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Abstract

Understanding how turbulent energy is transferred and dissipated in the Sun- heliosphere system re-
mains a major scientific challenge. Accurately measuring the energy dissipation rate in space plasmas is
notoriously complex, due to its inherent three-dimensional, scale-dependent nature, anisotropic plasma
environments, and the need for multi-point measurements. This project addresses these challenges by
applying three advanced analysis methods: DA, LPDE and special 60° polar angle, to observations from
multiple space missions that span the Sun, the solar wind, and Earth’s magnetosphere. This research
directly addresses the NASA SMD Heliophysics objective “Explore and characterize the physical pro-
cesses in the space environment ...” and aligns with the science goals of NASA space missions MMS
and HelioSwarm. The results of this project will provide a foundation for future proposals to NASA
Living With a Star and Heliophysics Foundational Research programs. The project will also strengthen
research and education in Delaware by involving graduate students and expanding collaboration across
institutions.



Narrative

Research question: What is energy dissipation rate across the Sun—heliosphere system, from the Sun,
through the solar wind, to the magnetosphere? Answering this question is essential for understanding long-
standing mysteries in space physics, such as how the solar corona and solar wind are heated and how energetic
particles are accelerated. Although the question seems simple, it has remained difficult to answer because
of complex theoretical and technical challenges, despite the significant efforts in the last several decades.
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spectives, and the turbulence “cascade” [1-4] has been
adapted to quantify energy dissipation rate €. A turbu-
lent (magnetized) fluid can be imagined as an ensemble
of eddies of different sizes. The basic picture separates
such structures into three regimes in Fig. 1: (i) the energy-containing scales include the large eddies that
inject energy into the system (like the whirlpool that forms in a cup of coffee when it is stirred), (ii) the
dissipation range comprises all the small-scale effects that dissipate the energy (e.g. into internal energy and
increasing temperature), and (iii) the inertial range includes all intermediate scales across which energy “cas-
cades” from the injection to dissipation regimes. Building on this picture, the three regimes are represented
by terms 7', D, F'. The equation describing the energy transfer across time and scales for homogeneous in-
compressible magnetohydrodynamics (MHD) [2, 5] can be written as 1"+ F'+ D = €. As shown in Fig. 1,
the time-dependent term (7") is dominant at very large (injection) scales, the second term (F’) grows in the
inertial range, and the dissipative term (D) becomes relevant at small scales. This delicate balance suggests
that if we were able to measure any one of 7', D, F', we can obtain an estimate of the energy dissipation rate.

Figure 1: Three key steps (7', F, D) of energy
transfer leading to dissipation.

In the framework of spacecraft measurements, the 7' term cannot be evaluated, since spacecraft cannot
follow parcels of plasmas. The D term requires the viscosity v, which can only be roughly and empirically
estimated [6, 7]. The only term that could be effectively evaluated is /. In the inertial range, with negligible
contribution from time-dependent (7") and dissipative (D) terms, the equation can be expressed as

1
F:—EVg-Yi:ei, (1)

which is called the Yaglom law. Y*(£) = (§2F|5z*|?) is the Yaglom flux vector. £ is the lag vector,
V, derivatives with respect to the lag vector £, the Elsisser variable (2 = u £ b) with u velocity field
and b magnetic field, its increment §z% (x, £) = 2% (x + £) — z*(x), and (-) the ensemble average in the
physical space, which is identical to the spatial average for homogeneous turbulence. e* represents the mean
dissipation rates of Elsésser energies, and the total energy dissipation rate is € = ﬁ%

The Yaglom law in Eq. 1 requires accurate determination of derivatives in three-dimensional (3D) lag
space £,1.e. V. Most space missions involve a single spacecraft, and single spacecraft observation provides
lags in only one direction. In these circumstances, the divergence operator V- cannot be computed and
observational analyses [8—11] typically employ one-dimensional (1D) form of Eq. 1, Yf = —%eif, where
Yfi is the radial component of the Yaglom flux vector Y'*. It has been shown that this 1D form gives
inaccurate results when the system is anisotropic [12—14] as most of space plasmas are [15]. To resolve
this issue, three novel techniques have been investigated in our group, including Direction-Averaging (DA)
[12, 14, 16], Lag Polyhedral Derivative Ensemble (LPDE) [17], and the special 60° polar angle [ 18] methods,
which properly account for the effect of anisotropy in the inertial range. (I) Direction-Averaging (DA): Eq. 1
can be reformulated in spherical coordinates as: ﬁ 027T fow YejE sin0dfd¢ = —%eiﬁ, where 6 represents
the polar angle (from the mean magnetic field By axis) and ¢ the azimuthal angle. As shown in Fig. 2,



the DA value achieves the actual dissipation rate to a remarkable degree. (II) Lag Polyhedral Derivative
Ensemble (LPDE): evaluate the full divergence in Eq. 1 for the first time in space plasmas using multipoint
measurements. The technique is based on the numerous permutations in which the spacecraft can be arranged
in lag space and employs well-tested techniques for the computation of derivatives [19]. Several hundred
up to a million estimates of the cascade rate can be obtained with LPDE, see Fig. 2. (III) Special 60° Polar
Angle: our recent results [ 18] show that the energy dissipation rate estimated around a polar angle of § ~ 60°
agrees reasonably with the exact dissipation rate in anisotropic cases, see Fig. 2.

Ultimately, this research proposal seeks to achieve two primary objectives: (i) to make a systematic
comparison among the DA, LPDE and 60° polar angle estimators to clarify their respective strengths, limita-
tions, and regimes of validity in anisotropic MHD turbulence. (ii) to establish, for the first time, an accurate
measurement of the global energy dissipation rate in different regimes of the Sun-heliosphere system. The
present research proposal is considered particularly timely due to the unprecedented volumes of data from
observations, from Parker Solar Probe (PSP) [20] at the Sun observing the very start of the solar wind, to
satellites around Earth like MMS [21].
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Figure 2: (a) The solid line with triangles represents the direction-averaging (DA) profile [14]. (b) His-
tograms of over 50, 000 estimations of dissipation rate using LPDE [17]. (c¢) The solid red curve with stars
represents the azimuthally averaged profiles at different 6 [18].

Research plan & collaborators: A combination of multiple missions will be used. As PSP approaches
closer to the Sun, we can measure the dissipation rate in the near-sun solar wind. PSP data does not support
the computation of the 3D form in Eq. 1, so the 60° polar angle method is employed. The DA and LPDE
methods require multi-spacecraft observations, so the MMS data will also be used to measure the dissipation
rate in near-Earth solar wind. Data will be stored within Virgilio, the DSpOC computational and storage
facility (PI Prof. B. Maruca, UD). The project will involve the development of numerical algorithms to
analyze the acquired data, extract global turbulence information, implement DA, LPDE and 60° methods, and
measure the energy dissipation rate. The graduate student in my group, Zhuoran Gao, has been mentored in
implementing these techniques and the most recent results have been submitted to the Journal of Geophysical
Research: Space Physics. We also established collaboration with F. Pecora (UD), K. Klein (University of
Arizona), A. Chasapis (University of Colorado Boulder), and J. Stawarz (Northumbria University).

Significance of the larger project: The application of DA, LPDE and special 60° to space plasmas to
obtain accurate information on energy transfer is of great relevance to future multispacecraft missions such
as HelioSwarm [22, 23] and Plasma Observatory (PO) [24], meanwhile refine the existing studies using
PSP [20] and MMS [21]. Regarding HelioSwarm and PO, we already collaborated with Dr. Klein from
the HelioSwarm team and Dr. Chasapis and Dr. Stawarz from the PO team. Regarding PSP and MMS, we
already collaborated with Dr. Pecora who developed the LPDE technique. This project will provide unique
information on the evolution of turbulence from the interplanetary medium to our magnetosphere. Accurate
estimates of the energy transfer rate will also improve Space Weather models where this fundamental quantity
is often neglected.
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Plan for Seeking External Funding

The analysis from this project represents a critical step towards accurate measurements of energy dissipa-
tion in the Sun-heliosphere system, which will refine existing studies, prepare for future missions, maximize
the scientific return of operating and future missions, and build a broad picture of energy dissipation from
the Sun through the solar wind and to the Magnetosphere. We have already initiated collaborative efforts
with F. Pecora (University of Delaware), K. Klein (University of Arizona), A. Chasapis (University of Col-
orado Boulder), and J. Stawarz (Northumbria University). The most recent results are promising and have
been submitted to the Journal of Geophysical Research: Space Physics. We also contributed to the Plasma
Observatory’s Yellow Book, which includes the energy dissipation as one of its science objectives. These
serve as a strong foundation for proposals to NASA’s Heliophysics Research Program such as NASA Living
With a Star and Heliophysics Foundational Research programs in Space and Earth Sciences (ROSES)-2025
solicitation. Among the relevant ROSES calls, B.2 Heliophysics Foundational Research presents suitable
avenues for this research, which includes “The Cross-Regime Coupling (CRC) SST addresses the founda-
tional problem of how physical processes initiated in one regime of the Sun-Heliosphere-Planetary system
are transported, transformed, and manifested in another”. These proposals are typically submitted during the
spring-summer timeframe, making an application feasible within the coming months.

Relevance of Proposed Activities to NASA EPSCoR RID Mission and Relation to Existing
Researchs

Our group has a well-established history in the energy dissipation measurement, which dates back to
2019 and we already have at least 8 papers published on this path, including high-impact journals such as
Physical Review Letters. The research proposed stems from the recent development of the new DA, LPDE
and 60° polar angle techniques that provide unprecedented accuracy in evaluating the energy dissipation
rate — a long-sought parameter within the field of space plasmas, as evidenced by the vast existing literature.
The broad interest calls for immediate broadening of the results. This research directly addresses the NASA
SMD Heliophysics objectives “Explore and characterize the physical processes in the space environment
from the Sun to the heliopause and throughout the universe”. This research also supports the goals set forth
in Section 2.5.1 of NASA Strategic Plan, which promotes scientific studies of the Sun and solar system using
space as a natural laboratory. The research aligns with NASA’s Strategic Objective 1.3 by ensuring data
accessibility through the DSpOC facility, led by Professor B. Maruca, at the University of Delaware. This
not only fulfills a key NASA goal but also leverages Delaware’s state-of-the-art research infrastructure. The
development of higher education in the state of Delaware will be achieved by training grad students in high-
performance computational languages for handling vast amounts of data and teaching the basic universal
physics of turbulent energy transfer. This project will offer the PI, a great opportunity to mentor a graduate
at UD. In addition, the PI will incorporate the state-of-art observational results into her classroom. This
project is tightly aligned with the research interest in NASA SMD and STMD, and we plan to use the data
from multiple NASA missions. We would directly collaborate with NASA-related institutions. We will
apply for NASA-provided High-End Computing (HEC) resources as needed.
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