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Algorithms for Fairness in the Real World 

On Computing Envy-Free Allocations of Indivisible Resources 
Robert Bredereck, TU Clausthal, Germany 

Finding an envy-free allocation of indivisible resources to agents is a central task in 
many real-world settings. Often, non-trivial envy-free allocations do not exist, and finding 
them can be a computationally very expensive task. 

On the algorithmic side, we provide a refined computational complexity analysis by 
studying the influence of three natural parameters: the number of agents, the number of 
resources, and the maximum utility value in the preferences of the agents. We show that 
computing non-trivial envy-free allocations becomes a computationally tractable task in 
case of a small number of resources but that a small number of agents or a small 
maximum utility value alone does not imply efficient algorithms.  

Revealing and exploiting a fruitful interaction between two fundamental results in integer 
linear programming, we develop an algorithmic framework indicating that computing 
non-trivial envy-free allocations with additive preferences also becomes computationally 
tractable with a small number of agents and low maximum (absolute) utility values. 

On the conceptual side, we observe that the classic envy-freeness requires that every 
agent likes the resources allocated to it at least as much as the resources allocated to 
every other agent. In many situations this assumption can be relaxed since agents often 
do not even know each other. We enrich the envy-freeness concept by taking into 
account (directed) social networks of the agents. Thus, we require that every agent likes 
its own allocation at least as much as those of all its (out)neighbors. This leads to a 
"more local" concept of envy-freeness. We show that using this locality concept can 
make the computation of non-trivial envy-free allocation computationally easier or 
harder, depending on the concrete model of the agents’ preferences. 

This talk is based on joint works with Berhard Bliem, Andrzej Kaczmarczyk, Dušan Knop, 
and Rolf Niedermeier. 
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Fair and Efficient Allocation of Indivisible Resource 
Ayumi Igarashi, National Institute of Informatics 

Suppose that we are interested in allocating house chores among family members fairly. 
How should this be done? These questions have been the focus of CS/Econ community 
in recent years. Other applications include course allocation, task allocation, property 
division, and so on. Several justice criteria, as well as methods for computing allocations 
that satisfy them have been investigated. Such criteria generally fall into two categories: 
efficiency and fairness. Efficiency criteria are concerned with decreasing the amount of 
waste. For instance, Pareto-optimality is a commonly used efficiency concept which 
ensures that no allocation that improves everyone’s utility is possible. Fairness criteria 
require that agents do not perceive the resulting allocation as mistreating them 
compared to others. For example, one might want to ensure that no agent prefers 
another agent’s assigned bundle to her own – this criterion is known as envy-freeness 
[Foley, 1967]. However, envy-freeness is not a reasonable goal for allocation – think of 
several agents sharing a single indivisible item. However, an EF1 notion due to [Budish 
2011] nicely walks around this obstacle. Envy-freeness up to one good (EF1) allows 
agents to envy other agents, but the envy can be eliminated after removing one item 
from others' bundles. Several algorithms achieve EF1 within the standard setting of fair 
division of indivisible item [Lipton et al. 2004,Caragiannis et al. 2019]. 

In this talk, I would like to talk about fairness and efficiency issues in resource allocation 
and review results from classical to more recent ones. For agents with monotone 
additive valuations, an allocation maximizing the Nash product of agents' valuations 
satisfies EF1 [Caragiannis et al. 2019]. However, this question is not settled beyond 
additive valuations. I will explain some recent results beyond the standard class of 
non-negative additive valuations, as well as obstacles we may face in such settings. 

References: 

[1] Eric Budish. 2011. The combinatorial assignment problem: Approximate competitive
equilibrium from equal incomes. Journal of Political Economy 119, 6 (2011), 1061–1103.

[2] Ioannis Caragiannis, David Kurokawa, Hervé Moulin, Ariel D. Procaccia, Nisarg Shah,
and Junxing Wang. 2019. The unreasonable fairness of maximum Nash welfare. ACM
Transactions on Economics and Computation 7, 3 (2019), 12:1–12:32.

[3] Richard J. Lipton, Evangelos Markakis, Elchanan Mossel, and Amin Saberi. 2004. On
approximately fair allocations of indivisible goods. In Proceedings of the 5th ACM
Conference on Electronic Commerce (EC). ACM, 125–131.
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Ethnocentrism in Science: What are we missing and why? 
Magdalena Nowicka, Humboldt-Universität zu Berlin &  

German Centre for Integration and Migration Research, Berlin, Germany 

Ethnocentrism is a basic attitude expressing the belief that one's cultural standards can 
be applied in a universal manner. In doing so, scientists could be blind to knowledge or 
processes developed and practiced elsewhere. They could misinterpret them, provide 
wrong explanations, hinder innovation and even do harm to people by imposing on them 
their opinions and solutions. Yet ethnocentrism in science rises not only concerns with 
quality of scientific output but with the asymmetries of power within academia. Some 
voices remain unheard because of structural barriers such absence from scientific 
networks because of biased standards in research funding. Being place at a rich 
university in the global north, we might not be aware of innovative researcher absent 
from the global circuits of knowledge.  

But ethnocentrism could also be understood as a form of intuition which leads to biased 
or prejudiced judgements. Overcoming ethnocentrism thus is a matter not of developing 
better methods, but of questioning the epistemologies of science. It requires us to ask: 
from which position in the society do I ask my research questions and interpret my 
research results?  

In my lecture, I briefly discuss different forms of ethnocentrism in science and focus on 
the problem of reliance on the supposed visual evidence of human difference. I explain 
how we ‘see through culture’, it is how our upbringing in a particular cultural context 
makes us attentive to some but ignorant of other visual human features. Using the 
example of ‘race’ as a category, I show how different disciplines – from medicine and 
cognitive sciences to psychology and social sciences – treat ‘race’ as a quasi-natural 
research subject. I address a dilemma related to the usefulness of categories to make 
sense of the social world and the problems they cause for science. 
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Paradoxical Ethnocentrism, New Sociological Challenges 
Chikako MORI, Doshisha University 

The emergence of so-called "multicultural" societies in the era of accelerated 
globalization imposes a new challenge: the rise of ethnocentrism that divides and 
fragments our societies, as can be seen in the success of xenophobic parties in several 
democratic countries. Based on this observation, this paper aims to examine the 
conditions under which ethnocentrism manifests itself (using the French example), and 
the mechanisms by which the coexistence of different values, cultures and norms 
becomes conflictual or not. 

One of the important elements that characterize contemporary ethnocentrism, which I 
will call paradoxical ethnocentrism, concerns the process of "super-diversification" 
(Vertovec 2019) and "intersectional" (Colins 2019) division of members who are 
supposed, in a traditional ethnocentrism, to belong to the same group that is considered 
homogeneous ("French" or "Muslims" etc.). Today, on the contrary, classical categories 
such as ethnicity, gender, sexuality, social classes, but also other factors such as the 
legal status of migrants, age, residential and migratory trajectory, family situation, 
educational and professional backgrounds intersect to create very different and often 
unequal situations within the same group, at the risk of exploding it. Paradoxically, it is in 
this context that the legitimacy of the group and its ethnocentrism seem to be affirmed 
and asserted. 

However contact between culturally different groups does not inevitably lead to 
paradoxical ethnocentrism: based on our survey in the multicultural neighborhoods of the 
Parisian suburbs, our paper will analyze the conditions in which contact between 
different values and cultures can be made in a less conflictive and more constructive way 
to circumvent or overcome the challenges of paradoxical ethnocentrism. 

References: 
[1] Vertovec, S. 2019 “Talking around super-diversity,” Ethnic and Racial Studies 42(1).
[2] Collins, P.-H. 2019 Intersectionality as Critical Social Theory, Duke University Press.

Glossary: 
- super-diversity: while "diversity" was commonly perceived in terms of relatively stable
and identifiable groups, the contemporary patterns of migration showed far less clear
characteristics, leading to a "diversification of diversity".
- intersectionality: analytical framework for understanding how aspects of a person's
social and political identities combine to create different modes of discrimination and
privilege
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Contextualizing Indigeneity and Biocolonialism 
Debra Harry, University of Nevada, Reno 

Scientific researchers consistently risk using suboptimal data and skewing their 
interpretations, due to their personal perspectives on what data seems to be available 
and valuable to them, as well as the theoretical paradigms in which they are trained. 

For example, comparative researchers are dedicated to empirical investigations of 
individuals nested in different societies. A major criticism is that they frequently compare 
one “advanced modern (post-industrial) society” to another. Usually, this twofold focus on 
comparatively homogeneous “first world” countries and a relatively narrow time window 
is justified with data availability. However, in so doing this group of social scientists wears 
spatial (ethnocentric) and temporal blinders and, hence, waste the opportunity of 
valuable horizon-expanding insights. 

Similarly, research with indigenous communities around the world has inherent bias that 
is limiting innovative approaches. Indigenous peoples have accumulated valuable 
observations about the natural world for millennia (e.g., climate change, population 
movements, traditional ecological knowledge [i.e., indigenous science]). And yet, the 
world’s indigenous communities are fairly united in decrying scientific exploitation of their 
cultural and genetic heritage (e.g., biocolonialism). Researchers in anthropology, 
medicine, earth science, and biology increasingly face these calls for change. Science 
as a whole would benefit from indigenous sciences’ holistic perspectives that connect 
past and present, humans and environment. Rather than exploiting indigenous 
knowledge systems to solve modern problems, a decolonized approach to science can 
produce research that is collaborative, ethical and highly innovative. 

This presentation invites non-mainstream methodological and theoretical approaches to 
data gathering and interpretation. 

Background Review Article: 

Harry, Debra, “Indigenous Peoples and Gene Disputes” 84 Chicago-Kent Law Review 
147 (2009). 
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Origin of Elements 
Camilla Juul Hansen, Goethe University Frankfurt, Germany 

The formation of the elements can take place via a number of different nuclear reactions. 
The lightest elements form during the big bang or via spallation processes in space, 
while elements heavier than beryllium are typically formed via hydrostatic burning in low 
to intermediate mass stars. These processes release the energy that makes stars shine, 
however, elements heavier than zinc require energy to be synthesized, and as a result 
they form via different reactions and channels – most of these via neutron captures e.g., 
in explosions. The reactions can take place in different astrophysical sites and will run 
fast or slowly depending on the number of available neutrons. The slow process takes 
place in intermediate mass, evolved stars and can create elements like lead with 
comparatively few neutrons, while the rapid process occurs in neutron-rich environments 
and creates, e.g., europium, gold or uranium. This process has posed a number of open 
questions for decades, and it is experimentally difficult to measure in the lab as well as to 
observe in space. So, how can we observe such events and what can we learn from 
them? Until the gravitational-wave detection and the enormous follow-up observing 
campaign in 2017, it was believed that the rapid process was associated with rare 
supernova explosions or merger events of neutron stars or black holes. The latter had 
not been observed spectroscopically and as a result no chemical direct proof could be 
made. Observing the merger directly with a spectrograph was a breakthrough (Fig. 1). In 
addition, alternative indirect observations and lab measurements have been conducted 
and these show that both sites may still be viable explanations. Observations of old (>10 
billion years) low-mass stars reflect the chemical composition of the early Universe, as 
the gas composition remains unaltered and locked up in these stars. Such stars are 
remote but easier to observe than the rare merger events that actually produce the 
heavy elements (thus the stars are indirect tracers). When observing stars with different 
ages and chemical compositions, we can deduce how the Galaxy gradually was 
enriched in chemical elements – and hence this topic is often referred to as “Galactic 
archeology”. In spectra of such stars, we can measure the amount of e.g., magnesium, 
silver, gold, or even uranium (Fig. 2), and their relative ratios tell us about their origin 
(e.g., supernovae or mergers). Exploring the Milky Way through old, low-mass stars is a 
growing research area and current and future sky-scanning surveys will finally improve 
on the number statistics targeting millions of stars enabling a better understanding on 
how in particular the heavy elements form. To date, a heavy element like uranium is only 
known in <10 stars, while lighter elements like magnesium has been accurately 
measured in thousands of stars. Astro-nuclear observations aim at filling this gap and 
understand the origin of the elements through space and time. 
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Figure 2 (Left): Stellar abundances of Mg, Sr, Zr, Ba, and Eu 
measured in Milky Way stars as a function of the metallicity ([Fe/H] a 
proxy for age). Each symbol represents a star. Magnesium shows a 
much smaller star-to-star scatter than the heavy neutron-capture 
elements (Hansen et al. 2014, ApJ). Right: Detection of U in an old 
star. The line is weak and difficult to measure (Credit: ESO, Cayrel 
et al. 2001, Hill et al. 2002). 

Figure 1 (left) Artists impression of a binary neutron star merger 
(CREDIT: NSF LIGO Sonoma State University A. Simonnet). 
Right: First spectroscopic detection of newly formed Sr in 
the binary neutron star merger (Watson et al. 2019, 
Nature). 

Nomenclature: 

Stellar abundances are given on a logarithmic scale using 
“[A/B]” for element A and B. Per definition, the Sun has 
[A/B] = 0 : 

[Mg/Fe] = log(Mg)* – log(Fe)* – (log(Mg)Sun – log(Fe)Sun) 
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The Dark Universe 
Yonatan Kahn, University of Illinois Urbana-Champaign 

Determining the nature of dark matter, which makes up 85% of the mass of the universe, 

is one of the most pressing questions in fundamental physics. Dark matter plays a 

crucial role in the evolution of the cosmos, by controlling the expansion rate of the 

universe at the time of the formation of neutral atoms, and by providing the “gravitational 

scaffolding” for galaxies to form: without dark matter, heavy elements – and our planet – 

might not be here at all! Despite overwhelming gravitational and cosmological evidence 

for dark matter, we have never seen a dark matter particle in the laboratory. I will 

describe a highly interdisciplinary and creative program to detect dark matter wherever it 

may be hiding. 

Background Review Article: 
A quantum sense for dark matter.  Adrian Cho.  Science, 376 (6592), • DOI: 
10.1126/science.abq6530 
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Neutron Star Mergers and the Origin of Heavy Elements 
Yuichiro Sekiguchi, Toho University 

Fig.1 Periodic table showing the currently believed origins of each element. 
Lanthanide corresponds to La to Lu (atomic number of 57—71) (Credit: Cmglee – Own 
work, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=31761437) 

Since the theoretical basis of nucleosynthesis (the recipe to cook elements) was 
proposed [1], researchers have clarified where elements are synthesized in the universe 
(Fig. 1). Among them, the origin of about half of heavy elements, such as gold, platinum, 
and uranium, was a longstanding mystery. According to the recipe, a huge number of 
neutrons are necessary to make these heavy elements, while free neutrons are known to 
decay in an average lifetime of about 887 seconds. This means that these heavy 
elements are produced in a very unusual, neutron-rich environment. There are two 
candidates, one is core collapse supernovae (exploding massive stars) and the other is 
neutron star mergers. Until quite recently, researchers believed that the origin of these 
heavy elements will be core collapse supernovae. 

Solution to this problem was provided by a different but related field. On August 17th, 
2017, gravitational waves (named GW170817) from colliding two neutron stars were 
detected for the first time [2]. Triggered by the detection of gravitational waves, almost all 
of significant telescopes in the world quickly performed follow-up observations and 
obtained a number of data [3]. Evidence of the existence of the heavy elements in 
GW170817 was found in near infrared and optical wavelength, that is, characteristic 



2022 Japanese-American-German Kavli Frontiers of Science 

Origin of Elements 

features of the observed data were successfully explained by the atomic properties of 
some heavy elements (lanthanide). Unfortunately, however, the direct evidence of 
production of gold, platinum, and uranium was not obtained. 

After the discovery of GW170817, it was clarified that the neutron-star-merger scenario 
is also favorable in terms of the chemical history of the universe. Although not all of the 
mysteries have been clarified yet, researchers now believe that it is neutron star mergers 
that is the origin of heavy elements like gold, platinum, and uranium. 

References: 
[1] E. M. Burbidge, G. R. Burbidge, W. A. Fowler, and F. Hoyle, Rev. Mod. Phys. 29,
547 (1957)
[2] B. P. Abbott et al., Phys. Rev. Lett. 119, 161101 (2017)
[3] B. P. Abbott et al., Astrophys. J. Lett. 848, L12 (2017)

Glossary: 

- Neutron star【中性子星】is an astronomical object whose mass is about the same as

that of the sun but has the radius of about 10 km. Thus, extremely high density is 
achieved in the central region. A neutron star is formed as a remnant of a core collapse 
supernova. 

- Core collapse supernova【重力崩壊型超新星】: Stars support themselves against their

self-gravity by thermal pressure produced by nuclear fusion. Because nuclear fusion 
dose not proceed when it reaches iron, the stellar core collapses gravitationally and a 
neutron star is formed. In this process, huge potential energy is released since stellar 
materials fall onto the neutron star. Core collapse supernova is an explosion using this 
potential energy. 
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Slow Earthquakes: Where Physics, Geology, and Disaster Sciences Meet 
Yo FUKUSHIMA, Tohoku University 

Earthquakes refer to sudden rupture, or slip, of a geologic fault. During an earthquake, 
the rock body on one side of the fault slides with respect to the other at a speed of 
~1m/s. Slow earthquakes, discovered after the installation of modern geophysical 
observation networks in Japan and elsewhere since the late 1990s, refer to slip on a fault 
whose speed is slower than ordinary earthquakes. Some slow earthquakes emit low 
frequency seismic waves and are called low-frequency or very low-frequency 
earthquakes. Another type of slow earthquakes, called slow slip events (SSEs), are 
associated with much slower fault slip speed (~1cm/day or less), so slow that no seismic 
waves are radiated. Low frequency tremors often accompany SSEs. Fault slip of slow 
earthquakes is spontaneous; that is, slip initiates at some moment, keep accelerating for 
some time, and decelerates before reaching the rupture speed of ordinary earthquakes. 
Slow but passive fault slips of fault creep and afterslip of an earthquake are usually not 
called slow earthquakes. 

Frictional properties of faults govern the slip behavior. Before, researchers have come up 
with friction laws that explain the unstable slip (earthquake rupture) and the stable fault 
slip (fault creep and afterslip). With the discovery of slow earthquakes, the frictional laws 
are being updated to incorporate the wide range of slip behavior of slow earthquakes. 
For that purpose, geomechanical researchers collect rock samples of faults, conduct 
experiments, and analyze the microstructure of the samples. Observational researchers 
use ground motion and deformation data to study where and how slow earthquakes 
occur. Although slow earthquakes are found to be abundant, a few great earthquakes 
including the 2011 Tohoku earthquake in Japan were preceded by seemingly anomalous 
SSEs. Slow earthquakes are considered to be one of the key phenomena for earthquake 
forecasts, and both case studies and theoretical foundations are being built up. 

Glossary: 

- Earthquake: (1) (Narrow definition) Rupture or slip of a geologic fault sudden enough to
excite elastic waves (also referred to as seismic waves) in the Earth. (2) (Broad
definition) Sudden release of energy and the associated shaking of the Earth. The 
form of energy release is not restricted to fault rupture, and it can be anything 
including volcanic activity, landslide, and nuclear explosion. 

- Low-frequency earthquake: A type of slow earthquakes radiating seismic waves
having a predominant frequency of 1-10Hz, which is lower than that of ordinary
earthquakes of same size.
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- Very low-frequency earthquake: A type of slow earthquakes radiating seismic waves
having a predominant frequency of 0.01-0.1Hz (period of 10-100s).

- Low frequency tremor: Continuous weak seismic vibrations that comprise of swarm of
low-frequency earthquakes.

- Fault creep: Continuous slow fault slip caused by the presence of the tectonic force.

- Afterslip: Slow slip of a fault on areas surrounding the earthquake rupture patch of the
fault, triggered by the sudden stress (force) change caused by the earthquake rupture.

Background Review Articles: 
Bürgmann, R. (2018) The geophysics, geology and mechanics of slow fault slip, Earth 
Planet. Sci. Lett., 495, 112-134, https://doi.org/10.1016/j.epsl.2018.04.062. 
Obara, K. (2020) Characteristic activities of slow earthquakes in Japan, Proceedings of 
the Japan Academy, Series B, 96(7), 297-315, https://doi.org/10.2183/pjab.96.022. 

Tectonic settings of the Nankai subduction zone in the southwestern Japan and the 
locations of slow earthquakes and approximate rupture area of the 1944, 1946 and 1968 
earthquakes. Philippine Sea Plate is subducting under the Japanese islands with a 
velocity of 6.6 cm/year. Earthquakes rupture the plate interface fault. Slow earthquakes 
rupture either the plate interface fault or some subsidiary faults very close to it, mainly on 
areas surrounding the earthquake rupture patches on the fault.
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The Many Manifestations of Slow Earthquakes and Their Interpretation 
Amanda Thomas, University of Oregon 

 Slow earthquakes were discovered nearly 21 years ago and changed the way we 
think about the architecture of crustal faults and seismogenesis.  The discovery was 
also completely accidental.  After the 1995 M6.7 Kobe earthquake the Japanese 
government developed a database of seismic records and earthquakes maintained by 
the Japanese Meteorological Agency and installed a nationwide, dense, high-sensitivity 
network of borehole seismometers.  Dr. Kazushige Obara, a seismologist, was 
performing routine seismic network quality check when he happened to look at the 
seismic records, aligned in time, and filtered in such a way to illuminate the very weak 
seismic signature of slow earthquakes.  Around the same time geodesists at Central 
Washington University who study crustal deformation with sensitive global positioning 
system receivers were able to show that eight slow earthquakes had occurred in 
northern Cascadia since 1992.  Ultimately, researchers in Canada linked the seismic 
and geodetic expression of slow earthquakes resulting in global efforts by the 
geoscience community to document and determine the physical processes responsible 
for their generation. 

 This talk will briefly introduce the many different ways slow earthquakes are detected 
in geophysical datasets.  In particular, we will explore the seismic expression of slow 
earthquakes and how it differs from that of traditional earthquakes.  We will then discuss 
how subtle deformation of the Earth’s crust can be used to resolve the detailed evolution 
of slip at depth.  We will explore how tide gauge records that precede modern seismic 
and geodetic networks can be used to reconstruct the history of slow earthquakes and 
how rocks that were once were deformed in the deep roots of subduction zones but are 
now exposed at the surface inform our understanding of in-situ conditions in regions of 
deep slow earthquakes.  Finally, we will synthesize these observations into a number of 
key findings that reveal conditions responsible for the generation of slow earthquakes.   

Background Review Article: 

Peng, Z., Gomberg, J. An integrated perspective of the continuum between earthquakes 
and slow-slip phenomena. Nature Geosci 3, 599–607 (2010). 
https://doi.org/10.1038/ngeo940 
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Insights on Fault Motion from Laboratory Experiments at Tectonic Plate Rates 
Matt J. Ikari, University of Bremen 

Large magnitude earthquakes have clear societal importance, but meaningful 

prediction has proved elusive thus far.  In order to understand earthquakes and possibly 

mitigate their hazard, it is necessary to understand the physics that control fault motion in 

general.  Here, I describe laboratory experiments in which fault motion is simulated 

using deformation apparatuses that shear volumes of rock or sediment under controlled 

conditions, measuring strength and changes in strength.  I focus here on the shearing 

speed; major faults are driven at the speed of plate tectonic motion, which is on the order 

of cm/yr, however these rates are rarely replicated in laboratory experiments.  By 

employing naturally slow shearing rates in the laboratory, a wealth of observable 

behaviors and measurable parameters are revealed that provide unique insights into the 

spectrum of slip behavior on natural faults – from steady sliding, to slow slip events and 

slow earthquakes, to destructive large-magnitude earthquakes.  Particularly intriguing 

aspects arising from slow laboratory experiments include: the behavior and origin of 

laboratory slow slip events, the role of aging and healing in producing earthquakes, and 

the roles of fault lithology (i.e. rock/sediment type), surface roughness and 

microstructural fabric.  The laboratory phenomena can be combined with an 

empirically-based mathematical framework that can be used to generally explain and 

predict certain aspects of fault motion.   
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Homogeneous and Heterogeneous Materials for Solar Energy Conversion 
Smaranda C. Marinescu, University of Southern California 

In response to increasing global energy demand and climate change driven by the 
consumption of fossil fuels, the development of clean energy technologies is paramount. 
A sustainable energy future will require a non-fossil fuel method for the formation of 
chemical feedstocks, and the electrochemical reduction of abundant natural sources, like 
water (H2O) and carbon dioxide (CO2), using the solar-derived electricity is a viable 
pathway to do so. Renewable sources can be directly converted into high-value products 
such as hydrogen and hydrocarbons that can act as energy carriers, fuels, and 
feedstocks. This approach will allow for storing of solar energy in chemical bonds in a 
similar way that nature accomplishes through photosynthesis, where the energy of 
photons is used to drive the reduction of CO2 to a variety of higher energy products. 
Nature uses metalloproteins to activate H2O or CO2. The protein matrix controls the 
coordination environment around the metal sites by generating multi-metallic or proton 
relay motifs, which lower the activation barrier and allow these difficult transformations to 
be performed efficiently.  

The Marinescu group focuses on fundamental research to understand, design, and 
synthesize novel catalytic systems essential to the development of efficient solar-to-fuel 
technologies. Inspired by biological systems, we develop molecular catalysts that involve 
hydrogen bonding networks or multi-metallic motifs capable of small molecule activation 
by facilitating multiple proton and electron transfers. Given the scale of potential 
applications, we focus our studies on species that contain abundant elements, require 
benign (aqueous) solvents, and display high activity, selectivity, and stability during the 
catalytic process. We are also interested in the heterogenization of complexes via 
coordination polymers or covalent attachment to surfaces, which is important for 
large-scale applications. To these ends we developed coordination complexes and 
polymers that display unique activity towards the activation of small molecules, such as 
H2O and CO2. A variety of homogeneous and heterogeneous systems will be described. 

Background Review Article: 
Downes, Courtney A., and Smaranda C. Marinescu. "Electrocatalytic metal–organic 
frameworks for energy applications." ChemSusChem 10.22 (2017): 4374-4392. 
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Design of Photocatalyst Materials for Solar Hydrogen Production and 
Carbon Dioxide Conversion 

NAKADA Akinobu, Kyoto University 

Small molecule conversion using sunlight energy, the so-called "Artificial 
photosynthesis" is one of the promising ways to 
produce hydrogen (H2) from water and to convert 
carbon dioxide (CO2) into useful carbon resources. 
Photocatalyst materials play an important role to 
continuously proceed the artificial photosynthetic 
reactions. Herein, design of the photocatalyst materials 
developed by the speaker are introduced along with 
their essential roles in artificial photosynthesis. 
Photocatalytic reactions for small molecule conversion 
can be divided into three processes: 

I. Light absorption by the photocatalyst
II. Catalysis on the surface of the photocatalyst
III. Charge transport in the photocatalyst

In the process I, the photocatalyst 
absorb light energy to generate 
high-energy electrons (photoexcitation) 
to activate small molecules. We can 
design absorbable light energy and 
potential of photoexcited electrons by 
the choice of component elements and 
crystal structures in the photocatalyst 
materials based on inorganic 
semiconductors.1, 2 

The surface catalysis using 
photoexcited electrons is also critical to 
achieve highly efficient and selective 
molecular conversion (Process II). 
Molecular catalysts typified by metal 
complexes are known as the potential 
candidate because of their design 
flexibility. The speaker will show

examples of metal 
complex-inorganic semiconductor hybrid photocatalysts for efficient and selective CO2 
conversion.3 
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To connect Processes I and II, 
photocatalyst design for effective 
transportation of photoexcited 
electrons to the catalyst is essential 
(Process III). The speaker will show 
an example of a tailor-made 
photocatalyst to control the charge 
transport for efficient CO2 
conversion. 

References: 
[1] Akinobu Nakada, Hiroshi Kageyama, Ryu Abe, et al. Chem. Mater., 2019, 31,
3419-3429.
[2] Akinobu Nakada, Hiroshi Kageyama, Ryu Abe, et al. J. Am. Chem. Soc., 2021, 143,
2491-2499.
[3] Akinobu Nakada, Osamu Ishitani, Kazuhiko Maeda, et al. Acc. Mater. Res., 2021, 2,
458-470.
[4] Akinobu Nakada, Ho-Chol Chang, et al. J. Mater. Chem. A, 2022, in press. DOI:
10.1039/D2TA02183H

Glossary: 
- Photocatalyst: A catalyst activated by light energy to drive chemical conversion.
- Photoexcitation: Generation of high-energy electrons, which are used for molecule
activation, by light absorption of photocatalyst materials

Background Review Article: 
Inorganic semiconductor photocatalysts for H2 production  
Kudo, A. et al., Chem. Soc. Rev. 2009, 38, 253-278. 
Abe, R. and Tang, J. et al., Chem. Rev. 2018, 118, 5201-5241. Domen, K. et al., Chem. 
Soc. Rev. 2019, 48, 2109-2125. 

Molecular photocatalysts for CO2 reduction 
Ishitani, O. et al. Photochem. Photobiol. C, 2015, 25, 106-137. 
Ishitani, O. and Robert, M. et al. ACS Catal. 2016, 7, 70-88. 

Molecular-semiconductor hybrid photocatalyst for CO2 reduction 
Maeda, K. et al. Phys. Chem. Chem. Phys. 2017, 19, 4938-4950. 
Reisner, E. et al. Chem. Rev. 2019, 119, 2752-2875. 
Morikawa, T., et al. Acc. Chem. Res. 2022, 55, 933-943. 
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The Wavelength Matters 
Bartholomäus Pieber, Max Planck Institute of Colloids and Interfaces 

Visible-light photocatalysis is a relatively young branch of organic chemistry that quickly 
became an integral part of the synthetic chemists’ toolbox. This results from the synthetic 
potential of photochemistry that allows unlocking unique reaction pathways unavailable 
to conventional ground-state reactivity. Photons are used as traceless, sustainable 
reagents to excite photocatalysts that ultimately induce reactions through energy-, and 
single electron transfer events with substrates, reagents or co-catalysts under mild 
conditions. However, most photocatalytic reactions rely on a small set of photocatalysts 
that are typically activated with high-energy visible-light (<450 nm) to achieve efficient 
reactions.    

The underlying theme of many research activities in the PieberLab is that light is more 
than just a traceless, sustainable reagent. The energy (and intensity) of photons are 
overlooked parameters that can be used to gain control over the selectivity and to 
improve the reproducibility of light-mediated reactions. This, however, requires 
photocatalysts that broadly absorb over the visible-light spectrum. In this talk, I will give 
an overview about our research efforts towards new methodologies and photocatalysts 
that unravel the full potential of light for organic chemistry. I will discuss examples where 
tuning the irradiation wavelength is crucial to avoid follow-up reactions,[1,2] substrate 
degradation[1] and the deactivation of co-catalysts.[3] Moreover, I will show that the 
irradiation wavelength can be used to control the reactivity of a photocatalyst by 
controlling its excited state oxidation potential.[4] Finally, I will also present our first efforts 
towards light-mediated cross-couplings that do not require exogeneous photocatalyst.[5]

[1] S. Reischauer, V. Strauss, B. Pieber, ACS Catal. 2020, 10, 13269
[2] C. Cavedon, E. Sletten, A. Madani, O. Niemeyer, P. H. Seeberger, B. Pieber, Org.
Lett. 2021, 23, 514
[3]  S. Gisbertz, S. Reischauer, B. Pieber, Nat. Catal. 2020, 3, 611
[4]  L. Schmermund, S. Reischauer, S. Bierbaumer, C. K. Winkler, A. Diaz-Rodriguez, L.
J. Edwards, S. Kara, T. Mielke, J. Cartwright, G. Grogan, B. Pieber, W. Kroutil, Angew.
Chem. Int. Ed. 2021, 60, 6965
[5]  C. Cavedon, S. Gisbertz, S. Vogl, N. Richter, S. Schrottke, C. Teutloff, P. H.
Seeberger, A. Thomas, B. Pieber, ChemRxiv DOI: 10.33774/chemrxiv-2021-kt2wr
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Synthetic Biology, Artificial Organisms, and Artificial Ecosystems  
Hirokazu TOJU, Kyoto University 

Biological phenomena are hierarchical. For decades, biologists have uncovered how 
genes within genomes organize physiological processes of cells and individuals. Based 
on the approaches of synthetic biology, it has become possible to design novel 
blueprints (genomes) of organisms and create artificial organisms. At a higher level, 
knowledge of interactions between genomes will lead us to the next stage of biology, 
i.e., the creation of synthetic ecosystems.

Optimizing biological functions at the ecosystem level is one of the major challenges in 
science. An increasing number of studies have shown that the structure of 
human-associated microbiomes (microbial communities) is a strong determinant of host 
health. Meanwhile, in an era of ecosystem degradation and climate change, maximizing 
microbial functions in natural and agricultural ecosystems has become a prerequisite for 
the future of humanity. However, managing species-rich communities of animal- and 
plant-associated microbiomes remains notoriously difficult. While genomics and 
metagenomics provide building blocks for understanding microbial functions, theoretical 
ecology helps us reveal fundamental mechanisms governing community- and 
ecosystem-level phenomena. Multidisciplinary approaches now allow us to predict and 
manage the dynamics of species interactions and microbiome functions. Moreover, it 
has become possible to identify members and characteristics of “keystone” species or 
microbiomes, which will be deployed to organize otherwise uncontrollable dynamics of 
resident microbiomes. Further integration of biology with physics and chemistry will 
deepen our understanding of the entangled webs of life, providing new lines of solutions 
for medical and environmental issues based on the science of synthetic ecosystems. 
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Designing and Harnessing Synthetic Microbial Ecosystems for Sustainable 
Bio-Manufacturing: Opportunities and Challenges 

Xiaoxia “Nina” Lin, University of Michigan – Ann Arbor, USA 

Microbes are everywhere in nature and they live in diverse communities that show 
remarkable metabolic capabilities and robustness. Inspired by these synergistic 
ecosystems, my research group, along with an increasing number of others in the 
evolving field of synthetic biology, has been exploring a new paradigm of engineering 
synthetic microbial consortia consisting of distinct and coordinated specialists for 
accomplishing complicated tasks, following the design-build-test-learn cycle. For 
instance, to utilize lignocellulosic biomass, the most abundant bio-feedstock on the Earth, 
we developed a “plug-and-play” bi-culture ecosystem consisting of a cellulolytic fungus 
capable of hydrolyzing hemicellulose and 
cellulose (main components of 
lignocellulosic biomass) into mono and 
oligosaccharides and a
fermentation/production specialist for 
converting mono and oligosaccharides into a 
bioproduct of interest (see figure below). Our 
earliest work focused on the production of 
isobutanol, an advanced biofuel. Recent 
efforts have expanded the technology to a 
range of other biomolecules such as organic acids and amino acids that have the 
potential to replace certain petro-derived platform chemicals. The general framework of 
engineering synthetic microbial ecosystems also offers exciting new opportunities for the 
efficient and sustainable production of numerous valuable bioproducts from other 
renewable, non-conventional bio-feedstocks.  

Striving to realize the potential of this budding new approach, our field also faces 
many challenges. In particular, key questions in the design and operation of synthetic 
microbial consortia remain unanswered in general - how to select specialists and 
assemble them, how to mitigate negative interactions between consortium members and 
utilize positive ones, how to regulate consortium composition, etc. Learning and 
exploiting the design or governing principles of naturally occurring microbial ecosystems 
is a powerful strategy for developing effective new methods for addressing these 
challenges. I will discuss examples from my lab as well as in the literature. In addition, I 
will also share efforts by my research group and our collaborators that aim to develop and 
apply a technological pipeline, based on nanoliter-scale microfluidic droplets, for 
co-cultivating sub-communities and characterizing member interactions that shape the 
structure and function of complex microbial communities. 
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Artificial Ecosystem in Microbiota Research –  
From Reductionist Approaches to Complex Systems 

Till Strowig, Helmholtz Centre for Infection Research, Braunschweig, Germany 

The human microbiota comprises diverse microbes including bacteria, archaea, and 
small eukaryotes with each individual colonized by hundreds of different microbial 
species. These microbes are linked to each other in distinct ecosystems where they 
compete with each other for diverse energy sources. Conversely, subsets of microbes 
cooperate with each other for efficient degradation of dietary ingredients through for 
instance the exchange of metabolites. These interactions are of interest from an 
ecological viewpoint, but also have high relevance for human health as the microbiota 
and microbiota-derived molecules modulate diverse physiological processes and organ 
systems.  

In order to investigate the complex interactions between microbes and the host 
microbiome researchers have in the last decades assembled artificial ecosystems first 
through serendipity, later guided by universal characteristics of the human microbiota and 
more recently through computational mining of disease-specific metagenome signatures 
followed by translation into defined ecosystems. These advances were made possible by 
enormous increases in available sequencing data describing the human microbiota in 
health and diseases states and the availability of large and publicly available culture 
collections of microbes. 

Artificial microbiota systems are currently being studied in models of varying complexity 
ranging from batch cultures to connected bioreactors reflecting the different parts of the 
human gastrointestinal tract to animal models such as gnotobiotic mice. The choice of 
model always has to be guided by the research question and by requirements to 
experimental throughput, analytical methods, the complexity of the community and the 
desired similarity to the natural setting. Altogether, artificial microbiota systems have 
enabled researchers unprecedented views into how microbial communities affect human 
health, for instance by protecting them against infections or by producing harmful 
molecules promoting chronic diseases.      
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Glossary: 
Microbiota: The range of microorganisms that may be commensal, symbiotic, or 
pathogenic found in and on all multicellular organisms, 

Metabolites: Is a chemical molecule that is an intermediate or end product of a 
biochemical conversion. 

Metagenome: The entire genetic content of all microbes in a sample 
Gnotobiotic mouse: A mouse that is colonized with a specific community of known 
microorganisms. 
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2015, doi: 10.1126/science.aad2602. 
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