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Coronal mass ejections are main results of the powerful solar activity. These activities are
capable of generating shock waves in the interplanetary medium. The shock waves happen when the
solar particles change their velocites from the supersonic to the subsonic nature. Since, the
interaction of shock waves with viscosity is one of the central problems in the supersonic regime
of compressible gas flow, the investigations of these events play a crucial role in space weather
purposes [1]. The main purpose of this study is to search the effects of viscosity on the shock waves
observed after the CMEs of 20/11/2003 and CME11/04/2010.
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1 Introduction. The corona is the outermost level of the solar atmosphere.
It is located above the chromospheric layer. The temperature rate of coronal jumps
suddenly changes from a few thousands to a few millions Kelvins (2]. Various
features including plumes, loops and streamers happen in the corona. These
phenomena have attracted the space physicists due to their complex structures.
Physical activities o f the corona and their natures are known to be directly affected
by the solar sunspot cycle [3].

The magnetic plasma structures in the solar corona are rather complex. There
are two main structures called "magnetically closed" and "magnetically open"
structures. The magnetic field and plasma interaction characterize the type of
phenomena [3]. A transient CME occurred by producing an enormous plasma
cloud in the interplanetary space due to the expansion of closed magnetic loop
structures [4]. Sometimes a stream of plasma expands into the interplanetary space
from coronal holes as a result of magnetically open structures [5]. At the level
of coronal temperatures, the plasma stream is no longer bound to the Sun. It
may expand into the interplanetary medium at some supersonic speeds, defined
as the solar wind. Recently, plumes observed outside of the coronal holes have
been suggested as other possible sources of the solar wind [6].

Because of interactions with the local interplanetary medium, the supersonic
motions of the particles ejected from the Sun may cause a shock wave. There
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are many ways to generate shocks due to solar particles such as CMEs, blast waves
and fast streams emitted from the Sun [7]. They, of course, can cause some
physical phenomena such as compression, heating, and a change in the magnetic
field.

The solar wind was first defined as a continuous outpouring of particles
generated from the Sun. As the high-speed solar wind moves into the interplan-
etary medium, it can produce a shock wave. The Kelvin-Helmholtz instability of
the solar atmosphere was studied in [8]. The authors found that the range of radial
velocity is 380km/s for slow and 780 km/s for fast solar winds. The shock wave
arises, since solar wind particles are emitted at these velocities [9], while the speed
of sound is about 100km/s [10,11]. These shocks were observed through an
observation project SOHO/LASCO and published in [12]. They showed that the
shocks can be detected at least for some cases of CMEs and solar winds. The
ejected solar particles travelling faster than the solar speed wiill drive a shock ahead
and produce a decreasing speed profile within the ejecta [13]. These shock features
can be deduced from the associated compression of density [14].

A little portion of shock wave studies have concentrated on the complicated
subject of entropy change. For example, [IS] considered the entropy distribution
across the shock layer without viscosity and the heat conduction. In their study,
the entropy increases up to its maximum at the centre of the shock front and
then it decreases in the other half of the front. This does not violate the second
law of thermodynamics, since this law is valid for the entire of the system.
Similarly, the authors of [16] worked on the change of entropy across the shocks
in an ordinary dusty gas by means of Navier-Stokes equations where they show
that the entropy profile has its maximum within the shock front. Besides this
result it is also demonstrated that the entropy increases across the shock wave with
the Mach number of upstream and density of particles. Others concentrated on
the attitude of the entropy in the shock wave occurring in the interplanetary
medium after CME12/12/2006 [17] by applying the model of [18].

The project of NASA-ACE detects these events routinely. The papers [19,20]
studied the shocks that happened after the CMEs o f November 20, 2003 and April
11, 2010 by the use of NASA-ACE data. In the present paper, the model presented
in the studies of [17,18,21] will be applied to the shocks appearing after these
CMEs.

The model predicting the arrival of shock waves to the Earth was made in
[22]. Unlike this work, the main goal of this study is to search the effects of
viscosity for the shocks that occurred after these two CMEs given in the last
paragraph. To complete the modelling of such shocks, the Navier-Stokes equations
are to be solved with the use of our model (e.g. [18]). Mathematically this study
can be approximated to the hydrodynamic case as given in the section 2. In this
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process, the behaviour of a gas including viscosity can be expressed in terms of
Reynolds number [23], as in [18] and [24]. In section 3, the physical properties
of the downstream of the shocks happening after CMEs of November 20, 2003
(hereafter CME20/11/2003) and April 11, 2010 (hereafter CM E11/04/2010) will be
shown. In section 4, the results are compared with those in similar works.

2. Physical formulation of the problem.

2.1. Basic physical properties of the problem. The physical structure
of the solar atmosphere is a complex plasma in which the magnetic and gas
pressures play important interchanging roles with respect to their dominances. This
dominancy is determined by the plasma-p (the ratio of gas pressure to magnetic
pressure). The gas pressure of plasma dominates if 3>1, and if <1, the
magnetic pressure of plasma becomes dominant.

The plasma-p has greater values (p» 1) in the acceleration region of the
solar wind, which is theoretically defined as infinity [25]. The value used in the
model of [26] is 44 and changes to infinity. Therefore, one can easily deduce
that the gas portion of pressure plays an important role in the dynamics of the
solar wind [27].

The duration of CME is determined by combining the profiles of density,
temperature and velocity. We use two different shock waves that occurred after
CME20/11/2003 and CME11/04/2010. The values o f upstream parameters can be
obtained from ACE mission, given in Table 1 [19,20]. The aim of the present
work is to demonstrate the effects of viscosity in the shock waves observed after
these CMEs by using the model given in [18]. The parameters listed in Table
1 are used for the present analysis.

Table 1

UPSTREAM PHYSICAL PARAMETERS FOR SHOCK WAVES,
GIVEN IN [19,20]

n, (cmjy r, (Kelvins) u, (km/s)
CME20/11/2003 6.23 3.63x104 438
CME11/04/2010 18 3.98x104 373

In many cases, CME can be detected from the behaviour of the density data,
which give an information about the occurrence of shock [22]. As shown in
Table 1, the velocities were given as 438km/s and 373km/s for CME20/11/2003
and CME11/04/2010 respectively. As it was mentioned above, the local sound
speed is about 100km/s in the interplanetary medium, indicating that, the shock
wave came to existence. The upstream temperatures of these shock waves were
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about 3.63xi04 K and 3.98xI04 K, respectively for the CME20/11/2003 and
CME11/04/2010 shocks (Table 1).

2.2. Basic form ulation. The plasma @

P=drey L
has higher values in the solar wind [2S-28] indicating that, the gas pressure plays
a more crucial role than the magnetic one. Therefore, the solar wind can be driven
by gas part pressure at coronal temperatures. The problem can be transformed to
the hydrodynamic problem as in [29-30] in which the basic theories of solar and
stellar winds can be found.

For the case ofa compressible and viscous shock in steady flow, a fundamental
equation is obtained in [18]

Yo o+ 1- -1 yMm+ vl 41

=0.(2)
3 Rex 3Re, 2

The subscripts 1 and 2 show the up and downstream of the shock respectively.
In the last equation, Rex and Re2 are the values of Reynolds number. The
guantities y, Kk and Mxare the adiabatic index (i.e. the ratio of specific heats),
compression rate (a ratio of downstream density to upstream density) and the
upstream value of Mach number, respectively. The values of A/,, Rexand Re2in
Eqg. (2) affect the distributions of physical parameters in the downstream of the
shock. The value of y satisfies the relation 5/3<y <3 for a collisionless shock
front, and were used in [31,32] to find the downstream physical parameters. The
entropy change (52- S) can be found by the use of [17]:

s2Sl=cyln BikY¥ 3
P\
2.3. Value o fthe downstream Reynolds number in the solar wind.

Reynolds number has great importance in the dynamics of the interplanetary
region. It takes values between 102and 10u in the solar wind acceleration region
(16.33]).

In order to solve the problem, Re2can be expressed as a function of y, Re
and Mx similar to the works of [18] and [24]. The ratio Re2ZRexis shown as
a function of Mxin the left part of Fig.l. It has a diminishing tendency with
the increasing values of Mx As Mxincreases and ReZRexis equal to unity (i.e.
Re=Re2 for the value of Mxis about 2. This value corresponds to a transition
regime changing from weak to strong shocks (i.e. for weak shocks J1/,< 2 and for
strong shocks Mx>2) [18,34,35].

The change of Re2with respect to Rexfor different values of Mxis demonstrated
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in the right side of Fig.l for a monatomic gas of y=5/3 [21] and [35]. It
increases with respect to increasing values of Rer Another important result seen
from this plot is that, Re2 has larger values for smaller values of Mv

M, Re, X102

Fig.l. Upstream dependencies of downstream Reynolds number (ite,) with respect to (left)
and Jb, (right) [21].

3. Model Resultsfo r the Shock Wave Produced after the CME18/
02/1999 and CME28/04/2001. Downstream values in the shocks produced
by the CME20/11/2003 and CME11/04/2010 were found from some solutions
of equations (2-3). The method was adapted to Maple 9.5. Results for the
downstream values of some physical parameters are represented in Table 2 and
in Fig.2-8). In these calculations, the value of Re] is taken to be 10B [6].

In Table 2 the variations o f some parameters are presented, in which, physical
structure of the problem is described for different values of the upstream Mach
number. These parameters are Re2ZRev k (i.e. u//*), ujuv TITV 2S1 and
M2M v The critical value of M{ for the turning point was found as M.=2.045 at
which ReJRe is equal to unity as given in Fig.l. This point is not only important
for ReJRe, but also for the strength of shocks [18]. ReZRev / ]and MIMXhave
decreasing trends with increasing values of Mv These decreasing trends in these
parameters slow down after the critical value Mx=2.045. k, TJTXand S2-S| have

Table 2
DISTRIBUTIONS OF SOME PHYSICAL PARAMETERS
FOR DIFFERENT VALUES OF J¥,

K Re/Rey V s Vol TJITX MIMX
1200 1 1297 0771 11% 005 0706
1600 1278 182 0543 162 078 0429
2045 1000 3329 0437 2137 24 024
2500 0818 1703 0370 2798 4566 0221
4,000 0511 333 0.297 5883 119%1 0123

5.000 0409 3571 0280 8630 16333 00%
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both increasing tendencies with the increasing Mv This tendency slows down for
nZnx speeds up for TIJTXand 2 S Xafter 1/, = 2.045.

Fig.2 demonstrates the dependencies of n2with respect to M x (left) and ReZRex
(right) by the use of density values in Table 1 as an upstream for both cases. n2
has greater values for the higher values of upstream Mach number as expected.
However, it is inversely proportional to the increasing values of ReZRex [18]. The
variation has linear tendency for weak shocks (i.e. J1/,<2) and nonlinear tendency
for strong shocks (i.e. J,>2). For A/,=5, it reaches the values of 22.3 cm 3 and
6.4cm3for CME20/11/2003 and CME11/04/2010 respectively.

M, Re2R e,

Fig.2. Variation of downstream density (in cm 3 with respect to Mt (left) and RelR el (right)
for both CME20/11/2003 and CME11/04/2010.

The Fig.3 shows the changes of T2with Mxand ReZRex For weak shocks,
the variations are small compared with the variations for strong shocks. The values
of 3.63xi04 and 3.98xi04K are used as 7" in Table 1. As also shown in Table
2, for weak shocks there are small changes in the values of T2 However, the
changes are big for strong shocks. It reaches the values of 3.15x10s K and
3.45x10s K with the higher values M xfor CME20/11/2003 and CM E 11/04/2010.

M, Re2R e,

Fig.3. Dependencies of Tt (in Kelvins) with respectto A/, and Re2R el values for both CME20/
11/2003 and CME11/04/2010.
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Fig-4 gives the variations of u2with respect to A/, and ReZRer Their u, values
are taken from Table 1 for both CMEs. Unlike the Tv for A/,<2 the changes
in u2 are large compared with the variations for Mx>2

L|| ReZRe,

Fig.4. Behaviours of u2 as a function of A/, and ReJRe. values.

Fig.5 shows the changes of ReZRev nZnv uZuxand T2T xwith respect to
- Sy T2T xshown as cross symbols has an increasing behaviour with increasing
values of entropy difference. nZn} represented as empty squares also has an
increasing behaviour for increasing values of &2- S} similar to temperature ratio.
However, the ReZRex shown as empty triangles have decreasing tendency. The
nd«j given as plus signs is also in decreasing trend for increasing &2-Sv All of
these ratios are unity for the isentropic case (ie. -.S=0). In other words, no
shock happens for S2- Sx= 0 since k=1 (i.e. no compression).

Fig.5. Variations of some parameters with respect to S2- Sv

The variation n2is presented in Fig.6 for 2-Sr 2-St<2.44 (ie. J1/,<2)
which can be defined as a weak shock as shown in Table 2. The downstream
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density has greater values for the higher values of S2-St as expected. For small
values of entropy difference S2- St there are big changes in the values of n2
However, the variations are small for increasing values of S2-Sr  Fig.7 depicts the
-S| dependency of T2 It tends to increase with increasing S2-Sv The changes
are small for - Sl <244 (i.e. weak shock) compared with the variation for

2-S{>244.

S2-s,
Fig.6. Changes of downstream density with respect to S2- St for both CME20/11/2003 and
CME11/04/2010.

Fig.7. V ariation swith respectto SJ-S| for both CME20/11/2003 and CME11/04/2010.

The variation of u2given in Fig.8 is decreasing for higher values of S2- Sv
as expected. The changes in downstream velocity are small for higher values of
the entropy difference. The very weak shocks are nearly isentropic i.e. S2is very
close to its upstream value (see Table 2). On the other hand, the change is high
for strong shocks (AT,» 2).
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VS,
Fig.8. Variations of T2 with respect to S2-  for both CME18/02/1999 and CME28/04/2001.

4, Discussion and Conclusion. CMEs and solar wind are two main
activities of the Sun producing shocks and geomagnetic storms. Therefore, the
study of such activities is very important for space physics. In other words, the
study of CME driven shocks in interplanetary space is one of the most important
issues for space weather purposes. Enough amount of energy can be released rapidly
from the Sun to produce a CME to drive a shock in interplanetary medium [13].
Understanding the evolution of the physical parameters remains still a very
complicated subject limited by observational capabilities.

When a CME activity occurs in the corona, there are complex physical
processes o f magnetic and thermal energy. During the interactions in the ambient
interplanetary gas, the magnetic pressure dominates closer to the Sun. Far beyond
the Sun gas portion of the plasma pressure becomes dominant. Therefore,
hydrodynamic modelling can be applied to the study ofthe CME produced shocks
in the solar wind [25], [26] and [27].

In this study, two CME produced shock waves after CME20/11/2003 and
CME11/04/2010 are investigated and 1- D hydrodynamic model analysis was mede
for shock propagation in the ambient space, which focused on the study of Reynolds
number effects. The conclusions obtained in this manuscript are presented item by
item:

Comparing our result with the work of [19], the downstream value of the
plasma density approximately about 22.5cm 3'is fitted to Af, * 5 case in this
present model (given in Fig.2). In the work of [20] the downstream value of
density is given as about 5.8cm'3 This result corresponds to the case of  «36
in our model. These results are in good accordance with shock waves of strong
(A/,>2) and very strong characteristics (J1/, >4).
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- The value of ReZRex is approximately equal to 0.41 and 0.57 respectively
for the CME20/11/2003 and CME11/04/2010 (Fig.l). These two results indicate
that the upstream fluids have more turbulent character than the downstream fluid
[34] for both CMEs.

The k values of shocks are 36 and 325 for CME20/11/2003 and
CME11/04/2010 respectively.

From Fig.4, the values of aftershock velocity are equal to 122km/s and
115km/s for the shocks after CME20/11/2003 and CME11/04/2010 respectively.

With the use ofthe values of upstream Mach number 3.6 and 5, the values
of sound speed in the interplanetary medium can be calculated as 103km/s and
83kml/s for given values of 1, in Table 1 They are in agreement with the estimates
of [11] and [12]. Their estimation is about 90- 100km/s.

For Mxdependency S2-Sf is increasing with increasing tendency of Mv
For very weak shocks of Mj < 1.2 they become nearly isentropic [17] and [35].
For ReZRe{ dependency of entropy difference, shock becomes isentropic for
increasing values of ReZRev

-S| is increasing with greater values of k . In other words, 52-5, has an
increasing tendency for increasing values of downstream density.

Similar to the density case, the downstream temperature has also increas-
ing trend with the increasing values of S2- Sr

- Unlike to k and TJTXvariations, -  decreases with increasing values
of ujuv
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QPPEKT BA3SKOCTN B YAAPHbIX BOJIHAX,
HABTIOJEHHBIX TTIOCNE ABYX PA3JIMYHbIX
KOPOHA/bHbIX U3BEPXEHWIA MACC
CME20/11/2003 1 CME11/04/2010

X.KABYC, I 3ENBEK

KopoHasibHble 13BEpPXEHUsI MacC SABMISIOTCA [1aBHbIM Pe3y/bTaToM BbICOKOIA
aktTmBHocTU CosHua. Takas akTMBHOCTL CnocobHa reHepuposartb B MEXTUTaHETHOM
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cpene yaapHbie BO/HbI. YKasaHHbIe BOSHbI BOHUKAOT TOrAA, KOr/a CBEpX3ByKOBbE
CKOPOCTMN COMHEUHbIX YaCTWL, U3MEHSIHOTCS, CTAHOBSICh [03BYKOBbIMM. [OCKOMbKY
[elicTBI/E BA3KOCTV Ha YAapHble BO/THbI SIBSIETCS OfHOW M3 LIEHTPaTbHBIX MpoGiemM
B CBEPX3BYKOBOM PEXMME TEUEHMSI CK/MAEMOTO Faza, TO U3yHEHE BbILLEYKA3aHHbIX
ABNEHWIA UIPaET KMHOUEBYIO POfib B 3aAauaX, CBSA3aHHbLIX C KOCMUUECKO Morooit

[1].

OCHOBHOI Liefbto AAHHOTO MCCTIe0BaHIS SIBMSETC USYUEHIE BIMSIHUS BSI3KOCTY

Ha yagpHble BOSHbI, HabnoaeHHble nocrie CME20/11/2003 n CME11/04/2010.

20.

21.
22.

KrtoueBble CfoBa: YaapHbie BOSHbI BA3KOCTb: WACTIO PeliHOMbICca: KopoHarbHoe
V3BEPEHVIE MacC
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