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Editors’ Note

Nau mai ki te putanga tuawha o te Scientific!

We hope you’re all doing okay as we approach the end of our time in Level 4. Hopefully like us,
you are taking solace in the Level 3 light at the end of the tunnel!

As always, this issue we have enjoyed taking Scientific up another level in article quality and
design. This was our first lockdown issue, and with that came some interesting opportunities
for us to make Scientific accessible and useful to everyone at home. For a physical magazine,
the movement to being primarily online takes some adjusting, and we decided that we love
the physical magazine too much to let it fall by the wayside in Level 3 and 4. Although of
course the magazine is freely available to read on uoascientific.com, our Secretary and Tech
Expert Struan has also set up a mailing system. If you want the real deal magazine in your
letterbox, please head to our website! It only costs a couple bucks to mail it to you. Watch all
your problems dissolve like an ionic compound in water as you peruse our varied articles in
paperback.

We’re stoked with the high number of guest writers on this issue, who bring their own
interests and expertise to Scientific and make it a proper student magazine. There is a
brilliant range of topics for you to get into this month. Stella’s given us a nuanced rundown
on the famous and #aesthetic condition of Synaesthesia, while guest writer Liam explores
the techniques behind generating random numbers. Jasmine has investigated the weird
evolution behind the humble sloth, and guest writer Maira is sharing her research on the
stress levels of seabirds and their links to ocean conditions. Guest writer Sophie has taken
on sexism in medicine, by focusing on our greatest cause of death: cardiovascular disease.
Alex decided to dive back into his quantum physics research, and Caleb had a look at Janus
nanospheres. Lastly, guest writer Celina takes us to space to think about the consequences of
space junk.

Please enjoy this month’s issue and best of luck with the rest of the semester.

Mauri ora,

UoA Scientific Team
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The Problem with Heart Failures

By Sophie Piesse

umans have probably suffered from
cardiovascular disease since the
beginning of time. Several Egyptian
mummies were discovered with
evidence of atherosclerosis, a disease in which we
see a build-up of fatty deposits in the arteries, called
plaque [1]. Atherosclerosis can prevent blood flow to
the heart muscle itself, preventing oxygenation of
cardiomyocytes and leading to an acute myocardial
infarction (a heart attack) [2]. The discovery that
humans suffered from cardiovascular disease
more than 3,000 years ago showed that the factors
contributing to disease progression are nothing
new. However, the modern westernised diet of foods
high in sugar and saturated fat has led to a global
escalation in the prevalence of cardiovascular
disease [3]. This has meant that over the last
century, scientists have worked to understand
the physiology of the heart, and the way that
cardiovascular disease manifests in these patients.
Astonishingly, the end stage of most cardiovascular
diseases — heart failure — affects 2% of the world’s
population [4]. Heart failure is the inability of the
heart to pump enough blood around the body at
the required rate. This leads to a wide variety of
symptoms like fatigue, shortness of breath, swelling
and heart palpitations [5]. While the incidence of
heart failure is decreasing, the burden of the disease
remains high because of our ageing population [6].

Half of those afflicted with heart failure are women
[7]. We see a variety of sex-related differences in
heart failure, such as how the disease develops,
the clinical presentation, and potential outcomes [8].
For example, women are more likely to develop heart
failure later in life than men, when they are post-
menopausal [8]. Women also tend to develop a specific
type of heart failure; heart failure with preserved
ejection fraction (HFpEF) [8]. Ejection fraction is the
fraction of blood pushed out of the left ventricle into
the systemic circulation with each contraction. In
men with heart failure, we see a higher rate of heart
failure with reduced ejection fraction [9].

Differences occurring in heart failure between men
and women (or anyone with ovaries) are thought to
be the result of differences in sex hormone levels.
Estrogen is a sex hormone, the majority of which is
produced in the ovary. Those without ovaries produce
much less estrogen. Estrogen receptors are present in
the tissue of the heart and estrogen has been shown
to act in a protective way to prevent cell death and
cellular enlargement in the heart [4, 10, 11]. This
aids in preventing adverse myocardial remodelling.
Myocardial remodelling is the change in shape and
size of the heart following a heart attack [12]. In
adverse myocardial remodelling, we see mass cell
death and deposition of collagen fibres as a result of
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ischemia at the site of infarction [4]. Collagen distorts
the structure of the heart, while enlargement of
cardiomyocytes causes the left ventricle to enlarge
[13]. Both of these changes contribute to a decrease in
functionality of the left ventricle.

Following menopause and the cessation of estrogen
production, women have an increased risk of
developing heart failure. Animal studies have shown
that the heart failure of a post-menopausal model
shows more similarities to heart failure in a male [11].
Therefore when estrogen production is lost, the heart
may become more vulnerable to developing more
severe heart failure. Hormone replacement therapy
in postmenopausal women has been shown to be
protective against heart failure in some cases [14].
It is currently unknown when estrogen acts during
myocardial remodelling and how this activity changes
after menopause.

Unfortunately, we have an overall lack of
understanding of heart failure in older women. Women
have been chronically under-studied in clinical trials
on heart disease compared to men of the same age
[15]. A randomised controlled trial in 2002 assessed




that previous clinical trials in the US had failed to
gain an accurate representation of the population
suffering from heart failure [16]. The majority of
those included in clinical trials were young, white,
cisgender men who displayed a reduced ejection
fraction [16]. This has created a void of clinical data on
myocardial infarction, myocardial remodelling, and
heart failure in women that still exists today [4, 16].
Importantly, it has created a therapeutic gap between
women and men, as the first line of therapy for heart
failure is a drug, the angiotensin-converting enzyme
(ACE) inhibitor [9]. ACE inhibitors work by blocking
the renin-angiotensin-aldosterone system, leading to
vasodilation, reducing systemic vascular resistance
and increasing blood flow [17]. ACE inhibitors are
highly effective at treating heart failure with reduced
ejection fraction, reducing mortality by 31% after one
year [9].

In heart failure with preserved ejection fraction, there
is no clinically approved therapy, placing women at
risk [18]. ACE inhibitors do not change the mortality
rate in those with HFpEF [9]. On top of that, women
may experience a delay in diagnosis and treatment as
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a result of the misconception that heart failure is less
common in women [7]. It only gets worse from there.
Women with heart failure are less likely to receive
approved treatments, more likely to be incorrectly
dosed, and more likely to experience adverse drug
effects [4, 19]. Women have a higher rate of hospital
readmission and overall worse quality of life following
initial heart failure diagnosis [19].

The lack of diversity in clinical trials has not only
impacted cis-gender women; information on how
heart failure impacts people of colour and the
transgender community is also severely lacking. It is
heart-wrenching to see the clear disadvantage that
women and minority groups have been placed in as
a result of prejudice within the scientific community.
Considering cardiovascular disease impacts a large
majority of people across the world and will likely
continue to do so, studying only one group of people is
poor practice. Sadly, we are still seeing the same issues
within clinical trials being reported today [20]. Until
we have a better idea of how heart failure impacts the
wider population, those with the disease will continue
to suffer.




Modern Random Number Generation

By Liam Quinn

Introduction

andom number

generators existed

long before computers.

All civilisations
throughout the years have felt
the need to produce random
selections for a variety of
applications. The Romans had a
name for the process of flipping
a coin to determine a choice
between two outcomes: ‘navia
aut caput’, or “boat or heads”
[1]. Dice have been found even
earlier than this, with examples
as far back as 5,000-years old
being found in the Middle East.
Random number generation
has since advanced past simple
rolling of dice or shufiling
of cards. It is an even more
critical part of our society than
ever before. This article will
describe random numbers, how
to generate them, and how we
can test whether sequences are
genuinely random.
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What are Random Numbers, and
Why are they Important?

Random number generation
describes a system that produces a
sequence of numbers for which the
next value in the sequence cannot
be predicted more reliably than by
guesswork. The output sequence
may contain detectable patterns in
hindsight, but they cannot contain
patterns that are more or less likely
in the future. Observing heads on
a coin flip 10 times in a row does
not necessarily mean that the next
toss is more likely to be a heads
again, for example. A good random
number generator makes values
that are entirely independent of
all previous numbers. Rolling a
dice would be a poor example, as
minor imperfections and the initial
position of the dice in your hand will
affect the final output value. Rolling
dice is also a poor choice because it
is too slow for practical uses.

The need for random numbers
arises in many applications today.
One application is the simulation
of physical models, such as in
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Condensed Matter or Solid-
state physics [2, 3]. Monte Carlo
simulation methods for studying
lattices and fluid mechanics is
one example of this [4]. Possibly
the most widespread use is
in the field of cryptography,
which underpins security in
modern communications [3,
5,6]. Other areas of interest
include banking, gambling
and statistical sampling [7, 8].
Cryptography requires a secure
random number generator
(RNG) for cryptographic keys
and communications, and the
use of imperfect RNG’s can
have severe consequences.
The predictability of a random
number generator to any extent
can lead to a backdoor which
an attacker can use to break the
encryption [9]. For example,
this year’s blockchain-based
platform Poly Network was
attacked in early August, with
over $600 million in various

cryptocurrencies stolen,
highlighting the need for secure
network processes.




Random numbers generated using computer algorithms as shown above can never be regarded as truly random.
Image by Markus Spiske on Unsplash.

‘True’ Random Numbers

There are two main methods for
generating chains of random
numbers. The first uses a
physical phenomenon that is
known to be random. The most
common example of these
hardware random  number
generators uses thermal noise
[10]. By measuring random
fluctuations in the temperature,
we can generate a string of
numbers that is, in theory,
random. The problem with these
methods is that the devices used
to measure the randomness
often themselves have
asymmetries and biases that
compromise the randomness
[11]. Random number generators
based on quantum effects can,
to some extent, bypass these
limitations and are a leading
technique for RNG’s [12, 13, 14,
15, 16]. In quantum mechanics,
a system can be prepared in a
superposition of two states —
like Schrodinger’s cat being both
alive and dead at the same time.
According to Born’s rule, the
measurement outcome of such
a prepared state is intrinsically
random. Therefore, in theory,
quantum measurements can
be used to generate genuinely
random numbers [18, 19].

The second and more common
method uses computer
algorithms to generate long
strings of numbers that appear
to be random. A much shorter
series of numbers known as
a key is fed into a pseudo-
random number generator
and determines the values of
the output chain. The problem

with this method is that it is still
deterministic; the entire sequence
can be reconstructed if the initial
key is known. This type of generator
is called a pseudo-random number
generator (PRNG) and is what your
calculator or computer uses to
simulate randomness [5, 17]. PRNG’s
cannot be regarded as ‘true’ random
number generators. However, they
are sufficient for most applications.
For example, computer games
use pseudo-random number
generators, as they are fast and easy
to implement. More complicated
PRNG’s are used by coding
languages such as Python, and these
generators are often well suited for
numerical modelling.

Due to the innate predictability
of PRNG data streams, they
are potentially vulnerable to
cryptanalysis — the process of
attempting to breach cryptographic
security systems even without the
initial key. For this reason, hardware
random number generators can be
a powerful tool, as the ideal system
will be genuinely random. The lack
of predictability is the main reason
the field of hardware random
number generators remains such a
large area of research, even though
PRNG’s are faster, easier and simpler
to implement.

Testing Randomness

The big question now is this: if we
have a stream of random numbers,
how can we test if they are random?
The answer is to perform a series
of statistical tests that tell us how
unusual the observed result was.
For the following discussion, we
will consider a stream of numbers
that only take on the values T
or ‘0. Each of these results is, in

theory, independent of each
other, and future outputs are
unpredictable.

The NIST Statistical Test Suite
for Random Number Generation
lays out in great detail 15 tests
that can determine if a stream
of numbers appear to be random
or not [17]. Each of these tests
will return a probability that the
result could be observed under
the assumption that the data is
random (the null hypothesis).
This probability is known as a
p-value. A low p-value implies
that it is unlikely that the source
of data is truly random.

The low hanging fruit for a test
of randomness is the monobit
test. This test compares the total
number of ‘1’s and ‘0’s observed.
If you were tossing a coin to make
decisions and landed on heads
100 times and tails 20, you would
probably want to get a new coin.
We choose to use a threshold of
1/100, which means any event
that is more unlikely than 1 in
100 is considered to provide
evidence against randomness.
To see how this would work with
quantification, the bit chain
1011010101 has a p-value of 0.527
for this test. There is, therefore,
no evidence under this test that
the chain is non-random. On the
other hand, a chain of 1111101111
has a p-value of 0.004. Observing
a chain, this ‘unusual’ would
happen around 1 time out of
every 250 under the assumption
that the data source is genuinely
random, so we would say that
we have evidence to suggest that
the data is not random.

The monobit test is the most
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straightforward test used to
measure this randomness, and
there are many other tests in
use. They can measure anything
from the expected runs (the
number of times a number
occurs in a row) to testing if
specific patterns come up more
or less than expected. In order
to truly test the randomness
of an RNG source, however, it
is best to use millions of data
points to spot any very weak
patterns throughout the data. If
‘0’ appears an extra time every
1000 numbers, it will generally
take at the very least several
thousand numbers tested in
order to find this weak source of
non-randomness.

Using Polarized Laser Light to
Generate Random Numbers

There are many exciting future
technologies for  hardware
random number generation.
Methods that rely on quantum
effects as their source of
randomness remain the most
exciting area of research due to
the ‘pureness’ of the quantum
process. This purity is limited by
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the quality of experimental setups
however.

One potential source of quantum
randomness is polarised light,
which has led to the work I have
completed with my colleague Gang
Xu under the supervision of Miro
Erkintalo and Stephane Coen.
We generate millions of random
numbers every second using pulses
of laser light in a resonator.

By pumping light into a loop of
optical fibre, we can achieve high
intensities inside the cavity. Under
these high powers, nonlinear effects
start to come into play, whereby
the effect of the fibre on the light
depends on the intensity of the light
itself. These nonlinear effects are
what allow us to create the random
number generation [20].

The crucial part of our specific
design is that light within the cavity
can exist in either one of two states
(called polarisation modes). At low
enough pump strengths, we find
that these two polarisation modes
will have identical intensities and
are perfectly balanced. However,
as we slowly increase the power in
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Figure 1: This shows the results from several hundred numerical simulations highlighting how once we cross a threshold, there becomes two
possible states that the laser light can exist in. These states are chosen at random.

the system, we find that the two
polarisations’ intensities can
no longer be the same, and the
system undergoes a bifurcation
[21, 22]. This means that one of
the polarizations must have a
high intensity, while the other
mode has a low intensity.

As these modes are initially
identical; which one ends up
with the high or low intensity is
entirely random, thus leading
to the generation of random
numbers. We can randomly
generate a O (low intensity) or a
1 (high intensity) by measuring
only one polarisation mode as
the bifurcation occurs.

We can generate a new set of
random bits by resetting the
system and increasing the power
again. As light moves at literally
a billion kilometres an hour,
we can repeat this process very
rapidly, allowing us to generate
several million bits per second.

One nice aspect of this setup is
that the dynamics of our system
haveatwo-round trip periodicity.
What this means in practical




terms is that any imperfections
in our system get averaged out.
=20 If the x-polarisation is favoured
in one roundtrip of light, in the
next, the y-polarisation will be
-40 - favoured instead. Therefore,
asymmetries or biases are
automatically averaged out
in our setup, and the random
-60 - selection of a high intensity
and a low-intensity polarisation
mode is genuinely random.
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is an integral part of our
0 500 1000 1500 2000 society, whether we are
. aware of it or not. This
time (AU) process is essential to global
security, and the need for
Figure 2: Experimental data obtained by measuring the intensity of one polarisation mode. secure random number
Each spike represents a single light pulse in a high or low intensity state. generation will only increase
with the developments in
modern computing and
cryptanalysis. Modern
hardware random number
generators will continue
to have great importance
in security and numerical
modelling as sources of ‘true’
randomness in years to come.
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Photon Statistics of an Open
Quantum System with a Quantum
Feedback Loop

By Alex Chapple
ndividual particles of light, known Mirror
as photons, are instrumental in A travelling Photons
developing quantum information photon entering
technologies and quantum computers,
the last of which I'm sure you’ve heard of. ‘N/ 2 i sl
Quantum technologies promise a lot (which o2
you can read all about in the article I wrote — @T"‘m Level
in our first edition, “The state of quantum - Atom
computing today”), but they are not without
their challenges. In particular, photons e el
are fragile and hard to confine, which is a NN N Photons
problem because many of these applications leaving
rely on confined photons (e.g. between near-
perfectly reflecting mirrors). Furthermore, ¢ Waveguide chamber >

we still don’t have a reliable way of emitting

a single photon on-demand, which is crucial

for these applications [1]. To do information
processing with a small number of photons, we
would like to control when and how photons are
emitted. Being able to manipulate quantum systems
predictably is a huge challenge we face today.

In my research with Professor Howard Carmichael,
we’re studying a particular driven, two-level open
quantum system with a quantum feedback loop
to study its behaviour and possible applications to
predictable photon pair productions.

A two-level system describes the energy levels of an
atom, where the lower level is its ground state, and
the higher level is its excited state. The driven part
describes a laser that can excite the atom, and this
laser takes the atom that is initially in its ground state
to its excited state. The atom can spontaneously emit
a photon to bring itself back down to the ground state,
so we have a situation where the atom continuously
gets excited by the laser, emits a photon, and is re-
excited again. This is known as resonance fluorescence
of a driven two-level atom and has been studied
extensively and experimentally realised. This type of
resonance fluorescence is seen when the atom is in
free space, with no interaction other than the laser.

We’re adding a little more complexity to this system
by implementing a quantum feedback loop in our
research. The photons the atom has previously
emitted are reflected by a mirror and interact with
the atom once again. The general setup is confined in
a waveguide (Fig. 1). You can think of the waveguide
as simply a chamber that encloses the system, with
an output channel. The photon is emitted by the two-
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Figure 1. A schematic of the open quantum system we are simulating.

level atom, travels to the right, gets reflected by the
mirror and travels back to interact with the atom once
again before leaving the waveguide to be detected.
The entire system is enclosed inside this waveguide.

Even in a relatively simple setup like this, we can
observe fascinating behaviours. This is the beauty
of physics, where simple systems can result in very
elegant physics. One of the most notable behaviours is
that we can trap photons in our waveguide and create
photon pairs that are emitted together. However,
before we can discuss its nature, we first need a way to
simulate this quantum system.

Due to the inherently probabilistic nature of quantum
systems, we cannot observe the atom directly and
make conclusions. To study the behaviour of this open
quantum system, we employ a few methods. Firstly we
use Quantum Trajectory Theory [2] to simulate these
photon emissions. This theory uses a Monte-Carlo
type approach to characterising the open quantum
system, and we average over many simulations to build
a statistical average to understand the system’s inner
workings. Quantum trajectory theory is a powerful
tool because it builds this statistical average by only
looking at the system’s output, i.e., its environment!

1. Quantum trajectory theory has been recently for the first time
experimentally realised by a group at Yale. For the last 100 years or
so, physicists have thought that the “quantum jump”, that particles
make to go to the next energy level, is instantaneous. Quantum
trajectory theory predicts that it is in fact possible to predict the
path through phase space the atom takes. In this experiment, the
group was able to detect an atom changing energy levels, catch the
transition mid-flight, and push it back to its original state. If that’s
not cool, you're not cool.




[3, 4]. We also assume that there are no more
than two photons in the waveguide at any
given moment. This dramatically reduces the
complexity of the simulation to something 20
feasible to compute in an appropriate amount
of time. Finally, we use a space-discretised
waveguide model (SDWM), where we split
the space between the atom and the mirror
into small boxes and claim we can not have
two photons in any box simultaneously. [5]
The basic principle of this simulation is that

frequency
1
&

=
o

w

we evolve the system, and every time step, OJO

we shift the boxes by one and look at what is

inside the Nth box as seen on Figure 1. The
condition for the next time step depends on whether
or not a photon was found in the Nth box in the
previous time step. We typically average over 50,000
to 100,000 simulations.

If the photons emitted have a pi phase shift relative to
the two-level atom, it will destructively interfere with
the atom on its round trip back. This creates a system
where no photon can leave the waveguide, i.e., photon
trapping. However, this is only for the case in which
there is only one photon in the waveguide. The story
becomes more interesting when two photons are in
the waveguide at the same time. In this situation, both
photons are let out. In a sense, it is like the second
photon in the waveguide lets out the first trapped
photon. Both photons leave, and because they were
in the waveguide at the same time, they are at most
separated by the round trip time. Hence we now have
a system that emits photon pairs, which are emitted in
a very short time apart.

These behaviours can be summarised mainly in

photon counting distributions and photon waiting
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Figure 2. Photon counting distribution of our system. The high
peaks at even numbers of photons suggest photon pair productions.

time distributions. Photon counting distributions

show a histogram of the number of photons detected
in each of the simulations. With the pi phase
destructive interference regime, the photon counting
distributions mainly only have peaks at even numbers
of photons due to the photon pair production. An
example of this is shown in Figure 2. There are some
odd peaks, which are mostly due to a rare triple photon
emission where three photons are emitted together
under the round trip time. The physics behind this is
yet to be studied. The waiting time distributions show
the time distributions between photon emissions, i.e.
when a photon is detected, how long do you have to
wait until you see another photon? Again in this pi
phase shift regime, there are strong peaks below the
round trip time and a decaying tail for the rest of the
time. Figure 3 shows an example of this waiting time
distribution, where there’s a clear peak for waiting
times below the round trip time. However, we are
still yet to understand the shape of this
distribution and the physics behind it

properly.

Figure 3.

Photons are the universe’s fundamental
information carriers. We are now
transitioning (slowly) to a world where
quantum technologies become more
ubiquitous. The manipulation and
controlling of individual or few photons
will be key in utilising the unique
properties that the quantum realm
brings to the table such as quantum
entanglement and quantum tunnelling.
By studying this system, we hope to find

0 20 40 60 80

waiting time

Figure 3. Waiting time distribution of our system. The large peaks seen at times below the

round trip time suggest photons are coming out in pairs.
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Mysteriously Massive Muon
Magnetic Moment Might Mean
Missing Maths

By Kevin Stitely

n 2013, a huge effort was

taken to transport a giant

15 m wide superconducting

electromagnet over 5,000
kilometres from Brookhaven
National Laboratory in New
York, to FermiLab National
Accelerator  Laboratory in
Illinois, in the United States. The
trip took 35 days of painstaking
care, as even a few degrees of
bending the extremely sensitive
equipment would cause
irreparable damage.

The magnet was being moved
in preparation for a series of
experiments aimed at probing
a fundamental particle called
the muon, the electron’s more
massive cousin. The magnet is
used to maintain an extremely
uniform magnetic field inside of
which a beam of muons travels
in a circle at nearly the speed of
light. The experiments aim to
measure a tiny wiggling motion
that the particles undergo when
subjected to a magnetic field,
which might tell us something
about the fundamental structure
of matter.

According to the theory of
quantum electrodynamics
(QED), particles with a peculiar
property called “spin” behave
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as tiny, tiny bar magnets, with a
strength described by their so-
called magnetic moment, which
is often quantified in terms of
their “g-factor.” Particles which
possess spin will undergo a sort of
spinning-top-like motion when in
the presence of a magnetic field,
called precession. The magnetic
moment of the particle then
dictates the speed at which the

particles precess. The prediction
and subsequent measurement of
the g-factor of the electron then
became one of the first precision
tests of the theory of QED. The
first theoretical calculation was
performed by Paul Dirac nearly
a century ago, where he noted a
value of exactly two [1].

The calculation depends on
how electrons interact with
photons, quantum particles of
light. Dirac used the simplest
(relatively speaking) possible
interaction, but as quantum
theory was further developed it
became clear to physicists that
there was more to the story. As
well as the particles already
being considered, namely an
electron and a photon, there
are also “virtual” particles
that can, briefly, appear out
of the fabric of space itself to
provide additional interaction

Figure 1. The Muon g2 storage-ring superconducting electromagnet nearly arriving at
FermiLab National Accelerator Laboratory. Photo from FermiLab Creative Services.
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pathways. Interactions with
virtual particles of the so-called
vacuum field cause the g-factor
of particles to be ever so slightly
larger than two. The part of
the g-factor that is the result of
these virtual particles is then
g-2, which quantifies the extent
of the particle’s interaction
with the vacuum field. The
corresponding modification
to the magnetic moment is
called the anomalous magnetic
moment. The theoretical
calculation of the anomalous
magnetic moment of the
electron was carried out by
Julian Schwinger in 1948 [2],
and stands as a contender for
the most accurate prediction
ever performed in all of science,

with over ten significant figures
of agreement with experimental
results. The result is engraved on
Schwinger’s tombstone.

The story is similar for the muon.
The bare calculation without the
interactions of virtual particles
again yields g = 2, and the inclusion
of virtual particle effects slightly
increases the value. However, the
muon is much more massive than
the electron, and therefore interacts
with virtual particles in the vacuum
more strongly. This is the key reason
behind the interest in the magnetic
moment of the muon specifically.
Whilst the virtual particles that the
electron interacts with are primarily
photons, the muon features virtual
interactions with a much wider

class of particles that result in
the weak nuclear force, called
neutrinos and W and Z bosons.
These particles are responsible
for the stability of atomic
nuclei. Interactions of the muon
with virtual W and Z bosons
cause a further increase to the
anomalous magnetic moment,
and make the theoretical
calculations of the g-factor of
the muon much trickier.

Illustrations of some of the
most basic types of particle
interactions that the muon can
experience are shown in Fig. 3.
The diagrams, called Feynman
diagrams, show particles as
lines incoming and undergoing
interactions where lines meet.




time

Figure 3. Example Feynman diagrams of muon interactions via QED (a), weak interactions (b)

and (c), and interaction with virtual hadrons (d).

The simplest virtual particle
interaction in QED is shown
in Fig. 3(a). Here a muon u and
an antimuon x (the muon’s
antiparticle) exchange a virtual
photon y before colliding and
annihilating, creating another
photon y. These are the types
of interactions that cause the
anomalous magnetic moment
in the electron. The muon, on
the other hand, is also more
strongly affected by interactions
of particles belonging to the
weak nuclear force, W and Z
bosons. Two of these possible
interaction pathways are shown
in Fig. 3 (b) and (c). As well as
interactions mediated by the
weak nuclear force, there are
also effects brought about by
another fundamental force - the
strong nuclear force. This force
is associated with composite
particles called hadrons, such
as protons and neutrons. As
shown in Fig. 3(d), the strong
nuclear force contributes to the
anomalous magnetic moment
of the muon via the creation of
virtual hadrons.
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The first results of the
experiments were published this
April [3]. The results of the muon
g-factor, along with the currently
accepted theoretical value [4],
are

=2.00233183620 = 0.00000000086,
=2.00233184121 + 0.00000000082.

g theory

g experiment

While the difference between the
theoretical prediction and the
experimental result may seem
extremely close, the experiments
are so incredibly precise that
the observed difference here
is significant. The important
question that scientists are
asking now is: is the difference
significant enough? The
difference observed here is 4.2
standard deviations, meaning
that the probability of observing
such an extreme result by chance
is roughly 1 in 40,000. However,
the currently accepted standard
in particle physics to mark the
discovery of new physics is 5
standard deviations difference,
which represents a probability of
about 1in 2 million.

The currently observed
discrepancy between theory
and experiment, which is in
agreement with  previously
obtained experimental values
from  Brookhaven National
Laboratory [5], is very exciting for
physicists hoping that this could
be an early indication of physics
beyond the Standard Model.
The Standard Model of particle
physics is our current de facto
understanding of the quantum
world. It includes the quantum
theory of electromagnetism
(QED), the weak nuclear force,
and the strong nuclear force. The
idea here is that the theoretical
calculation, which includes all
known interactions given by
the Standard Model, could be
missing either some interactions
between  particles already
known to exist, or is missing
contributions from particles as
yet unknown. Either case would
give rise to a wealth of new
physics and would glean new
insight into the fundamental
constituents of matter.

There is, however, another camp
of theorists which contends
that the experimental results of
Brookhaven and FermilLab can
indeed be calculated via the
Standard Model. The issue here
comes down primarily to the
muon interactions with virtual
hadrons, such as illustrated
in Fig. 3(d). In any theoretical
calculation of interactions of
fundamental particles with the
vacuum field, each and every
interaction pathway cannot
be accounted for, as there are
actually infinitely many of
them. Instead, only the most
important types of interactions
are considered. This approach,
called perturbation theory,
works excellently in the case of
the electron because the more
complicated the interaction
pathway, the smaller the
contribution. As a result, only
finitely many of them need to
be calculated and the rest can
be thrown away if the role they
play is so small they won’t be
detectable anyway. However, this
situation is more complicated




in the muon because the strong
nuclear force, which governs
how the hadrons interact, cannot
be calculated in a perturbative
manner. Instead, theorists resort
to using data-driven approaches
that use results gathered
from previous experiments
to estimate contributions of
hadronic interactions [4]. This is
the main source of uncertainty
in the theoretical predictions of
the muon magnetic moment.

In a paper published the same
day the FermiLab experimental
results were unveiled [6], a team
of theorists known as the BMW
collaboration (so-called because
ofthe cities most of the physicists
are from - Budapest, Marseille,
and Wuppertal) revealed a new
theoretical calculation of the
anomalous muon magnetic
moment based on the Standard
Model using lattice quantum
field theory. Usually quantum
field theories treat spacetime
as a continuum which is
infinitely divisible — at least to
wherever our current theories
fail. Instead, lattice quantum
field theory treats spacetime
as an extremely fine mesh of
gridpoints, with particles only
allowed to exist on points, not

the spaces in between. This allows
for forces such as the strong nuclear
force to be simulated on a (very
large) computer in a brute-force
fashion. Using this procedure,
the BMW team calculated a value
for the muon magnetic moment
that appears to be much closer
to the experimental results than
the currently accepted theoretical
prediction using the data-driven
approach. This suggests that the
currently observed discrepancy
between theory and experiment
could be reduced with Standard
Model physics alone.

In conclusion, the results as the
currently stand are inconclusive.
They recently divulged
measurements of the muon
magnetic moment of FermiLab
align remarkably with previously
established results taken at
experiments in Brookhaven. The
results indicate a discrepancy
between the experiments and the
theoretical predictions offered by
the Standard Model, but not to
an extent that can definitively be
called statistically significant to
the standard set in particle physics.
Nonetheless, there are high hopes
that there is physics outside the
Standard Model to be found in
the muon. The situation is further
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muddled by suggestions that
with the different computational
methods offered by lattice
quantum field theory, the current
experimental observations can
be adequately explained by the
Standard Model. As of right
now, the scientific community
is yet to reach a consensus until
theoretical and experimental
techniques are honed over the
coming decades. In either case,
the stage is set for a wealth of
new physics to be discovered
as a result of the curiously large
muon magnetic moment.




By Celina Turner

at velocities that lead to
an average impact speed
of 10kmy/s [1]; to put this
in perspective, debris
travels about seven times
faster than a bullet.
Given these speeds,
the size of any specific
piece of debris becomes
almost unimportant as
they all pose a risk — such
as when a paint fleck
only 0.2mm in size was
able to put a crack into
the windshield of a space

: ? shuttle [3].

Space debris in orbit can become dangerous obstacles for satellites and astronauts. Artist’s rendition from 111978, Donald J. Kessler

Dotted Yeti, Shutterstock.

s depicted in the 2013 thriller Gravity, space

debris is a growing problem that can and

does put active missions in danger. Space

debris is defined by NASA as “any man-
made object in orbit about Earth which no longer
serves a useful purpose” [1]. This category contains
just about everything ever launched off Earth that is
still in orbit and defunct. Since the very first rocket,
Sputnik, launched off our planet in 1957, we have been
leaving behind a scatter of parts no longer needed for
their missions, with, unsurprisingly, no intentions
of cleaning up after ourselves. While some pieces of
space debris have been left behind far enough away
that they won’t find their way back to us, most debris
is still in orbit at varying altitudes.

Although everything in orbit will eventually succumb
to Earth’s gravity and return to the ground (or more
likely burn up on its way there), depending on the
altitude, mass of the object, and other factors, this
can take anywhere from months to decades, or even
centuries. The only way to ensure that debris orbiting
our planet does not cause any damage to spacecraft,
active or inactive, is if Active Debris Removal (ADR)
technologies are implemented to remove it. As our
society progresses closer to the days of a space-faring
civilisation, addressing the issue of space debris, and
developing ways to remove it, paves the way for a more
successful future in space exploration.

According to the most recent data that the European
Space Agency (ESA) has released, almost ten thousand
tonnes of rocket casings, paint chips, decommissioned
satellites, and other objects deemed unneeded have
been dumped in different stages of orbit [2]. They
estimate that these will result in upward of 570 “break-
ups, explosions, collisions, or anomalous events
resulting in fragmentation” [2]. Most debris is orbiting
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from NASA published an

article in the American
Journal of Geophysical Research describing “a self-
sustaining cascading collision of space debris in LOE
(Low Earth Orbit)” [4]. Now known as the Kessler
Syndrome, it describes how a positive feedback loop
would be formed by shattering debris as it collides into
increasingly infinitesimal pieces from each collision -
with each new piece being a danger that exponentially
increases the risk of another collision. Kessler warned
that with no intervention, these objects would go on to
create adebrisbeltaround the Earth sooner rather than
later: “Under certain conditions, the belt could begin
to form within this century and could be a significant
problem during the next century. The possibility
that numerous unobserved fragments already exist
from spacecraft explosions would decrease this time
interval” [5].

It took nearly twenty years after Kessler’s article
before the first collision with a still functional satellite
occurred. In July of 1996, a by-then 10-year-old
fragment of the European Ariane rocket struck the
French spy satellite Cerise [6]. Despite the damage,
Cerise remained operational. The first collision to
fully destroy a satellite didn’t occur until 2009, when
the inactive Russian military satellite Kosmos 2251 ran
into the American communications satellite Iridium
33. The US Space Surveillance Network (SSN) was able
to track down 217 pieces belonging to Iridium 33 and
457 pieces from Kosmos 2251 in order to monitor them
for the foreseeable future, but it is likely that there are
more scattered about [7].

Although it is difficult to estimate just how many
collisions there have been to date, what is considered
the worst collision so far was actually an intentional
one. In 2007, as a political tactic, China’s military
launched an anti-satellite (ASAT) missile, destroying
a non-operational weather satellite: Fengyun-1C.




“The destruction created a cloud of more than 3,000
pieces of space debris, the largest ever tracked, and
much of it will remain in orbit for decades, posing
a significant collision threat to other space objects
in Low Earth Orbit” [8], and accounts for over 20%
of all space debris [9]. Despite the repercussions,
ASAT missions have still been carried out by several
countries as a show of force. What Cerise, Kosmos, and
Fengyun-1C elucidate is the impact of not intervening,
implementing methods that have not been safely
tested, and no clear global regulations for LOE can
have on the long-term future of space exploration.

Over the years, there have been many proposed ADR
projects to remove defunct satellites and collision
shards. One way is through capture technology:
sending a satellite into orbit armed with a net or a
harpoon that will then deploy and capture the debris
and pull it in, so it can then be brought back down
along with the satellite. Designed by the University
of Surrey, RemoveDEBRIS has successfully designed
and launched a CubeSat (a miniaturised satellite for
research purposes) aboard a SpaceX rocket to test the
two methods in 2018 [10]. The CubeSat was able to
eject a net at a 7m distance to its target. “Once the net
hits the target, deployment masses at the end of the
net wrap and entangles the target and motor-driven
winches reel in the neck of the net preventing re-
opening of the net” [10]. It did so with ease, despite
the fact that “the target was spinning like you would
expect an uncooperative piece of junk to behave”
[11]. In its harpoon experiment, the CubeSat fired a
harpoon atadistance of 1.5m on a10cm by 10cm target.
This was also easily accomplished: “the harpoon was
fired on 8th February 2018 at a speed of 20 metres per
second and penetrated a target made of satellite panel
material” [12]. The RemoveDEBRIS mission proved
successful, but as to its future — whether a fleet of
them be released into orbit, or they are redesigned to
capture more or larger debris — is still to be decided.

Another discussed method has been through the use
of magnets. In March of 2021, a CubeSat designed
by Astroscale that is able to attach itself to debris
magnetically, was carried into space on a Soyuz
rocket. “Using a series of maneuvers, Astroscale will
test the CubeSat’s ability to snatch debris and bring
it down toward the Earth’s atmosphere, where both
servicer and debris will burn up” [13]. However, this
method limits the options of what can be retrieved to
satellites that have the compatible magnetic plate for
the two to dock. The CubeSat was sent up with a “test
dummy” satellite for it to practice catching in orbit; if
the mission is successful, it may warrant a universal
magnetic plate for future satellites to have so that they
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can be retrieved if they end up in orbit longer than
expected. Astroscale’s mission is an example of how
future debris could be avoided, but there would still be
a need for another method to clean up the debris that
it cannot recover.

A final method worth mentioning has been proposed
by the Australian National University’s Space
Environment Research Centre: to destroy space junk
with alaser. Theideastemmed from the original theory
that lasers could be used to push debris into another
trajectory if it were going to collide with something
else, when it was realized that “if they wanted to
actually destroy the space junk, they could push it
into a lower orbit until it fell into the atmosphere and
burned up like a meteor”[14]. Although trajectory
changes with a laser can be made from the ground, in
order to push debris enough for it to fall would likely
require a laser in orbit due to the physics behind the
method. Lasers are able to move debris “using photon
pressure — the ability of light to exert force” [15]. This
pressure is not very strong, but it is enough to push
debris out of its destruction path if implemented early
enough.

This would be a very low-cost method as the correct
equipment is already available in many places, but
as previously stated, in order to actually destroy
debris a laser would need to be placed in orbit. As
the laser makes its way through the different layers
of the atmosphere, the light is distorted and ends up
becoming unfocused, and thereby, similar to cutting
with a blunt knife rather than a sharp one, not quite
as effective. This would still arguably cost less than
the other ADR projects presented as the laser would
not be carrying the debris, and therefore would have a
longer life cycle as it does not need to carry the debris
into the atmosphere. This concept has not had its own
mission as of yet, and will require some testing to see
how effective it is, but in theory, laser ADR seems the
most sustainable practice.

It is imperative that we create and implement efficient
ADR technologies and sustainable practices for space
travel. In the long run, these will lead to a much safer
future while saving money for companies whose
spacecraft would be lost to debris. Low Earth Orbit is
already resembling a sci-fi battleground, with parts
of spacecrafts scattered throughout, but this does not
need to be an omen for every satellite or rocket that
passes through. Ultimately, it is the responsibility
of every nation or company that has launched into
space to help in the effort to clean up Earth’s orbit
again, so that future generations will not need to face
unnecessary dangers.
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Synesthesia: The Direct
Cross-Activation Hypothesis

By Stella Huggins

ur world boasts a plethora of stimuli to

engage with. Without getting too deep

down the hole of whether an objective

external reality exists, I think it’s fairly
uncontroversial to say that we do not perceive all of
the world in the same way. An internal world, just as
rich, exists within and mediates how we interact with
our environment. Higher cognitive processes and
brain structures are the culprits of how we feel about
the information intake of daily life. Our limbic system
is involved in behavioural and emotional responses,
while the prefrontal cortex, basal ganglia and
thalamus (among other things) regulate our capacity
for executive function [1].

It’s easy to accept that individual differences exist
at these levels. What is harder to conceptualise is
the individual differences in sensory experiences.
Nevertheless, multiple fields of psychology have done
so, beginning with Francis Galton’s observations in the
19th century. Galton dubbed the experience of sensory
blending as synesthesia [2]. A fascinating and broad
condition, synesthesia has captured the curiosity
of neuroscience in particular, as researchers map
and locate brain regions where activity crosses ovetr.
Numerous contemporary artists have the condition —
Lorde, Beyonce, Kanye West and Billie Eilish, to name
a few. It’s understandable that synesthesia would be
a condition that’s conducive to a life dedicated to
art. However, it’s not just famous creatives that have
the condition — some studies report the prevalence
of grapheme-colour synesthesia for example, to be
between 0.8% and 2.8% of the population [3].

Information that ‘should’ affect just one of your
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sensory organs (if sensory experiences can even be
considered so isolated), in synesthetes, evokes a joint
experience [4]. An enormous variety of synesthesia sub-
categories exist, so that several sensory modalities are
able to be combined. For example, someone may see
the number two as always being pink. They may taste
caramel when they hear the word ‘town’. They may
smell freshly cut grass when they hear a violin being
played. The associations between senses and specific
sensory inputs aren’t thought to be pathological, nor
is the occurrence of the associations in the first place.

The structures that build an individual’s perceived
reality are two-fold. Primary sense organs (the eyes,
ears, tongue, nose and skin) exist purely to receive
information about what’s going on outside ourselves.
It is the brain that interprets this information in its
multiple forms into meaningful and interpretable
signals off of which we function[5]. The process of
information travelling from the exterior world, through
sensory circuits from the primary sense organs, is just
the beginning of perception. It is important to note
that synesthesia is not considered to be a condition of
bodily dysfunction. It is not an issue with the ability
of the eyes to take in information, or the capacity of
your taste buds to taste accurately. The condition is
postulated to be a cognitive quirk that is involuntary,
with stable associations across time [6].

As is often the case for psychological conditions, an
enormous amount of hypotheses, each with their own
nuances and levels of evidence, exist to try to explain
the cause of synesthesia. Here, I will discuss the direct
cross-activation hypothesis, as well as more broad
hypotheses about brain function and development




that tie into the cross-activation hypothesis [7].

Direct cross-activation refers to the idea that the
messages intended for one section of the brain
activate tissue in neighbouring regions. Cell firing in
cortical tissue has electrical outputs, and this output
can travel. Excitation can be simply described as a
signal [8]. This hypothesis relies on the idea that the
electrical signals moving from one cortical area affect
another in such a way that it produces a consistent
mixing of sensory experiences for the individual.
It is true that the human brain experiences large
amounts of cortical folding [9]. This essentially means
that brain regions are very close to one another,
and neuropsychologists, in general, are hesitant
to prescribe one function to one brain region. This
makes finding the cause of synesthesia even more
complex. Brain function is already considered to be
highly collaborative, rather than a delegation of tasks
to specific tissue — so how do we isolate function and
prescribe meaning to it?

In some researchers’ eyes, the proximity of brain
regions, particularly in grapheme-colour synesthesia,
holds significance. An experience of some synesthetes
with this subtype of the condition is associating
numbers with colours; for example, 2’ may always take
on a pink hue. Despite the hesitance to categorically
prescribe tasks to tissue, there are particular brain
areas that are known to be correlated with specific
processing tasks. This is significant when considering
the cross-activation hypothesis. Intriguingly, the
visual-word form area (VWFA) or ‘grapheme area’
is directly adjacent to the V4 colour processing
area [10]. V4 describes the third cortical area in the
ventral stream, and, according to the widely accepted
hypothesis of two-stream visual processing, this
stream carries information about object forms from
the primary visual cortex to the temporal lobe [11].

The cross-activation hypothesis ties neatly into other
postulated causes at this point: for example, the broad
idea of neuroplasticity hosts many nooks and crannies
for cross-activation to tuck nicely into. It’s well in line
with the widely accepted concept of neuroplasticity
[12]. Neuroplasticity is something of a buzzword for
the field and there is considerable evidence that we
possess huge amounts of connections and neurons at
birth. Think of tasks or behaviours like strengthening
a muscle or a connection in the brain — as I do
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more of one thing, it becomes stronger. According
to this school of thought, we grow and strengthen
connections for some activities, and lose the strength
for others. This is referred to as neural pruning [13] —
the process of getting rid of connections that aren’t
being used (yes, if you don’t use it, you really do lose
it).

Ithasbeensuggested that abnormalitiesin the pruning
process where excess synapses aren’t eliminated
as per usual could lead to hyper-connectivity
between regions [14]. In the case of grapheme-colour
synesthesia, connectivity occurs in the fusiform
gyrus, an area responsible for object identification
[15]. The cross-activation hypothesis comes in when
you consider the evidence that synesthesia is genetic
[16]. This suggests that maybe synesthesia could have
something to do with pruning in infancy: maybe these
individuals simply have more connections in their
brains. With more connections comes more potential
for cross-activation.

Another take on the neuroplasticity route is the
neonatal theory [17], which asserts that we are all
synesthetes at birth, and the experience of synesthesia
isactually a failure in modality separation. Modularity
theory explains that the mind separates cognitive
processes into ‘modules’, each with its own distinct
properties and abilities [18].

All of this seems like an enormous amount of
background information for a simple claim: that
excitation in one region of the brain, due to proximity
to another, causes excitation in that region, and
thus regions intermingle, causing a dual-sensory
experience. A somewhat unsatisfying conclusion lies
in amongst the competing theories; we aren’t sure of
what causes synesthesia. What we do know is a variety
of experiences with the condition exist: from mildly
bothersome, tonottroublesomeatall, toadvantageous.
Synesthesia represents what we already knew about
the world — everybody’s experience is unbelievably
varied. It’s the way these differences are framed that
dictates how positively or negatively somebody relates
to their perceived internal and external world.

Stella Huggins - BSc/BA Biological Sciences, Psychology, Politics

Politics. Host/producer of a radio segment ‘“Tomorrow’s World’ on 95bFM, a member of the Science

s Stella is a third year student of a BSc/BA conjoint majoring in Biological Sciences, Psychology, and

7 ) Scholars programme, and the communications officer for AUWS in semester one, she is passionate

about science communication.




Janus Nanoparticles and Self-Assembly

By Caleb Todd

cientific and technological progress is not

unrestrained. There are bottlenecks that slow

or even prevent progress in certain fields

of research, like funding or the number of
researchers working in the field. One constraint which
I think we are less aware of is the materials we have
available. Edna Mode in The Incredibles makes super
suits that allow the protagonists to utilise their powers
without inhibition. Elastigirl’s can stretch, Violet’s
turns invisible, and so on. In the same way, real-world
scientists couldn’t realise their ideas without suitable
materials to work with.

An example close to all of our hearts is the internet,
which uses laser light travelling through fibre optic
cables to transmit information. Fibre-optic cables are
glass, but you can’t just heat up sand and expect to
get something usable. Impurities have to be removed,
new impurities have to be added (called dopants),
and stretching and layering to give cables the desired
internal structure are all essential to Kkeeping the
light going where you want it to with as little loss as
possible [1]. Lasers are even more remarkable. Though
their principle of operation was theorised by Einstein
in 1916, the first laser was only operational in 1960
[2]. Getting a laser with a specific colour requires
tuning properties at an atomic level. The internet is
completely dependent on the production of materials
with the exact properties we need, and it is not the
only such example.

Some materials we have developed seem nearly
miraculous in their utility, and more are being
invented all the time. Living at the intersection
between physics, chemistry, and engineering,
materials scientists generate these new and
interesting materials and study their properties.
However, some material properties simply cannot
be achieved with our current understanding. For
example, one of the biggest roadblocks on our route
to quantum computing is the absence of feasible room
temperature superconductors. Superconductors are
materials that can carry electricity without energy loss
[3], and they are central to many quantum computer
architectures [4]. However, materials generally only
exhibit superconductivity at very low temperatures
which are expensive to create and maintain. Those that
don’t will require incredibly large pressures that are
equally impractical. There are many other examples
of the material properties we can’t access, limiting
our technology, which is why materials science is so
pivotal to scientific advancement.

An exciting paradigm in material development is so-
called nanoparticle self-assembly. A nanoparticle
is an object on the scale of one billionth of a metre
— made of only tens of atoms. If you construct
nanoparticles with the right properties and under the
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right conditions, their interactions with each other
can cause them to spontaneously order themselves
[5]. Two might join to become a pair, then the pairs
will join together, and so on, forming larger and larger
structures. A ubiquitous example would be lipid
molecules with one hydrophobic (water-repelling)
end and one hydrophilic (water-attracting) end.
When many lipids are immersed in water, they will
clump together to hide the hydrophobic ends from
the surrounding fluid [6]. The exact configuration
depends sensitively on the specifics of the inter-
particle interactions and the conditions to which they
are exposed. If the nanoparticles are designed well
the self-assembly process can result in macroscopic
materials. An attractive part of this approach to
materials science is sustainability. Since the materials
are built up through a spontaneous process, they are
easily recyclable. Should one product come to the
end of its use, its material can be broken down and
sent through the self-assembly process again to build

Figure 1: Different patterns of formation into which lipids can
spontaneously develop. Image taken from [6].

an entirely new product. Even better, the properties
of these materials (like stiffness or density) can be
customised by tweaking the nanoscale structures.
In this way, nanoparticle self-assembly offers an
exciting route towards developing materials with new
and desirable properties, unlocking new regimes for
technology and scientific experimentation.

The question, then, is this: how do we predict the
macroscopic properties of a self-assembled material,
and how do we align them with our desires? The
answer, usually, is to return to those nanoscopic
interactions that gave rise to the self-assembly in the
first place. We study the bonds which form between
two nanoparticles and build up from there.

Last year, I took part in a research project which
analysed Janus nanoparticles in exactly that manner.
Janus is the Greco-Roman god with two faces, so
Janus nanoparticles are nano-scale objects with two
distinct sides. For example, you might have one side
positively charged and the other negatively charged.
I was studying an amphipathic Janus nanosphere: a
spherical nanoparticle that is half hydrophilic and
half hydrophobic. Just like lipids, if there is a pair
of amphipathic Janus nanospheres in a fluid, their
hydrophobic parts will make contact to hide each
other from the surrounding water (as shown in Figure
2). Such a pairing is called a Janus dimer, and it forms
the first building blocks in a self-assembly process [7].




In my project, I analysed these Janus dimers, studying
theorientationsin which they preferentially configure.
We might expect the dimer to most frequently sit
end-on-end. This would seem, in some sense, to
hide the hydrophobic surfaces the most. Another
valid guess may be for any orientation to be equally
probable, as long as the contact point was between
hydrophobic sides. As we know, however, reality is
often disappointing; the answer is more complex.

Figure 2: Molecular dynamics simulations of two Janus spheres
immersed in a fluid. The blue atoms are hydrophobic, red are
hydrophilic, and turquoise are the fluid. Image taken from [7].

There are two competing effects dictating what
configurations Janus dimers will prefer to reside in:
energy and entropy. Energy is linked to my colloquial
description of hydrophobic surfaces ‘wanting’ to hide
from the water. In more rigorous terms, configurations
where the hydrophobic sides are exposed to fluid have
higher energies, which is less favourable. Entropy
can be thought of as the number of ways a given
configuration can form. To illustrate this, consider
two coin flips. The possible outcomes are HH, HT,
TH, and TT, and all are equally probable. However, a
configurationwithonehead and onetailcanbereached
in two different ways, HT and TH, and is consequently
more probable than the configuration with two heads,
or that with two tails. Janus nanoparticles (in fact, all
physical systems) exhibit similar properties. Some
configurations can be formed in more than one way —
so-called ‘degenerate’ states — and are consequently
more probable.

The energetic factor alone would, in fact, prefer the
end-on-end configuration. That is the state where the
hydrophobic surfaces are furthest from the fluid on
average, which is energetically desirable. However,
entropy ruins this heuristic. Contact points nearer the
equator of the Janus sphere (where the hydrophobic
and hydrophilic hemispheres meet) have a larger
degeneracy because there is more available surface
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area than at the poles. Indeed, there is only one point
at which the spheres could make contact at the poles:
when they are perfectly end-on-end; but if the spheres
meetattheequators, they have anentire circle of points
available to them. So, energy makes the Janus spheres
want to make contact end-on-end, and entropy wants
them to meet at 90 degrees away at their equators.
As you can imagine, these two competing influences
balance out somewhere in the middle. Figure 3 shows
that the preferred state is about 45 degrees turned out
from the poles.

But let’s move back to the big picture. Once you
understand these dimer interactions in a deep and
fundamental way, you can scale them up. Thousands
or millions of Janus particles’ interactions can be built
as the aggregate of all pairwise interactions. Using this
information, we can run simulations that predict what
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Figure 3: The configuration probabilities as the two spheres (i and
j) are rotated out from their connecting axis. The bottom left corner
(ii) is perfectly end-on, and the top right corner would be side-on.
The most probable configuration is at (iii), in-between these two
extremes. Image taken from [7].

properties self-assembled Janus materials might have,
and how those properties can be controlled. And that
isn’t unique to Janus spheres; the same process can
be replicated for other types of nanoparticles. With
new materials comes new experimental capacity, new
technologies, and a more sustainable future. Whether
Janus spheres will unlock new regimes in physics or
biology is yet to be seen, but the underlying principles
certainly have that potential.

Caleb is a BSc (Hons) student majoring in Physics. Along with being on the UoA Scientific editorial team,
Caleb is co-president of ThinkPod, a club that does pro-bono business consulting for nonprofits. Outside
of academic environments, Caleb is a footballer and avid cricket fan.




Sloths and the Apparent
Imperfections of Natural Selection

ByJasmine Gunton

atural selection
is a concept often
misinterpreted as
being a result of
some divine destiny; a process
ensuring the best adaptations for
survival in a given environment.
Some animals, however, defy
this perception and display how
evolution often functions as a
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Image by Selina Bubendorfer from Unsplash.

mechanism that just ensures the
longevity of a few individuals, with
seemingly random consistency.
Sloths are perceived as slow, non-
threatening, and generally quite
useless at survival. When compared
to other organisms that inhabit the
sloth’s environment, this impression
is not too far from the truth. This is
not to say that sloths are unimportant

- they are essential to
the functioning of the
ecosystems  which
they inhabit, and are
objectively adorable.
Impractical animals such
asthesloth are in fact my
favourite group of all, as
their populations should
not be able to thrive, yet
they continue to persist
for millions of years.

Evolutionary History

One thing should first
be made clear when
discussing the sloth’s
biology. There are
two distinct genera
of sloth, the two-toed
sloth (Choloepus), and
the three-toed sloth
(Bradypus). This may
seem insignificant to
mention, but the two and
three-toed sloths are in
fact likely less related to
each other than humans
are to chimpanzees [1,
2]. The two-toed sloth is
more closely related to a
family of extinct ground
sloths (Scelidotheriidae),
and is mainly nocturnal.
Three-toed sloths are
mostly diurnal, and are
more closely related
to the giant extinct
Megatheriidae sloth
family [3]. Additionally,
the three-toed sloth has
nine vertebrae, while
the two-toed sloth only
has six [4]. However, the fact that
the two extant species of sloth
evolved to appear similar to each
other suggests that the sloth body
plan is beneficial to survival in a
tropical rainforest biome. For the
purpose of simplicity, I will narrow
the majority of my discussion of
sloth biology to the two-toed sloth.




Heat Regulation

Although naturally abundant,
sloths are only typically found
in the tropical rainforests in
Central and South America [5].
This is because although sloths are
endotherms [6], they cannot afford
to spend too much metabolic
energy on heat generation,
so require a relatively hot
environment. Instead of regulating
their body heat like other
mammals through mechanisms
such as shivering, the sloth prefers
to rely on the absorption of radiant
heat energy from the sun. When
the sloth gets too cold, it shuts
down its metabolism and enters a
state of torpor [7]. Torpor describes
a metabolic state in which the
sloth decreases its physiological
activity and energy expenditure,
a process similar to hibernation
in other mammals. However,
having a very slow metabolism
has significant costs.

Diet

The primary diet of the two-toed
sloth consists of leaves, buds,
and twigs. This plant material is
often quite low in nutrients, as
the sloth requires little energy
due to its low metabolism. The
sloth would certainly not be able
to catch any substantial animal
prey due to its extremely slow
movements. Additionally, the
sloth is almost blind and has very
little hearing, mostly relying on
its sense of smell and touch [8].
However, because the sloth has
such a slow metabolism, it can
die from starvation because it
is unable to extract sufficient
nutrients from the food it has
eaten [9]. To me, an animal that
can die from starvation even
with a full stomach is one that
should not be able to exist. Yet,
the sloth perseveres.

Locomotion

So just how slow is the sloth? Sloths
tend to move only when necessary
and move at speeds around 4-4.5
metres per minute on land [10].
They cannot walk and instead
move by dragging themselves
across the ground. In comparison,
the herbivorous capybara in which
the sloth shares its habitat can
run at speeds up to 35 miles per
hour, or 938 metres per minute
[11]. However, the sloth does have
one locomotive adaptation that
puts the animal at somewhat of
an advantage. Surprisingly, the
sloth has a substantial swimming
capability, in the water reaching
speeds of up to 13.5 metres a minute
[12]. This adaptation could be
useful for escaping predators, but
is useless for finding food, as the
majority of the sloth’s diet is derived
from arboreal browsing.

Behaviour

The swimming adaptation of sloths
appears even more confusing
considering that sloths are often
quitereluctant toleave their trees. In
fact, in some cases, infant sloths will
die from falling because the mother
is unwilling to leave the tree canopy
to retrieve their young [13]. One of
the main reasons sloths do not want
to go on the ground is that they will
be vulnerable to predation from
animals, such as jaguars and ocelots
[14]. Typically, the only time that a
sloth will leave its tree is once a week
to defecate, which is apparently the
most dangerous thing that a sloth
can do [15]. Afterwards, the sloth
will (very slowly) bury its waste,
and then climb back up the tree.
Sloths are thought to bury their
waste underneath the tree which
they occupy as part of a complex
symbiotic relationship with native
moths. Moths lay eggs in the sloth’s
faeces, which then mature and fly
up to the sloth. The moths will live
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in the sloth’s fur, promoting the
growth of algae, which the sloth
then feeds on [15].

Reproduction

Partially due to their reluctance
to move, sloths live mostly
solitary lives, only meeting
to mate. Although able to
reproduce once a year, a female
sloth may take longer than one
year to find a fertile male, despite
their abundance in equatorial
rainforests [16]. The sloth is an
example of a k-selected species,
because it has a relatively long
gestation period, and only
produces one offspring at a
time [17]. This seems ineffective
as opposed to having multiple
offspring where at least one of
them should be more likely to
survive. However, having such
a slow metabolism, the sloth
would not be able to provide
sufficient care and nutrients for
more than one baby. With a low
reproductive rate, it is difficult
to imagine how the sloth could
have survived for around 60
million years [18].

Conclusion

The contradicting ecology and
tenacity of the sloth shows
us that natural selection can
work in ways that are not often
clear, and we still have limited
understandings as to what
allows a population to survive.
Sloths just like to hang out
for most of their lives, and it
obviously works very well for
them. Only two of the six species
of sloth are categorised as
threatened by the IUCN (mostly
as a result of habitat loss), with
the other species being classified
as of ‘least concern’ [19]. So who
are we to judge their puzzling
adaptive strategies?




By Maira Fessardi

e often hear about climate change and
how its consequences might affect our
lives. Ocean temperatures are rapidly
rising, causing a range of problems
to the incredible biodiversity that inhabits that
ecosystem. Seabirds are one group of animals that
rely on a healthy ocean to thrive, and they represent

Fish (blue mackerel) work-up with shearwaters and prions. Photo:
Edin Whitehead.

the most threatened group of birds in the world
[1], [2]. With approximately half of seabird species
experiencing population declines, it becomes
important to understand what is driving this trend
and how it relates to the drastic changes in the marine
environment [1].

New Zealand, and particularly the Hauraki Gulf, has
been identified as a hotspot of international interest
for seabird diversity [1]. New Zealand has the highest
number of unique seabird species in the world, with
over 70 species visiting the gulf. However, 78% of
those are either threatened or at risk of extinction [3].

That is particularly problematic because seabirds play
a very important role in the ecology of our terrestrial
ecosystems. They are classified as “Ecosystem
Engineers”, meaning their behaviour and ecology play
acrucialroleinthehealthoftheterrestrialenvironment
they inhabit [4]. Even though these birds spend most
of their lives feeding in the ocean, they come to land
on “breeding sites” to find their pairs and breed. Their
nesting habits include digging through soil, building
a safe burrow for courtship, incubation, and chick-
rearing. This physical disturbance brings in crucial
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nutrients from the ocean to our forests, carried in their
faeces, dead tissues, and eggs [4]. The disappearance
of seabird populations is often associated with a loss
of biodiversity, causing a cascade effect of ecological
loss in terrestrial communities [2, 4]. Additionally,
they occupy the top of the marine food chain, being
carnivores that feed on fish and invertebrates.
That means their population success is highly
dependent on variations in ocean conditions and
biodiversity [6]. Higher
ocean temperatures, for
instance, may cause a
decline in seabirds’ food
availability and quality,
which impacts their ability
to survive and fulfil their
biological duties [6, 7].
Thus, observing their lives
and breeding outcomes
can provide incredible
amounts of information
on the health of their
environment, becoming
powerful environmental
indicators [5].

A better understanding of
how climate shifts affect
ocean conditions allows
decision-makers to put
more well-informed plans
in place. Monitoring ocean health, however, can be
expensive and logistically challenging. The good
news is, we may be able to investigate those changes
by watching and quantifying their effects on seabird’s
population processes (i.e. breeding and physiology).
Their habit of coming to land to breed provides an
opportunity to observe their condition, constituting
an accessible indicator of environmental health.
Seabird population monitoring may give us powerful
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Black Petrel nesting in burrow - Aotea/Great Barrier Island. Photo:
Maira Fessardi




insights into the ocean dynamics in remote marine
environments that the birds use as feeding grounds
(7, 8].

Black Petrel chick in what can be a successful breeding event. The
eggshells will decompose and integrate nutrients into the soil.
Photo: Maira Fessardi

Out of all seabird species breeding in the Hauraki Gulf,
one stands out: The Grey-faced petrel (Pterodroma
macroptera). This species can only be found breeding
in New Zealand and, unlike its seabird relatives,
remains widespread to this day, with many successful
colonies around the Gulf [9]. They are long-lived,
with high fidelity to their breeding sites and partners,
feeding close to the coast [10, 11]. That combination of
factors facilitates access to birds and allows for long-
term monitoring efforts, earning them the status of
key indicator species [12]. Monitoring Grey-faced
petrels may reveal important information about what
is happening where they feed in the ocean, which
could help us predict future population declines [10].

[ &5 4 PR R
Black Petrel chick in what can be a successful breeding event. The
eggshells will decompose and integrate nutrients into the soil.
Photo: Maira Fessardi

X

Although seabirds as environmental indicators may
sound like an ideal solution for some of our climate
conundrums, there is still a long way to go in using
their population processes as a reliable and precise
monitoring tool.

It is understood that the relationship between
environmental conditions and stress physiology is
stronger than ecological processes, such as breeding
[13, 14]. Chicks raised in poor environments may still
survive stressful periods as youngsters and go on to
become adults. That would be classified as a successful
breeding event for monitoring [7, 13]. However, an
entire generation of seabirds facing stress may suffer
life long impacts, affecting their ability to become
good parents and fulfil their duty to sustain their
population legacy [7, 13]. In this case, information on
the ecological process of breeding is misleading as
evidence of success and population numbers, which
might eventually start declining.

Like humans, seabirds undergoing stressful events
will ultimately exhibit a physiological response to
these stressors [8, 10]. Stressful events may be, for
example, situations where food supply is limited by
poor ocean conditions, either inducing nutritional
stress or requiring longer travel distances and a waste
of energy to find a good meal [7, 8]. Animals that are
more stressed will produce higher levels of stress
hormones that can indicate something is not right
in their environment. Very stressed parents can also
transmit some of their stress hormones to their eggs,
and be forced to reduce feeding trips to chicks. That
means chicks growing in stressful scenarios often
produce higher levels of stress hormones than adults,
imposed both by stress in their environment (such
as predation) and their stressed parents [15]. Long-
term stress and high amounts of stress hormones
circulating in their body may cause health issues,
lower immunity, and resultin lower fitness [7,13]. Thus,
stress hormones in seabird populations may have the
power to connect events in their life throughout space
and time, and record that information [7, 8]. Looking
at a population of bird’s stress response can represent
an exciting and integrative new monitoring tool.

In birds, the predominant stress hormone is called
corticosterone (or CORT, for short) and their
physiological responses to environmental stressors
often result in high levels of CORT circulating in their
bodies [16].

Even though stress hormones in seabirds sounds
like an excellent new tool for conservation, some
gaps still need to be filled. Traditionally, research in
environmental stress relies heavily on blood or faecal
samples, which can be challenging to collect and are
invasive for the bird [17, 18]. They also reflect only
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short-term stress undergone by seabirds (one day for
blood hormones, one week for faecal hormones). If we
are facing the fast-changing consequences of climate
change, we will be better equipped using long-term,
integrative information on how variations in ocean
conditions are affecting seabird populations [17, 18].
The good news is there is a potential new tool that
ticks all the boxes: stress hormones found in feathers.
CORT produced by seabirds during stress events is
continuously deposited in growing feathers [7]. More
stressed birds are expected to have higher levels of
CORT in their developing feathers, which can be
extracted in a quick and non-invasive procedure, with
no risk of degradation across time [16, 17].

Using feather stress to monitor ocean conditions and
population health has great potential and deserves
more attention. The patterns of variation in feather
CORT and how stress hormones affect population
quality, however, varies among species and their
environment. To use feather CORT as a reliable
conservation tool, it is necessary to advance our
knowledge of the specific physiological stress response
that different species have to changing conditions in
their respective oceanic feeding grounds. [6, 7, 16] .

My novel research looks at the Grey-faced petrel
stress hormone deposited in feathers to help with
one piece of a complex puzzle and validate feather
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Changes in the environment affect seabird chick fitness, and this has consequences for seabird populations in both the short term and long term.
Addressing both the future of seabird populations and oceanic ecosystem health can be aided by monitoring of bird feather CORT

CORT as a conservation tool. Specifically, it is
important to understand the pattern of deposition
of feather CORT in Grey-faced petrel chicks, and
how that compares to variables of changes in ocean
conditions. I selected variables that influence food
quality, such as temperature, to statistically compare
with stress hormone levels. My research also aims to
unravel whether feather CORT can predict breeding
success and, therefore, population success over time.
That more detailed knowledge will help to improve
this method as a monitoring tool and test its ability
for application in conservation and environmental
management.

This validation study focuses on a population of Grey-
faced petrels that inhabits Te Henga (Bethells Beach),
with a substantial colony nesting off the intertidal
island Thumoana. This population is ideal, as it has
been subject to previous monitoring projects, and it is
stable and thoroughly understood [19].

Feathers and oceanic data have been collected over
four years, with adult birds being captured when
arriving or leaving the colony to feed, while chicks
are extracted from burrows and held inside a bag for
measurements of mass and length. Morphological
information provides an understanding of the bird’s
condition and health. Feathers are processed in
the laboratory to extract CORT for analysis. The
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analysis focuses on differences in stress hormone
levels between different years where there has been
a variation of ocean conditions, and the relationship
between feather CORT and breeding success in those
years.

Ideally, results would show evidence of a significant
relationship between feather CORT and ocean
temperature/breeding success. That means a
population would show higher detectable levels of
feather CORT in chicks for years under increased
environmental stress, with poorer oceanic foraging
conditions (higher temperatures). It is also predicted
that higher CORT levels in adult feathers will result in
lower quality offspring and relate to lower population
breeding success.

More detailed knowledge will help us improve the
potential sensitivity of this method as a conservation
tool, allowing for more accurate conclusions and
predictions [20]. Validating this technique across
different species may allow for the development of
future models to alert us to dangerous variations in the
ocean and population oscillation. Novel technologies
increase our chances to fight climate change and
implement changes that will hopefully give seabirds,
and all the biodiversity in their surrounding
environment, a more realistic fighting chance.
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There are more trees on earth than stars in our galaxy.
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