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Abstract 

NASA’s Magnetospheric Multiscale (MMS) mission has revolutionized the understanding of space 
plasmas through unprecedented high-resolution measurements of particle velocity distribution functions 
(VDFs). Although MMS was designed primarily to study Earth’s magnetosphere, its orbit regularly 
carries it into the solar wind (the plasma flowing out of the Sun). These solar wind observations remain 
underutilized because the existing plasma data products were optimized for denser, hotter magnetospheric 
conditions and therefore are not ready for most scientific, quantitative analysis in the relatively low-
density, low-temperature solar wind. Leveraging modern machine learning (ML) and statistical fitting 
techniques, this project will reprocess the MMS solar wind VDF data to recover accurate estimates of 
plasma moments: density, bulk velocity, and temperature. This project will enhance the University of 
Delaware’s visibility in heliophysics and space data science by establishing a new framework for ML-
based data reprocessing and generating preliminary results and algorithms suitable for open 
dissemination. 

 

 



Narrative 

Background and Motivation: The NASA Magnetospheric Multiscale (MMS) mission provides the fastest 
measurement of particle velocity distribution functions (VDFs). This has made it possible to probe very 
small-scale physics in space plasmas for the first time. The MMS mission has achieved groundbreaking 
science in the magnetosphere region (Burch & Phan 2016). However, MMS data in the solar wind represent 
an untapped resource for studying kinetic-scale turbulence, energy dissipation, and wave–particle 
interactions under pristine plasma conditions (Bandyopadhyay et al. 2018, 2020).  

However, the current MMS plasma data products are not readily suitable for scientific analysis in the solar 
wind. An example of this can be seen in Fig. 1, where we compare the solar wind proton temperature by 
two NASA spacecraft in near-Earth space: MMS and Wind. While Wind measurements are more reliable, 

they are an order of 
magnitude slower than the 
MMS measurement cadence. 
Figure 1 shows that the MMS 
estimates of solar wind 
proton temperatures are 

systematically overestimated and 
noise dominated both of which are 
likely effects of the processing. 

The onboard plasma instruments and associated moment calculation algorithms were optimized for the 
higher densities and higher temperatures typical of the magnetosheath. In the cold, tenuous solar wind, 
these algorithms often yield unreliable or incomplete plasma moments (density, bulk velocity, temperature). 
As a result, a rich trove of high-resolution solar wind data remains largely inaccessible to the heliophysics 
community. 

The central goal of this project is to develop and validate a new data reprocessing framework to recover 
reliable plasma parameters from existing MMS VDFs in the interplanetary solar wind. The proposed work 
will establish the technical foundation required to pursue external NASA funding for large-scale MMS solar 
wind data reprocessing and public dissemination. 

Approach: While space plasma instruments measure the statistical distribution of particle energies and 
directions, those measurements need to be processed to extract the plasma parameters– e.g., density, 
velocity, and temperature (see Sections 1 and 3 of Maruca (2012) for a detailed description).  The MMS 
Team currently calculates these plasma parameters by simply integrating over the distribution function 
obtained from the particle counts measured by the Dual Electron Spectrometers (DES) and Dual Ion 
Spectrometers (DIS) in the Fast Plasma Investigation (FPI) suite (Pollock et al. 2016) onboard MMS.  

However, in the solar wind, a majority of the DIS and DES sensors do not measure any counts. In this 
situation, a straightforward integration of the VDF gives rise to high uncertainties. In this project, instead 
of integrating the VDFs to compute plasma moments, we propose to fit models to the measured VDFs 
which will give the density, velocity, and temperature as parameters in the fit. Figure 2 shows an example 

Figure 1: From Bandyopadhyay et al., (2020): the solar wind proton 
temperature measured by MMS and Wind spacecraft. The MMS 
instruments significantly overestimate the temperature values. 



of fitting Maxwellian to VDF measured by Wind spacecraft, 
using a code called dvapbimax, developed by Prof. Maruca. We 
will build on this code to extend similar analysis with MMS 
VDFs. 

We will design and test an advanced data analysis pipeline that 
integrates physics-based fitting with machine learning (ML)–
assisted correction and quality control. The project objectives 
are: 1. ) Reprocess MMS solar wind VDFs to estimate plasma 
density, velocity, and temperature with improved accuracy and 
completeness. 2.) Validate results by comparing reprocessed 
plasma moments with independent measurements from other 
spacecraft other spacecraft in the near-Earth solar wind (e.g., 
Wind, ACE). While plasma measurements from Wind and ACE 
spacecraft are orders of magnitude slower than those from 
MMS, they will still be invaluable for calibration. 3.) 
Demonstrate proof-of-concept intervals across multiple mission 

phases to ensure the approach is robust to instrument configuration and operational mode changes. 

The reprocessing pipeline will combine existing plasma calculation routines (e.g., moments from 3D VDFs) 
with ML-based fittings on simulated distributions and empirically validated datasets. Initial development 
will be carried out in Python, leveraging open-source tools for regression and anomaly detection. The 
pipeline will include uncertainty quantification to assess the confidence level of derived plasma moments. 

The project includes a two-tiered mentoring structure. Faculty Mentoring: Associate Prof. Bennett Maruca 
will mentor Assistant Prof. Riddhi Bandyopadhyay on advanced VDF fitting, calibration, and validation 
strategies, drawing on his extensive experience with Wind data analysis. Prof. Maruca is already Prof. 
Bandyopadhyay’s faculty mentor in the Department of Physics and Astronomy, and they have an established 
history of research collaboration (e.g., Bandyopadhyay et al. 2022; Maruca et al. 2018). Student 
Mentoring: Both Prof. Maruca and Prof. Bandyopadhyay (primary) will mentor Ph.D. student William 
Taranto, who will perform data processing, algorithm development, and testing. William will gain hands-
on experience in heliophysics, statistical modeling, and ML tools, providing valuable training for a future 
research career in space plasma physics. 

The proposed milestones are: 1.) Select representative MMS solar wind intervals which have already been 
used in previous solar wind studies. The selected intervals will span a wide range of plasma conditions (e.g., 
densities, speeds, temperatures, and plasma beta). 2.) Develop baseline physics-based reprocessing routines 
for density, velocity, and temperature estimation. 3.) Begin ML model training on synthetic and selected 
MMS intervals. 4.) Integrate ML corrections into the reprocessing framework. 5.) Validate results through 
cross-comparison with Wind and ACE plasma data. 6.) Use outcomes to support a NASA Heliophysics 
proposal (e.g., Heliophysics Supporting Research, Heliophysics Guest Investigators – Open, Heliophysics 
Data Environment Enhancements). 7.) Release code and documentation to the research community through 
GitHub and UD repositories. Present results at the AGU Meeting, 2027 and publish the results in peer-
reviewed, open access journal. 

 

Figure 2: From Maruca (2012): a 
Wind ion VDF and associated fitting. 
The blue curve represents a 
Maxwellian fitting of the proton VDF 
and the green curve represents the 
alpha ion population.  

 

 

http://nrs.harvard.edu/urn-3:HUL.InstRepos:9547903
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Plan for Seeking External Funding 

The expected outcome is a validated proof-of-concept demonstration showing that MMS solar wind 
VDFs can be reliably reprocessed to derive reliable plasma parameters using ML-aided techniques. These 
results will provide a foundation for a larger NASA proposal focused on full-mission data reprocessing 
and community release. The project directly aligns with NASA’s Heliophysics System Observatory Data 
Environment and Heliophysics Guest Investigator program priorities, both of which seek improved 
accessibility and scientific use of existing mission datasets. 

Beyond enabling external funding, the proposed work will position the UD as a leader in data-driven 
heliophysics research. It will create opportunities for interdisciplinary collaboration among plasma 
physicists, data scientists, and engineers, and it will contribute to the training of the next generation of 
researchers in computational space science. 



Relevance of Proposed Activities to NASA EPSCoR RID mission, and relation to Existing Research 

Strategic Objective 1.2 of the NASA 2022 Strategic Plan seeks to "[u]nderstand the Sun, solar system, 
and universe.'"  The proposed project will directly support efforts "to understand the Sun and its 
interactions with Earth, the solar system and the interstellar medium."  Though the vast majority of the 
universe consists of plasma, the solar wind is one of the very few space plasmas accessible to spacecraft.  
Thus, improved plasma moment evaluations from the MMS spacecraft will also help to "discover the 
fundamental physics governing how the universe works." 

The project will greatly benefit the already ongoing MMS mission of NASA. MMS has already resulted 
in groundbreaking discoveries. The outcome of this project will open a new pathway for MMS 
investigations in the solar wind using plasma data.  

The proposed research will help the PI, an early career faculty at the University of Delaware, to launch his 
group with a new direction of research. The activities of the proposed work will position the University of 
Delaware as a leader in data-driven heliophysics research. It will create opportunities for interdisciplinary 
collaboration among plasma physicists, data scientists, and engineers, and it will contribute to the training 
of the next generation of researchers in computational space science. 
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Budget Justification 
 

SENIOR PERSONNEL 
Dr. Bandyopadhyay, PI, will serve as Project Director and will oversee the entire project. 
Additionally, he acts as the doctoral supervisor for graduate student, William Taranto, for the project 
and will directly work with William Taranto on interval selection, downloading the data, and data 
analysis. He will devote 0.5 summer month for the project.  

 
Dr. Maruca, Co-I will help with writing the new fitting routines for observational distribution functions 
and will devote 0.5 summer month for the project. 
 
Both Dr. Bandyopadhyay’s and Dr. Maruca’s 9 month salary is supported by UD, and they will devote 
appropriate additional effort on the project as they arise.  

 
 OTHER PERSONNEL 
Funding is requested to support one Graduate Student in the College of Arts and Sciences, Physics 
department for three months. The Graduate Student will work on downloading the MMS data and 
applying new fitting routines to evaluate improved moments.  The annual salary amount for a Graduate 
Student in the Department of Physics & Astronomy is $36,000 for 12 months effort. 
 

 
FRINGE BENEFITS 
According to University policy, fringe benefits are calculated as 43.9% for faculty and professional 
Employees, 7.4% for graduate students, 71% for Salaried Staff, and 5.5% for undergraduate students and 
miscellaneous wage employees.  

 
DOMESTIC TRAVEL 
Domestic travel is requested for the PI, Co-I and grad student to attend conferences such as American 
Geophysical Union (AGU) Fall meeting.  Costs include registration ($566), airfare ($500) ground 
transportation ($250), lodging ($800), and meals $450  per person. Attendance at this conference will 
benefit the project by engaging with the community and disseminate results to the broader community.  

 
OTHER DIRECT COSTS 
Publication Costs- $955 for the Astrophysical Journal. 
 
INDIRECT COSTS 
The University of Delaware’s provisional indirect cost rate of 60%, effective 7/1/2025, was used.  The 
University of Delaware’s Facilities and Administrative (F&A) rates are approved by the Department of 
Health and Human Services. The distribution base for the F&A rate is MTDC. Equipment, capital 
expenditures, charges for patient care, tuition remission, rental costs of offsite facilities, scholarships, 
fellowships, vessel (ship) charges, participant support costs and the portion of each subcontract in excess 
of $25,000 shall be excluded from the modified total direct costs.  

The University of Delaware will consider the costs and requests in the justification approved if an award 
is made and no contrary guidance from the agency is included in the award notice.  
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EDUCATION
2016- 2020 Ph.D. in Physics, University of Delaware, Newark DE, USA

Thesis supervisor: Prof. William H. Matthaeus
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