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Analyzing Gas Structure of 
Galaxy-Clusters via Multipole

Decomposition
Finding Dominant Multipole Moments With χ2 Analysis

Theo Barbou-des-Places, Anirudh Kumaraswamy, Minh Le, Bruno 
Leopoldo, Jonathan Pan, Jeevika Rajasekar

Mentor: Abby Schleigh



Do you need longer text?

● Galaxy Clusters
- Galaxies, baryonic gas, dark 

matter

● Incomplete understanding of 
gas structure in galaxy 
clusters

Background 

Credit: NASA, ESA, and J. Lotz and the 
HFF Team (STScI)



Do you need longer text?

● kSZ (kinematic Sunyaev-Zeldovich) Effect
- Photons interact with electrons with 

high kinetic energies 

Background 

kSZ eect

(Image by Sudeep Das, University 
of California-Berkeley)



Do you need longer text?

● tSZ (thermal Sunyaev-Zeldovich) Effect
- Photons interact with electrons with 

high thermal energy
- Inverse Compton Scattering

Background 

tSZ eect



Do you need longer text?

● Lensing profile (Kappa map)
- SZ profiles mainly consider baryonic 

matter (i.e. “normal” matter)
- Kappa includes dark matter and offers 

a reference to validate the data

Background 



Do you need longer text?

● Multipole Decomposition
- Profiles can decomposed into 

multipoles
- Each multipole represents a different 

level of complexity of the cluster s̓ 
structure

- m = 0 represents the simplest level, 
and higher values represent 
increasingly complex aspects of the 
structure

Background 



Research Question
We will construct kSZ and tSZ mean profiles from the ACT DR5 

Cluster-SZ catalog, and we will perform multipole decomposition of 

those profiles. Through ꭓ2 analysis, we will determine which 

multipole is “dominant” for each original profile, which will allow us a 

greater understanding of the structure of baryonic gas in galaxy 

clusters. 



Analysis of Gas 
Structure 
(Methods)



● The ACT telescope outputs signal maps 
(tSZ, kSZ, lensing convergence).

● The respective profiles of SZ signals, and 
kappa maps from the CMB

How is baryonic 
maer detected 
throughout 
clusters?

Atacama Cosmology Telescope 
(ACT)



Lensing 
Convergence Map

● For given cluster samples, we replicate Hadzhiyska s̓ methods in a Fourier 
transform of the cluster-matter power spectrum to a continuous map κ.

● This is a general calculation of the map for lensing convergence throughout 
clusters.



tSZ Signal Map
● The Compton-y parameter is a 

parameterization of the tSZ effect

● We need to construct our tSZ signal map, 
as seen below the Compton-y



ThumbStack -  CAP filter
● Python Package

● Removes noise (small fluctuations in the CMB)
● Acts as a band pass filter

● Same for tSZ and kSZ
● Creates a disk with radius θ_d and ring of same area around disk, calculates 

mean signal of both, subtracts signal of ring from disk   



ThumbStack - tSZ Stacking
● After the tSZ profiles for every cluster has been created, we need to stack 

them to make mean profiles
● Removes noise
● Improves signal strength
● To do this, we take the inverse variance weighted mean



ThumbStack - kSZ Stacking

● Velocity-weighted, inverse-variance weighted mean
● Solve linear continuity equation with  cluster overdensity 

to get 3D velocity field
● Based on the galaxy linear bias 
● Only line of sight component is needed



Signal Stacking & Multipole Decomposition

● Extract square cutouts of angular patches of the sky
● Model all 3 fields: kSZ, tSZ, gravitational lensing
● Compute observed field
● Average reprojected profile
● Construct decomposed profile at each multipole



Multipole profiles 

● Anisotropic properties
● m = 0, m = 1, m = 2, … 
● Properties and gas distribution
● Dominant multipole m =1 (merging of clusters) 



𝜒2  (chi^2) Analysis pt 1

● What are we doing with all these profiles, decompositions?
● Compare each multipole moment with the original profile

- Calculate cross covariance matrix
●                          , 1d array for multipole moment 

● Similarly,                          , original profile



𝜒2  (chi^2) Analysis pt 2

● Data validation
- To check for dust, use: with ML for Fmodel 

- To check for dark matter, compare to lensing profile

- To check for merging, check 𝜒2 for m = 1



Timeline
1/12–1/25:

- Download necessary catalogs, maps, and masks
- Getting our packages via python to work

1/26–2/08: 
- begin work on original radial profiles
- plugging our maps and cluster SZ data into ThumbStack.

2/09–2/22: 
- finish up the radial profiles and calculate the mean profiles
- being figuring out how multipole decomposition on kSZ works.

2/23–3/07: 
- begin decomposing original profiles into multipoles.



Timeline
3/08–3/21: 

- Continue focus on the multipole decomposition of the profiles, 
considering how much information we can extract through this process

3/22–4/04: 
- Run chi-squared tests between different sets of our data
- Compare the decompositions to the original profiles 
- Compare different types of profiles to each other (e.g. tSZ and kSZ)

4/05–4/18: 
- buffer period (in case weʼre behind in a previous step)
-  begin drafting our final project poster and presentation.



Expenses/Resources
● No expenses are anticipated, as all necessary data is publicly available 

through ACT.
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Quantifying Stripping in the Hydrogen Rich 
Supernova SN 2023axu

Mentees:
Isaac Chan
Alberto Diaz
Anirvan Gautam
Jeankarlo Gonzalez
Sai Praneth K.
Rianna Marquez

Mentor:
Aidan Martas



Overview 
● Goal: Studying SN 2023axu (typical Type IIP supernova) 

spectroscopic and photometric data
○ Photometric data reduced with the lcogtsnpipe pipeline

● Analyze SN 2023axu through radiative hydrodynamic modeling 
(RHD)

○ Determine progenitor metrics
● Growth in sample size of partially stripped Type IIP SN 

progenitors has led to motivation to investigate envelope 
stripping

Image credits: © pongpinun/Stock.adobe.com



Core Collapse Supernovae (CCSNe)
● Explosions of stars

○ Can be Type II, Type Ib or Type Ic
○ Provide crucial information about progenitors such as:

■ Type of heavy elements produced
■ Stellar environment prior to explosion

○ Photometry can provide insight to presence of 
circumstellar material (CSM), progenitor metrics, and 56Ni 
mass Image credits: 

https://science.nasa.gov/photojournal/kepler-beyond-planets-
finding-exploding-stars-core-collapse-supernova/● Nucleosynthesis of CCSN progenitors:

○ Fuse up to iron in core
● CCSN explosion

○ Fuses heavier elements, with one of the products 56Ni powering the nebular tail of the 
light curve through radioactive decay

○ Elements like Ca, Mg, etc. become more prominent in the spectra as temperature 
decreases and the supernova becomes more optically thin

https://science.nasa.gov/photojournal/kepler-beyond-planets-finding-exploding-stars-core-collapse-supernova/
https://science.nasa.gov/photojournal/kepler-beyond-planets-finding-exploding-stars-core-collapse-supernova/


Type II (Hydrogen-Rich Core-Collapse) Supernovae
● Most frequently observed core collapse supernova
● Prominent hydrogen lines in their spectra
● Photometry, Spectra vary greatly depending on subclasses

○ Subclasses include: IIL, IIn, IIb
○ Differences linked to progenitor parameters

● Circumstellar Material (CSM) presence
○ One of the key properties for all Type II progenitors
○ May interact with supernova ejecta 

■ Increase in luminosity at the start of the system
■ Alters hydrogen emission line geometry

Image credits (top to bottom): M. Modjaz 
https://www.mdpi.com/2218-1997/11/11/363, Poonam 
Chandra https://doi.org/10.3390/universe11110363



Type II Plateau (IIP) Supernovae
● Result from the explosion of red supergiants
● Display an extended plateau in luminosity lasting ~100 days

○ Evolution of the hydrogen recombination boundary is 
responsible

● Plateau ends when hydrogen sustaining the boundary is 
depleted

○ Ejecta becomes optically thin
● Plateau phase followed by nebular phase

○ Linear decline in luminosity powered by Ni decay 
chain

○ 56Ni → 56Co → 56Fe Image credits: Elisabeth Gall et. al
https://www.eso.org/~bleibund/talks/Bonn16-
EPM-pub.pdf 

https://www.eso.org/~bleibund/talks/Bonn16-EPM-pub.pdf
https://www.eso.org/~bleibund/talks/Bonn16-EPM-pub.pdf


Motivation
- The Theory:

- Type SNe IIP defined light curve plateau
- More Progenitor Mass → More Hydrogen (H) 

→ Longer plateau

- The Contradiction:
- Recent survey (Das et al. 2025) weak 

correlation (r = 0.42) between brightness & 
plateau duration

- High mass stars are exploding with short 
plateaus



Research Question
- The Hypothesis:

- Envelope Stripping: removal of H in progenitor
- Likely caused by binary interactions or stellar winds

- Precedent Studies:
- Analyses of SN2023ixf & SN2019hnl showed “partial 

stripping” models required to fit the photometry

- Our objective:
- Perform similar RHD analysis on a new target: 

SN2023axu



Partial stripping
● Causes lighter hydrogen 

envelopes
○ Less hydrogen → shorter 

plateau phase
● Concentration of Ni-56 emitting 

high energy gamma rays → more 
heat → extends the plateau

● Theories in red supergiants
○ Episodic mass loss (Stellar 

pulsations)
■ Quick CSM 

movement
○ Superwinds
○ Binary star interaction

Superwinds

Binary star interaction

https://docs.google.com/file/d/1-eP4hzw2KbKkoEPgBdWug_aIEI1Kzvh8/preview


Partial stripping
● Causes lighter hydrogen 

envelopes
○ Less hydrogen → shorter 

plateau phase
● Ni-56 extends plateau from 

gamma-ray reprocessing
● Theories in red supergiants

○ Episodic mass loss (Stellar 
pulsations)

○ Superwinds
○ Binary star interaction

Episodic mass loss

Superwinds
Binary star interaction



Photometry reduction
● Obtained multi-band imaging of SN 2023axu from 

LCO (gri) and DLT40 (B, V, g, r, i) to build a broad 
optical dataset.

● Processed LCO observations using the lcogtsnpipe 
pipeline to perform image subtraction, photometric 
calibration, and point-source extraction.

● Combined LCO and DLT40 photometry into a unified 
dataset for consistent light-curve construction.

● Corrected all observations for Milky Way extinction 
to produce an initial dereddened light curve.

● Plan to apply an additional host-galaxy extinction 
correction next semester.



● Plan to use RHD to generate models of stellar 
evolution and supernovae light curves

● Fit those models to observations of SN2023axu to 
find the most likely model

● MESA (Stellar Evolution)
○ Model the stellar evolution of the 

progenitor star of SN2023axu
○ Progenitor mass, explosion energy, and 56Ni 

mass
○ Parameters for an artificially scaled stellar 

wind to model partial stripping
● STELLA (Supernova)

○ Synthesize the light curve of the progenitor 
star modeled by MESA after shock breakout

○ Model CSM as a mass-loss element due to 
stellar wind

Radiative Hydrodynamic Modeling

Image credits: Martas et al. (2025)



Spectral analysis
● Plan to compare SN 2023axu’s spectra to a set of 

well-studied SNe II-P to establish a baseline for 
normal behavior.

● Look at the evolution of hydrogen features 
(specifically Hα) to check for signs of weakened 
hydrogen emission at nebular times.

● Use the [O I] λ6300, λ6364 doublet to estimate 
the progenitor’s core mass.

● Compare the expected Hα strength (based on 
core mass) with what we observe to test for 
possible hydrogen stripping.

● Use these comparisons as an initial observational 
check for signs of envelope loss.

Image credits: Martas et al. (2025)



Expenses and Resources
● O(10^2) − O(10^3) RHD models
● A single model requires ∼ 10^3 s of CPU time across 32 threads of an AMD Ryzen 9 7950X 

processor
● Compute server (i.e. Savio) will be needed to run in a realistic timeframe 



https://docs.google.com/file/d/1Ildg9ks2fbz8PMFBUttps2bGsZqM1ueX/preview


Timeline
● 01/19-01/26: Complete data dereddening & measure Ni-56 mass in preparation for RHD modeling
● 01/26-02/02: Finalize Ni-56 mass calculations, measure spectral and photometric statistics to compare with 

other SNe II
● 02/02-02/09: Finalize spectral statistics, compare spectra with RHD models
● 02/09-02/16: Begin RHD modeling with MESA+STELLA
● 02/16-02/23: Run, debug MESA+STELLA models

○ Repeat weekly 02/23-03/16
● 03/16-03/23: Continue analysis of MESA+STELLA models, finalizing results
● 03/23-03/30: Draw conclusions from MESA+STELLA models, determine if spectral modeling is justified
● 03/30-04/06: Compare results to that of similar SNe, identify connections and similarities in derived 

quantities
● 04/06-04/13: Buffer week for spectral modeling if chosen

○ Repeat weekly 04/13-04/20
● 04/20-04/27: Begin writing up project presentation
● 04/27-05/04: Finish writing up project presentation
● 05/04-05/08: Presentation



Works Cited
Chandra, Poonam. 2025. "Multiwavelength View of Circumstellar Interaction in Supernovae" Universe 11, no. 11: 363. 

https://doi.org/10.3390/universe11110363













Thank you!
Any questions?



Audrey’s Group



Observing 
an Exoplanet

Mentor(s): Audrey Omand
Mentees: Ryan Chang, Sean Johnson, Andrea Juarez Nava, Jeslyn Liu, Madison Melendez, Milo Richard



Table of Contents

Methodology Budget

TimelineBackground

Research 
Question



Research Question
Can we identify a TESS light curve that:
● Features a transit depth that is detectable by the Leuschner 

Observatory
● Has a period that is short enough for us to observe it multiple 

times within our timeline
● Has a strong signal-to- noise confidence interval

Can we definitively confirm its existence within its timeline? Could 
we potentially determine its atmospheric composition using 
Leuschner’s spectrometer?



Background
Our research project will use the Leuschner Observatory to observe potential exoplanet 
candidates found by the TESS satellite.

Leuschner Observatory:
● Located in Lafayette, CA and can be remotely operated from UC Berkeley and SFSU
● Has two main telescopes

○ Optical telescope used for infrared astronomy
■ Will be remotely controlled from Campbell Hall for this project

○ Radio telescope for radio astronomy

● 30-inch (76 cm) 
aperture

● SBIG STL-11000 CCD 
camera

Optical Telescope Features

☆

☆

● UBVRI photometer
● Spectrograph
● Fabry-Perot 

spectrometer



Methodology
- Our project will consist of three stages
- Filing through thousands of qlp (quick-look pipeline from MIT) 

- Determine what could  be an exoplanet based on specific 
characteristics

- Holistic assessment

Not an exoplanet Potentially an exoplanet



Our Top Candidate 



Methodology (cont.)
- Next, we will observe the object through multiple periods of transit with the 

Leuschner observatory and collect data
- Use Python as well as other methods such as dark subtraction and flat 

division to simplify and clean data
- Report findings



The “transit method” allows for the detection of exoplanets via 
observation of their host stars’ light curves. 

An object, such as an exoplanet, passing in front of (or “transiting” 
across) a star will cause a dip in the star’s light curve. Exoplanets, in 
particular, lend themselves to U-shaped dips. 

Transiting Exoplanet Survey Satellite (TESS)
- NASA-sponsored, MIT-led
- Still active
- Orbits the earth in a highly elliptical and P/2 lunar-resonant orbit 

(i.e., TESS completes two orbits for one lunar orbit)
- Features four highly-optimized, red-optical-sensitive, wide-field 

cameras
- As of October 13, 2025, TESS has confirmed ~705 exoplanets

Transit Method
PICTURES ON NEXT TWO SLIDES







Progress So Far

● Searched through 
thousands of TESS 
signals for potential 
signatures

● Cross-referenced 
potential candidates 
using SIMBAD for flagged 
false positives, existing 
exoplanets

● Identified top candidate 
for observation



Timeline - Next steps

January April

March
 Winter Break

Choose our exoplanet, find 
out when transit parameters 
were optimal, check with the 
professor availability to start 
observing

Begin observing the transit.  
Schedule observations at 
Campbell

Analyze the recovered data 
from the Leuschner telescope 
and compare it with the TESS 
data

Organize, publish and 
present our findings to 
mentors, students and 
faculty



Feasibility
Available Resources
● Leuschner telescope

○ Ground base observatory depends on ideal weather 
conditions and functionality of the telescope during 
transit period

● Time
○ Choosing a definite candidate and how much we time 

we take, affect when we are doing our first observation
○ Transit period and orbital period given by TESS → 

hinders the possibility of having sufficient observations



Budget

FREE!!!



Citations
References
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Bending Space, Time, and 
Light:
Microlensing Prediction Curves 
with PyTorch

ULAB Physics and Astronomy

Emilio Acosta, Hannah Eghtedari, Lily 
Myers, Joseph Ong, Andrew Wang, Sky Xu

Mentor: Caitlin Begbie



Background Research 
Question

Methods Timeline

12/9ULAB Physics and Astronomy

#
#


● Microlensing1 occurs when light from a source bends around a 
massive object that passes between the source and observer

● The object’s gravity acts as a lens, magnifying the light from the 
source

● During microlensing events, we can detect and measure the flux, 
or brightness of the source over time

● Analyzing microlensing curves allows us to infer properties of 
the lens such as its mass or distance from Earth

● Microlensing can help identify bodies that emit little light, such 
as planets, brown dwarfs, and black holes 

Background
12/9ULAB Physics and Astronomy



● Machine learning is defined as training a computer to complete a task 
but not explicitly coding it in, rather the computer learns off inputs and 
is rewarded when outputting the correct answer.

● We will be using PyTorch2, a package in Python which can perform 
machine learning. It has built-in neural networks to adapt to data and 
minimize loss3. 

● Other modules exist like TensorFlow which is more expansive, but 
PyTorch fits better for the time frame of this project.

● We will be using an RNN (Recurrent Neural Network), namely, an LSTM 
(Long Short Term Memory) for our data. 

● RNNs are based off sequence-based data, which is where data from 
the past is used to predict the future. LSTMs use both recent and 
long-term memory to predict the future.

● Flux-time graphs, the ones we get from microlensing events, are 
perfect examples of sequence-based models, so RNNs and LSTMs work 
perfectly.

Background
12/9ULAB Physics and Astronomy



 
Research Question

12/9ULAB Physics and Astronomy

★ What aspects of a microlensing light curve are most important for 
understanding and predicting single-lens events?

The key features are the baseline brightness, the rise toward the 
peak, and the peak itself. These show how the lensing effect 
strengthens as the source and lens move into alignment. By 
looking at how fast the brightness increases and how the peak 
forms, we capture the basic pattern the model needs to learn to 
predict the rest of the event4.



 
Research Question

12/9ULAB Physics and Astronomy

★ How can we use machine learning to predict microlensing curves in 
single-source, single-lens events?

We can train a model using PyTorch based on past microlensing 
light curves so it can learn how these events typically evolve, and 
then we use that trained model to predict how an ongoing event 
will continue in the near future.



● Using open-source data sets from OGLE5 
(Optical Gravitational Lensing Experiment) 
and potentially GAIA 

● Creating two sets of data, one for training 
the model and another for testing it

○ Training data will be full light curves 
while testing data will be “incomplete” 
light curves

○ Might create even more data sets for 
refining model

● Assign training data to the majority of the 
completed events 

● Assign testing data to the remaining 
completed events and cut off a portion of 
the curve to test our model’s prediction

● Compare the testing results to the real 
results and refine our model from there

● Finally, we hope to apply this model on 
ongoing events

Methods
Collecting Data Testing and Training

12/9ULAB Physics and Astronomy



Timeline

  

Start
Date

Goals

Break

Dec
22

Winter Break: Take 
25-Hour PyTorch Course6

  Review and OGLE Data 
Collection

  Build Testing/Training 
Datasets

  Build PyTorch LSTM model 
with Training Data

Wednesday

Jan
21

Monday

Feb
2

Monday

Feb
16

  

Goals

Monday

Mar
2

Test Model with Synthetic 
Data

  Refine Model For 
Accuracy (As Needed)

  Apply Model: Predictions 
and Margin of Error

  Final ULAB Project 
Presentations

Monday

Mar
16

Monday

April
6

Monday

May
4

12/9ULAB Physics and Astronomy

Start
Date



12/9ULAB Physics and Astronomy

1Shude Mao. Introduction to gravitational microlensing, 2008.
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high-performance deep learning library. Advances in neural information processing systems, 32, 
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3Brad Heintz. Introduction to pytorch – youtube series. 
https://docs.pytorch.org/tutorials/beginner/introyt/introytindex.html, 2025. Accessed: 2025 − 12 − 03.

4Street, Rachel, et al. Introduction to Microlensing — What Is Microlensing? Microlensing Source, 
2025, https://www.microlensing-source.org/concept/.

5Andrzej Udalski, Micha l Krzysztof Szyma´nski, and Grzegorz Szyma´nski. Ogle-iv: fourth phase of 
the optical gravitational lensing experiment. arXiv preprint arXiv:1504.05966, 2015.

6freeCodeCamp, PyTorch Course

References

https://www.microlensing-source.org/concept/?utm_source=chatgpt.com


Chuyun’s Group





Halim’s Group



Distant Kuiper Belt Object (KBO) 
Clustering and its Relationship to the 

Ninth Planet Hypothesis
Iris Shi, Hillary Tian, Bryan Ramirez, 

Alexander Huang



Outline:
1. Brief Introduction
2. Background
3. Research Question
4. Methodology
5. Resources and Libraries
6. Timeline



What’s beyond Neptune in our Solar System?
- Wobbles in Uranus led to Neptune being discovered in 1781 by Scientist 

Herschel
- Scientist Le Verrier’s mathematical predictions let to immediate discovery 

through observation 
- Pluto - but reclassified as a dwarf planet
- Kuiper Belt objects - beyond the gas giants

FOR CENTURIES, HUMANS HAVE ALWAYS BEEN CURIOUS WHAT ELSE IS IN 
THE OUTER SOLAR SYSTEM?

Natural question: Could there be another planet beyond our 8 planet system?

Allow us to introduce the current unexplained phenomena -> 



Background: The Solar System
-Trans Neptunian Objects TNOs are 
the broad category of objects 
gravitationally bound to the sun 
whose semimajor axes lie beyond 30 
AU

-Classical Kuiper Belt 30-50 AU. 

-Scattered Disk overlapping, sparse, 
more eccentric, and further out

-Sedna-like planets (highly inclined, 
eccentric and semi-major axis >50AU

(Wikipedia n.d.)

(Catalina Sky Survey n.d.)



Helpful diagrams

Inclination

Argument of Periapsis - General term for 
argument of perihelion (rotation in its own plane)

Longitude of the Ascending Node - orientation of 
the ascending node with respect to the vernal 
equinox

Longitude of Perihelion - The sum of the previous 
two orbital elements



Background: Anomalous Clustering

-Nodal confinement = orbital pole alignment
-Apsidal confinement + Nodal confinement = perihelion direction alignment
-Does not align with age of solar system and differential precession
-0.007% chance of observed clustering based on TNOs
-Observational bias does not explain clustering (longitudinal indifference, 6 surveys)

(Batygin 2016)



Research Question
Are the anomalous orbits of Kuiper Belt Objects best explained by the Ninth Planet 
hypothesis, or does new data suggest alternative explanations for the unexpected 
clustering?

- The Ninth Planet Hypothesis is our guiding framework 
- Direct observation is currently infeasible, but new telescope datasets are promising 
- WHAT WILL BE NEW - 10 yrs of new datasets, parameters, new techniques (machine learning…) and 

cross-comparison to other “opposing” hypotheses. 

Why did we choose this route?
a) Continue work of Batygin & Brown, making Ninth Planet Hypothesis more conclusive

i) Improve odds of detection and the likelihood of the existence of the Ninth Planet, constraining 
parameters

ii) Understand our data better (useful for any hypothesis or astrophysical theory development)
1) Useful for any hypothesis (e.g. Solar System formation theories)



Method: 3 branches, 1 tree

Theory
- Secular perturbation theory 

(Gauss averaging)
- Mean-motion resonance
- Hamiltonian
- New parameters

- Inclination (i)
- Longitude of 

ascending node (Ω)
(See slide 5 diagram) 

1. Data 2. Analytical 3. Numerical
Direct N-body simulations 
Monte Carlo Markov Chain sampling

- Orbital stability
- Avoid grid sampling for 4D 

parameter space
- Solar System age as limiting 

case 
- Vary from 10 to 15 Earth 

masses

Generating data in 
- Phase portraits
- Fit with real data 
- Evolution of orbit and 

formation (EXTENSION)

Databases 
- Vera Rubin Observatory @ 

Chile: NEW 2026 release 
(10 yrs)

- Subaru telescope -20 yr up 
to 2023

- GAIA - 2016 + 2022
- observation from Hawaii 
- NASA - Citizen project 2017 
- Eliminate parameters
- Likelihood function of 

parameters

Data analysis
- K-Means unsupervised 

clustering algorithm for 
exploratory data analysis

- Machine learning
- Convoluted Neural 

Networks
- Comparison with 2016 

Batygin EDA

Simulation results 
informs effectiveness, 
quality and source of 

data/analysis

Data and simulation 
trends inform direction 

of mathematical 
framework 

The initial equations 
in analytical help 

“guess” the function 
to fit the data



(Wiley Library n.d.)

Differential precession and stability

Methods (Analytical) Secular 
Perturbation Theory

Gauss’s Averaging 
Method Long Term Effects

(Batygin 2016)



Methods (Data + Numerical) 
K-means unsupervised + Markov Chain Sampling

-We will use K-means clustering to quantify the 
distribution of KBOs in parameter space.
-Try to identify dynamical reason for observed clustering. 
-Construct prior function from K-means and analytical 
theory.



BUDGET: FREE

Resources (build simulation w/):
- Python
- Packages:

- Astroquery (JPL.HORIZONS, Minor 
Planet Center, etc.)

- Rebound (simulation)
- SciPy
- MatPlotLib
- Pandas
- Astropy

- N3AS Supercomputing - Mentor Halim

Budget, resources, collaborations

Collaborations:
❖ NONE SO FAR!!!
❖ Potentially contacting 

Batygin & Brown at 
Caltech to present 
findings

(Possible) budget: $100 minimum for life+mental support (quote: “Boba” - 
Halim Perez :])



Demo N-body Simulations (Visuals with MatPlotLib)

Initial Setup First Result Inclination Variations



90

Winter Break 1/12–1/25 1/26–2/08

Query astronomical databases 
for KBO data & derive 
equations for understanding to 
determine analytical 
framework

2/09–2/22

Timeline

Begin EDA and use software to 
replicate simulations from 
Batygin & Brown (2016) for 
consistency and identify 
patterns to use in our methods

Construct the N-Body 
simulation with rebound, 
keeping our understanding in 
mind to reduce bias, 

We will continue independent 
research study (we WILL be 
enjoying our winter break)

➔ ➔ ➔ ➔

2/23–3/07 3/08–3/21 3/22–4/04 4/05–4/18

We will integrate simulation 
outputs with analytical 
predictions and observational 
datasets to produce a cohesive 
scientific narrative; finalize the 
scientific argument and 
synthesize the implications for 
the Planet Nine hypothesis 

Use MCMC to sample from the 
parameter space and create 
likelihood function for stability.
 
AND Start paper writing 

Compile all data and figures 
into research paper

Run Simulation under different 
scenarios and control scenarios 
for alternative explanations, 
and make statistical 
comparisons between 
simulated and real clustering 
scenarios.

➔ ➔ ➔
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Background

NASA/JPL-Caltech/T. Pyle (SSC)

● Gas and dust-rich structures surrounding young 
stars where planets form

● Chemistry comes from both the parent molecular 
cloud and internal disk processes

● Forms when a cloud collapses due to gravity 
overcoming internal pressure
○ Jean’s mass/Jean’s length

● Inner Disk: hot, dense, strong radiation, chemically 
active

● Outer Disk: cold, low density, molecules freeze
● Upper Layers: high radiation, gas-phase molecules
● Midplane: cold, dense, ices and solids common Öberg & Bergin 2021



Why Study Sulfur?
● Understanding where sulfur resides helps reveal the 

process of how chemicals are delivered to forming 
planets

● Investigate how sulfur becomes a part of the 
atmosphere and organics (potential life on 
exoplanets)

● Analytically, can assist with determining:
○ The local gas-phase C/O ratio, which strongly 

determines whether sulfur forms CS or SO
○ UV and X-ray radiation, which is the key driver 

for photodissociation
○ Temperature, which controls freeze-out of 

sulfur molecules

Keyte et al. 2023



Research 
Question
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Motivation
● Our overall goal is to examine sulfur-bearing molecules across various MAPS 

disks and evaluate how their abundances vary with stellar and disk properties
● Molecules of interest: CS, SO, C2S, & H2S

○ CS → typical most abundant sulfur-bearing molecule in the gas phase
○ C2S → particularly sensitive to environmental processing and chemical 

inheritance
● Comparing sulfur across disks provides insight into disk structure, chemical 

inheritance, and the partitions of volatile & refractory sulfur 

Öberg et al. 2021



By tracking sulfur-bearing molecules 
across protoplanetary disks with 
different physical properties, what 
trends can we observe, and what do 
these trends reveal about the disks’ 
physical and chemical conditions?



Key Assumptions
1. Gas-phase sulfur representation:

a. Detected sulfur-bearing molecules represent most observable 
gas phase 

b. DM Tau → only few sulfur species are detectable 
c. Even without full wavelength coverage, the species we observe 

capture a meaningful fraction of the relative sulfur abundance
2. Nondetections:

a. Many sulfur transitions are intrinsically faint
b. These provide upper limits on abundance

i. Upper limits indicate whether sulfur is: scarce, locked in 
solids/ices, or not efficiently produced

3. LTE, Excitation, & Optical Depth:
a. Assume LTE → molecular level populations follow a Boltzmann 

distribution
b. Adopt single excitation temperature → convert line intensities to 

column densities 
c. Assume optical thinness → observed intensity is directly 

proportional to true molecular abundance 
McZusatz, Wikimedia Common



Expected Outcomes & Hypothesis
● We expect systematic differences in gas-phase abundances across 

different MAPS disks
● These differences likely reflect variations in sulfur chemistry, 

environmental processing, and initial chemical conditions 
● Some disks may retain more sulfur in the gas phase, while others may be 

locked into solids or iceas more efficiently 



Methods
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Methods
● Data: ALMA MAPS survey of five disks

● Target molecules: CS, SO, C2S, & H2S

● Spectral Extraction: Data cubes analyzed in CARTA, spectra extracted at sulfur transition 

frequencies

● Line Identification and modeling: CASSIS used to confirm lines and fit LTE models

● Column Densities and trends: Calculated in Python and compared across disks to test 

sulfur abundance trends



Budget & 
Resources
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Budget and Resources
● Unlikely to need any expenses for our project
● Possibility of needing more storage space to hold large data sets

○ May utilize the computers at the PIL
● We use public databases such as Splatalogue to identify the molecular 

transitions and the ALMA archive to download the data of protoplanetary 
disks 

● CARTA and CASSIS are used for analysis



Timeline
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Timeline
1/20–1/30: Use Splatalogue to compile information (key transitions) to figure out what 
datacubes to download based on frequency from the ALMA archive and distribute disks

2/4–2/27: Each person uses CARTA for spatial analysis to search and extract any spectral peaks, 
then finding the molecules creating the peaks using CASSIS, making sure to correct for source 
velocities of individual disks

3/2–3/27: Calculate integrated-flux column densities based on extracted spectra in Python, and 
verify via LTE modeling in CASSIS. Analyze the resulting abundances to create final visualization 
plots (ex. moment 0 maps, continuum maps, etc) 

3/30–4/10: Make a conclusion about the effects of sulfur-bearing molecules throughout the 
stages of our protoplanetary disks. 

4/13–4/24: Create final deliverables
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Background1 Overview of the Parker Solar Probe Mission & 
FIELDS Instrument



Parker Solar Probe (PSP):
● NASA launched a mission in 2018 to study the Sun up close

● Closest spacecraft in history—within ~10 solar radii

● Goal: investigate the solar corona, solar wind, and magnetic fields that 
affect Earth

● Carries multiple instruments, including FIELDS, which measures electric & 
magnetic fields in the solar environment

Why PSP Matters:

● First mission to physically enter the Sun’s atmosphere
● Helps explain how the Sun accelerates the solar wind & structures the 

heliosphere



FIELDS & High-Frequency Receiver (HFR):
Detects radio waves 10 kHz – 19 MHz

Converts electric-field fluctuations into Power Spectral Density (PSD)

PSD shows bursts of radio energy from:
● Electron beams
● Plasma waves
● Turbulence in the inner heliosphere

What this reveals:
● Insights into kinetic processes and nonthermal particle populations (Mostafavi et al., 2023)

● Observations of plasma transitions below the Alfvén critical surface

● New perspective on how radio emissions evolve as near-Sun conditions change

● Daily HFR spectrograms → track solar radio activity and how plasma environments 
generate/modulate radio emissions



Research 
Question2
What are we doing with the PSP and why?



Motivation/Deeper Background
● Parker Solar Probe (PSP) provides 

high-resolution, close-in measurements of these 
rapid variations.

● Mostafavi et al. (2024): PSP/HFR observations 
reveal detailed transient burst structure and 
emphasize the need to separate true solar 
features from instrumental artifacts.

● Kasper et al. (2021): PSP’s changing heliocentric 
position and plasma environment significantly 
affect the brightness of detected emissions.

● Additional studies (e.g., Guo 2023) show that 
propagation effects, spacecraft geometry, and 
plasma density also shape observed radio 
power.

Dynamic spectra of Type III solar radio 
bursts showing bright, fast-drifting streaks 
and fine structure. 



Research Question

● How does solar radio power vary with time and frequency over the 
course of a day as measured by the PSP FIELDS High Frequency 
Receiver, and what physical or instrumental processes produce these 
variations?



Research Goal/Hypothesis 
Goal:

● Identify and interpret patterns in PSP HFR spectrograms that arise from real solar 
radio bursts, propagation effects, or spacecraft–environment interactions.

Hypothesis:

● The most prominent brightness changes will correspond to transient solar radio 
bursts.

●
● Quieter frequency bands will show slower trends influenced by PSP’s plasma 

environment.

● A key part of the analysis is determining how effectively these features can be 
distinguished from instrumental noise or systematic effects noted in Kasper et al. 
(2021) and Mostafavi et al. (2024).



Methods3



FIELDs instrument suite
Consists of

- V1-V4 electric antennas
- V5 voltage sensor 
- 1 search-coil magnetometer
- 2 fluxgate magnetometers

Radio Frequency Spectrometer (RFS):
- Solar radio emissions up to 20 MHz are 

measured on components of the 
fluctuating electric field (Bale 2016)

We want the high-frequency range (HFR): 
~1.6 MHz–19.2 MHz (Bale 2016)



Approach 

● If radio brightness depends on both solar activity 
and PSP’s viewing conditions, we expect structured 
patterns in daily PSP HFR spectrograms.

● Active, burst-rich frequency bands should differ 
from quiet background bands.

● Instrumental effects (noise, aliasing, gain changes) 
can mimic real variability; hence, understanding 
time–frequency evolution is essential.



Methods
RFS HFR data is publicly available
Python packages used for data analysis:

- Numpy (array manipulation)
- Scipy (statistical analysis)
- Matplotlib (plotting imshow)
- Cdflib (data I/O)

Plots will be assessed to find solar 
radio bursts by observing PSD values 
and solar noise variation at different 
frequencies. And applying methods 
such as Stokes parameters to see where 
noise is strongest.
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Budget/Resources
● PSP/FIELDS data is made public online by NASA

● Python (NumPy, SciPy, Matplotlib, CDFlib)

● As we will be using public data and online software, we are not expecting 
any expenses or the requirement of any physical equipment



Timeline5



Goals from Late January to Mid April
Late Jan

Download data, set up 
shared repository, baseline 

loader and pcolormesh

Early Feb
Raw waterfall plots, 

time/freq formatting, 
check consistency for 

log-freq axis

Late Feb
Daily mean/STD spectra, 

identify quiet vs noisy 
intervals

Early - Mid 
March

Separate instrument noise 
from solar noise, compare 

filtered to raw data, 
solar-noise features

Late Mar - Early 
April

Summarize month-long 
trends, build combined 
plots, stacked spectra, 
daily noise timelines

Mid April
Finalize cleaned dataset 

and figures, prepare 
group presentation and 

poster
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Subject Background

ULAB Project Proposal: Group 3 (BayesAna)Subject Background #1

Higgs Boson:

● The Standard Model
○ Fermions

■ Matter particles, half 
integer spin, obey Pauli 
Exclusion principle, quarks 
and leptons

○ Bosons
■ Force-carrying particles, 

integer spin
○ Higgs Boson

■ Give particles their mass, 
multiple decay modes

Table of Elementary Particles



Subject Background

ULAB Project Proposal: Group 3 (BayesAna)Subject Background #2

Discovery:
● Experiment

○ Large Hadron Collider (LHC) at 
CERN

○ Proton-proton collision 
○ Diphoton & W and Z boson 

decay channels
● Detector - ATLAS

○ Inner detector
○ Electromagnetic calorimeter
○ Muon spectrometer

● Frequentist analysis 



Subject Background

ULAB Project Proposal: Group 3 (BayesAna)Subject Background #3

Bayesian Statistics:

● Statistical Inference: Frequentist vs. Bayesian
○ Long-run probabilities
○ Updating probability

● Bayes’ Theorem
○ Priors - assumptions about parameters

Posterior



Parameters of Interest vs Nuisance Parameters:

● Interest: physical properties determined in experiment
○ Signal strength (μ = 1 = Higgs), Higgs Couplings, Higgs Mass and decay 

rate
● Nuisance: background parameters that clean data, help with 

uncertainty
○ Calibrations, detector accuracy, other systematic uncertainties
○ Bayesian analysis primarily used
○ Constrained via Probability Density Functions

Subject Background #4 ULAB Project Proposal: Group 3 (BayesAna)

Subject Background



Research Question

ULAB Project Proposal: Group 3 (BayesAna)Research Question

Project Goals:

● Rediscover (statistically) the Higgs boson

● Determine parameters of interest and nuisance parameter to fit the signal model

● Study the discovery sensitivity

● Comparison between frequentist and Bayesian analyses of the particle’s invariant 
mass spectrum



Methodology

ULAB Project Proposal: Group 3 (BayesAna)Methodology #1

● Step 1: Data processing:
○ Retrieve Higgs datasets from 

CERN Open Data Portal
○ Data Cutting

■ Removing unusable data
○ Understanding detector effects

■ Process 1: Resolution 
Function

■ Process 2: Data Unfolding 

Towards Universal Unfolding of Detector Effects in High-Energy Physics using Denoising Diffusion 
Probabilistic Models (C.Pazos, 2024).



Methodology (continued)

ULAB Project Proposal: Group 3 (BayesAna)Methodology #2

● Step 2: Create Posterior Distribution
○ Estimate priors

■ Use theoretical spectrum, pre-Higgs search constraints to inform prior 
distributions

■ Set up reasonable parameter assumptions
○ Set up Poisson log-likelihood function
○ Compute posterior distribution from product of priors and likelihood function 

(Bayes Theorem)

Poisson 
log-likelihood 
function



Methodology (continued)

ULAB Project Proposal: Group 3 (BayesAna)Methodology #3

● Step 3: Posterior Sampling
○ Utilize Julia’s BAT.jl Markov Chain Monte 

Carlo (MCMC) algorithms to optimize fit 
function

■ Metropolis-Hastings: Floats parameter 
to test effects on fit function (time 
intensive)

■ Hamiltonian Monte Carlo: Optimizes 
parameters based on Hamiltonian 
gradients (computationally intensive)

○ Determine optimal parameters, covariance 
matrices, and confidence intervals from 
MCMC

○ Learn about parameters of interest and 
nuisance parameters

http://bat.jl


Methodology (continued)

ULAB Project Proposal: Group 3 (BayesAna)Methodology #4

● Step 4: Model Testing
○ Run toy experiments based on MCMC results

■ Generate Poisson fluctuated datasets similar 
to original ATLAS data

■ Plant Higgs signal within some toy 
distributions, leave others as 
“background-only”

■ Run toy distributions through our model to 
determine discovery sensitivity, set limits

The distribution of the invariant mass of the two photons in the ATLAS 
measurement of H→γγ using the full 2015+2016 data set (ATLAS 
Experiment/CERN, 2016).



Methodology (continued)

ULAB Project Proposal: Group 3 (BayesAna)Methodology #5

● Step 5: Verify Results
○ Compare with ATLAS results

■ If Higgs discovery is replicated:
● Analyze uncertainty
● Improve model

■ If discrepancies found:
● Re-fit and revise model

○ Analyze for new insights 
■ Demonstrates potential for particle physics 

● Answers new questions 
The distribution of the invariant mass of the two photons in the ATLAS 
measurement of H→γγ using the full 2015+2016 data set (ATLAS 
Experiment/CERN, 2016).



Budget & Resources

ULAB Project Proposal: Group 3 (BayesAna)Budget & Resources

● Budget = Free!

● Higgs detection data from the CMS Open Data Portal

● BAT.jl package (Julia), Datahub

● Computational power–laptops



Project Timeline

ULAB Project Proposal: Group 3 (BayesAna)Project Timeline

12/20-1/19: Dataset Exploration and Technical Foundation

1/19-1/26: Detector-level Distribution Study

1/26-2/02: Resolution Function and Efficiency Modeling/Extraction

2/02-2/23: Forward Model/Unfolding Construction

2/23-3/02: Likelihood Function Construction

3/02-3/23: Posterior Sampling via MCMC and Debugging

3/23-3/30: Toy Dataset Generation and Evaluation of Discovery Sensitivity and Limits

3/30-4/13: Comparison with ATLAS/CMS results and Finalization
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Plasmasphere
● Torus of cold, dense plasma 
● 1-2 eV particles at 2-6 L-Shell
● Forms from ionospheric plasma travelling 

along magnetic field lines

Radiation Belts
→ Inner Belt: 
● Protons (> 100 MeV) at 1.2−2.5 L-Shell

→ Outer Belt: 
● Electrons (0.1–10 MeV) at 3−9 L-Shell

(overlaps with outer radiation belt)
● Sensitive to geomagnetic conditions (Loss 

mechanisms: microbursts, radial diffusion, 
EMIC waves…)

Plasmasphere & Radiation Belts
(Heilig, 2023)

(Walton, 2022)



Corotation: the ExB drift driven by Earth’s rotation that forces plasma to rotate 
around Earth at the same angular velocity as the planet.

Convection: the sun driven ExB drift produced by the solar wind generated 
dawn-to-dusk electric field that moves plasma sunward and causes erosion

Background: Plasmaspheric Plumes

The big idea: competition

● At lower L-shells, corotation 
dominates so plasma rotates 
around the Earth

● At higher L-shells, magnetic field 
strength decreases → convection 
drift dominates → plasma swept 
sunward → plume forms



Origins: 
● Tiny electromagnetic fluctuations (seed fluctuations) are always present in the 

plasma (thermal noise or background turbulence).
● Low-frequency plasma waves driven by temperature anisotropy (T⊥ > T∥) in 

ions (H⁺, He⁺, O⁺). This free energy is transferred into these fluctuations to 
create EMIC waves via cyclotron resonance

Effects: 
● Scatters electrons in the plasmasphere, increasing chances of precipitation/e- 

decay

Interaction with Plumes: 
● Plasmaspheric plumes enhance EMIC growth, acting as catalysts
● EMIC activity typically occurs at plume boundaries (since conditions favor ion 

resonance & wave growth)

Background: EMIC (Electromagnetic Ion Cyclotron) waves



Different loss mechanisms affect different energy electrons:

● Low energy mechanisms (≤ 1 MeV): chorus and hiss waves, microbursts
● High energy mechanisms: EMIC waves, magnetopause shadowing, etc

To what extent are EMIC-plume interactions the dominant loss mechanism of higher 
energy electrons, and how does the agreement between the theoretical prediction 
from QLT and observed decay rates from the Van Allen Probes vary over different 
energy channels?

Our hypothesis: High energy electrons will have greater decay rates that match 
predictions from QLT, meaning EMICs are likely the dominant loss mechanism. 

Research Question



PySpedas package (space & ground based 
data) → Van Allen Probes data

Criteria for identifying plumes:

(1) Van Allen Probes outside plasmapause 
(i.e. e- density decreases by > 5x in 0.5 L shell)

(2) e- density sharply increases ( > 5x within 
0.5 L shell), & exceeds that of Sheeley et al. 
(2001)’s model:

ne = 1390 ( 3 / L ) 4.83 – 240 ( 3 / L ) 3.60

Methods: Identifying Plumes

(Li et al., 2025)



EMIC waves resonate with 200 keV - 10 MeV

Plume-EMIC Events: Select events where EMIC 
waves and plumes occur together.

Identifying EMIC Waves
EMIC Wave Identification Methods

FFT: Analyze magnetic field (0–5 Hz) to get power 
spectral density (PSD).
Bands: Confirm EMIC in H⁺, He⁺, or O⁺ gyrofrequency 
ranges.
Polarization: Left/Right test for verification.



J0 : initial e– flux the moment e– flux starts to decrease

J(t) : final e– flux (immediately before flux begins to increase)

t : duration of the decreasing e– flux

τ : decay rate/lifetime of e– that remain trapped before scattering to atmosphere

Lifetime can be derived from the equation for all energy channels (ranges) on the satellite.

Obtaining the Observational Decay Rate / Lifetime (τ)
J(t) = J0e–t/τ



● QLT assumes weak and linear wave-particle interactions where the 
perturbation field is smaller than the background field

● Using the methods of Fast Fourier Transformations (FFT), we get inputs used 
for QLT: wave amplitude, density, B-field, ion composition, and wave-normal 
angle

● Using all these inputs, QLT calculates the pitch angle diffusion coefficient D𝝰𝝰 
for EMIC scattering

● The theoretical lifetime is then obtained from the following equation

Using Quasi-linear Theory (QLT)



Timeline

1/29–2/16 Part 1: 
Find candidates of 

EMIC-Plume 
interacting 

events.

4/13–4/20 Part 4: 
Compare the 

theoretical lifetime 
with the observed 

lifetime of electrons

3/09–4/08 Part 3: 
Arguably the longest 
part of our project. 

Calculate the 
theoretical decay rate 
caused by the ”Super” 
EMIC wave using QLT.

2/16–3/09 Part 2: Create 
a spectrogram 

showcasing the electron 
flux changing over time. 
Calculate the decay rate 
for all energy channels.
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Background: The search for 0ν𝛽𝛽
Neutrinoless double-beta decay (0ν𝛽𝛽):

● If no neutrinos escape/ only two 
electrons emitted:

a. Emitted neutrino = absorbed 
neutrino

b. Neutrino = own antiparticle 
(Majorana particle)

Significance:
● Violates lepton-number conservation 

→ beyond the Standard Model.
● May explain matter–antimatter 

asymmetry.https://amore.ibs.re.kr/about/double-beta-decays/



Background: CUORE & CUPID
CUORE: 988 TeO₂ crystal bolometers at 10 mK
CUPID: added light detection for α/β discrimination
Berkeley Lab detector: 14 mK



Background: Current Problem

● Signal output is extremely small
● Experiment must be extremely low noise
● mechanical vibrations
● Cryogenic temperature effects
● Energy resolution
● Background events 

High Electron Mobility Transistors (HEMTS) offer a potential solution:
Low noise transistor, high speed, high performance at low temperatures 



Research Question

Can we design a cryogenic HEMT-based charge amplifier low-noise, 
stable, and compact enough to be mounted close to a CUORE/CUPID 

bolometer that achieves competitive (or better) performance than 
existing JFET-based electronics?



Sub-Questions
1. What amplifier topology yields the lowest noise and most stable gain at cryogenic 

temperatures?

2. How should feedback, coupling, and biasing elements be sized for a T eO2 
bolometer with ≈130 pF detector capacitance?

3. Can we create a manufacturable PCB that meets cryostat constraints for 
grounding, parasitics, and mechanical integration?

4. How close can we come to the ≈100 eVee baseline noise used by experiments such 
as CDMS and CUORE?



Methods
1. Choose HEMT (chose MGFC4419G HEMT transistor for voltage output properties)
2. Choose PCB design (based design off [1]) 
3. SPICE simulation for passive values
4. Create initial PCB layout
5. Order & solder
6. Test at cryostat testbed, 4k

a. Measure signal, noise level, amplification
7. Revise layout accordingly & repeat testing until satisfactory results 



Schematic & SPICE Simulation



Layout
1. HEMT die is 0.3mm 

across and needs special 
equipment to be installed

2. Trace lengths must be 
reduced as much as 
possible

3. Board geometry should be 
formatted and designed 
for cryogenic 
temperatures



Budget/Resources
Budget ($400):

● PCB board - $200
● HEMT chips - $100
● Misc. PCB materials - $100

Resources:
● KiCad
● SPICE



Timeline
S1:
Weeks 1-3: theoretical study
Weeks 3-6: KiCad Schematic & PCB design
Weeks 6-10: Internal architecture comparison & refinement
Weeks 10-14: SPICE simulation
Weeks 14-15: Consolidation & mid-year report

S2: 
Weeks 1-10: modify, assemble CHAD, order breadboard, test in room temperature, repeat
Week 11 (if possible): test final design in cryostat conditions
Week 12-14: buffer 
Weeks 13-15: work on final deliverables
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