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ABSTRACT

The polytropic behavior describes the relationship between macroscopic properties of plasma species and provides useful
information in understanding physical mechanisms in space plasma. Through the value of the polytropic index, which governs
the polytropic relationship, we can identify the energy transfer in plasma systems. In this paper, we determine the polytropic
index of proton plasma within an Interplanetary Coronal Mass Ejection (ICME), which has been observed by three different
spacecraft at ~ 1 AU, each separated by ~ 20° degrees in longitude during the analyzed observations. By performing this
multi-spacecraft analysis, we provide evidence that the polytropic index does not vary significantly across the structure of the
observed ICME. This may imply that the ICME evolution process is nearly coherent. Moreover, the polytropic index values we
derive here can set boundary conditions in existing and future ICME evolution models.

1 Introduction

Most of the astrophysical and space plasma is in the form of weakly coupled charged particles. The proton thermal pressure
P, = nKgT (Kp is the Boltzmann constant) is similar to that of an ideal gas Livadiotis [38]. Hence, one of the three
thermodynamic variables—thermal pressure P, number density n, and temperature 7 is always dependent on the other two,
such as

Py o< n® T o< n®! (1

where a is known as the polytropic index. Equation 1 indicates the relationship between the variables P, n, and 7T for
quasi-stable and reversible. This process is called polytropic process [10]. It is necessary that the specific heat should remain
constant throughout the polytropic process; otherwise, the polytropic index becomes a variable. By taking natural logarithm of
Eq. 1, we get

InPy, =olnn+InF. 2)

which shows linear relationship between In B, and Inn, while In F' is a constant (intercept). In data analyses, the polytropic index
is often determined from the slope of a linear fitting of Eq. 2 to the scatter plot of InF;;, vs Inn. Therefore, we can determine
the polytropic index through the possible correlations between plasma moments and use it to study its thermodynamics. The
polytropic index describes the thermodynamic process of a system, e.g., an isothermal process for & = 1, an isobaric process
for o = 0, an isochoric process for ¢ — oo, and so on [42]. In other words, the polytropic index describes the changes in
temperature as the system is compressed or expands [58]. Note that in general, the polytropic index « is different from the
well-known quantity y = %1:’ i.e., the ratio of the specific heats. The value of @=Y is found only in the special case (adiabatic
case), in which there is no heat transfer (c= ﬁ—g =0). Polytropic indices are routinely used for describing phenomena like the
ambient solar wind expansion and the plasma dynamics within planetary magnetospheres, magnetic clouds, and the inner

heliosheath [55, 58, 79, 92]. The polytropic index also specifies boundary conditions across discontinuities [37, 57, 74].



Moreover, Akiyama et al. [2] has modeled the first image of a black hole using MHD, which includes the polytropic equation
illustrating how plasma modeling is essential to numerous recent high-profile astrophysics discoveries. The polytropic index
shows different values in different astrophysical domains, i.e., for galaxy cluster and galaxy supercluster, it has value ot ~ 1.2 -
1.3 and o ~ 1.16 respectively [16, 49]. The polytropic index value of the solar corona is & = 1.10 [66, 81]. Houston et al. [24]
shows that the polytropic index () of the upper chromosphere is 1.12. For hot flare loop the o has value ~ 1.64 [83] and for
solar flare it has value oc = 1.64 - 1.66 [19, 83]. Liu et al. [35] determined o¢=1.3 by analyzing observations of an ICME plasma
within 0.3 and 20 AU. Moreover, the magnetic clouds of ICMEs show variation as 1.1 < o < 1.3 [35]. Mishra and Wang
[50] modeled an ICME propagating within the heliosphere, revealing that ¢ drops from o = 1.87 to or = 1.3 as it propagates
away from the sun. A similar but systematic drop of the polytropic index during ICMEs was also detected and investigated by
Dayeh and Livadiotis [13]. In the region of the solar wind at 1 AU, the proton and electron show ot = 1.46 - 1.67 and ot = 1
respectively [41, 56, 80]. In planetary region o = 1.85 for bow-shock of Venus and for earth’s plasma sheet o ~ 1.67 [79, 92].

ICMEs are large-scale magnetic structures containing huge mass, kinetic energy, and magnetic flux that are expelled from
the Sun into the interplanetary space [8, 11, 21, 26, 73, 89]. Therefore, ICMESs can significantly disturb the solar wind in the
interplanetary space and the near-earth space [9, 31, 36, 72]. They have paramount importance in space weather studies not
only for their natural hazardous effects on humans and the technology in space and ground but also for their considerable
disruption threat to the global economy which leads to the extensive studies of their macro-structure ([23, 62, 75]).

ICME in-situ studies are commonly associated with three main observations: the forward propagating shock, the magneti-
cally connected and organised flux rope, and the turbulent sheath between the shock front and the flux rope [4, 5, 30, 93]. The
flux rope, or as often called magnetic cloud (MC), is a loop of twisted magnetic field lines confining a plasma of low proton
beta [5, 32]. The magnetic field strength enhancement, large and smooth rotations of the magnetic field components, and low
ion temperatures/plasma beta constitute the observational signature of MCs. While not all ICMESs contain magnetic cloud (MC)
structures, it’s worth noting that certain indicators may still be present in some ICMEs despite the absence of all expected MC
characteristics. These ICMEs usually lack typical MC attributes like a consistently rotating IMF and a strengthened magnetic
field. Therefore, when ICMEs do not possess all the defining features of an MC, they are referred to as magnetic ejecta [7]. The
in-situ features of a typical MC/ejecta at 1 AU last for 1 — 2 days. The flux ropes / MCs are modeled as cylindrical structures
and toroidal configurations. The evidence appears to support the assumption that the ICME foot-legs are rooted to the Sun
[27, 33, 52]. However, ICMES can be comprised of open and closed field lines [3].

This study will contribute to our understanding of previously unexplored aspects of plasma physics : (i) the kinematic and
thermodynamic evolution of an expanding magnetized plasma blob in an ambient magneto-fluid medium, and (ii) mechanisms
for energy exchange and plasma dynamics across distinct plasma regions of the ICME [25, 43, 44]. Osherovich et al. [61]
measured different polytropic indices for electrons and protons during the passage of MC. The proton temperature is correlated
with the density, and the average polytropic index is 1.2, whereas electrons are anti-correlated, having a polytropic index & =
-0.48. The thermodynamic evolution of an ICME from 0.3 to 30 AU has been studied with the help of in-sifu observations
[35, 82]. Liu et al. [35] shows the Coulomb collision within ICMEs and their moderate expansion compared with theoretical
predictions. Furthermore, they suggest that the slow decrease in the temperature inside the ICME, compared to the solar wind
temperature drop, gives insights into the heating process of the ICME. The polytropic index of CME plasma was estimated
statistically to be between 1.1 and 1.3 from 0.3 to 20 AU, with no significant variations over the solar cycle [35]. This suggests
that the expansion of ICME is nearly isothermal in nature. However, [41, 55, 80] found empirically the polytropic index of solar
wind is near adiabatic. This implies that the ICME plasma is different from the ambient solar wind. Mishra and Wang [50]
found that the polytropic index for CME varies from o= 1.87 to a= 1.3 as it propagates away from the sun. These modeling
results are quite different from the traditional observations by Liu et al. [35]. Recently, Dayeh and Livadiotis [13] investigated
the polytropic index of ICMEs in the four distinct regions, i.e., sheath, MC, pre-and post-ICME region. The pre-and post-ICME
regions were found to be near adiabatic. They estimated deviation in the polytropic index from the adiabatic value for the
sheath region (o — Y = 0.26) and the MC (@ — y = 0.13). They further claimed that the larger deviation leads to a larger entropy
gradient. Thus, it implies a higher rate of turbulent heating for the sheath region than the MC of the ICME plasma.

The near adiabatic polytropic process is entropy conserving and thus reversible, whereas the turbulent behavior of plasma
may be irreversible [20, 35] while it is connected with a non-adiabatic polytropic index [39, 40]. This is inspiring in using
a combination of turbulence theory and polytropic behavior in the thermodynamic modeling of ICME and their observation
in interplanetary space. The ambiguity between observations and modeling results may be challenging in future studies of
ICME evolution. Moreover, the understanding of the continuous evolution of the thermodynamic state of an individual CME
during its heliospheric propagation is still limited. Due to the large dimensions of ICME, systematic multi-point polytropic
measurements are necessary to study the radially expanding ICME across different regions. As the ICME expands over time
and space, it is possible to examine the evolution of these processes by studying radially aligned spacecraft at various distances
in the heliosphere. It is worth noting that studying thermodynamic properties as a function of radial distance from the Sun is a
crucial method for comprehending the physical properties and heating processes of ICMEs. As a result, analyzing a collection
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Positions of STEREO A and B for 2007-11-20T12:00 UT

Figure 1. Position of Spacecrafts in Heliocentric Earth-Ecliptic coordinate obtained from
https://stereo-ssc.nascom.nasa.gov/where.shtml

of ICMEs is necessary to make informed judgments about the evolution of thermodynamic properties from a single location.
Here we estimate polytropic indices of ICME observed on November 19 -20, 2007, using in-situ observations by STEREO-
A, STEREO-B, and WIND spacecraft. These multi-spacecraft measurements provide a unique opportunity to examine the
thermodynamic behavior of ICME at three different longitudes. The study will clarify whether the information is spreading
longitudinally throughout the ICME. It will be essential to comprehend the coherent or incoherent evolution of the ICME.

2 Data and Methods

In this study, we analyze in-situ observations obtained by STEREO-A (STA), STEREO-B (STB), and WIND spacecraft. On
November 20, 2007, at 12 : 00 UT, the three spacecraft were at 0.97 AU, 1.04 AU, and 0.99 AU from the Sun, respectively. The
heliospheric latitude and longitude of the spacecrafts are STA (—0.38°, 20.23° ), STB (4.77°, —20.35°), and WIND (2.2°, 0.0°
) as shown in Figurel. STA and STB are separated longitudinally with 40.58°, which is equivalent to 0.86 AU. This offers a
great opportunity to study properties of the same structure from two vastly different locations.

Spacecraft Locations Rad. dist. Shock onset MC start MC end Bmag Vp Np Pth
(in lat. and long.) | (in AU) nT kms-1 | cm-3 nPa
STA (—0.38°,20.23°) 0.97 Nov., 19, 23:00 | Nov. 20,23:40 | 8.99 | 416.49 | 7.54 | 0.0038
WIND (2.2°,0.0%) 0.99 Nov. 19, 17:22 | Nov. 20, 00:20 | Nov. 20, 11:40 | 18.17 | 464.83 | 12.85 | 0.0058
STB (4.77°, —20.35°) 1.04 Nov. 19, 13:49 | Nov. 19, 23:00 | Nov. 20, 07:00 | 13.72 | 437.26 | 16.25 | 0.0160

Table 1. Summary of the analyzed observations by the three spacecrafts.

We analyze 1-min resolution observations of plasma protons obtained by PLASTIC instruments [18, 45] onboard STA
and STB. We specifically use the solar wind proton speed V), proton number density N,, and proton temperature 7,. We use
1-min resolution data of the magnetic field components (By, By, and B;) obtained by MAG instruments on board the STEREO
spacecraft [1, 45]. We also analyze proton plasma parameters (V,,, N, and T,,) and B-field components (B,, By and B;) obtained
by the Solar Wind Experiment (SWE, [60]) and magnetic field investigation (MFI, [34]) on board WIND, respectively. These
observations by WIND are provided with 92-sec resolution.

We apply a linear fit model to the scatter plot between logarithms of thermal pressure and the logarithm of density (equation
2) for the interested regions to estimate the polytropic index. The fitted line has a slope of «, a polytropic index. If the
polytropic index is estimated using linear fits to In7}, vs In N, then the slope of the fitted line is &t — 1 instead of o.
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3 Observation

We utilized the ICME identification criteria outlined in earlier studies (See Raghav et al. [67, 68, 69], Raghav and Kule
[70], Raghav et al. [71], Richardson and Cane [73], Shaikh et al. [76, 77] and references there in). Furthermore, we cross-
checked the ICME boundaries using the WIND and STA/STB catalogs, which can be accessed atat 1) https://wind.nasa.
gov/ICME_catalog/ICME_catalog_viewer.php?2)https://stereo-ssc.nascom.nasa.gov/events.
shtml

3.1 In-situ observation of interplanetary parameters by STEREO-A

The heliocentric distance of STEREO-A was 0.96 AU on 19 November 2007, having separation angle of 20.46° with Earth/
WIND spacecraft. Figure 2 (a) shows the time series of the B-field and plasma parameters for the ICME event, as observed by
STA. We did not detect any significant sudden or abrupt increases in the total IMF (B,,4), solar wind velocity (V,), or proton
number density (V). This suggests that the spacecraft (STA) did not traverse the shock front. Furthermore, the variations
in By,e and its components were minimal, and there was no noticeable enhancement in proton density. Based on these
observations, we can conclude that STA did not pass through the sheath region of the interplanetary coronal mass ejection
(ICME). However, on 19 November 2007, at 22:57 UT, there was a decrease in plasma beta, number density, and IMF rotation,
indicating that the spacecraft did cross the magnetic cloud (MC). Inside the MC, there was a gradual increase in the magnetic
field strength from 7 nT to 11 nT. We noticed a rise in § on 20 November 2007, at 23:36, which we interpret as the boundary of
the magnetic cloud. The total duration of the spacecraft’s transit through the MC was 24 hours and 26 minutes.

3.2 In-situ observation of interplanetary parameters by WIND

The WIND spacecraft is situated at the L1 point. It is at a heliocentric distance of 0.989 AU on 20 Nov 2007. On 19 November
2007, at 17:22 UT, a forward shock with a high velocity of 438 km/s was detected. This was identified by a sudden increase in
solar wind velocity (V,), indicating the initiation of the shock. Subsequently, high proton number density (V,) and plasma beta
(B) values were observed, along with significant fluctuations in the magnetic field (B) components. These observations suggest
the passage through the sheath region. The duration of the spacecraft’s transit through the sheath region lasted approximately
6.24 hours, from November 19, 2007, 17:23 UT to November 19, 2007, 23:47 UT. Moreover, a gradual enhancement in the
magnitude of the magnetic field (B,,4,) from 10 nT to 20 nT was observed, accompanied by rotations in the IMF components.
Additionally, a decrease in proton number density (NV,), plasma beta (), and thermal pressure (P,,) was noted, indicating the
characteristic features of a magnetic cloud (MC). On November 20, 2007, at 11:19 UT, a rise in plasma beta () was observed,
which we interpret as the trailing boundary of the magnetic cloud (MC). The duration of the spacecraft’s transit through the MC
was approximately 12 hours and 28 minutes.

3.3 In-situ observation of interplanetary parameters by STEREO-B

In Figure 2 (c), we show STB observations obtained from November 19, 2007, to November 20, 2007, when the spacecraft
was at 1.03 AU and had a separation angle of 20.40° with Earth / WIND spacecraft. The spacecraft encountered the shock
front at 13:49 UT on November 19, 2007, as evidenced by a sudden and significant increase in magnetic field magnitude
(Binag), solar wind velocity (V,,), and proton number density (N,). The spacecraft remained within the sheath region, which
is the region downstream of the shock, until 22:52 UT on November 19, 2007. The sheath region was characterized by high
fluctuations in B, and its components, along with elevated values of N, V,,, and plasma beta (). Notably, during this event,
STB observed the sheath region for approximately 9 hours, which is the longest sheath interval recorded in this particular event.
From 19 November 2007, 22:52 UT, to 20 November 2007, 14:38 UT, we observed an enhanced magnetic field and rotations
in the IMF components. Concurrently, there was a gradual decrease in V,,, low values of N, and 3, indicating the passage
through a magnetic cloud (MC). On 20 November 2007, at 14:38 UT, an increase in plasma beta () was observed, which
we interpret as the boundary of the magnetic cloud (MC). Remarkably, this particular MC interval lasted for 8 hours and 34
minutes, representing the shortest duration among the three spacecraft studied in this event.

3.4 Polytropic Analysis

In Figure 2 (d), (¢), and (f), we show In B, vs InN,, for the MC observations by STA, WIND, and STB, respectively. Linear fits
of the data points determine the polytropic index of MC at the observation location. Our analysis determines o = 1.2 at the
STA location and o = 1.3 at STB and WIND locations.

4 Discussions and Conclusion

The multipoint examination of an ICME event is essential to understand the global evolution of magnetic structure and shape
of ICMEs in the heliosphere [53]. Here, we study the multi-spacecraft observations of an earthward propagating ICME. The
orbiting trajectories of STA, WIND, and STB provide the properties of ICME along its longitudinal spread.
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The magnetic field within an MC is different from the ambient interplanetary (solar wind) field. We routinely observe
strongly helical magnetic fields within MCs. Thus the plasma behavior and energy transport inside MC is expected to differ
from the solar wind. The MC resembles a flux rope-like structure which may expand, deform, kink-rotate, and deflect during
the propagation [12, 28, 29, 35, 47, 48, 84, 85, 86, 87, 88]. Note that the ICMEs expand slightly faster than the spherically
diverging flow of the surrounding solar wind. The flux ropes erupting from the Sun have high internal magnetic pressures.
Thus, the departures from force-free equilibrium are common in ICMEs, providing an overpressure condition that can drive
expansion [35]. Moreover, CMEs have a nearly constant (Sun-centred) angular size while the transverse size increases linearly
with distance from the Sun [22, 78, 90]. The ICME expansion is often observed in situ as plasma structures with decreasing
speed and number density [17]. Thus, we can expect a faster decrease in the temperature of ICMEs than ambient solar wind
due to the expansion of ICME’s termed as adiabatic cooling [35].

Several studies have used the polytropic processes approach to investigate the thermodynamics of ICME structures.
Osherovich et al. [61] estimates the average polytropic index as 1.2 at 1 AU, whereas Liu et al. [35] shows that the polytropic
index of ICME is 1.1 ~ 1.3. This implies that the expansion of ICMEs is between sub-adiabatic and near-isothermal,
meaning that there is heat flowing to the system that increases the temperature against the adiabatic cooling during expansion.
Interestingly, Mishra and Wang [50] and Mishra et al. [51] argue that ICME structures have an adiabatic behavior in the vicinity
of the corona, from where they are ejected. Therefore, it is possible that ICMEs evolve from nearly adiabatic structures at the
corona to quasi-isothermal plasma structures at ~ 1 AU. Moreover, Liu et al. [35] finds an isothermal plasma within an ICME at
~ 20 AU. So, there is a possibility that I[CMEs maintain their isothermal behavior as they propagate beyond 1 AU. In this study,
we found polytropic index value 1.2, 1.2, and 1.3 at STA, STB and Wind respectively at three different crossover of ICME.
These values are consistent with the previously reported measurements [35, 61]. It is thus interesting to investigate mechanisms
that trigger the appropriate heat transfer between ICMEs and the surrounding plasma and fields, which result in this behaviour.

The ICME is a massive magnetic structure with approximately 0.2 AU radial dimension at 1 AU [54]. The electron pitch-
angle distributions obtained within ICMEs, reveal bi-directional beams, which implies that the ICME’s foot legs are connected
at Sun [15, 46, 91]. Various flux-rope models based on in-situ observations assumed that the MC has coherent structures
[6, 14, 65]. Numerical simulation studies also assumed ICMEs as purely hydrodynamic structures with small-scale coherence
across its non-radial direction [59, 64]. Owens et al. [63] claimed that most of the time, the geometric expansion speed of an
expanding ICME exceeds its local Alfvén speed. It implies that the information cannot propagate across ICMEs, and they
are unable to behave as coherent, solid-like structures even if the magnetic curvature forces would be sufficient in magnitude
to resist the external deformation forces [63]. It is very important to know whether the ICME has a coherent or incoherent
structure to advance our understanding of the evolution and propagation of ICMEs and their interaction with the surrounding
solar wind plasma. In this study, we use observations from 3 different spacecraft and found a similar thermodynamic behavior
across an ICME structure. This could be a result of ICMEs being coherent structures, after all. However, we do not neglect
the possibility that the ICME we study here has not undergone any significant interaction that would trigger a non-uniform
thermodynamic behaviour.

In summary, we suggest that the polytropic method is a macroscopic approach to examine the ICME properties such as
ICME expansion and heat exchange, coherence in ICME, etc. Our results suggest that the ICME properties remain unaltered
along its longitudinal spread. The three spacecraft have a separation of 20° in longitude at 1 AU distance from the Sun.
Although 20° may seem like a small window at the observational point of around 1 AU, it is significant for studying the plasma
properties in the magnetic cloud (MC). Within this window, the plasma characteristics in the MC exhibit similar thermodynamic
behaviors, albeit with slight polytropic variations. The fitting result indicates & value of 1.2 for the STA location and & value
of 1.3 at the STB location, which has an approximate longitude difference of 40°. Thus we conclude that in the limit of small
angle difference 20° longitude, the polytropic index value of ICME evolution/expansion has a coherent nature. This might help
validate the coherent behavior of ICME during its propagation. Understanding whether an ICME is coherent or not is crucial
because it has a significant impact on the disturbances that occur in near-earth space. The coherency of an ICME is a critical
factor to consider when using MHD modelling to simulate its evolution in interplanetary space. Furthermore, this property
is crucial in studying how ICMEs interact with the earth’s magnetosphere, which is essential for predicting space weather
disturbances caused by ICMEs. In fact, studying the coherency of ICMEs can help improve our modelling of ICME-driven
space weather disturbances, ultimately enhancing our ability to predict space weather.
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