli in the past, and the whole collections of relevant information are used to guide animal 

behaviours. 

 

Mental illnesses are characterised and diagnosed by behavioural symptoms related to cognition 

and emotion. Since animal behaviours can be affected at any step in sensorimotor processing, it 

is uncertain whether all the patients diagnosed with a given mental disorder suffer from the same 

biological abnormality, and the evidence suggests this is not the case. Biological heterogeneity 

of mental illnesses may be the reason why therapeutic responses to a given drug greatly vary 

Figure 1 Sensory areas on the lateral surface of 

hemisphere. Motor area in red, somatosensory area in blue, 

auditory area in green and visual area in yellow. 
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across the patients with the same diagnosis. Therefore, it is crucial to elucidate neural pathways 

involved in behavioural symptoms of mental illnesses and eventually to identify which of these 

neural pathways is affected and causes the symptoms in each patient. 

 

An initial step of cognition and 

emotion is sensory perception. 

The processed information about 

sensory stimuli is sent from 

sensory cortices to multi-modal 

association cortices, in which 

cognition and emotion are 

formed. However, the 

mechanisms of sensory 

perception are yet to be fully 

elucidated by basic 

neuroscience. Conversely, 

sensory processing is influenced 

by attentional control from 

association cortices, such as 

prefrontal cortex (Fig. 2), and 

through such top-down control, 

cognitive and emotional 

abnormalities may cause 

aberrant sensory perception in 

mental illnesses. Therefore, how 

sensory perceptual processes 

may affect the formation of 

thoughts and beliefs, what 

happens when such processes go awry, and how such processes may be harnessed by cognitive 

behavioural therapy or impacted by pharmacological intervention are all important avenues for 

research into psychiatric vulnerability. 

 

In this session, Dr Masanori Murayama from Riken Brain Science Institute in Japan and Professor 

Catherine Harmer from University of Oxford will present their work on psychological and 

pharmacological manipulations of sensory perception and how these can inform the mechanistic 

understanding and treatment of depression. Depression is the most common mental illness in the 

world and represents a substantive economic and social cost to the society. 

 

References 

Gray, H. Anatomy of the Human Body (1918). 
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Figure 2 Hierarchical organisations of visual cortices and 

reciprocal connections between adjacent cortical areas. Visual 

stimuli are processed from low-level to high-level visual cortical 

areas, as shown in blue arrows. Red arrows indicate top-down 

control over visual processing. Note that PF and FEF stands for 

prefrontal cortex and frontal eye field, respectively. These areas 

are multi-modal association cortices and provide attentional 

control over visual cortices based on the behavioural 

significance of visual stimuli. 
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Targeting emotional bias in the treatment of depression  

Professor Catherine Harmer, University of Oxford, UK 

 

Currently available antidepressants affect monoamine function.  However, it is unclear how 

modulating these neurotransmitters improves the different symptoms seen in depression. Recent 

evidence suggests that antidepressants affect the neural processing of emotional information and 

reverse negative biases in affective processing. Acute administration of an antidepressant was 

found to increase the processing of positive affective information compared to placebo in 

depressed patients. Antidepressant administration also decreased neural responses to negative 

vs positive affective information in areas involved in emotional salience and vigilance such as the 

amygdala, anterior cingulate and insula. These early effects on emotional processing have also 

been associated with clinical response seen after continued antidepressant treatment. This early 

prediction of clinical effects is consistent with the hypothesis that antidepressants work via 

correction of negative bias, but that effects on mood and subjective state are only seen after 

interaction with environmental, social and emotional stimuli. 

 

Early effects on emotional bias may therefore provide a cognitive biomarker for screening and 

understanding novel antidepressant agents.  Other therapeutic approaches for depression and 

anxiety have also been associated with changes in emotional bias including other drug classes 

(e.g. those targeting the opiate system), direct stimulation of the cortex (e.g. transcranial direct 

current stimulation) and psychological treatment (e.g. cognitive behavioural therapy). 

 

Together these studies suggest that emotional bias may be a key target for different therapeutic 

approaches to depression and anxiety. This perspective provides an explanation for the delay in 

clinical effects of antidepressants and provides a tool for screening and predicting the effects of 

novel agents.  Future development of this approach could provide an early marker of treatment 

non response which could facilitate the selection of treatment for individual patients. 

 

When and where does sensory perception occur?  

Dr Masanori Murayama, BIS, RIKEN, Japan 

 

An accurate sense of touch, termed 

somatosensory perception, greatly contributes to 

daily functions, despite often being unnoticed 

because it appears simple and automatic. A 

general neuroscience textbook briefly explains the 

perceptual pathway as follows: the touch 

sensations from skin are transmitted to the spinal 

cord and then to the sensory cortex of the brain, 

followed by higher-order brain areas. According to 

this explanation, the external information is 

converted to sensory perceptions as it travels 

through this pathway. Unfortunately, this 

explanation omits key information: details regarding 

when and where perception occurs or how it is 

created by neural activity are not provided (Fig. 1). 

 

Fig. 1: Sensory perception in known and 

unknown pathways. 
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By using macroscopic imaging and electrical recording techniques (Fig. 2), we found that touch 

perception relies on two signals in the sensory cortex, including one signal from the skin to the 

brain (Fig. 2C & D, #2) and another signal within the brain (Fig. 2C & D, #4) (Manita et al., Neuron 

2015). This second signal (#4) is relayed originally from the first signal (#2) in the sensory area 

(called S1) to a higher-order area(called M2, #3) that relates to motor execution, and then 

transmitted back to the S1 (#4). At this stage, the feedback input pattern from the M2 has an 

‘ignition ability’ to induce repetitive action potentials in the S1, which is the circuit mechanism of 

the second signal. By manipulating the M2-S1 circuit with optogenetics, we revealed that the M2 

are required for touch perception, and inactivation of these areas results in mice being unable to 

use sensations in their footpads to discriminate different floor textures. Textbooks have previously 

described that one signal from the skin to the brain was sufficient to produce sensory perception; 

however, our study shows that without the second signal, the mice cannot perceive differences 

in texture. 

 

Figure 2: Circuit and information flow of touch perception. A: Schematic diagram of 

macroscopic mouse brain imaging. B: Neural activity evoked by brief electrical stimulation of the 

hindpaw. S1, primary somatosensory cortex; M2, secondary motor cortex. C: Schematic diagram 

of information flow (#1 to #4). D: Electrical recordings of action potentials in S1 and M2. Numbers 

correspond to panel C. 
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Glossary - Characterising mechanisms of sensory perception: basic science and clinical 

application 

 

Action potential :【活動電位 is a short-lasting event in which the electrical membrane potential 

rapidly rises and falls. Action potential represents a unit of neuronal activity. Action potential is 

also known as ‘spike’ and a neuron that emits an action potential is often said to "fire". 神経細胞

の活動を表す一単位。 

Archearhodopsin :【アーキオロドプシン】 is a light-driven proton pumps, found in 

archeabacteria. It is a key molecule to optogenetic inhibition as well as halorhodopsin. 

Association cortex (pl. cortices) :【大脳皮質連合野】is the cerebral cortex outside the sensory 

and motor cortices and is essential for complex mental functioning to integrate the information 

from multiple sensory and motor cortices. 多様な情報を統合する大脳皮質の領域を表す用語 

Channelrhodopsin :【チャネルロドプシン】 is a light-driven sodium channel, found in 

chlamydomonas (green algae). It is a key molecule to optogenetic activation. Channelrhodopsin-

mediated depolarisation triggers action potential. 

Cognitive behavioural therapy : 【認知行動療法】is a talking therapy that can help patients 

manage mental illnesses by changing the way s/he thinks and behaves. カウンセリングにより

患者の考え方やふるまい方を変えることで精神疾患への対処を手助けする治療法を表す用語 

Dendrites :【樹状突起】are the branched tree of a neuron and integrate many input from other 

neurons. 

樹状突起は神経細胞から伸びた枝構造で、他の神経細胞からの入力を統合する 

Dendritic spike :【樹状突起スパイク】 is an 

action potential generated in the dendrites. It 

can induce repetitive action potentials in the 

neuron. 樹状突起で発生する活動電位。この

樹状突起スパイクの発生は、神経細胞に連続

した活動電位の発生を引き起こす。 

Depression (major depressive disorder) :【

うつ病】  is a common but serious mood 

disorder in which decreased mood and loss of 

interest or pleasure as well as appetite and 

sleep disturbances are typically observed in 

daily activities. 抑うつ気分や興味または喜び

の喪失を伴う気分障害を表す用語 

Neocortex : 【新皮質】 is a part of the 

cerebral cortex related to higher-order cognitive functions and also sensory processing of external 

information (e.g. seeing and hearing) in mammals, regarded as the most recently evolved part of 

the cortex. The neocortex has a somatotopic (and motor) map that is the point-for-point 

correspondence of an area of the body to a specific area on the brain (see below Theory of 

localisation of brain function). The neocortex is made up of six layers, labelled from the outermost 

inwards, layer 1 to 6 ( L1 to L6). 

 



25 
 

Pyramidal neuron :【錐体細胞】 is a type of output neurons in the neocortex. Pyramidal neuron 

is named after their shape. 

Somatosensory perception :【体性感覚の知覚】 is the ability to feel skin information with an 

awareness. ‘Somato-‘ means ‘body’. 

Theory of localisation of brain function : 【脳機能局在論】 suggests that different brain areas 

are specialised for different brain functions. One of the important topics in Neuroscience is to 

elucidate mechanisms underlying the communication between different areas. 
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Mathematics and applied mathematics – The mathematics of data science 

Co-organised by Professor Patrick Wolfe, University College London, UK and Professor Shinsaku 

Hiura, Hiroshima City University, Japan 

Data science is deep knowledge discovery through inference and exploration of large amounts of 

data. This discipline often involves using mathematic and algorithmic techniques to solve some 

of the most analytically complex business problems, social sciences such as analysing human 

networks and relationships seen in SNS, or geoscientific phenomena such as weather, climate 

and seismology. Rapidly developing information technologies distribute sensors and devices all 

over the world, and our daily activities including purchases, movement, messaging and browsing 

generates huge amount of unstructured data and can be used for target marketing. IOT (internet 

of the things) technology can record use of lighting, air-conditioning or cooking, and such 

information could have some relationships to the weather and operation plan of power plants. 

Conventionally, such large amount of data have been processed with traditional statistical 

techniques such as averages and covariances. However, in recent marketing and business 

demands, more detailed and fine-grained targeting and individualisation is required. In this 

session, the speakers will cover both basic and practical aspects in data science.  

 

The mathematics of data science: an applied perspective  

Professor Maria Liakata, University of Warwick, UK  

 

Data science is a new emerging field which draws methodological and domain expertise from a 

variety of disciplines and sectors to develop and utilise infrastructure, methods, algorithms and 

models for collecting, representing, exploring, analysing and interpreting different types of data. 

Therefore data science is concerned with the whole lifecycle of data analytics, from experiment 

design and data collection to interpretation, incorporating and encapsulating fields such as 

machine learning and data mining. While the fundamentals of data science can be found in the 

mathematical, computing and social sciences, data scientists can come from different scientific 

backgrounds, which influences their focus and contribution to the data analytics process. The 

latter involves data collection, including experiment design, data representation, data modelling 

and analysis and finally data interpretation. After presenting the structure of a data analytics 

pipeline, the session will discuss challenges faced by different types of data at the data 

representation and modelling stage, focusing on freeform data such as text.  

 

Examples on methods for predictive modelling of sequential data, such as biological sequences 

and human language, where the order of different data instances plays a role in predicting 

outcomes will be discussed.  

 

Theoretical guarantees for inference in high dimensional and nonparametric models  

Dr Natalia Bochkina, University of Edinburgh and the Alan Turing Institute, UK 

Dr Bochkina will discuss current and future challenges in theoretical foundations of data science, 

with the emphasis on the theoretical guarantees for statistical estimation procedures. She will 

focus on some of her current research topics, such as the contraction rate and local concentration 

of the posterior distribution in nonregular high dimensional models, density estimation, inverse 

problems, possibly under model misspecification.    

 



27 
 

Hot topics in computer vision and pattern recognition – before and after deep learning 

Dr Asako Kanezaki, National Institute of Advanced Industrial Science and Technology (AIST), 

Japan 

One of the biggest goals of computer vision researches is to make machines ‘see’ – ‘know what 

is where’— in the real world [1]. Machines ‘see’ the world through cameras by recognising 

patterns in data matrices of images. Basically, computer vision framework on image recognition 

is defined as image classification task, where a system takes an image as input and outputs the 

name of the object category (e.g. ‘cat’ or ‘supermarket’) that the input image belongs to. Ever 

since deep convolutional neural networks [2] demonstrated outstanding performance on 

IMAGENET large-scale image recognition challenge in 2012, the deep learning technology has 

boosted the image classification accuracy up to the level of humans (when limited to 1000 object 

categories).  

 

Before 2012, the basic approach for image recognition was composed of two stages; (1) feature 

extraction and (2) classification. In the (1) feature extraction stage, a system computes a high-

dimensional vector that describes the distribution of local patterns (such as histograms of image 

gradients) of the input image. In the (2) classification stage, the extracted feature vector is further 

transformed to a score vector, e.g. a 1000-dimensional score vector for 1000 object categories, 

which is then used to decide which category is the most representative for the input image. Unlike 

this conventional two-stage approach, recent deep learning is an end-to-end approach where an 

input image is seamlessly passed through multiple layers of a neural network to reach an output 

score vector. For a long time, it has been implausible that deep neural networks with millions of 

parameters can avoid overfitting during training, but the problem was overcome, owing to large-

scale data and fast parallelised computing techniques. 

 

The image classification task described above is only one aspect of image recognition framework, 

but there are also other types of tasks; object localisation, pose estimation, segmentation, and so 

on. Recent findings are that deep neural networks are not only useful for image classification but 

also for any types of image recognition tasks. Beyond image recognition, for example, image 

generation using deep neural networks is a new trend in computer vision area. 
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Glossary - The Mathematics of data science 

Classification  : 【分類】is a problem of identifying to which of a set of categories an observation 

belongs. 観測されたデータが複数のカテゴリーのどれに属するかを決定する問題．  

Computer Vision : 【コンピュータビジョン】is an interdisciplinary field that deals with how 

computers can be made to gain high-level understanding from digital images. 画像を計算機で処

理することによりシーンの計測・認識・理解を行う研究領域．  

Convolutional neural networks : 【畳込みニューラルネットワーク】 is a type of feed-forward 

artificial neural network in which the connectivity pattern between its neurons is inspired by the 

organisation of the animal visual cortex, whose individual neurons are arranged in such a way 

that they respond to overlapping regions tiling the visual field. 生物の視覚野にヒントを得た人工

ニューラルネットワークの１つで，特徴として畳み込み演算（小さな画像との相関演算）を行

う層を備えたもの．  

Deep learning : 【深層学習】 is a branch of machine learning based on a set of algorithms that 

attempt to model high-level abstractions in data by using a deep graph (including Convolutional 

neural networks) with multiple processing layers, composed of multiple linear and non-linear 

transformations. 複数の線形および非線形変換で構成される複数の処理層を有する深いグラフ（

畳込みニューラルネットワークを含む）を使用して、データ内の高レベルの抽象化をモデル化

しようとする機械学習アルゴリズムの一分野．  

Descriptor  : 【記述子】is a description of the visual features of the contents in images or videos. 

It is a higher and general conception of feature vector. 画像や映像中の視覚的特徴を記述する情

報で，特徴ベクトルに対しより一般的な上位概念． 

Feature vector : 【特徴ベクトル】 is an n-dimensional vector of numerical features that 

represent some object, and used for classification and identification in pattern recognition and 

machine learning. 物体やその一部を数値的に表現するn次元ベクトルで，パターン認識や機械

学習における分類・識別等に用いられる． 

Image annotation : 【画像の注釈付け】 is a problem to generate short linguistic description of 

the contents of images or videos. 画像や映像の内容を簡潔に表現する文を生成する問題． 
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Image segmentation : 【画像のセグメンテーション】is the process of partitioning a digital 

image into multiple segments (sets of pixels, also known as super-pixels). 画像を複数の領域（画

素の集合）に分割する手続き．  

Localisation : 【位置同定】 is the problem of adapting a target object to a specific locale in an 

observation. 対象物体をデータ内のある特定の位置に紐づける問題． 

Occlusion : 【遮蔽】is an phenomenon of invisibility of the part of a scene hidden by frontal 

object. シーンの一部が手前の物体により隠されて見えなくなる現象で，画像の認識・理解を妨

げる要因の１つ． 

Pattern Recognition : 【パターン認識】 is a branch of machine learning that focuses on the 

recognition of patterns and regularities in data, such as text recognition, speech recognition or 

biometrics. 文字認識，音声認識や生体認証などに利用される，データ中のパターンや規則性を

認識する技術．



30 
 

Earth science and environment – Space weather: mysterious storms looming above us 

Co-organised by Professor Nick Smith, University of Manchester and National Nuclear Laboratory Ltd, 

UK and Professor Hirohiko Masunaga, Nagoya University, Japan 

At midnight on March 13 in 1989, a huge blackout hit a vast area of Quebec, Canada. The blackout 

lasted 9 hours, affecting 6 million habitants. On the same day, extraordinary auroras were observed 

across northern countries, and their activity was so intense that the auroras were also spotted far south, 

even in Florida and Cuba. These two events may seem unrelated to each other but indeed were brought 

about by a same geophysical phenomenon known as the geomagnetic storms (or magnetic storms).  

The Earth is constantly exposed to a stream of plasma blown from the sun (solar winds), and the 

geomagnetic field serves as the shield protecting us from the harmful charged particles. An abnormally 

strong solar wind, however, occasionally disturbs the geomagnetic field and allows more charged 

particles to intrude than usual. This is how a geomagnetic storm occurs. Owing to the analogy for ‘storm’ 

and ‘wind’, interplanetary activities such as geomagnetic storms and solar winds are called space 

weather. Geomagnetic storms enhance the auroral activity and, on the other hand, could induce 

anomalous electric currents at the Earth’s surface so strong that a power grid is damaged on a massive 

scale, just as happened to Quebec 27 years ago. Other potential consequences of geomagnetic storms 

include satellite malfunctions and telecommunication failures. Aspects of the geomagnetic storms have 

yet to be revealed. Space weather is a unique topic in that it remains a frontier of the Earth science and 

at the same time addresses central concerns for our society.  

 

Frontier of space weather research  

Dr Yusuke Ebihara, Kyoto University, Japan 

 

Severe and frequent disturbances, such as hurricanes, tornadoes, and heavy rains, occur in space. 

Some of these disturbances are magnetic storms, which are long-lasting, worldwide disturbances in the 

geomagnetic field; substorms, which give rise to impulses of magnetic and electric fields in space; 

auroras, which are caused by the precipitation of energetic electrons into the upper atmosphere; 

disturbances in plasma density in the ionosphere, which is an ionised layer of the upper atmosphere; 

and rapid enhancement of the radiation belt, which consists of high-energy particles surrounding the 

Earth. The disturbances that might affect human activities in space and on the ground are called space 

weather. For instance, operational failure of satellites, outages of power grid and navigation, and 

radiation hazards to astronauts might occur. Similar to weather on Earth, the ultimate cause of space 

weather is known to be the Sun (Figure 1), but the cause-effect relation is unclear. The difficulty in 

understanding the cause-effect relation lies in the fact that space is invisible, and that it is difficult to 

identify relevant processes at once. To overcome the difficulty, cutting-edge observations and advanced 

simulations are being developed. (1) A newly designed instrument has been installed on a Japanese 

ERG satellite that will be launched this year. The purpose of this instrument is to provide evidence for 

the first time that electromagnetic waves accelerate particles to relativistic energies [1]. If such evidence 

is obtained, the persistent issue in determining the formation of the radiation belt will be solved hopefully. 

(2) Observations provide valuable pieces of 

a puzzle. However, the understanding of the 

cause-effect relation is prone to 

inconsistencies because the Sun-Earth 

system is extremely large and complex. 

Advanced numerical simulations provide a 

clue to completing the puzzle. Owing to 

significant advancements in computing 

performance, recent simulations have 

succeeded in reproducing solar eruption [2] 

and auroral breakup [3] events. Both events 

 

 

 

 

 

 

 

 

 

Figure 1. Sun-Earth connection (NASA) 
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are explosive phenomena that release large amounts of energy at the Sun and Earth, and are essential 

for causing most space weather phenomena. Combining cutting-edge observations and advanced 

simulations is a promising direction towards understanding the space environment, and improving the 

accuracy of space weather prediction. 
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Solar wind control of magnetospheric substorms  

Dr Adrian Grocott, Lancaster University, UK 

Magnetospheric substorms are an energetic process in geospace that produce magnetic disturbances, 

enhance electrical currents in the ionosphere, and give rise to amazing auroral displays. They occur 

when energy and momentum from the solar wind, which is captured and stored in the Earth's magnetic 

field, is suddenly released and deposited into near-Earth space.  Much is known about the substorm 

phenomenon, but we are only recently developing an ability to predict when and where they will occur. 

In this talk Dr Grocott will discuss recent research into what controls the latitude of substorms, the local 

time at which they appear, and how and why this can be different between the northern and southern 

hemispheres. He will present auroral observations made by Earth orbiting satellites, to determine the 

spatial distributions of substorms across the globe. He will present coincident observations from a solar 

wind monitoring satellite, that elucidates the interplanetary plasma and magnetic field environment with 

which the Earth interacts, and Dr Grocott will present ground-based radar observations of plasma flows 

in the ionosphere, that reveal the link between substorms and the solar-terrestrial coupling mechanisms 

that govern the dynamics of geospace. 

Exploration into underlying physics in space weather phenomena around Earth and beyond 

Professor Kanako Seki, The University of Tokyo, Japan 

Terrestrial atmosphere acts as a vital barrier for life on Earth by preventing penetration of high-energy 

radiation and particles onto the ground. Once human activities expand to space, however, we need to 

manage space environment, which is a dynamic plasma world, full of high-energy charged particles. 

Therefore, understanding high-energy particle environment is one of important issues of the space 

weather researches. The largest disturbances of circum-Earth space (geospace) driven by active solar 

wind structures such as CMEs and CIRs are referred to either geospace storms or geomagnetic storms, 

which can cause various natural and artificial phenomena, such as a drastic change in radiation belts, 

active auroras, and spacecraft malfunctions [e.g., Baker, 2000]. Among them, dynamic variation of the 

Van Allen radiation belt is getting an international focus both from practical needs of space weather 

forecast and fundamental research interests in particle acceleration mechanisms in the plasma 

universe. 

In this presentation, ongoing exploration into underlying physics in the drastic radiation belt variations 

at Earth, including Japanese ERG project [Miyoshi et al., 2012], will be introduced. An interesting feature 

of the space plasma is its collisionless nature, which enables multiple plasma populations with different 

characteristic energies (the plasmasphere, ring current, and radiation belt in this case) to coexist. They 
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can exchange energy and momentum without any collision through coupling with the electric and 

magnetic fields. As shown in Figure 1, there are two contrasting candidates of acceleration mechanisms 

to increase high-energy relativistic electrons in the radiation belt, i.e., adiabatic acceleration by radial 

transport (shown by blue) [e.g., Elkington et al., 2003] and non-adiabatic acceleration due to cross-

energy coupling (red) [e.g., Reeves et al., 2013; Thorne et al., 2013]. Since the radiation belt variation 

occurs in the midst of enhanced regional couplings in the solar-terrestrial system during geospace 

storms, it is important to combine different approaches, i.e., ground-based observations, numerical 

simulations as well as satellite observations, effectively. 

As human exploration expands to outer space, understanding of high-energy particle environment at 

other planets has also become a subject of space weather research. Recent discovery of new diffuse 

aurora at Mars caused by the solar energetic electrons [Schneider et al., 2015] sheds a new light on 

the high-energy particle environment at Mars. In contrast to Earth, Mars possesses no global intrinsic 

magnetic field. If the time permits, difference in high-energy particle environment between magnetised 

and unmagnetised planets will be also discussed. 

Figure 1. A schematic diagram of acceleration processes of relativistic electrons consisting of the outer 

radiation belt in the terrestrial magnetosphere. Two major candidate mechanisms: adiabatic radial 

transport (blue) and non-adiabatic internal acceleration (red) are shown. The figure is 

adopted from Ebihara and Miyoshi [2011].  
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Glossary - Space weather: mysterious storms looming far above us 

 

CIR (co-rotating interaction region) : 【CIR(共回転相互作用領域)】is formed when fast solar-wind 

streams interact with slow streams in the interplanetary space. It corresponds to the interface between 

the fast and slow streams bounded by two shock waves called forward and reverse shocks. 高速太陽

風が低速太陽風を追い越す状況で惑星間空間に形成される相互作用領域。 

CME (coronal mass ejection) : 【CME(コロナ質量放出)】An outflow of plasma from or through the 

solar corona. CMEs are often associated with solar activities such as erupting prominences, 

disappearing solar filaments, and/or flares. Large and fast CMEs can approach densities of 1016 g and 

velocities of 2000 km/s. Earth impacting CMEs can result in significant geomagnetic storms. 

ERG：【ERG】is an artificial satellite developed by Japan Aerospace eXploration Agency, and is an 

abbreviation for Exploration of energization and Radiation in Geospace. The purpose of the ERG 

satellite is to elucidate the generation and loss of high-energy particles trapped by the geomagnetic 

field. 宇宙航空開発機構によって開発が進められている人工衛星。地球磁場に捉えられている高エネ

ルギー粒子の生成と消失の仕組みを解明することが目的。 

Magnetic storm：【磁気嵐】is a worldwide and temporal disturbance of the geomagnetic field, which 

is caused by the disturbance in the interplanetary space driven by the Sun. A typical magnetic storm 

lasts for a few day. A visible manifestation of the magnetic storm is (mostly reddish) aurora seen at low- 

and mid-latitudes. It is also called geomagnetic storm or geospace storm. 数日間続く地磁気の乱れ。 

Plasma：【プラズマ】(from Greek πλάσμα, ‘anything formed’) is an electrically neutral medium 

constituting of positive and negative particles. 陽イオンと電子が分離した状態。 

Radiation belt：【放射線帯】is a doughnut-like region where high-energy particles are trapped by 

geomagnetic field. The outer belt extends from 13,000 to 60,000 km above the Earth’s surface at 

equator. The inner one extends from 1000 km to 6000 km above it. It is also called Van Allen belt after 

its discoverer. 地球磁場に捉えられた高エネルギー粒子が集まっているドーナツ型の領域。 

Solar wind : 【太陽風】is the high-speed plasma flow continuously flowing out together with embedded 

magnetic field from the Sun. At 1 AU (the location of Earth), Solar wind velocity is typically ~400 km/s 

and proton and electron densities are ~5 cm-3. The strength of the interplanetary magnetic field is 

nominally 5 nT. 太陽から惑星間空間に向かって常に外向きに高速で吹き出しているプラズマ流。 

Substorm：【サブストーム】is a brief disturbance of the near-Earth space. A visible manifestation of 

the substorm is a sudden brightening of aurora, followed by poleward expansion of bright aurora 

(auroral breakup). Under the bright aurora, the magnetic field is highly disturbed in the polar region due 

to the development of electrojet flowing in the bright aurora. A typical substorm lasts for half to one 

hour. One controversial issue is whether the succession of substorms results in a magnetic storm. 30

分から1時間続く地球周囲の宇宙空間の乱れ。オーロラが急に明るくなることが特徴。 
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Chemistry and materials science - Energy conversion and storage 

Co-organised by Dr Janet Lovett, University of St Andrews, UK and Professor Takafumi Ueno, Tokyo 

Institute of Technology, Japan 

 

Construction of artificial energy conversion and storage systems is one of the greatest challenges in 

the fields of chemistry because it will provide a solution to the world's energy problem. In fact, to mimic 

sophisticated natural systems such as, photosynthesis, nitrogen fixation, CO2 fixation, solar and fuel 

cells and the component materials have been developed. However, there still remains a challenge to 

design the reactions with high efficiency comparable to nature. Here the session will focus on groups 

that are leading the way in designing metal complexes to mimic nature’s processes and in particular 

photosynthesis, i.e. solar cells and solar fuels. The session will show that test tube mimicry necessarily 

involves more exotic metals and complexes than the subtle but seemingly more simple molecules used 

in nature. Work in this area is necessarily synergistic and the session will be able to discuss how nature 

works, what is needed to build artificial systems, how best to do that and how they might be employed 

in real devices.  

 

Water-splitting enzyme photosystem II, a model for artificial photosynthesis  

Dr Hiroshi Ishikita, The University of Tokyo, Japan 

 

Artificial photosynthesis resembles plant photosynthesis in terms of chemical conversion of molecules 

of light energy. But products of artificial photosynthesis are not limited to carbohydrates or oxygen, 

products of plant photosynthesis. They also involve hydrogen (H2) (1), hydrogen peroxide (H2O2) (2), 

formic acid (HCOOH) (3), or carbon monoxide (CO) (4). The reaction processes of these products (i.e., 

conversion, storage and utilisation of light energy into chemical energy) may be achieved using 

biomolecules, (modified) proteins, semiconductors, or metal complexes (Figure 1).  

 

In plant photosynthesis, carbon dioxide and water are converted into carbohydrates and oxygen using 

sunlight. In particular, oxygen evolution (i.e., water oxidation or water splitting : 2H2O → O2 + 4H+ + 4e–) 

occurs in water-oxidizing enzyme, photosystem II (PSII).  

Figure 1. Examples of artificial photocatalysts (1).  

 

A recent breakthrough in the research area of artificial photosynthesis is that the X-ray crystal structure 

of PSII was reported at a resolution of 1.9 Å (5). This enables researchers to identify the chemical 

formula of the catalytic metal centre of the enzyme as Mn4CaO5 for the first time (Figure 2). This is a 

reason why many researchers recently started to synthesise artificial, light-driven water-splitting 

catalysts (e.g., (6)). However, the reaction mechanism of water oxidation in PSII is unsolved. Crucial is 

that the binding positions of substrate water molecules at the Mn4CaO5 are even unclear; this hinders 

researchers to design efficient artificial catalysts, referring to the molecular structure of the catalytic 

centre of PSII.  
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Intriguingly, ~2800 water molecules were also identified in the PSII crystal structure: two substrate water 

molecules used for water splitting reaction may be included. It seems unlikely to identify the two 

substrate water molecules, solely from the geometry of the crystal structure.  

 

Substrate water molecules may be identified by clarifying ‘proton (H+) transfer pathways’ that proceed 

from the Mn4CaO5 cluster toward the protein bulk surface to exit subproduct H+ (7,8), because the 

substrate water molecules are probably located at the interface between proton transfer pathways and 

the Mn4CaO5 cluster. This may provide a key to understanding the entire reaction mechanism of water 

splitting in PSII, possibly leading to rational design of efficient artificial photocatalysts (e.g., (9)).  

 

 

Figure 2. Overview of PSII (left) and the Mn4CaO5 cluster in the PSII protein environment (right).  
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Dye-sensitised photocathodes for solar fuel devices 

Dr Elizabeth Gibson, Newcastle University, UK 

Efficient dye-sensitised photocathodes offer new opportunities for converting sunlight into storable 

energy cheaply and sustainably.[1]  We are developing dye-sensitised NiO cathodes for the photo-

reduction of carbon dioxide or water to high energy products (solar fuels) using the lessons we have 

learnt from solar cells.[2] Despite the infancy and complexity of this research area, we have brought 

about a number of exciting developments which have improved our understanding of the system. We 

are tackling the main limitations to p-type dye-sensitised solar cells, by improving the quality of the NiO 

electrodes [3] and engineering new dyes specifically for the p-type system,[4] to increase the quantum 

efficiency of the device. The electron-transfer dynamics are key to the performance and a major 

challenge is slowing down charge recombination between the photoreduced dye and the oxidised NiO 

so that chemistry can take place.[5] Highlights from recent work examining charge-transfer at the 

interface between NiO and new porphyrin and bodipy-based photosensitisers using transient 

absorption spectroscopy, time-resolved infrared spectroscopy and resonance Raman spectroscopy will 

be presented. 
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Development of a highly active iron-based catalyst for water oxidation  

Dr Mio Kondo, Institute of Molecular Science, Japan 

 

The development of technologies for converting renewable energy (e.g., sunlight) into storable chemical 

fuels has attracted considerable attention in recent years because of the urgent need to solve the 

world’s energy and environmental problems. In natural photosynthetic reactions, solar energy is 

converted into chemical energy by utilising electrons extracted from water. Inspired by nature, the 

construction of an artificial photosynthetic system has been regarded as a goal of utmost importance. 

Similar to natural photosynthetic reactions, the water oxidation reaction (2H2O → O2 + 4H+ + 4e−) can 

provide the protons and electrons requisite to generate reduced products (i.e., chemical energy) in an 

artificial system. However, the water oxidation reaction is both thermodynamically and kinetically 

demanding, and thus the development of a highly active artificial catalyst for the water oxidation reaction 

is strongly required. 

 

One of the important long-

standing goals is the 

development of efficient 

molecular catalysts based 

on abundant, inexpensive 

and environmentally benign 

metal ions. Iron, the most 

abundant transition metal 

element in the earth’s crust, 

is an attractive candidate as 

a constituent element of 

water oxidation catalysts, 

and iron complexes are often 

employed as catalysts for 

various oxidation reactions. 

However, the examples of 

iron-based water oxidation 

catalysts are limited, and their catalytic activities are much lower than those of the reported molecular 

catalysts based on other metal ions. We have recently succeeded in developing a highly efficient iron-

based molecular catalysts for water oxidation.1 We have assumed that the following key elements are 

essential to design the catalyst: (i) multinuclear structures to afford redox flexibility and (ii) two adjacent 

water-activation sites to promote intramolecular O-O bond formation (Fig. 1). As a candidate, we 

employed a pentanuclear iron complex with coordinatively unsaturated sites. Electrochemical analysis 

revealed that the pentairon complex reveals rich redox flexibility and the turnover frequency for the 

water oxidation reaction was determined to be 1,900 s−1, which is considerably greater than that of OEC 

(100−400 s−1).  
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Glossary - Energy conversion and storage 

Artificial photosynthesis ： 【人工光合成】is a chemical process that mimics the process of natural 

photosynthesis. The solar energy can be converted to a storable chemical energy source such as 

hydrogen, ammonia and methanol by artificial photosynthetic reactions. 

Coordinatively unsaturated site : 【配位不飽和サイト】 is a metal ion that possesses fewer ligands than 

exist in the coordinatively saturated complex. In general, substrates such as water molecules can bind 

to coordinatively unsaturated sites. 

Metal complex ： 【金属錯体】 is a compound which composed of metal ion(s) and organic molecule(s). 

Multinuclear complex ： 【多核錯体】 is a metal complex bearing more than two metal ions in its 

structure.  

Turnover Frequency (TOF) :  【触媒回転頻度】is frequency of reactions per one catalytic molecule. 

Water oxidation reaction ： 【水の酸化反応】 is a reaction evolving dioxygen by oxidising water. 2H2O 

→ O2 +4e- +4H+.  

  


