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The world changed on April 
15th, 1815. The eruption of 

Mount Tambora in Indonesia 
expelled over 100 cubic kilome-
ters of rock and ash into the at-
mosphere, and over 10,000 peo-
ple were killed. The main cause 
of immediate death was, over-
whelmingly, pyroclastic flow, 
in which air columns of ejected 
material collapse, creating a rap-
idly moving mixture of hot gas. 
Thousands more died from the 
ensuing disease and starvation. 
The next year was one of the 
coldest and darkest on record, 
as cold fronts and crop failures 
ravaged the world. The gas eject-
ed by Mount Tambora so densely 
covered the atmosphere with sul-
fur-based aerosols, which reflect 
incoming sunlight, that 1816 was 
dubbed “the year without a sum-
mer” (Bush, 2020).  Humanity 
has yet to face another eruption 
so catastrophic. Some erup-
tions–such as Pinatubo in 1991–
were similarly explosive in terms 
of ejected material but thankful-
ly ended far fewer lives (Newhall 
et al., 1997). 

The study of geophysics and oth-
er technological advances are 
largely to thank for this. For one, 
igneous petrology–the study of 
volcanic rock–has enabled vol-
canologists to classify potential 
eruptions on an explosivity in-
dex based on the silica content 
of magma. Plate tectonic theory, 
developed largely in the 1960s, 
contributed to a better under-
standing of how volcanoes form 
along subduction and divergent 
plate boundaries and established 
that eruptions were a predict-
able outcome of tectonic plate 
motion. Early warning signs that 
involve monitoring atmospher-
ic composition near volcanoes 

and monitoring seismic activity 
have helped evacuate high risk 
areas (McKenna, 2024) and ad-
vances in civil engineering have 
helped develop more resilient 
infrastructure, like flow barri-
ers, adapted specifically to vol-
canoes (Wilson et al., 2014). This 
is to say that understanding the 
geophysics of volcanoes has led 
to technological advances which 
have reduced the risk to society 
when they erupt.

Alongside these developments, 
though, volcanic heat was begin-
ning to be tapped as a potential 
energy source as early as 1958 
in the tectonically active region 
of Wairekei, New Zealand. By 
studying the subsurface pro-
cesses that drive volcanic erup-
tions, geophysicists recognized 
the massive potential of volca-
nic heat as an energy resource. 
Plants like Wairekei capitalize 
on the fact that earth has a steep 
temperature gradient inside of 
its crust, about 25 °C/Km, but 
this is higher in volcanically ac-
tive regions, like New Zealand, 
where this gradient can reach up 
to 200 °C/Km. Converting this 
heat into usable energy is a fair-
ly straightforward process which 
first requires an underground 
reservoir of water. Since natural 
processes like precipitation and 
groundwater circulation natu-
rally lend themselves to the ac-
cumulation of water in the solid 
Earth, the first task of a geother-
mal engineer is to drill into one 
of these reservoirs which can be 
up to 3,000 meters deep. The 
water at these depths is hot and 
highly pressurized, so it natural-
ly rises out of the well and col-
lects in what’s called a flash tank. 
These tanks are intentionally 
de-pressurized to lower the boil-
ing point of the water so that it 
rapidly becomes a vapor, a pro-
cess called “flash boiling.” The 
vapor then travels to the top of 

the tank while the liquid “brine” 
settles out. The steam is then 
shot out onto a turbine, propel-
ling its blades, rotating the shaft 
of the turbine, and inducing a 
current in the attached genera-
tor, allowing it to transmit elec-
trical energy to the local power 
grid. A condenser then turns the 
vapor back into a liquid before it 
is reinjected below the surface to 
keep the groundwater pressure 
and quantity roughly constant to 
ensure a long-term reservoir.

Geothermal energy gets a lot 
of attention from environmen-
talists due to its incredibly low 
land usage and the fact that it 
requires only a fraction of the 
amount of carbon dioxide that 
natural gas combustion does 
(Thain and Carey, 2009). Indeed, 
geothermal energy projects have 
grown incredibly more popular 
in the last decade, with volcanic 
hotspots like Iceland now using 
the technology for up to 25% of 
its annual electricity production. 
Nations like Kenya are also tak-
ing advantage of their proximity 
to divergent plate volcanism to 
power up to 40% of their energy 
needs, and other countries with 
active volcanism like the Unit-
ed States and Indonesia have 
made sweeping investments in 
the technology as well. Still, as 
most developed countries have 
been extremely slow to adopt 
geothermal power, it remains at 
an output of about 600 Terawatt 
hours, or just under half a per-
cent of global energy consump-
tion. 

The potential of geothermal en-
ergy is essentially unmatched, 
with recent estimates suggesting 
that it could meet the world’s 
energy demand twice over. 
But, as we’ve seen, the fact that 
Earth’s most abundant sources 
of geothermal energy are also its 
greatest hazards has presented a 
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range of complications. The ar-
eas that are suitable for geother-
mal power station development 
also happen to be very prone to 
seismic activity and the extreme 
temperature and pressure con-
ditions of the extracted hydro-
thermal fluid make drilling risky 
(Lund and Toth, 2021). This 
fluid comes out of the ground 
at a wide range of conditions 
and often without taking the 
same pathway, so geothermal 
Engineers often have to adapt 
the conditions they use to cool 
and depressurize the water; if 
they fail to do so, the resulting 
pressure shocks might cause the 
equipment in the plant to rapidly 
break down. What’s more is that 

extracting too much fluid too 
quickly might deplete the reser-
voir rock and lead to subsidence, 
or the sinking of the ground 
beneath the plant or induce 
low-magnitude seismicity (Sus-
tainability Directory, 2025). Al-
though geologists first sought to 
study volcanoes to mitigate their 
risk to human society, it turns 
out that the same science–from 
early warning sign detection to 
the study of magma chemistry–
may just be what solves the prob-
lems faced by geothermal ener-
gy today. 
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The Physics 
of Chances: 
How Uncertainty 
Creates Certainty
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Illustration by Annika Rui Chen

While physics may seem like a 
subject composed of precise 

laws and predictable outcomes, it 
is actually built on a foundation of 
chance and randomness. Interest-
ingly, this randomness is what gives 
rise to the stable, reliable world we 
experience. For example, the Ising 
model in statistical mechanics rep-
resents countless random atomic 
“spins” that collectively produce 
phenomena like ferromagnetism. 
Additionally, the Born Rule in 
Quantum Mechanics shows the 
probabilistic character of parti-
cles and waves and can be used to 
explain many phenomena in Phys-
ics (Ball). These instances demon-
strate how nature guarantees order 
from chaos. 

A household magnet may look sim-
ple on the outside: it has a north 
pole and a south pole, and magnets 

with opposite poles attract. Howev-
er, its magnetic properties actually 
emerge from microscopic uncer-
tainty. Inside a magnet, there are 
around 1022 of “atomic magnetic 
moments”, or spins, each of which 
can randomly point either “up” or 
“down” like a tiny compass. Realisti-
cally, each spin’s direction seems as 
unpredictable as a coin flip. These 
spins interact with each other, and 
when they are mostly aligned in the 
same direction, ferromagnetism 
arises. 

Each spin prefers to align with its 
neighbors because alignment low-
ers the system’s energy, whereas op-
posite alignment raises it. This sim-
ple idea was captured by the Ising 
model, introduced in the 1920s by 
Wilhelm Lenz and his student Ernst 
Ising (Schroeder). In the Ising mod-
el, each atomic spin is represented 
by a variable that can take the values 
+1 (up) or −1 (down), sitting on a 
lattice and interacting with its near-
est neighbors. Suppose two neigh-
bors have the same value (both +1 
or both −1), then the total energy 
is lower than if they differ (Wittek). 
The system wants to minimize ener-
gy by having spins agree, yet heat 
constantly kicks spins around ran-
domly, so each spin’s value changes 
between +1 and −1 very frequent-
ly, introducing disorder. Thus, the 
stage is set for a competition be-
tween order and disorder. As shown 

in the figure above, the spins are 
not aligned in most regions. For ex-
ample, in the circled area, the cen-
tral spin only has one out of four 
neighbouring atoms sharing the 
same state (Hammel).

At high temperatures, spins flop 
around too chaotically to stay 
aligned for long. This means the 
material is in a paramagnetic state, 
with no net magnetization, since the 
tiny magnets cancel each other out 
on average. However, as the tem-
perature drops, a remarkable trans-
formation occurs. Below a particu-
lar critical temperature, the Curie 
temperature, the random flips slow 
down enough that the spins can in-
fluence one another and settle into 
collective order (Schroeder). The 
system spontaneously chooses a di-
rection, and vast regions of spins 
align in unison, giving the material 
a robust magnetization. In the sim-
plest case of the Ising model (as-
suming there is no external field), 
this alignment can be either termed 
“mostly up” or “mostly down”. The 
choice is initially a matter of chance, 
like the outcome of a coin toss, but 
once made, it becomes locked in as 
a stable state. 

No one can predict which particu-
lar atom will flip next. The micro-
scopic state is in constant flux, yet 
the macroscopic magnet reliably 
points north or south and can exert 
a steady force on other objects. The 
overall magnetization (essentially 
the average of trillions of spins) is 
a stable, measurable quantity. This 
is an excellent representation of 
statistical mechanics: the science of 
large numbers. When you have an 
enormous number of tiny constit-
uents, each behaving probabilisti-
cally, their individual uncertainties 
tend to average out, yielding an ag-
gregate outcome that obeys regular 
laws. Just as tossing a coin a million 
times will give almost exactly 50% 
heads and 50% tails, the collective 
of atomic spins produces a consis-
tent magnetization. In fact, the 

larger the system, the smaller the 
relative fluctuations in its average 
properties. For large enough num-

Figure 1: � e Ising Model as an 8x8 Lattice (Hammel)



bers of particles, the probabilistic 
laws of nature approach practical 
certainty. This is why a macroscop-
ic chunk of iron can have a definite 
magnetic field even though, at any 
given instant, some small fraction 
of its spins are flipping randomly. 
The uncertainty on the small scale 
creates the conditions for certainty 
on the large scale, because random-
ness itself follows statistical rules 
when aggregated. 

If the Ising model’s spins behave 
like tiny coins flipping, quantum 
mechanics suggests that nature 
behaves like a casino. In quantum 
physics, particles such as electrons 
and photons do not have definite 
outcomes until they are measured. 
Rather than being defined as a sin-
gle point in space (e.g., a point on 
Cartesian coordinates), they are 
described by a wavefunction that 
represents a spectrum of possibili-
ties. We can never predict the exact 
result of a single quantum event. As 
the physicist Werner Heisenberg fa-
mously formalized, there is an un-
certainty principle that limits how 
precisely we can know specific pairs 
of properties, position, and 

momentum, of an electron at the 
same time. Even Albert Einstein, 
troubled by this intrinsic random-
ness, once quipped that “God does 
not play dice with the universe” 
(“What Einstein Meant by ‘God 
Does Not Play Dice’”). Too many 
experiments have shown that quan-
tum particles do behave like dice at 
a fundamental level, with the wave-
function giving us only the proba-
bilities of different outcomes, not a 
deterministic certainty of any one 
outcome. How can a world built on 
quantum chance be anything but 
random?

Initially, I also asked myself that 
question, since if a field is full of 
randomness, how can it be useful in 
the scientific world? But in reality, 
the ‘uncertainty’ in quantum phys-
ics yields extremely reliable and 
even exact results when examined 
in the correct method or in large 
numbers. For example, when we 
fire electrons one by one through 
a pair of slits, each electron lands 
at an unpredictable position on the 
screen, determined only by chance. 

But as we repeat this many times, 

a clear pattern of bright and dark 
fringes emerges, corresponding to 
high- and low-probability regions. 
Each electron’s landing spot was 
uncertain, but the statistical distri-
bution of many electrons follows a 
precise interference pattern. In 
other words, the chances have be-
come uncertain when the number 
of trials in the experiment has in-
creased to a considerable number, 
just like when there are more boxes 
in the Ising Model. 

Beyond experiments, many tech-
nologies in modern society are 
also fundamentally built using the 
science of quantum mechanics. 
For example, atomic clocks use the 
quantum oscillations of atoms (of-
ten cesium or rubidium) as their 
“pendulum”, and inside a cesium 
atomic clock, atoms are induced to 
transition between two energy lev-
els: they absorb and emit radiation 
at a very specific frequency, about 
9,192,631,770 oscillations per sec-
ond for cesium (“Beams of Atoms: 
The First Atomic Clocks”). On the 
level of a single atom, the exact tim-
ing of an emission or the phase of 
oscillation is unpredictable. Howev
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er, suppose we use a large ensemble 
of atoms, constructed with the cor-
rect configurations (thanks to engi-
neering). In this case, the clock will 
be very accurate, certainly more so 
than the clocks on our phones and 
computers. The National Institute 
of Standards and Technology’s 

(NIST) atomic clock only has a mar-
gin of error of 2×10-16  seconds, 
meaning it only loses less than a 
second in 140 million years (Rich-
ards). 

Radioactive decay is also a great 
example of quantum mechanics in 
action. If you have a single radioac-
tive atom, you cannot predict when 
it will decay. It might happen in the 
next second or in a million years. 
But if you have a large collection of 
identical radioactive atoms, the be-
havior becomes highly predictable 
(Baird). This reliable statistical de-
cay law, along with the help of en-
gineers, is why carbon dating works 
and why nuclear medicine dosages 
can be calculated confidently.

In general, it becomes clear that 
uncertainty and certainty in phys-
ics are partners rather than oppo-
sites. Quantum mechanics tells us 
that probabilities govern our world 
and that when we “make use of the 
outcomes” of each uncertain trial, 
they form the reality we live in. In 
the everyday world of large objects 
and large numbers of particles, 
the countless tiny random fluctu-

ations tend to cancel out or aver-
age into smooth, law-like behavior 
(Uusitalo). Randomness “surren-
ders” under the law of large num-
bers, meaning that even though 
the microscopic world is fuzzy and 
probabilistic, the macroscopic 

world is solid and predictable. To 
this day, many microscopic prop-
erties remain a mystery. Questions 
like why a single electron exhibits 
both particle and wave-like prop-
erties lead us to wonder what caus-
es an electron to exhibit wave-like 
behavior, forming interference 
patterns. When we shoot electrons 
one at a time through a slit, why are 
there some regions showing high-
er probabilities of detection than 
others? How does this wave be-
havior arise, and what determines 
its shape? While we struggle with 
these questions, the answers are 
actually irrelevant, since scientists 
can use the mathematical frame-
work of quantum mechanics to ex-
plain many macroscopic properties, 
which are all ultimately created by 
these very uncertainties. 
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The Fantastic 
Fungus
Written by Andrew Nguyen
Illustration by Mercedes Luna

When you picture Earth’s largest or-
ganism, an elephant or a blue whale 

pops into your mind. Maybe even a 300-
foot redwood tree that’s almost three times 
as tall as a blue whale.

It may be surprising, but it’s actually a fun-
gus. Yes. That’s right. The largest organism 
on the entire Earth is a mushroom: the 
Armillaria ostoyae, or more commonly 
known as the honey mushroom. Spanning 
over four square miles in Oregon’s Mal-
heur National Forest, the Armillaria ostoy-
ae is larger than 1,900 football fields in area 
(Ferguson et al., 2003). To put into context 
how massive this fungus is, it is over three 
times the size of Central Park and five times 
the size of the country of Monaco. 

This supermassive organism is connected 
by microscopic threads called mycelium, a 
network that comprises the entire organ-
ism (Porter and Bradshaw, 2022). If the 
Armillaria ostoyae was a human, the web 
would function like the brain, bloodstream, 
mouth, and digestive tract, sensing the en-
vironment, digesting food, and shuttling 
nutrients throughout the body (Dutech et 
al., 2017). 

The great honey mushroom does not keep 
to itself, though. Across its four square 
miles, it may connect hundreds of thou-
sands of trees (Ferguson et al., 2003). While 
many other fungal systems form a symbi-
otic relationship with their environment, 
this particular mushroom is parasitic. The 
fungus grows rhizomorphs, dark root-like 
cords that travel through soil (Porter and 
Bradshaw, 2022), Also, it has have multiple 
strategies for laying siege on the trees’ de-
fenses: it can pry its way in through cracks 
or weak points in the trees roots, it can se-
crete enzymes that break down the tree’s 
defenses, and it can even travel from dead 
wood to live roots, essentially entering in 
through a dusty old back door (Dutech et 
al., 2017). To a passerby, the forest seems 
untouched. Meanwhile, fungi produce a 
sinister fate in the forest, digesting the 

trees inside out in a process called white 
rot. The fungus doesn’t stop there; it reach-
es out and selects another victim. 

The Armillaria ostoyae wreaking havoc on 
the forest is not a recent phenomenon. It 
has been metastasizing throughout the 
Malheur National Forest for what scientists 
estimate to be between 1,900 and 8,650 
years (U.S. Department of Agriculture, 
2012). While almost all of this fungus re-
sides underground, once or twice a year, 
mushrooms start to bloom from infected 
trees and stumps (Oregon Encyclopedia). 
Typically, the mushroom acts as the repro-
ductive organs of the fungus. Underneath 
each mushroom cap, there are gills that re-
lease spores that fly in the air or get carried 
away by rain to grow into its own fungus. 
However, through the usage of DNA tests, 
scientists have determined that the Armil-
laria ostoyae is one organism; this means 
that this fungus expands without using 
spores. There is one web of mycelium that 
has spread out clonally (one cell at a time) 
over thousands of years, amassing a weight 
of approximately 7,567–35,000 tons (U.S. 
Department of Agriculture, 2012). 35,000 
tons, or 70 million pounds, is around 10 Eif-
fel towers or almost 6,000 elephants. 

While the Armillaria ostoyae is certainly 
one of the coolest organisms in the world, 
there are multitudes of different species 
that are unique in their own way. Before 
you swear off eating any mushrooms and 
resent them for being “evil,” just remem-
ber that some mushrooms are not only 
delicious but also beneficial for the envi-
ronment. Unlike the Armillaria ostoyae, 
other mushrooms like the chanterelle and 
porcini form symbiotic relationships with 
the surrounding trees and its ecosystem. 
To specify, one of the most important func-
tions of mushrooms is to break down the 
molecules in dead plants, wood, leaves, and 
animals and release carbon compounds, 
nitrogen, and phosphorus that other 
plants can use to grow. Much more than 
that, the fungus connects trees, bushes, 
and many other plants, allowing them to 
share nutrients and send signals to each 
other. For example, older trees often give 
carbon to young seedlings that sometimes 
struggle to support themselves, via the 
mycelium network (Pappas, 2023; CU Den-
ver, 2022). 				  
			   These nutrient 
highways also serve as communication 
lines, allowing plants to “talk” to each oth-

er. When a tree is under stress, whether it 
be drought, harmful insects, or disease, it 
releases chemical compounds through its 
roots and into the soil. Fungi have recep-
tors that detect these signals and transmit 
them to other plants in the system, so they 
can prepare their  defenses (He et al., 2014). 
For instance, willow and birch trees release 
chemical signals through their roots that 
prompt neighboring plants to create pro-

tective compounds (Smith & Jones, 2025). 
These pathways connecting the trees are 
called hyphae, and they are used to trans-
duce signals and warnings from the plant 
experiencing environmental stress to other 
plants (Brown et al., 2013). 		
					   
Similar to neurons, mycelium utilizes 
chemoelectrical signaling. Like an action 
potential in a nerve cell, electrical signals 
are used to coordinate growth and distrib-
ute nutrients and resources to where the 
system needs them the most (Crawford et 
al., 2022). This communication can also 
localize energy to produce defensive chem-
icals if there is a threat (Liu & Chen, 2018). 
As an avid chef and foodie, murooms have 
always been one of my favorite foods. They 
have tons of vitamins, minerals, and flavors 
in such a small package. But others are in-
credibly dangerous, equipped with defen-
sive toxins that can shut down your liver (Li 
et al., 2018; Vetter, 2023). Each mushroom 
has a different story for how it survives and 
proliferates. Some mushrooms, like the 
umami-rich shiitake or the nutty morel, 
spread their spores by being appetizing, 
while others create deadly toxins to deter 
anything that might want to eat them for 
dinner. 

Other mushrooms are hallucinogenic; in-
stead, they make psychoactive compounds. 
When animals or insects eat the fungus, 
they become confused and find the expe-
rience very unpleasant, discouraging them 
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from eating these mushrooms in the future. 
In humans however, these mushrooms cre-
ate a psychedelic effect. The hallucinogenic 
agent in these “magic mushrooms” is psi-
locybin, a compound that causes altered 
perception and disoriented time. 

Psilocybin is metabolized in the body by a 
simple hydrolysis reaction that cleaves the 
phosphate group, leaving a hydroxyl group 
in its place. The resulting chemical is psi-
locin, which is structurally similar to sero-
tonin (Thomann et al., 2024). Like many 
other psychedelics, such as LSD and DMT, 
psilocin binds to the brain’s serotonin re-
ceptors, particularly the 5-AT2A receptors 
(Glennon et al. 2018). The way psilocin 
binds is especially interesting because in-
stead of activating normal downstream 
suppression of cortical activity that sero-
tonin signaling eventually produces, psi-
locin sustains and amplifies cortical activity 
(Pérez-Álvarez et al., 2025). The resulting 
effects are increased neuron activation in 
visual, prefrontal, and association cortices 
(Kometer et al., 2013). 
The brain typically interprets the world 
using two main methods of visual process-

ing: top-down processing that uses prior 
knowledge, expectations, and context to 
interpret sensory information, and bot-
tom-up processing that uses raw sensory 
information one piece at a time to form a 
more cohesive understanding. The brain 
often utilizes both methods of processing 
to form an understanding of what is hap-
pening right now. Overactivation of the 
serotonin receptors leads to weaker top-
down processing and amplified bottom-up 
processing (Carhart-Harris & Friston, 
2019). The brain cannot fill in the gaps of 
perception and relies heavily on what you 
can see; this means that the brain must 
fill in the gaps in vision, often resulting 
in geometric patterns, intense colors, and 
movement in stationary objects. Stationary 
objects start to move and ripple, and shad-
ows start to take complex shapes (Fradet et 
al. 2025).

Psychedelics also affect how parts of the 
brain connect with each other. Parts of the 
brain that usually don’t interact begin to 
crosstalk, resulting in a more flexible and 
associative state of consciousness (Hasler 
et al., 2024). Regions that typically operate 

independently, such as sensory cortices, 
limbic structures, and the prefrontal cor-
tex, begin to exchange information more 
freely, producing more integrative activity. 
Activation of 5-HT2A receptors makes cor-
tical neurons more excitable, reducing the 
rigid control of the default mode network 
and allowing sensory, emotional, and as-
sociative networks to interact more freely. 
Some researchers believe that having less 
cognitive control and a loosened sense of 
self, by result of taking psychedelics, may 
be the basis for ego dissolution, emotion-
al breakthroughs, and even novel insights 
(Lebedev et al., 2015). Essentially, magic 
mushrooms transiently rebalance how the 
brain processes one’s experiences and the 
construction of reality. By reducing top-
down processing and upregulating bot-
tom-up details, the brain becomes more 
detail-oriented, interconnected, and cha-
otic (Mertens et al., 2024). This state of 
mind underlies the sensory distortions and 
extreme emotions that people feel when 
they take magic mushrooms. Although 
people use magic mushrooms recreation-
ally and some places have allowed them 
in a supervised therapeutic setting, there 
are real risks: it is still an organism trying 
to defend itself after all. Psychedelic “trips” 
can possibly lead to persistent anxiety, de-
realization and can even cause persistent 
hallucinations that could last months. And 

these hallucinations and crosstalk in the 
brain can exacerbate preexisting mental 
health conditions such as bipolar disorder 
and schizophrenia (Gattsuo et al., 2023). 

Fungi are so much more than the mush-
rooms we cook or the ones we run into in 
Super Mario Bros. They keep ecosystems 
running, recycle life’s materials, and build 
huge underground net



works quintessential in plant communica-
tion. Some are malicious, sucking nutrients 
away from other organisms while others 
help trees proliferate, or even influence 
cognitive processing. These vast kingdoms 
spanned forests for thousands of years and 
represent the pinnacle of evolution. To 
study mushrooms is to look at the most 
creative product of evolution and to real-
ize that the ground we walk on is built on 
fascinating and ancient networks we barely 
understand. 
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