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December 2025

Dear Harvard Community,

We are delighted to present the Fall 2025 issue of !e Harvard Undergraduate Research Journal (THURJ), a student-run, 
biannual publication committed to showcasing and celebrating exceptional research from Harvard undergraduates 
of all disciplines and interests.

Founded in 2007, THURJ established itself as a hub for undergraduate research until the COVID-19 shutdown. Revived 
in Fall 2023 under Editor-in-Chief Ellie Shin ’25, it released its 0rst post-pandemic print edition. Two years later, THURJ is 
more active than ever and among Harvard’s largest undergraduate organizations.

In a time of growing polarization and distrust toward science and academia, we have set out to play a small part 
in strengthening scienti0c literacy and highlighting the importance of research and discovery, even in all its complexities. 
Our theme, Mapping Knowledge and Complexity, re1ects this commitment. To support this e2ort, we launched a new 
position—Director of Education and Engagement, held by Héctor Martínez Luna ’27, who led three workshops for our 
team—and we’ve invited Dr. Insoo Hyun, Director of the Center for Life Science and Public Learning at the Museum of 
Science, to present on science communication to the THURJ team.

We extend our gratitude to every member of THURJ for their dedication and commitment, and to our faculty review-
ers, whose insights are essential to maintaining the quality of our publications. We also thank our faculty advisor, 
Dr. Andrew Berry, who embodies our belief in the importance of science communication and research engagement for 
the next generation of scientists and leaders. Finally, we are grateful to the Department of Science Education, Harvard 
Medical School, the School of Engineering and Applied Sciences, the Department of Arts and Humanities, and 
many others for their invaluable support.

In this edition, we feature a broad range of 0elds from cancer biology and maternal health to novel 0ltration technologies 
as well as congressional racial dynamics, with 0ve manuscripts of original research by Harvard undergraduates and 
seven insightful commentaries on the cutting edge of research at Harvard and beyond. We hope that you enjoy 
reading and learning from these excellent pieces as much as we have.

Sincerely,

Aditya Tummala              Theo Tobel
Editors-in-Chief
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Introduction
Semantic segmentation, the process by which an algorithm 

labels every pixel in an image, supports applications such as 
tumor outlining in medical scans, robotics, and assistive navigation. 
A central challenge in segmentation is generalization: keeping 
high accuracy when the viewpoint, lighting, or context changes. 
Most benchmarks use web-style, object-centric photos that miss 
much of everyday visual variation. The Human Visual Diet 
(HVD) dataset addresses this by presenting objects in varied 
indoor scenes with controlled changes, more closely resembling 
what people routinely see (Madan et al., 2024).

This study tests how architecture affects segmentation on 
HVD and what image regions models rely on. I compare 
two convolutional neural networks (CNNs; ResNet-18 and 
DenseNet-121 with custom upsampling decoders) against a 
transformer-based SegFormer with a Vision Transformer (ViT) 
backbone. CNNs are a type of neural net that look at small 
patches of an image with the same tiny filter sliding around, 
so it can spot edges, textures, and shapes and build up to full 
objects (LeCun et al., 2015), while a transformer is a model that 
looks at all parts of the input image at once and decide which 
parts matter to each other using “attention” (Vaswani et al., 
2017). To see where models “look,” I use Grad-CAM, a method 
to explain a CNN’s prediction by coloring the image to show 
which regions most inf luenced the decision, using gradients 
from the last convolution layer (Selvaraju et al., 2017), and atten-
tion maps, visualizations of the transformer’s attention weights 
that indicate which patches it focused on, for the ViT. Results 
are reported as segmentation performance on a specific subset 
of HVD, without evaluating out-of-distribution generalization. 
In this framework, I compare the three architectures on HVD, 

examine training behavior and error patterns with an emphasis 
on small objects and fine boundaries, and relate accuracy 
differences to spatial focus using Grad-CAM and attention maps.

Prior work links computer-vision progress to findings in 
biological vision (Cox & Dean, 2014; Yamins et al., 2014), yet also 
shows important divergences: CNNs can rely on cues humans do 
not, and performance can drop under mild changes to images 
(Bowers et al., 2022; Linsley & Serre, 2023; Nagaraj et al., 2023; 
Serre, 2019). Vision transformers may capture object–context 
relations differently, but gains are not universal. Training on 
more realistic, human-like data has been proposed to improve 
alignment with human behavior (Nagaraj et al., 2023), and 
models trained on such “visual diets” can perform better under 
real-world transformations (Madan et al., 2024). Building on 
these observations, I use HVD to assess how architectural choices 
shape segmentation performance and whether higher accuracy 
coincides with more appropriate spatial focus.

Methods
Dataset and Preprocessing

I used the Human Visual Diet (HVD) dataset introduced by 
Madan et al. (2024), focusing on the photorealistic renderings 
of indoor scenes contained within the main_xml folder. Each 
image depicts a target object in a fully furnished room with 
varied layouts, materials, and lighting. Ground-truth segmentation 
labels were provided as .npy masks in labels_main_xml. Each 
pixel is labeled with an integer class ID corresponding to an 
object category (e.g., bed, sofa, table, wall, f loor, etc.). There are 
27 distinct class IDs present in my subset of HVD (1, 4, 5, 10, 
11, 13, 21, 23, 31, 32, 37, 41, 42, 43, 44, 45). The object each class 
corresponds to can be found in the dataset folder. For training, 

Comparative Analysis of Segmentation Models 
on the Human Visual Diet Dataset

Francesco Plastina
Harvard College ’28

Teaching an algorithm to identify and separate objects within an image (segmentation) is central to AI applications, from 
delineating tumors in medical scans to safe robotics, augmented reality, and assistive navigation. Yet most benchmarks use 
web-style photos, whereas people learn from everyday, human-centric views. In this study, I ask whether training modern 
segmentation models on human-like images (Human Visual Diet dataset), scenes that resemble what people routinely 
encounter, changes models’ performance and what these models attend to. I compare two conventional convolutional 
networks (ResNet-18 and DenseNet-121 with custom upsampling decoders) and a transformer-based SegFormer (pre-trained 
ViT) on their segmentation performance. To interpret model focus, I compute Gradient-weighted Class Activation 
Mapping (Grad-CAM) for the convolutional neural networks (CNNs) and inspect self-attention maps for the transformer 
(ViT).  My results show that the ViT achieved the highest evaluation accuracy of ~80%, outperforming DenseNet (~74% 
accuracy) and ResNet (~57% accuracy). All models struggled with !ne object boundaries and smaller objects, indicating 
room for improvement in edge localization. Grad-CAM for ResNet and DenseNet o"en appeared in di#use or highlighted 
background regions, while the ViT attention maps were sometimes inconsistent, suggesting that these models do not 
consistently provide precise object degrees. While prior studies (e.g., Madan et al., 2024) suggest superior generalization for 
transformers, my HVD results address segmentation performance only: the transformer leads in accuracy, but all models 
remain below human-level segmentation, especially at !ne boundaries and small objects. $ese !ndings underscore the 
di%culty of achieving human-level generalization in segmentation, aligning with recent work emphasizing the importance 
of more human-like data ’diets’ and architectures to close the gap between neural networks and human vision.
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I applied minimal preprocessing: images were resized to 64 0 64 
pixels (to reduce memory, as a compromise given computational 
constraints) and masks were likewise downsampled to 64 0 64 
using nearest-neighbor interpolation. The pixel intensity values 
were normalized to [0, 1]. While this downsampling sacrificed 
detail (i.e., edges become less crisp), it allowed training of 
multiple models within a reasonable time with low computational 
power.  I randomly split the dataset into 80% training and 20% 
validation images. No test set of completely novel scenes was 
used; the evaluation focused on the validation performance for 
generalization to unseen images of similar distribution. Because 
my evaluation was in-dataset (no novel-scene test), I kept the 
training setup the same for every model. This ensured a fair basis 
for comparison: any differences stemmed from the architectures, 
not from training choices.

Model Architectures
Three segmentation models were implemented: 

1. ResNet-18 + Upsampling Decoder: Using a ResNet-18 
backbone pretrained on ImageNet (up to the f inal 
convolutional block, removing the classification head). 
This provided a 512-channel feature map (of size 2 0 2 
after my 64 0 64 input), which was fed into a custom 
decoder, a series of 2 0 2 bilinear upsamples with 
intervening 3 0 3 convolutional layers reducing channels. 
The final layer was a 1 0 1 convolutional layer producing 
class logits for each of the 27 classes, and I upsampled 
this to the original image size.

2. DenseNet-121 + Upsampling Decoder: Similarly, I took 
DenseNet-121 pretrained (on ImageNet) and truncated 
at its convolutional feature map. A decoder with three 
upsample steps (and convolutional layers halving 
channels each step) was used, yielding final class logits at 
128 0 128, which were then interpolated to 128 0 128 (my 
chosen output size for DenseNet model). The ResNet and 
DenseNet decoders were implemented from scratch, but 
following a typical fully convolutional network design 
for segmentation.

3. SegFormer (ViT): A vision transformer-based segmentation 
model. I used the HuggingFace Transformers library’s 
SegformerForSemanticSegmentation implementation, 
starting from the pre-trained weights on ADE-20k. This 
model has an e1cient MiT-B0 backbone and a lightweight 
MLP decoder. I modified the final classification head to 
produce 27 classes instead of ADE-20k’s 150, and allowed 
the head weights to initialize randomly.

For fair comparison, I 2ne-tuned all models on the HVD training set.

Training Procedure
I trained ResNet and DenseNet for up to 100 epochs, while 

SegFormer was fine-tuned for 50 epochs as it converged faster. I 
employed cross-entropy loss on the pixel labels, ignoring unlabeled 
pixels (if any, since most pixels were labeled). During training, 
I tracked the pixel-wise accuracy (percentage of pixels correctly 
classified) across classes on both training and validation sets. 
Pixel accuracy is a coarse measure that can be high if large areas 
are correctly labeled, even if smaller objects are not correctly 
classified. No heavy data augmentation was applied, given that 
the dataset already contained substantial variation.

Grad-CAM Implementation
To interpret the CNN models used in this project, specifically 

for ResNet and DenseNet, I implemented Gradient-weighted 
Class Activation Mapping (Grad-CAM) (Selvaraju et al., 2017). 
This method highlights the regions of an input image that most 
strongly inf luence the model’s decision for a particular class. 
The process begins by passing an image through the network to 
obtain the prediction scores for each class. For a chosen class, I 
computed the gradient of its score with respect to the feature maps 
of the last convolutional layer in the encoder. These gradients 
indicate how sensitive the class score is to changes in different 
spatial regions of the feature maps. By averaging the gradients 
across the spatial dimensions, I obtained a single weight for 
each channel in the feature map, ref lecting its importance to 
the class prediction. Each channel was then multiplied by its 
corresponding weight, and the results were summed to create 
a raw heatmap. Applying a ReLU function ensures that only 
positive contributions are kept, emphasizing the regions that 
positively inf luence the prediction. Finally, the heatmap was 
upsampled to the size of the input image and overlaid using a 
color map for visualization. This technique visualized where 
the model was focusing when identifying objects, and assessed 
whether it was attending to relevant parts of the image or being 
distracted by background features. This method was developed 
by Selvaraju et al. (2017).

Transformer Attention Maps
To interpret the SegFormer model’s predictions, I extracted 

its internal self-attention matrices to visualize where the model 
focuses when making decisions for a given class. SegFormer, 
unlike some transformers, doesn’t use a special classification 
token. Instead, it processes the input image as a grid of patches. 
For the B0 variant I used, the image was downsampled by a factor 
of 32 in height and width so that the final attention maps operate 
on a much smaller patch grid. During evaluation, I enabled the 
model to return its attention weights, which are square matrices 
showing how much each patch in the image attends to all other 
patches.

To generate attention maps for a specific class, I first ran a 
forward pass to obtain the predicted segmentation mask and 
the attention weights from the final transformer layer. I then 
identified the set of patch positions that were labeled as the class 
of interest, such as “lamp” or “bed.” For each of these patches, I 
extracted its corresponding row in the attention matrix, which 
represents how strongly that patch attends to every other patch. 
I averaged these attention vectors across all selected patches and 
across all attention heads to get a single, representative attention 
map for that class. 3en, I reshaped this one-dimensional attention 
vector into a 2D grid matching the layout of the patch map, and 
upsampled it to the size of the original input image. Finally, I 
overlaid the resulting heatmap on the image to visualize where 
the model was attending when making its class prediction. This 
attention visualization doesn’t directly explain what caused 
the prediction, like Grad-CAM, but it shows which regions the 
model relied on when assigning a class to specific parts of the 
image. I applied this technique to two di4erent class predictions 
to study how the transformer uses spatial context. My implementa-
tion was based on the HuggingFace SegFormer model’s output, 
and while it was inspired by more advanced attention rollout 



RESEARCHVolume 16 Issue 1 | Fall 2025

 www.thur j .com | 10

segmentations, although it showed some distorted overlays with 
the input images. DenseNet also performed surprisingly well, as its 
prediction mask did not di4er greatly from the ground truth. ResNet 
performed poorly, though it was still able to segment between walls, 
5oor, and other objects. Each model had signi2cant di1culty in 
recognizing edges and boundaries, and in general, the 3D structure 
of the images. Figures 4-6 show a sample of the same input image 
and the outputs of each model.

Grad-CAM Visualization (CNNs)
I applied Grad-CAM to interpret where ResNet-18 and 

DenseNet-121 focus their attention for predicting certain classes. 
For the target object class in each scene—the object the model 
was asked to identify in context—Grad-CAM maps tended to 
highlight broad regions that only partially overlapped the object. 
For example, in a living room scene where the target is “f loor,” 
the Grad-CAM for class “5oor” on DenseNet highlighted a specific 
side of the f loor (Fig. 7), and highlighted part of the wall and of 
an object nearby. This suggests the model’s prediction of “wall” 
was in5uenced by features in adjacent regions or simply due to 
imprecise localization in the feature maps. ResNet’s Grad-CAM 
for the same class in other images was even more spread out, 
essentia l ly covering the entire image (Fig. 8). Overa l l, 
Grad-CAMs for DenseNet were slightly more localized than 
ResNet ’s , ref lect ing DenseNet ’s superior segmentat ion 
performance. Yet in comparison to humans, who would squarely 
focus on the object of interest, the Grad-CAMs appeared noisy 
and overinclusive. This aligns with known issues that CNNs 
don’t always have interpretable internal representations, but 
they may rely on context textures.

Transformer Attention Visualization
For the SegFormer model, I examined its last-layer attention 

maps for selected classes. While I expected the transformer’s 
attention mechanism to show a more structured pattern, I 
instead found largely unstructured attention maps. For example, 
two very different classes, “cabinet” (42) and ”f loor” (44) 
shared similar attention maps and did not consider the ”f loor” at 
all (Fig. 9). In summary, the ViT’s attention maps clearly did 
not align with human-like rationale, which tends to focus 
the attention on the object for recognition. This mirrors the 
Grad-CAM issue: higher accuracy didn’t necessarily translate into 
more pinpointed attention. It seems the SegFormer achieves 
higher accuracy through its ability to integrate features over 
a larger receptive field, but it still spreads its attention across 
the scene in ways that are hard to interpret.

Discussion
Practical Significance

On the HVD indoor scenes, a compact transformer 
(SegFormer) achieved the highest in-dataset pixel accuracy 
(approximately 80%) relative to two CNN baselines (DenseNet: 
approximately 74%, ResNet: approximately 57%). For professionals 
working with HVD-like data and limited compute, this identifies 
a strong default baseline. At the same time, all models showed 
consistent errors on small objects and along fine boundaries. 
Therefore, in applications where edge precision matters (e.g., 
medical delineation, manipulation in robotics), these failure 
modes will directly limit utility unless addressed.

methods, I kept the approach simple and focused on per-class 
attention accumulation.

Comparison
I directly compared the models on their pixel accuracy 

performance to evaluate their segmentation capabilities, estimating 
their IoUs (Intersection over Union) that describe how much two 
regions (the ground truth and the prediction of the model) overlap. 
Moreover, I compared how the di4erent models decide on assigning a 
speci2c pixel class by directly showing their Grad-CAM (for ResNet 
and DenseNet) and attention (for ViT) maps.

Results
Segmentation Performance

All three models successfully learned to segment the HVD 
scenes to a reasonable degree, but with notable di4erences in 
accuracy. 3e Vision Transformer (SegFormer-B0) achieved the 
best overall performance (Fig. 1), followed by DenseNet (Fig. 2), 
then ResNet (Fig. 3). On the validation set, the SegFormer attained 
pixel accuracy of approximately 81% and an estimated mean IoU 
of around 0.60. DenseNet’s accuracy was about 72% at convergence 
(mean IoU ~ 0.50), and ResNet’s was around 57% (mean IoU ~ 
0.35–0.40). 3ese quantitative gaps re5ect the models’ capacity 
di4erences and possibly the bene2t of SegFormer’s pretrained fea-
tures. Training and validation loss curves showed that ResNet-18 
under2tted the data: its validation accuracy peaked early and 
then stagnated, indicating it struggled with the complexity of the 
task (many classes, high variability), given its smaller capacity. 
DenseNet-121, with its deeper architecture, learned faster and 
attained higher accuracy, but eventually showed signs of over2tting, as 
validation loss began rising a6er about 90 epochs while training 
loss kept decreasing. 3e SegFormer converged rapidly, within 
about 10–15 epochs, to a low validation loss, suggesting that the 
pretrained transformer features were already well-aligned to the 
segmentation task, especially since ADE-20k pre-training provides 
a strong prior on indoor scenes.

Training Dynamics
Figures 1–3 illustrate the validation pixel accuracy curves for 

the models. ResNet’s curve starts lowest and improves slowly, 
leveling off around 55–58%. DenseNet starts higher and climbs 
to approximately 74% before slightly dipping (because of 
overfitting). SegFormer starts around 62% (already high due to 
pretraining) and improves to about 81%. 3e relative ordering of 
the curves stayed consistent across training. Validation accuracy 
and training accuracy followed similar trends, though training 
accuracy could reach above 90% for DenseNet and SegFormer, 
indicating some overfitting (the gap between training and 
validation accuracy for DenseNet was about 20% by epoch 100). 
I attempted mild regularization (dropout in the decoder, weight 
decay) for DenseNet, which narrowed this gap but did not 
fundamentally change the final results. The transformer, despite 
its capacity, did not severely overfit, likely because the pretrained 
weights acted as a strong regularizer.

Qualitative Segmentation Examples
I inspected segmentation outputs on several validation 

images to understand the models’ successes and failures. In 
general, SegFormer produced the most coherent and correct 
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Figure 1. ViT Segmentation Performance: The graph on the left shows ViT’s training and the validation loss. Since the training loss (blue) is going down while the 
validation loss (orange) is almost constant, also ViT is over!tting, but less than the previous two models. Indeed, despite the pixel accuracy of the model on the 
training data (blue) is higher than the accuracy of the model on the validation data (orange), the two graphs are closer than before. 

Figure 2. DenseNet Segmentation Performance: The graph on the left shows DenseNet’s training and the validation loss as explained in Figure 1. Since the training 
loss is going down and the validation loss is going slightly up, DenseNet is aslo over!tting, but less than ResNet. The over!tting is more clear in the !gure on the 
left where the pixel accuracy of the model on the training data (blue) is higher than the accuracy of the model on the validation data (orange), while still better 
than ResNet performance. 

Figure 3. ResNet Segmentation Performance: The graph on the left shows ResNet’s training and the validation loss. The training loss (blue) is measured on the 
training data while the model is learning, while the validation loss (orange) is measured on a separate hold-out set that the model never learns on and therefore 
estimates how well the model will do on new data. Since the training loss is going down while the validation loss is going up, ResNet is over!tting, which means 
that the model learns the training data so well that it doesn’t generalize to new data. The over!tting is more clear in the !gure on the left where the pixel accuracy 
of the model on the training data (blue) is way higher than the accuracy of the model on the validation data (orange).
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Figure 4. ResNet output sample: These images show a sample of ResNet’s output prediction and compare it with the input image. Starting from the left, in order it 
is possible to see the input image, the ground truth, the prediction mask of the model (its output), and the overlay of the prediction on the input image. For each 
color corresponds one of the 45 di"erent classes of the dataset. 

Figure 5. DenseNet output sample: These images show a sample of DenseNet’s output prediction and compare it with the input image. Starting from the left, in 
order it is possible to see the input image, the ground truth, the prediction mask of the model (its output), and the overlay of the prediction on the input image. 
For each color corresponds one of the 45 di"erent classes of the dataset. 

Figure 6. ViT output sample: These images show a sample of ViT’s output prediction and compare it with the input image. Starting from the left, in order it is 
possible to see the input image, the ground truth, the prediction mask of the model (its output), and the overlay of the prediction on the input image. For each 
color corresponds one of the 45 di"erent classes of the dataset. 
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Figure 7. DenseNet Grad-Cam visualization sample: These images show which elements of the image DenseNet focused on to make the segmentation decision 
(assigning the pixels to their speci!c class) for three random classes (42, 43, 44). Warm colors correspond to higher “focus,” while cool colors to less “focus.”

Figure 8. ResNet Grad-Cam visualization sample: These images show which elements of the image ResNet focused on to make the segmentation decision 
(assigning the pixels to their speci!c class) for three random classes (42, 43, 44). Warm colors correspond to higher “focus,” while cool colors to less “focus.”

Figure 9. ViT attention maps: These images show which elements of the image ViT focused its “attention” on to make the segmentation decision (assigning 
the pixels to their specific class) for two random classes (42, 44). Warm colors correspond to higher “focus,” while cool colors correspond to less “focus.”
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Accuracy vs Human-like Reasoning
Qualitative analyses (Grad-CAM for CNNs, attention maps 

for the transformer) did not reveal reliable, object-tight focus. 
CNN heatmaps often spread into the background; transformer 
attention was instead broad or inconsistent. 3ese analyses caution 
against interpreting higher accuracy as evidence of human-like 
spatial reasoning and suggest that current explanation maps are, 
at best, sanity checks rather than proof of mechanism.

Context: Necessary but Insufficient
HVD contains natural variation in viewpoint, lighting, and 

materials, and the models maintained in-dataset performance 
across these variations in the validation split. The results, 
therefore, support using human-like data for evaluation, but 
also indicate that data realism alone does not fix boundary or 
occlusion errors.

Takeaway
Within HVD, transformers offer a practical accuracy 

advantage under matched (or near-matched) conditions, but 
all tested models remain limited by boundary and small-object 
errors and do not show reliably human-like spatial focus. Closing 
this gap likely requires pairing human-like data with inductive 
biases and objectives that explicitly encode edges, scale, and 
occlusion, not just scaling existing architectures or relying on 
generic pretraining.

Limitations
Pre-training and Resolution Mismatches

To keep the study reproducible and focused, I used standard 
pre-trained features for each network (ImageNet for CNNs; 
ADE20K for SegFormer with a reinitialized 27-class head) and 
matched evaluation on a common 1280128 grid despite di4ering 
training resolutions between ResNet and the other networks 
due to GPU limits. These choices favor practical, commonly 
used configurations over custom, model-specific tuning. As a 
result, I limit claims to in-dataset performance; I do not claim 
out-of-distribution generalization, and I note that resolution 
and pretraining differences may contribute to the observed gaps. 
Qualitative analyses (Grad-CAM and attention maps) and a 
discussion of small-object/boundary errors are included to make 
these trade-offs explicit.

Downsampling
The study was made with a limited computational power and 

memory using the free time-limited GPUs offered on Google 
Colab. 3e large size of the dataset and of the images was impossible 
to handle with such limited computational power. To tackle this 
challenge, I decided to downsample. While I recognize that 
downsampling may create a loss of some information, since these 
important results were shown on a smaller scale, it is reasonable 
to assume that they will be shown on the larger data. 

Grad-CAM and Attention Maps
The use of Grad-CAM and attention maps in the study aims 

to be only a qualitative analysis of how these models are making 
their decisions while assigning each class to each pixel. Further 
studies may focus on fol low-up analysis to quantify the 
attention/feature maps.

Conclusions
On the Human Visual Diet dataset, a compact transformer 

(SegFormer-B0) outperformed two CNN baselines, yet none 
approached human-level segmentation, with persistent errors 
on fine boundaries and small objects. Interpretability analyses 
(using Grad-CAM for CNNs and attention maps for the transformer) 
revealed di4use or inconsistent focus, cautioning against equating 
higher accuracy with human-like reasoning. 3ese results suggest 
that human-like data are helpful but insufficient. Closing the gap 
will require objectives and architectures that explicitly encode 
edges, scale, and occlusion, alongside higher-resolution training 
and evaluation beyond in-dataset splits. Future work should 
probe out-of-distribution generalization to novel scenes and 
explore edge-aware losses or multi-scale decoders.

Code Availability
I built the training pipeline and custom decoders from scratch 

in Google Colab for ResNet and Densenet models, while the 
SegFormer model utilization relied on the HuggingFace Transformers 
library implementation. The code for this project is available at 
https://github.com/fran0324/Neuro-240-Project.
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Introduction
3e most concise description of cryptology is that it is the science 

of secure communication. Communication is secure only if an 
adversary has a negligible probability of deciphering messages; thus, 
cryptology is fundamentally probabilistic. Cryptanalysis utilizes 
statistical tests to decipher non-random patterns in ciphertexts. 
Concepts in probability theory such as entropy and randomness 
are used to quantify uncertainty in keys, messages, and adversarial 
behavior. This paper will analyze the use of such probabilistic 
techniques. Section 2 introduces entropy and Shannon’s perfect 
secrecy. Section 3 explores pseudorandom number generators 
(PRNGs). Section 4 discusses Cherno4 bounds, with a WWII case 
study on breaking the Japanese Coral cipher. Section 5 covers 
probabilistic encryption. Section 6 examines statistical tests for 
randomness.

We will 2rst de2ne cryptographic jargon that will be used 
frequently throughout the paper:

Definition 1.1 (Cryptanalysis). Cryptanalysis is the science of 
breaking codes and deciphering encrypted messages without 
knowing the secret key.

De!nition 1.2 (Encryption and Decryption). Encryption is the 
process by which a readable message is converted to an unreadable 
form to prevent unauthorized parties from reading it. Decryption 
is the process of converting an encrypted message back to its 
original (readable) format.

Definition 1.3 (Keys). Cryptographic keys are classified into two 
main types: symmetric and asymmetric. Symmetric keys use a 
single key for both encryption and decryption, while asymmetric keys 
use two mathematically related keys: a public key for encryption 
and a private key for decryption.

De!nition 1.4 (Ciphertexts). Ciphertext is the result of applying a 
cipher (an encryption algorithm) to plain text to make it unreadable 
without the proper decryption method.

Entropy and Information-Theoretic Security
Entropy measures uncertainty in cryptographic keys or messages, 

underpinning information-theoretic security. We will explore in 
depth what it means for a message or key to be uncertain, in relation 

to entropy.

Definition 2.1 (Shannon Entropy). Let X be a discrete random 
variable with values x1,..., xn and probabilities pi = P[X = xi]. The 
entropy is 

.

Remark 2.1. Within the realm of information theory, entropy is 
defined using the base-2 logarithm as we measure uncertainty 
in bits. However, we shall use the natural logarithm to achieve 
generality. To do this, we need to adjust the unit of measurement 
to nats (bits for base-2, nats for base-e).

For a key K uniformly chosen from N possibilities, H(K) = log N. 
High entropy strengthens keys by increasing guessing di1culty. 
For example, consider a 4-bit key, K with probabilities p(0000) = 1/2, 
p(0001) = 1/4, p(0010) = 1/8, p(0011) = 1/8, and p(others) = 0. 3e 
entropy is:

Using log 2 7 0.693, log 4 7 1.386, log 8 7 2.079, we get:

= 1.214 nats.

Observe that for a uniform 4-bit key: 

H(K) = log 16 7 2.773 nats.

3en our previously calculated entropy is low in comparison, 
and thus the key is vulnerable to being deciphered by an adversary, 
as the key is biased toward certain values. 3erefore, cryptographic 
keys aim for maximum entropy to resist attacks (Menezes et al., 
1997). Essentially, we are trying to ensure that the ciphertext does 
not reveal the original, unencrypted message (plain text). One 
such way of doing this is Shannon’s perfect secrecy.

Definition 2.2 (Perfect Secrecy). Let

be the plaintext, key, and ciphertext random variables on a probability 
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space (8, P). Assume K is chosen uniformly over  and C = E(M, K) 
for some encryption function/scheme . The 
scheme has perfect secrecy if for every m   and every c   with 
P[C = c] > 0, 

P[M = m | C = c] = P[M = m].

Equivalently, M and C are statistically independent:

P[M = m  C = c] = P[M = m] P[C = c].

Remark 2.2. M = m denotes the event 

{9  8| M(9) = m}.

We write  for the message space (the set of all possible plaintexts 
m),  for the key space (the set of all possible secret keys k, and 

 for the ciphertext space (the set of all possible ciphertexts c).
Shannon’s theorem proved that in order to achieve perfect secrecy, 

the entropy of the key must be equal to or exceed that of the message.

Theorem 2.1 (Shannon Theorem). For perfect secrecy within 
a finite message space, the size of the keyspace must be at least 
as large as that of the message space, mathematically speaking, 
H(K) : H(M).

The proof of this theorem in Shannon is quite long (1949); for 
the sake of brevity, we only provide an overview below:

Proof. Perfect secrecy requires P[C = c | P = m1] = P[C = c | P = m2] 
for all plaintexts m1, m2 and ciphertext c. Each plaintext must 
have the same number of keys mapping to each ciphertext, implying 
| | : | |. Thus, H(K) : H(M) (Shannon, 1949).    

Remark 2.3. Perfect secrecy is not pragmatic as Shannon’s theorem 
dictates that very large messages require the use of large, one-
time use keys, which are hard and cost-ineffective to create. 
However the concept of entropy is still highly valuable as it 
informs computational security. For example, a 128-bit key 
with H(K) = log (2128) 7 88.7 nats requires 2128 guesses, infeasible 
for adversaries. Entropy also allows us to quantify breaches such as 
protocol leakage, thus guiding secure design (Menezes et al., 1997).

Pseudorandom Number Generation
Almost all cryptographic systems require random bits in order 

to generate keys; o6entimes, this is done through pseudorandom 
number generators (PRNGs).

De!nition 3.1 (PNRG). A PRNG G : {0,1}s ; {0,1}n (n >> s) expands 
a random seed (an n-bit string chosen at random) into a string that 
cannot be di4erentiated from random bits. Cryptographically secure 
PRNGs make it such that no efficient algorithm can distinguish 
G(U) from a random n-bit string (Blum et al., 1986), where U is 
some random variable distributed uniformly over {0,1}s.

3e Blum–Blum–Shub (BBS) generator is a great example of a 
PRNG in cryptography.

De!nition 3.2 (Blum-Blum-Shub PRNG). Choose 2 primes p, q 
such that p, q  3 (mod 4). Let N = pq. Let x0 be a seed that is 
coprime to N, and iterate such that xi+1  xi

2 (mod N). Finally 

each output is the least signi2cant bit of each xi, and the subsequent 
string is cryptographically secure as desired.

Before ending this section, we shall make a quick note on why 
BBS is secure, despite being somewhat outdated. Its security stems 
from the fact that deciphering every output bit is dependent on how 
di1cult it is to factor N = pq. In practice, BBS sets p and q such that 
they are large primes, making such a factorisation quite hard. 
Furthermore, each iteration squares some number modulo N, which 
produces a quadratic residue (a number z for which there exists an 
x such that x2  z (mod N)) and outputs the least signi2cant bit. 
Predicting each of these bits requires an adversary to di4erentiate 
quadratic residues, a problem that is regarded as hard as factoring 
N, which is widely considered computationally infeasible. 3us, 
BBS ensures pseudorandomness (Blum et al., 1986; Menezes et al., 
1997).

Cherno" Bounds and Cryptographic Analysis
Chernoff bounds are useful is cryptology as they give us 

exponentially decreasing tail probabilities, which are ideal for 
identifying deterministic cipher behavior in cryptoanalysis. 3ere 
are many types of Cherno4 bounds, each of which has its own set 
of assumptions. We will discuss the Cherno4 bound for the simple 
case of a sum of independent Bernoulli trials, where each random 
variableakes values 0 or 1. A great example is tossing unfair coins, 
each with its own probability of heads, and counting the total number 
of heads.

"eorem 4.1 (Cherno4 Bound). Let X = , where Xi = 1 with 
probability pi and Xi = 0 with probability 1 - pi, and all Xi are 
independent. Let < = [X] = . 3en:

(i) Upper Tail: P[X : (1 + =)<] >  for all = > 0,
(ii) Lower Tail: P[X > (1 - =)<] >  for all 0 < = < 1.

Proof. We begin by recalling Markov’s Inequality:

Lemma 4.1 (Markov’s Inequality). Let X : S   be a non-negative 
random variable. 3en, for any a > 0,

.

We can now proceed with proving 3eorem 4.1, utilizing Lemma 
4.1. For the upper tail, we manipulate Markov’s inequality by using 
exponentiation. Observe that for s > 0, we have that

X : (1 + =)<  esX : es(1 + =)<.

Using the above and applying lemma 4.1, we get:
.

Independence of Xi gives

since 1 - pi + pies > . Substituting s = log(1 + =) yields

        .
3erefore,

.
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hardness of the quadratic residuosity problem.

Definition 5.1 (Key Generation for Goldwasser–Micali). To 
generate keys for the Goldwasser–Micali scheme, select two large 
prime numbers p and q, and compute N = pq. De2ne the multiplicative 
group *

N = {a  {1,..., N - 1} | gcd(a, N) = 1}, which is the set of 
integers under modulo N that are coprime to N. Choose y  *

N 
such that y is a quadratic non-residue under modulo N, meaning 
there exists no x  *

N satisfying x2  y (mod N), and the Jacobi 
symbol (y/N) = +1. The Jacobi symbol (y/N) = , where  
is the Legendre symbol (+1 if y is a quadratic residue modulo p, 
-1 if not, 0 if p divides y), ensures y is not trivially distinguishable 
from quadratic residues without knowledge of p and q.

Definition 5.2 (Encryption for Goldwasser–Micali). To encrypt 
a plaintext bit b  {0, 1} using the public key (N, y), select a random 
integer r  *

N = {1,..., N-1 | gcd(r, N) = 1}, chosen uniformly to 
ensure ciphertext unpredictability. Compute the ciphertext c as 
follows:

.

For b = 0, c = r2 mod (N) is a quadratic residue under modulo (N), 
since it is the square of r. For b = 1, c = y · r2 mod (N) incorporates the 
quadratic non-residue y, making c a quadratic non-residue under 
modulo N, as y has no square root with respect to modulo (N). 
3erefore, the random choice of r ensures that every encryption of 
a given bit b creates a ciphertext that is unique and thus prevents 
the pattern leakage of the plaintext.

Statistical Tests for Randomness
Statistical tests validate randomness in PRNGs or ciphers, detecting 

biases that could enable attacks. We shall de2ne 2 such statistical 
tests. Note that within this section, we shall not discuss in detail 
the speci2c applications of such tests. 3is is because their primary 
function is to test for randomness; thus, it su1ces to prove that 
these tests provide a su1cient metric to evaluate randomness. We 
begin by de2ning the XOR operation in computer science, which 
will be relevant later in this section.

Definition 6.1 (XOR operation). The XOR operation, denoted 
A  B, is a bit-wise binary function de2ned by:

In other words A  B = 1  A ? B, and A  B = 0 otherwise.
We can now de2ne our statistical tests, namely the frequency 

and autocorrelation tests.

De!nition 6.2 (Frequency Test). For a binary sequence S = s1,..., sn 
where si  {0,1}, let X =  be the number of 1’s. Under the null 
hypothesis of randomness, each si is 0 or 1 with probability 1/2, 
so X  Binomial(n, 1/2). De2ne Ok to be the observed frequency of 
some outcome k  {0,1}, with O1 = X (number of 1’s) and O0 = n - X 
(number of 0’s). 3e expected frequency Ek is E0 = E1 = n/2, as 0’s 

Now observe that taking the logarithm of the right hand side, in 
the above equation, still preserves our inequality. Taking the 
logarithm of the RHS yields <(= - (1 + =)log(1 + =)).3en using 
log(1 + =) : =/(1 + =/2) we get (1 + =)log(1 + =) : , so 
= - (1 + =)log(1 + =) > = -  =  = . Finally 
recall that x   s.t. x < 0, we have that ex > x, applying this to 
our previous result yields the desired equation,

           .

3e proof of the lower tail is analagous, with the only exceptions 
being the use of the substitution s = log(1 - =) and the result, 
log(1 - =) : -= + =2/2.      

Remark 4.1. We have attempted an efficient version of the proof 
using substitutions. A detailed sketch of this proof from first 
principles can be found in the lecture notes made by MIT lecturer 
Michel Goemans (2015).

Given we have proven the Cherno4 bound, we can proceed to 
work out an example to illustrate how Cherno4 bounds detect deviations 
from expected random behavior. Suppose we have a cipher with the 
standard 26-letter alphabet and we want to send a random ciphertext 
of length n = 1000. 3en each letter should probabilistically have 
1000/26 7 38.46 occurrences due to randomness. Let Xi = 1 if the i-th 
letter is ‘A’, else Xi = 0, with pi = 1/26 for all i. 3en X = ΣXi counts ‘A’s, 
with < = Σpi  = 1000/26 7 38.46. Suppose we want to know whether 
the occurrence of 60 or more ‘A’s is a signi2cant deviation from the 
expected randomness of the ciphertext. We can test this using the 
upper tail bound. t(1 + =)< = 60, so = = (60/38.46) - 1 7 0.56. 3en the 
probability of at least 60 ‘A’s is,

3is low probability indicates that observing 60 ‘A’s is highly 
unlikely under a random ciphertext distribution, suggesting the 
cipher produces biased outputs. Such non-randomness reveals 
exploitable patterns in the cipher’s structure, enabling an adversary 
to use cryptanalysis via frequency analysis (Section 6) or other 
statistical methods to decipher our message.

During WWII, Andrew Gleason utilized a variant of the 
Cherno4 bound (a similar tail-bound, albeit pre-Cherno4), in order 
to break a highly sophisticated cipher known as the Japanese Coral 
cipher. He famously dubbed it the “Gleason Crutch”. 3e Gleason 
Crutch analyzed ciphertext patterns to show that observed repetition 
within the Coral cipher was unlikely under randomness. 3is led to 
the revelation of the speci2c mechanics of the Coral cipher and thus 
led to its decryption in 1944 (Burroughs et al., 2009). In the modern 
age, Cherno4 bounds are applied in side-channel attacks by analyzing 
deviations in power consumption or timing to infer key bits, ensuring 
negligible failure probabilities in cryptographic protocols.

Probabilistic Encryption Schemes
3e primary motivation behind the discarding of deterministic 

encryption as a technique in cryptography is due to its tendency 
to leak plaintext patterns. We now prefer the use of probabilistic 
encryption as it allows for randomness, thus ensuring that identical 
plaintexts produce di4erent ciphertexts, achieving semantic security. 3e 
Goldwasser–Micali scheme, a pioneering probabilistic encryption 
method, exempli2es this approach by utilizing the computational 
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and 1’s are equally likely. 3e chi-square statistic measures deviation 
from expected randomness:

By construction, the statistic above follows a chi-square distribution 
that has a single degree of freedom. 3e p-value, which can be 
de2ned as the probability of observing a A2 value that is at least 
as extreme under the null hypothesis, is then calculated using 
the chi-square distribution’s cumulative distribution function. A 
p-value that is below an agreed-upon threshold, usually p = 0.01, 
means that we can reject the null hypothesis and conclude that 
there is non-randomness.

Definition 6.3 (Autocorrelation Test). For a binary sequence 
S = s1,..., sn where si  {0,1}, define a shift d (where 1 > d < n) to be 
an operation that o4sets the sequence by d positions, thus allowing 
us to compare si with si+d. The autocorrelation coefficient for 
shift d is defined to be:

,

where  is de2ned as the XOR operation in de2nition 6.1. 3en by 
de2nition 6.1, si  si+d = 1 if si ? si+d and 0 otherwise. From this, we 
infer that A(d) allows us to calculate the number of positions in 
which the original binary sequence and the shi6ed sequence di4er. 
Under our null hypothesis (of randomness), each computation that 
yields si  si+d = 1 has a probability of 1/2, thus we can say that 
A(d)  Binomial(n - d, 1/2), with expected value  and variance 

. We then de2ne the test statistic B to be as follows:

Observe that B measures the deviation of A(d) from its expected 
value(normalized by the standard deviation). For su1ciently large 
n - d, this approximates to a standard normal distribution. 3en 
if B exceeds a threshold under such a distribution, we know that 
there exists a signi2cant correlation between bits separated by d, 
and this indicates non-randomness.

Such tests are necessary to test for randomness alongside techniques 
such as the Cherno4 bounds. 3ey are quite handy when deciding if 
a given ciphertext is likely to leak patterns in plaintext. It is precisely 
such tests that allows us to determine to what degree an encryption 
scheme is deterministic (Menezes et al., 1997; Rukhin et al., 2010).

Applications
3e probabilistic techniques in this paper are crucial to many 

cryptographic systems, and we shall illustrate a few such applications. 
Consider entropy, as discussed in Section 2. One of the most 
impressive applications of entropy within cryptography is its role 
in generating keys for the Advanced Encryption Standard (AES), 
which is the symmetricCkey block cipher used by the U.S. National 
Institute of Standards and Technology (NIST). AES operates on 128-bit 
blocks, and it allows for key lengths of 128, 192, and 256 bits. 3is 
allows for seeds with relatively high levels of entropy, which allow 
them to resist brute force attacks in protocols that govern internet 
communication, such as TLS (Transport Layer Security) (Menezes 
et al., 1997). For example, 256-bit keys with H(K) = log (2256) 7 177.4 
nats, are ideal. Now consider Cherno4 bounds, as discussed in 
Section 4. Cherno4 bounds allow for o4ensive cryptographic 

ability. For example, they are used in side channel attacks, as brie5y 
described in Section 4. Such attacks use Cherno4 bounds to detect 
non-random power consumption patterns in people’s smartcards, 
and subsequently reveal key bits with high levels of con2dence. 
3ey do this by measuring deviations in power consumption or the 
timing required to infer key bits, thus allowing negligible failure 
probabilities in cryptographic protocols.  3us, by giving us methods 
and techniques to measure randomness, probability theory has 
massively furthered the 2eld of cryptology.
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Introduction
3e in5ux of heavy metal substances into the environment has 

been increasing at a concerning rate over the past few centuries, 
with the majority of the freshwater bodies near cities and human 
habitats passing the safe levels set by World Health Organization 
(Panchamoorthy et al.,  2024; WHO, 2017). Almost a third of the 
world’s population still lacks clean and safe drinking water, one 
major cause of which is heavy metal pollution. In Bangladesh, an 
estimated 70 million people who consume groundwater are exposed 
to unsafe levels of arsenic (WHO, 2017). In addition to heavy 
metals, production of over a million tons of dyes and pigments takes 
place annually worldwide. 3e eDuents from dyeing industries are 
contaminated with highly colored compounds (e.g., azo dyes such 
as malachite green, aniline yellow, and methylene blue) and have a 
high chemical and biological oxygen demand (Garg et. al., 2004). If 
allowed into usable water bodies, they can harm aquatic ecosystems 
and human beings alike due to their carcinogenic, allergenic, and 
toxic e4ects.

3e use of adsorbent organic materials in treating eDuents is a 
well-studied phenomenon, with many works of research focused 
on a particular pair of adsorbent and adsorbates. In Garg et al. 
(2004), rosewood sawdust pretreated with sulfuric acid is used 
to treat methylene blue, a common blue dye in textile industries. 
Sawdust is a very common byproduct of the timber industry, so 
their approach also fulfilled the conditions of low cost and 
sustainability. Khattri et al. (2009) take on a similar approach using 
neem sawdust and targeting malachite green dye. While some of 
these studies focus on very speci2c topics, studies such as the one 
done by Farias et al. (2023) look at the overall porous adsorption 
capacity of a specific biosorbent, namely banana peel powder. 
Most of the existing literature on organic bioadsorbents focuses on 

the speci2c adsorption capacities of a given biosorbent, which, due 
to the physical and chemical properties of that speci2c biosorbent, 
act primarily well on a particular dye or heavy metal component. By 
combining these individual biosorbents in a manner that preserves 
their individual adsorbent properties, it is possible to create a more 
versatile eDuent-treating medium. 

In this project, we combined a range of organic materials—
neem leaf powder (NLP) and sawdust, peanut shell powder (PSP), 
banana peel powder (BPP), co4ee grounds (CG), and watermelon 
rind (WMR)—to remove heavy metals and common textile dyes 
through adsorption. Adsorption is the physicochemical process in 
which molecules from an aqueous solution (adsorbates) adhere to 
the adsorbent surface. 3e primary ingredient, neem, contains high 
levels of 5avonoids and tannins, which assist in the e4ective removal 
of heavy metals from water (Khattri et al., 2009). PSP has a structural 
formation consisting mainly of cellulose networks, making it quite 
e4ective in the removal of turbidity (Nkansah et al., 2019). BPP is 
known for decontaminating wastewater, mainly in the removal of 
textile dyes, heavy metals, and even crude oil (Farias et. al., 2023). 
Another common waste material, CG, has a lignocellulosic 
composition of 51.5% cellulose and 40.6% hemicellulose, which 
makes it an e1cient bioadsorbent (Mukti & Hidayat, 2019). WMR 
is composed of carbonaceous materials (e.g., cellulose, pectin, etc.), 
making it a suitable adsorption agent for metals and dyes (Bhattacharjee 
et al., 2020). 3e primary causes of physical adsorption are the van 
der Waals and electrostatic forces between the adsorbate molecules 
and the adsorbent surface. Using a paper-like structure maximizes 
the surface area while keeping the composition to a minimum. It also 
creates a reinforced structure that can work without breaking down into 
suspension as soon as it encounters water, which, along with an extra 
biopolymer layer covering the paper, signi2cantly minimizes sludge. 

Bioremediation of E#uents:
Developing a Bioadsorbent Medium to Treat 

Water Heavy Metal and Textile Dye Pollutants 
Based on the Combined Adsorption by Neem 

and Other Biosorbents
Adnan Bin Alamgir and Golam Yasin

Harvard College ’29 and Dhaka Residential Model College ’25

With the expansion of textile industries and their extensive use of chemicals, industrial wastewater contaminated with heavy 
metals and textile dyes is !nding its way into our usable water sources more frequently than ever. $e high cost of current 
treatment procedures, as well as the environmental concerns associated, puts our drinkable water at risk of contamination. 
Agricultural byproducts, or biosorbents, can function as bio-adsorbents to remove dissolved substances from wastewater 
through adsorption. $ese materials are abundant and organic but are usually underutilized due to their generated sludge 
and lack of extensive e%ciency. $e purpose of our research is to develop a contact adsorbent medium by processing and 
combining !ve well-known biosorbents: neem (Azadirachta indica) leaf and bark, peanut (Arachis hypogaea) husk, co#ee 
(Co!ea arabica) ground, watermelon (Citrullus lanatus) rind, and banana (Musa sapientum) peels. By combining their 
treatment capacities, we were able to treat copper-contaminated water. We found that a paper-shaped medium can 
efficiently remove a signi!cant portion of dissolved material while minimizing sludge, thus creating potential for replacing 
our existing non-sustainable treatment materials with an organic alternative derived from agricultural wastes.
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Each of the discussed bioadsorbents can work as effective 
removal agents for pollutants, and in this paper, their individual 
remedial potencies were combined into a paper-shaped contact 
adsorption medium to create an e1cient solution for wastewater 
remediation that performs on the same level as existing adsorbent 
media, with over a 50% reduction in treatment costs and reduced 
environmental concerns. Furthermore, the adsorption capacity 
of this medium was analyzed in the theoretical framework 
of adsorption isotherms, which is an empirical model of an 
equilibrium function between adsorbent concentration and the 
amount of adsorption at a given temperature. By 2tting our limited 
data points on these empirical models, we can predict the behavior 
of the adsorption mechanism. 3e Langmuir isotherm is one such 
model that well describes adsorption in a solid/liquid interface, an 
interface similar to our case, and the bioadsorbent paper indeed is 
found to 2t well to this model.

Methods
In designing the paper to acquire maximum adsorption with 

minimum dissociation, we chose a simplistic design where the 
bioadsorbent paper has two individual layers—one adsorbent 
layer and one protecting layer (Fig. 1). The outer layer is made 
of a biopolymer that creates a thin separation between the 
bioadsorbent paper and the solution. As adsorption does not 
require chemical interaction, the dye molecules and metal ions 
attracted by the bioadsorbent layer accumulate on the polymer, 
and the inner layer stays intact and reusable. We do expect the 
paper to degrade and will eventually need to be replaced, but 
because of the polymer layer, this will be substantially delayed.

Material Processing and Papermaking
The initial part of our project was preparing the bioadsorbent 

paper, for which we had to first process the materials. For neem, 
we washed the leaves with distilled water and dried them, first 
leaving them outside for two days and then in an oven at 100°C 
for an hour. After that, we blended the leaves and strained the 
powder until we were left with fine-grained NLP (Nkansah et 
al., 2019). For neem sawdust, PSP, BPP, and WMR, we carried 
out similar processes of drying, blending, and straining. For 
CG, we only had to dry them to use for our purposes. For the 
papermaking step, we mixed the processed materials in the 
desired ratio by mass (Table 1) and blended them together with 
some water to make a pulp. In deciding on the effective ratio, 
the two factors we considered were how available the biosorbents 
were locally (year-round agricultural products compared to 
seasonal products) and the structural integrity. For example, 
WMR is not only a seasonal agricultural waste but also more 
prone to liquefying the pulp too much to have the proper density 
to become a paper-like structure. We added okra extract as a binding 

agent to keep the paper from breaking down, courtesy of its e4ective 
glue-like property. We ran the mixture through a tub of water 
and into a paper mold. After letting it dry for a day, we carefully 
separated the sheet of bioadsorbent paper. For the outer layer, 
we mixed agar and water to work as a substitute for starch and 
then processed it with glycerin to create a polythene resembling 
a biopolymer.

Preparation of the Removal Rate Test Apparatus
Our e1ciency testing was done in two steps: NLP/neem sawdust 

testing and bioadsorbent paper testing. For testing, we used a 
controlled molarity solution of the heavy metal salt copper (II) 
sulfate (CuSO4.5H2O). In the 2rst test, using a weight balance 
with an accuracy of a thousandth of a gram, we measured 2.00g 
of CuSO4 salt and made 2ve beakers of 150mL solution, giving the 
total volume of 150mL 0 5 = 750mL. Given that the molar mass of 
CuSO4.5H2O is 249.5, the molarity, M, of our solution was,

(1).

Beaker 1 was kept as the reference beaker; in beaker 2 and 3, 
we weighed and added 1.800g of NLP; in beaker 4 and 5, we added 
1.200g of neem sawdust. We added 1 mL of dilute hydrochloric acid 
(HCl) to work as a pH activator (Kalam et al., 2021). A6er leaving 
the beakers for two hours, we 2ltered out the precipitated substance 
using a 2lter paper for further analysis. For testing the bioadsorbent 
paper, we used an isomolar solution of copper sulfate, adding 50 
cm2 (5 cm x 10 cm) pieces of the paper, weighing on average 2.460 g.

Removal Rate Testing
3e primary and crudest method of our testing was to observe 

the change in the solution’s color. Using copper (II) sulfate for 
testing has an advantage due to its blue hue, whose strength is 
approximately proportional to Cu2+ concentration. 3e next test 
was weight comparison; comparing the 2nal precipitate (or paper) 
weight with the pre-adsorption weight gives an estimate of the 
removal rates. 3e di4erences were precisely measurable as we used 
a high-concentration solution. Even though real-life wastewater 
will likely have much lower levels of copper concentration, having 
a high molarity helps to reduce the uncertainty in our tests while 
preserving the relative removal capacities. To measure the removal 
capacity for lower concentrations, a more sophisticated testing 
apparatus is required (see discussions). In each of the beakers, there 
were 0.4g of CuSO4.5H2O. 3erefore the weight of Cu2+, wCu, was

(2). 

We then calculated Cu2+ removal using the following equation, 
where wi is the initial mass and wf is the final mass,

(3).

Figure 1. Schematic diagram of the bioadsorbent paper. The inner layer is 
composed of a mixture of plant byproducts from Azadirachta indica, Arachis 
hypogaea, Co!ea arabica, Musa sapientum, and Citrallus lanatus. The outer layer 
is a biopolymer made from agar and glycerin.

Table 1. Percent by mass composition of biosorbents in the bio-adsorbent 
paper.
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trend to Langmuir isotherms, which was reasonable given the 
monolayer and homogeneous surface of the bioadsorbent paper 
(Kalam et al., 2021).

Lastly, we did an ion test with potassium ferrocyanide 
(K4[Fe(CN)6]), which reacts with Cu2+ to produce copper (II) 
hexacyanoferrate (Cu2[Fe(CN)6]), a reddish brown precipitate.

(4).

We took 4 mL of solution from the beakers into a batch of test 
tubes and added 1 mL of K4[Fe(CN)6]. The level of precipitation 
gives an effective estimate of metal ion removal.

Ion Identification Test
There was a significant visual difference in Cu2[Fe(CN)6] 

precipitation in the two test tubes (Fig. 2b), as well as in reaction 
rate. In the treated solution, the reaction took place rapidly, but 
in the reference solution, it took a much longer time, indicating 
a notable difference in Cu2+ concentration.

Weight Comparison Test
For this test, we first carry out the test for unprocessed (not 

processed into the bio-adsorption paper) neem sawdust, which 
is the largest constituent element of our bioadsorbent paper 
and can give us a reference to measure the efficacy of giving the 
biosorbent a paper-like structure.

NLP/Sawdust Testing: A6er measuring the weights for beakers 
2-5, we used equation (3) to calculate the removal rates. Table 2 
shows the results.

Bioadsorbent Paper Testing: We weighed the paper before and a6er 
adsorbent uptake, and conducted three tests for a statistically signi2-
cant result. 3e removal rates in each test and the average rates are 
presented in Table 3. In both cases, the reference beakers (beaker 1) 
were used to make sure there are no implicit factors other than the 
bioadsorbent contributing to the heavy metal removal, and indeed, 
no precipitations were observed in the reference beakers.

Finally, we repeated the test for a continuous set of removal 
rates with time, to 2t a graph for the adsorption mechanism under 
constant temperature. Paper sizes of 50 cm2 and 40 cm2 were used 
for two di4erent graphs. Using the data points, we 2tted the best 2t 
curves, which are shown in Fig. 3. 3e isotherms showed a similar 

Figure 2. (a) Visual results from the color test. (b) Visual results from the ion 
test. In both images, the left and right parts contain reference and treated 
solutions, respectively.

Table 2. Measured removal rates for neem leaf powder (NLP) and neem 
sawdust.

Table 3. Measured removal rate for bio-adsorbent paper.

A

B
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Discussion
3e main objective of our project was to develop an adsorbent 

medium by combining a wide range of biosorbents capable of water 
remediation. Our bioremediation technique has shown the ability to 
remove heavy metals from water at around 80% e1ciency without 
creating any substantial sludge. Although not explicitly tested, we 
expect this adsorption medium to work well in removing textile 
dyes as well, given the ionic constitution of the majority of dyes 
(McCord & Roza, 2018). Our experiments showed higher removal 
rates in slightly acidic solutions, and NLP and sawdust have been 
found to work best in the pH range of 4 to 6 (Kalam et al., 2021). 
3e reason we focused more on an acidic apparatus is due to the 
basic nature of dissolved metallic ions, as well as the fact that most 
textile dyes tend to be basic. Carrying out the experiments in a 
neutral or basic solution instead, while it may lower the adsorption 
capacity, will give us more information on how removal rates and 
pH values may be connected. A number of past studies also look 
at this correlation, including Garg et al. (2004) and Febriana et al. 
(2009), and although their pH ranges do not necessarily always 
overlap, they 2nd better removal rates in an acidic environment. 
More acidic is not necessarily better, as the extra protons (H+) 
present in the solution start to compete with Cu2+ ions for the active 
sites. Temperature is another factor; as adsorption is an exothermic 
process (EH < 0), the removal rates should slightly increase with 
increasing temperature (Kalam et al., 2021). Surface properties 
such as surface area, polarity, and pore size distribution can also 
in5uence adsorption rates. Designing to maximize these properties 
should facilitate the removal capacity. In our work, we have used a 
high-molarity test solution for a higher level of accuracy. Real-life 
contaminated water usually has a much lower concentration of 
contaminants, in the mg/L levels, compared to the g/L levels tested 
in this paper, and methods such as atomic absorption spectrometry 
(AAS) can further validate our results.

Unlike chemical treatment methods, the discussed biosorbents 
do not introduce harmful chemicals into our waters, making them 
safe for drinking and irrigation. 3ese biosorbents can be produced 
locally almost everywhere in the world, reducing the overall cost 
and the environmental impact associated with transportation. 
As these materials are mostly discarded as agricultural waste, 
utilizing them helps waste management and promotes recycling. 
Moreover, the process is similar to industrial papermaking and 
can be mass-produced with minimum e4ort. 3e usability of 

our bioadsorbent paper is versatile, on both the industrial and 
personal scale. Regular-sized strips could be used to treat water to 
remove the bulk of the heavy metals and textile dyes from water 
in the event of 5ooding or an industrial spill. For industries such 
as textiles, this paper can be incorporated in the tertiary stage of 
the conventional eDuent treatment process. 

In this paper, we have discussed the design, constituents, and 
implementation of an adsorption medium made entirely from 
organic biosorbents. 3is can provide a pragmatic solution to the 
high expense of industrial wastewater treatment, due to which 
many middle- to small-scale industries fail to treat their eDuents. 
Using our bioadsorbent paper can reduce environmental harm 
and waterbody degradation, as well as providing a cost-e4ective 
solution for industries to treat their eDuents and help create a 
sustainable future.
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Introduction
1.1 Motivation

Shi6ed symmetric functions arise as deformations of classical 
symmetric functions, where symmetry is considered with respect 
to the shi6ed variables. 3eir study, initiated by Okounkov and 
Olshanski (1997b), revealed connections with structures from classical 
symmetric function theory, including Schur functions, Kostka 
numbers, and character formulas.

While classical symmetric functions are invariant under arbitrary 
permutations of variables, shi6ed symmetric functions are formal 
power series symmetric in the shi6ed variables. Such functions 
can be evaluated on Young diagrams, which establish a relation 
between algebraic combinatorics and the representation theory of 
symmetric groups.

Among shi6ed symmetric functions, the shi6ed Schur functions 
μ  and the functions μ  related to shi6ed Kostka numbers are of 

interest. Both are determined by their evaluations on Young diagrams 
in multirectangular coordinates and have nonnegative coe1cients 
when expressed in terms of falling factorials. 

We introduce multirectangular coordinates through the work 
of Stanley (2001, 2002). He describes a Young diagram via two 
sequences of non-negative integers,  and . 
Expressing shi6ed symmetric functions in such coordinates gives 
positivity.

3e paper aims to provide an expository overview of the theory 
of shi6ed symmetric functions and to study their polynomial structure 
in multirectangular coordinates. We also discuss its relations to Jack 
polynomials (Goulden & Jackson, 1996; Lassalle, 2009).

1.2 Format
In Section 2, we de2ne shi6ed symmetric functions and their 

connection with Young diagrams, allowing us to introduce the 
shi6ed Schur functions μ, following the constructions of (Okounkov 
& Olshanski, 1997a). In Section 3, we follow Stanley’s work (2002) 
in de2ning set partitions and multirectangular coordinates in order 
to prove the shi6ed Schur function has nonnegative rational coe1cients 
in the falling factorial basis (Alexandersson & Féray, 2017, 3eorem 
1.2). Section 4 applies a similar proof but to the shi6ed Jack polynomial 
(Alexandersson & Féray, 2017, 3eorem 1.5).

1.3 Main Results
We summarize here the main results of this paper. 3e precise 

de2nitions of notation will be provided in later sections.

• 3eorem 3.1 (Okounkov & Olshanski, 1997b; Stanley, 2001): 
If F is an α-shi6ed function, as in De2nition 2.1, then when 
evaluated on a Young diagram λ, its value λ , expressed in 
multirectangular coordinates (see De2nition 3.5) is 
a polynomial in  with coe1cients in α .

Figure 1. An example of a standard Young tableau of shape λ .

• 3eorem 3.2 (Alexandersson & Féray, 2017, 3eorem 1.2): 
For each partition μ, the shi6ed Schur function, μ , as 
defined in Definition 2.2, admits an expansion with 
non-negative rational coe1cients in the falling factorial 
basis  (see De2nition 4.2).

• 3eorem 4.1 (Alexandersson & Féray, 2017, 3eorem 1.5): 
For every integer k, the shi6ed Jack polynomial, denoted 

α , given in De2nition 4.1, has non-negative rational 
coe1cients when expressed in the α-falling factorial basis.

Shifted Symmetric Functions and Young Tableaux
2.1 Shifted Symmetric Functions
De!nition 2.1 (Shi6ed Symmetric Function) (Alexandersson & 
Féray, 2017).An α-shi6ed symmetric function F is a sequence 

 such that

1. For each , is  a polynomial in N variables 
 with coe1cients in α  that is symmetric in  

α α α .
2 .  For each ,   

(this is known as the stability property.)
3. .

De!nition 2.2 (Shi6ed Schur Function). For any μ and , 
we de2ne the shi6ed Schur function μ  in variables  
by: 

μ

μ
.

Shi$ed Symmetric Functions and 
Young Tableaux

Zak Adams and Victor Seco Roopnaraine
Harvard College ’26

We provide an expository overview of shi"ed symmetric functions by focusing on their evaluation on Young diagrams and 
their expression in multirectangular coordinates. Shi"ed Schur functions are shown to be polynomials in these coordinates, 
with nonnegative coe%cients when expanded in the falling factorial basis. Motivated by classical results on symmetric 
functions, we then explore relations and generalizations to Jack polynomials. $is paper surveys the work of Alexandersson 
and Féray (2017) and the frameworks provided by Stanley (2001, 2002) and Okounkov–Olshanski (1997a, 1997b).
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We note that the highest degree terms of μ  is exactly the Schur 
function μ . In addition to Subsection 2.3, we can observe that 
well-known formulas involving Schur functions naturally extend 
themselves to shi6ed Schur functions. Such formulas include 
Jacobi-Trudi identity and the combinatorial expansion in terms 
of semi-Standard Young tableaux (Okounkov & Olshanski, 1997a).

The above serves as an example of a 1-shifted symmetric 
function.

2.2 Young Tableaux
De2ne a partition λ λ λ λ  to be a 2nite, weakly 

decreasing sequence of non-negative integers. 3e associated Young 
diagram is a le6-justi2ed array of boxes, with λ  boxes in the i-th 
row from the top. We identify a partition with its Young diagram. 

De!nition 2.3 (Standard Young Tableau). A standard Young tableau 
of shape λ  is a 2lling of the Young diagram of λ  with numbers 

λ  such that entries increase along each row (le6 to right) 
and increase down each column (top to bottom). For example, the 
following is a standard Young tableau of shape λ .

De!nition 2.4 (Semi-standard Young Tableau). A semi-standard 
Young tableau (SSYT) of shape λ is a 2lling of the Young diagram 
with positive integers such that entries weakly increase along each 
row and strictly increase down each column. We de2ne the type 
of an SSYT to be the weak composition τ τ τ  where τ  
counts the number of boxes 2lled with the integer i. 

We then have that the Kostka number λ
τ  counts the number of 

SSYTs of shape λ and type τ  (Macdonald, 1995).

2.3 Shifted Symmetric Functions and Tableaux
The connection between shifted symmetric functions and 

Young tableaux yields results that do not occur in the non-shifted 
setting. In fact, the evaluation μ λ  of a shifted Schur function 
equals 0 unless λ  contains μ . When λ  contains μ , we find μ λ  
counts, up to normalization, the number of standard tableaux 
of skew shape λ μ  (Okounkov & Olshanski, 1997a). 

As μ λ  and μ λ  have tableau interpretations, we can 
understand shifted symmetric functions as polynomial versions 
of tableau counting. Moreover, if we express Young diagrams 
using multirectangular coordinates, we can show that shifted 
symmetric functions become polynomials in multirectangular 
coordinates with positivity properties.

Multirectangular Coordinates and Shifted Schur 
Functions
3.1 Set Partitions

We refer to Section 3.1 of (Alexandersson & Féray, 2017) for the 
de2nitions of set partitions.

De!nition 3.1 (Set Partition). A set partition of a 2nite set E is a 
c o l l e c t i on  o f  n on- e mp t y,  p a i r w i s e  d i s j o i nt  s u b s e t s 

 whose union is E. Each subset  is called a 
block and the number of blocks is given by .

3e order of set partitions is de2ned by the re!nement order. Given 
two partitions of E denoted  and S, we say  if every block of 

 is contained entirely within some block of S. In this case, we write 
 as 2ner than S, and S is coarser than .

Remark 3.1. 3e set of all partitions of E, ordered by re2nement, 
forms a lattice. In this lattice, any two partitions have a greatest 
lower bound (their common re2nement) and a least upper bound 
(their common coarsening).

De!nition 3.2 (Induced Partition). Let  be partitions of E, 
and let  be a block of S. 3e induced partition  is the set partition 
formed by the blocks of  that are contained in .

Intuitively, we may see that within each block  of S, the partition 
 may split  into smaller pieces. Such pieces form a partition of 
.

Proposition 3.1. Given a partition S of E, if for each block we 
choose a partition  of , then the union of the partitions  forms 
a partition  of E that is 2ner than S.
Conversely, given a partition  of the blocks of S, 
we can form a coarser partition of E by taking unions,

Thus, partitions of the set of blocks correspond naturally to 
partitions of E that are coarser than S.

We now introduce how functions relate to set partitions.

De!nition 3.3 (Functions and Induced Partitions). Let S be a partition 
of E and let  be a function assigning a value in D to each 
block of S. 3is induces a function  by setting  
if .

De!nition 3.4 (Partitions from Functions). Conversely, given any 
function , we de2ne the associated set partition

where two elements e, e’ are in the same block of  if and only 
if .

Proposition 3.2. Let S be a set partition of E and let  be 
a function. 3en:

meaning that S is 2ner than the partition induced by .

3.2 Multirectangular Coordinates
Multirectangular coordinates were introduced by Stanley (2001, 

2002) and provide a natural way to parametrize Young diagrams. 
3is coordinate system allows us to express evaluations as explicit 
polynomials in combinatorial parameters associated with the shape 
of the tableau. 3is pays dividends when working with shi6ed 
symmetrical functions.

Def i n it ion 3. 5  (Mu lt i rec t a ng u la r  C oord i nate s).  L e t 
λ λ λ λ   be a partition. 3e multirectangular coordinates 
of λ consists of two sequences of non-negative integers
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Proof. By de2nition, each  is a polynomial in , 
symmetric in the shi6ed variables

α α α

W hen we  e v a lu at e  F  a t  a  p a r t i t ion  λ ,  we  s u b s t i t ut e 
λ λ , padding with zeros if necessary. In 

multirectangular coordinates, the part λ corresponding to a row 
in block k can be expressed as

λ

Moreover, the index i (the row number) can be written explicitly 
in terms of the cumulative sums of the . Hence, each shi6ed 
variable λ α  is an a1ne function of the  and , with rational 
coe1cients depending on α. Since polynomials are closed under 
a1ne substitution, and the stability property ensures compatibility 
across , it follows that λ  is a polynomial in  with 
coef2cients in α .       

Finally, let us emphasize that multirectangular coordinates 
provide a combinatorial basis for describing shi6ed functions. 3is 
comes from each block  corresponding to a group of rows 
of constant cumulative width, and each width parameter  controls 
the “drop’’ between blocks. Hence expressing shifted Schur 
functions μ  and related α-shi6ed symmetric functions in terms 
of the  variables will allow us to identity polynomial 
expansions and a key result relating to the positivity of the shi6ed 
Schur function in the falling factorial basis.

3.4 Shifted Schur Functions
In this subsection, we focus on the case α ; that is, the 

shif ted Schur functions μ  discussed here are 1-shif ted 
symmetric functions.

"eorem 3.2 (Alexandersson & Féray, 2017). For every μ , 
the polynomial μ  has nonnegative rational coefficients in 
the falling factorial basis .

Proof. Let us fix μ . Further, let S, T be set partitions 
of [k] with s and t parts respectively. We shall first express μ  
as a sum of smaller pieces. We will then prove that each piece 
is nonnegative in . Define the polynomials

μ

σ τ
σ
τ

χμ στ ε τ σ τ

And define, for σ τ , the polynomial σ τ

σ τ

σ τ

σ τ

Here σ  (resp. τ ) is the cycle partition of the permutation σ 
(resp. τ); χ μ  is the irreducible character of  indexed by μ , and 
ε τ  is the sign of τ .

We take for granted the fact that we can now express the 
polynomial

μ
σ τ

χμ στ ε τ σ τ .

Using this fact and our definition for σ τ , we may write

satisfying the following:
•  for all i;
• ;
• 3e rows of λ are grouped into d blocks with

λ

If we require each block to group together consecutive rows 
of equal length and that each grouping is maximal (i.e., no two 
consecutive blocks can be merged without violating the 
decreasing width condition, then our multirectangular coordinates 
are uniquely determined.

Example 3.1. Take λ . 3e 2rst row has 5 boxes, the 
second and third row each has 3 boxes, and the fourth row has 2 
boxes. This gives the multirectangular decomposition of 

 and . Graphically, the 
Young diagram can be visualized as the combination of three 
rectangles.

Let us now consider several properties of multirectangular 
coordinates.

Lemma 3.1 (Uniqueness). 3e multirectangular decomposition 
of a Young tableau under the maximal grouping convention is 
unique.

Proof. Given a Young diagram, we proceed bottom-up. Start with 
the bottommost rows, identifying the maximal set of consecutive 
rows having the same length. 3en de2ne  as the number of these 
rows and  to be their common row length. Remove these rows 
and repeat the process recursively on the remaining upper diagram. 
As Young diagrams are weakly decreasing in row length, and as 
each step groups maximally, no ambiguity arises in such a 
construction.        

Figure 2. Multirectangular decomposition of λ  after reversing 
the rectangle order.

3.3 Polynomiality in Multirectangular Coordinates
An important result concerns the evaluations of shifted 

symmetric functions. They become polynomia ls in the 
multirectangular coordinates.

Theorem 3.1 (Okounkov & Olshanski, 1997a; Stanley, 2001).  
Let F be an α-shifted function as in Definition 2.1. When 
e v a l u a t e d  a t  a  Yo u n g  d i a g r a m  λ ,  e x p r e s s e d  v i a 
m u l t i r e c t a n gular coordinates , the value λ  lies in 

α .



RESEARCHVolume 16 Issue 1 | Fall 2025

 www.thur j .com | 26

μ
μ           .

We now notice that if μ  is non-negative 
i n  t hen so i s  μ ,  a nd t hus it  su f f ices  to show t hat 

μ  is nonnegative in . We appeal to 
the following Lemmas (see Alexandersson & Féray, 2017, pp. 
15–16):

Lemma 3.2 (Alexandersson & Féray, 2017, Lemma 3.5). Fix two 
set partitions  and  of [k], and 
let μ .  Then

μ

σ τ

σ

τ

χ μ στ ε τ

Lemma 3.3 (Alexandersson & Féray, 2017, Lemma 3.6)  Let 
μ  and let S, T be set partitions of the set . 
Denote by  (resp. ) the Young subgroup of permutations 
whose cycles are refinements of the blocks of S (resp. T). Define

μ

σ
τ

χ μ στ ε τ

where ε  is the sign character. Then μ .

By the above lemmas, the polynomials μ  have nonnegative 
coefficients in . Since we previously expressed μ  as a 
non-negative l inear combination of the μ , the result 
follows.         

Shifted Jack Polynomials
4.1 Jack Polynomials

We recall the family of symmetric functions titled the Jack 
polynomials, denoted by α

μ  with μ  and parameter α. For 
α , Jack polynomials coincide with Schur polynomials up to 
multiplication by a scalar (Alexandersson & Féray, 2017).

Definition 4.1. We denote shifted Jack polynomials by α
μ  

(Okounkov & Olshanski, 1997b), where μ  is a multiple of μ  
and the top degree component of α

μ  is μ . We de2ne the shi6ed 
Jack polynomials as the unique α-shi6ed symmetric function of 
degree at most μ  such that for any partition λ with λ μ ,

α
μ

α α

α μ λ μ

3e proof of existence and uniqueness, as well as the top component 
of α

μ
α
μ  is given in Knop and Sahi (1996).

For a diagram λ  and μ  we de2ne the shi6ed symmetric 
function

μ λ

λ
μ

λ

where β
α are the Kostka numbers. 3is family has an analogue for 

parameter α . If we consider α
λ τ λ

λ α

τ τ  , then we can 
analogously de2ne for a parameter α the function 

α
μ λ

λ α
μ

where 
λ α

μ  is the coefficient of the monomial μ  in the 
expansion of α

λ .

De!nition 4.2 (Falling Factorial). We de2ne the falling factorial 
to be the polynomial

.

Note we interchangeably use the notation . Moreover, 
we note that the falling factorials form a basis  for the vector space 
of polynomials. We provide a brief proof below

Lemma 4.1. Let  be the complex vector space of polynomials of 
degree . 3en  is a basis of .

3is follows by a triangularity argument.

De!nition 4.3 (α-Falling Factorial Basis). In the polynomial ring 
α  we de2ne
α

to be the α–falling factorial basis of this ring. We take for granted 
that this indeed forms a basis, although the proof is elementary.

"eorem 4.1 (Alexandersson & Féray, 2017, 3eorem 1.5). For any 
 the quantity α α  is a polynomial with 

non-negative rational coe1cients in the α-falling factorial basis.

To prove this result, we shall appeal to the following theorem:

"eorem 4.2 (Alexandersson & Féray, 2017). For any integer  
and any Young diagram λ one has,

α λ α λ
λ λ

α

where, for ,

α α α

Proof of "eorem 4.1, from Alexandersson and Féray (2017). Let 
us 2rst write

λ λ

α
λ

where we de2ne λ  to be the set of column-distinct subsets 
λ of size k and where 

λ

α . Now to each 

set A we shall associate to it a skeleton  as follows: consider λ  
in rectangular coordinates, and note that every box in λ lives in a 
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rectangle , where we label by i, j respectively the corresponding 
rows and columns. 3en from λwe shall remove any rows and columns 
whose intersection with A is empty. 3is shall de2ne our skeleton 

.

Fix a skeleton  and de2ne by  and  the number of rows and 
columns labeled i. We observe that A column-distinct  
column-distinct, and if two sets  are such that  then 

. From this it follows that:

.

It now su1ces to check that for each skeleton,  has non-negative 
coe1cients in . Note that since  is a nonnegative polynomial 
in α we shall focus on the number of sets λ with skeleton .

In order to construct such a set A with shape λ , we 2rst decide 
the distr ibution of rows and columns. Let us consider 

. 3en for each i we must 
pick rows in λ that correspond to the  rows in . We notice 
that λ  has -many boxes labeled i and thus we have  ways to 
choose a row. By the same logic, there are  ways to choose a 
column, and thus we have a total of

many λ of shape  with skeleton . We 2nally observe that 
 is non-negative in the basis  and hence the result 

follows.         

A Brief Comparison Between Jack- and Schur-Shifted 
Functions

While such results establish positivity for shifted Schur 
functions, corresponding to the α  case of Jack polynomials, 
the situation for general α-Jack polynomials remains more 
subtle. Determinant-style expressions are known primarily in 
the case of one-row partitions, μ , as presented by Knop and 
Sahi (1996). 3e extensions of such expressions or positivity results 
to arbitrary partitions remains not fully understood.
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Introduction
State legislatures are where national ideologies confront the 

stubborn facts of local demography. Despite having less scholarly 
prestige than Congress, the nation’s 7,383 state legislators collectively 
wield immense institutional power. 3ey dra6 and enact far more 
bills per biennium than their federal counterparts, allocate over 
$1.5 trillion in public funds, and pilot policy regimes, from 
environmental deregulation to Medicaid expansion, that routinely 
cascade upward to the national stage (Carey et al., 2006; Squire, 
2012). 3ese areas are not merely provincial echoes of Washington 
politics, but are foundational to the American policy ecosystem and 
indispensable to understanding democratic responsiveness at scale.

Yet while political science has made great advances in 
mapping the ideological terrain of Congress, the micro-foundations 
of roll-call voting in statehouses are o6en less known. Roll-call 
voting, when legislators’ individual votes are publicly recorded, 
o4ers a rare window into how personal beliefs, party pressures, 
and constituency interests collide in real time. Yet what drives the 
policy behavior of state legislators? Two theories o4er contrasting 
answers. One, rooted in democratic representation, casts legislators 
as delegates of their constituents. In this “constituency-centered” 
view, electoral accountability binds representatives to local 
preferences: voters punish deviation, and legislators, in turn, align 
their voting behavior with district interests (Mansbridge, 1999; 
Pitkin, 1967). Especially where racial identity is politically salient, 
as in the post-Voting Rights Act South, the Black population share 
should, according to this theory, predict more liberal roll-call 
behavior, consistent with theories of racially linked fate and 
symbolic representation (Broockman, 2013; Browning et al., 
1990; Grofman & Handley, 1991; Welch & Bledsoe, 1985).

A second, increasingly dominant paradigm emphasizes parties, 
not voters, as the central actors. Party-centered theories describe 
legislators as agents of ideologically cohesive caucuses—intra-party 

groups that coordinate strategy, messaging, and collective action 
within a legislature—whose voting decisions re5ect organizational 
discipline and partisan branding rather than constituency 
preferences (Levendusky, 2008; McCarty et al., 2006; Poole & 
Rosenthal, 1997). In this framework, district-level characteristics 
may a4ect who wins an election, but exert little in5uence on how 
that individual votes once in office. The emergence of strong 
partisan sorting and elite polarization over the past three decades 
has only reinforced this interpretation (Carson et al., 2019; Shor & 
McCarty, 2011).

3is study tests two paradigms by analyzing roll-call voting 
across 18 state legislatures from 1995 to 2000. 3ese legislatures 
were selected for their demographic relevance, with average Black 
district shares exceeding 10%. Drawing on the Shor–McCarty Net 
Promoter-score Framework (Shor & McCarty, 2011), I examine 
whether the Black population share predicts liberalism in legislators’ 
ideological positions. "e Shor–McCarty NP-score Framework is a 
cross-state ideological scaling method that places state legislators and 
members of Congress on a common liberal–conservative dimension 
using survey and roll-call data. 3e analysis is guided by three core 
research questions:

1. Unconditional association. Do districts with higher Black 
population shares exhibit lower (more liberal) legislator 
NP scores?

2. Robustness to context. Does any such association persist 
a6er conditioning on party a1liation and state 2xed e4ects?

3. Moderation by institutional features. Are these e4ects 
attenuated in more professionalized chambers or among 
Republican legislators?

Theory and Prior Evidence
Understanding whether and how district demographics shape 

legislative behavior requires untangling the mechanisms of political 

Racial Representation and Partisan Dynamics 
in the U.S. State Legislatures from 1995 to 2000

Todd Zhou
Harvard College ’27

$is study reexamines the foundational claim that demographic composition, particularly racial makeup, shapes legislative 
behavior in the United States. Drawing on a novel dataset that I helped digitize from a government census almanac book, 
which includes 2,630 state legislators across 18 racially salient states from 1995 to 2000, I test whether the percentage of 
African American residents in a legislative district predicts the roll-call ideology of its representative. $e !ndings challenge 
conventional wisdom. While bivariate models suggest a strong negative relationship, with Blacker districts electing more 
liberal lawmakers, this association collapses under minimal statistical conditioning. Once party a%liation, state context, 
and district socioeconomic characteristics are held constant, racial composition has no substantively or statistically signi!cant 
e#ect on roll-call ideology. $is null result holds across model speci!cations, racial thresholds, partisan subgroups, and 
robustness checks. $e one exception, majority-Black Democratic districts, re&ects ideological selection rather than policy 
responsiveness. $ese results force a reconsideration of both descriptive representation and democratic accountability. In 
contemporary state legislatures, race determines who wins office but not how they vote. Party discipline, rather than 
constituency demographics, governs roll-call behavior. Representation has shi"ed from a delegate model of voter-legislator 
alignment to a partisan model of ideological conformity. By tracing the structural erasure of demographic in&uence, this 
paper o#ers a revised account of political representation in an emerging era of nationalized partisanship and cautions 
against equating electoral diversity with substantive policy inclusion.
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representation and the constraints imposed by institutional structures. 
Existing research o4ers competing theories, which I organize here 
into three thematic strands: the distinction between descriptive 
and substantive representation, the institutional dominance of 
parties, and the conditional nature of statehouse dynamics.

1. Descriptive vs. Substantive Representation
At the heart of democratic theory lies a tension between 

descriptive and substantive representation. Descriptive representation 
emphasizes shared identity characteristics between voters and elected 
o1cials (race, gender, religion, etc.), while substantive representation 
asks whether those o1cials advance policies aligned with their 
constituents’ preferences. Mansbridge (1999) identi2es four distinct 
ways that shared identity between representatives and constituents 
can shape policy responsiveness. First, promissory representation 
occurs when legislators seek to keep their campaign promises once 
in o1ce. Second, anticipatory representation involves acting in 
ways that pre-empt future voter punishment, anticipating how 
constituents will judge them in the next election. 3ird, surrogate 
representation refers to advocating for people outside one’s own district 
who share similar identities or experiences. Finally, gyroscopic 
representation describes legislators who rely on their own 
internalized values and sense of duty, rather than external 
pressure, to guide their decisions, assuming those values align 
with their constituents.

Empirical evidence supporting these pathways, however, is uneven. 
Early urban studies, such as Welch and Bledsoe (1985) and Browning, 
Marshall, and Tabb (1990), found that Black mayors and council 
members o6en brought modest but real changes in urban spending 
priorities, particularly toward social services and minority hiring. 
Yet as the scope of governance expands from cities to states, these 
e4ects become harder to trace. Grofman and Handley (1991), 
for instance, observe that while the Voting Rights Act increased 
Black officeholding in southern states, it did not always yield 
commensurate policy changes. More recent work by Broockman 
(2013) suggests that Black legislators may exhibit stronger intrinsic 
motivation to champion racial equity, but their e4ectiveness is 
still mediated by institutional rules, partisan caucuses, and the 
broader legislative environment. If shared racial identity does 
not robustly predict more liberal voting even in majority-Black 
districts, then the mechanisms of substantive representation may 
be fundamentally constrained by other forces.

2. "e Partisan Constraint
A powerful counter-narrative to identity-based representation 

is the growing dominance of parties in structuring legislative 
behavior. Rooted in spatial theories of roll-call voting, this literature 
holds that legislators act as agents of their parties, constrained 
by median voter preferences within their caucus rather than 
their district (McCarty et al., 2006; Poole & Rosenthal, 1997). 
In this view, representation is a byproduct of party competition, not 
constituent alignment. 3e rise of elite polarization accelerated 
by gerrymandering, closed primaries, and nationalized media 
has reinforced this dynamic, rendering party labels increasingly 
reliable cues for ideological behavior (Levendusky, 2008; Shor & 
McCarty, 2011).

3is logic has two important implications. First, it suggests that 
the racial or economic composition of a district may in5uence election 
outcomes (e.g., which party wins) but not policy outcomes conditional 

on party control. Once elected, a Democrat from a majority-Black 
district is expected to vote much like a Democrat from districts with a 
greater percentage of white residents, regardless of local demographic 
nuances. Second, it implies that intra-party variation, the range of 
ideological di4erences among members of the same political party, is 
shrinking. 3e “southern Democrat” or “northeastern Republican” is 
increasingly a historical artifact, replaced by ideological homogeneity 
within each party’s legislative wing.

3us, if the observed e4ect of Black population share on roll-call 
ideology weakens or disappears a6er accounting for party and state 
2xed e4ects, this suggests that legislators’ ideological positions are 
shaped primarily by partisan alignment rather than by constituency 
demographics. In other words, once we control for “party,” the institutional 
expression of partisan constraint, the remaining variation reveals how 
strongly party a1liation channels or overrides demographic in5uences. 
In polarized legislatures, this means that racial representation may hold 
symbolic rather than substantive signi2cance, as party incentives largely 
determine legislators’ policy behavior.

3. Why States Could Di%er
Nonetheless, state legislatures are 5exible, and it would be unwise to 

dismiss the potential for constituency in5uence without considering 
institutional variation. As Squire (2012) shows, statehouses di4er 
dramatically in their levels of professionalization, de2ned by salary, 
staff support, session length, and legislative capacity. In 
low-professionalized chambers (e.g., in Arkansas and Montana), 
legislators o6en hold other jobs, face fewer procedural restrictions, 
and operate in a looser partisan environment. Such conditions 
may reduce the e4ectiveness of party discipline and open the door 
to more district-responsive behavior.

Electoral rules, too, play a critical role. States with term limits 
may incentivize short-term constituency service over long-term 
party loyalty, especially in members’ final sessions (Carey et 
al., 2006). Conversely, states with multi-member districts, 
nonpartisan primaries, or public 2nancing regimes may induce 
broader electoral coalitions, potentially heightening responsiveness 
to racial or economic heterogeneity within districts.

Moreover, the salience of race itself varies by region and historical 
legacy. In Deep South legislatures with a history of racial bloc voting 
(where voters of di4erent racial groups consistently support opposing 
candidates) and constrained Black access to power, descriptive 
representation may carry di4erent symbolic and mobilizational 
consequences than in racially diverse coastal states. Studies by Grose 
(2005) and Batista (2020) suggest that even when Black legislators 
represent Black-majority districts, their roll-call behavior is shaped 
more by institutional context than by co-ethnic solidarity alone. 3ese 
conditional dynamics underscore the need for a multi-level empirical 
approach: one that tests not only for aggregate relationships between 
racial composition and ideology, but also for heterogeneity across 
states, chambers, and partisan environments.

 
Methods

3is paper evaluates whether racial constituency composition 
(speci2cally, the percent of African American residents in a state 
legislative district) predicts the roll-call ideology of the elected 
representative. To do so, I constructed a novel, legislator-level dataset 
using the Gov 2474’s Optical Character Recognition (GOCR) algorithm. 
I developed this AI algorithm extract tables and numerical data 
from scanned or photographed pages of physical books. It merges 
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mid-range for detecting marginal e4ects.
A naive bivariate regression suggests a dramatic relationship: 

NP scores fall nearly 1.5 units when moving from the bottom 
to the top decile of district Black share. Yet this pattern almost 
certainly ref lects compositional factors (party, geography, and 
socioeconomic context) rather than a direct causal effect. Since 
the distribution is analytically central, we are able to discern 
nonlinear patterns (e.g., thresholds or saturation points), 
conduct stratified modeling (the 10–50% “competitive” band), 
and perform robust tests of responsiveness across the full range 
of demographic variation.

Covariates and Fixed E%ects
Multivariable models included: average income (per $1,000) to 

capture socioeconomic status, college attainment, to control for 
educational composition, party a1liation, and state 2xed e4ects, to 
absorb unobserved institutional, regional, or partisan di4erences.

Together, these controls isolated the independent e4ect of race 
from correlated social, economic, and geographic factors. State 
2xed e4ects in particular were essential, as several high-Black-share 
districts clustered in Southern states with sharply distinct political 
cultures. Robust standard errors were clustered by state throughout, 
accounting for intra-state correlation and variance heterogeneity.

Modeling Strategy
We conducted the following regression analyses to better 

understand the phenomenon.

A. Bivariate Ordinary Least Squares (OLS)
Initial models regressed the NP score on the percent Black 

without controls. 3ese regressions established raw associations 
and match prevailing assumptions in the literature. Both pooled 
and party-strati2ed models were estimated.

B. Multivariable OLS with Fixed E%ects
Subsequent models added income, party, and state dummy 

variables. 3ese tested whether the racial coe1cient survives once 
confounding variance was absorbed. 3e fully speci2ed model was:

NPi = F0 + F1BlackSharei + F2Incomei + F3Partyi + Gs + Hi

where:
• NPi is legislator i’s ideological (NP) score,
• BlackSharei is the percentage of i’s district that is African 

American,
• Gs is the state 2xed e4ects, and
• Hi is the heteroskedasticity-robust error term, clustered 

by state
3is speci2cation tested the core hypothesis of whether district 

racial composition independently shapes legislative ideology a6er 
controlling for party and geography.

C. Band-Restricted Models (10–50%)
Because the racial extremes (less than 10%, greater than 50%) 

dominate the bivariate slope, models were also estimated within 
the 10–50% Black range, where racial composition may generate 
more cross-group electoral competition. 3is subset comprised 
moderate, interracial districts where policy responsiveness should 
be highest.

roll-call ideal points with detailed socioeconomic and demographic 
attributes of each legislator’s district. 3e resulting data portrait 
o4ers an unusually 2ne-grained lens on constituency-legislator 
linkages across 18 states during a formative period of American 
polarization (1995–2000). 3e empirical strategy proceeds in three 
phases: (1) documenting raw descriptive relationships, (2) estimating 
causal e4ects via 2xed-e4ects regression models, and (3) probing 
the stability of 2ndings across institutional and partisan contexts.

Unit of Observation and Dataset Structure
3e dataset consists of 2,630 unique legislators observed between 

1995 and 2000, each represented by a single row re5ecting 2ve-year 
averages of both outcome and covariates. 3is collapsed cross-section 
minimizes volatility due to short-term shocks or legislative turnover 
while preserving meaningful variation across districts and states. 
By focusing on incumbents only, I ensure that the ideological 
measures re5ect actual voting behavior rather than campaign 
signaling or appointment bias.  I then combine this dataset with 
the Shor and McCarty (2019) dataset to receive all the NP scores 
(discussed in the next section) calculated for each representative 
in each district. 

3e sample includes both chambers (85% House, 15% Senate) and 
both major parties. States were selected if their average district-level 
Black population exceeded 10%, a criterion that ensures su1cient 
racial variation while anchoring the analysis in geographies where 
race plausibly shapes electoral incentives. Five states—Georgia, 
Texas, North Carolina, Louisiana, and Mississippi—account for 
26% of the sample and contain nearly all majority-Black districts, 
making geographic balance and 2xed-e4ects particularly vital. 
3is was made possible with the advent of OCR algorithms to help 
digitize this robust data for in-depth analysis.

Measuring Ideology: "e NP Score
3e dependent variable is the NP Score, a continuous ideal-point 

estimate developed by Shor and McCarty (2011) using state-level 
roll-call data. It places each legislator on a latent ideological spectrum 
anchored by party caucus medians, scaled to allow comparison 
across states and chambers. NP scores in the dataset range from 
–2.65 (very liberal) to 2.35 (very conservative), with a mean near 
zero and a standard deviation of 0.78. 3e inter-party di4erence 
is vast: Democrats average 0.39 while Republicans cluster at 0.83, 
a partisan gap that makes within-party variance seem negligible 
(SD = 0.42 for Democrats, SD = 0.34 for Republicans).

3is strong polarization introduces both an empirical challenge 
and an inferential opportunity. Because party a1liation predicts 
ideological position, meaningful estimation of racial constituency 
e4ects must occur within-party. Accordingly, all models are conditioned 
on party or are estimated in split samples to avoid mistaking party 
sorting for constituency responsiveness.

Focal Independent Variable: Percent African American
3e primary explanatory variable is the percentage of African 

American residents in a legislator’s district, derived from the 2000 
U.S. Census and joined to legislat ive boundaries. This 
variable is sharply skewed: roughly two-thirds of districts fall below 
15% Black, while a concentrated right tail includes a substantial 
number of districts above 50%, and a handful above 80%. 3is 
bimodal distribution is quite fortunate. It enables comparisons 
across starkly di4erent racial contexts while preserving a broad 
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D. Per-State Regressions
To assess loca l robustness, separate OLS regressions 

were run within each state. This a l lowed the recovery of 
state-specif ic slopes and a test of whether the nul l f inding 
ref lects an average over diverging subnational trends. In 
most states, bivariate slopes remained negative, but these 
models did not control for the party, and their attenuation 
in mult ivariable set t ings further reinforced the centra l 
f indings.

E. Diagnostic Tests
Model integrity is assessed via:
•  Va r ia nce in f lat ion fac tors  (V IF < 1.5)  to r u le  out 

mult icol l inearity,
• Oster coe1cient stability tests (=* = 1.46) to assess omitted 

variable bias,
• Moran’s I on residuals to test for spatial autocorrelation 

(I = 0.015, p = .34).
We utilized the inspection of LOWESS curves (locally weighted 

regressions that 2t a smooth line through scatterplot data, which 
help reveal nonlinear patterns), scatterplots, and residual distributions 
for functional form and heteroskedasticity analysis.

Overall, this design allowed for a clean test of the competing 
models of legislative behavior.  If a constituency-centered model 
holds, we should observe a robust, negative relationship between 
district Black share and liberalism, even within party and within 
state. If a party-centered model holds, the racial slope should collapse 
under control, and ideology should be driven by partisan identity 
rather than demographic context.

By estimating each model with layered controls, restricted 
bands, and disaggregated subpopulations, the empirical strategy 
revealed where and when race matters, and where its in5uence 
was entirely dulled or nulli2ed.

Results
1. Descriptive Patterns: Strong Raw Associations

3e bivariate association between district racial composition 
and legislator ideology is striking in magnitude. Across 2,630 
legislators from 18 Black-salient states between 1995 and 2000, a 
simple OLS regression of NP score on percent Black yields a highly 
signi2cant negative slope: every additional percentage point in 
Black population correlates with a 0.010 decrease in NP score 

(p < .001, RI = 0.168). 3e ideological di4erence between a district 
at the 10th percentile of Black share (7 2%) and one at the 90th 
percentile (7 52%) exceeds 1 full NP unit, equivalent to moving 
from a centrist Democrat to a committed progressive.

Party-strati2ed bivariate models, however, appear to support 
competing interpretations. Among Democrats, the slope remains 
negative (F = –0.0039, p < .001), suggesting that Blacker districts 
elect more liberal Democrats. Among Republicans, the sign 5ips 
(F = +0.0051, p < .001), indicating a mild conservative shi6 in 
more racially diverse constituencies.

Yet the low RI values in both cases (~.02) signal that race 
explains little of the within-party variance, prompting a deeper 
investigation.

2. Conditioning on State and Party: "e Collapse of Constituency 
E%ects

3e strong negative relationship between district Black population 
share and legislator ideology seen in the pooled data collapses 
under even minimal statistical conditioning. Introducing state 
2xed e4ects, a necessary adjustment given the geographic clustering 
of majority-Black districts in the Deep South and urban Rust Belt, 
helps attenuate the apparent relationship and shi6s its substantive 
interpretation.

The solid orange line represents the simple bivariate OLS 
relationship, showing a slope of about F = –0.009. A6er adding 
state 2xed e4ects (dashed red line), the slope becomes slightly 
steeper, at F = –0.012. 3is means that, within individual states, 
districts with larger Black populations tend to elect somewhat Figure 1. NP Scores vs. Percent African American in Each District

Figure 2. Percent African American and Relative NP Score Separated by Political 
Party
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more liberal legislators, even more so than the pooled estimate 
suggests. Visually, the 2xed-e4ects line looks 5atter in the middle 
of the distribution and bends downward only in the far right tail 
(above roughly 50% Black population). 3is aspect of the model 
re5ects where observations are most concentrated, not a weaker 
overall e4ect. Statistically, including state 2xed e4ects actually 
increases the magnitude of the relationship. In other words, once 
we account for di4erences between states (such as the fact that 
liberal, heavily Black districts o6en coexist with conservative, 
mostly white states), the link between race and ideology not only 
persists but becomes sharper within states. 3is indicates that 
the connection is rooted in in-state demographic variation, not 
merely in cross-state political clustering.

When party a1liation is introduced into the model alongside 
state f ixed effects and socioeconomic controls, the racial 
coef2cient shrinks further, and in most cases disappears entirely. 
In the districts that have a 10-50% Black population (which 
includes the majority of electorally competitive, racially mixed 
districts), the multivariable regression finds that a 10-point 
increase in Black population share raises a Democrat’s NP score 
by 0.023 (p = .260), and raises a Republican’s NP score by +0.014 
(p = .518).

However, these slopes are statistically indistinguishable from 
zero, and their visual counterparts appear almost perfectly 5at. 
3us, the explanatory power of race is minimal: within this critical 
middle band, constituency demographics exert no meaningful 
in5uence on how legislators vote.

Switching from Democrat to Republican increases a legislator’s 
NP score by 1.17 units, more than 25 times the ideological impact 
of a 20-point increase in Black population for a Democrat. 3e 
disparity in magnitude is so extreme that it renders the racial 
slope not only statistically negligible but practically irrelevant in 
predictive terms.

Together, these 2ndings decisively reject the notion that racial 
constituency composition independently drives roll-call ideology 
in modern state legislatures. Whatever ideological variation is 
attributed to racial demography in raw models is fully absorbed 
by partisan sorting and geographic structure. Once those 2lters 
are applied, constituency race explains almost nothing about 
legislative behavior.

3. "e Role of District Composition Extremes
3e only setting where race meaningfully predicts ideology is 

at the tails of the racial distribution, particularly in majority-Black 
Democratic districts. LOWESS plots show a pronounced downward 
in5ection in Democratic NP scores beginning around 25% Black 
share. Among the 248 majority-Black Democratic districts in 
the dataset, the 2tted value approaches -1.2 NP units, which is 
substantially to the le6 of the caucus mean. 3is supports the 
descriptive representation thesis: symbolic and substantive alignment 
may co-occur in Black-controlled constituencies, but only in safely 
Democratic environments where primary voters dominate.

For Republicans, however, the pattern is reversed but muted. 
Between 0–25% Black share, there is a mild increase and plateau 
in conservatism, consistent with reactive polarization or racial 
threat theories in the literature review. Yet the tail is thin: only 
seven Republican legislators represent districts with greater than 
or equal to 50% Black residents, limiting generalizability. Moreover, 

Figure 4. 10-50% Black Districts and Relative NP Score Separated by Political 
Party

Figure 5. LOWESS Plot of Percent African American Districts and NP 
Score for Democrats

Figure 3. Percent African American Districts and NP Score with Pooled OLS and 
State Fixed E"ects
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once the Black population share exceeds about 30%, almost no 
Republican legislators remain in the sample. 3is highlights how 
strong partisan sorting by race limits meaningful comparison 
between parties, since districts with large Black populations are 
overwhelmingly represented by Democrats.

3is pattern implies that racial composition in5uences roll-call 
ideology only under conditions of partisan insulation, and even 
then, its e4ect is con2ned to a narrow and structurally exceptional 
subset of districts.

Among Democrats, meaningful racial responsiveness emerges 
only once Black residents constitute an electoral majority. In these 
majority-Black districts, where Democratic incumbents face minimal 
general election threat and are accountable primarily to Black 
primary electorates, legislators tend to adopt more liberal roll-call 
positions. 3is suggests that descriptive and substantive representation 
can align, but only in settings where electoral dynamics are stable, 
homogeneous, and intra-party. In e4ect, race matters when it 
dominates the political environment and the Democratic party 
allows space for ideological expression consistent with Black 
constituent preferences.

Among Republicans, the story is di4erent. 3e slight increase 
in conservatism as Black share rises in predominantly white dis-
tricts likely ref lects defensive ideological positioning, where 
GOP legislators respond to perceived racial threat. However, the 
absence of a surplus of Republicans in majority-Black districts 
means we cannot observe whether similar responsiveness would 
emerge under reversed partisan conditions. 3e data simply do 
not contain many of those special cases, due to strong partisan 
sorting that prevents Republicans from holding diverse or Black-
majority seats.

4. Intermediate Districts: Ideological Convergence
Districts within the 10–50% Black population range, o6en 

viewed as contexts where interracial coalition politics could emerge, 
show virtually no ideological responsiveness. In this competitive 
band, the overall slope is –0.0065 (p = .029), vanishing once income 
and party are added.

Next, we separated the e4ect for Democrats and Republicans. 
Surprisingly, among Democrats, the coefficient was positive 
(F = 0.0031, p = .180). 

One plausible interpretation is that moderate Democrats 
disproportionately represent racially mixed or modestly Black 
districts, especially in the rural South and parts of the Midwest. 
3ese Democrats are o6en electorally viable precisely because of 

their ideological moderation and cross-racial appeal. As such, 
even in districts with sizable Black populations (e.g., 20–40%), 
Democratic incumbents may retain centrist voting records in order 
to balance racially heterogeneous coalitions or appease conservative 
white voters. 3e result is a 5attening or mild inversion of the 
race–ideology relationship within the party.

3is points to a broader structural phenomenon: ideological 
diversity within the Democratic Party is not randomly distributed 
but is instead geographically and demographically patterned. In 
the South, for instance, Black voters are essential to Democratic 
coalitions but o6en reside in districts that also include white rural 
conservatives. In such districts, the electoral incentive may not 

Figure 6. LOWESS Plot of Percent African American Districts and NP 
Score for Republicans

Figure 7.  10% to 50% Black Districts and relative NP scores (Across 
Parties)

Figure 8. 10% to 50% Black Districts and relative NP scores separated by 
Political Party
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be to respond more strongly to Black constituents, but to be moderate 
enough to hold the seat. Hence, the positive slope may re5ect 
electoral strategy, not unresponsiveness.

In contrast, among Republican legislators, the coe1cient is 5at 
(F = 0.0005, p = .86), with NP scores tightly clustered between 
0.55 and 0.75 regardless of district racial composition. 3is ideological 
compression re5ects the strong internal cohesion and nationalization of 
the GOP caucus, where variation in local demographics appears 
to have virtually no in5uence on roll-call behavior. Even in more 
racially diverse districts, of which there are few, Republicans behave 
ideologically like their counterparts in overwhelmingly white 
areas.

3is pattern is consistent with theories of partisan insulation 
and reactive polarization. In an era of strong party discipline, 
Republicans who survive in diverse districts are typically those 
who already conform to caucus ideological norms. Rather than 
adapting to constituent preferences, they represent a 2ltered selection: 
either because moderate Republicans cannot win nomination 
primaries, or because pressure from both sides forces them to 
double down on ideological identity as a form of signaling their 
partisanship.

5. Subnational Context: Where Race Still Matters
When the analysis is disaggregated to the state level, the core 

pattern remains broadly consistent: district racial composition 
is a weak and inconsistent predictor of roll-call ideology once 
partisan control is taken into account. 3at said, modest residual 
e4ects persist in a subset of states, particularly those with a history 
of racially polarized voting and minimal partisan competition.

In the Deep South, states like Mississippi (F = –0.016), South 
Carolina (F = –0.019), and Alabama (F = –0.013) continue to exhibit 
negative slopes even in within-state bivariate regressions. 3ese 
contexts are characterized by high levels of racial segregation, 
institutionalized bloc voting, and durable majoritarian districting 
practices that o6en carve out Black supermajorities in otherwise 
Republican-dominated environments. In such settings, Black 
constituents may still exert in5uence over ideological outputs, 
but only in safe Democratic seats where primary elections are 
decisive and general election turnover is rare.

Similarly, Rust Belt states like Illinois and Ohio register sizable 
negative race–ideology coe1cients. 3ese e4ects are driven by 
sharp intra-state splits between urban minority-majority districts 
(o6en electing progressive Democrats) and rural or ex-urban white 
districts, invariably sending conservative Republicans. However, 
this contrast re5ects not a continuous representational mechanism, 
but geographic sorting and partisan polarization. Once again, 
the e4ect of race is entirely confounded with party control, and 
within-party slopes attenuate or vanish under control.

Even in states where race retains statistical signi2cance, its 
magnitude and explanatory power remain modest. In no case does 
racial composition explain more than 30% of variance in ideology 
and most states cluster well below that. 3e strongest e4ects occur 
precisely where racial and partisan boundaries coincide, suggesting 
that the observed relationships ref lect electoral geography and 
seat allocation, not responsiveness to constituency demographics 
per se.

By contrast, in fast-growing and demographically dynamic states 
like Florida, Georgia, and North Carolina, the racial slope is statistically 
indistinguishable from zero. 3ese states are experiencing rapid 

suburban diversi2cation and increasingly nationalized campaigns, 
yet ideological behavior remains 2xed along party lines. In such 
environments, racial demography has become too 5uid and partisan 
incentives too rigid to sustain constituency-driven ideological 
adaptation.

3is contrast is analytically revealing. Where race still “matters” 
for roll-call behavior, it does so only in structurally exceptional 
contexts: where Black voters dominate primary electorates, party 
switching is rare, and general elections are uncompetitive.

NOTE: Model diagnostics support the robustness of these 
results. Variance inf lation factors (VIFs) remain below 1.5 
for all covariates, dispelling concerns of multicollinearity. 
Oster bounds further indicate that unobserved confounding 
would need to be implausibly large (=* = 1.46) to overturn 
the main null findings. Spatial autocorrelation is negligible 
(Moran’s I = 0.015, p = 0.34), suggesting no residual spatial 
clustering of errors.

6. Synthesis of Findings
Taken together, the model results and visual diagnostics present a 

more direct picture: district racial composition has limited explanatory 
power for legislative ideology, except in the most racially polarized 
and electorally lopsided contexts. In politically competitive or 
demographically mixed districts (where constituency in5uence 
should, in theory, be strongest) legislative behavior remains largely 
unresponsive to racial composition. Party a1liation, not district 
demographics, overwhelmingly structures ideological outcomes.

3e 2ndings point toward a model of bounded responsiveness. 
In majority-Black, safely Democratic districts, racial congruence 
aligns with more liberal roll-call behavior, consistent with theories 
of descriptive representation. In predominantly White Republican 
districts, racial diversity has a modest amplifying e4ect on conservatism. 
Yet in the ideological median, across districts where partisan control 
is contested or racial composition is moderate, the signal from 
racial demographics is e4ectively muted and absorbed entirely 
by partisan sorting.

Robustness Checks and Extensions
3e central 2nding of this study, that district racial composition 

has no independent e4ect on state legislator ideology once party 
and geography are held constant, is striking. Given the theoretical 
weight this claim carries, it demands rigorous scrutiny. Accordingly, 
this section puts the core models to an array of robustness checks 
and analytical extensions designed to address concerns of speci2cation 
sensitivity, measurement validity, and contextual scope.

1. Per-State Regressions: Apparent E%ects without Party 
Control

One initial concern is that the pooled models might mask 
heterogeneity across states. Perhaps race matters in some institutional 
contexts but not others. To test this, we estimate separate bivariate 
regressions for each of the 18 states. 3ese state-speci2c models 
consistently yield negative slopes (i.e., higher Black share is associated 
with more liberal roll-call behavior).

At face value, this might seem to contradict the core null 
hypothesis. However, these state-level regressions do not include 
party controls, and the patterns they reveal are entirely consistent 
with compositional sorting. 3at is, heavily Black districts elect 
Democrats, and Democrats vote more liberally, producing a 
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race–ideology link that disappears once intra-party comparisons are 
introduced. When multivariable models are run within states and 
within parties, the race coe1cient attenuates to zero or reverses. 
3us, these per-state slopes reinforce a core argument: race predicts 
electoral outcomes, not legislative behavior.

2. Functional Form and Nonlinearity
Given the skewed distribution of percent Black and the 

non-monotonic shape of LOWESS plots, I test several alternative 
functional forms:
• Decile dummies for racial share reveal that ideological 

differences are concentrated in the highest two deciles (>50% 
Black). Below that, the slopes are 5at or positive.

• Piecewise linear splines with knots at 25% and 50% con2rm 
that the relationship steepens only in majority-Black districts 
and only among Democrats.

• Log-transformed racial share yields no improvement in fit 
or signi2cance.

3ere is no evidence of a smooth, continuous relationship 
between racial demography and ideology. Whatever responsiveness 
exists is con2ned to extreme racial environments, where party 
control is already locked.

3. Intermediate Band: Where Accountability Should Be 
Strongest

3e core theoretical test of constituency in5uence lies in racially 
mixed, electorally competitive districts, those with 10–50% Black 
population. 3is is where interracial coalitions are plausible, primary 
electorates are diverse, and legislators face electoral cross-pressures.

In this band, we observe that the bivariate slope is shallow 
(F = –0.0065) and vanishes under controls. Moreover, among 
Democrats, the slope is slightly positive (0.0031), suggesting that 
moderate Democrats o6en win in racially integrated seats. Among 
Republicans, the slope is near zero (+0.0005), with NP scores 
tightly clustered.

3ese nulls are not incidental. 3ey appear precisely where 
theories of electoral sanctioning and voter-legislator congruence 
would predict responsiveness to be strongest. 3eir absence suggests 
that the expected link between who voters are and how legislators 
behave fails to materialize, precisely in the contexts where electoral 
accountability should be most active.

4. Outlier and Leverage Tests
To assess whether the core 2ndings are driven by a small number 

of extreme cases, a series of outlier and in5uence diagnostics 
were conducted. First, I re-estimate the full speci2cation a6er 
excluding Mississippi and South Carolina, states that contribute 
a disproportionate share of high-Black-population districts. 3e 
results remain substantively and statistically unchanged. Second, 
I remove all districts with either greater than 80% or less than 2% 
Black population to test for nonlinear leverage at the demographic 
extremes. Again, the estimated coe1cients remain stable. Finally, 
I implement robust regression models using Huber weights to 
downweight high-leverage observations. 3ese models con2rm that 
no individual district or small subset disproportionately in5uences the 
results. Taken together, these tests indicate that the core null 2ndings 
are not artifacts of outliers, leverage, or heteroskedasticity, but rather 
re5ect a consistent pattern across a wide range of institutional and 
demographic contexts.

5. Spatial and Institutional Diagnostics
To test for spatial dependence in the residuals, I compute Moran’s 

I on the 2xed-e4ects residuals. 3e result (I = 0.015, p = 0.34) 
indicates no signi2cant spatial autocorrelation, suggesting that 
unobserved geographic clustering does not bias the results. Additionally, 
I explore whether institutional variation moderates the relationship 
between racial composition and ideology. Interaction models 
incorporating chamber type (House vs. Senate), legislative 
professionalization, and the presence of term limits reveal no 
systematic heterogeneity. Even in structurally weaker legislatures, 
settings o6en assumed to create greater responsiveness to local 
constituencies, the racial composition coe1cient remains null. 
3ese results further reinforce the broader claim: party a1liation 
and caucus discipline now exert overwhelming in5uence on legislative 
ideology, even in institutional contexts that historically allowed 
greater latitude for constituency-driven behavior.

Across every diagnostic frontier, the conclusion remains consistent: 
district racial composition does not meaningfully shape legislator 
ideology once party and geography are accounted for. Whatever role 
racial demography may have once played in legislative behavior has 
been absorbed by partisan structures, constrained by institutional 
design, and filtered through nationalized coalitional politics. 
3is robustness con2rms that the observed null is not a modeling 
accident, but a structural reality: representation in the modern 
statehouse is partisan by nature and demographically stagnant 
by design.

Discussion and Implications
3e empirical results presented above challenge a foundational 

intuition in democratic theory: the social composition of a 
constituency, especially its racial makeup, should meaningfully 
constrain the behavior of its representative. Nowhere has this 
idea been more normatively and empirically central than in the 
literature on descriptive representation, which holds that co-ethnic 
elected o1cials are more likely to translate group preferences into 
policy outputs (Broockman, 2013). Yet the evidence from 2,630 
state legislators across 18 racially salient states suggests that this 
representational linkage is fragile, conditional, and structurally 
downsized by partisan control.

1. Descriptive Representation as Electoral Gatekeeping
One of the most striking patterns in the data is the conditionality 

of racial e4ects. In majority-Black districts, Democratic legislators 
are indeed more liberal: NP scores fall sharply once Black share 
surpasses 50%, especially in southern states. 3is is textbook descriptive 
representation: a racially cohesive electorate selects candidates who 
are both symbolically and substantively aligned with group interests 
(Broockman, 2013; Mansbridge, 1999). But that e4ect is limited 
to precisely the subset of districts where electoral controversy is 
minimal. 3at is, these are seats where the general election is a 
formality and where Democratic nominees emerge from racially 
homogenous primary electorates.

In all other settings, including the competitive middle of the 
racial distribution (10–50% Black), descriptive representation fails 
to predict ideological behavior. 3e implication is that race matters 
as a gatekeeping variable (determining who gains o1ce) but not 
as an ongoing in5uence on what legislators do once there. 3is 
5ips the causal direction o6en assumed in representation theory. 
Rather than constituency demographics shaping legislative action, 
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they select candidates already aligned with prevailing caucus norms. 
3e representational “e4ect” of race is thus absorbed upstream 
(in recruitment, nomination, and selection) and not downstream 
in voting behavior.

2. Party as the Dominant Interpretive Lens
If race predicts who wins, the party explains what they do. 3e 

e4ect of partisan identity on NP scores makes all other variables 
insigni2cant in magnitude and impact. 3is 2nding aligns with a 
growing literature on party-centric representation, which contends 
that roll-call behavior in polarized systems is structured not by 
individual preferences or local contexts, but by the ideological 
demands of legislative caucuses (Levendusky, 2008; McCarty et 
al., 2006; Shor and McCarty, 2011).

In this view, parties are not just aggregators of preferences; 
they are gatekeepers of ideological behavior, imposing discipline, 
controlling committee assignments, and coordinating electoral 
support. Once elected, legislators are institutionally included in 
partisan hierarchies that reward loyalty and penalize deviation. 
3e result is a form of “programmatic homogeneity” that renders 
district-level variation constant.

3. "e Geography of Responsiveness: Narrow and Receding
The one domain where constituency effects still operate 

(majority-Black Democratic districts) has clear limits. These 
districts are geographically concentrated, primarily in the Deep 
South and a handful of northern urban cores, and institutionally 
protected by Voting Rights Act-era districting rules, which are 
the exceptions that demonstrate the rule.

Outside of these districts, even where Black shares rise substantially, 
ideological behavior remains 5at, especially among Republicans 
who exhibit ideological convergence across a wide range of demographic 
settings. 3e mild upward slope in NP scores in GOP districts with 
rising Black share likely re5ects selective survival: only the most 
conservative Republicans can win in such districts, reinforcing 
caucus norms rather than diluting them.

3is spatial boundedness of representational responsiveness 
has real consequences. It suggests that race continues to shape 
representational outcomes only where partisan risk is low. Where 
competition exists (where accountability should matter most), the 
ideological constraints imposed by parties crowd out demographic 
responsiveness. 3us, it is evident that it may be the maps and the 
parties who draw them that de2ne ideological space.

4. Accountability A$er Polarization: A Broken Feedback Loop
Perhaps the most profound implication of these 2ndings lies 

in their challenge to the idea of democratic accountability itself. 
Classic models propose a feedback loop: voters express preferences, 
then representatives respond, and then voters reward or punish 
accordingly. But the evidence here suggests that this loop has been 
broken in the sector of racial representation.

Legislators do not appear to adjust their roll-call behavior in 
response to changes in racial composition unless they are running 
in heavily homogenous, safe seats. In mixed districts, where the 
risk of electoral punishment is real, legislators conform not to 
district preferences but to party position. 3is 2nding not only 
echoes the congressional literature on asymmetric polarization 
and partisan sorting but also adds a new layer: even at the subnational 
level, where heterogeneity is greater and professionalization is 

lower, representation has become structurally unresponsive to 
demographic diversity.

3is reframing warrants greater consideration of the chain that 
links voters to policy. If constituents cannot shape legislative behavior 
through demographic presence except under rare, homogenous 
conditions, then what remains of the case for descriptive 
representation? One possible answer is that demographics shape 
partisanship, and partisanship, in turn, shapes representation: 
voters choose parties that seem to re5ect their group’s interests, 
and those parties carry those priorities into government. Yet the 
evidence here suggests that this connection has weakened, or 
even reversed. Demographics still in5uence who gets elected, 
but once a party holds power, those same identities no longer 
majorly in5uence how its legislators behave. In e4ect, parties 
have absorbed and standardized the representational work that 
demographics once performed. When party loyalty overpowers 
local diversity, and demographic di4erences no longer produce 
meaningful policy variation, the link between citizens and their 
representatives becomes moderated through institutions whose 
incentives serve parties 2rst and voters only second.

Limitations
As with any observational analysis, several caveats apply. First, 

the dataset is restricted to incumbents and to states with racially 
salient electorates. While this allows for targeted insight, it may 
limit external validity to less diverse or more institutionally distinct 
contexts. Second, NP scores, while widely used and validated, 
are a one-dimensional proxy for ideology. They may obscure 
multidimensional representational behaviors (such as constituent 
services, agenda-setting, or rhetorical framing) that fall outside the 
roll-call record. 3ird, this study is con2ned to the late 1990s and 
early 2000s. 3is temporal window is analytically useful, but it may 
not fully re5ect subsequent changes, including the intensi2cation 
of nationalized politics, the collapse of rural Democratic strongholds, 
and the rise of “identity caucuses” within party coalitions.

Conclusion
3is study set out to examine whether the racial composition of 

state legislative districts in the United States shapes the ideological 
behavior of their elected representatives. Drawing on an original, 
2ve-year dataset of over 2,600 state legislators across 18 racially 
salient states, the answer that emerges is both empirically robust 
and theoretically unsettling: district race matters profoundly for 
electoral outcomes, but minimally, if at all, for legislative behavior 
once partisan control is established.

At the descriptive level, racial demography appears to predict 
ideology: Blacker districts elect more liberal legislators. Yet this 
bivariate association dissolves under even modest controls. State 
2xed e4ects, district income, and especially party a1liation absorb 
the signal. Within-party analyses reveal that, in the overwhelming 
majority of cases, the percentage of Black residents has no statistically 
or substantively significant effect on how legislators vote. The 
exceptions (majority-Black Democratic districts in the Deep South 
and inner cities) prove this trend: race in5uences policy only where 
electoral homogeneity and partisan insulation already preclude 
competition.

What emerges, then, is a framework of partisan dominance. 
Legislators in this period may not have been ideological delegates of 
their districts’ racial or economic composition, but rather agents of 
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their caucus, shaped by party medians and institutional incentives. 
Representation, even in the relatively decentralized environment 
of U.S. statehouses, appeared to shi6 upward, away from local and 
citizen preferences and toward centralized party control. While 
these 2ndings are drawn from the late 1990s and early 2000s, 
the dynamics they reveal continue to raise important questions 
about how partisan structures mediate the relationship between 
constituents and their representatives today.

In a period marked by renewed debate over race, representation, 
and democracy, this project o4ers a cautionary but clarifying 
insight: descriptive presence is not and may never have been a 
su1cient condition for policy in5uence. Constituency demography 
remains electorally powerful, but its representational leverage is 
structurally contingent, activated only when partisan incentives 
allow it. 3e next step is not merely to ask who holds o1ce, but 
to understand what makes representation substantive rather than 
symbolic. Future research should investigate how party networks, 
agenda control, and access to institutional resources determine 
whether identity in o1ce translates into policy action. Comparative 
and historical analyses can clarify when and under what political 
conditions identity-based coalitions transform representation 
into durable change.

3e aim, then, is not simply to mirror demographic diversity, 
but to design institutions that make that diversity meaningful. 
Descriptive representation alone cannot guarantee policy in5uence. 
It becomes substantive only when the structures surrounding it 
enable translation into power. Moving forward, the task is to 
reconnect legislators to the social realities of their constituencies, where 
identity informs but does not predetermine political behavior. 
By examining how parties, agendas, and electoral rules mediate 
these connections, future work can illuminate pathways toward 
a more accountable and adaptive model of democracy, one 
where inclusion is not merely a matter of presence, but a genuine 
capacity to shape outcomes.
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Ori Shi ’29

Ori Shi (OS): 0ank you for taking the time to speak 
with me! I would love it if you could tell me a little bit 
about yourself and what brought you to the Center for 
Astrophysics.

Andrew Szentgyorgyi (AS): I went to high school for 
three years, and I do not have a high school diploma. I tried 
very, very hard for my PhD, but I couldn’t make my 1rst 
degree happen. So I went to Syracuse University School of 
Art for a while. It was the Great Recession of 1971–1972, 
so eventually my father couldn't pay the tuition, and I 
was thrown out of art school. A2er a bunch of jobs, I 
got a job in a machine shop in a physics department. I 
decided physics was a lot easier than art, so I majored 
in physics. A2er I started doing particle physics and 
cosmic ray physics about 33 years ago, Dan Fabricant—
who’s down the hall—and I started a group building a 
number of robotic things for the MMT Observatory, 
which is operated by the University of Arizona and the 
Smithsonian Institution. Now, the group that we have 
today builds fairly large instrumentation for really big 
telescopes, such as the Giant Magellan Telescope (GMT).

0e instrument I’m building is called the GMT-
Consortium Large Earth Finder (G-CLEF). It’s the 
spectrograph to search for Earth analogs—or Earth 2.0s—
and then interrogate their atmospheres for biomarkers.

It turns out that to 1nd Earth 2.0, you don't actually 
1nd the planet itself. You measure the motion of the star 
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The Hunt for Earth 2.0: 
An Interview with Professor 

Andrew Szentgyorgyi
Photo courtesy of NASA/JPL-Caltech

Humanity has marveled at the mystery of the cosmos 
since the beginning of civilization. Although we first 
searched for answers with our naked eyes, we eventually 
developed telescopes for magnified observation, then 
invented complex electronic instruments to “see”—
or rather, translate—numerous wavelengths beyond 
visible light. One leading pioneer of such technology 
today is Dr. Andrew Szentgyorgyi, Principal 
Investigator of the Giant Magellan Telescope (GMT)-
Consortium Large Earth Finder (G-CLEF) project at 
the Harvard & Smithsonian Center for Astrophysics 
(CfA). Having previously worked across neutrino 
physics, high-energy astrophysics, and astronomical 
instrumentation, Dr. Szentgyorgyi is now building a 
spectrograph to detect Earth-like exoplanets.
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that it orbits. As the planet goes in a big orbit, the sun 
itself shi2s just a little tiny bit in response to the planet’s 
gravity. And as the star gets pulled back and forth, you 
look at the shi2 of its light’s detected velocity (called a 
velocity shi2), like a policeman measuring the speed of 
a car with his radar gun. In fact, the maximum velocity 
shi2 is 10 centimeters a second. 0at's about as fast as a 
Galapagos turtle walks.

So, to separate the shi2s due to the planet from Earth’s 
environmental e3ects, we put the spectrograph in a 
vacuum chamber. It’s like the high-tech version of what 
they make sur4oards out of—like 1berglass—except it's 
a $3 million machine.

OS: Could you walk me through how exactly G-CLEF 
will use this light shi2 to detect oxygen?

AS: 0is is what the end product looks like: 0e G-CLEF 
breaks the light up into this high-resolution spectrum 
(Fig. 1). We optically take each little chunk and separate 
them out vertically, so it 1ts on a rectangle. Each one of 
these dark bands corresponds to something in the outer 
atmosphere of the star, the space between us and the 
star, or the Earth's atmosphere. And so you can use these 
bands to 1nd out what the composition is. 

But also, when you look at stars, you experience 
something called the Doppler shi2. When the star moves 
towards you, this whole spectrum gets a little bluer. 
When it's moving away from you, the spectrum gets a 
little redder. And then, because our instrument is very 
stable, we can sense the motion of these dark lines going 
back and forth as the star moves, as I say, 10 centimeters 
a second.

0is is the spectrum of a star called Procyon (the 
eighth brightest star in our night sky and part of the 

constellation Canis Minor). Here (orange boxes), you 
can see it has sodium in it. 0is big dark thing up here 
(green box) is because there's hydrogen. 0e important 
thing is, you see up here (blue box), there are these little, 

sort of regular dark bands. 0ose aren't the stars. 0ey’re 
here because light has to come through the Earth's 
atmosphere, and what you’re seeing is the absorption 
of molecular diatomic oxygen in the Earth's atmosphere. 
0at's really interesting, because the presence of oxygen 
is entirely due to life on Earth. Earth's atmosphere is 
about 21% diatomic oxygen, which doesn't happen 
naturally without life. If you turned o3 life on the 
surface of the Earth, that 21% oxygen would go down 
to a fraction of a percent in about 45,000 years. In terms 
of cosmic time, that’s a heartbeat. 0at’s why some of us 
feel strongly that the right place to search for evidence of 
life beyond the solar system is to look for these diatomic 
oxygen hallmarks in the spectra of exoplanets. When 
the exoplanet goes in front of the star, the star’s light 
comes through the exoplanet's atmosphere, allowing us 
to see that atmosphere’s makeup.

You might be worried that the oxygen in the exoplanet’s 
spectra would be swamped by the Earth's atmosphere. But 
it turns out that because of the Doppler e3ect, all of those 
exoplanet atmosphere lines are shi2ed a little bit, so they're 
not right on top of Earth’s lines.

To get these spectra, we collect light with the telescope 
and send it to the G-CLEF through an optical 1ber. Inside 
the instrument, the light fans out, and ultimately, multiple 
cameras make an image right there on a charge-coupled 
device, the same thing in your iPhone.

OS: Since the G-CLEF is one component of the much 
larger GMT, could you tell me more about who else is 
involved in the GMT and the topics they're exploring?

Figure 1. Light spectrum from the star Procyon featuring absorption lines from 

sodium (red boxes) and hydrogen (green box) in the star’s gas, as well as Earth’s 

atmospheric oxygen (blue box). Courtesy of Dr. Andrew Szentgorygi.

"If you turned o! life on the 
surface of the Earth, that 

21% oxygen would go down 
to a fraction of a percent 
in about 45,000 years. In 

terms of cosmic time, that’s 
a heartbeat."
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 AS: 0e GMT is actually a large consortium. 0e CfA is 
leading the development, but it also involves people from 
the University of Chicago, Carnegie Mellon University, 
the Massachusetts Institute of Technology, the Taiwanese 
Institute of Astronomy, the Korea Astronomy and Space 
Sciences Institute, the Weizmann Institute of Science in 
Israel, the University of São Paulo in Brazil, and many 
more. We’re also now expecting that the National Science 
Foundation will become a major partner, which means 
the whole United States astrophysics community will 
have access.

People will be doing a lot of different things. 
They'll be looking at supernovas and doing research 
about dark energy in the universe. They’ll also be 
studying the earliest phases of structure formation 
in the universe and how planets and stars form. 
Other than Earth 2.0s, scientists will be using the 
G-CLEF to look for “ultra metal poor stars,” which 
are the fossils of the earliest stars formed 13 to 14 
billion years ago.

In the last 40 years, we realized that the universe 
isn’t just a picture—it's a movie. It’s a very, very 
dynamic place. So now, many people are studying 
what we call transient phenomena, which are stars 
exploding and black holes colliding. Many groups in 
the consortium will have a note that hangs on their 
boards that says, “If this kind of star goes off, stop 
doing what you're doing and look at it.”

OS: We've talked a lot about the scienti1c importance 
of the G-CLEF and the GMT. But there are many 
who wonder if it's worthwhile to spend billions on 
instruments that look unreachably far away. How would 
you describe the value of instruments such as the GMT 
to society? 

AS: There are lots of different takes on that. What 
I'm about to tell you is personal. I think that there's a 
tendency to try and find practical applications that we 
develop in astronomy. I used to keep a list of things 
that astronomers discovered. But the list of things that 
aren't curiosity-driven research is actually very small. 
And so my answer to you is that it's important to cure 
disease, develop technology, grow the economy, and 
all of those wonderful things that keep people well fed 
and safe. But if you don't interrogate what man's place 
in the universe is, all that stuff becomes essentially 
meaningless.

And I don't just mean man's place in the universe in 
terms of whether there's life elsewhere. 0e universe is 
investigated by everybody: the humanities, philosophy, 

Figure 2. Cross-section of the G-CLEF showing the sequential path of received light (Steps 1–7). Courtesy of Iris Sung.

"In the last 40 years, we 
realized that the universe 

isn’t just a picture—it's 
a movie."
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and creative arts. 0ese are all endeavors to supply context 
for what it means to be human, and the minute you stop 
asking that question, you're just an animal.

OS: 0at’s very insightful. Speaking of life elsewhere, 
do you think it is probable that the G-CLEF will detect 
diatomic oxygen? 

AS: Oh, well, I'm very agnostic about that. I don't want 
to pretend for a minute that I'm some gleaming hero 
who is 1nally going to answer one of the most fundamental 
questions. On the other hand, it's probably the 1rst time in 
history where we really can, in a qualitative way, answer the 
question of how likely it is that we're alone in the universe. 
Even a null result would be really, really huge. I don't 
really care, almost. I'm mostly interested in 1nding out more.

I do want to say that, if I 1nd evidence of diatomic 
oxygen in nearby exoplanets, that's not the end of the 
story. 0e European Southern Observatory is building a 
similar instrument. And if we 1nd O2 1rst, we need them 
to 1nd it too and con1rm. People always say, “Well, how 
do you know you need water and oxygen for life?” 0e 
answer is, I don't. But that's why we have to do this search.

!is interview has been edited for length and clarity.
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Triscia A1hene ’27
Introduction

In 2024, 61.5 million adults in the United States 
reported a diagnosed mental health disorder, a 1gure 
that only continues to grow (National Alliance on 
Mental Illness [NAMI], 2025). Fortunately, this trend 
has been accompanied by increasing mental health 
awareness among not only scholars and clinicians but 
also the public. In the 1980s and 1990s, programs such 
as NAMI’s destigmatization campaigns and Congress’s 
“Decade of the Brain” initiative began to recognize the 
importance of mental health research and mainstream 
education (Walthall, 2020). Since then, they have 
successfully encouraged Americans to view mental 
health as a vital aspect of overall well-being. 0rough 
public service announcements, celebrity advocacy, and 
educational curricula, e3orts to address stigma have 
validated individual experiences and connected millions 
with life-changing treatment, establishing mental illness 
as a legitimate health concern that warrants attention, 
compassion, and care (Walthall, 2020; Waqas et al., 
2020). While it is di5cult to establish a direct causal 

relationship, many scholars attribute the expansion of 
mental health diagnoses to the rise in mental health 
literacy via awareness e3orts (Haslam & Tse, 2024).

Simultaneously, however, the growing visibility of 
mental health has subtly shi2ed the boundaries of what 
is considered “pathological.” Conditions once considered 
natural emotional 6uctuations, such as low sexual arousal 
and even intense grief following the death of a loved one, 
began to fall within the bounds of psychiatric classi1cation 
(American Psychiatric Association, n.d.; Eske, 2020). 
Another example is premenstrual dysphoric disorder 
(PMDD), which consists of symptoms such as decreased 
interest in normal activities, breast swelling or tenderness, 
and mood swings beginning during the week before 
menstruation (Johns Hopkins Medicine, n.d.). PMDD 
became a mental health condition in the Fi2h Edition 
of the American Psychological Association’s (APA) 
Diagnostic and Statistical Manual of Mental Disorders 
(DSM-5)—but both psychologists and feminist scholars 
have criticized the addition of PMDD in DSM-5, claiming 
that it leads to overdiagnosis of normal hormonal changes 
or the disempowering of women by claiming women 
are pathologically emotional, reinforcing the “myth of 
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When Does Care Overreach? The 
Harms of Overmedicalization in 

Mental Health
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FEATURESVolume 16 Issue 1 | Fall 2025

 www.thur j .com | 44

the irrational woman” (Schroll & Lauritsen, 2022; King, 
2020).

0us, while the medicalization of mental health has 
helped many people better understand and manage their 
challenges, it also carries risks. 0e evolution of the DSM 
from the 0ird to Fi2h Edition has resulted in notable 
diagnostic in6ation: 51 disorders displayed net in6ation 
(Fabiano & Haslam, 2020). 0e expanding reach of 
diagnostic criteria may expose individuals to unnecessary 
medical interventions, pharmaceutical side e3ects, and a 
narrowing of how society understands human emotion 
and behavior. Ultimately, the motivation to identify, 
name, and treat—though rooted in good intentions—
can, when extended beyond clinical signi1cance, distort 
medicine’s healing power into the source of harm itself.

Pathologizing Pain: The DSM and the Cost 
of Medicalization

0e modern tendency to medicalize human hardship 
can be traced back to the evolution of the DSM, which 
gradually transformed psychiatry from a loosely 
interpretive, psychoanalytic discipline into one grounded 
in diagnostic speci1city. 0e publication of the 0ird 
Edition of the manual, the DSM-III, in 1980 marked a 
turning point (Shorter, 2015). Moving away from the 
individualized diagnoses of psychoanalysis, the DSM-III 

adopted explicit, consensus-based criteria that imbued 
psychiatry with a new sense of legitimacy and precision. 
For many, this shi2 was long overdue, and allowed many 
patients to 1nally receive standardized diagnostic labels 
and care, validating their experiences.

Yet, the expansion of diagnostic criteria came with 
a cost. 0e DSM-III’s standardized framework helped 
clinicians communicate more clearly and enabled 
researchers to study mental illness systematically, but 
it also laid the groundwork for a growing, potentially 
exploitative pharmaceutical market (Nikkel & Whitaker, 
2018). Following the publication of the DSM-III, billions 
of dollars were invested in psychopharmacological 

research, leading to the development of drugs like Prozac, 
the 1rst selective serotonin reuptake inhibitor (SSRI; 
Kawa & Giordano, 2012). 

While these developments dramatically improved the 
lives of many by providing e3ective treatment options, 
they also reinforced the idea that emotional su3ering 
could be treated simply through biochemical correction 
(Shpancer, 2022). Furthermore, psychiatric medications 
such as antidepressants carry risks and limitations. Studies 
and several analyses suggest that some medications may 
o3er short-term improvement compared to a placebo, 
but can also increase the likelihood of relapse or chronic 
symptoms over time by 36.4% (Nikkel & Whitaker, 2018; 
Kirsh, 2019; Batelaan et al., 2017). 0ese 1ndings raise an 
uneasy paradox: as treatment e3orts expand, so too does 
the population living with long-term iatrogenic mental 
health challenges—conditions that arise from unintended 
consequences of medical treatment itself (Moynihan, 
2012). Despite the DSM-III’s success in legitimizing care, 
its legacy invites re6ection on how a system built to heal 
can expose individuals to unnecessary medicalization 
and potential harm.

The Hidden Harms of Overdiagnosis
As diagnostic categories multiplied and pharmaceutical 

solutions expanded, the threshold for what quali1ed as 
a disorder also became increasingly expansive, with 
criteria for some disorders becoming relaxed (Fabiano 
& Haslam, 2020). In a study done on a Baltimore 
population, it was found that of current antidepressant 
users 38% did not meet the requirements for OCD, major 
depressive disorder (MDD), or panic disorder, and 69% 
did not meet the requirements for MDD speci1cally 
(Takayanagi et al, 2015). Conversely, research has shown 
that antidepressants achieve almost no bene1t compared 
to a placebo in mild and moderate depression (Mayor, 
2008). What began as a movement toward inclusion and 
understanding slowly revealed another face, one where 
overdiagnosis and overmedication exposed individuals 
to risks that the system was never designed to anticipate. 

Since the 1970s, several scholars—including 
philosopher Ivan Illich and, more recently, in6uential 
psychiatrist Allen Frances, who served as Chair of the 
DSM-IV Task Force—have argued that medicine’s good 
intentions can inadvertently cause harm to patients 
by transforming a broad range of experiences into 
diagnosable problems that require treatment. As medicine 
extended its reach, many pharmaceutical interventions 
once reserved for severe illness are now used for mild 
or transient distress, resulting in o2en quite signi1cant 

"These "ndings raise 
an uneasy paradox: as 

treatment e!orts expand, 
so too does the population 

living with long-term 
iatrogenic mental health 

challenges."
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chronic iatrogenic illness (Moynihan et al., 2002). An 
example can be seen in the expanded use of Olanzapine 
(Zyprexa), an antipsychotic traditionally prescribed to 
treat schizophrenia and bipolar disorder, for insomnia 
(Khaledi-Paveh et al., 2021). Psychiatric medications, such 
as antidepressants, while life-saving for many, can lead to 
signi1cant side e3ects such as the inability to concentrate, 
facial rigidity, a distorted sense of self, and withdrawal-
like symptoms that linger even a2er the treatments 
stop. Some patients on psychiatric medications have 
described feeling “numb” or like a “zombie” to illustrate 
the handicap that they become over time (Rodriguez 
Del Barrio et al., 2014). Antidepressant discontinuation 
syndrome, for example, is a growing issue, with studies 
showing that approximately 20% of patients experience 
withdrawal symptoms a2er discontinuing antidepressant 
medications a2er at least six weeks encouraging them to 
go back on antidepressants (Warner et al., 2006). 

Nevertheless, it is important to acknowledge that 
overdiagnosis o2en stems from compassion rather than 
negligence. Physicians are trained to quickly identify 
straightforward causes of and treatments for pain; in 
a healthcare environment where time is o2en limited, 
prescribing medication can appear to be the most e5cient 

route to care (Kale & Korenstein, 2018; Wake1eld, 2015). 
Patients, too, o2en seek explanations for distress that 
feels unmanageable, turning to medicine for clarity and 
a way to validate their experience. Yet this shared “risk 
aversion” creates a loop where the fear of under-treating 
illness outweighs the caution against unnecessary, and 
potentially harmful intervention (Hofmann, 2016). 
Structural forces surrounding psychiatry reinforce this 
pattern: for instance, pharmaceutical companies, driven 
by pro1t and enabled by expanding diagnostic criteria, 
market new medications directly to both physicians 
and the public, framing natural variations in mood 
and behavior as treatable disorders. An example can be 
seen in biopharmaceutical giant GSK’s marketing for 
the antidepressant Paxil, a drug targeting social anxiety 

disorder (Wolinski, 2005). 0ese tactics foster a medical 
culture where care equates to pharmacological treatment, 
and the side e3ects that promote long-term use make 
the maintenance of the disorder more unbearable than 
the illness (Rodriguez Del Barrio et al., 2014). When 
care becomes synonymous with medication, we risk 
treating discomfort as disease and exposure to treatment 
as healing, even when it quietly deepens su3ering. A 
shi2 towards cognitive therapies—grounded in self-
re6ection and behavioral change rather than biochemical 
correction—o3ers a path to healing that o3ers relief 
without the risks of medication (DeRubeis et al., 2009).

Medicalization Today: Gen Z and the 
Normalization of Diagnosis

0e expansion of psychiatric care did not remain 
con1ned to clinics or hospitals—it gradually entered 
society itself. 0e push to encourage acceptance and 
bring validity to mental health and disorders fostered a 
powerful relationship between pathologization and the 
media. 0e e3orts of NAMI to bridge psychiatry and 
the public marked a critical turning point: mental health 
was no longer a private issue but a collective concern 
discussed openly. As understanding deepened and 
awareness spread, the language of mental health became 
increasingly familiar.

Campaigns like the 2017 World Health Organization’s 
(WHO) “Depression: Let’s Talk” encouraged individuals 
to notice and name negative psychological states, an 
important step toward help-seeking, but one that may 
also lead some to equate psychological states such as 
temporary sadness with clinical depression (Foulkes & 
Andrews, 2023). Individuals, o2en because they believe 
that the experiences they are having are not synonymous 
with those of a small group of peers, become convinced 
that their “symptoms” are indicative of a mental disorder, 
even when they are common experiences among the 
general public (Suhr & Johnson, 2022). 

0e COVID-19 pandemic further intensi1ed this 
dynamic with increased use of social media. With 
isolation con1ning many, particularly Gen Z, to digital 
spaces, social media became both a source of community 
and a new space for mental health discourse (Foulkes & 
Andrews, 2023). In fact, 25% of young people have used 
social media to self-diagnose, with Gen Z constituting 
a large proportion (Redshaw, 2023). According to the 
WHO (2022), during the pandemic, there was a 25% 
increase in reports of anxiety and depression; in the 
absence of accessible healthcare, digital spaces o2en 1ll 
the gap, encouraging self-diagnosis and self-treatment. 

"When care becomes 
synonymous with 

medication, we risk treating 
discomfort as disease and 

exposure to treatment 
as healing, even when it 

quietly deepens su!ering."
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Research has shown that during and a2er the pandemic, 
rates of psychotropic medication prescribing increased 
among patients with depressive disorders (Luo et 
al., 2024). While this openness has helped normalize 
conversations around mental health, it also perpetuates 
a culture in which emotional struggles are immediately 
medicalized—where understanding the self increasingly 
begins with searching for symptoms.

Conclusion
0e expansion of clinical psychiatry has sought to bring 

understanding and compassion to those experiencing 
mental illness, a mission that has given voice to countless 
forms of su3ering once silenced or dismissed. Yet the same 
expansion that made care accessible has also fueled the 
temptation to view all forms of distress through a medical 
lens. When every discomfort becomes a symptom to treat, 
medicine risks dri2ing away from its original purpose: 
to heal where healing is needed and to help people live 
meaningfully with what cannot be cured. 0e problem 
is not medicine’s desire to alleviate pain and su3ering, 
but that it risks turning care into exposure, introducing 
individuals to medications and side e3ects that they 
could have gone without (Cassel, 1982). In a study done 
on a Baltimore population, it was found that of current 
antidepressant users 38% did not meet the requirements 
for OCD, major depressive disorder (MDD), or panic 
disorder, and 69% did not meet the requirements for 
MDD speci1cally (Takayanagi et al., 2016). Conversely, 
research has shown that antidepressants achieve almost 
no bene1t compared to a placebo in mild and moderate 
depression (Mayor, 2008). In the e3ort to ensure that no 
illness goes untreated, medicine sometimes forgets that 
restraint is also a form of care. Prescribing a drug is an 
act of trust, and when used without necessity, can harm 
the very body it was meant to heal and protect (Kale & 
Korenstein, 2018). 0e consequences invite a di5cult 
question: how can medicine balance its desire to help 
with its Hippocratic obligation to “do no harm”?
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Devi Kuscer ’29
Introduction

For decades, humanity has looked beyond Earth for 
solutions to terrestrial problems. As global warming and 
resource depletion intensify, worlds outside our own 
are viewed not as an unrealistic hope, but as a practical 
solution for humanity’s future survival. Reserves of critical 
elements, such as platinum, are in short supply, causing 
costs to rapidly rise and directly endanger continued 
technological development (Andrews et al., 2015). 
However, the mining of these commodities o2en involves 
unethical and unsustainable practices (Iles, 2020).  Space 
mining—o2en called extraterrestrial resource extraction 
(ERE)—has the potential to alleviate the Earth of these 
problems through harvesting materials  like water, gold, 
and platinum from extraterrestrial bodies. 

However, this ambitious project is accompanied by a 
steep ethical cost. Pristine extraterrestrial environments 
could become polluted, and nations or corporations 

with the greatest wealth could monopolize the industry, 
leading to an even larger wealth gap. Given the long 
history of global exploitation—such as the destruction of 
around 20% of the Amazon rainforest—is it possible for 
ERE to avoid propagating humanity’s terrestrial mistakes 
beyond Earth?

The Feasibility and Current Targets of ERE
Due to the high costs of launching space missions, 

space mining remains a purely theoretical endeavor. 
For example, NASA’s recent OSIRIS-Rex mission to the 
asteroid Bennu, which collected and returned a sample of 
the asteroid’s surface, cost around $1.16 billion (Cost of 
OSIRIS-REx, 2020). However, the increase in the amount 
of material collected from celestial bodies signi1es major 
developments in ERE technology. Nevertheless, these 
missions have yet to return with samples large enough 
to make space mining commercially viable.  

A di5culty with making space mining feasible is 
the high upfront cost stemming from the development 
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and launch of custom-built spacecra2, with one model 
estimating the total cost of a mission to the main 
asteroid belt at around $100 billion (Probst et al., 2019). 
0is problem could be addressed through innovative 
approaches aiming to increase the rate of material return 
to Earth, such as the utilization of smaller, mass-produced 
spacecra2, which would both increase the processing rate 
of mined materials and reduce the development costs of 
missions (Calla et al., 2018). 

Additionally, the chosen resource and its intended 
market destination play a large role in the terrestrial success 
of ERE. For asteroid-mined platinum group metals (PGMs) 
to become practical, their quantity must be substantial 
enough to substitute an equivalent amount of terrestrial 
material—over 100,000 tons of platinum. 0us, at present, 
the most economically viable path appears to be mining 
volatiles—such as water and ammonia— for astronaut use 
at mission destinations instead of transporting supplies 
from Earth, a process referred to as In Situ Resource 
Utilization (ISRU) (NASA, 2023a).

ISRU is a principal objective of NASA’s Artemis III 
mission, which is scheduled to return people to the 
moon by 2027. By sustaining the mission's crew through 
ISRU, space exploration would become far more e5cient 
and cost-e3ective (NASA, 2023b). 0e development of 
technology used for this purpose also marks a crucial 
step in ERE, as it could potentially be adapted for future 
metal-focused extraction. 

A major milestone in ERE came in 2023, when the 
OSIRIS-Rex spacecra2 collected and returned a 121.6 
gram sample of Bennu’s carbon-rich surface—the largest 
amount of space material brought to Earth to date (Gaskill, 

2025). 0is record-breaking sample demonstrates the 
potential for the production of goods with space-mined 
resources. For example, catalytic converters, a crucial 
component of vehicles which convert toxic exhaust fumes 
into less harmful substances, require just 3–7 grams of 
platinum per unit, meaning that even the small sample 
from Bennu could supply multiple converters (APMEX, 
2023). By adapting mission design to return larger 
quantities of material, the industry is demonstrating clear 
progress towards a scalable future. 

Potential candidates for the mining of Earth-rare 
metals have already been identi1ed. Asteroid 1986DA 
is four times closer to the Earth than Bennu, and has been 
estimated to contain nickel, iron, cobalt, and platinum 
in amounts exceeding terrestrial supplies. If Asteroid 
1986DA were mined and the extracted metals sold over 
50 years, they could potentially be worth around $11.65 
trillion (Sanchez et al., 2021). 0is high pro1t showcases 
the allure of the industry despite current setbacks. 

Current and Potential Legal and 
Governmental Challenges Regarding ERE

0e pursuit of space mining is currently complicated 
by a signi1cant legal vacuum and increasing geopolitical 
con6ict over ownership. 0e foundational 1967 Outer 
Space Treaty (OST) established a legally gray area: 
although it strictly forbids claims of sovereignty over 
celestial bodies by any single nation, it does not discuss 
the exploitation of extraterrestrial resources by private 
companies (UNOOSA, 1966). As a result, nations 
could take advantage of this ambiguity by using private 
companies as a legal bypass to indirectly establish extra-
terrestrial monopolies. Although newer frameworks have 
attempted to establish principles that account for modern 
problems, they come with their own limitations. 

Some countries have already begun to adapt to the age 
of the commercial exploitation of space. 0e U.S. (US 

Figure 1. OSIRIS-Rex collecting a sample of the surface of Bennu (NASA/

Goddard/University of Arizona, 2020)

Figure 2. Animation of Artemis explorers on the Moon (NASA, 2025)
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Congress, 2015) and Japan (Japanese Law Translation, 
2021) have passed domestic laws that grant their national 
companies legal rights over the resources they extract in 
space. 0is action essentially bypassed the communal 
spirit of the OST by granting rights to space resources 
to private companies rather than the nation, thereby 
creating a dangerous legal precedent where access to and 
ownership of valuable resources like water and precious 
metals are determined by national jurisdiction rather 
than international consensus. Moreover, the potential for 
individual pro1t is equally large: American astrophysicist 
and public educator Neil deGrasse Tyson has predicted 
that "the 1rst trillionaire there will ever be is the person 
who exploits the natural resources on asteroids" (Kramer, 
2015). Tyson’s statement contrasts the values of the 
OST, which presented space as “a common heritage of 
mankind,” and further highlights the concern with how 
mined resources should be divided. 

0e Artemis Accords, a non-binding agreement 
established in 2020, attempts to alleviate these concerns by 
providing a set of principles to further govern humanity’s 
behavior in space (NASA, 2020). 0e framework, signed 
by 56 nations, explicitly states that resource extraction 
does not constitute a nation claiming ownership of a part 
of outer space, therefore ensuring that ERE does not go 
against the laws set by the OST. 0e accords also introduce 
the concept of “safety zones”—areas where signatories 
must provide noti1cation of their activities and commit 
to coordination to avoid harmful interference. Such zones 
would allow for increased transparency and would lessen 
the possibility of con6ict. However, as the framework is 
not legally binding, nations are not obligated to follow 
through on their commitments. Moreover, nations with 
major stakes in the space industry, such as Russia and 
China, have not signed the Accords, arguing that the 
agreement is too “US-centric” (Gross, 2023). Russia, in 
particular, has criticized the agreement’s stance on ERE,

comparing it to a form of colonialism. Sergei Savelyev, 
deputy head of international cooperation at Roscosmos, 
stated: “0ere have already been examples in history 
when one country decided to start seizing territories in 
its own interests and everyone remembers how that 
turned out” (Times, 2020). Such remarks beg the 
question of whether the accords will genuinely limit the 
monopolization of space resources, or whether they will 
encourage it.

Ethical, Environmental, and Equity Issues 
Although space mining offers a solution to the 

pollution of the Earth’s environment, it also has the 
potential to cause irreversible harm to extraterrestrial 
environments. Unregulated mining operations outside 
the Artemis Accords and the OST could introduce 
terrestrial contamination and create signi1cant debris, 
destroying pristine environments that could be highly 
informative for scienti1c research on our solar system 
(Nelken-Zitser, 2025). 

Another major ethical dilemma centers around who will 
bene1t from the vast wealth of space. Unchecked resource 
utilization risks mirroring historical colonial exploitation, 
where powerful nations or wealthy corporations gain 
riches while developing countries are excluded (Rivkin 
et al., 2021). Nations with successful space programs—
such as the US, Japan, and China—as well as private 
companies involved in space exploration have a clear 
advantage in ERE over developing countries without an 
established space sector, such as Bangladesh or Rwanda 
(Central Intelligence Agency, 2023). 0e concentration 
of spacefaring technology among only a few nations and 
corporations means that, by default, these entities would 
be the 1rst to establish mining claims, further inhibiting 
the ability of developing nations to establish themselves in 
the global space industry (Kirby, 2024). Without robust, 
globally mandated safeguards, such as an unbiased global 

Figure 4. Government spending on space programs in billions of dollars.  

(a) global distribution, (b) comparison of US and China  (Pietrzak, 2025)

Figure 3. Signatory countries of the Artemis Accords (NASA, 2025)
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authority that oversees extraterrestrial activities, global 
inequality could widen as space becomes a new source 
of wealth for the privileged few rather than the common 
heritage of all mankind. 

 
Conclusion

Space mining o3ers the potential for the expansion 
of human development both on and beyond Earth. It 
promises a sustainable and highly pro1table source of 
vital materials and a way to cut the costs of exploration; 
however, the question of whether humanity’s destructive 
behaviour is eliminated completely or simply shi2ed to 
the realm of outer space remains  unanswered. 

Despite its exciting implications, commercial-scale 
extraction likely remains decades away. Costs are too high, 
current technology is underdeveloped, and humanity has 
yet to even return to the moon. However, real progress 
is constantly being made. NASA’s Artemis III mission 
aims to drastically increase humanity’s presence in space, 
and with the depletion of Earth’s critical resources, the 
space-mining industry is expected to reach more than 
$23 billion by 2040 (Mordor Intelligence, 2025). 0ese 
projections highlight humanity’s determination to 
continue exploring the cosmos, expanding our reach 
far beyond Earth, and establishing ourselves as a true 
space-faring species.
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Shivi Srikanth ’26
The Current State of Biomedicine

From prosthetics to gene therapies, biomedical 
researchers have long sought to develop novel 
solutions to human health challenges. However, in the 
United States, an aging population, increased chronic 
illness, and contractions in research funding are 
placing an increasing burden on the healthcare system 
(Mokdad et al., 2018; Moses et al., 2015). In 2024, 
national healthcare use rose by 8.2 percent, exceeding 
the GDP growth rate by three percentage points and 
surpassing $5 trillion in spending (Keehan et al., 
2025). With such high demand, research institutions 
and pharmaceutical companies are struggling to 
address translational bottlenecks, as well as issues 
of scale and sustainability.

0e largest disconnect in medical research is the 
“benchtop-to-bedside” gap—a lack of translatability 

from innovation to clinical deployment—partly due to 
an emphasis on novelty over applicability (Woolf, 2008). 
According to the National Institutes of Health, 80–90 
percent of studies are abandoned before clinical trials 
(Woolf, 2008). Furthermore, large sums of funding are 
funneled towards technologies that never reach patients 
(Seyhan, 2019). 0is ine5ciency is described by Eroom’s 
Law, which states that the cost of developing a new 
therapeutic doubles every nine years, while production 
e5ciency halves (Scannell et al., 2012). At this rate, 
economists predict that the pharmaceutical industry will 
spend over $16 billion to develop a single therapeutic 
by 2043, compared to the $2.6 billion development cost 
o2en cited today (Seyhan, 2019). 0is trend forces the 
industry to produce only the most pro1table drugs, 
favoring wealthier markets and neglecting critical disease 
burdens like bacterial pneumonia, which is the greatest 
infectious cause of death in children worldwide (Impact 
Global Health, 2025).
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0e benchtop-to-bedside gap is not the only hurdle 
that the biomedical industry faces. In the last few decades, 
antibiotic resistance, shrinking insurance coverage, 
and disease heterogeneity have intensified (CDC, 
2019; Trosman et al., 2015). 0ese shi2s in pathology 
are intensi1ed by climate change, driving demand for 
environmentally-conscious medicine (Romanello et al., 
2024). 0is strain on healthcare indicates that conventional 
frameworks for innovation are becoming insu5cient 
amid growing social and biological complexity.

As a response, global health researchers and agencies 
have turned to nature as a purveyor of healthcare, seeking 
answers in complex ecosystems and organisms designed 
over millennia. Earlier this year, the World Health 
Organization published a report urging widespread 
adoption of nature-based solutions across the healthcare 
supply chain as a strategy for disease prevention (WHO, 
2025). Nature-based design has the potential to address 
de1ciencies in biotechnology, laying a foundation for 
scalable, translational solutions and resource-conscious 
development.

Fundamentals of Nature-Inspiration
For centuries, societies have drawn inspiration from 

nature to design e3ective products and systems. From 
plant 1bers for textiles to homes resembling termite 
mounds for passive cooling, communities across the globe 
have built close partnerships with the tree canopies and 
rapid streams around them (AlAli et al., 2023).

In recent years, however, humans have experienced 
an epistemic disconnection from nature, yielding a 
decline in emotional well-being and a lack of stewardship 
towards the environment. A 2002 study found that British 
schoolchildren more accurately recognized Pokémon 
characters than common wildlife, consistent with 
evidence suggesting that people in high-income countries 
spend over 85 percent of their time indoors (Balmford, 
2002; Klepeis et al., 2001).

Scholars have posited various reasons for this 
disconnection from nature, the most relevant being 

cognitive and philosophical. Cognitive disconnection 
suggests that a lack of ecological education and time 
away from nature-centric lifestyles has caused many to 
forget how to live in harmony with the land (Beery et al., 
2023). Philosophical disconnection points to a divergence 
between humans and nature due to advances in modern 
technology (Beery et al., 2023). 0is dispossession of the 
human condition from its ecological context has created 
systems that fail to protect nature from climate change 
and humans from its related health impacts.

To address these failures, nature-inspired design blurs 
the stark line between natural and built environments 
and encourages consumers to evaluate their impact upon 
planetary health (Whitburn et al., 2019). Conversely, 
exposure to green spaces is associated with decreased 
mortality and improved cardiovascular health (Twohig-
Bennett & Jones, 2018). While not a direct replacement 
for being outdoors, grass-inspired 6ooring, curtains that 
mimic tree cover, and sun lamps reintroduce nature into 
everyday life.

Beyond reorienting the role of humans in the 
environmental context, nature-inspired design can 
leverage the intrinsic e5ciency of ecosystems. For 
example, researchers at Sorbonne University recently 
developed wind turbine blades based on insect wing 
geometries, increasing energy conversion e5ciency by 35 
percent (Cognet et al., 2017). Furthermore, nature-based 
solutions push scientists to consider a product’s entire 
life cycle, avoiding resource waste and environmental 
mismanagement. This is commonly seen in green 
fashion companies that use plant-based dyes for clothing, 
abandoning petrochemicals to ensure ethical sourcing 
and ease of disposal (United Nations Environment 
Programme, 2023).

Biomedicine and Nature: Past, Present, and 
Future

In medicine, nature-inspired design o3ers yet another 
dimension of bene1t: biocompatibility. For products that 
require integration into the body, harnessing chemical 
compounds and physical mechanisms that have proven 
successful in the natural world can simplify translation 
from laboratory to patient (Joyce et al., 2021). Many 
cultures have implemented natural principles for health. 
Among Indigenous peoples such as the Koasati, willow 
bark has been used for pain relief for millennia—now 
understood to contain salicin, a close precursor to aspirin 
(Mahdi et al., 2006; Taylor, 1940). Similarly, in South 
Africa, the Zulu and Xhosa peoples pioneered the use 
of aloe vera to facilitate rapid healing and soothe burns 
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(Fisher et al., 2025). Across South Asia, traditions like 
Ayurveda have leveraged the antiseptic properties of 
neem oil to shield against infection (National Research 
Council Panel on Neem, 1992).

0ese are generally proven approaches, but relying 
solely on nature-1rst fundamentals is unrealistic in 
Western medicine, where technological interventions 
for health are widespread and lucrative. Federal agencies 
like the Food & Drug Administration require strict 
adherence to clinical trial standards and distribution 
laws and are unlikely to accept cultural knowledge as an 
evidentiary basis (Food and Drug Administration, 2016). 
Furthermore, medical innovation in the United States 
is heavily in6uenced by a “technological imperative,” 
described by sociologists as persistent pressure to use 
available technology once it exists (Tymstra, 1989). 

Nature-inspired biomedicine, which retains the integrity 
of modern medicine and emphasizes an ecological 
underpinning, o3ers a compromise.

In some cases, stumbling upon ecological phenomena 
can lead to novel medical solutions. A classical example 
is the zebra1sh, whose observed regenerative properties 
launched an entire 1eld of tissue engineering to treat 
patient-specific disease (Gemberling et al., 2013). 
However, in the absence of standardized norms to guide 
sustainable and scalable interventions, it may not be 
su5cient to rely on chance alone.

To move beyond isolated e3orts, frameworks for 

applying nature-inspired design are gaining traction. 
0e Biomimicry Spiral, as seen in Figure 1, is a tool built 
by the Biomimicry Institute. Together, the six steps o3er 
a pathway that mirrors standard engineering work6ows, 
while prioritizing ecological considerations at critical 
junctures (Biomimicry Institute, 2025). Perhaps most 
dissimilar to standard design models is the “Biologize” 
function, which pushes researchers to reframe their 
design question entirely in organismic terms (Biomimicry 
Institute, 2025).

0e gecko is a common model organism in nature-
inspired design. Its ability to adhere to vertical surfaces, 
o2en regardless of material, has inspired skin-friendly, 
solvent-free adhesives for wearable devices (Kang et al., 
2021). A researcher seeking to design biocompatible 
bandages might use the “Biologize” function of the 
Spiral to consider how animals with adhesive properties 
attach robustly to so2, irregular surfaces. During the 
“Discover” step, the researcher consults with ecologists 
to identify natural models that address these challenges 
and distill the strategies that ensure their success. 
0is knowledge-gathering might uncover the gecko’s 
microscopic underfoot scales as a promising parallel. 
During the “Abstract” step, the researcher identi1es the 
material and physical properties present in the gecko, like 
van der Waals force maximization (Kang et al., 2021). 
0e “Emulate” step encourages recapitulation of these 
properties in novel materials, such as polymer 1lms 
patterned with microarrays that mimic this underfoot 
structure and function (Kang et al., 2021). To "Evaluate", 
the researcher tests the validity of this technology against 
its original design goals, ensuring successful translation 
1rst from organism to product, then from product to 
patient.

Projects that abide by the Biomimicry Spiral can 
be compared across similar criteria, where explicit 
parameters allow di3erent labs to run the same assays 
and build a shared evidence base instead of producing 
isolated prototypes. A common framework for sustainable 
and biocompatible design can drive scalability and 
an interconnectedness not just between nature and 
innovation, but between institutions (Damschroder et 
al., 2009).

Moving Forward: Implementation and Ethics
Nature-inspired design addresses a diverse set of 

research challenges, making it an attractive framework 
to adopt. However, implementation poses a substantive 
hurdle. Short R&D funding cycles hinder long-term, 
future-facing innovation, and disciplinary silos make 

Figure 1. The Biomimicry Spiral. Reprinted from Aguilar-Planet & Peralta (2024).
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interaction between biomedical researchers and ecologists 
minimal (Franssen et al., 2018; Manlove et al., 2016).

Despite these structural barriers in the pharmaceutical 
sector and widespread polarization around climate 
change, sustainability is becoming an undercurrent in 
biomedicine (Kennedy & Tyson, 2024).  In 2024, nearly 
500 U.S. hospitals reported cutting about 185,000 metric 
tons of emissions, signaling a shi2 in environmental 
awareness (Practice GreenHealth, 2025). In addition, 
the medical biomimetics market is projected to grow by 
7.6 percent between 2024 and 2030, suggesting increased 
receptiveness to the adoption of nature-based strategies 
(Grandview Research, 2024).

Moving forward, the value of this framework is 
dependent upon the ethics that govern it. Some scholars 
argue that nature-based design has the potential to 
perpetuate systems of extraction and exploitation of 
Indigenous medical knowledge for Western bene1t 
(Alum, 2024). In 1997, the South African Council for 
Scienti1c and Industrial Research patented an appetite-
suppressant from a cactus-like succulent (Hoodia 
gordonii), using knowledge long held by indigenous San 
communities without explicit permission. 0e Council 
only negotiated a bene1t-sharing agreement, which 
provided credit and a share of the pro1ts, following years 
of public pressure (Vermeylen, 2007). In response to cases 
like these, a 2024 treaty adopted by the World Intellectual 
Property Organization requires patent applicants to 
disclose inspiration drawn from indigenous knowledge 
in an attempt to deter biopiracy and boost accountability 
(World Intellectual Property Organization, 2024). 
However, while this treaty signals increasing support 
for conscious innovation, the United States and United 
Kingdom—two large patent producers—have yet to sign 
it.

With this context, any implementation of nature-
inspired solutions should not be separated from local 
impacts. For example, the “Biologize” step of the 
Biomimicry Spiral must emphasize cultural context 
alongside function, so that models and materials 
are codesigned with communities whose knowledge 
precedes modern medicine. Preventing the extraction 
of Indigenous knowledge requires that explicit consent, 
attribution, and bene1t-sharing be built into solutions 
at the moment of conception (Alum, 2024). Nature-
inspired design has the potential to rectify ine5ciencies 
within biomedicine and prioritize sustainability ahead of 
innovation, but only if wielded with legislative guardrails 
and humility towards the people and ecosystems who 
have pioneered it.
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Nazifa Ahmed ’29
Introduction

South Asia’s maternal mortality story is one of both 
success and stubborn inequity. As the world’s most 
populous region—and home to nearly a third of all 
global maternal deaths—it o3ers urgent insight into 
how inequity can persist even amid progress. Between 
2000 and 2023, the region achieved a 71% decline in 
its maternal mortality rate, from about 405 to 117 
maternal deaths per 100,000 live births, one of the 
steepest reductions globally (World Health Organization, 
2025). However, that progress is deeply unequal across 
socioeconomic status. Women in remote areas, lower-
income households, and marginalized communities 
continue to face preventable death during childbirth 
due to gaps in care. At the same time, wealthier urban 
women increasingly experience the opposite problem: the 
over-medicalization of birth, including the widespread 
implementation of unnecessary caesarean sections 
(C-sections). Fragmented health systems in South Asia, 
driven by unequal public investment and unregulated 
private expansion, create a dual crisis in maternal care: 

the neglect of marginalized women and the exploitation 
of those with access to private medicine.

Underuse of Life-saving Care: Neglect
Since public investments remain focused on urban 

hospitals while rural facilities lack resources, many 
women in poorer and remote communities still struggle to 
obtain even the most basic maternal care. Improvements 
in survival have largely bene1ted women who are 
wealthier, urban, and more socially privileged. A recent 
study found that women in the lowest income quintile in 
South Asia are two to three times less likely to receive key 
maternal services—such as antenatal care, skilled birth 
attendance, or postpartum checkups—compared to their 
wealthiest and urban counterparts (Rahman et al., 2024). 
In Bangladesh, increases in hospital births have occurred 
mainly among a7uent, urban populations, while women 
in remote districts still rely on home deliveries with 
minimal support (Nagesh et al., 2024). A similar urban 
bias emerges across borders: 0e Pakistan Demographic 
and Health Survey (PDHS) highlights enduring rural–
urban disparities in access to emergency obstetric services 
(Mumtaz et al., 2017). Even within India, these inequalities 
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persist at the state level. 0e Sample Registration System 
(SRS) Special Bulletin (2020–22) shows that the state 
of Assam—one of India’s poorest states by per-capita 
income—has a maternal mortality ratio nearly three times 
higher than Kerala, a southern state known for its robust 
public health infrastructure and high female literacy. 
0ese di3erences in treatment are not incidental; they 
re6ect broader structural and institutional inequalities 
(Dutta et al., 2023).

0e principal causes of maternal death in South Asia—
postpartum hemorrhage, hypertensive disorders such as 
pre-eclampsia and eclampsia, obstructed labor, sepsis, and 
indirect sources like anemia, cardiovascular disease—are 
well-documented (Souza et al., 2024). In principle, these 
conditions are preventable or treatable with interventions 
such as uterotonics, safe blood transfusion, magnesium 
sulfate therapy, timely surgical intervention, antibiotics, 
and quality antenatal screening. However, they are o2en 
unavailable or inaccessible when they are most needed—
especially for the women at highest risk.

A helpful framework for understanding this 
phenomenon is that of the “three delays”: delay in 
seeking care, reaching care, and receiving appropriate 
care upon arrival. 0ese delays are exacerbated by poverty, 

inadequate transportation, weak referral networks, 
gendered decision-making constraints, and limited health 
system capacity (El-Saharty et al., 2015).

Importantly, underuse is not simply the absence of 
care. Rather, it also implicates the poor quality of routine 
services. In some facilities, sta3 shortages, stockouts of 
essential supplies (e.g., blood and magnesium sulfate), 
or lack of surgical capacity turn “institutional delivery” 
into a false promise of safety, given that these de1ciencies 
result in a reduced capacity to manage emergencies. 
Reports from parts of Bihar, Sindh, and rural India 
document this inequity within facilities (Nagesh et al., 
2024). 0us, the 1rst face of maternal health inequity 
in South Asia is structural neglect: when geography, 
socioeconomic status, caste, and gender govern whether 
a woman receives timely, life-saving care. As a result of 
this disparity, it is vital to redesign referral networks, 
strengthen quality and emergency readiness, and tackle 
social and logistical barriers.

Overuse of Unnecessary Care: Exploitation
C-section rates have surged across South Asia’s urban 

and private hospitals, o2en far exceeding medical need. 
In Bangladesh, for example, C-sections climbed from 

Figure 1. Trends in maternal mortality ratios across South Asia (1990–2015): Despite substantial regional declines, the !gure shows wide cross-country disparities 
driven by di"erences in public investment, health system capacity, and social inequality. The contrast between low-mortality countries (Sri Lanka, Maldives) and 
high-mortality ones (Afghanistan, Pakistan) mirrors the structural inequities at the center of South Asia’s maternal health landscape (WHO, 2015).
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just 3.5% of births in 2004 to 32.8% by 2017. Pakistan 
saw a similar rise from 2.7% to 22.3% over two decades 
(Rana et al., 2024). 0ese increases are concentrated 
among wealthy, urban populations: C-section usage in 
Bangladeshi and Pakistani cities is roughly double that of 
rural areas (approximately 27% versus 13%; Rana et al., 
2024). Private facilities amplify this trend. In Bangladesh, 
women delivering in private hospitals have nearly 1ve 
times the odds of receiving a C-section compared to those 
in public facilities; in Nepal, the odds are roughly twice 
as high (Rana et al., 2024). India likewise exhibits stark 
disparities, with nearly half of the deliveries in private 
hospitals being C-sections versus roughly 14% in public 
facilities (Dutta et al., 2023). As a reference point, the 
World Health Organization has suggested an “ideal” 
C-section rate of around 10%-15% for optimal outcomes. 
0e fact that this threshold has now been surpassed in 
many South Asian settings suggests that C-sections are 
increasingly being driven by non-medical factors rather 
than genuine clinical need.

Financial incentives and convenience have become 
major drivers of rising C-section rates in private urban 
care. Underpaid doctors may push elective C-sections 
to increase income, and scheduled operations are more 
convenient than unpredictable labor (Rana et al., 2024). 

Among educated and a7uent women, C-sections are 
o2en seen as more modern, safer, and less painful than 
a vaginal delivery and are sometimes even considered 
a mark of status and high-quality care (Filipovic, 
2014). 0ese misconceptions can lead women to prefer 
unnecessary surgery (Rana et al., 2024). Family in6uences 
and media portrayals —such as television dramas and 
YouTube birth vlogs that frame C-sections as modern, 
painless, and convenient— also contribute to a cultural 
shi2 toward “planned” births (Veparala et al., 2025).

0ough life-saving when indicated, unwarranted 
surgeries heighten risks of infection, hemorrhage, 
anesthesia complications, and future pregnancy 
problems. One analysis by Negrini et al. (2021) noted 
that unwarranted C-sections can triple the risk 
of maternal death and lead to a higher incidence of 
placental disorders in subsequent pregnancies. Babies 

delivered by C-section without an evident need may su3er 
respiratory issues and have higher chances of neonatal 
ICU admission (Negrini et al., 2021).

Economically, C-sections cost far more than vaginal 
births. In the U.S., they cost about 30% more, with similar 
disparities in South Asia where most families pay out-of-
pocket (Negrini et al., 2021). Such unnecessary procedures 
deepen inequities: A7uent families pay high prices for 
interventions of limited bene1t, while scarce health funds 
are diverted from improving essential maternal care. 
Beyond the 1nancial consequences, over-medicalization 
also erodes trust. 0e suspicion that providers may 
recommend surgeries for pro1t or convenience rather than 
medical need can fuel deep mistrust and dissatisfaction 
(Rana et al., 2024). On a broader scale, communities 
may become wary of institutional care, weakening the 
patient–provider relationship and discouraging women 
from seeking care altogether.

Structural Causes of the Two-Sided Inequity
0e coexistence of underuse and overuse of maternal 

healthcare in South Asia is rooted in deeper structural 
6aws. As aforementioned, on one side, poor rural women 
receive too little care; on the other, a7uent urban women 
are overtreated. Most South Asian governments allocate 
very little public funding to healthcare, resulting in 
weak rural infrastructure. Public health spending in the 
region is among the lowest in the world—for example, 
Bangladesh spends only about 0.4% of its gross domestic 
product on health, whereas even a small country like 
the Maldives spends about 8% (Bloch, 2020). Across 
countries like India, Pakistan, Nepal, and Bangladesh, 
government funding covers barely half, or less, of total 
health expenditures, leaving households to pay the rest 
out-of-pocket (Bloch, 2020). As a result, many rural 
clinics lack sta3, supplies, or emergency obstetric care, 
and poor women o2en give birth in the absence of skilled 
attendants. In contrast, countries like Sri Lanka and the 
Maldives, which prioritize public health investment, have 
achieved much lower maternal mortality rates (Bloch, 
2020). In the Maldives, where the maternal mortality ratio 
has declined to around 32 per 100,000 live births, and 
in Sri Lanka, at about 18 per 100,000 live births, strong 
public-health investment correlates with lower maternal 
death rates (World Bank Blog, 2023).

Meanwhile, the rapid but weakly regulated growth 
of the private sector has transformed urban maternity 
care. Concentrated in cities and catering to those who 
can pay, private hospitals o2en prioritize pro1t over 
patient welfare. A recent review by Veparala et al. 
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(2025) identi1es private sector dominance and weak 
regulatory frameworks as key system-level drivers of 
rising C-section rates across South Asia. Private hospitals 
o2en have 1nancial incentives to o3er more procedures 
and face few penalties for excessive intervention, and 
insurance schemes may further encourage surgical 

deliveries by reimbursing them at higher rates. 0e result 
is an oversupply of care in privileged settings—wealthy, 
medically low-risk women subjected to unnecessary 
procedures driven by commercial rather than clinical 
motives.

Deep-rooted social hierarchies determine who gets 
neglected and who gets overtreated. Gender norms 
in South Asia have historically undervalued women’s 
health, especially for the poor. In rural areas, women from 
lower castes or disadvantaged ethnic groups are further 
marginalized—not only because caste discrimination 
limits their access to quality care, but also because caste 
and class o2en overlap, concentrating poverty among 
these groups and leaving them dependent on under-
resourced facilities or home delivery. 0is Pattern aligns 
with former Harvard physician-anthropologist Paul 
Farmer’s (2010) concept of structural violence, where 
social structures (e.g., poverty, inequality, patriarchy) 
systematically harm certain groups’ health. 0e notion 
that normal childbirth is for the poor, while the elite opt 
for surgery has been observed not only in South Asia but 
also in other countries, capturing how birth and quality 
of treatment have become a marker of status rather than 
a medical need (Filipovic, 2014). Regardless, women’s 
autonomy remains constrained: 0e poor are denied 
adequate care, while the wealthy are steered towards 
needless procedures.

Conclusion
Overall, these dynamics expose a dual injustice at the 

heart of South Asia’s maternal health landscape: the neglect 
of marginalized women and the over-medicalization 
of those with greater means. Similar inequities appear 

wherever health systems are segmented. For instance, 
Brazil’s maternal care system shows a familiar split: 
Low-income women depend on the public sector (with 
higher rates of natural birth), whereas private hospitals 
serving the rich have C-section rates of 80% to 90%, far 
above the recommended 15% (Filipovic, 2014). 0ere, 
too, C-sections have become “modern and elegant,” and 
vaginal birth is disparaged as something “poor women 
are supposed to endure” (Filipovic, 2014). By contrast, 
countries that have strong, well-regulated public health 
systems manage to avoid such extremes. Many high-
income nations ensure more uniform maternity care; 
for example, in much of Western Europe, robust public 
provisioning and clinical guidelines keep overall C-section 
rates moderate and minimize gaps between population 
groups. Even within South Asia, Sri Lanka stands out 
as an example of more equitable maternal healthcare. 
Long-term public investment—including rural midwife 
networks and free universal maternity care—has led to 
high coverage of essential services and relatively low 
maternal mortality (Bloch, 2020). 0ese comparisons 
underscore that South Asia’s two-sided maternal health 
crisis is not inevitable, but rather the predictable result 
of policy choices and power structures. Adopting a 
structural lens—what Farmer (2010) terms a “pathology 
of power”—reveals that the exploitation of some women 
and the neglect of others are two symptoms of the same 
underlying problem: a health system strati1ed by wealth, 
geography, and social status. Addressing this will require 
systemic reforms, including greater public investment 
in underserved areas, regulation of private care to curb 
pro1teering, and e3orts to challenge the gender and class 
biases that have become deeply ingrained into the fabric 
of the health system.
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Iphia Zhang ’29
Introduction

Mitochondria are cellular organelles that play a vital 
role in sustaining life: 0ey in6uence the fate of stem 
cells, release signaling molecules, regulate cell death, and 
modulate energy metabolism through the production of 
adenosine triphosphate (ATP), which cells metabolize for 
energy, among other functions (Wang et al., 2024). Due to 
their utility in maintaining cellular health, mitochondria 
can drive disease when such processes are disrupted, as 
can be the case in cancer cells, where the breakdown of cell 
cycle regulators causes uncontrolled cell division (National 
Cancer Institute, 2021). As a result, mitochondria may 
be valuable therapeutic targets to increase cancer cells’ 
vulnerability to treatment (Mukherjee et al., 2023), given 
that cell division has a high energy cost, driving the need 

for increased ATP production in mitochondria. Cancer 
cells also face low oxygen, low blood supply, and acidic 
conditions in the tumor microenvironment (TME), the 
network of immune cells and blood vessels surrounding 
tumors, forcing cancer cells to reprogram their biology 
to survive (Fadaka et al., 2017). Uncovering how cancer 
cells achieve this reprogramming may generate more 
targeted therapies (Liu et al., 2023). 

One way cancer cells compensate for increased energy 
demands is by taking mitochondria from healthy cells 
in a process called horizontal mitochondrial transfer 
(Artusa et al., 2025). Among a population of healthy 
cells, horizontal mitochondrial transfer can be essential 
in helping boost metabolism in energy-de1cient cells to 
support their survival, as has been observed in certain 
neurons and heart muscle cells (Borcherding & Bresto3, 
2023). Cancer cells can exploit this process to enhance 
their own survival. 0ere are several mechanisms by 
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which cancer cells accomplish horizontal mitochondrial 
transfer, including through the formation of structures 
called tunneling nanotubes (TNTs), transport sacs called 
extracellular vesicles, and cell fusion (Marabitti et al., 
2024).

Cancer cells can also promote their own survival 
using mitochondria through metabolic alterations. 
Reprogramming of the pathway used for energy 
generation has been observed in cancer cells alongside 
changes in other biochemical pathways (Wang et al., 
2023). 0erefore, whether by physically transferring 
mitochondria to cancer cells or reprogramming 
mitochondrial function in cancer cells, mitochondria 
can e3ectively be hijacked by cancer cells to sustain 
their proliferation. 0ese mechanisms demonstrate the 
adaptability of cancer cells, though further study will 
be needed to exploit them therapeutically. Targeting 
mitochondria may help increase the e3ectiveness of 
existing drugs or prevent cancer cell survival.

Mitochondrial Transfer to Cancer Cells
Cancer cells must increase their supply of energy in 

order to meet the demands of rapid cell division and 
survive in the acidic, low-oxygen TME (Fadaka et al., 
2017). 0e idea that mitochondrial transfer can help 
recipient cells meet their energy demands has been 
demonstrated experimentally. Growing cells with 
nonfunctional mitochondria with cells that had su5cient 
mitochondria restored respiration in mitochondria-
de1cient cells (Spees et al., 2006). Additionally, studies 
have shown that breast cancer cells can become 
signi1cantly more resistant to chemotherapy upon 
receiving transferred mitochondria. 0ese data suggest 

that mitochondria transfer may also help cancer cells 
become more resistant to treatment and aid the recovery 
of cancer cells with damaged mitochondria, allowing for 
their continued survival (Pasquier et al., 2013).

Mitochondrial transfer from healthy cells to cancer 
cells has been observed in various cell types and 
cancers. In an experiment where lung cancer cells from 
mice were grown with immune cells that are normally 
responsible for eliminating tumors, researchers found 
that mitochondria from the immune cells moved into 

the cytoplasm of the cancer cells (Zhang et al., 2023). 
Cancer cells may also be dependent on mitochondria 
from nerves. When grown with neurons, cancer cells can 
acquire mitochondria from neurons, and experimentally 
cutting o3 the nerve supply in breast cancer cells can 
cause slowed tumor growth. Accordingly, in human 
prostate cancer, cells that are closer to a nerve supply have 
more mitochondria than those that are without a nerve 
supply (Hoover et al., 2025). Mitochondria can also be 
transferred in blood cancers; leukemia cells can transfer 
mitochondria from cells in the connective tissue and cells 
that line blood vessels (Moschoi et al., 2016; Pasquier et 
al., 2013). Mitochondrial transfer may be a signi1cant 
survival strategy for cancer cells. 0us, preventing the 
process may weaken their survival and have therapeutic 
e3ects (Artusa et al., 2025).

Mechanisms of Acquisition
Cancer cells can acquire mitochondria from healthy 

cells in various ways. For instance, cancer cells are able 
to make distant, physical connections with nearby 

Figure 1. Routes of mitochondrial transfer. (Adapted to include TNTs, EVs, and 

cell fusion and display the physical elements) (Marabitti et al., 2024b).
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cells by forming a bridge-like protrusion, linking them 
with healthy cells. 0rough such protrusions, called 
tunneling nanotubes, organelles like mitochondria can 
be transferred (Pasquier et al., 2013). Another way cancer 
cells can obtain mitochondria is via extracellular vesicles, 
which package bioactive molecules and deliver them 
between cells. 0rough di3erent signaling pathways, 
cancer cells can tra5c mitochondria towards them  
(Marabitti et al., 2024). Finally, mitochondria are also 
able to move directly between cancer and healthy cells 
by cell fusion, where part of the membranes of the cells 
combine (Spees et al., 2006).

0e TME promotes the mechanisms by which cancer 
cells acquire mitochondria from healthy cells. Stressors 
like low oxygen cause healthy cells to package their 
mitochondria, and in the low-oxygen TME, cancer 
cells may exploit this tendency to acquire mitochondria 
(Zhang et al., 2021). It has also been seen that ovarian 
cancer cells that are resistant to chemotherapy form more 
TNTs in low-oxygen environments like the TME. 0us, 
low oxygen appears to induce signaling of TNT-forming 
pathways (Desir et al., 2016). 0e TME also supports 
tumor proliferation by suppressing the mitochondrial 
function of immune cells responsible for attacking 
tumors, allowing tumor cells to survive and contribute 
to this immunosuppression by taking mitochondria from 
the immune cells (Scharping et al., 2016). Because cancer 
cells rely signi1cantly on TNTs for mitochondrial transfer, 
devising e3ective ways to inhibit TNT formation could 
potentially advance cancer therapies. Several drugs that 
block structural elements necessary for the process have 
been identi1ed (Marabitti et al., 2024a).

Alterations in Mitochondrial Metabolism
Inside cancer cells, mitochondria are manipulated in 

a phenomenon known as the Warburg e3ect. German 
physiologist Otto Warburg observed in the 1920s that 

cancer cells used oxygen-independent glycolysis to 
generate ATP even in oxygen-su5cient conditions. 0is 
shi2 in metabolism appears to be counterproductive, as 
the ATP yield from glycolysis is less than that from oxygen-
dependent respiration, which takes place in mitochondria 
(Zhang et al., 2023). Cancer cells tend to favor glycolysis 
for its faster production of ATP and because it generates 
intermediate building blocks necessary to support tumor 
growth. Mitochondria in cancer have been seen to use 
a di3erent starting material in the energy-generating 
Krebs cycle, putting intermediates through pathways 
generating biomolecules needed for cancer proliferation 
(Wang et al., 2023). 

This hallmark metabolic reprogramming in some 
cancers may separate cancer cells from healthy cells 
in treatment. By inhibiting altered metabolism in 
reprogrammed cells, more selective targets may be 
provided. Cancers like acute myeloid leukemia and 
glioma have mitochondria that harbor mutant enzymes 
of the Krebs cycle, which can regulate gene expression 
to promote cancer growth. These cancers are found in 
TMEs that are resistant to standard anti-cancer drugs, 
so targeting such mutations may improve disease 
outcome (Zhang et al., 2023). Cancer cells are also 
distinguished from healthy cells in their increased 
levels of antioxidants, which help them balance the 
increased stress from reactive molecules generated 
by processes in the mitochondria. In a mouse model 
of skin cancer, increasing antioxidants promoted the 
spread of cancer, demonstrating the need for a balance 
in reactive molecules and antioxidants. Cancer cells 
could be targeted by blocking pathways that contribute 
to antioxidant production, subjecting them to the stress 
placed upon them by increased biochemical activity 
in mitochondria (Vyas et al., 2016).

Conclusion
Although they hold great therapeutic potential, 

the exact biochemical mechanisms for mitochondrial 
manipulations remain unclear. What genes are involved 
in the formation of TNTs? What are the deeper molecular 
mechanisms enabling mitochondrial transfer? How does 
the Warburg e3ect in6uence other metabolic processes 
in cancer cells? Answering these questions may drive 
the development of new therapies and further the 1eld 
of cancer biomedicine.

0e hijacking of the cellular powerhouse, both by 
horizontal mitochondrial transfer and by metabolic 
manipulation, creates a distinct angle from which cancer 
proliferation can be studied. Understanding how cancer 

Figure 2. Warburg e"ect; pyruvate is a product of glycolysis that is normally put 

through mitochondrial respiration (Kim & Baek, 2021).
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hijacks mitochondria will allow medicine to combat 
the numerous side e3ects brought about by traditional 
chemotherapy, a consequence of these drugs’ inability 
to distinguish cancer cells from rapidly dividing healthy 
cells. Identifying areas where cancer cells di3er from 
healthy cells, and what cancer cells rely on for survival, 
is vital in making therapies more selective and e3ective, 
minimizing side e3ects, and preserving the health of 
normal cells. 0e mitochondrial biology of cancer cells is 
among these hallmarks, and has the potential to advance 
treatment by reducing cancer’s resistance or eradicating 
its energy supply altogether.
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Clara Shin ’29
Introduction

Eighty-three years later, the internment of Japanese 
Americans during World War II (WWII; 1939–1945) 
remains one of the most egregious violations of civil 
liberties in the history of the United States. In the wake 
of the 1941 attack on Pearl Harbor, the U.S. government 
failed to distinguish between imperial Japan as a foreign 
power and Japanese Americans (O5ce of the Historian, 
n.d.). As a result, widespread xenophobia and wartime 
hysteria fueled suspicion toward anyone of Japanese 
ancestry.

Following the signing of Executive Order 9066 in 
1942, approximately 120,000 Japanese Americans 
were forcibly removed from their homes and relocated 
to internment camps (National Archives, 1942). 0e 
conditions in the camps were harsh: remote locations 
with extreme temperatures, inadequate food supplies, 

and poor sanitation. Edward J. Ennis, then a Member of 
the Board of Directors of the American Civil Liberties 
Union, condemned the ongoing mass incarceration as 
“the greatest deprivation of liberty since slavery” (Ennis, 
1984).

One of the most telling indicators of the quality of 
life in these camps was the state of healthcare. While 
healthcare today is recognized as a fundamental 
human right—formally articulated in the World Health 
Organization’s 1946 Constitution—U.S. policy had 
not incorporated such a concept during WWII. 0us, 
within the camps, patients receiving medical care 
were also forced to contend with chronic shortages of 
medicine, equipment, and trained physicians. Although 
the U.S. government assigned some medical personnel 
to the camps, these sta3 were few in number and o2en 
inadequately supplied. Interned medical professionals—
many of whom had been practicing doctors, nurses, or 
pharmacists before their incarceration—worked under 
severe constraints, receiving little to no pay and lacking 

FEATURES

 

Medicine in Captivity: 
How Internment Shaped Japanese 
American Health For Generations

Photo courtesy of Densho Encyclopedia



FEATURES Volume 16 Issue 1 | Fall 2025

67 | !"e  "$%&$%'  ()'e%g%$'($!e  %ese$%,"  -.(%)$/

the necessary resources to provide adequate care (Nagata 
& Takeshita, 1998). Although the U.S. government made 
some e3orts to o3er medical services, such as sending 
meager supplies, these attempts were largely insu5cient, 
and o2en led to preventable illness, su3ering, and death 
(Nakayama & Jensen, 2011).

Overall, these failures of healthcare in the camps were a 
re6ection of racialized policies that determined access to 
basic human needs. Moreover, the e3ects of this medical 
neglect stretch far beyond the closure of the camps; its 
consequences have lingered for generations, a3ecting the 
physical and mental health of Japanese American families 
in contemporary society.

Healthcare in the Internment Camps
0e forced removal of Japanese Americans dismantled 

entire healthcare networks that had served these 
communities, particularly in urban areas. Many Japanese 
American doctors, nurses, and pharmacists lost their 
practices, and community hospitals were shuttered 
overnight (Nakayama & Jensen, 2011).

Internees were initially sent to makeshi2 assembly 
centers, where living conditions were deplorable 
(Nagata & Takeshita, 1998). Families were crammed 
into overcrowded barracks, including converted horse 
stalls that reeked of manure, while rudimentary sanitation 
facilities led to frequent outbreaks of disease (Jensen, 
2008). Overcrowding and poor ventilation created the 

perfect conditions for the rapid spread of tuberculosis 
and in6uenza. 0ese crude in1rmaries lacked essentials 
such as intravenous needles, tubing, and 6uids. Even with 
emergency supplies, the Japanese medical sta3 struggled 
to treat the overwhelming number of patients (Fiset, 
2024). Additionally, although medical records are sparse, 
oral histories frequently describe cases in which treatable 
physical illnesses such as tuberculosis or the 6u were 
misdiagnosed, and  “melancholia” or medical complaints 
were dismissed as somatic symptoms of psychological 
distress (Dusselier, 2008). As Dr. Yoshiko “Fred” Fujikawa, 
an interned Japanese American physician, later recalled 

from the Santa Anita assembly center in California, 
“people lined up to go to the latrine and […] some of 
them fainted in the line” (Nakayama & Jensen, 2011).  
His recollection exempli1es the exhaustion of the 1rst 
phase of internment. 

Even upon transfer to the more permanent War 
Relocation Authority camps, the healthcare remained 
inadequate. 0ese camps o2en lacked basic resources like 
ambulances, surgical equipment, and adequate prenatal 
care. Hospitals, if constructed at all, took months to open. 
Japanese American physicians and nurses received as 
little as $19 per month and, despite their professional 
training, were routinely overruled by White supervisors, 
who o2en abused their authority (Fiset, 2024).

0e racial hierarchy within healthcare systems at the 
camps added to the stress for both patients and providers. 
White medical directors o2en discounted the expertise 
of more experienced Japanese American doctors. For 
instance, Dr. Reece Pedicord, the White medical director 
at the Tule Lake internment camp in Northern California, 
grew suspicious that Japanese American physicians were 
performing an excessive number of surgeries (Nakayama 
& Jensen, 2011). Dr. Shigeru Hara, an interned Japanese 
physician, remembered that “he [Pedicord] used to say, 
‘Any case that has to be operated [on], you’ve got to see 
me 1rst.’ Some of those were acute appendicitis. By the 
time he got to see them, he had made it pretty late and 
made it much worse. So that’s why a lot of people were 
against him” (Nakayama & Jensen, 2011). 0is dynamic 
reveals how deeply anti-Japanese prejudice was woven 
into the structure of American medicine: the hierarchy 
at the camps mirrored the broader racialized exclusion of 
minorities within American healthcare, which ultimately 
exacerbated patient su3ering.

Long-Term Health Consequences of 
Internment

The health consequences of Japanese American 
internment went far beyond the years spent in the camps. 
0e deprivation of basic necessities and systemic neglect 
that the internees faced in the camps created a lasting 
imprint on the health of survivors.

In the camps, the widespread malnutrition and 
overcrowding created an environment in which both 
infectious and chronic illnesses 6ourished. Chronic 
conditions such as diabetes, ulcers, and cardiovascular 
disease were o2en poorly managed in the camps, due to 
a lack of medications, specialized care, and consistent 
monitoring, leaving some with irreversible complications 
that continued into adulthood (Jensen, 2005). In some 

"The deprivation of basic 
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cases, previously mild illnesses worsened irreversibly 
due to neglect or stress-induced 6are-ups. For example, 
tuberculosis, which thrived in the overcrowded and 
poorly ventilated barracks, could cause permanent lung 
damage (Jensen, 2005). 0e spread of coccidioidomycosis 
(also known as Valley fever) was also exacerbated by the 
dusty, arid locations of many of the camps (Fiset, 2024). 
0e lack of prenatal care for pregnant internees added 
further risks: miscarriages, preterm births, and birth 
complications were more frequent, and mothers o2en 
lacked access to trained medical sta3 during labor.

0ese physical consequences were compounded by 
severe psychological trauma. Internment involved not 
only the loss of homes, but also communities, autonomy, 
and dignity—all of which generated widespread symptoms 
consistent with those of post-traumatic stress disorder 
(Cai & Lee, 2022). Depression and anxiety were especially 
common among older internees who had lived stable 
lives before the war.

Intergenerational E!ects of Internment
While survivors endured signi1cant trauma during 

the internment, its impact also a3ected the mental and 
emotional health of later generations. Research indicates 
that third-generation Japanese Americans, or Sansei, 
whose parents experienced incarceration during their 
own childhoods, exhibited higher levels of distress and 
lower subjective well-being later in life compared to 
non-interned Japanese Americans (Nagata et al., 1999). 
0ese e3ects echo the 1ndings from intergenerational 
trauma studies across multiple populations, such as the 
descendants of Holocaust survivors, Cambodian genocide 
survivors, and Indigenous boarding school attendees 
(Isobel et al., 2021).

Moreover, the internment experience o2en disrupted 
traditional family structure and caregiving roles. 
Children of internment survivors who witnessed their 
parents lose control over daily life were found to be at 
higher risk of developing a fractured sense of identity 
and intergenerational detachment (Spiel et al., 2023). 
Broader studies suggest that such environments can lead 
to insecure attachment styles, which correlate with long-
term relational and psychological challenges, such as 
anxiety, depression, or emotional dysregulation. 

0e legacy of this internment has also played a crucial 
role in how trauma was passed down. Many second-
generation (Nisei) parents remained silent about their 
experiences in the camps, o2en out of shame, a desire 
to assimilate, or a fear of re-experiencing the trauma. 
0is silence created what scholars call “emotional gaps” 

between generations, in which children felt the presence 
of unspoken trauma without being able to name or 
process it (Isobel et al., 2021). Children o2en interpreted 
their parents’ abnormal behavior as personal or emotional 
withdrawal, which compounded their own struggles with 
identity, anxiety, and belonging.

Research on intergenerational communication in Asian 
American families supports this dynamic (Hesse & Main, 
2000). When parents fail to discuss past trauma, children 
are le2 to make sense of it on their own, sometimes 
internalizing it in ways that harm their mental health, 

such as self-blame or emotional suppression (Isobel et 
al., 2021). 0is process is described by Isobel et al. (2021) 
as a major mechanism for the transmission of trauma’s 
cross-generational e3ects.

In this way, the e3ects of internment were transmitted 
through generations. 0e internalized cultural expectation 
among Japanese Americans to suppress grief and ‘move 
on’ a2er the war likely intensi1es the psychological strain 
carried by their children (Cai & Lee, 2022). Without space 
for communal mourning or storytelling, trauma became 
embedded in their memories and family dynamics. 
Recognizing this intergenerational trauma is essential 
not only for an accurate historical understanding but 
also for informing contemporary approaches to mental 
health care.

Conclusion
0e internment of Japanese Americans during WWII 

was a clear violation of civil liberties, with the consequences 
extending across generations. 0e incarceration camps 
created an environment of deprivation: overcrowded 
living quarters, insu5cient food, inadequate medical care, 
and the psychological burden of forced displacement and 
racial scapegoating. 0ese conditions in6icted immediate 
harm, and their consequences persisted long a2er the 
camps closed.

Attempts to understand the history of Japanese 
American internment are necessary, not only for Japanese 
American communities, but for how we understand the 
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lingering health e3ects of social injustice wherever it 
may pervade. 0e same patterns of systemic neglect and 
medical mistrust seen in the internment camps persist 
today in marginalized communities. Black Americans 
still face unequal treatment in hospitals, Indigenous 
communities su3er from chronically underfunded health 
systems, and immigrants in ICE detention experience the 
same deprivation once normalized in internment camps. 
0e echoes of internment are not just metaphorical; they 
reveal a recurring national failure to protect the health 
and dignity of those deemed “other.” Recognizing these 
parallels reminds us that history’s injustices will continue 
to shape who receives healthcare and who is unjustly 
denied it.
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