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A New Look Into the Past: The Newest NASA 
Telescope, Nancy Grace Roman

GABBY KILROY ’29

On August 30, 2026, National Aero-
nautics and Space Administration 

(NASA) launched its newest space tele-
scope, the Nancy Grace Roman Space 
Telescope (Roman), named after NASA’s 
first Chief of Astronomy, Nancy Grace 
Roman. It is currently heading towards an 
orbit 930,000 miles (1.5 million kilome-
ters) away from Earth, in the gravitational 
“sweet spot” known as the second Sun-
Earth LaGrange point.

In 1959, Nancy Roman joined the agen-
cy, first woman to hold an executive posi-
tion at the company. She played a pivotal 
role in turning the company from a small 
organization to one of the most famous 
space agencies in the world. Despite re-
ceiving backlash and discouragement 
from her mentors and peer scientists, 
Roman successfully lobbied Congress to 
approve funding for the creation of the 
Hubble Space Telescope. Her contribu-
tions led NASA to create a space telescope 
in her name, leading us to the present day 
launch of the Nancy Grace Roman Space 
Telescope.

The concept of a new telescope was rec-
ommended in the 2010 Astronomy and 
Astrophysics Decadal Survey. Six years 
later, NASA began the process of formal-
ly beginning the development process of 
Roman. Six years after that, it was finally   
launched from NASA’s Kennedy Space 
Center in Florida. Roman is not merely 
another telescope; it has an intended pur-
pose of surveying wide-fields of space at 
high resolution putting it on the same level 
(if not higher) than Hubble or James Webb 
Space Telescope (JWST).

The origins of Roman are a fascinat-
ing representation of the reusability of 
technology. The National Reconnaissance 
Office (NRO), which built spy equipment 
for agencies such as the CIA, also built the 
optical mirrors necessary for telescopes to 
observe aspects of the universe. In 1999, 
the NRO started a multi-billion dollar 
program called “Future Imaginary Archi-
tecture” (FIA)  which aimed to design spy 

satellites to surveil people and Earth from 
above. The NRO hired Boeing to create 
the technology. After the attacks of 9/11, 
the US federal government dumped even 
more money into the project under stress 
of foreign invaders and spies. However, 
delays and budget issues caused the pro-
gram to fail, wasting billions of dollars. 
In 2005, the New York Times deemed the 
project, “perhaps the most spectacular and 
expensive failure in the 50-year history of 
American spy satellite projects." Fortu-
nately, the FIA gifted NASA two 2.4 me-
ter mirrors in 2012 that were used in the 
satellites. According to Space.com, “[the] 
optics [were] said to be similar to the Hub-
ble Space Telescope's.” Even though NASA 
originally approached the donation with 
skepticism, as the Roman had only re-
cently been proposed, an agreement of the 
majority in the 2010 National Academy 
of Science Astronomy and Astrophysics 
Decadal Survey showed Roman to be the 
top priority for completion in the world of 

science. The rejected mirrors were subse-
quently repurposed into crucial pieces for 
the optical function of the telescope.

In addition to the 2.4m primary mir-
rors, the telescope also includes second-
ary mirrors, chronograph instruments, 
a wide-field instrument, and an outside 
metal shell that protects the inside tech-
nology. As described by Gunter’s Space 
Page, the wide-field instrument has two 
channels, “a wide field channel and an in-
tegral field unit (IFU) spectrograph chan-
nel.” The wide-field channel is comprised 
of three mirrors and a grism wheel, which 
is a rotating disk used in astronomical tele-
scopes that has the ability to slide different 
optical filters into the light path, allowing 
space and ground telescopes to switch be-
tween simple imaging and low/medium 
resolution slitless spectroscopy (view dia-
gram above). Although a rather convolut-
ed structure, the telescope has the ability 
to take images in infrared, a type of light 

SZŐCS TAMÁS (TAMASFLEX)/WIKIMEDIA COMMONS, CC BY-SA 3.0 [14]
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with wave length longer than about 750nm 
that humans can't see. Roman, along with 
other telescopes such as the James Webb 
Space Telescope, uses spectrographs to 
convert infrared heat into visible light. The 
IFU channel uses an image slicer and spec-
trograph to provide, “individual spectra of 
each 0.15 wide slice covering the 0.6 — 2.0 
µm spectral range over a 3.00 × 3.15 arcsec 
field.” (Gunter’s Space Page) Thus, the IFU 
channel has the ability to give researchers 
the individual spectra of each part of the 
large image, allowing the utmost specific-
ity and in-detail images of any part of the 
universe. Not only did the development of 
the Roman represent a significant step for-
ward in NASA’s aeronautical engineering, 
but the telescope's launch will also catapult 
our knowledge of outer space through its 
improved technology.

According to Gunter’s Space Page, “The 
wide field instrument provides the wide-
field imaging and slitless spectroscopic 
capabilities required to perform the Dark 
Energy, Exoplanet Microlensing, and NIR 
surveys while the coronagraph instrument 
supports the Exoplanet high contrast im-
aging and spectroscopic science.” Dark 
energy is the hypothesized form of energy 
that drives the expansion of the universe. 
Roman can track thousands of superno-
vae, and through measuring the bright-
ness of the supernovae and how much 
their light bends, it can also track how the 
universe’s expansion changes as time pass-
es, subsequently adding to the knowledge 
of dark energy. Roman’s wide view assists 
the study of exoplanets in three different 
ways: gravitational microlensing, transit 
detection and direct imaging. Gravita-
tional lensing is a method of determin-
ing a planet’s mass and its distance from 
a host star by analyzing the distortions 
of space-time created by a star’s gravity 
when a planet passes by the star. This rip-
ple is quantifiable, allowing astronomers 
to locate exoplanets on an enlarged scale. 
Transit detection—the way that most exo-
planets have been discovered—is the mea-
surement of when a planet passes by a star 
while it's orbiting and momentarily blocks 
the light of the star, signaling to research-
ers that a planet is orbiting that star. Since 
exoplanets are miniscule compared to the 
stars they orbit and the light those host-
stars emit, direct imaging has always been 
difficult as researchers often can't record a 

large enough blockage of light to pinpoint 
an exoplanet. Additionally, despite the 
difficulty of acquiring images of exoplan-
ets, Roman’s combination of ultra precise 
data capturing and wide scope enables the 
discovery of exoplanets through direct 
imaging on another level. Now, telescopes 
can take pictures of actual exoplanets and 
conduct direct research from the image. 
Roman’s placement also plays a significant 
role in its ability to capture clear images of 
the universe from a point close to Earth.
Facing away from the sun, it blocks out 
any solar light, only collecting data from 

an unobstructed viewpoint.
The Roman telescope doesn’t just give 

the scientific community cool pictures 
of nearby nebulae or stars, it enables the 
discovery of new earth-like exoplanets 
and provides more information about the 
elusive existence of black energy. From a 
failed spy satellite mirror to the newest sci-
entific advancement launched into space 
able to capture 100x that of the Hubble 
space telescope, the Nancy Grace Roman 
Space Telescope is the next look into the 
universe and the worlds beyond our own.

NASA’S GODDARD SPACE FLIGHT CENTER [15]
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Are Boltzmann Brains Real?

Consider the following: a lone brain, 
suspended in an interminable 

stretch of the cosmos. It contains memo-
ries of what seems like a lifetime, hopes, 
and dreams, only to disintegrate into cha-
os a split second later. According to ther-
modynamics, you are more likely to be 
such a brain than not.

How can that possibly be?
Entropy may offer an answer. First 

conceived by Rudolf Clausius in his 1850 
paper "On the Moving Force of Heat," 
entropy describes how spread out or un-
available energy is within a physical sys-
tem [1]. Clausius and other scientists in 
the then-nascent field of thermodynamics 
postulated that the overall entropy of an 
isolated system will increase and tend to-
wards a maximum—what would become 
known as the second law of thermody-
namics.

Initially, physicists believed that the in-
crease in entropy in an isolated system was 
absolute. Imagine a hot metal bar pressed 
against a cold one. Wait long enough, and 
the system transitions towards thermal 
equilibrium, evolving from a low-entropy 
state with a steep temperature gradient to 
a high-entropy configuration where heat 
is evenly distributed. This makes intuitive 
sense. Everything tends towards a state of 
equilibrium. Heat only flows from hot to 
cold, never the other way around. Or does 
it?

In reality, this could happen—it’s just 
unlikely. In the 1870s, physicist Ludwig 
Boltzmann proposed a statistical interpre-
tation of entropy:

S = kB ln W,
where S represents the total entropy of 

a system, kB is Boltzmann’s constant (1.38 
× 10⁻²³ m² kg/(s² K)), and W is the total 
number of possible microscopic arrange-
ments (microstates) of the system [1]. This 
equation reformulates entropy in terms of 
probability. Imagine the two metal bars 
again. If heat is regarded as discrete ener-
gy packets randomly exchanging between 
particles, an exchange that temporarily 
decreases the cold bar’s energy is possi-
ble, however unlikely. This is the core of 
Boltzmann’s great insight: the universe is 
ruled not by certainty, but by overwhelm-

ANGELA HAN ’29

ing probability.
This new interpretation of entropy 

gives rise to interesting results, especially 
when applied to the universe, the only true 
closed system in existence. Back in 1862, 
Lord Kelvin first envisioned a future where 
all energy would be spread so thin that 
nothing could stir. Provided that the laws 
of thermodynamics remained constant in 
the future, he reasoned, everything would 
inevitably enter “a state of universal rest 
and death” [5]. This picture, known as the 
heat death of the universe, is a widely ac-
cepted theory of the fate of our universe. 
However, though the universe may seem 
“dead” on a global scale, the statistical in-
terpretation of the second law of thermo-
dynamics suggests that it is possible for a 
local reversal of entropy to occur.

One such possibility is the Boltzmann 
brain: a self-aware entity born from spon-
taneous fluctuations after the heat death 
of the universe. It is difficult for these 
structures to form. After reaching heat 
death, the most common particles in the 
universe will be photons and gravitons, 
which typically possess extremely low en-
ergy. However, it is rare but still possible 
for high-energy photons and gravitons to 
appear and collide with each other, lead-

ing to the creation of fermion particle-an-
tiparticle pairs. While nearly all such pairs 
almost instantly annihilate each other, 
some of these particles can, in theory, trav-
el far enough from each other to encoun-
ter other matter. In the extremely unlikely 
case that enough matter was produced and 
retained this way, more complex macro-
structures like brains could form.[3]

Despite their unlikelihood, Boltzmann 
brains are expected to vastly outnumber 
ordinary observers. In fact, it is more like-
ly for a single mind to arise by accident 
than for a vast, orderly universe to pains-
takingly evolve over billions of years. First, 
assembling a brain complete with illusory 
memories requires exponentially less en-
tropy reduction than assembling an entire 
universe containing billions of galaxies, 
planets, and evolving biospheres. Further-
more, given an infinite amount of time 
after heat death, however unlike they are, 
Boltzmann brains are guaranteed to form  
an infinite number of times. So, by the de-
crees of modern scientific theory, our trea-
sured reality could be nothing more than 
a hallucination afloat on a statistical sea of 
infinite brains.

That’s absurd, you may think. You have 
a physical body and memories. You can’t 

SHAWN DAY/UNSPLASH [6]
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be a Boltzmann brain, can you? Unfor-
tunately, there’s no way to definitively 
rule out the possibility that you are such 
a brain. After all, the sensory evidence of 
the world around you could just be arbi-
trary illusions. Yet there’s a twist: by the 
same logic, it is impossible to reasonably 
show that you are a Boltzmann brain. This 
is what physicist Sean Carroll calls “cog-
nitively unstable”: if you accept that you 
are a Boltzmann brain, you would have to 
reject the validity of your own cognitive 
faculties, observations, and memory—the 
fundamental assumption upon which all 
scientific theories, including the Boltz-
mann brain argument itself, are founded 
[3]. The Boltzmann brain is therefore con-
sidered a theory that, if shown to be true 
or overwhelmingly likely, signifies a latent 
error in our current understanding of the 
universe—known as a reductio ad absur-
dum. What could we have gotten wrong?

In 2013, Carroll and fellow physicist 
Kimberly Boddy came up with the idea 
that the universe simply may not exist long 
enough to reach heat death. The properties 
and interactions of all matter in the uni-
verse are determined by quantum fields. 
Most fields are in the lowest energy level 
possible—a state known as the vacuum 
state [2]. However, measurements of the 
Higgs boson showed that the Higgs field, 

which gives mass to matter, may not be 
in its vacuum state. That is, a lower ener-
gy “true vacuum” may exist for the Higgs 
field. In the case of a random event like 
quantum tunneling, the Higgs field could 
bypass the potential energy barrier be-
tween its current metastable state and its 
true vacuum state. This would trigger the 
formation of a spatial bubble of the true 
vacuum state that expands at the speed of 
light and, for all we know, could complete-
ly change the laws of particle physics as we 
know them—and with them, the possibil-
ity of the random fluctuations that lead to 
Boltzmann brains. If this event, known as 
false vacuum decay, is more likely to occur 
before heat death, the expected number 
of Boltzmann brains would be drastically 
reduced. Yet, later studies show that this 
may not be the case. The amount of time 
before false vacuum decay occurs depends 
on more specific measurements of ele-
mentary particle masses, which reflect the 
stability of the Higgs field. Boddy and Car-
roll calculated that a top quark pole mass 
of around 178 GeV is indicative of a decay 
rate that could prevent the universe from 
reaching heat death [2]. However, more 
recent measurements place the quark’s 
mass at around 172.93 ± 1.36 GeV, sug-
gesting a far stabler Higgs field and a lower 
decay rate [4].

At any rate, we are a long way off from 
establishing a cosmological model that 
steers clear from the implication that our 
perception of reality is a mere low-en-
tropy, near-instantaneous fluctuation in 
a dead universe. However, because the 
Boltzmann brain scenario is cognitively 
self-undermining, scientists are rational-
ly entitled to reject it. Though the theory 
cannot be empirically disproven, cognitive 
stability demands that we trust our obser-
vations before a new model of the universe 
eliminates the statistical dominance of 
Boltzmann brains for good.

UNKNOWN PHOTOGRAPHER (1902)/WIKIMEDIA 
COMMONS [7]

NEW WORLD ENCYCLOPEDIA [8]



Effectiveness and Safety of rVSV-ZEBOV 
Vaccine Against Zaire Ebola Virus

JERRY DU ’27

Introduction
Ebola virus (EBOV) is a member of the 

Filoviridae family. First identified in the 
1976 outbreaks of Sudan and the Dem-
ocratic Republic of the Congo, the virus 
earned its name from the Ebola River. 
EBOV causes hemorrhagic fevers that of-
ten lead to death. EBOV's rapid transmis-
sion and significant public health implica-
tions causes sporadic outbreaks with high 
mortality rates particularly in sub-Saha-
ran Africa [1]. Ebola virus disease (EVD) 
is due to the infection by one of the Ebola 
virus species, the most lethal being the 
Zaire Ebola Virus (ZEBOV). This virus is 
transmitted to humans through contact 
with infected animals, such as fruit bats, 
and transmitted among humans by direct 
or indirect contact with the bodily fluids. 
Symptoms include sudden onsets of fever, 
weakness, muscle pain, and, in severe cas-
es, internal and external bleedings [2]. The 
2013-2016 outbreak of ZEBOV in West 
Africa, the largest EBOV outbreak up to 
date, resulted in more than 28600 report-
ed cases of EVD and 11325 deaths [3]. The 
epidemic emphasized the lack of disease 
surveillance, preparation and treatment. 
Since then, significant effort in the medi-
cal field has guided us to have a more de-
tailed understanding of the virus.

The invention of a vaccine against ZE-
BOV would be vital to combat and prepare 
for future epidemics. Early efforts to devel-
op Ebola vaccines date back to the 1990s 
and early 2000s, but these were often lim-
ited to preclinical stages due to challeng-
es including biosafety concerns, limited 
funding, and sporadic outbreak patterns 
that hindered large-scale trials [4]. Initial 
vaccine candidates included a variety of 
different approaches, such as DNA-based 
vaccines, adenovirus-vectored approach-
es, and virus-like particles. Although some 
did show promise in animal testing, none 
progressed to the final stages of clinical tri-
al [5]. Later in the process, the West Africa 
epidemic impelled international coopera-

tion and the acceleration of vaccine devel-
opment.

The most notable outcome of the efforts 
was the invention of the rVSVΔG-ZE-
BOV-GP. This vaccine demonstrated high 
efficacy in a landmark ring vaccination 
trial conducted in Guinea in 2015, which 
showed near-complete protection among 
vaccinated individuals. Following further 
clinical evaluation, the vaccine received 
approval from both the World Health Or-
ganization (WHO) and the U.S. Food and 
Drug Administration in 2019, becoming 
the first licensed vaccine for EVD [6]. In 
addition, other vaccines such as ChAd3-
EBO-Z/S, Ad26.ZEBOV/MVA-BN-Filo 
and multivalent or pan-ebolavirus vac-
cines are in experimental trials and have 
all revealed promising results [6].

This literature review investigates the 
pre-existing trials conducted using the 
rVSVΔG-ZEBOV-GP vaccine. By report-
ing and comparing methods, data, and 
conclusions from previous studies, this 
paper will provide a review of the immu-
nogenicity, the ability for the vaccine to 
trigger immune responses, and adverse 
events (AE), any harmful medical occur-
rence during clinical trials. The purpose of 
this paper is to understand the effective-
ness and safety of the vaccine.

Vaccine Mechanism and Function
The recombinant vesicular stomatitis 

virus–ZEBOV envelope glycoprotein vac-
cine (rVSVΔG-ZEBOV-GP) is the most ef-
fective and applied vaccine against EBOV. 
The vaccine, commercially known as Er-
vebo, is a recombinant, replication-com-
petent viral vector vaccine designed to 
offer protection against ZEBOV. Recom-
binant vaccines, like the Ervebo, are made 
by using a gene of EBOV and adding it to 
the vesicular stomatitis virus. This vaccine, 
originally developed by the Public Health 
Agency of Canada, uses rVSV, Indiana 
Strain, as a vector to provoke an immune 
response against ZEBOV by replacing the 
gene encoding vesicular stomatitis virus 
(VSV) surface glycoprotein (G protein) 
with the gene encoding ZEBOV GP [6]. 
Following intramuscular injection, the 
vaccine virus enters host cells via endocy-
tosis. The vaccine utilizes the Ebola GP to 
bind to host cell receptors and mimics nat-
ural Ebola virus entry. Then, the recombi-
nant VSV replicates locally at the injection 
site and in regional lymph nodes, ex-
pressing the Ebola virus GP on its surface 
during replication. As a result, adaptive 
immune responses occur [7].  rVSVΔG-
ZEBOV-GP vaccine may induce adverse 
events including pain and oedema at the 
injection site and fever, chills, fatigue, 

Colorized transmission electron micrograph of an Ebola virus virion.

CYNTHIA GOLDSMITH/CDC, PUBLIC DOMAIN [15]
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headache, myalgia, arthralgia, lymphope-
nia and arthritis, all of which are transient 
and of mild to moderate intensity [6].
Effectiveness of the Vaccine

Over the last decade, rVSVΔG-ZEBOV-
GP has stepped into Phase I and Phase II 
testing, presenting relatively satisfactory 
results through multiple clinical trials with 
diverse methodological approaches.

Phase III randomized, double-blind, 
placebo-controlled studies, like the one 
conducted by Halperin et al [7]. proved 
the vaccine’s immunogenicity by mea-
suring ZEBOV-GP-specific antibody re-
sponses via enzyme-linked immunosor-
bent assay (ELISA) and plaque reduction 
neutralization tests (PRNT). These assays 
demonstrated a >58-fold increase in geo-
metric mean titers (GMTs) by day 28, with 
sustained responses over 24 months, con-
firming long-term immune memory. Over 
94% of recipients seroconverted by day 28, 
and ≥91% maintained immune responses 
at 24 months. Antibodies also peaked at 18 
months and remained elevated. The design 
of the study, using consistent testing and 
stratified sample groups, presented itself 
with strong validity. Its large sample size 
(N=1,197) was proven to be relatively rep-
resentative of a healthy adult population.

Pediatric studies, such as the phase II 
trial by Alabi et al [8]. expanded the ev-
idence base by assessing immunogenicity 
in children aged 1–12 years. A random-
ized, controlled, open-label design, the 
trial measured ZEBOV-GP IgG responses 
and neutralizing antibody kinetics over 12 
months. Results showed seroconversion 
rates of 87–97% by day 28. Antibody titers 
persisted for 12 months, and neutraliza-
tion functions peaked early and remained 
stable.

The immunogenicity in individuals 
with pre-existing immunity was studied in 
Guinea. This study discovered that 16.3% 
(228/1403) of participants had baseline 
anti-GP IgG antibodies, possibly from 
pre-exposure [9]. After vaccination, 81.3% 
(955/1175) of seronegative individuals 
seroconverted, while those with baseline 
antibodies saw a significant rise in GMTs 
(0.237 IU/mL vs. 0.106 IU/mL in seroneg-
ative participants, p < 0.0001). These re-
sults show that the rVSVAG-ZEBOV-GP 
effectively boosts immunity regardless of 
prior exposure. This finding was extreme-

ly critical since the pre-existing immunity 
characteristic applied to outbreak settings 
[9]. Thus this study supports the vaccine's 
utility in boosting immune responses 
across populations.

Given that the populations and sam-
ple groups varied in sizes and traits, the 
studies could not empirically provide 
any justification of an overall cost-benefit 
analysis of the virus. However, based on 
the lab results from the studies above, the 
immunogenicity of the rVSVAG-ZEBOV-
GP vaccine was well tested and empirical-
ly supported with different sample groups. 
The rVSVAG-ZEBOV-GP vaccine is high-
ly effective in preventing EVD through 
rapid protection in outbreak settings and 
robust immunogenicity in diverse popu-
lations.
Safety of the Vaccine

The safety profile of the rVSVAG-ZE-
BOV-GP vaccine was evaluated under an 
extensive number of studies with various 
methods and different populations, such 
as adults, children, and high-risk frontline 
workers, etc. Overall, clinical trials consis-
tently report that the vaccine is relatively 
well-tolerated with the AEs primarily be-
ing mild to moderate and transient.

In a phase II study of adults receiving 
a delayed booster at 18 months, reacto-
genicity post-booster was comparable to 
primary vaccination, with no new safety 
signals [10]. The sample group of the tri-
al were individuals who received primary 
vaccination with 2 × 10⁷ plaque-forming 
units per mL of VSVΔG-ZEBOV-GP and 
received a booster, same with the previous 
vaccine, after 18 months [10]. In terms of 
safety, previously documented AE, arthri-
tis, occurred in 9% of primary vaccines 
but did not recur post-booster. Serious 
adverse events (SAEs), such as epistax-
is and gastrointestinal hemorrhage, were 
rare and not related to the vaccination. 
All the results show that the homologous 
boosting vaccines do not increase nor 
exacerbate AEs. Halperin et al.’s Phase 3 
Trial evaluated safety in healthy adults 
[7]. This randomized controlled trial in-
volved 1,197 healthy adults and found that 
the vaccine was generally well tolerated. 
Participants received one lot of rVSVΔG-
ZEBOV-GP (standard dose: 2 × 10⁷ 
plaque-forming units [pfu]), a high-dose 
formulation (1 × 10⁸ pfu), or placebo. The 
study revealed relatively mild AEs, includ-

ing injection-site pain (58.8% vaccinated 
vs. 21.8% placebo) and systemic AEs like 
fatigue (49% vs. 28%) [7]. SAEs were rare 
and not vaccine-related, with no deaths 
corresponding to the vaccine. Interesting-
ly, female sex and prior arthritis history 
were identified as potential risk factors for 
post-vaccination arthritis, though severe 
cases were uncommon [7].

The vaccine has been tested in live sce-
narios against EBV. Applying this vaccine 
in a frontliner setting against the virus 
can prove how the safety was demonstrat-
ed in a dangerous environment. A study 
of 2,016 vaccinated frontline workers in 
Guinea surveillance, with structured dia-
ries for AEs [11]. The use of control groups 
of unvaccinated population allowed for 
comparative assessment of AE frequencies 
with Fisher’s exact. Results indicate that 
over 70% reported at least one AE with-
in the first three days post-vaccination, 
with the most common symptoms being 
headache (52%), fatigue (46%), arthralgia 
(25%), and subjective fever (24%) [11]. Fe-
ver, a concern in Ebola-endemic regions 
due to the overlap of symptoms with EVD, 
was reported in 15% of participants, and 
most cases were low-grade (<39°C) and 
resolved within 48 hours. These findings 
were consistent with phase 1 trials, show-
ing that the vaccine’s AEs are manageable 
and self-limiting.

The vaccine’s effectiveness with pop-
ulations closely in contact with EVD is 
extremely essential, as this would be the 
primary population vaccinated in the fu-
ture. Watson et al. studied vaccinated close 
contacts of EVD survivors, which includ-
ed individuals with pre-existing immuni-
ty. The study found no significant differ-
ence in AE rates between seropositive and 
seronegative participants, with headache 
(35.1%), fatigue (23.7%), and muscle pain 
(14.6%) as the most common reactions 
[9]. There were only eight moderate and 
one severe adverse event reported, none 
of which were attributed to vaccination. 
This study provided critical evidence that 
pre-existing immunity does not worsen 
reactogenicity, thus making the vaccine 
suitable for environments with pre-exist-
ing exposure to EVD. Davis et al. conduct-
ed an observational follow-up study of 26 
vaccinated individuals in the UK, a cohort 
design with standardized adverse event re-
porting over 12 months [12]. The study ex-
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amined vaccination following exposure to 
a healthcare worker with Ebola virus dis-
ease (EVD) reactivation. Results showed 
that the vaccine was well tolerated, with 
no severe AEs reported [12]. Common 
AEs included fatigue (81%), headache 
(69%), myalgia (69%), and fever (50%), all 
of which were transient and resolved with-
out much intervention. Throughout the 
trial, 50% of participants developed a fe-
ver ≥37.5 °C [12]. Two cases of arthralgia 
were observed but were unrelated to vacci-
nation after review. This evidence suggests 
that although AEs are common, the vac-
cine remains safe for emergency use [12].

Systematic reviews and network me-
ta-analyses compared the safety of mul-
tiple Ebola vaccines, including rVSV-ZE-
BOV. Diallo et al. used models to estimate 
odds ratios for AEs, with P-scores to rank 
vaccine safety profiles [13]. The analysis 
confirmed that rVSV-ZEBOV has a higher 
chance of injection-site pain (P-score 0.90 
for lower doses) and AEs such as fatigue 
and headache compared to other candi-
dates. However, these AEs were mainly 
mild to moderate, with severe events being 
rare [13]. The study claimed the vaccine’s 
AEs were dose-dependent, with higher 
doses (e.g., 2 × 10⁷ PFU) associated with 
increased but manageable side effects. 
There were no anaphylaxis or life-threat-
ening reactions reported, further demon-
strating the vaccine’s safety [13].
Discussion

The primary intent of this paper is to 
analyze different results of the safety and 
effectiveness of the rVSVΔG-ZEBOV-GP 
vaccine. It demonstrated high immunoge-
nicity and strong safety profile as a vaccine 
to prevent EVD caused by ZEBOV. Clini-
cal trials in diverse populations, including 
adults, children, individuals with pre-ex-
isting immunity showed strong efficacy. 
Seroconversion rates, which is the produc-
tion of antibodies in the blood of a person, 
a valuable way for studies to measure ef-
fectiveness, exceeded 90% in most studies, 

with durable antibody responses lasting 
up to 24 months, which then indicates the 
long-term reliability of this vaccine.

The vaccine's mechanism, utilizing a re-
combinant VSV vector to express ZEBOV 
glycoprotein, is very effective in generating 
immune responses. Watson et al [9]. ex-
plained the mechanism and demonstrated 
that the vaccine effectively boosts immu-
nity even in individuals with pre-existing 
antibodies, with individuals showing an 
81.3% seroconversion rate. This finding is 
particularly useful in settings where reoc-
curring can occur. The rapid protection of-
fered, typically within 10 days as observed, 
makes this vaccine very valuable for epi-
demic control.

In addition, the vaccine’s safety profile is 
very strong and secure. Vaccination only 
leads to transient mild to moderate AEs, 
which are all very manageable. Common 
AEs are injection-site pain, fatigue, head-
ache, and low-grade fever. They were fre-
quently reported but never escalated to a 
life-threatening level. In most safety trials, 
there was an absence of SAEs. These AEs 
were very acceptable as trade-offs given its 
high immunogenicity and efficacy. Over-
all, the benefits of vaccination outweighed 
the harms, especially in high-exposure 
environments.  Davey et al. found that 
adverse events after booster vaccination 
were like primary vaccination [10]. Com-
mon reactions such as injection-site pain, 
fatigue, and headache were generally mild 
to moderate, as reported by Juan-Giner et 
al [11].

Although the vaccine is effective and 
safe, several limitations in current research 
exist. One critical limitation is the lack of 
long-term data over 24 months, as ex-
plained by Halperin et al., whose Phase 3 
trial showed sustained antibody responses 
but did not extend follow-up further [7]. 
Indeed, studies confirm durable immu-
nity for up to two years, but the duration 
of protection in endemic regions needs 
further research. Moreover, the current 
trials lack research on individuals with 

weak or failing immune systems, such as 
those with HIV. Watson et al. researched 
pre-existing immunity but did not address 
people with immune deficiency [9]. This 
leaves a gap of understanding in high-risk 
populations.

Furthermore, the vaccine induces fever, 
which is a symptom overlapping with EVD. 
This poses challenges in outbreak settings, 
presented in the study by Juan-Giner et al 
[11]. There is a need for post-vaccination 
monitoring to distinguish vaccine-related 
AEs from actual EVD infection.

The rVSVΔG-ZEBOV-GP vaccine has 
already given people the opportunities to 
react to Ebola outbreak response, but its 
future applications are beyond emergency 
use. Combining this vaccine with other 
candidates and vaccines could enhance 
cross-protection against multiple species 
of the virus. This can solve the problem of 
the lack of a “pan-EBOV vaccine”.

This vaccine’s efficiency is also great 
for global health security. Future research 
should explore its use as a mechanism for 
other hemorrhagic fever viruses, such as 
Marburg or Lassa virus. This approach 
could fasten vaccine development for 
emerging infectious diseases, as suggested 
by Diallo et al. in their comparative analy-
sis of Ebola vaccine platforms [13].
Conclusion

The rVSVΔG-ZEBOV-GP vaccine has 
proven to be a great tool in Ebola preven-
tion. Its strong efficacy and an acceptable 
safety profile across diverse populations 
can greatly benefit the current system. 
Its rapid and durable immune responses 
can also serve as a great solution for high-
risk settings. The vaccine is a landmark 
in global health preparedness, offering 
a powerful defense power against future 
outbreaks. The innovation in vaccine de-
ployment and combination strategies will 
further strengthen how humankind can 
combat Ebola and related emerging infec-
tious diseases.
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Exoplanets: A World Outside of Our Own
ELISE MEHFAR ’29

Over 6,000 exoplanets have been 
discovered in the three decades 

since the first planet was discovered out-
side our solar system. NASA’s definition 
of an exoplanet is “any planet outside of 
our solar system.” As our space knowledge 
increases and our telescopes improve, the 
number of discovered exoplanets will con-
tinue to rise.

The first discovery of an exoplanet came 
in 1992 at the Arecibo Observatory in 
Puerto Rico, when two exoplanets were 
discovered orbiting PSR B127+12, a pul-
sar 2,300 light years away from Earth: Pol-
tergeist (PSR B1257+12 c), with a distance 
of 34 million miles from the pulsar, and 
Phoebeter (PSR B1257+12 d), with a dis-
tance of 43 million miles. In 1994, a third 
planet, Draugr, was discovered in the same 
system 17.4 million miles from the pulsar 
star. These first exoplanet discoveries were 
groundbreaking in the field of astronomy 
and led to the discoveries of other celestial 
objects, ultimately revolutionizing our un-
derstanding of our universe.

How do exoplanets take form? It all 
begins in a nebula, or a cloud of gas and 
dust, where once disturbed by a celestial 
object, the matter is pulled toward the cen-
ter, which will later go on to form the host 
star. When the cloud begins to shrink, the 
matter starts spinning in a disk-like shape 
and flattens. Once this happens, the small 
particles of gas and dust run into each oth-
er and stick together, forming pebbles and 
eventually larger rocks. As the rocks crash 
into each other, their gravity increases, al-
lowing them to collect other parts of de-
bris. The rocks grow larger and larger as 
the host star forms. Once the rocks (now 
planetary embryos) become large enough, 
they can clear their own orbit. Once the 
clearing occurs, they are officially consid-
ered planets.

While there are many ways of categoriz-
ing exoplanets, the broader categories in-
clude terrestrial, neptunians, super-Earths, 
and gas giants. Terrestrial planets are small 
planets primarily composed of rock, met-
al, silicate, and carbon, with a solid or liq-
uid surface. Some may have atmospheres 

of liquid water, such as LHS 1140 b, whose 
density leads us to believe it is an ocean 
world, as well as it being fortunately po-
sitioned within the goldilocks zone of its 
star. Characteristics similar to these make 
planets outside our solar system potential-
ly habitable, which is why scientists tend 
to study them extensively. According to 
NASA’s Kepler Space Telescope, “20 to 50 
percent of the stars in the sky are likely to 
have small, potentially rocky planets in 
their habitable zones.” Using Kepler Space 
Telescope data, we can estimate that 300 
million planets have the potential to be 
habitable, the closest of which could be 20 
light years from Earth.

The second category of exoplanets con-
sists of super-Earths, which are rocky plan-
ets more massive than Earth yet lighter 
than ice giants such as Neptune and Ura-
nus. Super-Earths can be up to 10 times 
the mass of Earth as well as twice the size. 
A Super-Earth’s category is based primar-
ily on its size in comparison to terrestrial 
planets, which are categorized due to their 
composition. There can be many different 
types of super-Earths, from rocky planets 
to gaseous neptunes to ocean worlds—the 
compositions can range drastically.

The third broad classification of exo-
planets is Neptunian planets, which (sim-
ilar to super-Earths) are categorized based 
on size rather than composition. Neptuni-
ans, as their name suggests, are a similar 
size to Neptune or Uranus, yet smaller 
than gas giants like Saturn and Jupiter. 
While these planets have a broad range of 
characteristics, their atmospheres tend to 
be mainly composed of helium and hydro-
gen. However, their cores tend to be rocky 
with a composition of metals. The reason 
why Neptunians have a variety of differ-
ent sub-classifications is because they are 
categorized mainly on size and their at-
mosphere, which creates sub categories 
such as mini-Neptunes, warm-Neptunes, 
and hot-Neptunes. Because planets like 
Uranus and Neptune contain the chemi-
cal compounds methane, ammonia, and 
water in a frozen form, they are often re-
ferred to as “ice giants.” Neptunian planets 
are more likely to form in the outer areas 
of planetary systems, where the isolation 
of the planet creates the icy exterior. While 

Neptunians are the least likely to be hab-
itable, they provide information on the 
earlier ages of the Universe, such as how 
certain planetary systems formed and the 
gravitational shifting within orbits.

Lastly, there are gas giants, which are 
planets roughly the size of our Saturn and 
Jupiter. However, they can be much larg-
er. Gas Giants’ atmospheres are composed 
mainly of hydrogen and helium, mak-
ing them much larger in size than Earth. 
Their sub-categories include hot-Jupiters, 
warm-Jupiters, and super-Jupiters, which 
are all specified categories based on tem-
perature or size. Instead of having a solid 
surface, they have a solid core and a sur-
face made of a mixture of gases. Gas giants 
can range from very long orbital periods 
to extremely short orbital periods of just 
18 hours to complete the trajectory around 
their host star. Unlike our own solar sys-
tem, where Jupiter and Saturn are located 
just outside the asteroid belt, roughly 1.2 
AU to 2.2 AU from the sun, gas giants have 
been discovered at very close and very far 
distances orbiting their host stars. It is 
celestial oddities such as these that make 
humans question the formation of the so-
lar system. Do planets form farther from 
the star and migrate inwards? Or are they 
forming a short distance from the star and 
migrating further away? We are able to ex-
plore the possibilities of planet migration 
through gas giants because there is no nec-
essary distance for the planet to be located.

These ideas lead us to the question: How 
can we detect these planets? There are five 
main methods of detection: astrometry, 
radial velocity, transit photometry, gravi-
tational microlensing, and direct imaging. 
Astrometry tracks the star’s position and 
studies the “wobble” of the host star based 
on exoplanet pull. The wobble is then 
compared to the stars in the background, 
which allows us to estimate a planet’s mass 
as well as its orbital inclination. However, 
astrometry requires highly precise data, 
making it more susceptible to error. For 
that reason, only a small number of plan-
ets have been discovered through it. Ra-
dial velocity is very similar to astrometry 
in that it tracks the star’s “wobble” as well; 
however, it is different in that when view-
ing exoplanetary systems from the side, 
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we use radial velocity, whereas astrometry 
is used when the system is viewed from 
above. This is because in radial velocity, 
we are essentially collecting the different 
wavelengths of the planet: the red and blue 
shift. When the planet moves towards us, 
we view the wavelength in blue shift, ver-
sus further away, which creates a red shift. 
By measuring the change in wavelength, 
we are able to calculate the velocity of the 
planet, and we can then collect informa-
tion on the planet’s mass and its orbit. 
Transit photometry is used when a planet 
passes in front of its host star. When this 
occurs, there will be a slight change in the 
luminosity of the star or a “dip". This al-
lows us to detect the planet. However, the 
only flaw to this method is that it takes the 
planet’s orbital period (however long that 
may be) to track it again. Gravitational 
micro-lensing involves the capturing of 
the bending of light of a different star as it 
passes behind a host star. When two stars 
align, the star behind the host star’s light 
curves around it due to Einstein’s theory 
of general relativity. If a planet is in the vi-
cinity of the host star, the light will bend 
around the planet as well, allowing for its 
detection. While many planets have been 
discovered through gravitational micro-
lensing, it is unrepeatable because the 
two stars will never align again, making 
it a one-time opportunity to discover it.. 
Finally, we have direct imaging, which in-
volves using the light of the planet itself 
to identify it. Because the planet emits its 
own infrared signal, it can be captured 
by telescopes and separated from the star 
signal. However, direct imaging can be 
incredibly difficult to do because the light 
from the host star can oftentimes interfere 
with the detection.

When the idea of potential planetary 
systems outside of our own comes to 
mind, the question of habitability often 
arises. In order for a planet to have the 
potential for habitability, it must have a 
few specific characteristics, including liv-
ing in the “goldilocks zone” or the orbital 
radius interval at which liquid water can 
exist. Not too close, yet not too far from 
the host star. Where the goldilocks zone is 
located is also dependent on the size and 
luminosity of the host star. The second 
characteristic would be the composition of 
a planet, which is very important in con-
tributing to the sustainability of life. Using 

transmission spectroscopy on planets, we 
are able to determine the composition of 
the planets based on the elements they 
contain. The most important are biolog-
ical elements such as nitrogen, carbon, 
and oxygen. We would also have to ensure 
the atmosphere is sustainable: that it has 
a sufficient balance of greenhouse gases 
to keep the climate controlled and that it 
has enough pressure to preserve the liquid 
water.

There are currently many new discov-
eries involving exoplanets; a few of the 
space missions have made incredible con-
tributions. The Kepler Space Telescope, 
launched in 2009, was one of them (its 
first planet searching mission.) It sur-
veyed planets and solar systems, as well as 
cataloging possible habitable zones. The 
mission went on for 9 years until October 
30th, 2018, when it emptied its supply of 
hydrazine fuel in totality. The TESS, or the 
Transiting Exoplanet Surveying Satellite, 
was a mission run by MIT which launched 
in 2018. It searched for visible light wave-
lengths and completed that task so well its 
mission was extended through 2028. Last-

ly, the Nancy Grace Roman Space Tele-
scope, which launched on August 30th, 
2026, will investigate exoplanets and dark 
matter. It will use the methods of gravita-
tional microlensing, direct imaging, and 
transit method in order to block starlight 
and locate exoplanets directly. Its field of 
view is 100x larger than that of the Hubble 
Space Telescope, allowing for more data 
capture.

Exoplanets are an important part of 
modern astronomy and allow us to have a 
better understanding of our Universe and 
planetary systems. By identifying different 
types of exoplanets, we are able to broaden 
understanding of the possibilities of extra-
terrestrial life. It’s possible to have a planet 
orbiting two host stars, it’s possible to have 
a planet orbit its star in less than 18 hours, 
and it’s possible to have a planet with a 
density of 0.093g/cm². As space technolo-
gy advances, so does our grasp on the lim-
itations of, and potentials for, life on other 
planets. The universe is filled with trillions 
of worlds we’ve yet to discover, and we’ve 
only just begun to look.

NASA, ESA, CSA, DANI PLAYER (STSCI) [8]
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The Types of Prion Diseases
AKARI HIGASHIDA ’28

What are Prion Diseases?

Prion diseases (PrDs) are triggered 
by misfolded proteins called prions. 

PrDs are neurodegenerative diseases with 
symptoms including brain disorder and 
dementia, which often ultimately lead to 
death. Newly formed prions are unique-
ly troublesome because they can misfold 
nearby healthy proteins. These diseases 
are extremely hard to identify and cure be-
cause the prions often damage the brain’s 
core functions before symptoms can even 
begin to show. Although prions are sim-
ple proteins with no genetic material like 
DNA or RNA, they are highly resistant to 
extreme conditions. One paper describes 
prions as “remaining active at tempera-
tures exceeding 600°C and resisting con-
ventional sterilization methods such as au-
toclaving” [1]. Autoclaving uses heat and 
steam to destroy microorganisms such as 
bacteria, viruses, and fungi, but it cannot 
completely remove prions.

PrDs, which affect both animals and 
humans, fall into three major categories of 
causation: sporadic, genetic, and acquired. 
The most common form of PrD is sporad-
ic, where prions appear randomly. Genetic 
PrDs occur when a mutated form of the 
PRNP gene, which encodes prion proteins, 
gets passed down. Acquired PrDs, on the 
other hand, come from external sources 
as they are transmitted by contaminated 
food or medical equipment; transmission 
is uncommon but it is still a major cause 
of serious outbreaks. Although there are 
no fundamental cures to these diseases, 
scholars are researching ways to prolong 
the lives of patients by slowing down the 
progression of symptoms.

Creutzfeldt-Jakob Disease
First discovered in the 1920s, 

Creutzfeldt-Jakob disease (CJD) is a type 
of PrD that is only found in humans. Its 
symptoms vary from behavioral changes 
to mental and motor impairment. CJD is 
a fatal disease that progresses quickly. In 
fact, roughly 70% of people with CJD die 
within one year of getting the disease [3].

Although most cases of CJD are spo-
radic, CJD outbreaks are also often caused 

by the reuse of contaminated surgical 
equipment and transplantation of tissue 
containing prions, a testament to the poor 
medical practices of some clinics. Howev-
er, because of CJD’s long latency period, 
which is estimated to be 10 years [4], the 
detection of the source of transmission is 
delayed. New medical practices such as 
replacing the transplantation of pituitary 
glands with DNA-derived hormones avoid 
prion contamination, reducing acquired 
CJD prevalence.

Bovine Spongiform Encephalopathy 
(BSE), also referred to as "mad cow dis-
ease," is a variant of CJD that led to a ma-
jor outbreak in the U.K. in the 1980s and 
1990s. Scientists believe that the cause of 
this disease was cattle being fed prion-in-
fected meat. The impact of this epidemic 
was devastating as “more than 184,000 
cows in the U.K. died from BSE between 
1986 and 2015” [5]. To combat these 
outbreaks among animals, regulators im-
posed widespread bans on recycling spinal 
columns and infected livestock tissue into 
animal feed, an action that drastically re-
duced the number of BSE cases reported.

Fatal Familial Insomnia
Fatal Familial Insomnia (FFI) is a rare 

genetic PrD that damages the thalamus, 
a part of the brain that regulates sleep. 
Its symptoms include sleep difficulties, 
memory loss, and muscle twitching. FFI 
is a life-threatening hereditary disease that 
leads to progressive brain degeneration. 
The prions drive the nervous system into 
a state of overactivity, inducing anxiety, 
high blood pressure, and increased heart 
rate. In addition, since sleep plays a vital 
role in the human body, the lack of sleep 
caused by FFI negatively affects one’s over-
all well-being as the brain is unable to 
recharge the energy required for proper 
bodily function.

The Kuru Epidemic
Cannibalism is known to be the ori-

gin of the Kuru epidemic, which “wiped 
out about 30% (at least 3000 individuals) 
of the Fore people of Papua New Guinea 
in the 20th century” [1]. This epidemic 
started among the Fore people, an ethnic 
group of New Guinea, who practiced can-
nibalism as part of their funerary rituals. 

The consumption of the brains of their an-
cestors was a holy act of commemorating 
their lives and passing down their wisdom 
to younger generations. However, this tra-
dition triggered the transmission of prions 
to the bodies of the Fore people, spreading 
the disease. Although the ritual was dis-
continued by the Australian government 
during the 1950s and 1960s, new cases 
continued to be reported because of kuru’s 
long latency period, which ranged from 
approximately five to forty years.

The Search for a CJD Cure
Researchers Sonia Vallabh and Eric 

Minikel found out that the introduction 
of small interfering RNA (siRNA) can 
be effective as a cure for prion diseases. 
The siRNA cure functions by cutting the 
messenger RNA that contains the genetic 
instructions for making prion proteins, 
preventing or delaying the misfolding of 
proteins. Minikel explains that they “want 
to go upstream and target the RNA mole-
cule that makes the protein” because the 
cells that create prions are hard to detect 
[7]. This treatment is entering clinical tri-
als, and Vallabh and Minikel hope that 
their research data will contribute to new 
discoveries in the whole field.

Although prion diseases are rare, their 
highly resistant nature has troubled the 
pursuit for an effective treatment. Re-
searchers continue to seek approaches that 
could provide a cure for these diseases for 
patients in the near future.

Figure 1. BSE-affected brain tissue shows micro-
scopic holes that give it a spongy appearance.

DR. AL JENNY, USDA APHIS, VIA CDC; PUBLIC DO-
MAIN [8]

Sciences • 10



An Overview of CRISPR
RUSSELL FAN ’28

Over the past two decades of sci-
entific research, one significant 

development in biotechnology has been 
the transformation of CRISPR (Clustered 
Regularly Interspaced Short Palindromic 
Repeats) into a gene-editing technology. 
Although commonly associated with ge-
netic modification, CRISPR is, at its core, 
a delicate system used by bacteria and ar-
chaea to protect themselves from invading 
phages and plasmid. First discovered in the 
late twentieth century, this process begins 
when a bacterium encounters a plasmid 
and stores its information in the DNA-de-
rived spacers. When the bacterium rec-
ognizes the invader, it expresses a unique 
RNA and interferes with the invading ge-
nomes. For many years, scientists did not 
fully understand how the RNA molecules 
were produced and guided to the invading 
plasmids. Through extensive studies on 
this immunity system in the 2010s, how-
ever, scientists were able to answer these 
questions and find ways to mimic and use 
it to edit genes.

In 2011, Deltcheva et al., while studying 
the CRISPR system of Streptococcus pyo-
genes, took one of the first steps towards 
developing the gene-editing technology 
we know today. While investigating how 
pre-crRNAs (precursor CRISPR RNA) 
are cut into smaller functional pieces, the 
scientists identified a trans-encoded RNA 
named tracrRNA(trans-activating CRIS-
PR RNA). This RNA has a sequence that 
is complementary to the repeat sequence 
in the pre-crRNA, which would pair up 
together to create a double-stranded RNA. 
In a mutant strain with the absence of 
tracrRNA, crRNA is no longer produced, 
suggesting that tracrRNA is important 
within this process.

In addition to tracrRNA, RNase III, an 
enzyme involved with processing RNA in 
bacteria, and Csn1, a CRISPR-associated 
protein, are also crucial to the matura-
tion of crRNA. RNase III is essential for 
the cutting of paired RNAs, while Csn1 
assists with the pairing of tracrRNA with 
pre-crRNA. Bacteria lacking any of these 
components were found to be unable to 

protect themselves from invading plas-
mids. Together, tracrRNA, RNase III, 
and Csn1 were shown to be necessary to 
produce mature crRNA. Producing the 
crRNA, however, is only the first step. The 
next question is how this RNA uses infor-
mation stored in its sequence to direct the 
CRISPR-associated proteins (Cas) towards 
invading plasmids.

A 2012 study by Jinek et al. reveals how 
tracrRNA and crRNA play important 
roles in the process of targeting the invad-
ing gene. This study was one of the first to 
demonstrate the foundations of modern 
genomic technology. Cas9, a CRISPR-as-
sociated protein that has the function of 
cutting targeted DNA, needs both crRNA 
and tracrRNA to cut the target DNA of the 
invading plasmid. TracrRNA assists with 
forming the RNA that interacts with Cas9, 
crRNA contains information that deter-
mines which DNA Cas9 should target, and 
Cas9 is the protein that binds to the RNA 
and cuts the invading plasmid. When the 
Cas9 protein arrives at the site, it utilizes its 
two nuclease domains, HNH and RuvC, to 
create double-stranded breaks. The HNH 
cuts the strand that is complementary to 
the crRNA-guide sequence, while RuvC 
cuts the noncomplementary strand.

Though Cas9 relies on two separate 
RNAs in nature, the researchers investigat-
ed the likelihood of connecting the two re-
quired RNAs into a single RNA molecule 

that could be modified to target a specific 
gene. Connecting the 3’ end of crRNA to 
the 5’ end of tracrRNA mimics the du-
al-RNA structure that guides Cas9, known 
as chimeric RNA which has the ability to 
direct Cas9 to targeted DNA sequences. 
From their research, Jinek et al success-
fully created five different chimeric RNAs 
that are designed to target different DNA 
sites. Thus, Cas9 acts as the scissor cutting 
the targeted DNA sequence, while the sin-
gle chimeric RNA holds the information 
of which DNA is to be targeted. It allows 
scientists to change the chimeric RNA to 
target different DNA, which is the funda-
mental idea of CRISPR as a gene-editing 
technology that most people recognize 
now.

Nowadays, CRISPR technology is a 
standard method for biological research. 
For instance, in the field of microbiology, 
scientists often create knockout mutants 
of a specific gene in bacteria to investi-
gate the significance of the protein that it 
encodes for. The same programmability 
is now being applied to humans, which 
raises various ethical concerns regarding 
this powerful yet potentially dangerous 
technology. What began as a defense sys-
tem against invading plasmids has become 
a tool to rewrite genetic information, but 
scientists must decide where to draw the 
line.

Figure 1. Cas9 uses guide RNA to target a DNA sequence and cut both strands.

MARCEL TISCH, VIA BIOICONS; CC0 [3]
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Origin of Life: Spontaneous Proliferation?

How did life originate on Earth? Did life 
really start from nothing? Was it just luck 
and magic that created human beings and 
all the other creatures? These questions 
provoked a heated debate about the origin 
of life on Earth. Some believe life appeared 
as a result of the combination of chemicals 
on primitive Earth. Others propose that 
substances from outer space potentially 
paved the path for life. Still, others think 
it’s just a mix of serendipities and time. 
Scientists are not close to knowing the 
exact answer and they may never find the 
key to this mysterious door. Yet, knowing 
more about the origin of life on Earth and 
better understanding where humans came 
from acts as a vital part to the whole hu-
man race. It is somewhat unmeaningful 
and hollow to live a life not even knowing 
the most significant part of ourselves – 
life or human origin. Led by the question 
“How did life first start on Earth?”, this 
article will expand on research done and 
explore the unknown past. Abiogenesis 
and biogenesis are both possible based on 
various pieces of evidence. In the follow-
ing, an elaboration on several prevalent 
theories and experiments will be provided 
as possible explanations of this mystery. 

DISPROVAL OF SPONTANEOUS 
GENERATION

While it appeared that abiogenesis could 
explain the creation of life on Earth, many 
theories and experiments refuted sponta-
neous generation. Spontaneous genera-
tion was disproved through the execution 
of various experiments and verification of 
significant theories. After cultivating and 
enhancing the precision of experiments, 
results consistently showed that life or or-
ganisms can’t arise spontaneously.

According to Explore Yeast [6], the 
development of the Germ Theory of Fer-
mentation and Pasteurization aided Louis 
Pasteur to disprove abiogenesis. The Germ 
Theory of Fermentation stated that anaer-
obic organisms or organisms surviving 
without oxygen caused fermentation. For 

KRYSTAL ZHANG ’29
instance, yeast was able to live in the ab-
sence of air and produce alcohol from sug-
ar. In addition, fermentation occurs only 
when there are living microorganisms, 
growing due to the spores in air or on 
food. This discovery also helped develop 
the renowned process of “pasteurization”. 
Pasteur implied that if heating killed most 
of the bacteria, then it’s unlikely for a liq-
uid to be spoiled. In other words, fermen-
tation is not caused due to spontaneously 
generated bacteria, but due to the surviv-
ing organisms that produced acid [6].

Furthermore, Pasteur conducted an ex-
periment that further debunked sponta-
neous generation. He used a swan-necked 
flask that allowed air to go into the heated 
broth while keeping bacterial spores out. 
The result showed no chemical changes or 
growth of anything in the broth. On the 
other hand, when Pasteur tilted the flask 
on its side and allowed access of dust into 
the heated broth, bacteria growth contam-
inated the broth. The same would happen 
if the neck of the flask was broken expos-
ing the liquid to non-filtered air. Overall, 
this showed that bacteria appearance did 
not arise from spontaneous proliferation 
[7].

To better illustrate the point, two other 
experiments consolidated this refutation 
against spontaneous generation. Firstly, 
Francesco Redi proposed that maggots 
didn’t spontaneously generate from rot-
ting meat and supported his opinion with 
an experiment. Initially, he placed meat in 
many jars. There were three types of jars, 
some were left uncovered, some were cov-
ered with gauze, and others were sealed 
with a lid. Gradually, maggots were pres-
ent in the first two groups of jars but not 
in the ones that were sealed. He concluded 
that maggots do not spontaneously arise 
from meat, because only the ones that flies 
have access to appeared to have maggots 
[7]. Plus, Lazzaro Spallanzani demonstrat-
ed that microbes do not spontaneously 
generate. Since he believed that microbes 
could move airborne, he contended that 
the microbes that appeared in an exper-
iment conducted by John Needham (an 
English biologist in favor of spontaneous 
proliferation) is due to the broth’s expo-
sure to air after boiling but before the flask 

had been sealed. Spallanzani then devised 
an experiment, where he placed the broth 
in a sealed flask. After that, he eliminated 
air from the flask and boiled or sterilized 
the heated broth. As a result, no microbes 
appeared in the broth. Undoubtedly, this 
was a huge blow for spontaneous genera-
tion [7].

Based on the many theories and experi-
ments elaborated above, spontaneous gen-
eration seems to be an unfeasible explana-
tion for the origination of life on primitive 
Earth. 

This disapproval theory against sponta-
neous proliferation is indeed persuasive, 
but arguments in favor of spontaneous 
proliferation are also present, such as the 
instances provided below.

PRIMORDIAL SOUP

In 1940 Russian scientist Alexander 
Oparin and English geneticist John Hal-
dane hypothesized another theory of how 
life originates – the theory of the primor-
dial soup. Literally, it means a bowl of soup 
from ancient times. Alexander Oparin and 
John Haldane theorized that life started in 
the primordial ocean. The mix of gases in 
the atmosphere and the energy from light-
ning strikes allowed the primitive water to 
be rich and organic, creating amino acids 
found in protein (an element that all living 
things have). Over periods of hundreds of 
years, life became possible to be created 
spontaneously in the ocean. Amino acids 
contain nitrogen and hydrogen, and those 
2 elements did appear in the primordial 
time [3]. Hence this theory is reasonable.

 In 1952 Stanley Miller, a graduate stu-
dent from University of Chicago, with 
Harold Urey, a Nobel laureate in chemis-
try, conducted a famous experiment that 
proved life spawned from the primordi-
al soup. Miller and Urey put ammonia 
(NH3), methane (CH4), and water vapor 
in an enclosed container to simulate the 
environment in primordial time. Then 
they put electrical sparks through the con-
tainer to emulate lightning. Amino acids, 
which are substances that are found in pro-
tein, were soon observed to have formed 
[3]. These experiments demonstrated the 
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process of how life potentially formed in 
support of the primordial soup theory.

HYDROTHERMAL VENTS

Similar to the hypothesis of abiogenesis 
and spontaneous proliferation is a second 
postulation of hydrothermal vents. Hy-
drothermal vents allowed life living in the 
deep ocean and in extreme environments 
to produce energy without the energy 
from sunlight. In other words, with the 
help of submarine vents, living organisms 
can be formed deep in an oceanic world 
with no sunlight and the help of above-
sea-level heat.

According to an article published by 
Heather Scoville [4], these types of or-
ganisms are extremophiles that can live in 
the severest of conditions. Hydrothermal 
vents are structures in the bottom of the 
ocean, existing in extreme conditions. The 
vents were capable of making their sur-
roundings extremely hot, hence the word 
"thermal" in its name. Life forms that live 
in and near these vents need and have 
adaptations that enable them to thrive in 
these harsh conditions of heat and pres-
sure.

Since sunlight cannot reach to the 
depths of these structures, there had to be 
another energy source for early life that 
may have formed there. A potential ener-
gy source lurks behind the vents’ chemical 
compositions. Hydrothermal vents con-
tain chemicals that aid in the occurrence 
of chemosynthesis—a way for organisms 
to create their own energy similar to pho-
tosynthesis that uses chemicals instead of 
sunlight to make energy [1].

Synthesizing the amount of heat and 
pressure in these areas, along with the 
types of chemicals available, life can be 
created and changed relatively quickly. 
Scientists further validated this hypothesis 
by successfully tracing the DNA of all cur-
rently living organisms back to a common 
ancestor of extremophiles that inhabited 
the hydrothermal vents [4].

SEEDED BY METEORITES

A final and third hypothesis of the ori-
gin of life is a mix of luck, time, and mete-
orites. It is helpful to start thinking about 
these questions: Why do meteorites have 
the ability to carry life? Why can life be 

carried by meteorites?
The first meteorite drifted through the 

universe in the form of a comet. The sur-
face of the comet was covered in ice, which 
froze and in turn protected the preserva-
tion of the carried life. This is also one of 
the reasons why life did not melt when a 
comet entered the atmosphere, where in-
tense heat is produced from friction due 
to movement. When the ice layer on the 
surface of the comet melted, the remain-
ing un-melted meteorite blocks brought 
the life forms to Earth from outer space.

Some people may say that life would 
melt when passing through the atmo-
sphere, but in fact, microscopic lifeforms 
like bacteria or viruses have the ability 
to pass through the atmosphere. For in-
stance, a virus has a protective layer on 
its surface that is hard enough to protect 
it from destruction or deterioration when 
passing through the atmosphere.

Yet, even if bacteria and micro-viruses 
were introduced to earth, how did they 
evolve into larger life forms without per-
ishing? How did a tiny bacterium affect 
the global production of life? Life comes 
from reproduction and transmission. Re-
search has shown that the bacteria stayed 
and survived for a period of time after 
arriving on Earth, during which they dif-
fused to their most primitive form. Infec-
tion through this conduit gradually in-
creased the number of bacteria that bred 
microorganisms, which mutated and grew 
into other organisms [5].

AN ONGOING PROCESS OF RE-
VEALING MYSTERIES

In conclusion, life origination  is still 
an unsolved puzzle, where efforts in ap-
proaching a possible answer are still being 
made. Scientists and thinkers proposed 
different theories and provided their own 
understandings on this subject. Alexan-
der Oparin and John Haldane theorized 
that life was first created in the primor-
dial ocean by the combination of energy 
and gases, which was also later verified 
by the experiments performed by Miller 
and Urey.  Others contended that organ-
isms are carried to Earth by meteorites or 
basically arose from hydrothermal vents, 
where creatures thrived under extreme 
environments. Against these theories and 
in contradiction to biogenesis, Louis Pas-

teur conducted experiments and theo-
ries, attesting that organisms cannot arise 
from spontaneous proliferation. He is re-
nowned for his studies on fermentation 
and extrapolating conclusions from exper-
iments of previous scientists. The theories 
explained are just a tiny portion of the ice-
berg. These scientific investigations prove 
to be a crucial first step towards an under-
standing of the origin of life and where the 
human race came from. The subsequent 
steps about to be taken require the wider 
society to remember that “The important 
thing is not to stop questioning,” as Albert 
Einstein put it [9, p. 64].



HistGramBench: Can AI Pass Mr. Dollhopf’s 
Geometry Class?

HARRY TRAN ’28

You need to be able to sketch a triangle 
to pass Geometry Accelerated at Deer-
field. Consider a hypothetical world where 
AI policies are non-existent. Should stu-
dents trust an AI agent to read a geome-
try sketch and complete their geometry 
homework? Consider this problem from 
The Teaching of Geometry (1911): repro-
duce the semicircle and triangle shown 
in Figure 3a. Before an agent can solve a 
geometry problem, it needs to “see” the 
figure correctly and reconstruct it. One 
way to rebuild these figures is to redraw 
them as code. TikZ is a drawing language 
used with LaTeX, the standard typeset-
ting in mathematics. A TikZ drawing is 
a short program that compiles the details 
of a figure so that a computer can read it. 
Today’s frontier AI models that read imag-
es, known as vision-language models, can 
write such programs from a picture [1].

The problem is: how can the accuracy of 

Figure 1. Sample of corpus figures, 1560–1931, with year, figure type and source. †: not in the scored test set.

HARRY TRAN [10]
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a redrawn figure be objectively measured? 
The standard method compares pixels, but 
differences in line thickness can produce 
misleading results. Code-by-code com-
parison is impossible because historical 
diagrams do not have original code.

We introduce HistGramBench, a 
benchmark for evaluating how accurately 
AI models reconstruct historical geome-
try diagrams. It uses an alternative judg-
ing method that checks the facts a reader 
relies on: which points exist, which points 
lie on which shape, which lines are parallel 
to each other, etc. The benchmark seeks to 
answer a question: How much of a figure’s 
structure do AI models get right, and how 
often do they fail to produce a drawing at 
all?

Existing benchmarks that turn pictures 
into code use modern material that has 
original TikZ code: scientific figures in 
TikZ [1], charts in Python [8], and web 

pages in HTML [7]. These benchmarks 
grade an AI’s output on how similar the 
output looks compared to the answer key. 
HistGramBench’s foundation is built on 
Inter-GPS, which describes geometry di-
agrams as lists of objects and relationships 
[6].

The figures come from public-domain 
historical articles (Figure 1). Each sample 
is a single figure cropped from its page. An 
automated check procedure and screening 
model are introduced to remove non-ge-
ometry crops and duplicates. Our final test 
set contains 2,507 crops from an original 
dataset of 411 books (Figure 2).



Figure 2. HistGramBench pipeline. Left: corpus building. Centre: answer-key construction. Right: scoring one compiled answer.

HARRY TRAN [10]

Each figure is given to each model in 
two ways (Table 1). In Track A, the model 
sees only the figure and is asked to redraw 
“the mathematical figure the original in-
tended,” leaving out stains and printing 
flaws. In Track B, models receive addition-
al captions and nearby text from the same 

page. In both tracks, the answer must be 
a single TikZ drawing. Comparison be-
tween Track A and Track B shows us to 
what degree context influences a model’s 
performance.

Each figure has an answer key: a list 
of facts of three kinds (Table 2). Entity 

facts say that an object exists (“there is a 
point”), relation facts say how objects con-
nect (“Point A lies on the circle”), and label 
facts show how things are marked (“This 
point is printed as A”). The answer key 
avoids recording exact position or size.

Two self-contained AI models, GPT-6.1 
Sol and Kimi K2.5, independently write 
down facts. Their lists are then lined up, 

and every fact in the combined list U is 
voted on. Writing a fact counts as a vote 
for it unless the writer later rejects it. With 

vw(f) standing for writer w’s vote on fact 
f, the key is:
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So facts enter the key only when both 
writers agree. The rule also prefers a short-
er, reliable key to an overly complete one. 
Figures with keys that are too thin or too 
uncertain are omitted from the test set.

The benchmark takes the TikZ code 
from the model’s answer and runs it on 
one attempt in a contained environment 
(Docker) and reads the output picture as 
a set of points, lines, curves and text (Fig-
ure 2, right). If the code fails to compile or 
contains forbidden commands, the output 
is considered a complete failure.

The objects in the key are first paired 
with objects in the drawing. Each fact is 
then checked by measuring the drawing. 
For instance, let d(p, x) be the distance 
from a point p to an object x, and let 
∠(ℓ1, ℓ2) be the angle between two lines.

A point counts as lying on a circle when 
it sits within one percent of the drawing’s 
size from it. Two lines count as parallel 
when their directions differ by at most 1.5 
degrees. The drawing’s size is indepen-
dent of these criteria because distances 
are compared with the size of the whole 
drawing. The checking process is only de-
pendent on written facts, so line thickness, 
font and colour do not make significant 
differences. Other relations such as right 
angles are checked with the same method-

ology. More complex facts such as shaded 
regions or marks showing equal lengths go 
to a third independent judge for further 
corroboration.

A model’s performance is measured 
mathematically. Let Ki be the answer key, 
Pi the facts reproduced, and Xi the facts ex-
cluded because a required object is miss-
ing. The set difference Ki ∖ Xi contains the 
checkable facts. Let gi equal 1 for a valid 
drawing and 0 for a compilation failure:

The corpus also contains books from 
adjacent authors so some figures tend to 
resemble each other. The benchmark tack-
les this by averaging scores within each 
group of related books and then averaging 
the groups:

where S̄k is the average score in group k 
and G = 87 is the number of groups. The 

95 percent range around each result uses 
the 87 group averages as the sample [3].

Six vision-language models were tested: 
Gemma 4 26B, Llama 4 Maverick, Minis-
tral 3 14B, Gemma 4 E2B, Claude Haiku 
4.5 and Nemotron Nano 12B v2. These 
models’ outputs shared the same config-
urations and the same limit on answer 
length.

Gemma 4 26B does best, with a Track 
A score of 0.59 (Table 3). Performance of 
Gemma 4 E2B and Claude Haiku 4.5 is in 
the same bound through sorting the six 
into five distinct levels [2].

Many answers failed to compile: Of 
2,507 Track A answers, Nemotron Nano 
12B v2 ran out of answer length on 651, 
Llama 4 Maverick introduced forbidden 
commands on 292, and Claude Haiku 
4.5 wrote code that failed with syntax er-
rors on 1,218; in 1,007 cases it left out the 
line opening a LaTeX document. Models 
struggled the most with relations.

Adding page text does not have a signif-
icant influence on the overall performance 
of models. Individual models move both 
ways, with gains from Ministral 3 14B to 
a loss of 0.08 for Gemma 4 26B (Figure 5), 
and the five levels of Track A merge into 
two (Figure 4).

Figure 3. Worked example (Track A; The Teaching of Geometry, 1911; 40 facts). (a) Original crop. (b)–(g) Compiled drawings with S = found/checkable facts.

HARRY TRAN [10]
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Table 3. Main results (N = 2,507 items; G = 87 source groups). H is the group-mean item score. Valid is the share of outputs yielding a drawing. Recall is shown by fact 
class. Bold: best; underline: second.

To see if ranking is dependent on the family of the AI Judges, each judge’s model family was removed in turn and the six models were 
reranked. There was no significant correlation between grading and model family.

Figure 4. Pairwise differences in H (row − column). Upper triangle: adjusted p. *: 
separated at FDR q = 0.10. †: |difference| > 0.14.

HARRY TRAN [10]

Figure 5. H per model in Track A and Track B, with 95% intervals.

HARRY TRAN [10]

So, can AI pass Mr. Dollhopf ’s geome-
try class? Six frontier AI models surely did 
not, at least not yet. Even the best mod-
el gets a large part of each figure wrong, 
and many answers fail to produce draw-
ings, which is like giving a blank page as 
a submission. Proprietary frontier models 
like Claude Haiku 4.5 still fail on funda-
mentals like leaving out the first line of 
code, equivalent to not signing the Honor 
Pledge on the test. If you use AI, whether 
your school’s policy allows it or not, you 
are setting yourself up to fail geometry 
class. 

For engineers, the quickest step-im-

provement is configuring the model to 
produce a valid output. Most failures are 
mechanical, such as running out of answer 
length or breaking syntax. In model train-
ing, engineers should focus on training 
models to understand relations instead of 
just learning how to look at a figure and 
guess. Fact-level checks in this benchmark 
can serve as a framework for data that can 
be used in reinforcement learning. Addi-
tionally, researchers should be mindful 
of page text. It is dependent on individu-
al models, so keeping image-only exam-
ples in training can help models learn to 
read the figure instead of over-relying on 
context and captions. Finally, bigger does 

not mean better. Gemma 4 26B, an open-
sourced model by Google with only 26 bil-
lion parameters, performed better than a 
proprietary Claude model. 

HistGramBench shows that current 
vision-language models have trouble re-
drawing historical geometry figures, es-
pecially in producing a drawing that ad-
heres to syntax and relations. We hope 
HistGramBench will encourage work on 
models that read a figure’s geometry with 
higher precision and grounding from text-
books that are centuries old to a printed 
homework worksheet due on a Thursday.
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Bacteria as Living Circuit Boards

MILLIE HUANG ’29

What if bacteria could do math? Would it be able to create algo-
rithms to crash the global economy? Would the human species get 
taken over by bacteria? Well, bacteria can now do calculations, so 
who knows what may happen in our future.

On August 17, 2026, researchers at MIT announced their 
breakthroughs in turning entire bacterial colonies into biological 
transistors and circuit boards. The team used colonies rather than 
individual bacteria because individual bacteria lack the metabolic 
energy to host whole circuits, cell toxicity or growth failure would 
occur in them [1]. Therefore, the MIT team distributed the work-
load across multiple specialized bacterial colonies using quorum 
sensing to connect them.

Background knowledge:
To understand biological computing, it is helpful to understand 

traditional computing and cellular communication.
Transistor and Logic Gates:

Traditional silicon transistors are electronic switches that use 
voltage to flip between on and off states. Logic gates are circuits 
made up of two or more transistors.
Quorum Sensing and Autoinducers:

On the other hand, bacterial transistors rely on quorum sens-
ing, which is essentially how bacteria talk to each other. Bacte-
ria naturally emit small signaling molecules called autoinducers 
which change the gene expressions of other nearby bacteria, and 
act as the “voltage” in this specific circuit.

Methodology and setup:
In this experiment, the MIT researchers utilized acyl-homo-

serine lactones (AHLs), a specific family of natural autoinducer 
molecules. To achieve a full circuit, the team of scientists engi-
neered five strains of the bacterium Pantoea agglomerans (a type 
of bacteria that resides on plant surfaces [2]). Two strains acted as 
logical switches (transistors), while three strains served as com-
munication lines (wires).
Placement and spacing:

Using an acoustic liquid handler, the scientists printed five 
strains onto agar plates in different patterns to achieve different 
calculations [3].
Layout:

Colonies were set to be about five millimeters apart. The re-
searchers chose the distance because colonies would be close 
enough that signaling molecules could reach the next colony in 
the controlled direction while also being far enough away so they 
wouldn’t trigger anything else on the circuit [4].

Passive Diffusion:
When a transistor colony produces the output molecule OHC-

14, the molecule exits the cell without using cellular energy. This 
process of passive diffusion is due to the OHC-14 having a nonpo-
lar hydrophobic acyl tail which can easily pass through the lipid 
membrane of the bacterium allowing for diffusion into the sur-
rounding agar [5].

Components:

Transistor Strains:
As the name suggests, these strains are the transistors of the 

bacterial circuit. They use three types of AHL molecules: OC-6 
as the control input, OC-12 as the data input, and OHC-14 as the 
output [1].
N-type Transistor Strain:

These strains have their DNA programmed for OC-6 to bind 
with receptors inside the cell called LuxR-family receptors or oth-
er variants like TraR and LasR. They are transcription factors (reg-
ulatory proteins) that have binding pockets shaped to fit the 6-car-
bon tail of OC-6. The activated OC-6 receptors attach to the DNA 
and trigger the cell to start producing either CinR or RhlR, which 
are proteins that catch OC-12 with binding pockets designed for 
grabbing the 12-carbon tails of the molecule. This is the “on” in 
terms of traditional transistors.
P-type Transistor Strain:

These cells are active by default, meaning they produce the out-
put, OHC-14, whenever OC-12 is present. When OC-6 binds to 
its LuxR variant repressors, however, the protein physically dis-
ables the region in the cell that produces OHC-14, blocking the 
RNA polymerase from moving forward and stopping the entire 
biological assembly line that makes OHC-14. This is the “off ” in 
terms of traditional transistors.
OC-12 and OHC-14:

OC-12 is the “target molecule,” or the data being processed. 
Transistors check for its presence to decide whether or not they 
should generate outputs, OHC-14 in this case. If the transistor is 
on and it detects the OC-12, the cell activates an enzyme called 
AHL synthase that synthesizes OHC-14 using materials in the cy-
toplasm. Then the OHC-14 passively diffuses into the agar and 
travels until it reaches a neighboring colony.
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Relay Strains:
Relay strains connect the transistor cells together like wires on a 

traditional circuit board. They convert the OHC-14 (which cannot 
be read as an input by another transistor) into molecules that can 
be read. Each strain has receptor proteins from the LuxR family 
that are shaped to catch OHC-14. The DNA gets unlocked as the 
proteins bind with the molecule and the cell starts to manufacture 
a synthase enzyme that produces OC-6, OC-12, or OHC-14 de-
pending on the strain. These molecules move out of the cell wall 
and travel through the gel to hit the next transistor [3].

One type of relay strain translates OHC-14 to OC-6. They al-
low the calculations from the previous transistor to flip the switch 
of the second transistor. The second one translates OHC-14 to 
OC-12. They allow calculations from the first transistor to be the 
data stream of the next transistor. The third strain makes more 
and stronger OHC-14 after receiving OHC-14. They are amplifi-
ers used to reduce the effects of the natural fading and diluting of 
chemicals as they travel through the gel.

Significance and the Future:
By combining these five strains, the MIT team connected up 

to 24 bacterial colonies to perform operations such as binary ad-
dition. The scope of these activities is huge, with senior author 
of the MIT paper and head of MIT’s Department of Biological 
Engineering Christopher Voigt noting that, from a logical stand-
point, “there’s nothing that your iphone can do that these circuits 
couldn’t do.” [1, “Complex calculations” section, para. 3].

While logically capable, biological computation is limited by 
speed. A single calculation takes around eight hours because of 
the time needed for protein synthesis and molecular diffusion. 
However, there is immense potential for expansion in environ-
mental and medical fields.

You can be rest assured that bacteria aren’t taking over the world 
just yet. But as this technology advances, the boundary between 
living organisms and computing systems will continue to blur.

Figure 1. Living circuit boards made from engineered bacterial colonies.

COURTESY OF THE RESEARCHERS, EDITED BY MIT NEWS, CC BY-NC-ND 3.0 [8]
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Quantifying Error in
Harmonic Reduction Systems

CARTER HE ’28

Abstract
Robotic arms require extreme pre-

cision to complete important and spe-
cific tasks. Yet, harmonic reducers, an 
extremely accurate type of gearbox 
that reduces backlash1, still struggle to 
achieve the necessary accuracy for com-
plex tasks. Their sources of error fall into 
two major categories: static error, caused 
by imperfections in system construction 
and assembly, and dynamic error, caused 
by phenomena such as load's2 twisting 
effect on the flexspline3. Li et al. (2025) 
designed an experiment to quantify the 
error stemming from the straining of the 
flexspline under significant load. Their 
model predicted the machine error 
with 93-96% accuracy, and their results 
demonstrated that load had a greater 
effect on the accuracy of the harmonic 
reduction than manufacturing error did; 
sudden changes in load significantly af-
fected the performance of the arm. Their 
results suggested a stiffer flexspline be 
used to reduce backlash and stabilize the 
load, and dynamic software adaptation 
to correct quantified load-induced error.
Introduction

Robotic arms require extreme preci-
sion to complete important and precise 
tasks. Small errors in angle compound 
as the target point moves further away 
from the axis of rotation. In robotic 
arms, which often stretch as long as four 
meters, small errors in angle can be sig-
nificant. A typical error value in robotic 
arms using harmonic reductions of one 
arcminute (1/60th of a degree) can cause 
errors as large as 0.6 mm at the top of 

a two meter, a magnitude large enough 
to miss a target or drop a part during a 
space repair operation.

Most industrial and space arms use 
harmonic reductions because of their 
compact, lightweight design and their 
highly efficient reduction, enabling large 
torque ratios in one gear to gear interac-
tion. The secret lies in a flexible rack [^1] 
which rotates by meshing its teeth with a 
rigid circular spline with more teeth. The 
flexible nature of this flexspline, howev-
er, is also the source of the harmonic re-
duction’s greatest inaccuracy: rotational 
inertia4 and sudden changes in torque 
warp the shape’s structural integrity.

Earlier studies attributed error in 
harmonic reductions to flaws in manu-
facturing and construction such as mis-
shapen teeth and poorly coupled compo-
nents. These errors cannot be addressed 
once the system is fully constructed. Li 
et al. (2025), however, hypothesized dy-
namic error to be more significant than 
static error, designing an experiment to 
prove their claim by quantifying both 
error types.
Fundamentals of harmonic reductions

Harmonic gearboxes are primarily 
made of three different parts: a wave 
generator, a flexspline, and a rigid outer/
circular spline.

The wave generator is often the in-
put for the system. Due to its oval shape 
which forces meshing of a number of 
teeth between the flexspline and the cir-
cular spline, the system is able to control 
precise and targeting movement while 
producing the large torque gear ratios 
that harmonic reductions are famous for 

(Harmonic Drive LLC, 2021).
The most defining characteristic of 

the harmonic reduction is the flexspline. 
As suggested in its name, the flexspline 
boasts impressive flexibility which it 
uses to hug the elliptical shape of the 
wave generator while also meshing 
with the circular spline. In order for it 
to function as intended, it often has two 
fewer teeth than the circular spline. The 
flexspline cannot be fixed upon the wave 
generator as it would lead to zero reduc-
tion in the system.

The circular spline serves as the sta-
tionary mechanism that the flexspline 
uses for movement. When the wave gen-
erator’s elliptical shape pushes two sec-
tions on opposing sides of the flexspline 
outwards, it pushes the offset teeth into 
each other, slightly shifting the flex-
spline to match the circular spline at 
those points.

The actual reduction produced comes 
from the offset and difference in teeth 
between the flexspline and the circular 
spline. In Li et al. (2025)’s experiment, 
the scientists used an outer ring with 
242 teeth and a flexspline with 240 teeth, 
creating a shift of two teeth with ev-
ery full rotation of the wave generator. 
Therefore, the gear ratio, which will be 
referred to as n, can be found by divid-
ing the number of teeth of the circular 
spline by the difference in teeth between 
itself and the flexspline. This calculation 
produces a value of 121; the motor must 
turn 121 times to produce a full rotation 
in the flexspline.

Figure 1.1. Parts and interactions of harmonic reducers. Source: Harmonic Drive LLC (2021) [1].

Terms: ¹ Backlash: lost motion due to under-rotation. ² Load: external torque applied upon the output. 
³ Flexspline: flexible gear that deforms to serve as the output. ⁴ Rotational inertia: resistance to rotational motion.
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Methodology
Using the formula below, Li et al. (2025) focused on trans-

mission error, which describes the position of the arm relative 
to where it should be under ideal circumstances:

θ~ = θh + θk = (θm / n) − θl

θh = θ~p + θ~s

θ~ θkTransmission error With load step change
θm θhInput angle Without load step change
θl θ~pOutput angle Static error
n θ~sTransmission ratio Dynamic error

Li et al. (2025) decided to analyze both static and dynamic 
error separately so as to isolate and measure the individual ef-
fects of each.

To model the error, the scientists ran experiments under a 
low rotational speed of 5 rpm with a 67 Nm load [^2]. The 
setup consisted of a fixed wave generator, held in place by code, 
which fought against any applied load. While the first motor 
held steady, a second motor gradually twisted output—the flex-
spline—from 0 Nm to 67 Nmto -67 Nm, and finally back to 
0 Nm once more as the sensors tracked torque and rotation, 
allowing Li et al. (2025) to understand and model flexspline’s 
springiness.

Figure 1.2. Experimental setup. Source: Li et al. (2025), CC BY 4.0 [2].

Static error
Since static affects the system at the same spot of rotation 

with each axle turn, Li et al. (2025) were able to use a Fourier 
series expansion [^3] to model its effects:

To identify the order of the Fourier expansion, Li et al. used 
Root Mean Square Error (RMSE) [^4], plotting it against a 
Fourier expansion with a variable order [^3.5]. Their results 
showed that RMSE of the driving error dropped only nominal-

ly following the 240th order.

The scientists also tested the effects of static error upon a 
system with zero load. The model identified the lost motion 
caused from imperfect meshing and backlash caused by manu-
facturing error to be 1.341 arc min

Static-error plots. Source: Li et al. (2025), CC BY 4.0 [2].

Dynamic Error
To test for the dynamic error, Li et al. (2025) took the data 

from the setup of the fixed input motor and moving secondary 
motor, and they analyzed the data as a plot. The returned mod-
el showed a slightly non-linear curve, so the scientists fitted it 
along a fourth degree polynomial to model the non-linear na-
ture of the flexspline’s elasticity:

Using the identified values of K, they found for Elastic Po-
tential Energy formula of the flexspring using equations:

Combining these two formulas, Li et al. arrived to the fol-
lowing:

They then solved for the kinetic energy of the spinning ends 
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of the system as well as total energy losses from dampening 
and friction, defining them respectively in the formulas below:

For dampening error and to consider power lost from fric-
tion, Li et al. (2025) used the following:

Finally, the scientists utilized the general Lagrange equation 
for the harmonic drive systems:

Li et al. (2025) synthesized the equations above and utilized 
Lagrange equations to predict the transmission error for any 
speed and load without needing to measure most of the specific 
qualities of each individual testing machine, eventually reach-
ing a formula in:

To test how a sudden change in load affects the accuracy of 
harmonic reduction systems, Li et al. (2025) first started the 
system with a wave generator speed of 200 rpm with a 40 Nm 
load. After allowing the system to run for four minutes under 
these conditions, the researchers dropped the average load to 
20 Nm and tracked the apparatus for another 5.2 minutes; they 
continued this process until they eventually increased the load 
to 60 Nm. From these changes in load, the scientists discov-
ered that the change in magnitude of load was proportional 
to the actual change in driving error. A drop from 40 Nm to 
20 Nm shifted the baseline position by -3.48 arcmin. Similarly, 
the error from the 40 Nm to 60 Nm shift creates a similar shift. 
Changes of load of similar magnitude, the team discovered, led 
to similar shifts in baseline position. Comparing the actual re-
sult to the model’s, Li et al. (2025) discovered the simulation 
result of 3.30 arcmin for a load change of magnitude 20 Nm to 
be only 0.18 arcmin away from the true result, an error of just 
5.17%.
Conclusions

Li et al. (2025) were able to quantify the proportional error of 
static and dynamic sources using Fourier expansions and La-
grange modeling for each respective category. From their mod-
els, they found that dynamic error takes far greater precedence 
in considering shifts in baseline position than its static counter-
part. External changes in load, the scientists determined, were 
the most limiting factors on a harmonic reducer’s accuracy.

To ameliorate the errors they discovered, Li et al. (2025) sug-
gested using stiffer material for a flexspline to lessen the effects 
of dynamic error due to load changes. Furthermore, since their 
model was able to relatively accurately assess the error of the 
system, users of harmonic reducers could write software scripts 
to adjust according to predicted error.
[^#]: See supplementals on the following page.
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Supplementals
Quantifying Error in Harmonic Reduction Systems • Carter He

[^1] Harmonic drive

Source: Encyclopædia Britannica, Inc. [3].

[^2]
Li et al. used a load of ± 67 Nm because it was the maximum 

load the harmonic reducer used could withstand without over-
heating or damage to its elasticity.
[^3]

A Fourier series is a mathematical representation of the sum 
of repeating sine and cosine waves. Since position from rota-
tional motion over time can be modeled as a wave-like func-
tion and all waves are summations of sine and cosine waves, a 
Fourier transformation is able to quantify a point’s motion. The 
fundamental formula for a trigonometric Fourier expansion is 
represented by:

The essential proof for the Fourier Expansion’s ability to 

model a complex wave lies in the fact that all waves are sums 
of other waves. When two waves collide, they either act in con-
structive or destructive manners, creating bumps, or reducing 
or increasing the amplitude of the crests and troughs. So, with 
enough waves added into the system, as described in the sum-
mation of the Fourier Expansion series, one can quantify any 
wave.
[^3.5]

The order of a Fourier series essentially dictates the number 
sine and cosine waves added to the overall sum. With a higher 
order, more sine and cosine waves are used to model the given 
shape, increasing the accuracy of the model.
[^4]

Funnily enough, the Root Mean Square Error is simply the 
root of the mean of the squared error. Root Mean Square Er-
ror, also called RMSE, represents the average residual error in a 
model. The closer the end results of the RMSE calculation, the 
more accurate it is, with zero representing a perfect fit. Though 
the RMSE method is very helpful in identifying fit when the 
actual model is similar to the actual value, it is very sensitive to 
large outliers as the residual error is squared in the calculation:

[^5]
The Lagrange equations used in this study serve to combine 

all known energy in the system (losses and gains) to predict 
error. [4]



Why Starship?
TED HUANG ’29

On September 28, 2026, SpaceX’s 
Starship rocket was successfully 

launched into a low earth orbit (LEO), 
an orbit around Earth where the space-
craft usually has an altitude of more than 
200km and less than 2000km with an or-
bital period of less than 128 minutes [1], 
during its 14th test flight. That day while 
in orbit, Starship 41 deployed 26 V3 Star-
link satellites before reentering the atmo-
sphere. Later, it performed a soft water 
landing in the Pacific Ocean somewhere 
north of Hawaii. This test flight marked a 
major milestone following years of devel-
opment over the past few years as it was 
the first time a starship was able to con-
tribute to the payload launches of the star-
link program (SpaceX’s “connect to wifi 
from space” project) [2].

Ten years ago, SpaceX had already suc-
cessfully developed the Falcon 9, a partial-
ly reusable launch vehicle fully capable of 
delivering medium-weight payloads into 
Low Earth Orbit. Falcon Heavy followed 
suit, enabling even heavier spacecraft to 
be launched into different orbits. Howev-
er, instead of continuing to design the fal-
con rockets, SpaceX has spent the last few 
years developing Starship and has spent 
over $15 billion on this launch vehicle 
that has not yet been finalized after 14 test 
flights [3]. Despite these substantial costs, 
SpaceX continues to work on its design.

One of the reasons is that Starship is 
designed to provide better payload ca-
pacities, and therefore increase efficiency 
of payload delivery. A standard Falcon 9 
launch can deliver approximately 18,500 
kg of payload to low earth orbit. In com-
parison, Starship can deliver up to 100,000 
kg to Low Earth Orbit. In terms of star-
link satellites, something that SpaceX is 
launching on a large scale, Starship can 
launch up to 60 V3 starlink satellites in 
one launch at maximum configuration, 
while falcon 9 can only lift at most 30 
lighter V2 starlink satellites. Converting 
this to internet capacity, Starship can pro-
vide the internet capacity worth more than 
20 falcon 9 launches of Starlink satellites 
just in one launch [4].

Secondly, Starship is much more cost-ef-
fective because it is fully reusable. In recent 
years, the affordability of sending payload 
to space has reached unprecedented levels 
compared to prices before. The space shut-
tles were the first ever partially reusable 
launch vehicles targeted at low earth orbit. 
However, because it had to be manned, it 
had a cost per kilogram of $54,000 when 
payload was launched into low earth orbit 
[5]. Cheaper unmanned rocket models at 
that time like Atlas (famous for deliver-
ing different Mars rovers such as curiosity 
and perseverance) had a cost of around 
$10,000 per kilogram to low earth orbit. 
However, the falcon iteration from SpaceX 
have both crashed the price of launching 
to low earth orbit. Falcon 9 for example 
lowered the cost to approximately $3,000 
per kilogram depending on its configura-
tion due to its reusability feature [6]. Re-
usabilities allow for repetition of launches, 
thus reducing the total cost. Before falcon 
came out, expending a booster in an un-
manned rocket launch meant you had to 
build a brand new one. The highest num-
ber of times SpaceX has reused a booster 
was 37 times with booster B1067, while 
the entire falcon 9 fleet has tallied over 600 
reuses in total [7]. Meaning, if the falcon 
9 did not have a reusable booster, SpaceX 
would have built 600 extra falcon 9 boost-
ers to launch these payloads, drastically 
increasing the price to orbit.

Starship addresses the problem of ex-
pensive launch costs by introducing the 
concept of full reusability. Although fal-
con class rockets have reusable lower stage 
boosters, its upper stage is not reusable. 
Both stages of the starship, however, the 
Super Heavy lower-stage booster and the 
Starship upper stage, can and are designed 
to be caught by the chopsticks, the two 
arms on the launch tower. Full reusability 
means nothing has to be replaced or re-
built after launch, it just has to be refueled. 
The emergence of Starship turns rockets in 
the space industry from a single-use craft 
to a reusable space car. Eventually when 
Starship enters service, it would be able to 
achieve a price less than $1,000 per kilo-
gram when launching to low earth orbit 
and SpaceX plans to bring that number 

to the two-digit figures in future itera-
tions [8].

Starship holds great significance for the 
future of spaceflight and rocket design. For 
example, in the Artemis mission where 
NASA plans to build a Moon colony, 
Starship HLS (Human Landing System) is 
the vessel chosen to land astronauts on the 
Moon and fly them back into low lunar or-
bit to re-dock with the mothership Orion 
[9]. In future missions planned by SpaceX 
where humans aim to colonize Mars, 
Starship’s reusability will also facilitate the 
missions by reducing the need for complex 
reassembling of rockets.

Figure 1. SpaceX’s Starship-Super Heavy launch 
vehicle.

SPACEX, VIA NEXT SPACEFLIGHT [10]
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How City Design Shaped the Spread of Disease 
in Europe and the Pre-Columbian Americas

ALLAN KANG ’29

Before Europe’s first contact with the Americas in 1492, civili-
zations of the New World were subjected to small waves of disease 
and infection from animals in regional environments or localized 
parasites. However, these ailments were usually centralized in small 
regions, and there is little evidence of them spreading throughout 
multiple civilizations. Europe, on the other hand, faced many large 
pandemics and epidemics such as the Black Death and the Great 
Plague of London. So what caused these civilizations to encounter 
diseases in such different manners?

As populations surged throughout the 14th to 16th centuries, 
infrastructure in cities such as London and Paris can keep packed 
around a centralized building or plaza to maximize limited space. 
The limited space for construction and the high population den-
sity of many European cities forced the narrowly spaced build-
ings upwards, further concentrating regions of sewage and waste. 
Even with improvements in sanitation over following centuries, 
conditions improved only gradually: even into the early 19th cen-
tury, most Western cities “had no systematic street cleaning re-
gime,” and the carcasses of animals were simply left to rot in the 
streets [3]. Europeans also lived alongside cattle, pigs, and poul-
try—the sources from which diseases like measles and influenza 
are thought to have jumped to humans—whereas the Americas 
had very few domesticated animals [7]. The inadequate cleaning 
protocols, combined with the dense narrow streets of cities, con-
centrated harmful bacteria and pathogens and reduced biodiver-
sity among microbiomes as only certain ones could survive in the 
stagnant wastes.

The decline in biodiversity favored microorganisms that re-
produced quickly, which were typically the ones that carried and 
spread infectious diseases. This dominance of harmful microor-
ganisms led to a significant increase in the risk of disease expo-
sure to humans and animals [2]. This consequential relationship is 
conversely modeled in the “dilution effect,” a still-debated ecolog-
ical theory which holds that high biodiversity tends to inhibit the 
spread of infectious disease [5].

It was a much different case in the isolated Pre-Columbian 
Americas where population density was generally lower than in 
Europe. Indigenous people built their cities in areas with ample 
natural resources such as rivers and jungles. Many Aztec and 
Mayan city layouts were constructed in precise geometric patterns 
influenced by the civilization’s religion, often including open pla-
zas and spacious roads to support ceremonies and other spiritual 
events and rituals. Furthermore, unlike European civilizations, 
many of these American communities built their cities with nature 
rather than bending it to their will. The Inca Empire, for example, 
which lived on mountainous terrain, adapted to its surroundings 
by building temples and other infrastructure around nature, rath-
er than renovating the land.

Due to the differing climates and natural environments, civili-
zations such as the Aztecs and Inca developed their cities on total-
ly different bases, avoiding many of Europe’s problems even where 
populations were dense. Tenochtitlán, one of the most famous cit-
ies in the Americas, had more than 200,000 inhabitants by 1519, 

more than most European cities, yet it was clean and well planned, 
with aqueducts bringing in fresh water and a system for collect-
ing trash [1]. Its orderly layout drew on a long tradition of urban 
planning in central Mexico: at Tula, the earlier Toltec capital that 
the Aztecs revered, archaeologist Michael E. Smith [6] noted that 
“large buildings are balanced symmetrically across a square pla-
za” and that every building follows the same orthogonal grid, cre-
ating straight paths and sectors that helped with administration 
and management. Similarly, the Inca independently developed 
a different layout, using “kanchas,” rectangular and symmetrical 
walled enclosures adjoined with other similarly designed build-
ings. Both these examples have ample spacing in their layouts, 
which made it harder for microorganisms to become concentrat-
ed in areas throughout the city. Not only that, the open design 
and presence of aqueducts allowed plenty of sunlight and water to 
regularly interact with the land, supporting plant life and healthier 
soil, which in turn sustained a more diverse and stable microbial 
environment.

Compared to European designs, the municipal designs of the 
pre-colonial Americas maintained the balance in biodiversity 
across the land, disregarding compact streets for a more “unob-
structed” design. This balance allowed for a variety of microor-
ganisms to survive, keeping the chance of disease transmission 
among microbiomes to humans low. Ironically, the same isolation 
that spared these cities from Old World epidemics would leave 
their people with no immunity to European disease: when small-
pox reached Tenochtitlán in 1520, it killed a large share of the 
city’s population, including its ruler, Cuitláhuac [4].

Detail of Tenochtitlan in the 1524 map.

NEWBERRY LIBRARY/WIKIMEDIA COMMONS, PUBLIC DOMAIN [8]

25 • History



Why Do We Care About Our Bodies After We 
Die?

LEO FENG ’29

Death is the end of conscious ex-
perience—a concept familiar to 

humanity. From ancient rituals to mod-
ern-day pseudoscience, civilization has al-
ways been running from the idea of never 
waking up again. Yet, we often find our-
selves caring about our bodies after death. 
It is paradoxical to care about something 
posthumously, but our bodies become a 
symbol of identity even after we die. They 
provide an image of the people surround-
ing us, including ourselves. Seeing a dead 
body makes humans reflect on mortality. 
It is this fear of dying that pushes us to care 
about our bodies; by knowing we are in 
good hands, perhaps we can mitigate that 
familiar fear.

Psychologists believe in the heavy as-
sociation between the human body and 
its thoughts. Terms such as ‘body image,’ 
‘schema,’ and ‘Embodiment of Cognition’ 
have been perpetuated for some years 
in research. In his book, How the Body 
Shapes the Mind, Shaun Gallagher writes, 
“Body image consists of a system of per-
ceptions, attitudes, and beliefs pertaining 
to one's own body. In contrast, body sche-
ma is the system of sensory-motor capac-
ities that function without awareness or 
the necessity of perceptual monitoring.” 
[1, p. 24] He terms body image as the con-
scious perception of ourselves while also 
defining schema as the ability of the body 
to constantly monitor its own position 
which is tied to the sensorimotor system. 
Both terms however, pertain to the asso-
ciation between physical representation 
and mental abstraction. Gallagher writes 
about how these terms answer different 
questions. He writes: “The concept of body 
image helps to answer the first question 
about the appearance of the body in the 
perceptual field; in contrast, the concept of 
body schema helps to answer the question 
about how the body shapes the perceptu-
al field.” [1, p. 17] Body image is how the 
body appears to our perception and body 
schema is how our motor system shapes 
how we look at ourselves. Gallagher the-
orizes the inevitable connection between 
our bodies and perceptions, as both are 

embodied or associated with physical as-
pects, the perceptual field [1].

However, Gallagher does not account 
for how we perceive others with the same 
phenomena as schema and image. A 2020 
article by Coste et al helps reveal a case 
where body schema and image helps un-
cover this. Coste investigated how people 
recognized their own movement without 
the representation of their bodies. Fifteen 
participants had their motion mapped 
with a motion capture suit mapped with 
seven dots. Participants were asked to dis-
tinguish 144 clips that included their own 
and others as well [2].

As shown in Figure 1, the average unit 
of change was found to be at 0.71, well 
above what it should be for chance, mean-
ing that, on average, more people were 
able to determine their own movement 
far above than just guessing. Furthermore, 
they discovered patterns of movement 
when observing the point light movement 
diagram. This “kinematic fingerprint” pro-
vides certain cues to help patients recog-
nize and distinguish themselves. In other 
words, the moving dots used in the study 
contained enough recognizable informa-
tion for individuality for the patients to see 
as themselves. This means that it is possi-
ble that other people can also recognize 
you by viewing those dots with enough in-
formation on your movement. This aligns 
with the definition of schema.

Now, how does this relate with death? 
Even if consciousness is gone, the body 
still contains what other people associate 
with you. The body exists even after con-
sciousness ceases and still acts as a carri-
er of the information that its inhabitant 
exhibited during the living. A study done 
by Chapple and Ziebland used 80 partici-
pants going through bereavement of loved 
ones and found that many treated their 
corpses as if they were still alive. They rec-
ognize that it's a corpse, yet they still give 
the otherwise objective compassion. They 
were able to recognize their loved ones due 
to the information that the body still holds 
post mortem [3].

This proves Gallagher’s extensional 
point. Following Gallagher’s idea, if we 

associate the body to the person, it also 
conveys to us that they are dead, not living 
anymore. In this way, a corpse becomes 
a reminder not only of another person’s 
death but also our own fragility. It changes 
how we think about our lives and mortal-
ity. Now, the body functions as a remind-
er for the living that their identities are 
shaped by relationships, values, and social 
connections that may continue to mat-
ter long after death. This phenomenon is 
called the mortality salience, a state where 
we become reminded of our own mortal-
ity. Because our instincts for survival are 
built to keep us alive, facing such a primal 
and instinctive fear would cause anguish 
and distress. Through a series of studies, 
researchers Lambert et al investigated this 
state of being. They found that mortality 
salience caused increased fear, harmful 
moods, and fear related language [4].

The fear of death not only shapes how 
societies respond to dying but also how 
individuals experience it. Jeff Greenberg, 
alongside Sheldon Solomon and Tom 
Pyszczynski, developed Terror Manage-
ment Theory, suggesting that mortality 
salience strengthens attachment to cul-
tural values, beliefs, and social identities. 
Lambert et al, in one of his experiments, 
observed mortality salience in ingroup fa-
voritism, finding that participants started 
to favor people that were in their social 
groups and become more resistant to out-
siders. Greenberg and Abram Rosenblatt 
found that judges who had been reminded 
of their mortality recommended signifi-
cantly higher bonds for an accused prosti-
tute than judges who had not received the 
same reminder. The researchers argued 
that thoughts of death make people hold 
more tightly to the values that give their 
lives meaning [6].

To theorize, this helps explain people’s 
tendency on religious, traditional, and 
cultural practices when confronted with 
death or funerals. Ingroup favoritism 
drives people to revert back to core val-
ues—it transforms the concept of death 
from a frightening unknown into some-
thing meaningful and familiar. Through 
rituals, prayers, and ceremonies, people 
reaffirm values that help them cope with 
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the reality of death. Perhaps this is why the treatment of the body 
matters so much. These rituals and traditions focus on the body. 
Although the dead can no longer experience what happens to 
them, caring for the body allows the living to express respect, pre-
serve memory, and reaffirm the beliefs that help them confront 
mortality.

To answer the question, it is the fear of death that drives us to 
care about our bodies after we die. Bodies remain a representation 
of a person post mortem and inadvertently causing stress. Death 
requires us to face what cannot be avoided, explained away, or es-

caped. Funerals and other rituals become ways in which people 
cope with mortality. It offers the promise that our lives will mean 
something even after we are gone. Death becomes easier to face 
when we know that we will be remembered, respected, and loved. 
Perhaps, this theory may explain why the prospect of dying with-
out dignity or remembrance is so frightening. The body remains a 
symbol of identity, memory, and the values that connect us to one 
another. In caring for the dead, we find a way to cope with death 
itself.

514 Psychological Research (2021) 85:509–519

1 3

postural signatures with fewer neighbours are likely to 
be exposed to less competition and are, therefore, more 
distinctive and more recognizable.

Statistical analysis

To test that performance of the perceptive task differs sig-
nificantly from chance level set at 0.5, we performed a one-
sample t test taking the area under the ROC curve (AUC) 
as dependent variable. The effect size is reported using the 
Cohen’s d and interpreted according to Cohen’s guideline 
(1988), such that d = 0.2 corresponds to a small effect, d = 0.5 
to a medium effect and d = 0.8 to a large effect. A multiple 
linear regression analysis was also conducted to explore the 
extent to which the independent variables: (1) self-perceived 
similarity that corresponds to the mean similarity ratings of 
all self-trials and (2) other-perceived similarity that corre-
sponds to the mean similarity ratings of all other-trials; were 
related to the test performance (dependent variable: AUC). 
Finally, we performed a Pearson’s correlation between self-
attribution index and similarity score ratings.

Results

Overall performance

The individual performances in the perceptive task 
(ROC curves) as well as the average performance over 

all participants are shown in Fig.  3a. On average, par-
ticipants correctly identified their self-generated actions 
and those of others, since performance accuracy (mean 
AUC = 0.71 ± 0.11) was significantly above chance 
[t(14) = 7.87, 95% CI (0.65, 0.77), Cohen’s d = 2.03, 
p < 0.001]. However, one can observe substantial inter-
individual variations between the best performance 
(AUC = 0.94) and the poorest at chance (AUC = 0.53). In 
particular, we noticed that some participants were unable 
to recognize their self-generated actions and/or attribute to 
themselves the other-generated actions (see Fig. 4 and SI 
Appendix, Fig. SI9). The Pearson’s correlation between the 
self-attribution index and the similarity score ratings reveals 
a significant positive correlation (r = 0.86, p < 0.001; Fig. 
SI10), suggesting that participants based their decision 
as to whether the observed movements were theirs or not 
according to the level of perceived similarity with the actor 
(see Fig. 4 for individual correlations and SI Appendix, 
Fig. SI10). Furthermore, we found that some participants 
(e.g., P4 and P13) adopted a very high acceptance criterion, 
claiming authorship for almost all videos including those 
of others (see response bias in SI Appendix, Fig. SI5). By 
contrast, some participants adopted a very low acceptance 
criterion (e.g., P2, P3, P6 and P10) claiming the author-
ship of almost none of videos, including their own produc-
tions. Such strategies can affect positively or negatively the 
proportion of self’s trials that are correctly identified as 
such, making the proportion of correct self-trials an invalid 

a b

Fig. 3  a Individual (in gray) and average (red) ROC curves. Dashed 
diagonal line corresponds to the random performance. b 3D plots of 
the perceptive task performance (AUC), the self- and other-perceived 
similarity score, from which a linear regression model that best fits 

the data points is built. Self-perceived similarity and other-perceived 
similarity were found to significantly predict the perceptive task 
performance [R2  =  0.78, F(2, 12)  =  21.16, p  < 0.001] (colour figure 
online)

Figure 1. Self-recognition from movement. Gray curves show individual participants’ performance; the red curve shows the average. The dashed diagonal 
marks chance performance. Mean area under the curve was 0.71.

COSTE ET AL. (2021), FIG. 3A (CROPPED); CC BY 4.0 [2]
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