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Abstract

Solar wind alpha particles exhibit preferential heating and acceleration relative to protons; however, their
behavior in the vicinity of turbulent coherent structures remains less understood. We report the first evidence of
localized alpha particle and proton heating within coherent structures identified using the Partial Variance of
Increments (PVI) method based on Parker Solar Probe observations. Our results show that high-PVI events are
associated with significant, species-dependent temperature enhancements: Protons undergo a relative larger
temperature increase than alpha particles. This preferential proton heating produces a localized decrease in the
alpha-to-proton temperature ratio, indicating that the plasma is driven toward thermal equilibration between
species. The heating is also anisotropic, being dominated by enhancements in the perpendicular temperature.
These temperature signatures coincide with a pronounced reduction in the normalized alpha—proton differential
flow speed and a localized minimum in the Coulomb collision age, suggesting that the relaxation is affected
primarily by collisionless kinetic effects. These findings provide new insight into the intermittent energy
conversion and ion thermodynamics in the solar wind.

Unified Astronomy Thesaurus concepts: Solar wind (1534); Space plasmas (1544)

1. Introduction M. Echim et al. 2021; E. Teodorescu et al. 2026). Turbulence
mediates the nonlinear cascade of energy from macroscopic
motions to microscopic scales, where dissipation processes
occur (C.-Y. Tu & E. Marsch 1995; R. Bruno & V. Carbone
2013; C. H. K. Chen 2016; Y. Yang et al. 2017a, 2017b;
R. Marino & L. Sorriso-Valvo 2023; H. Wu et al. 2023).
Intermittency, a hallmark of solar wind turbulence, is
evidenced by the presence of coherent structures (e.g., current
sheets, vortices, and shear layers) embedded within the
turbulent flow (L. Sorriso-Valvo et al. 2001; O. Alexandrova
2008; H. Karimabadi et al. 2013; O. W. Roberts et al. 2016;
A. Mallet & A. A. Schekochihin 2017; M. Zhou et al. 2023;
A. Bendt et al. 2024; S. Opie et al. 2024; A. Vinogradov et al.
2024; Y. Yang et al. 2025).

The organized, spatially localized concentration of intense
magnetic and velocity gradients serve as preferential sites of
enhanced energy transfer and dissipation (M. Wan et al.
2012; W. H. Matthaeus et al. 2015; M. Wan et al. 2016;
W. H. Matthaeus et al. 2020; Z. Z. Chen et al. 2025).
Numerical simulations and spacecraft observations provide
evidence that intermittent heating frequently occurs in the
vicinity of coherent structures (K. T. Osman et al. 2011, 2012;
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The solar wind, originating from the Sun’s corona and
permeating the heliosphere, is a continuous outflow of charged
particles primarily comprised of protons, electrons, and a small
fraction of alpha particles and heavy ions (E. Marsch 2006).
Observations reveal that the solar wind remains hotter than
predicted by adiabatic expansion, implying the presence of
ongoing heating and acceleration mechanisms during its
propagation through interplanetary space (J. D. Richardson
& C. W. Smith 2003). In addition, the proton temperature
exhibits anisotropy with respect to the local magnetic field,
suggesting that the underlying heating processes are not
isotropic but are regulated by kinetic plasma dynamics
(L. Matteini et al. 2007). Elucidating the processes responsible
for energy dissipation and plasma heating in the solar wind is
essential for advancing our knowledge of plasma behavior in
collisionless environments and for enhancing predictive
models of space weather.

The complexity of the solar wind manifests in its multiscale
turbulence characteristics (D. Verscharen et al. 2019;


https://orcid.org/0009-0000-4238-6739
https://orcid.org/0000-0003-3072-6139
https://orcid.org/0000-0002-0497-1096
https://orcid.org/0000-0003-2965-7906
https://orcid.org/0000-0002-5981-7758
https://orcid.org/0000-0003-0980-5350
https://orcid.org/0000-0001-6519-8706
https://orcid.org/0000-0002-1757-8285
https://orcid.org/0000-0002-8195-5137
mailto:tieyan.wang@gmail.com
http://astrothesaurus.org/uat/1534
http://astrothesaurus.org/uat/1544
https://doi.org/10.3847/2041-8213/ae8d1c
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ae8d1c&domain=pdf&date_stamp=2026-08-04
https://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL LETTERS, 1007:L14 (9pp), 2026 August 10

non-Maxwellian particle distributions, temperature anisotro-
pies, and enhanced wave activity, indicating the presence of
kinetic effects at locations of enhanced heating (S. Servidio
et al. 2012; T. Wang et al. 2019).

The turbulent dynamics of the solar wind become consider-
ably more complex due to its multicomponent composition,
including not only protons and electrons but also alpha particles
and other minor ion species (W. H. Matthaeus et al. 2016;
Y. Kawazura et al. 2019, 2020; C. H. K. Chen et al. 2019; S. Roy
et al. 2022). Among these, alpha particles play a particularly
important role since, despite their relatively low number
density (e.g., n,/n, ~ 0.04-0.05), they carry a significant
fraction of the solar wind’s mass (~14%—17%), momentum, ion
charge density (~7%-9%), and energy (V. Formisano et al.
1970; D. E. Robbins et al. 1970; J. C. Kasper et al. 2008,
2017; D. Stansby et al. 2019; D. Perrone et al. 2011, 2013;
D. Verscharen et al. 2015; G. Q. Zhao et al. 2020; Q. H. Li et al.
2023; Q. Y. Xiong et al. 2024). Observations have revealed that
alpha particles in the weakly collisional fast solar wind at 1 au
are hotter than the protons (E. Marsch et al. 1982; S. Bourouaine
etal. 2011, 2013; P. J. Tracy et al. 2015; J. C. Kasper et al. 2017;
J. C. Kasper & K. G. Klein 2019), which have been interpreted
as indications of the preferential heating (S. R. Cranmer &
A. R. Winebarger 2019; J. C. Kasper et al. 2017). Remote
observations provide additional evidence for the preferential
heating of heavy ions as their temperature ratios to protons
T,/T, often exceed the corresponding mass ratios m,/n,, where
ions would attain mass proportional temperatures if their
thermal speeds were equal (S. R. Cranmer 2009). A variety of
physical mechanisms, including the ion-cyclotron resonance
(S. R. Cranmer 2000; S. P. Gary et al. 2001; J. V. Hollweg &
P. A. Isenberg 2002; S. P. Gary et al. 2005; J. C. Kasper et al.
2013), nonresonant stochastic heating (B. D. G. Chandran et al.
2010, 2013), velocity filtration (J. D. Scudder 1992), and
intermittent heating associated with coherent structures
(W. H. Matthaeus et al. 1999; D. Perrone et al. 2013; F. Valentini
et al. 2016), have been proposed to account for these
observations.

The Parker Solar Probe (PSP) mission (N. J. Fox et al. 2016)
has provided an unprecedented opportunity to investigate the
mechanisms underlying preferential ion heating in the solar
wind. Recent studies examine the near-Sun behavior and radial
evolution of alpha particles (M. B. Amaro & A. Vaivads 2024;
W. Liu et al. 2024; J. Peng et al. 2024; P. Mostafavi et al.
2025; S. Meng & S. Yao 2026). At macroscopic scales, these
observations reveal that the alpha-to-proton temperature ratio
T, /T, decreases with increasing heliocentric distance (W. Liu
et al. 2024), providing valuable insight into the spatial extent
(e.g., distance from the Alfvén surface) of preferential heating
and the organizing influence of the local Alfvén Mach number
(M. B. Amaro & A. Vaivads 2024; J. Peng et al. 2024,
P. Mostafavi et al. 2025). Furthermore, these works discuss the
role of Coulomb collisions in regulating temperature equili-
bration (M. B. Amaro & A. Vaivads 2024) and the relationship
between preferential heating and alpha—proton velocity drift
(J. Peng et al. 2024). At kinetic scales, new insights into the
fine-scale dynamics of alpha particles in different solar wind
structures are investigated. D. Duan et al. (2023) analyze the
kinetic properties of alpha particles within reconnection
exhaust regions, revealing signatures of localized energization
and velocity-space distortions. J. Huang et al. (2023) compare
the temperature characteristics of protons and alpha particles
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inside and outside switchback structures, showing distinct
thermal responses associated with magnetic field reversals.
Based on Solar Orbiter measurements (D. Miiller et al. 2020),
D. Perrone et al. (2023) investigate the kinetic behavior of
protons and alpha particles within vortex chains, identifying
signatures of enhanced heating and anisotropy. More recently,
D. Perrone et al. (2024) examine the plasma heating near
switchbacks, further supporting the idea that such coherent
structures serve as efficient sites of ion energization in the
inner heliosphere. The hybrid Vlasov—-Maxwell simulations by
F. Valentini et al. (2016) demonstrate that alpha particles
experience intermittent heating similar to protons. However,
different ion species can respond differently to electromagnetic
fluctuations and coherent structures since their characteristic
kinetic scales and resonance conditions depend on species-
specific properties, including charge, mass, temperature, and
drift speed. These differences may lead to distinct kinetic
responses and coupling efficiencies with turbulent coherent
structures. Collectively, these studies highlight the complex
and species-dependent nature of the ion kinetics in the
turbulent space plasma.

To the best of our knowledge, no study has systematically
investigated the temperature of alpha particles near coherent
structures, particularly within the inner heliospheric environ-
ment. The present study provides the first observational
evidence of such processes, offering new insights into the
mechanisms of species-dependent energy transfer and the role
of coherent structures in the near-Sun solar wind.

2. Data and Method

The data used in this Letter include magnetic field
measurements by the FIELDS instrument (S. D. Bale et al.
2016) and ion moments from the Solar Wind Electrons Alphas
and Protons (SWEAP) instrument (J. C. Kasper et al. 2016) on
PSP. For the SWEAP suite, the density, velocity, and
temperature of both the proton and the alpha particle are from
the Solar Probe ANalyzer-Ions (SPAN-I) instrument, which
measures three-dimensional velocity distribution functions of
ions in the inner heliosphere. As PSP moves closer to the Sun
during its encounters, the increase of its orbital speed (e.g.,
190 km s~ ' in R. Livi et al. 2022) causes the solar wind flow in
the spacecraft frame to shift toward its ram-facing side,
entering the field of view. Hence we use data from PSP’s 6th
to 24th encounter phases between September 2020 and June
2025, where SPAN-I is optimized for ion observations. These
observations cover heliocentric distances of 0.05-0.28 au. To
ensure data integrity, we apply data quality flags to remove
potentially problematic entries. In addition, both proton and
alpha-particle data are resampled to a 3.5 s time resolution.

The Partial Variance of Increments (PVI) analysis method
(A. Greco et al. 2008) is used to identify intermittent structures
within turbulence. This technique quantifies non-Gaussian
statistical properties of physical parameters, enabling the
detection of characteristic coherent structures such as rota-
tional /tangential discontinuities, current sheets, and vortices.
The PVI of the magnetic field is defined as

PVI(, 1) = 2BE DI (1)

(IAB(t, 7))

where AB(t, 7) = B(t + 7) — B(?) is the magnetic field
increment at time 7 and scale 7, |. . . | denotes the norm of the
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increment, and (. . . ) denotes a time average over the dataset.
A window of 6 hr is chosen in this study, which is a few times
the turbulence correlation time in the near-Sun solar wind
(C. H. K. Chen et al. 2020a). High-PVI values indicate the
presence of strong gradients and non-Gaussian features, which
are indicative of coherent structures. Events with PVI values
exceeding a threshold of 3 correspond to the upper tail of the
distribution. This threshold is commonly used to identify
significant intermittent structures in solar wind turbulence
(K. T. Osman et al. 2011; D. Perrone et al. 2013; S. Servidio
et al. 2015; E. Yordanova et al. 2021; N. Sioulas et al. 2022).
In this study, we compute the PVI index for the magnetic field
data at a time lag 7 of 3.5s, which corresponds to the ion
moments resolution. Such timescale is located near the high-
frequency range of the turbulent inertial range (T. N. Parashar
& W. H. Matthaeus 2022), where intermittent coherent
structures emerge. This choice allows us to directly correlate
the identified coherent structures with the ion temperature
measurements.

3. Results
3.1. Event Study

Figure 1 shows an example of the intermittent temperature
enhancement on 2023 June 24. The data capture a distinct,
short-duration solar wind structure characterized by a sudden
spike of the PVI, reaching nearly 6 at its local maximum
shown in panel (a). At this 30s event centered at approxi-
mately 17:23:15 UT, there is a noticeable change in the radial
(Bg), tangential (Br), and normal (By) components, though the
total magnitude |B| remains relatively constant (~3%
decrease) in panel (b). The radial velocity (Vg), as the
dominant component of the velocity, also displays a sharp spike,
jumping from roughly 350 to 500 km s~ in panel (c). There is a
depletion in density when the velocity spikes, where n, drops
from 310 to 50 cm > and n,, drops from 11 to 4 cm " in panel (d).
The simultaneous spike in velocity Vi and the deflection in the
magnetic field resembles signatures of a small-scale magnetic
switchback, an S-shaped kink in the magnetic field lines with a
localized jet (S. T. Badman et al. 2026). As shown in panels (f)
and (g), in the vicinity of the structure, the proton temperature
increase from 40 to 70 eV and the alpha-particle temperatures
increase from 280 eV to a peak larger than 350 eV. The
temperature ratio T, /T, drops sharply from around 7 to 4 in the
event, suggesting that while both temperatures increase,
T, increases more significantly relative to the base state than
the alphas. In addition to the temperature signature, there is a
spike in the relative abundance of alpha particles, reaching nearly
8%, which is larger than average solar wind values (T. Woolley
et al. 2021). We also examine the normalized drift speed between
two the two particle species (J. C. Kasper et al. 2013), as denoted
by v, = |(Vo — V,) - B|/(IB|Va), where V,, and V, are the bulk
velocities of the alpha particle and protons, respectively. V4 is the
local Alfvén speed calculated as Vs = B/ \/ to(npm, + nomy),
where B is the magnetic field magnitude and po is the
permeability of vacuum. The drop in this quantity from around
0.5-0.1 during this event indicates that the relative motion
between the two species is significantly reduced, and the two ion
populations exhibit more similar bulk velocities.
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3.2. Statistical Results of lon Temperatures near Coherent
Structures

To gain deeper insight into the connection between the
thermal signatures and coherent structures, we conduct a
conditional epoch analysis of the ion temperatures around
PVlI-identified events (K. T. Osman et al. 2012; J. A. Tessein
et al. 2013; L. Sorriso-Valvo et al. 2018a; R. A. Qudsi et al.
2020). This method allows us to compare the temperature at
the time of each PVI event with that of the surrounding plasma
and to examine how the temperature response depends on the
strength of the intermittent structure. The analysis is performed
using a total of 4,654,482 measurements at a cadence of 3.5s.
The PVI events are divided into five threshold bins:
2<PVI < 3,3<PVI <4,4<PVI <5 5<PVI<6, and
PVI > 6, containing 106,337, 35,913, 14,224, 6,481, and 6186
events, respectively.

For each ion species j = p, «, the temperature T; is
evaluated as a function of the time lag At relative to the
reference discontinuity time fpy 1. For all events whose PVI
value falls within a given threshold bin [6;, 0;, ), we collect
the corresponding temperature profiles centered on fpy
and calculate the median profile. This procedure yields a
statistical estimate of the localized thermal response
associated with coherent structures while reducing the
influence of individual outliers or extreme events. Formally,
this can be written as

Ti(tev1 + A1)

T",-(At, 0;, 0;11) = median
. Too

PVI € [0, 9i+1)]-

2

The normalization of dividing temperature by 7} allows us
to isolate the localized temperature feature associated with the
coherent structure from the background. The average temper-
ature T} is calculated for each event as the mean value within
an 700 s time window centered on the PVI event. The choice
of the window size is motivated by the typical correlation time
of solar wind turbulence at the distances studied here
(C. H. K. Chen et al. 2020a).

Figure 2 shows the individual temperature response of each
species. Both protons and alpha particles show a sharp increase
at At = 0. As PVI increases (blue to green), the temperature
spike becomes taller and narrower. This signature agrees with
previous results (K. T. Osman et al. 2012; L. Sorriso-Valvo
et al. 2018b; R. A. Qudsi et al. 2020; N. Sioulas et al. 2022).
Despite the similar temperature features between two species,
the magnitude of the temperature increase is different. The
results of T,,(At, 6, inf) in Figure 2(a) show a larger spike
(0.96-1.09, which corresponds to a relative efficiency of 13%)
for the strongest PVI events (green lines) as compared to
T, (At, 6, inf) of alpha particles (0.97—1.03, which corresponds
to 6% efficiency) in Figure 2(d). This suggests that the
coupling efficiency between alpha particles and the turbulent
structures may be weaker than protons. We investigate their
temperature ratio in more details in the next section. By
decomposing the temperature response into parallel and
perpendicular components with respect to local magnetic field
at a timescale of 3 s, the anisotropic nature of the temperatures
within these intermittent regions can be highlighted. Both T,,,H
and T:,, | exhibit clear enhancements centered at Ar = 0, but
the increase in the perpendicular component is more
pronounced. The maximum increase in TuH is relatively
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Figure 1. Example of the differential behaviors of alpha particles and protons near the coherent structure. (a) PVI of magnetic field. (b) Magnetic field Bgrn in RTN
coordinates. (c) Velocity field Vgry in RTN coordinates. (d) Number density of protons n, and alpha particles n, at 100 times scale. (e) Proton temperature
T,. (f) Alpha-particle temperature T,,. (g) Temperature ratio T,/T,,. (h) Density ratio n(,/np. (i) Normalized drift velocity between alpha particles and protons.

modest, reaching only approximately 8%—-9% efficiency for
the highest-PVTI structures, whereas T;, | increases by as much
as 16%—17%. Moreover, the perpendicular temperature peak
shows a substantially stronger dependence on PVI level than
the parallel component. Despite weaker temperature increases
compared to protons, the alpha particles also show a similar
anisotropic response, with a parallel increase of 5% and a more
pronounced perpendicular increase of 7% for the highest-PVI
events.

3.3. Statistical Results of Temperatures Ratios

The temperature ratio T,/7, is a key diagnostic for
understanding the relative thermal response of protons and
alpha particles (J. C. Kasper et al. 2008). As shown in
Figure 3, sharp dips in the temperature ratio centered at At = 0
(the location of the PVI event) are observed in three panels.
This reveals the stronger increase of protons’ temperature than
alpha particles, most significant near the core of the coherent
structure. For the total temperature ratio, as the PVI threshold
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Figure 2. Conditional median of the normalized temperature variations for protons (top row) and alpha particles (bottom row) under different PVI thresholds as
defined by Equation (2). The different colored curves represent the results for five PVI threshold bins (2 < PVI < 3,3 <PVI < 4,4 <PVI< 5,5 <PVI< 6, and
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and protons. (b) Collision age N.. (c) Plasma beta (. (d) Alpha-to-proton density ratio n,/ny,.

increases (moving from blue to green), the absolute value of
the background ratio drops, and the depth of the dip becomes
more pronounced. It reveals a clear scaling with intermittency
strength. The relative decrease of T,/T, is modest, approxi-
mately 2%-3% for 2 <PVI < 3, but becomes progressively
more pronounced with increasing PVI, approximately 4%—5%
for 3 <PVI < 4, 5%—6% for 4 <PVI < 5, and nearly 12% for
the strongest events (PVI > 6). Since higher PVI values
normally correspond to stronger or more discontinuous
structures, the fact that the ratio is lower for higher PVI
indicates that the strongest intermittent events in the solar wind
favor higher proton temperatures over alpha-particle tempera-
tures. The alpha-to-proton temperature ratio exhibits also a
clear anisotropic response. The fractional decrease in
(To/Tp,) remains relatively similar across different PVI
levels, showing a weak dependence on PVI. In contrast, the
decrease in (T, /T, ) becomes progressively stronger with
increasing PVI, implying that intense coherent structures
preferentially enhance proton perpendicular temperature
relative to alpha particles. This demonstrates that the PVI
dependence of interspecies thermal disequilibrium is primarily
controlled by the perpendicular component.

3.4. Statistical Results of Drift Speed, Collision Number,
Plasma Beta, and Alpha-to-proton Density Ratios

Since the near-Sun solar wind is weakly collisional and
frequently exhibits notable proton—alpha differential streaming,

the relative drift speed and Coulomb collision number are
critical for understanding the physical processes near inter-
mittent structures. Variations in the alpha—proton drift may
indicate localized regulation of differential flow or conversion of
drift energy, while the collision number provides a measure of
how strongly Coulomb relaxation may have modified the
nonequilibrium features. Figure 4 provides the additional
context for interpreting the observed temperature features. First,
as shown in Figure 4(a), a collapse in the normalized drift speed
Ova,p is found at At = 0, indicating that within the core of the
coherent structure, the two species are moving together more
closely. The Alfvén speed V, does not change much at the event
center, so the decrease in dv,, is primarily driven by the
decrease in the relative velocity between the two species.
Second, we investigate the effects of collision in Figure 4(b).
The Coulomb collision number (R. Hernandez et al. 1987;
M. B. Amaro & A. Vaivads 2024) is defined as

. R
2VSWTC ’

3)

c

where R is heliographic distance, Vg is solar wind speed, and
T. is the characteristic collision time for a given species, which
can be calculated using the formula

“)
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1/2
2kpT,
Wop = (ZkB_T” + ﬂ) i 5)

my, m,

where InA is the Coulomb logarithm. e, ep, Me, My, and T, T),
are the charges, masses, and temperatures of alpha particles
and protons, respectively. kg is the Boltzmann constant and
Wqp 1 the effective thermal speed.

The localized dip in N, at the event center suggests that the
thermal equalization may not be caused by collisional
relaxation but rather driven through collisionless kinetic
processes. Third, the plasma beta (3, as defined by the ratio
of thermal pressure to magnetic pressure, displays sharp spikes
at At = 0 in Figure 4(c). This increase is due to the increase of
the thermal pressure (not shown for brevity). Lastly, to
examine whether coherent structures are associated with
changes in plasma composition, we plot the alpha-to-proton
number density ratio in Figure 4(d). n,/n, remains almost
constant near the centers of high-PVI structures. Examination
of the individual ion densities shows that n, remains nearly
unchanged and n, shows a slight reduction (~2%) at the
center. This implies that the alpha-particle abundance is not
significantly affected by the presence of coherent structures.

4. Conclusion and Discussion

In this study, we investigate the thermal behavior of alpha
particles near 169,141 coherent structures observed by PSP in
the inner heliosphere and, to our knowledge, provide the first
statistical comparison of their localized response with that of
protons. Through analysis of ion plasma parameters centered
on small-scale structures selected using different PVI thresh-
olds, we quantify the species-dependent thermal response of
the ions within intermittent magnetic structures. Our results
reveal three principal features. First, coherent structures are
associated with significant ion temperature enhancement, with
protons exhibiting a relative larger temperature increase than
alpha particles. Second, this differential response produces a
localized decrease in the median alpha-to-proton temperature
ratio (T,,/T,) at the structure center, indicating a reduction in
the thermal disequilibrium between the two ion species within
these intermittent regions. Third, the localized temperature
increase is anisotropic, preferentially enhancing the perpend-
icular temperature and thereby increasing the (T, /T}) ratio.
Together, these results support the interpretation that coherent
structures play an important role in regulating species-
dependent and anisotropic ion heating in the young solar wind.

Our results demonstrate that coherent structures are not
merely passive features of solar wind turbulence but are
regions characterized by strong kinetic effects (S. Servidio
et al. 2012). In particular, small-scale magnetic flux ropes
(SMFRs), which can arise naturally from quasi-two-dimen-
sional MHD turbulence, have been proposed as important sites
of particle energization (J. A. le Roux et al. 2015; G. P. Zank
et al. 2015, 2017; J. Zheng & Q. Hu 2018; L.-L. Zhao et al.
2019; Y. Chen et al. 2020b). A “sea” of contracting and
merging SMFRs can accelerate particles through first and
second-order Fermi processes, reconnection electric fields,
and repeated stochastic interactions (J. T. Dahlin et al. 2015;
X. Li et al. 2018). Parker-type and focused kinetic transport
theories incorporating these processes have shown promising
results in reproducing power-law-like spectra and energetic ion
flux enhancements associated with SMFRs in the inner

Xi et al.

heliosphere as well as beyond the heliospheric termination
shock (O. V. Khabarova & G. P. Zank 2017; L.-L. Zhao et al.
2018; L. Adhikari et al. 2019). Although these theories
primarily address energetic-particle acceleration, they further
support the broader view that dynamically evolving coherent
structures can serve as localized sites of energy conversion.

While T,/T, in the background young solar wind is
typically around 5-7, passage through a coherent structure
can reduce this disparity by up to 12% in some events. Since
protons have a lower mass-to-charge ratio than alpha particles,
they may acquire a larger increase in thermal energy relative to
their background state, thereby narrowing the temperature
difference between the two species. The positive correlation
between 6v,,,, and T,/ T, at the structure center is consistent
with the general trend reported by J. Peng et al. (2024),
suggesting that preferential heating and acceleration of heavy
ions may coexist in the young solar wind (J. C. Kasper et al.
2017). Additional diagnostics, including velocity distribution
functions, fluctuation amplitudes at ion gyroscales, resonance
conditions, stochasticity parameters, and wave activity, are
required to clarify the physical mechanisms responsible for
these thermal signatures. Candidate mechanisms include
stochastic heating (T. A. Bowen et al. 2025), wave—particle
interactions (L. Sorriso-Valvo et al. 2019), and adiabatic
processes associated with velocity shears that can generate
temperature anisotropy (S. Opie et al. 2024).

The present analysis uses PSP encounter observations over a
heliocentric-distance range of 0.05-0.28 au. The proton and
alpha-particle temperature signatures persist across this range,
suggesting that the species-dependent thermal response near
coherent structures is a consistent feature of the young solar
wind. A dedicated study of its radial variation is left for future
work. Whether the observed heating signatures are related to
crossings of, or proximity to, the Alfvén critical surface
(P. Mostafavi et al. 2025) warrants further investigation. Our
preliminary analysis of Wind observations at 1 au also reveals
similar signatures of alpha-particle heating near coherent
structures. A systematic comparison between PSP observa-
tions in the young solar wind and Wind observations near 1 au
will be presented in our next study, with the aim of clarifying
how species-dependent intermittent heating evolves with
heliocentric distance.
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