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ABSTRACT

The solar wind at 1 au is primarily super-Alfvénic, but rare instances occur when the Alfvén speed surpasses the solar wind
speed, resulting in occurrences of sub-Alfvénic intervals. During sub-Alfvénic intervals, the solar wind no longer creates a
bow shock around Earth, allowing for a direct interaction between the solar wind and Earth’s magnetopause. The thermal
properties and turbulence characteristics of such rarely observed sub-Alfvénic regions at 1 au are not well understood.
Our study comprehensively investigates sub-Alfvénic intervals observed from 1995 to 2023 and identifies a total of eleven
such distinct regions embedded within solar wind streams and interplanetary coronal mass ejections (ICMEs). We focus
on examining the thermodynamic properties of these regions by using the polytropic index and compare them with
nearby super-Alfvénic regions. We find a transition in polytropic behaviour from super-Alfvénic to sub-Alfvénic intervals.
Interestingly, we observed a bimodal distribution in the polytropic index, characterized by two distinct states: (i) sub- to
super-adiabatic (¢ > 1) and (ii) non-adiabatic (¢ < 1). The presence of a non-adiabatic state at 1 au strongly suggests that
heating dynamics is a significant factor influencing the thermodynamic state of the solar wind at this distance. We also
investigated turbulence properties, and it indicates that turbulence is lower in sub-Alfvénic flow compared to neighboring

super-Alfvénic regions, suggesting different processes are involved in these regions.

Key words: Sun: coronal mass ejections (CMEs) - solar wind.

1 INTRODUCTION

The solar wind at a distance of 1 au from the Sun predominantly
exhibits a highly super-Alfvénic nature, characterized by an av-
erage Alfvén Mach number (M,) typically greater than 10 (J.
E. Borovsky, M. H. Denton & C. W. Smith 2019; R. Bandyopad-
hyay et al. 2022). However, there are rare instances where the
Alfvén speed surpasses the solar wind speed, leading to condi-
tions termed as sub-Alfvénic regions. These sub-Alfvénic inter-
vals are characterized by a significantly reduced Alfvén Mach
number, primarily due to the exceptionally low-solar wind den-
sity (G.-L. Zhang 1996; C. W. Smith et al. 2001; A. V. Usmanov
et al. 2005). When the Earth’s magnetosphere encounters a low-
density sub-Alfvénic solar wind, its configuration undergoes sig-
nificant transformations (E. Chané et al. 2021). Under such con-
ditions, the usual bow shock around Earth disappears, allowing
the solar wind to directly interact with Earth’s magnetopause.
There are several reports of observing sub-Alfvénic intervals in
the solar wind and interplanetary coronal mass ejection (ICME).
For example, in 1979, three very low-density events were recorded
at 1 au, potentially signifying one of the initial identifications of
sub-Alfvénic intervals (J. T. Gosling et al. 1982; N. U. Crooker
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et al. 2000; E. Chané et al. 2021). Following this, A. V. Usmanov
et al. (2005) identified cases of sub-Alfvénic solar wind intervals
that occurred between 1963 to 2003. More recently, R. Hajra &
B. T. Tsurutani (2022) conducted a comprehensive study, compil-
ing a list of these transients from 1973 to 2020 using data from
multiple spacecraft. Numerous studies have identified notable
implications and correlations associated with sub-Alfvénic so-
lar wind intervals, such as C. W. Smith et al. (2001) reported a
suppression of magnetic field fluctuations in sub-Alfvénic solar
winds, while P. Janardhan et al. (2008) investigated three low-
density events, including the 2002 May event, and suggested that
these may be linked to transient coronal holes visible at the so-
lar disc centre. N. Lugaz et al. (2016) documented a rapid and
significant depletion of electrons in the outer radiation belt dur-
ing such an event. Recently, H. Hasegawa et al. (2024) proposed
that magnetopause reconnection under sub-Alfvénic solar wind
was more efficient than under normal super-Alfvénic solar wind
conditions. Previous studies have proposed several mechanisms
to explain the generation of sub-Alfvénic intervals. G.-L. Zhang
(1996) suggested three possible circumstances that contribute to
the generation of sub-Alfvénic flow: (1) an extremely fast solar
wind stream overtaking the field inversion boundary within the
interaction region of a strong magnetic field, (2) a quasi-magnetic
cloud with a rotating field embedded in a quiet solar wind, or
(3) a quasi-static low-speed solar wind with a magnetic field in
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the ecliptic plane. E. Chané et al. (2021) also reported that the
overexpansion of an ICME during its propagation from the Sun
to Earth could contribute to such low-density events.

Certain solar wind conditions can alter geometry of the bow
shock’s geometry, or even make it disappear altogether. Previous
studies support this view; for example, A. P. Dimmock et al.
(2017) demonstrated, using THEMIS (Time History of Events and
Macroscale Interactions during Substorms) and (Magnetospheric
Multiscale) MMS observations that variation in ion temperature
within Earth’s magnetosheath depends on the bow shock geom-
etry. J.-S. Park et al. (2019) further extended this investigation
using THEMIS measurements and reported dependence of the
relationship between ion temperature and ion density variations
(change in thermodynamic state) in the magnetosheath on the
bow shock geometry. Since sub-Alfvénic solar wind conditions
have the potential to weaken or may cause the bow shock to dis-
appear, it is therefore essential to examine the associated changes
in thermodynamic states, as variations in these states lead to dis-
tinct plasma behaviours. The thermodynamic properties of sub-
Alfvénic intervals can be analysed by estimating their polytropic
state. In many cases, plasma density and temperature are found
to correlate with different values of the polytropic index («), indi-
cating varying thermodynamic states (T. L. Totten, J. W. Freeman
& S. Arya 1995; G. Nicolaou, G. Livadiotis & X. Moussas 2014;
G. Livadiotis & M. I. Desai 2016; G. Livadiotis 2016; S. Khuntia
et al. 2023, 2024). This provides a macroscopic framework to re-
late plasma moments, allowing for examining plasma transitions
from one state to another. The polytropic equation for an ideal gas
is expressed as.

P-N%=T.NY% — constant €Y)

Polytropic analysis involves the proton temperature (T), den-
sity (N), and thermal pressure (P) of the plasma. The polytropic
expression for the logarithms of these thermal variables becomes
linear, enabling a straightforward estimation of the polytropic
index («) by examining the data sets of log (T) versus log (N). For
protons, the degree of freedom is considered as three. Equation
(1) is only valid under the assumption of a sufficiently homoge-
neous fluid subregion. In realistic solar-wind observations, it is
not feasible to continuously follow a single fluid element, as a
spacecraft can not track an individual plasma parcel over time.
To overcome this limitation, we employ the Bernoulli integral
[see Section 2.2(iii)] as a practical alternative to the otherwise
an unattainable task of tracing a specific fluid element. This ap-
proach enables us to assume that, a nearly constant Bernoulli
expression over some interval indicates that the spacecraft is
traversing plasma parcels originating from the same or closely
related flow lines within a sufficiently homogeneous solar-wind
subdomain. Near 1 au, the polytropic index of the solar wind is
approximately equivalent to the value associated with an adia-
batic process (@« = 5/3) (T. L. Totten et al. 1995; G. Livadiotis
2019). Numerous investigations have explored the polytropic in-
dex of the solar wind. For instance, B. Durney (1972) presented
a theoretical study of stellar wind and examined in the case of
polytropic relation between pressure and density in the presence
of a magnetic field. In contrast, (G. Nicolaou et al. 2014) per-
formed a statistical assessment of polytropic behaviour in the
solar wind at 1 au. More recently, T. Ervin et al. (2024) using PSP
observations, demonstrated that the expansion of near-subsonic
solar wind plasma is not governed solely by a thermally driven
polytropic process, but the magnetic field is also considered. Fur-
thermore, Y. Jiao et al. (2024) derived the polytropic index us-
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ing both modeling and PSP observations, showing that the poly-
tropic index varies across solar wind intervals originating from
different source regions, including coronal hole (CH) interiors,
streamers, and low-Mach-number boundary layers (LMBLs). In
addition to the ambient solar wind, the polytropic properties of
ICMEs have also been investigated. For example, (W. Mishra
et al. 2020) analysed the polytropic index of ICMEs, while M. A.
Dayeh & G. Livadiotis (2022) conducted a statistical examination
of the polytropic behaviour of ICME substructures. Moreover,
S. Khuntia, W. Mishra & A. Agarwal (2025) examined the poly-
tropic behaviour of both protons and electrons during an extreme
geomagnetic storm driven by ICME-ICME interaction. Despite
these extensive efforts, the thermodynamic state of sub-Alfvénic
regions embedded within solar wind streams and ICMEs at 1 au
remain largely unexplored.

The solar wind is generally expected to expand into the helio-
sphere with minimal energy variation, resulting in cooling due
to adiabatic expansion. However, the presence of turbulence can
significantly alter this ideal scenario; turbulent heating of the
solar wind results in a polytropic index lower than the adiabatic
value (G. Livadiotis & D. J. McComas 2023). Through the cascade
process, turbulence facilitates energy transfer from large to small
scales until it ultimately dissipates (W. H. Matthaeus et al. 1999;
L. Sorriso-Valvo et al. 2007; Y. Yang et al. 2019; Z. I. Shaikh et al.
2023b; Z. I. Shaikh 2024). It plays a key role in the governing
plasma processes, including plasma heating (B. D. G. Chandran
et al. 2013; E. Yordanova et al. 2021), particle acceleration (G.
Brunetti & A. Lazarian 2007), and anisotropy (F. Sahraoui et al.
2006; C. H. K. Chen et al. 2010). Therefore, it is important to study
the turbulence properties of sub-alfvénic flow. Since turbulence
is prevalent in astrophysical plasmas, it has been observed in
multiple regions, such as the solar wind (R. Bruno & V. Carbone
2013, 2016), planetary magnetospheres (M. Echim et al. 2021),
the interstellar medium (B. G. Elmegreen & J. Scalo 2004), and
galaxy clusters (G. Brunetti & A. Lazarian 2007). Generally, the
turbulent spectrum is categorized into three scales: the injection
scale, the inertial scale, and the dissipation scale. Different spec-
tral characteristics are associated with these scales, including k 1
for the injection scale, k;s/ % to kg 32 for the inertial scale, and
kz? to kz* for the dissipation scale (A. Kolmogorov 1941a; R. H.
Kraichnan 1965; W. H. Matthaeus et al. 1999; S. D. Bale et al. 2005;
‘W. H. Matthaeus et al. 2007; R. Bruno & V. Carbone 2013; Z. 1.
Shaikh et al. 2023b). In previous studies extensive research has
been conducted on solar wind turbulence at various scales (A.
Verdini & M. Velli 2007; A. Verdini, M. Velli & E. Buchlin 2009;
R. Bruno & V. Carbone 2013, 2016; D. Telloni et al. 2021; S. Q.
Zhao et al. 2022). Earlier investigations of solar wind turbulence
at 1 au have been conducted by several researchers. For example,
W. H. Matthaeus et al. (1999) carried out a comparative analysis
of solar wind turbulence using a theoretical model and Voyager 2
spacecraft observations spanning from 1 au to larger heliocentric
distances. While, A. Verdini & M. Velli (2007) studied Alfvénic
turbulence, particularly in the solar atmosphere and solar wind
by the model at different frequencies. Furthermore, A. Verdini
et al. (2009) examined a turbulent spectrum of Alfvén waves by a
model from the coronal base to up to 17 solar radii and suggested
that reflection and reflection-driven turbulence play a key role
in the acceleration of the fast solar wind. Additionally, G. P. Zank
etal. (2012) investigated transport of low frequency turbulence by
using scale-separated decomposition of the incompressible MHD
equations. In particular, S. Q. Zhao et al. (2022) analysed 3D mag-
netic power spectra in wavevector space to study the anisotropy of
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sub-Alfvénic solar wind turbulence at MHD scale using MMS ob-
servations at 1 au. While, L. Richard et al. (2024) examined turbu-
lence in magnetic reconnection jets in Earth’s magnetotail using
MMS data, and demonstrated that signatures of a limited inertial
range are present in many reconnection jets. Furthermore, Z. I.
Shaikh (2024) reported a statistical study of turbulence properties
of ICME flux rope at 1 au. More recently, Parker Solar Probe
(PSP) measurements have enabled detailed characterization of
turbulence in the near-Sun solar wind. Multiple studies have been
carried out during the PSP’s close encounters of the solar corona,
such as J. C. Kasper et al. (2021) reported one of the first PSP ob-
servation of turbulence in sub-Alfvénic solar wind and suggested
the source of generation of sub-Alfvénic interval. Furthermore,
D. Telloni et al. (2021) investigated the evolution of solar wind
turbulence from 0.1 to 1 au utilizing PSP and Solar Orbiter mea-
surements, and have shown that, near Sun plasma evolved as less
developed turbulence to fully developed turbulence at 1 au. In
addition, G. P. Zank et al. (2022) observed the power spectral in-
dex of magnetic field fluctuations in sub-Alfvénic region is k5 >
and in super-Alfvénic region is k;'*® (at inertial scale) using PSP.
However, R. Bandyopadhyay et al. (2022) noticed that, the turbu-
lence in magnetic field fluctuations is high in super-Alfvénic flow
as compared to sub-Alfvénic flow using PSP. While, L.-L. Zhao
et al. (2022a) presented an analysis of the turbulence cascade rate
and correlation function in the sub-Alfvénic solar wind observed
by PSP. Additionally, L.-L. Zhao et al. (2022b) observed that power
spectrum of the outward-propagating Elsédsser z" mode steepens
at high frequencies while that of the inward-propagating z~ mode
flattens in sub-Alfvénic solar wind by PSP. Whereas, J. Zhang
et al. (2022) observed power spectra of three (RTN) magnetic
field components are close to k;*/* at the inertial scale for both
sub-Alfvénic and super-Alfvénic regions using PSP. While, G.
P. Zank et al. (2024) studied low frequency MHD turbulence
(power spectra of density fluctuations) in the sub-Alfvénic flow
using PSP. Moreover, T. Ervin et al. (2024) showed turbulence
in sub-Alfvénic period is close to k; > and sub-Alfvénic interval
is dominated by outward-propagating Alfvén waves during PSP.
Whereas, V. K. Jagarlamudi et al. (2025) noticed that power in
the magnetic field fluctuations and the normalized magnetic field
fluctuations are considerably lower in the sub-Alfvénic intervals
compared with the super-Alfvénic ones, by PSP. In addition, X.
Zhu et al. (2025) studied radial evolution of MHD turbulence
anisotropy in low mach number solar wind using PSP and Wind
spacecrafts. In addition, R. D’Amicis et al. (2025) investigated
Alfvénic turbulence in solar wind streams during Solar Orbiter
perihelion. Although solar wind turbulence has been extensively
investigated, turbulence in sub-Alfvénic flows at 1 au remains
poorly understood, with only a limited number of studies avail-
able, such as S. Q. Zhao et al. (2022).

Several previous investigations have addressed sub-Alfvénic
intervals, focusing on their identification and associated physical
properties. For example, A. V. Usmanov et al. (2005) presented
a comparative analysis of simulated and observed plasma prop-
erties during sub-Alfvénic intervals near 1 au. Furthermore, R.
Hajra & B. T. Tsurutani (2022) performed multi-spacecrafts sta-
tistically investigation of sub-Alfvénic intervals and structures
(like solar wind and ICME) in which it is embedded. While, S. Q.
Zhao et al. (2022) studied anisotropy and scaling of sub-Alfvénic
solar wind turbulence near Earth using MMS at 1 au. Recent
observations of sub-Alfvénic region from PSP, such as G. P. Zank
et al. (2022) characterized key physical properties like magnetic
helicity, cross-helicity, residual energy and turbulence spectra

Polytropic approach & turbulence 3

of sub-Alfvénic solar wind. Furthermore, K. W. Paulson et al.
(2023) examined Ion-scale wave-particle interaction within sub-
Alfvénic solar wind utilizing PSP. While, L. Ofman et al. (2023)
investigated unstable proton and « particle velocity distribution
in sub-Alfvénic solar wind using model and PSP observations.

However, these studies leave a gap in our understanding of
the thermodynamic and turbulence properties of sub-Alfvénic
intervals in detail at 1 au. To address this, the present work
aims to (i) investigate the thermodynamic behaviour of sub-
Alfvénic intervals in solar wind/ICME, (ii) analyse the transition
of the polytropic index from sub-Alfvénic regions to the adjacent
super-Alfvénic regions (pre-sub-Alfvénic and post-sub-Alfvénic
intervals) and (iii) study the plasma turbulence in sub-Alfvénic
and super-Alfvénic regions. This study examines 11 sub-Alfvénic
events observed at 1 au, focusing on polytropic behaviour during
intervals preceding, within and following the passage of sub-
Alfvénic intervals. We also focus on the heating and cooling that
occur within these sub-Alfvénic intervals embedded in the solar
wind and ICMEs.

2 METHODOLOGY AND OBSERVATIONS

The selected sub-Alfvénic intervals at 1 au analysed in this study
are based on two key criteria: the duration of the sub-Alfvénic
phase and the availability of high-quality data. We selected only
those regions with a time span exceeding 30 minutes, display-
ing a clear signature of M, less than one, and for which data
were available from the WIND spacecraft. The dataset, covering
the period from 1995 to 2023 and encompassing complete solar
cycles 23 and 24, was obtained from the Wind Magnetic Fields
Investigation (MFI) (R. P. Lepping et al. 1995) and the 3D Plasma
Analyser (3DP) (R. P. Lin et al. 1995) instruments, with a 3-s
cadence. To conduct this statistical analysis, we preferentially use
WIND/3DP data rather than WIND/SWE. This choice is moti-
vated by several factors, including the unavailability of SWE mea-
surements for many of the selected events. In addition, the sub-
Alfvénic intervals of interest are typically of very short duration;
consequently, after applying the required filtering criteria, the
remaining SWE data are often insufficient to yield meaningful
results. We took data from the Coordinated Data Analysis Web
(CDAWeb). Additionally, WIND MFI data with a 0.092-s cadence
are used to study turbulence in both sub-Alfvénic and super-
Alfvénic flows. In the following, we describe the identification of
sub-Alfénic regions, their polytropic behaviour, and turbulence
properties.

2.1 Identification of Sub-Alfvénic intervals

To identify intervals of sub-Alfvénic solar winds, a detailed survey
has been conducted on high-resolution solar wind data, mea-
sured by the WIND spacecraft. We identified 11 sub-Alfvénic
intervals from 1995 to 2023 based on our selection criteria. Some
of the events are similar to R. Hajra & B. T. Tsurutani (2022) sub-
Alfvénic interval’s list. We have only chosen the intervals that
represent the signature of the sub-Alfvénic region, i.e. My < 1
for at least 30 min. However, because of the highly fluctuating
nature of the solar wind, the M, may not consistently remain
below 1; therefore, if M, exceeds or remains equal to 1 and
persists for more than one-tenth period of a total sub-Alfvénic
time interval, this is considered the end of the sub-Alfvénic
interval. To do a comparative study, super-Alfvénic (pre- and
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Figure 1. The proton plasma parameters for the event occurred on 2002 March 20, with the three analysed regions denoted as pre-sub-Alfvénic (grey),
sub-Alfvénic (pink), and post-sub-Alfvénic (cyan). The top three panels (a), (b), and (c) show averaged magnetic field (B), solar wind speed (V), and
Alfvén speed (Vn), respectively. Panels (d), (e), and (f) show Alfvén Mach number (M, ), plasma density (N), and temperature (T), respectively.

post-sub-Alfvénic) regions have the same duration as the sub-
Alfvénic region in all events. However, if a sudden transient struc-
ture (sudden enhancement in proton density) appears within
the super-Alfvénic region i.e. pre- and post-sub-Alfvénic regions,
then those regions are truncated at the onset of that transient
structure.

Fig. 1 represents the solar wind proton plasma parameters of an
event that occurred on 2002 March 20. The grey, pink, and cyan
shaded regions depict pre-, sub- and post-sub-Alfvénic regions,
respectively. This event includes a sub-alfvénic interval of ~ 4
h characterized by M < 1 and low proton density (N) and the
pre- and post-sub-Alfvénic intervals have duration equal to that
of the sub-Alfvénic interval. However, a sudden increase in N,
temperature (T), and My, along with a sharp decrease in the total
magnetic field (B) within the post-sub-Alfvénic interval, marks
the onset of another structure, which shortens the interval. In
the pre-sub-Alfvénic region, N drops below ~ 1 cm~3, and Alfvén
speed (V) becomes comparable to the solar wind bulk speed (V),
resulting in M, ~ 1. Within the sub-Alfvénic interval, N drops
further to a minimum value ~ 0.33 cm~3, causing V,, to reach a
peak value at ~ 873 km s~! while the solar wind speed remains
low, keeping M, significantly below 1 for ~ 4 h. In post-sub-
Alfvénic regions N increases and V, is initially comparable to V/
and then decreases; thus, the value of M, initially remains close
to 1 and then exceeds unity.
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2.2 Estimation of Polytropic Index

The polytropic index is determined for three distinct regions: the
pre-sub-Alfvénic interval, the sub-Alfvénic interval, and the post-
sub-Alfvénic interval. To estimate the polytropic index, we ap-
plied the linear fit model to the logarithms of equation (1) to each
interval directly. However, this method provides a poor linear fit
with a very low correlation coefficient. Therefore, we used the
following steps to determine the polytropic index, as discussed
in previous studies (M. Kartalev et al. 2006; C. Katsavrias et al.
2024).

(i) Time interval selection: The polytropic index is calculated
over certain time intervals, and, therefore, we chose a moving
window of five data points. Windows with fewer than five data
points are excluded from the analysis to ensure data integrity.
This approach has been validated and designed to minimize the
contamination of mixed particle measurements across different
streamlines.

(ii) Density-temperature fitting: To estimate the polytropic in-
dex (), we fit the logarithms of temperature (log(T)) and density
(log(n)) where the slope equals o-1.

(iii) Bernoulli’s integral filter: This condition is critical to en-
sure that the polytropic index is derived from a plasma ensemble
that is likely to be coherent along the same streamline. Since
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Bernoulli’s integral remains constant along a streamline, it can be
approximated in the solar wind near 1 au as (G. Livadiotis 2016):

V2 o P B
— 4+ + —

.= fora #1 2)
22 a—1 p Hop
1% P B
—+In(p)-—+ —  fora=1 ?3)
2 P Mop

where V is the proton bulk speed, p is the proton mass density,
and P is proton thermal pressure. It is important to note that in
previous studies, the term alfvén speed is neglected, as this is
very small compared to the dynamic speed (G. Nicolaou et al.
2014; G. Nicolaou et al. 2020). However, our research focused on
sub-Alfvénic intervals in which Alfvén speed is higher than the
dynamic speed, and therefore we have included all three terms
i.e. dynamic speed, thermal term, and Alfvén speed term. In this
study, we analysed the variability of the Bernoulli integral within
each sub-interval of the moving window. Sub-intervals for which
the standard deviation exceeded 5 per cent of the mean value
were excluded from further analysis.

(iv) Correlation and standard error of the slope filter: A correla-
tion filter was applied to the calculations of the polytropic index.
We retain only those values of the polytropic index from sub-
intervals for which an absolute value of the Pearson correlation
coefficient (density-temperature fitting) is greater than 0.8, and
p-values are less than 0.05. Additionally, to exclude the polytropic
index corresponding to a high error in the slope of the fitting, we
applied three filters to the standard error of the slope. We selected
to present our results corresponding to standard error of the slope
below 0.3, 0.5, and 1.

(v) For visual clarity, in some sub-intervals where the poly-
tropic index attains values (¢ < —10), these values are excluded
only from the histogram visualization. They are, however, fully
retained in the dataset used for the computation of the median
values.

2.3 Analysis of turbulence

The fluctuation of the magnetic field is a significant parameter
for estimating the magnitude of turbulence. Magnetic field fluc-
tuation can be described as

8B =B — (B) 4)

Similarly, for individual magnetic field components, the fluc-
tuation is given by 6B; = B; — (B;), where i corresponds to the x,
¥, and z components (R. Bandyopadhyay et al. 2022; Z. I. Shaikh
2024). The notation {...) represents the average value of the mag-
netic field for super-Alfvénic and sub-Alfvénic regions separately;
here, the super-alfvénic region is combined intervals of pre- and
post-sub-Alfvénic period. To analyse the turbulence spectrum,
the Fast Fourier Transform (FFT) was applied to the fluctuat-
ing magnetic field and its components. The power spectral den-
sity (PSD) of the total magnetic field is given by P, = [§B(f)|?,
where f represents the frequency. Similarly, the power spectra of
the individual components are expressed as P, = |8B.(f)|*, B, =
[6By(f)I?, P, = 18B,(f)I?, here By(f), §B,(f), 8B, (f) are Fourier-
transformed magnetic field components. The power spectral den-
sity of the trace of magnetic field fluctuations is denoted by P, =
P.+ P, +P,.

Figs 2 (a) and (b) represent P, for the event that occurred
on 2002 March 20, corresponding to two regions: super-Alfvénic
(encompassing both pre- and post-sub-Alfvénic regions) and sub-
Alfvénic, respectively. The logarithm of P, is fitted over two dis-
tinct ranges: the inertial scale (1 mHz to 0.16 Hz) and the dis-
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Figure 2. The (a) and (b) display the FFT-based power spectral density
of the trace of magnetic field data for the event on 2002 March 20, during
super-Alfvénic and sub-Alfvénic intervals, respectively. The solid red and
blue lines represent the fitted power laws for the inertial scale (1 mHz to
0.16 Hz) and the dissipation scale (0.2 to 1 Hz), respectively. The vertical
dash black, brown, and green lines represent proton cyclotron (f;), ion
inertial length (fg;), and ion Larmor radius (f,,), respectively. kg repre-
sents the spectral index.

sipation scale (0.2 to 1 Hz) (C. Chen et al. 2020; Z. I. Shaikh
2024). The spectral index (kg) in the inertial scale is approx-
imately —1.63 for the super-Alfvénic and —1.56 for the sub-
Alfvénic intervals. In the dissipation scale, kg is approximately
—2.4 for super-Alfvénic and —2.7 for the sub-Alfvénic intervals.
The correlation coefficient for both fittings exceeds 0.8. In the in-
ertial range, the spectral slope of f~16 in the super-Alfvénic inter-
val suggests that turbulence follows a Kolmogorov-like spectrum
(=~ f~%3) (A. Kolmogorov 1941b). However, the sub-Alfvénic in-
terval exhibits a power law scaling of f~*2, indicating turbu-
lence behaviour closer to the Iroshnikov-Kraichnan (IK) scaling
(f~3/?) (P. S. Iroshnikov 1964; R. H. Kraichnan 1965). Further-
more, in the super-alfvénic and sub-alfvénic regions, we noticed
that the spectral break is close to the proton cyclotron frequency
(fe = Qi/27 = 0.26 Hz where Q; = q;B/m;), which is shown by
a vertical black line. In super- and sub-alfvénic both the regions
spectral breaks are far away from the frequency corresponding
to an ion inertial length ~ 0.8 Hz (fy = V;/2nd; ~ 0.8 Hz and
d; = c/wp = /Niqi/(eom;) is an ion plasma frequency) exhibited
by a vertical brown line and ion Larmor radius ~ 2.0 Hz (f,, =
Vi/2mp; ~ 2 Hz and p; = Vi /) depicted by a vertical green
line (C. H. K. Chen et al. 2014).

3 RESULTS AND DISCUSSION
3.1 Superposed epoch analysis of sub- and super-Alfvénic
regions

Superposed epoch analysis (SEA) functions as a robust statistical
technique to identify recurring patterns in physical parameters
associated with specific types of events. The process involves
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Figure 3. The superposed epoch analysis (SEA) method applied to proton parameters for all identified events. The pre-sub-Alfvénic (grey), sub-Alfvénic
(pink), and post-sub-Alfvénic (cyan) regions are plotted against their respective normalized time intervals.

extracting temporal profiles of physical parameters around the
epochs of interest, then normalizing the time for each event so
that they can be directly compared. Furthermore, superimposing
these time-aligned profiles and computing their average enables
the extraction of common features across all events while sup-
pressing random fluctuations. SEA has been extensively applied
to study different structures, such as solar wind streams (Y. L.
Yermolaev et al. 2015) and corotating interaction regions (J. E.
Borovsky & M. H. Denton 2010). It also significantly contributes
to understanding transient phenomena like ICMEs (F. Regnault
et al. 2020) and their substructures (J. J. Masias-Meza et al. 2016),
as well as the typical profile of geomagnetic storms (N. Yokoyama
& Y. Kamide 1997; Y. 1. Yermolaev et al. 2010; J. A. Hutchinson,
D. M. Wright & S. E. Milan 2011; V. Manu et al. 2023). In our
study, we applied SEA to each region i.e. pre-, sub-, and post-
sub-Alfvénic regions individually; each region has a different set
of time intervals. The normalized duration of each sub-Alfvénic
interval, along with the adjacent pre- and post-sub-Alfvénic in-
tervals, is divided into 100 time bins.

Fig. 3 presents the superposed interplanetary plasma
parameters for all analysed events. The normalized time axis
is segmented into three distinct phases: the pre-sub-Alfvénic
(grey) spanning from —1 to 0, the sub-Alfvénic (pink) from 0 to
1, and the post-sub-Alfvénic (cyan) from 1 to 2. It is important
to note that while time normalization provides a standardized
framework, the actual duration of each phase vary across
individual events. The top panel illustrates a slight reduction in
the total magnetic field strength across all three intervals. Within
the sub-Alfvénic region, the solar wind speed notably decreases
compared to the adjacent super-Alfvénic intervals (pre- and
post-sub-Alfvénic intervals), whereas the Alfvén speed exhibits
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a significant enhancement. Consequently, M, falls below unity
within the sub-Alfvénic region, confirming the sub-Alfvénic
nature of the plasma, while it remains greater than unity in the
neighboring super-Alfvénic regions. In particular, the proton
density in the sub-Alfvénic interval drops to extremely low
values (below 0.4 cm~3), in contrast to the relatively higher
densities observed in the super-Alfvénic regions. However, the
proton temperature remains elevated throughout both sub- and
super-Alfvénic intervals.

3.2 Thermal states using polytropic index

The distribution of the polytropic index for the event that oc-
curred on 2002 March 20 is illustrated in Fig. 4, classified into
three intervals: (a) pre-sub-Alfvénic, (b) sub-Alfvénic, and (c)
post-sub-Alfvénic, these regions are delineated in Fig. 1. In each
region, the polytropic index values for the standard error of the
slope (o) less than 1, 0.5, and 0.3 are represented by green, orange,
and blue, respectively. The median values of the polytropic index
for the cases with « > 1 and o < 0.5 are 2.61, 2.34, and 2.26 for
the pre-, sub-, and post-sub-Alfvénic regions, respectively. Simi-
larly, the values of the polytropic index fora < 1and o < 0.5 are
—0.38, —1.29, and —0.3 for the respective regions. The decreasing
trend in the polytropic index (for « > 1) from the pre- to post-sub-
Alfvénic regions suggests that plasma cooling processes become
less efficient as the spacecraft transitions through the regions in
the plasma frame. However, a clear transition in the polytropic
values (for o < 1) are observable from super- to sub-Alfvénic
intervals. Moreover, we noticed that the polytropic behaviour
of sub-Alfvénic regions varies at smaller scales (smaller sub-
intervals) compared to previous large-scale observations (com-
plete intervals). Our analysis demonstrates that the polytropic
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Figure 4. Histograms illustrating the bimodal polytropic distribution for the event on 2002 March 20, across (a) Pre-Sub-Alfvénic, (b) Sub-Alfvénic, and
(c) Post-Sub-Alfvénic intervals. Here, o denotes the polytropic index, and o represents the standard error of the slope. The colors green, orange, and blue

indicate standard error of the slope below 1, 0.5, and 0.3, respectively.

index exhibits a predominantly bimodal distribution, with the
isothermal state serving as a natural boundary between distinct
thermodynamic phases; see Fig. 4. Specifically, the regions where
«a is below the isothermal state are governed by non-adiabatic
processes, indicating a dominance of heating over cooling pro-
cesses, while « above the isothermal state is presented by sub- to
super-adiabatic processes, reflecting a predominance of cooling
over heating (V. A. Osherovich et al. 1993; G. Livadiotis 2016; G.
Nicolaou, G. Livadiotis & R. T. Wicks 2019; G. Livadiotis & G.
Nicolaou 2021; S. Khuntia et al. 2023, 2025). The selection of the
isothermal state as the separation boundary is purely based on ob-
servations of the values of the polytropic index. This classification
provides a robust framework for interpreting the thermodynamic
diversity within the solar wind intervals.

Our statistical analysis found a bimodal distribution in almost
all cases, as shown in Fig. 5, and the isothermal state acts as the
defining boundary in all regions represented by the vertical black
line. This figure resembles Fig. 4; however, Fig. 5 incorporates all
eleven events to determine the polytropic index and analyse their
collective behaviour. Green, orange, and blue indicate standard
error of the slope below 1, 0.5, and 0.3, respectively, for pre-,
sub, and post-sub-Alfvénic regions. In Fig. 5, two distinct modes
are evident in each region, and transitions in the median values
of the polytropic index are clearly observed for each standard
error of the slope. Table 1 provides two distinct median values
of the polytropic index for each region with a standard error of
the slope below 0.5. In 10 of 11 events, we observed a change in
the median values of the polytropic index (either« > lora < 1
or both) within the sub-Alfvénic regions, while the polytropic in-
dex values in the pre-sub-Alfvénic and post-sub-Alfvénic regions
remained unchanged. The remaining event exhibits a transition
in the median values of the polytropic index, either an increas-
ing or decreasing trend from pre- to post-sub-Alfvénic regions.
Furthermore, a detailed classification of the median value of the
polytropic index provides more insights related to the interplane-
tary structures in which they are embedded, refer to Table 1 (last
three columns).

The Sub-Alfvénic intervals occur primarily within ICME-
magnetic clouds (MCs) or high-speed streams (HSS), see Ta-
ble 1 (last column) and Figures in Appendix A and B. We have
distinguished events into two types based on their transition

in median values of polytropic index from super (Pre & Post)-
to sub-Alfvénic intervals (see Table 1): Case 1: super- to sub-
Alfvénic transitions in both « < 1 and « > 1. Case 2: super-
to sub-Alfvénic transitions in either « < 1 or ¢ > 1. In case 1,
we observed that, sub-Alfvénic intervals embedded within HSS
i.e. events 1, 2, & 7, and also one sub-Alfvénic region embedded
within magnetic cloud i.e. event 11 show transition in both super-
to sub-Alfvénic transitions in both ¢ < 1 and & > 1. While in
case 2, we observed that sub-Alfvénic regions embedded within
ICME-MCi.e. events 3, 4, 5, 8, 9 and 10, these events show a tran-
sition in the polytropic index from super to sub-Alfvénic either in
a < lorina > 1. Although, this association is not statistically
strong, it hints at a possible linkage between the thermodynamic
evolution of sub-Alfvénic intervals and the nature of their em-
bedding interplanetary structures.

At 1 au, several studies have been conducted to analyse the
polytropic behaviour of solar wind protons. These studies report
an adiabatic plasma with « ~ 1.6 (G. Livadiotis & M. I. Desai
2016; G. Livadiotis 2018; G. Nicolaou & G. Livadiotis 2019; G.
Nicolaou, G. Livadiotis & M. 1. Desai 2021). However, some ob-
servations at 1 au have shown super-adiabatic plasma behaviour.
For example, G. Nicolaou et al. (2020) reported a super-adiabatic
nature of solar wind protons based on high-time-resolution ob-
servations by the Parker Solar Probe (PSP). Similarly, Z. I. Shaikh
et al. (2023a) observed super-adiabatic alfvénic solar wind, and K.
Ghag et al. (2025) identified a super-adiabatic ICME-HSS inter-
action region. Furthermore, M. A. Dayeh & G. Livadiotis (2022)
reported transitions in polytropic states within ICME substruc-
tures. Unlike the plasma observations at 1 au, the solar wind pro-
tons at larger distances exhibit different behaviour. H. A. Elliott
et al. (2019) reported that, « &~ 1.3 at &~ 20 au, and the value of
«a decreases with radial distance, becoming o < 1 beyond 30 au.
In support of these observations, G. Livadiotis (2019) suggested
that the value of the polytropic index decreases as the heliocen-
tric distance increases. These findings indicate enhanced heating
of solar wind protons as they propagate farther from the Sun.
Previous observational studies employing similar methodologies
have reported a bimodal distribution of the proton polytropic
index in solar wind and ICME (super-Alfvénic flow) (G. Nicolaou
et al. 2014; C. Katsavrias et al. 2024; S. Khuntia et al. 2025; C.
Katsavrias et al. 2025a, b). In these works, the two distributions
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Figure 5. This figure, analogous to Fig. 4, represents the bimodal polytropic distribution for all events. The isothermal state (¢ = 1) acts as a boundary

separating the two distinct distribution modes of the polytropic index.

Table 1. This table presents the polytropic index («) values for standard error of the slope (o) less than 0.5, corresponding to the
selected Pre-sub-Alfvénic, Sub-Alfvénic, and Post-sub-Alfvénic intervals observed during 1995 to 2023.

Sub-Alfvénic interval

o <1 (median)

o >1 (median)

Sr. No. Start Time and Stop Time [Pre, Sub, Post] [Pre, Sub, Post] IP structure
1 27-04-1999 01:52:28-27-04-1999 06:35:01 [—0.26, —0.98, 0.12] [2.39, 2.6, 2.25] HSS
2 11-05-1999 17:34:40-11-05-1999 18:49:22 [—0.54, -, 0.34] [2.77,2.3,2.39] HSS
3 20-03-2002 09:23:01-20-03-2002 13:20:10 [—0.38, —1.29, —0.3] [2.61, 2.34, 2.26] MC
4 24-05-2002 21:01:07-24-05-2002 23:47:19 [-1.31, —1.35, —0.79] [2.63,2.54,2.2] MC
5 25-05-2002 03:20:04-25-05-2002 04:43:52 [—0.58, —0.97, —1.08] [2.51, 3.0, 2.47] MC
6 25-05-2002 11:40:46-25-05-2002 12:27:28 [0.02, —0.04, —0.4] [2.59, 2.44, 2.29] MC
7 12-09-2004 20:33:10-13-09-2004 10:48:04 [—0.03, —0.52, —0.15] [2.04, 2.43, 2.02] HSS
8 17-01-2013 18:15:04-17-01-2013 20:15:04 [—0.39, —0.36, —0.11] [2.15, 2.54, 2.0] MC
9 17-01-2013 22:01:37-17-01-2013 23:57:37 [-0.11, —0.21, —0.39] [2.0,2.91, 2.47] MC
10 28-05-2021 03:05:01-28-05-2021 07:10:20 [-0.37, —1.1, —1.02] [2.32, 3.56, 2.67] MC
11 24-04-2023 11:50:54-24-04-2023 13:55:15 [—1.24, —1.76, —0.72] [2.38, 3.17, 2.08] MC

(¢ >1 and o < 1) were often characterized using a common
median value or further represented through alternative fitting
approaches, such as K-Gaussian function. In contrast, we focused
on understanding these two polytropic distributions individually,
such as polytropic index greater than and less than 1. We observed
that transition in median value of polytropic index from super-
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alfvénic to sub-alfvénic regions (see Table 1). This transition is
observed in both the cases ¢ > 1 and « < 1, respectively. Our
observations of solar wind protons show both sub-adiabatic to
super-adiabatic behaviour, which suggests periods dominated by
cooling and mild-explosive to explosive behaviour , emphasizing
the predominance of heating processes. This complex polytropic
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Table 2. The table provides the spectral index (k) for the inertial and dissi-
pation scales in super- and sub-Alfvénic regions, covering all selected events.

Sr.No. Sub-Alfvénic Inertial scale kg Dissipation scale kg
Start time Super Sub  Super Sub
1 27-04-1999 01:52:28 —1.34 —1.54 -3.61 —-3.19
2 11-05-1999 17:34:40 —2.28 1.32  —2.29 —2.55
3 20-03-2002 09:23:01 —1.63 —1.56 —2.42 —2.74
4 24-05-2002 21:01:07 —1.68 —1.48 —2.47 —2.84
5 25-05-2002 03:20:04 —1.3 —-1.65 -—-23 —2.25
6 25-05-2002 11:40:46 —1.64 —1.57 —2.68 —2.29
7 12-09-2004 20:33:10 —1.83 149 —-2.64 —2.67
8 17-01-2013 18:15:04 —1.72 —1.65 -—-2.13 —2.27
9 17-01-2013 22:01:37 —1.72 -1.6 —2.25 —-1.92
10 28-05-2021 03:05:01 —1.65 —1.72 —-2.43 —2.36
11 24-04-2023 11:50:54 —1.75 —1.85 =21 —1.86

behaviour suggests the presence of non-adiabatic processes. Due
to the complex polytropic behaviour , multiple mechanisms are
likely to contribute to the heating process. The heating mecha-
nisms at 1 au possibly include turbulent heating, magnetic recon-
nection, and temperature anisotropy-driven instabilities.

3.3 Turbulence spectra

Turbulent heating is one of the prominent processes of plasma
heating. In order to understand the properties of turbulence,
several studies have been conducted. Previous research demon-
strates that turbulence develops at 1 au, exhibiting Kolmogorov
scaling k; 5/3 in the inertial range (R. Bruno & V. Carbone 2013).
R. Bruno & L. Trenchi (2014) further observed that the Kol-
mogorov spectrum persists beyond 1 au, extending up to 4.5 au
from the Sun. Furthermore, D. Telloni et al. (2021) found that
turbulence develops between 0.1 and 1 au, whereas C. H. K. Chen
etal. (2010) suggested that it is already established at 0.1 au. Both
observational and simulation-based studies indicate that solar
wind turbulence is weak near the Sun but gradually strengthens
as the solar wind propagates outward (M. L. Goldstein, D. A.
Roberts & W. H. Matthaeus 1995; R. Bruno & V. Carbone 2016;
W. H. Matthaeus 2021). Several investigations have also focused
on turbulence within ICMEs (R. J. Leamon, C. W. Smith & N. F.
Ness 1998; L. Sorriso-Valvo et al. 2021). Specifically, K. Hamilton
etal. (2008) reported a spectral index of k;'-*® for ICME-magnetic
clouds in the inertial range. However, there are a very limited
number of studies have addressed the turbulent spectra of sub-
Alfvénic regions at 1 au. For example, S. Q. Zhao et al. (2022) anal-
ysed three-dimensional magnetic power spectra of sub-Alfvénic
solar wind in wavevector space using MMS observations, with a
particular emphasis on characterizing turbulence anisotropy and
spectral scalings at MHD scales. In contrast, our present work
focuses on the turbulence spectra of both sub-Alfvénic and super-
Alfvénic regions across the inertial and dissipation scales using
Wind spacecraft observations. S. Q. Zhao et al. (2022) arranged
the magnetic power distributions in a new coordinate system
defined by the wavevector direction (k) and the background mag-
netic field (b, ) in Fourier space. While, we studied turbulence as a
function of frequency. S. Q. Zhao et al. (2022) reported that, fluc-
tuations perpendicular to both k and b, show a strong anisotropy,
with spectral index ky; j/ *and kguz (perpendicular and parallel with
respect to the magnetic field). In contrast, fluctuations lying in
the k — by plane exhibit nearly isotropic behaviour , with similar

perpendicular and parallel power and spectra following k];i/ % and
k];”s/ 2 In our analysis of sub-Alfvénic regions, we observed that,
in the inertial scale the average value of spectral indices roughly
follows Kolmogorov spectrum and in case of dissipation the scale
average value of the spectral indices around kg>*.

In this study, we primarily focused on the investigation of mag-
netic field fluctuations within the inertial and dissipation scales
by analysing the trace of the power spectral densities of magnetic
field fluctuations across sub-Alfvénic and super-Alfvénic inter-
vals for all eleven events. Within the inertial range (1 mHz to 0.16
Hz), the spectral indices vary from 1.3 to 2.2 for both regions, with
average values ~ 1.7 and ~ 1.6 for the super- and sub-Alfvénic
regions, respectively, see Table 2. Although both regions remain
close to the Kolmogorov scale, a notable distinction emerges be-
tween the two regimes: The turbulence spectrum in the super-
Alfvénic region is steeper than in the sub-Alfvénic region, indicat-
ing enhanced turbulence in super-Alfvénic flows. Interestingly, in
four events (events 1, 5, 10, and 11), a contrast trend is observed
where the sub-Alfvénic intervals display steeper spectral slopes
compared to their super-Alfvénic counterparts within the inertial
range within the same frequency range. To further explore this
anomaly, for three events (1, 10, and 11) the inertial range was
divided into two sub-ranges: (i) 10~ to 10~2 Hz frequency range
exhibits more turbulence in the super-Alfvénic regions as com-
pared to sub-Alfvénic regions, while (ii) 1072 to 0.16 Hz frequency
range, contrasting behaviour is evident. This indicates that these
3 events exhibit more turbulence in super-Alfvénic intervals as
compared to sub-Alfvénic intervals at lower frequencies, whereas
less turbulence at relatively higher frequencies. However, event
5 exhibits low turbulence in the sub-Alfvénic region at different
frequency range. The variation in spectral indices of magnetic
field fluctuations at the inertial scale suggests that different phys-
ical processes govern turbulence in sub-Alfvénic and adjacent
super-Alfvénic regions. At the dissipation scale (0.2 to 1 Hz), the
spectral indices range from 1.8 to 3.6 in both regions, with mean
values of ~ 2.48 for the super-Alfvénic region and ~ 2.45 for
the sub-Alfvénic region. In most of the events, sub-Alfvénic re-
gions have flattening spectral slopes compared to super-Alfvénic
counterparts within the dissipation range. Notably, four events
(i.e. events 2, 3, 4, and 8) display enhanced turbulence levels
within the sub-Alfvénic intervals compared to the adjacent super-
Alfvénic regions for the same frequency range. However, a more
detailed examination reveals that Events 2 and 4 exhibit increased
turbulence in the super-Alfvénic intervals compared to the sub-
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Alfvénic regions, particularly within the shorter frequency range
of 0.16 to 0.45 Hz. In contrast, Events 3 and 8 display steeper
spectral slopes in the super-Alfvénic intervals, but over different
frequency ranges. This suggests that sub-Alfvénic regions depict
less turbulence compared to super-Alfvénic regions at relatively
low frequencies in the dissipation scale. Note that there is a pos-
sibility of instrument noise at higher frequencies (R. P. Lepping
et al. 1995; O. Alexandrova et al. 2014). The transition from a
large-scale cascade to a small-scale cascade is separated by a
spectral break. In our study, for most of the events, the spectral
break between inertial scale and dissipation scale remains close
to the proton cyclotron frequency, whereas the ion inertial length
and Larmor radius remain far from the spectral break. Physical
processes responsible for the generation of the spectral break are
debatable. In the case where the inertial scale cascade is domi-
nated by parallel propagating Alfvén waves, the spectral break is
thought to appear at the ion cyclotron frequency (O. Alexandrova
et al. 2014).

4 CONCLUSION

A thermodynamic approach to sub-Alfvénic intervals remains
largely unexplored, with limited studies conducted from a poly-
tropic perspective. Our observations suggest that the polytropic
index values remain consistent during super-Alfvénic flows, i.e.
in the pre- and post-sub-Alfvénic regions, whereas relative varia-
tions are observed during sub-Alfvénic flows. Interestingly, this
transition in the polytropic behaviour of sub-Alfvénic regions
gets influenced by their surrounding within the solar wind or
ICMEs. Here, we noticed a bimodal distribution of the polytropic
index, which reflects the coexistence of non-adiabatic and super-
adiabatic processes, implying concurrent heating and cooling,
with one process potentially prevailing over the other. Further-
more, we analysed the turbulence characteristics of the sub-
Alfvénic and super-Alfvénic regions. The turbulence spectra in-
dicate that sub-Alfvénic regions exhibit lower turbulence levels
compared to adjacent super-Alfvénic regions, implying the influ-
ence of different underlying physical processes in these two re-
gions. In this study, we focused on the thermodynamic behaviour
and turbulence properties of solar wind protons, neglecting elec-
trons or, more generally, the multiparticle description. This raises
the question whether electrons and other particles exhibit similar
behaviour on smaller scales or follow patterns consistent with
earlier studies. Understanding the heating mechanisms in such
a complicated system at a smaller scale would be challenging.
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Figure Al. This figure represents the sub-Alfvénic region embedded within ICME-MC and the event occurred on 2002 March 20. The red vertical line
shows the onset of the ICME. The grey shaded region shows the MC, and the pink shading exhibits the sub-Alfvénic interval within the MC.
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APPENDIX B: POLYTOPIC NATURE
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Figure B1. This figure represents histogram plot of event occurred on 12 September 2004. This figure is similar to Fig. 4.
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