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ABSTRACT

Context. Stream interaction regions (SIRs) are large-scale solar wind structures that play a significant role in space weather in the
near-Earth environment. Understanding their thermodynamic behaviour is essential to explaining the energy transfer processes gov-

erning their evolution.

Aims. We investigate in depth (for the first time to such an extent) the behaviour of both the total and partial proton polytropic indices

in SIRs and the high-speed streams (HSSs).

Methods. To that end, we used a list of 186 SIRs identified from Wind measurements over more than two solar cycles (1995-2022),
from which we derived the distributions of the polytropic index in the near-Earth space (L1).

Results. Our results show that the slow compressed solar wind region has a sub-adiabatic polytropic index, which indicates com-
pression and turbulent heating. The HSS exhibits a super-adiabatic polytropic behaviour, which is consistent with a decrease in the
effective degrees of freedom and/or an additional energy release mechanism. We discuss the consistency of our findings with the
fluctuating-moment effect in large-scale compressive fluctuations as such an energy release mechanism.
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1. Introduction

Stream interaction regions (SIRs) are large-scale structures in
interplanetary space that are formed by the plasma compres-
sion arising from the interaction between the high-heliographic-
latitude, fast solar wind emitted from coronal holes and the
slow solar wind from lower heliographic latitudes. This leads
to compressions of both the interplanetary magnetic field (IMF)
and the plasma density in the interaction region (Jian et al.
2006). The fast wind that follows the SIR is called the high-
speed stream (HSS) and is identified in in situ plasma mea-
surements as an increase in the solar wind velocity, typi-
cally >450km/s (but it can reach >800km/s), that lasts for
several days (Denton & Borovsky 2012; Grandin et al. 2019).
When encountering the Earth’s magnetosphere, SIRs and the
ensuing HSSs predominantly cause weak to moderate geo-
magnetic storms (Tsurutani et al. 2006; Borovsky & Denton
2006; Katsavrias et al. 2016). However, their impact on the
trapped magnetospheric particle populations, especially the
ring current and the outer radiation belt, is very impor-
tant (Miyoshi & Kataoka 2008; Horne et al. 2018). The HSSs
that follow the SIRs have been shown to be responsible for
multi-MeV electron flux enhancements (Katsavrias et al. 2019;
Nasi et al. 2022). The compression regions are also a source
of broadband magnetospheric ultra-low frequency (ULF) wave
power derived from intrinsic solar wind dynamic pressure fluc-
tuations and can lead to a substantial loss of energetic particles
(Kilpua et al. 2015; Turner et al. 2019).

* Corresponding author: ckatsavrias@phys.uoa.gr

Because of the strong influence of SIR-HSS events on terres-
trial (and other planetary) environments, understanding internal
SIR thermodynamic processes is an important step in advanc-
ing our space weather capabilities. Thermodynamic proper-
ties of SIRs can be studied using a polytropic state estima-
tion. The polytropic behaviour is a macroscopic relationship
between plasma moments — and any fluid-like system in gen-
eral, i.e. density (n) versus pressure (P) or temperature (7) —
that describes the transition of a plasma from one thermodynam-
ical state to another under a constant specific heat (Parker 1963;
Chandrasekhar 1957):

Poxn’ —Ton!. 1)

Here, the polytropic index (y) is characteristic for individual
plasma streamlines; it can vary for different plasma species
within different plasma regimes and thus indicate different ther-
modynamical states (Kartalev et al. 2006; Nicolaou et al. 2014a;
Livadiotis 2016).

Through the polytropic equation, we can close the hierar-
chy of fluid equations or higher-order moments (such as tem-
perature and pressure) of the velocity distribution function of
plasma particles and plasma density (Kuhn et al. 2010). In addi-
tion, the polytropic relationship is directly related to plasma
thermodynamics and provides insight into the plasma heating
or cooling and the effective dimensionality of the system with-
out the need to solve the energy equation, which can be very
complicated (Kartalev et al. 2006). Several studies have anal-
ysed plasma observations and determined the polytropic index
of different species throughout the heliosphere, in order to
reveal their thermodynamic properties. Some studies use the
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term ‘effective polytropic index’ to imply that there are sev-
eral terms of the energy equation combined into a single value.
Relevant examples include the compression ratio of shocks
(Livadiotis 2015; Scherer et al. 2016), planetary magnetospheres
(Arridge et al. 2009; Dialynas et al. 2018), solar wind periodic
density structures (Katsavrias et al. 2024a), interplanetary coro-
nal mass ejections (Dayeh & Livadiotis 2022; Katsavrias et al.
2025a), the interplanetary space (Elliott et al. 2019), the inner
(Nicolaou et al. 2020; Abraham et al. 2022; Dakeyo et al. 2022)
and near outer heliosphere (Nicolaou etal. 2023), and the
heliosheath (Livadiotis & McComas 2013).

In this study we investigated the proton polytropic behaviour
of SIRs measured at 1 AU by investigating — for the first time,
to our knowledge, to such an extent — the behaviour of the par-
tial (with respect to the magnetic field) proton polytropic index
within the SIRs and the HSS regions, as well as their dependence
on the temperature anisotropy and plasma (.

2. Data

We used the solar wind proton number density (n,) and the pro-
ton thermal speed elements of the temperature tensor (v, and
vn,) With their respective standard deviations, as well as the solar
wind bulk speed from the Solar Wind Experiment instrument
(Ogilvie et al. 1995) on board the Wind spacecraft near L1 with
~92 sec resolution (the resolution varies over the course of the
mission). We also obtained the solar wind magnetic field vector
from the Magnetic Field Instrument (Lepping et al. 1995). The
scalar temperature (7') was derived from the thermal speed ten-
sor assuming a gyro-tropic plasma as T = %T|| + %T 1, where
T = mpvtzh’”/Zkb and T, = mpvfh, /2ky (with k, the Boltz-
mann constant and mj, the proton mass). Finally, the proton
plasma B was derived as the ratio between the plasma ther-
mal pressure (Py, = nkgT) and the magnetic field pressure
(Pmag = B?/2u0), where g is the vacuum permeability, while
temperature anisotropy was derived as @ = T,/T). For the
SIR events, we used the list in Katsavrias et al. (2025b), which
spans the 1995-2022 time period and includes 186 SIR events
(Katsavrias 2025). We further split the SIR interval into the slow
(Vsw < 450kmy/s) and fast (Vsw > 450 km/s) compressed solar
wind part of the SIR (hereafter SCSW and FCSW, respectively).

3. Results

Figure 1 shows the enriched histograms of the normalised occur-
rence (with respect to the total number of data points) of the
total, perpendicular, and parallel y for all the SIR events on
our list (see also Appendix B for a detailed description of the
derivation of the polytropic index). As shown, the weighted «-
Gaussian fit in the case of the SCSW (top-left panel in Fig. 1)
resulted in a sub-adiabatic y of ~1.49. Furthermore, the temper-
ature anisotropies and plasma S values (not shown here) were
distributed with a mean near « = 0.89 and 8 = 0.53, respec-
tively. The mean of the partial filtered polytropic index in the
perpendicular direction (top-middle panel in Fig. 1) is slightly
decreased (¥, ~ 1.42), while that of the , distribution is signif-
icantly increased (y ~ 1.85), with a simultaneous broadening of
the x-Gaussian distribution.

The weighted x-Gaussian fit in the case of the FCSW
(middle-left panel in Fig. 1) resulted in a nearly adiabatic y of
~1.73 (assuming plasma with three degrees of freedom), while
the partial polytropic index in the perpendicular and parallel
direction has a’y, of ~1.62 and a y; of ~1.81. The increase in'y
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Fig. 1. Histograms of the normalised occurrence (black circles) and -
Gaussian distributions (red lines) of the (from left to right) total, perpen-
dicular, and parallel y. From top to bottom: SCSW, FCSW, and HSS for
all the SIR events on our list. The Pearson R and the root mean square
error (RMSE) of the fitted k-Gaussian versus the normalised histogram
values are shown at the top of each panel.

is accompanied by an increase in both temperature anisotropy
and plasma S (from 0.89 in the SCSW to 1.01 in the FCSW
and from 0.53 to 0.74, respectively). The y of the HSS, on the
other hand, increased even more, to ~1.86 (middle-left panel in
Fig. 1), while the partial polytropic index in the perpendicular
and parallel direction had ay, of ~1.97 and a ¥ of ~2.13. The
super-adiabatic effective polytropic index in the HSS is accom-
panied by a small increase in the average temperature anisotropy
and a decrease in the average plasma g (@ = 1.04 and 8 = 0.64)
compared to the FCSW.

We further investigated the dependence of the effective poly-
tropic index during the HSS for different solar wind speed lev-
els. Figure D.2 shows the weighted x-Gaussian fit in the case
of Vsw > 500km/s, Vsw > 550km/s, and Vsw > 600 km/s.
As shown, there is a gradual decrease in the effective polytropic
index (left panels in Fig. D.2) as we isolate HSS intervals with
increasing solar wind speed, from an average y of =1.86 in
the entire HSS (Vsw > 450km/s) to an average y of ~1.49 in
the very fast HSS (Vsw > 600 km/s). This significant decrease
in the effective polytropic index, from super-adiabatic to sub-
adiabatic values, is accompanied by an increase in both temper-
ature anisotropy (from @ = 1.04 to @ = 1.22) and plasma 8 (from
B~ 0.64t08~0.81).

4. Discussion

Our results regarding the polytropic behaviour of SIR and HSS
are summarised in Table 1 and Fig. 2. The SCSW region con-
tains more turbulent plasma compared to the FCSW and HSS
(Tsurutani et al. 2006). This is also depicted in the sub-adiabatic
values of the effective polytropic index, which are indicative
of turbulent heating for three effective degrees of freedom.
In contrast, the FCSW, comprising less compressed and faster
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Table 1. Effective y, anisotropy (@), and plasma g values for the various SIR classifications.

Y Y. 7|| a B
SCSwW 1.49+0.02 142+0.02 1.85+0.02 0.89 0.53
FCSW 1.77+0.06 1.62+0.03 1.81+0.04 101 0.74
HSS (V > 450km/s) 1.86+0.03 197+0.04 2.13+0.03 1.04 0.64
HSS (V > 500km/s) 1.85+0.04 198+0.05 2.20+0.05 1.10 0.68
HSS (V > 550km/s) 1.61+0.03 1.88+0.09 192+0.05 1.16 0.73
HSS (V> 600km/s) 1.49+0.04 197+0.05 1.85+0.06 1.22 0.81
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Fig. 2. Comparison of the total and partial polytropic index for
the various SIRs and HSSs. Left panel: Entire Wind dataset (from
Katsavrias et al. 2024b), SCSW, FCSW, and HSS in black, red, green,
and blue, respectively. Right panel: HSSs with Vgw > 450 km/s (blue),
Vsw > 500km/s (magenta), Vsw > 550km/s (cyan), and Vsw >
600 km/s (yellow).

plasma, has a near-adiabatic effective y. However, both SIRs
have decreased and increased partial y in the perpendicular and
parallel directions (with respect to the local magnetic field),
respectively, (red and green lines in the left panel in Fig. 2).
This is in agreement with the results of Katsavrias et al. (2024b),
according to whom this variation is a result of the variation in the
effective degrees of freedom (d.g) in the corresponding direction
(a decrease in d.g leads to an increase in the effective v and vice
versa). Furthermore, this behaviour seems to be typical for com-
pressed and/or turbulent regions like interplanetary coronal mass
ejection sheaths (see also Fig. 7 in Katsavrias et al. 2025a).

The polytropic index of the HSS is, on average, super-
adiabatic, unlike the compressed solar wind. Our results indicate
that there is a gradual decrease in the average effective y in HSSs,
from super-adiabatic to sub-adiabatic, if we isolate regions of
increasing solar wind speed levels. The aforementioned result
does not imply a dependence of the effective y on the solar wind
speed, but is rather an effect of the plasma § increase (see also
Table 1). This anti-correlation between the effective polytropic
index and the plasma $ has been shown to be evident in obser-
vations from both Wind and Parker Solar Probe (Nicolaou et al.
2020). This dependence on plasma S is further supported by the
fact that for increasing solar wind speed values (see the right
panel in Fig. 2), the effective | tends to be lower than 7y,
indicating increased effective degrees of freedom in the parallel
direction (Katsavrias et al. 2024b).

Our results for the total polytropic index are in agreement
with those from Dayeh et al. (2025), who find that y = 1.56,
1.66, and 1.77 for the SCSW, the FCSW, and the HSS, respec-
tively. The minor differences between their results and ours can
be explained by the different methodologies and SIR lists used
in the two studies. Nevertheless, both studies describe a transi-
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Fig. 3. Estimated polytropic and entropic gradient jumps according to
Eq. (C.6) at 1 AU.

tion from a sub-adiabatic polytropic behaviour in the SCSW to a
super-adiabatic in the HSS.

Following Katsavrias et al. (2024a), we further connected
the derived polytropic indices with the entropy gradient and the
turbulent heating gradient (Livadiotis et al. 2020) at 1 AU (see
Appendix C for more details). Figure 3 shows the polytropic
and entropy jump for the various SIRs. We assumed an adiabatic
solar wind with a y of =1.67. This is of course purely theoretical
and valid for slow solar wind streams with isotropic temperatures
and three effective degrees of freedom. As shown, the entropic
gradient jump (A(dS/dR)) from the theoretical adiabatic solar
wind to the SCSW is =0.54, indicative of turbulent heating in
compressed solar wind regions, while the entropic gradient jump
from the SCSW to the FCSW and then to the HSS is ~—0.84 and
—0.27, respectively.

To further investigate the increase in the polytropic index
in the HSS, we derived the distribution of the effective total y
with respect to the temperature anisotropy and plasma S. The
top panels in Fig. 4 show the two-dimensional histograms of the
data points in the anisotropy—f parameter space. As shown, the
HSS exhibits a characteristic tail of high values of @ and low
values of plasma S (top-right panel in Fig. 4) compared to the
SCSW (top-left panel), which exhibits anisotropy values very
close to 1. The bottom panels in Fig. 4 show the distribution of
the effective total y in each logio(a@)-logio(8)) bin. The total y
in each bin was derived using a k—Gaussian fitting (similarly to
Figs. 1 and D.2). As shown, the ¥ of the SCSW is, on average,
sub-adiabatic and has a clear dependence on plasma 5. The y of
the HSS is, on average, super-adiabatic. Furthermore, the max-
imum ¥ values, which are limited at log;o(8))<107"3, appear to
be grouped in near-diagonal stripes (dashed white lines in the
bottom-right panel in Fig. 4). Interestingly, this feature is very
similar to the hodogram of a plasma parcel due to the effect
of large-scale compressive slow-mode waves as described in
Fig. 2 in Verscharen et al. (2016). Large-amplitude compressive
fluctuations, which are a significant component of astrophysical
plasma turbulence, lead to changes in the anisotropy and plasma
By and, consequently, to the plasma crossing one or more insta-
bility thresholds. As a result, energy can be transferred from
the large-scale compressions to small-scale kinetic instabilities,
which in terms of thermodynamics would result in a net energy
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Fig. 4. Two-dimensional histograms of the temperature anisotropy with
respect to the parallel plasma g (8;) for the SCSW (left), FCSW (mid-
dle), and HSS (right). Overplotted are the mirror (solid lines), proton
cyclotron (dotted lines), parallel (dashed lines), and oblique (dot-dashed
lines) fire hose instabilities assuming a maximum growth rate of 10~
(Hellinger et al. 2006). The dotted white line in the top panels corre-
sponds to the most frequent value in each log¢(8); the normalised occur-
rence in each bin is colour-coded, with red corresponding to 1. The
bottom panels correspond to the distribution of the effective total y in
each log;o(a)-logo(8)) bin. The near-diagonal dashed white lines in the
bottom-right panel highlight the clusters with significantly increased y.

loss from the compressions and, thus, a super-adiabatic poly-
tropic index. Dayeh et al. (2025) suggest an additional mecha-
nism that can drive the super-adiabatic value of the polytropic
index in the HSS, which is the increasing Alfvén wave activ-
ity. A more detailed investigation of these mechanisms and their
relative contribution will be revisited in a future work.

5. Conclusions

We have performed a detailed investigation of the proton poly-
tropic behaviour in SIRs using a list of 186 events identified from
Wind measurements over more than two solar cycles (1995—
2002). Our main conclusions are summarised as follows:

— The SCSW part of SIRs is sub-adiabatic, consistent with
turbulent plasma, while the FCSW part of SIRs is near-
adiabatic. Both parts of the SIR have lower and higher partial
effective y values in the perpendicular and parallel direction,
respectively, consistent with high temperature anisotropy.

— As we move to the uncompressed fast solar wind (HSS),
the effective polytropic index reaches super-adiabatic values,
indicating expansion and/or energy release. This behaviour is
consistent with the scenario of large-amplitude compressive
fluctuations leading to a net energy loss of the large-scale
compression to small-scale instabilities.

— The effective y in the HSS decreases to sub-adiabatic val-
ues with increasing speed, while the partial effective y in the
parallel direction becomes lower than in the perpendicular
direction, consistent with the increase in plasma S values.

— Assuming the transition from the theoretically adiabatic solar
wind (y = 1.67) to the SCSW, then to the FCSW and
HSS and then back to the theoretically adiabatic solar wind,
the entropic gradients (dS = dR) are 0.54 [kB/au], —0.84
[kB/au], —0.27 [kB/au], and 0.57 [kB/au], respectively.

The analysis carried out in this work could be extended to in
situ measurements closer to the Sun (i.e. from Solar Orbiter and
Parker Solar Probe) and thus enable a deeper physical under-

Al151, page 4 of 7

standing of the role of internal and ambient interactions of an
SIR en route to Earth.
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Appendix A: SIR list

The SIR list used in this study is a refinement and extension
of the Grandin et al. (2019) list. In detail, we have excluded all
events that had embedded coronal mass ejections and kept only
single and isolated events without preconditioning, requiring the
average solar wind speed and number density to be less than
400 km/s and 15 cm™3, respectively, for at least 12 hr before
the start of the event. The start and end time of the interaction
region is identified as the time period where the density increases
above 10 particles/cm ™3, accompanied by an increase in the IMF
magnitude and the proton density gradient (dn,/dt). Similarly,
the HSS start time is identified as the time when solar wind speed
exceeds 450 km/s, while the HSS end time corresponds to the
first time when the solar wind speed drops below 400 km/s after
reaching its maximum value. Figure D.1 shows an example of
an SIR event on our list.

Appendix B: Derivation of the polytropic index

The steps towards a valid derivation of y, were first introduced
in Katsavrias et al. (2024a) and are summarised below:

— We analysed sufficiently short sub-intervals, using a
sliding window of =10 min, in order to minimise
the possibility of mixing measurements of different
streamlines (Kartalev etal. 2006; Livadiotis 2018a;
Nicolaou & Livadiotis 2019a).

— In each sub-interval, we performed a repeated median regres-
sion (Siegel 1982), which is a variation of the Theil-Sen esti-
mator, to the logarithm of the right hand side of Eq. 1 for
solar wind protons. The repeated median regression offers a
more robust option over the more common least-squares lin-
ear fit, given the small number of data points per window. It
is also much less sensitive to outliers.

— We further examined the stability of Bernoulli’s integral
(again at each sub-interval) by requiring the standard devi-
ation over the mean to be less than 2%. This condition
is particularly important, as it enhances the possibility that
the analysed sub-intervals correspond to individual stream-
lines, where the polytropic relation is valid (Kartalev et al.
2006). We note that we have ignored the contribution of
electrons in the estimation of the Bernoulli’s integral. Never-
theless, we expect negligible differences since the contribu-
tion of the thermal pressure to the Bernoulli’s integral near
L1 is very small compared to the dynamic pressure term
(Nicolaou et al. 2021).

— We further filtered the derived polytropic indices by requir-
ing a) the Pearson correlation coefficient of the regressed ver-
sus the measured data points to be higher than 0.8 and b)
each special polytropic index (v;,,), which corresponds to the
inverse spectrum regression (see also Nicolaou et al. 2019b;
Livadiotis 2019a) to differ no more than 0.1 from the corre-
sponding vy.

We further determined the average anisotropy and plasma 8
values as well as solar wind bulk speed for each ten-minute sub-
interval, in order to examine possible correlations between them.
The estimation of y by fitting in InT versus Inn is much more
straightforward since it is based directly on measured quantities
(Newbury et al. 1997; Kartalev et al. 2006). In contrast, fitting
in InP versus Inn would result in artifacts (biased correlations
due to the fact that P is constructed from the measured n, thus
not independently measured), and furthermore, the error propa-
gation would result in significantly higher uncertainty.

Finally, following Livadiotis & McComas (2011) and
Nicolaou et al. (2014a), we fitted a k-Gaussian distribution
given by

—kp=3/2

—\2
r-v ’ B.1)

1+
Ko - 02

S, v, ko, 0)

where 7 is the average polytropic index. We emphasise that the
fitting was performed on the enriched y histograms, which allow
for both the binned values and their uncertainties to be taken into
account. Specifically, for each y (and after the filtering discussed
in the previous section), we generated a normally distributed set
of 1000 values with a mean and sigma values corresponding to
the original value and its uncertainty (see also Livadiotis 2016,
and discussion therein).

Appendix C: Connection of the polytropic index to
the entropy gradient

The proton entropy can be expressed in terms of proton density
and temperature (Livadiotis 2019b, 2021) as

1 Tdesr/2
— S =InW, where W« ,
kB n

(C.1)

where S is the Boltzmann-Gibbs entropic measure, d,y are the
effective degrees of freedom, n is the number density, and kg
the Boltzmann constant (Livadiotis & McComas 2023). Further-
more, the density drop can be approximated as
no R_z, (C2)

where R is the radial distance, while the polytropic relation for
isotropic temperature is

T ocn™. (C.3)
Combining Egs. C.1, C.2, and C.3, we obtain
1
— -8 =d,rf- (Yo =) - InR + const, (C4

kg

where y, = 1+2/d,ss sothatd,sy = 3 and y, = 5/3. Combining
these equations, we express the entropy gradient as

d 1
— - S)=dotr - (va—7). C.5
dlnR(kB ) rr Ve =) (C.5)
On the other hand, the gradient of the turbulent heating E, of
the proton plasma (per mass), normalised by the thermal energy,
is also equal to the deviation of the polytropic index from its
adiabatic value (Verma et al. 1995; Livadiotis 2019a,b),

kgT dInR  dInR

I dE d (1 6

o 'S) =desr Ya—7).
B

The adiabatic polytropic index can be written as a function
of the effective kinetic degrees of freedom as y, = 1 + 2/d,yy.
Assuming thatd, s = 3 and y, = 5/3, the entropic gradient jump
is three times the polytropic jump. Here we have assumed a con-
stant y,, ignoring its dependence in anisotropy (Katsavrias et al.
2024a). However, the average change in vy, due to the anisotropy
change in the SCSW-FCSW-HSS transition (see also table 1) is
less than 1% and therefore can be neglected.
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Appendix D: Supplementary figures

SIR event 24-Nov-2008
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Fig. D.1. Example of an SIR event on November 2008. From top to bottom: IMF and its z component (black and blue lines, respectively), proton
number density and solar wind bulk speed (black and blue lines, respectively), proton density gradient, solar wind speed gradient, temperature
anisotropy, and plasma . The vertical dashed red lines show the SIR start and end time as well as the HSS end time.
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Fig. D.2. Same as Fig. 1 but for different solar wind speed levels inside the HSS. From top to bottom: Vgy >500 km/s, Vgy >550 km/s, and
Vsw >600 km/s
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