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[11 Mirror-mode structures have been found in the solar wind at various heliocentric
distances with different missions. Recently, STEREO has observed mirror-mode waves
present as trains of holes and also as humps in the magnetic field magnitude. In some cases,
mirror-mode trains last for very long periods of time and have been called “mirror-mode
storms”. We present case studies of mirror-mode storms observed in the solar wind using
STEREO data in three different locations: in the downstream region of the forward shock
of a stream interaction region, inside a stream interaction region far from the forward
shock, and also in the ambient solar wind. To make a formal identification of the mirror

mode, we determine wave characteristics using minimum variance analysis. Finally, we
perform a kinetic dispersion analysis and discuss the possible origin of mirror-mode
structures evaluating curves of growth for different regimes of proton temperature

anisotropies in a plasma with a He component.

Citation: Enriquez-Rivera, O., X. Blanco-Cano, C. T. Russell, L. K. Jian, J. G. Luhmann, K. D. C Simunac, and
A. B. Galvin (2013), Mirror-mode storms inside stream interaction regions and in the ambient solar wind: A kinetic
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1. Introduction

[2] The mirror-mode instability is a fundamental plasma
instability that leads to compressional nonpropagating (zero
real frequency in the plasma rest frame) magnetic field
fluctuations [Hasegawa, 1969]. Such fluctuations are line-
arly polarized waves that grow preferentially in directions
oblique to the background magnetic field. A typical signa-
ture of mirror-mode structures is the anticorrelation between
the magnetic field strength and density fluctuations, a feature
that is also observed for the slow-mode waves.

[3] The mirror mode can be treated using a fluid approxi-
mation. However, it has been noted that a kinetic treat-
ment is more appropriate [7ajiri, 1967; Hasegawa, 1969;
Southwood and Kivelson, 1993; Krauss-Varban et al.,
1994; Génot et al., 2001] because the physics of the mirror
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instability involves nonfluid processes (i.e., wave-particle
resonances), which play an important role in hot plasmas.

[4] In the low-frequency range (below the ion-cyclotron
frequency), plasmas in which the perpendicular temperature
T, is larger than the parallel temperature 7 behave in such a
way that the perpendicular pressure dp, responds to a com-
pressional change in the magnetic field strength dB in anti-
phase [Hasegawa, 1969]. In other words,

Ti>
Ty

[5] In a bi-Maxwellian plasma, equation (1) leads to the
following condition (for more details see Southwood and
Kivelson [1993]):
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H

where [ stands for the ratio of plasma thermal to magnetic
pressure. Equation (2) is the well-known mirror instability
criterion and is satisfied either with high values of B or high
temperature ansiotropies (7, /T}).

[6] Linear Vlasov theory predicts that for high-tempera-
ture anisotropies, the ion-cyclotron instability can also grow
from the free energy available in such an anisotropy usually
dominating over the mirror mode [Gary, 1992]. Neverthe-
less, in situ observations of mirror-mode waves in thermally
anisotropic space plasmas are very frequent [Winterhalter
et al., 1994; Liu et al., 2006; Génot et al., 2009]. Space
plasma environments where nonuniform heating and com-
pression take place, such as the downstream regions of
shocks, are excellent sources for temperature anisotropies
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in the plasma. Ion pick up processes can favor the existence
of temperature anisotropies as well. The fact that mirror-
mode waves have been observed in such environments with
and without the presence of ion-cyclotron waves is still
an issue of study. It has been suggested, for instance, that
the addition of a helium component can suppress the growth
rate for ion-cyclotron waves [Price et al., 1986; Gary, 1993]
and favor the growth of mirror modes. Likewise, inhomo-
geneites created in the background plasma by mirror modes
can inhibit the growth of ion-cyclotron waves [Southwood
and Kivelson, 1993].

[7] The morphology of mirror-mode structures has been a
long standing issue. Observations of mirror-mode structures
throughout the heliosphere have taught us that the morphol-
ogy of mirror-mode waves is diverse. Magnetic field
enhancements (peaks) and depressions (holes) are the most
common signatures of the mirror mode, the latter feature
being more frequently observed. In planetary magne-
tosheaths such as Earth, Saturn, and Jupiter, trains of peaks
are observed very often near the planet’s bow shock and in
the middle magnetosheath, while trains of holes have a ten-
dency to appear closer to the magnetopause and on the flanks
[Bavassano Cattaneo et al., 1998; Lucek et al., 1999; Joy
et al., 2006; Génot et al., 2001, 2009]. In Saturn’s case,
mirror modes may also appear as quasi-sinusoidal structures,
which evolve into holes and peaks near the magnetopause
[Bavassano Cattaneo et al., 1998]. Trains of magnetic holes
and peaks have been also observed in the heliosheath and
interpreted as mirror-mode structures [Burlaga et al.,
2006]. Similarly, Liu et al. [2006] found magnetic field holes
ahead of interplanetary coronal mass ejections.

[8] For the solar wind, magnetic holes have also been
observed at various heliocentric distances either as isolated
holes or trains of closely-spaced magnetic holes [ Winterhalter
etal., 1994; Zhang et al., 2008; Russell et al., 2008]. Recently,
using STEREO high-resolution magnetic field data, Russell
et al. [2009] reported several mirror-mode events of small
amplitude trains, which included not only holes, but also
peaks that persisted for hours and were referred to as
“mirror-mode storms”. Such events were found in moder-
ate-high B solar wind or downstream of weak interplane-
tary shocks.

[9] There is evidence that mirror modes have important
effects on energetic particle diffusion [Tsurutani et al.,
1999] and electron thermal conductivity [Schekochihin et al.,
2008]. What is more, it has also been suggested that mirror
modes observed at 1 AU might even be an indicator of
the presence of ion-cyclotron waves in the solar corona
[Russell et al., 2008]. The fact that the mirror mode is a
commonly observed fundamental plasma instability in the
heliosphere and that it plays important roles in the above
mentioned phenomena makes the study of mirror modes
of interest itself. Nevertheless, mirror-mode properties
(i.e., size, shape, and orientation) are poorly known.
Furthermore, their origin and evolution are still discussed
and remain mysterious. In this work we use STEREO data
to study in detail mirror modes present as “mirror-mode
storms” (MMS) in the solar wind. This work is meant to
gain insight into the study of mirror-mode characteristics
and its origin.

[10] Unlike mirror modes observed in the magnetosheath
of planetary shocks, the properties of mirror-mode structures
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observed near interplanetary shocks (IP) have been less stud-
ied. Tsurutani et al. [1992] interpreted a series of magnetic
dips observed by Ulysses in the plasma behind an IP shock
associated with an Interplanetary Coronal Mass Ejection
(ICME) as being caused by the mirror instability. More
recently, Liu et al. [2006] investigated the presence of mirror
modes in the sheath regions between fast interplanetary cor-
onal mass ejections and their preceding shocks. An earlier
work by Winterhalter et al. [1994] reported an event of mag-
netic holes observed by Ulysses in a region of plasma with
T, )T, extending around 4 h downstream of a strong reverse
shock. In that work, the authors made a statistical study and
found several mirror mode holes present in interaction
regions and other cases associated to plasma originating
in coronal mass ejections. Similarly, Russell et al. [2009]
reported two events where “mirror-mode storms” are ob-
served downstream of weak interplanetary shocks associ-
ated with the leading edge of stream interactions. From these
works, it seems that mirror-mode structures tend to occur in
regions where fast streams reach slower solar wind. Our goal
in this work is to further analyze the relationship between
mirror modes (i.e., mirror-mode storms) and stream interac-
tion region’s (SIR) IP shocks. Until now, the microphysics
of plasma regions associated to macrostructures such as SIRs
has not been studied in detail. The fact that mirror-mode
storms are present inside such regions provides us an excel-
lent opportunity to explore microstructures within SIRs.

[11] We analyzed 15 months of STEREO magnetic field
data from January 2007 to March 2008, and present two case
studies of mirror-mode storms inside SIRs and one case
study of a mirror-mode storm embedded in ambient solar
wind. We mainly concentrate on the microstructure of the
plasma where mirror-mode storms were observed. This
study is also intended to give an update of mirror-mode
storms observed by STEREO and to contribute to the study
of mirror-mode storms, which have been recently discovered
and are yet poorly understood.

[12] The outline of this paper is as follows. In section 2,
we describe the method used for the identification of
mirror-mode storms observed by STEREO. In section 3,
we show case studies of mirror modes found inside SIRs
and in the ambient solar wind. Section 4 is devoted to kinetic
dispersion analysis; here we explore the possibility that
regions inside SIRs might provide the necessary plasma con-
ditions (high-moderate betas, high-temperature anisotropies,
and alpha particle density enhancements) for the growth of
mirror-mode storms. Our main results are discussed and
summarized in the final section.

2. Stereo Observations

2.1. Data and Mirror Mode Identification

[13] We surveyed mirror-mode storms (MMSs) observed
by the STEREO mission during 2007 and January to March
2008. We used magnetic field data from the STEREO mag-
netometer and plasma data from the PLASTIC ion spectrom-
eter [Galvin et al., 2008]. The sampling frequencies are 8 Hz
for magnetic field data and one sample per minute for
plasma data.

[14] Figure 1 shows an example of a mirror-mode storm
event observed on 10 July 2007 by STEREO B. Here, the
mirror-mode storm can be recognized by the train of
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Figure 1. Magnetic field data of a mirror mode storm

observed downstream of a forward shock associated with a
SIR. Data are displayed in RTN coordinates.

compressive fluctuations shaped as peaks and holes that are
clearly seen in the B magnitude and in the By component.
The first storm was observed to start at 09:53 and the last
storm episode continued until 17:30. In this case, the storms
were observed in the leading edge of a SIR detected on 10
July 2007 at 09:45. When observed in great detail (see sub-
sequent figures), MMSs resemble mirror-mode trains
reported in previous works of mirror modes in the solar wind
(see for instance, Zhang et al. [2008], and references
therein). However, there are certain features that, to the
naked eye, make them different from ordinary trains. First,
the length of mirror-mode storms is usually longer than in
the wave train reported in previous works. Second, the prox-
imity between mirror-mode structures is shorter in mirror-
mode storms. Based on these characteristics, we developed
criteria to discriminate between ordinary trains of mirror
modes and mirror-mode storms in our observations.

[15] There are several definitions of mirror-mode trains.
Our definition of a mirror-mode train follows Zhang
et al.’s [2008] criteria, which states that a train of mirror-
mode holes (or also peaks in this case) is defined if there is
at least a second comparable magnetic hole (peak) in a
5 min interval. On the other hand, we define a “mirror-mode
storm” as a mirror-mode train that occurs in an interval that
lasts at least 5 min as long as there are two dips or peaks in
40 s sliding windows. This last requirement guarantees the
presence of a sufficient number of mirror-mode elements
within a small interval for an event to be considered a
mirror-mode storm. This number was obtained empirically
after looking carefully at all the events used in this work
and those reported in Russell et al. [2009].

[16] The method used in this work for the detection of
mirror-mode structures in the magnetic field data is the fol-
lowing. First, we scanned magnetic field data from STEREO
A and B using 600 s windows making a visual inspection to
select unambiguous events where local magnetic field
depressions (holes) or magnetic field humps (peaks) were
embedded in a relatively steady ambient magnetic field.
Using this method, we found hundreds of isolated structures
(holes) as well as some events of mirror-mode trains.
Because this work focuses on MMSs, we examined the total
length of the mirror-mode trains and the proximity between
the structures to evaluate if the structures met the above-
mentioned criteria to be considered a mirror-mode storm.
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[17] Mirror-mode waves are best identified by the anticor-
relation between the magnetic field and the plasma density,
as well as by the instability criterion given in equation (2).
Unfortunately, the plasma resolution does not allow us to
observe such anticorrelation; also, proton temperature
anisotropy values are not yet available from the data to test
the mirror instability criterion in our events. Alternatively,
linear theory states that mirror-mode waves are compressive
linearly polarized structures in the direction of By. Thus, the
second step in our mirror-mode identification method
involves the study of wave polarization. To study wave
polarization, we applied Minimum Variance Analysis
(MVA) [Sonnerup and Scheible, 1998]. There are several
criteria for identifying linearly polarized waves using
MVA cigenvalues ratios [Tdtrallyay and Erdos, 2005;
Genot et al., 2009, and references therein]. In this work we
use criteria adapted from Tatrallyay and Erdés [2005]. For
the observed structures to be considered linearly polarized
waves, We require Apax/Aine > 2.5 where A and A, are
the maximum and intermediate eigenvalues of the covari-
ance matrix, respectively. When applying the above criteria
we found some events where this condition was not fulfilled
because the waves were rather elliptic. This situation is in
accordance with previous works [Génot et al., 2001,
2009], where it has been noted that mirror-mode struc-
tures are more often observed as elliptic polarized waves.
Thus, we relaxed the eigenvalue condition and cases where
1 < Zmax/Aint < < Aint/ Amin and Aind/Amin >3 were considered
elliptically polarized mirror-mode waves.

[18] Finally, we examined the angle between the maxi-
mum eigenvector and the mean magnetic field Opays,
Because mirror-mode fluctuations are nearly parallel to By,
the condition Oy g, <207 is required.

[19] Using the above method, we found that during 2007
and the first trimester of 2008, STEREO observed 14 events
of mirror-mode storms inside SIRs. There are SIRs with
more than one MMS, and the mission observed a total
number of 40 SIRs during the period of study. We also
found one case of a mirror-mode storm embedded in am-
bient solar wind, as well as MMSs associated to ICMEs.
We reserve for a future paper the study of MMSs inside
ICMEs.

3. Case Studies

3.1. Case Study 1: MMS Inside SIR Close
to Forward Shock

[20] We have found that mirror-mode storms are very fre-
quent in the downstream region of forward shocks of SIRs.
Figure 2 shows magnetic field and plasma measurements
of a SIR observed by STEREO A from 29 February to 3
March 2008. The shaded area just downstream from the
forward shock indicates the period where mirror-mode
structures were observed as mirror-mode storms. SIR time
periods in this work are taken from the event lists available
at the STEREO webpage from the University of California,
Los Angles (for more details see Jian et al. [2006]).

[21] Mirror-mode storm observations began on 29 February
2008 at 22:52:03, soon after the passage of the forward shock
registered at 22:51:02. Figure 3 shows magnetic field data
with a close-up of the interplanetary shock. The shock is
quasi-perpendicular with #5,=84 and has a magnetosonic
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Figure 2. SIR observed on 29 February 2008 (edges of SIR are indicated with arrows). Mirror mode
storms (shaded area) were observed downstream of the SIR’s forward shock.

Mach number of 1.3. As noted in Figure 3, whistler waves are
observed downstream from the shock for less than 1 min and
are soon replaced by the mirror-mode waves. The occurrence
of mirror-mode structures ceased after 23:30. Figure 4 shows
the evolution of the mirror-mode structures in intervals of
40s during the storm. At the very beginning of the event,
near the shock, mirror-mode waves are mainly small ampli-
tude “peaks” (top of Figure 4A). A few minutes later, the
number of peaks increases, and the time separation be-
tween them decreases (Figures 4B—4C). As time passes,
holes begin to be detected, making it difficult to distinguish
between peaks and holes (Figure 4D). Near the end of the
storm event, the structures turn into nicely shaped holes
which are deeper, wider, and more separated as the end of
the event is approached (Figures 4F—4G). The normalized
amplitudes (0B/By) of such holes can reach 6B/By=0.95
approximately as seen in the hole presented in case G of
Figure 4. During the MMS, the mean value of beta was
11.48 with a maximum peak of 51.59.

8 T T

Bl 6

MMS

22:51:57 22:52:57

4
22:50:57 22:53:57
Figure 3. Magnetic field strength observed by STEREO A
on 29 February 2008. Downstream of the forward shock
registered at 22:51:02 an MMS was detected starting at
22:52:03.
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Figure 4. Forty seconds segments of B showing the devel-
opment of magnetic structures during mirror mode storms
observed on 29 February 2008. The starting time (HH:
MM:SS) of each segment is indicated on the right hand side.
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Table 1. Mirror Mode Storm Events Observed by STEREO During 2007 and the First Trimester of 2008

MMS duration iy Distance from SIR
Event  Month Day Year SPC  Mean Beta (min) Structure shock  Leading Edge (km)  Na,/ Na;  Na/Np
1 February 25 2007  SA 31.5 33.0 SIR N 1.6 0.006
2 February 25 2007 SA 32.7 52.0 SIR N 1.2 0.007
3 June 28 2007 SB 6.2 9.0 Ambient sw =~ N Ambient sw 1.2 0.017
4 June 29 2007 SA 44 20.0 SIR N 2.65E+06 5.6 0.009
5 June 29 2007 SA 4.7 41.0 SIR N 9.97E+06 0.6 0.007
6 June 30 2007 SA 4.8 10.0 SIR N 2.25E+07 2.7 0.011
7 July 3 2007 SB 33 26.0 SIR N 7.60E+ 05 1.5 0.015
8 July 10 2007 SB 9.9 480.0 SIR N 1.88E+05 1.6 0.006
9 August 14 2007 SB 2.4 13.0 SIR N 7.01E+05 1.2 0.009
10 September 26 2007 SB 7.5 31.0 SIR N 1.66E+05 5.2 0.025
11 October 18 2007 SA 16.2 9.0 SIR Y 1.30E+06 0.9 0.004
12 December 8 2007 SB 34 7.0 SIR Y 1.14E+05 no data no data
13 December 16 2007 SB 3 9.0 SIR Y 0.00E+00 no data no data
14 January 29 2008 SB 4 27.0 SIR Y 1.10E+05 no data no data
15 February 29 2008 SA 11.5 38.0 SIR Y 2.08E+04 1.4 0.002

[22] High-resolution (one sample per minute) alpha parti-
cle data (Het++) were used to study helium content in our
mirror-mode events. On 29 February 2008, the value of
alpha particle density (Na) increased from 0.082 cm ™ before
the storm to 0.1124cm > during the storm, which is an
increase of almost 40%. To study Na enhancements in our
MMS events, we calculated the parameter Na,/Na;, which
stands for the ratio between the mean value inside the storm
(denoted by Na,) and the mean value of Na before the
storm occurs (denoted by Na;), see Table 1. We also show
in Table 1 the mean value of the parameter Na/Np during
the storm, where Np is the proton density. For case study
1 (29 February 2008) Na/Np=0.0024.

[23] It is interesting to observe helium density enhance-
ments in regions where mirror-mode structures are observed.
As noted in earlier works [Gary et al., 1976] plasmas where
B is high (B > 1) and temperature anisotropies are moderate

|
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or even high (in one or more species) can be both ion cyclo-
tron and mirror unstable, the first instability usually domi-
nating over the second one. However, theoretical studies
suggest that the addition of a helium component can reduce
the ion cyclotron growth rate while leaving the mirror mode
instability practically unchanged [Price et al., 1986; Gary,
1993]. Observational studies of the terrestrial magnetosheath
support this hypothesis too [Russell and Farris, 1995]. In
section 5, we will address this topic.

3.2. Case Study 2: MMS Inside SIR
With no Forward Shock

[24] We have found examples of MMS present inside
SIRs for which the forward shock has not yet formed. In
such cases, MMSs have been usually detected far from the
leading edge of the SIR. For instance, on 29 June 2007,
STEREO A observed a SIR that started at 11:00 and lasted
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Figure 5. SIR observed from 29 June to 1 July 2008 (edges of SIR are indicated with arrows). Mirror
mode storms (shaded area) were observed inside the SIR. The SIR has no forward shock.
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Figure 6. (a) Magnetic field and plasma properties observed
near and during two mirror mode storms (shaded areas 1 and
2). Observations are from STEREO A inside the 29 June 2007
SIR. (b) The format is the same as on Figure 6a, except for
mirror mode storm 3 (shaded area) observed on 30 June 2007.

until 1 July at 18:00. Figure 5 illustrates magnetic field mag-
nitude and plasma parameters from this SIR. In this case,
three MMSs were detected inside the SIR, which are
denoted by shaded areas. The first storm was detected on
29 June at 13:10, far from the leading edge of the SIR.
Figures 6a and 6b show in more detail the MMS episodes
(shaded areas) detected during the SIR: two storms with
lengths over 20 min on 29 June (indicated with numbers 1
and 2 in Figure 6a) and one shorter storm on 30 June (see
number 3 in Figure 6b). These storms are examples of
storms observed far from the leading edge of a SIR. In what

follows, we will analyze plasma properties within these three
storms.

[25] The top panels of Figures 6a and 6b show enhance-
ments in plasma velocity and proton number density during
the MMs. The same behavior is observed in the total pres-
sure (sum of magnetic pressure and perpendicular plasma
thermal pressure). We have found that these features are dis-
played in most of our MMS events related to SIRs. In con-
trast, the plasma temperature and the plasma beta do not
show important changes when MMs are observed. Mean
plasma beta values for storms 1-3 are 4.4, 4.7, and
4.8 respectively.

[26] The last two panels in Figures 6a and 6b provide
alpha particle density (Na) and alpha particle density relative
to proton density (Na/Np), respectively. It is observed that
during the occurrence of storms 1 and 3 (shaded area) mean
values of Na and Na/Np are higher than average solar wind
values before the storm event. As noted in Figure 6a, the first
storm begins on June 29 at 13:10 (far from the initial time of
the SIR, registered at 11:00) and coincides with an abrupt
increase of Na, which reaches 5.6 times its value before the
storm (see Table 1). Storm 3 shown in Figure 6b starts on
June 30 at 04:45:20 and is observed at the same time as a
peak in alpha density, here Na,/ Na,=2.7. For storm 2, there
is not an increase in the alpha particle parameters, but they
still remain high compared for example to the value of the
solar wind registered at the beginning of the SIR, i.c.,
at 11:00.

[27] Figure 7 shows a close-up of the magnetic field of
mirror modes during the storms 1 and 2 observed on 29 June
2007. As in case study 1, mirror-mode structures inside the
storm follow an evolutionary pattern. They first appear as
small amplitude peaks, which may sometimes grow in
amplitude and disappear. Then holes are observed, and by
the end of the storm, are very deep. This general trend is also
repeated for the storm observed on 30 June 2007, which is
not displayed here due to lack of space. Peaks and holes in

STEREO A June 29, 2007
54 E =
5.0 b A
162 A 13:10:00 =
6.2 ¢ 13:17:00, 3

B[ [nT]

NUANAN N ONNN DD 0 BB DOL

O RO O B0 NN D NN 0

0 10 20 30 40
Time (s)

Figure 7. The format is the same as in Figure 4, except
for mirror mode storms observed in SIR starting on
29 June 2007.
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Figure 8. Hodogram derived from MVA for a mirror mode
storm observed inside a SIR on 29 June 2007.

this case study display maximum normalized amplitudes
around 0B/By=0.2.

[28] Figure 8 shows a hodogram derived from MVA for
the interval 19:27:20-19:27:40 on 29 June 2007. This figure
is a good example of the linear polarization and compressive
nature of mirror modes inside storms. In this case Omaxp, =
18°, Amax/2ine= 13.34.

STEREO B

3.3. Case Study 3: MMS in Ambient Solar Wind

[29] We found that MMSs can appear also in the ambient
solar wind. Figure 9 shows magnetic field and plasma obser-
vations in an interval with ambient solar wind from 07:30 to
08:30 on 29 June 2007. In this case, STEREO B observed a
9 min mirror-mode storm. This example is the only case we
found during year 2007 of a mirror-mode storm embedded
in pristine solar wind. As seen in Figure 9, the average value
of beta is 6.2, which is significantly lower than its value
before the storm occurs. As for the alpha particle parameters,
the mean value of Na changed from 0.14 to 0.16cm™ (i.e.,
Na,/ Na;=1.2) and during the storm the mean value of
Na/Np was 0.017 (see Table 1).

[30] Figure 10 presents the evolution of the storm every
2min. As can be seen in this figure, the amplitude of the
structures does not experience notable changes and is in gen-
eral smaller than in the SIR cases, i.c., the maximum ampli-
tude during the event reaches 0B/By=0.18 approximately.
Also, by the end of the event, it is difficult to distinguish if
the structures are peaks or holes (see last panel in Figure 10).

[31] Figure 11 shows the results of minimum variance
analysis performed for the interval 08:07:21-08:07:37.
These waves are linearly polarized because Aax/Aine =47.62.
In this example Omaxp, =3.29, which means that the ana-
lyzed waves have fluctuations almost parallel to the back-
ground magnetic field, as expected for mirror-mode waves.

3.4. Summary of Observations

[32] In our 15 month survey, we found more cases of
MMSs observed inside SIRs than in the ambient solar wind.
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Figure 9. Magnetic field and plasma properties near and during a mirror mode storm (shaded area)
observed by STEREO B in the ambient solar wind on 28 June 2007.
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Figure 10. The format is the same as in Figure 4, except
for mirror mode storm observed in ambient solar wind on
28 June 2007 by STEREO B.

STEREO A and B observed 40 SIRs between January 2007
and March 2008, and MMSs were found in 11 SIRs, i.e., in
almost 30% of the cases. In contrast, we found only one case
of an MMS observed in the quiet solar wind.

[33] Most of the storm events associated to SIRs tend to be
observed for time intervals ranging from 7 min to 45 min
(see Table 1). There is an outstanding event where mirror
modes occurred close to the leading edge of a SIR, over an
approximately 8 h span. For more details on this latter case,
see Enriquez-Rivera et al. [2010]. On the other hand, the
only case of MMSs found in the ambient solar wind lasted
9 min approximately.

[34] When observed inside the interaction regions, MMSs
have been detected near the leading edge of SIRs and also
far from it. Interestingly, in all our studied events related to
SIRs MMSs have been observed inside the slow solar wind
region of the SIR. In Table 1, we calculated the distance (in
kilometers) from the leading edge of the SIR using the
plasma bulk speed. The mean beta during the storm events
is greater than 2, with occasional peaks rising up to values
as high as 100. Table 1 shows mean values of the plasma
beta for the events observed in 2007 and 2008. Events
related with SIRs in which a forward shock was observed
in the SIR leading edge are marked with “Y” in Table 1.
We will discuss the observed values of beta in the fol-
lowing sections.

[35] Table 1 shows that nearly 70% of the events undergo
enhancements of at least 20% in the mean value of the alpha
particle density (Na) compared to its mean value before the
mirror-mode storm. The first storm reported in case study
2 is a notorious case where, during the storm, Na incremen-
ted 5.6 times its value before the storm. We also calculated
the mean value of the alpha particle density relative to the
proton density (Na/Np), which ranges between 0.002 and
0.025 (i.e., between 0.2% and 2.5%). The maximum
observed value of Na/Np=2.5% was found during a storm
observed in the leading edge of a SIR (no forward shock
was observed) detected on 26 September 2007 by STEREO
B. Because alpha particle enhancements seem to play an
important role in the mirror-mode instability, we will dis-
cuss this issue in sections 3 and 4.

[36] An important feature of MMSs observed inside SIRs
is that their holes and peaks seem to be more nicely shaped

STEREO B 2007-Jun-28 08:07:21-08:07:24

5.0 T T T T T T

45f 1 ]
5
>
< 4.0F + 4
=

3.5k + 4

3.0 : : : 1 1 1

1.0 -110 -0.5 0.0 0.5 1.0

Min Var
0.5 : T 50 o
45 S
o 40
K * N~ 35 2
£ ‘ ' 03 2
= 00 7
05 S
0.5k ] L o >
8:07:21 08:07:22.5 08:07:24
Time
-1.0 , , , OBomax= 3.29°
-1.0 -0.5 0.0 0.5 1.0
Int Var Amax /\int = 47.62

Figure 11.
28 June 2007.

24

Hodogram derived from MVA in a mirror mode storm observed in ambient solar wind on



ENRIQUEZ-RIVERA ET AL.: MIRROR-MODE STORMS A KINETIC STUDY

0.08 T T T T T T T

0.06}
O Tperp/Tpar=2, n_He++=0.01 np

| O Tperp/Tpar=2, n_He++=0.05 np

0.05 1
. A Tperp/Tpar=2, n_He++=0.08 np
gE 0.04F O Tperp/Tpar=1.6, n_He++=0.1 np R
> *Fg%iﬁ{iii_.—h;_—‘;_‘ﬁ Y
0.03f 1
0.02F |
0.01F 1

°"———o---9_-

0 I I I I I
6 8

Bp]asma

12 16

Figure 12. Curves of maximum growth rate (y,,/Q,) ver-
sus plasma beta for different anisotropies for ion/cyclotron
instability at O,k = 0° (solid curves) and mirror instability
at Opx = 65° (dashed curves) obtained with input para-
meters in Table 2.

than in the only case observed in the ambient solar wind.
What is more, mirror-mode structures inside interaction
regions usually display an evolution from peaks to holes,
the latter being wider and deeper as the end of the storm is
approached. In contrast, the amplitude of mirror-mode struc-
tures in the storm related to ambient solar wind remains
practically unchanged and there is not a clear transition
between peaks and holes.

[37] Maximum normalized amplitudes (0B/B) of mirror-
mode structures in storms related to SIRs range between
0.1 and 0.9. In the ambient solar wind case the maximum
amplitude found was 0.18. It is important to note, however,
that we need to study more cases of MMSs embedded in the
ambient solar wind to see if this behavior is a general trend.
Minimum variance analysis in the three case studies did not
display significant differences regarding the type of polariza-
tion and the value of Oy 5, In all cases, there are both ellip-
tically and linearly polarized waves.

4. Kinetic Dispersion Analysis

[38] We use the program WHAMP (Waves in Homoge-
neous, Anisotropic Multicomponent Plasmas) [Rénmark,
1982] to solve the linear dispersion relation for a plasma
with characteristics similar to the plasma where STEREO
observed MMSs. The plasma is considered to be homoge-
neous, magnetized, and collisionless. A three-component,
two-ion species plasma is considered with a dense core of
protons (denoted by p), a more tenuous population of alpha
particles (He++, denoted by a) and electrons. The program
input parameters are the magnetic field strength, density,
temperature of all the species, as well as their temperature
anisotropy. All the parameters used as input for the dis-
persion relation solver are averaged values observed by
STEREO from mirror-mode storm events observed in
2007 and 2008, except for the proton temperature anisot-
ropy. Because STEREO has not yet provided temperature
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anisotropies (7',/7}), we assume proton temperature aniso-
tropies between 1 and 3 based on previous solar wind
measurements at 1 AU [Winterhalter et al., 1994; Liu et al.,
2006; Marsch et al., 1982; Marsch, 1991; Gary et al., 2002].

[39] Linear Vlasov theory predicts that both the ion cyclo-
tron instability and the mirror mode instability can occur in
bi-Maxwellian plasmas where the plasma beta is high (beta
1) and temperature anisotropies are moderate-high [7ajiri,
1967; Hasegawa, 1969]. The ion cyclotron instability has a
lower threshold anisotropy at intermediate and low beta
[Gary et al., 1976; Gary, 1992], which implies that the mir-
ror instability should be observed only above some critical
value of beta. However, it has also been noted that the addi-
tion of a helium component (i.e., alpha particles) in the
plasma introduces damping of the proton cyclotron instabil-
ity while leaving the mirror-mode unaffected [Price et al.,
1976], thereby reducing the critical value of beta. This is
in agreement with observational studies of the Earth’s mag-
netosphere. Russell and Farris [1995] showed that at beta
values above 3 with an alpha-particle composition of 4%,
mirror-mode waves dominate downstream of the Earth’s
bowshock, possibly because the ion-cyclotron waves are
heavily damped.

[40] Figure 12 shows maximum wave growth rates 7y,
(normalized by the proton-cyclotron gyrofrequency €2,) cal-
culated for the ion cyclotron at @5 x = 0°(solid lines) and the
mirror mode instability 0z x = 65°(dashed lines) for plasma
beta values between 4 and 14. Curves of growth rates with
four different alpha particle densities are shown in the graph.
Circles denote the case Na=0.1 Np, triangles are used for
Na=0.08 Np, squares indicate Na=0.05 Np, and diamonds
are for Na=0.01. These curves were obtained using proton
temperature anisotropy values of 1.6 and 2. The alpha parti-
cle distribution is considered isotropic, i.e., Ta, /Ta;=1. The
plasma values used as input for these curves are shown in
Table 2.

[41] We find that both the mirror mode and ion cyclotron
instability can grow for plasmas resembling the solar wind
at 1 AU. In the cases where alpha particle densities are Na/
Np < 0.09, approximately, there is a dominance of the ion
cyclotron instability over the mirror mode instability at pro-
ton temperature anisotropies greater than 2. This is illus-
trated in the curves with diamonds, squares, and triangles
in Figure 12. On the other hand, when Na/Np > 0.09 and
the anisotropy decreases, growth rates for both instabilities
become significantly closer. The latter case is illustrated
through the curves with circles in Figure 12. Here the proton
temperature anisotropy is 1.6 and the alpha ratio Na/Np is
10%. An interesting feature to note in the curves with circles
of Figure 12 is that at beta=10 approximately, the mirror
mode instability starts dominating over the ion cyclotron
instability.

Table 2. Input Parameters Used in WHAMP to Obtain Curves in
Figure 12

B (nT) 2.7-4.0

Proton temperature (K) 2.8 x 10*1.15 x 10°
Proton density (cm ) 8.0-20.0
Plasma beta 4.0-14.0
Alpha density (cm™) 0.01-0.1 np
Alpha temperature (K) 1.3 x 10
Proton temp. Anisotropy 1.6 and 2
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[42] The results shown in Figure 12 demonstrate that the
increase of alpha particle densities relative to the proton den-
sity (Na/Np) leads to a decrement of growth rates for both
instabilities. Such a decrement is more evident for the ion
cyclotron instability, namely, v.,/€2, decreases faster for
the ion cyclotron instability than for the mirror instability.
In Figure 12, the curves with diamonds, squares, and trian-
gles show that when Na/Np increases from 0.01 (diamonds)
to 0.08 (triangles), at a fixed proton temperature anisotropy
of 2, the ion cyclotron growth rate (solid lines) experiences
a notable decrement, while the mirror instability undergoes
a slight decrement (i.e., the diamonds, squares and triangles
in dashed lines are very close to each other). This result
agrees with previous theoretical studies where it has been
suggested that the addition of helium species to mirror/
ion-cyclotron unstable plasmas has a greater impact on the
ion-cyclotron instability growth rate, which experiences
damping. In contrast, the growth rate of the mirror mode
instability remains almost unaffected [Price et al., 1986;
Gary, 1993].

[43] The curves of wave growth obtained by solving the
kinetic dispersion relation have positive wave growth rates
within the range of the observed plasma parameters for both
the mirror mode instability and the ion cyclotron instability.
This is an important result, because it leads to the possibility
that some of the mirror-mode structures observed in MMSs
might be generated locally via the kinetic mirror mode insta-
bility. We further examine this scenario in the following
section.

5. Discussion and Conclusions

[44] We have presented three case studies in which mir-
ror-mode waves are observed as MMSs in the solar wind.
Case study 1 and case study 2 correspond to MMSs re-
lated to SIRs, while case study 3 represents a mirror-mode
storm observed in pristine solar wind. Based on our sur-
vey, we believe that MMSs are events more commonly
observed within SIRs than in the ambient solar wind. A
natural question that arises is the reason for this
preference.

[45] On one hand, from our 15 events studied in this
paper, we found 5 events of MMSs close to the downstream
regions of forward shocks preceding SIRs (see Table 1).
This suggests that SIR shock regions seem to be suitable
environments for the growth of mirror mode instabilities.
Here nonuniform plasma shock heating and compression
can favor the existence of temperature anisotropies as well
as high values of plasma beta. As noted in previous theoret-
ical and observational works, when both parameters are
large, the mirror instability occurs. In all the STEREO
MMS events observed close to forward shocks of SIRs
beta > 2.4 (see Table 1), which is sufficiently high for the
mirror-mode instability to occur. Winterhalter et al. [1994]
observed magnetic holes between 1 and 5.4 AU in sites
where the solar wind was unstable to the mirror instability
with average plasma betas between 1 and 10. Liu et al.
[2006] found mirror-mode structures in the sheaths of
magnetic clouds preceded by shocks, where the averaged
observed value of 8, ,~ 12 with values sometimes exceed-
ing 50. Also, previous observational works in the Earth’s
magnetosheath have reported mirror-mode structures in
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regions where the plasma beta is greater than 3 [Russell
and Farris, 1995].

[46] Up to this date, STEREO has not yet provided proton
temperature anisotropies. In our MMS events close to SIRs’
forward shocks, we would expect high temperature anisot-
ropy values near the shock and probably smaller values far
from the shock, because enhanced wave particle interaction
can lead to isotropization. In our theoretical analysis we
found that the plasma is mirror unstable for proton tempera-
ture anisotropies between 1.5 and 2 for 4 < beta < 14. This
range of values found for temperature anisotropies are close
to the values found in mirror unstable sheaths from ICMEs
analyzed in Liu et al. [2006], where the proton temperature
anisotropy was enhanced to values of 1.2 and 1.3 for §, , ~ 12.
It is also important to bear in mind that the larger the beta,
the less anisotropy is required, or in other words, it is the
combination of the beta and temperature anisotropy values
that plays an important role in making the plasma unstable
to the mirror instability.

[47] On the other hand, most of our MMSs (nearly 70%)
were found in SIRs where no IP shocks were observed in
the nearby region, as shown by case studies 2 and 3. This
shows that the existence of an interplanetary shock is not
necessary to observe MMSs in the solar wind. Case study
2 shows examples of mirror modes observed inside SIRs
far from the leading edge of a SIR where the forward
shock has not yet formed, and case study 3 is a mirror-
mode storm observed in pristine solar wind with no IP
shock detected near the MMS. In these two case studies,
the value of beta is greater than 4, as expected for the
value of beta in mirror unstable plasmas. As shown in Ta-
ble 1, average values of beta for the rest of the events
studied in this work with no IP shock associated with
the SIR range between 2.4 and 32.7. As pointed out in
section 2.4, such values of beta are not higher than the
values observed in regions surrounding the storm interval.
However, according to linear theory, these observed values
of beta can make a plasma unstable to the mirror mode
instability.

[48] An interesting observation is that the alpha particle
density experiences enhancements during most of our
mirror-mode storm events. It has been pointed out that the
content of alpha-particles plays an important role in mirror
unstable plasmas [Price et al., 1976; Gary, 1993; Russell
and Farris, 1995]. In the mirror-mode events reported by
Liu et al. [2006]. The authors studied ICMEs sheaths where
Na/Np > 8%. Russell and Farris reported alpha particle con-
tent of 4% in magnetospheric regions where mirror modes
were observed. In nearly 70% of our MMS events, there
are enhancements in the mean alpha particle density (Na),
and the mean alpha particle density relative to proton density
during the storms is Na/Np <2.5%. Our results using kinetic
linear theory show that for the observed range of Na/Np
2.5% and plasma beta < 14, the mirror mode instability
has positive growth rates, i.e., the plasma where MMSs are
observed is mirror unstable.

[49] To sum up, there is theoretical and observational evi-
dence that supports the possibility that MMSs observed by
STEREO inside SIRs and in ambient solar wind might be
generated locally via the mirror mode instability. Neverthe-
less, there is still another important issue in discussion. For
the observed conditions in the solar wind, linear theory
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predicts that the ion-cyclotron waves have positive wave
growth rates, which are approximately twice the growth
rates for the mirror mode. In fact, the dominance of the
mirror mode instability over the ion-cyclotron instability
in the solar wind occurs when Na/Np >9% and beta > 10.
Although our theoretical value of 9% is very close to that
observed in the solar wind by Liu et al. [2006], it is still sig-
nificantly higher than the maximum value of 2.5% observed
in our MMS events.

[s0] The fact that STEREO observed only MMSs in
plasma regions where linear theory predicts that growth rates
for this mode are smaller than for the ion-cyclotron instabil-
ity makes us think that ion-cyclotron waves could be gener-
ated together with the mirror mode. In STEREO MMS
observations, there are no ion-cyclotron waves present, how-
ever. The question that follows now is why the ion-cyclotron
waves are not being observed simultaneously with MMSs or
in the nearby region. A possible explanation is that because
ion-cyclotron waves have phase velocities much greater than
the mirror-mode waves, we are not able to observe them in
the same region where MMSs are present because they
might have left the region of observation. That both waves
are cogenerated even when their growth rates are very differ-
ent was shown observationally by Russell et al. [2006] for
the low beta conditions in the Saturnian magnetosphere
and has also been observed in simulations [McKean et al.,
1992, 1994].

[s1] At this point, based on our observations of MMSs and
on our results from the kinetic study, we can draw partial
conclusions as to the origin of MMSs observed in the solar
wind. We propose a scenario where MMSs were generated
locally in the solar wind where they were observed by
STEREO via the mirror mode instability in the same region
where ion-cyclotron waves were probably also generated.
The difference of phase velocities between both waves
could explain the absence of ion-cyclotron waves in STE-
REO observations. There is also the possibility of the exis-
tence of nonlinear phenomena inherent to MMSs, which
might result in alterations in the growth rates of the instabil-
ities favoring the growth rate for the mirror mode. Such
effects are beyond the scope of our linear approach.

[52] The evolutionary path between peaks and holes in the
three case studies presented here is also an interesting fea-
ture. No matter how long the storm is, in all cases, mirror-
mode structures are observed first as peaks and then as holes.
Such peaks tend to grow in amplitude and then are replaced
by holes, which may also grow in amplitude and become big
holes. This behavior is similar to mirror-mode observations
in planetary magnetosheaths such as Earth [Génot et al.,
2001], Jupiter [Bavassano Cattaneo et al., 1998; Joy et al.,
2006], and Saturn [Erdos and Balogh, 1996]. In these envir-
onments, mirror-mode peaks are preferentially observed
near the planetary shock and in the middle magnetosheath,
while holes tend to appear close to the magnetopause.

[53] The formation mechanisms of mirror-mode peaks and
their apparent evolution into holes is still a matter of investi-
gation. There are observational studies of planetary environ-
ments that emphasize the dependence of mirror-mode shape
on the value of B [Erdds and Balogh, 1996, Joy et al., 2006].
In these works, peaks (holes) are related to higher (lower)
beta plasma conditions than background. In our survey of
MMS in the solar wind presented here, we found this
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correlation in nearly half of the cases. A case study that
shows such correlation is discussed in Enriguez-Rivera
et al. [2010]. In that study, the authors reported one event ob-
served by STEREO B on 10 July 2007, where MMSs were
observed during 8 h approximately. In these MMSs, mirror
mode peaks were related to high beta regions while holes
were found in different regimes of beta. We also found the
presence of magnetic holes in regions where 3 < 1, which
is not a suitable range value for 3 in mirror unstable plasmas.
The fact that magnetic holes have been observed in both mir-
ror unstable and stable plasma conditions has been suggested
to be a signature of bistability [Génot et al., 2009, and refer-
ences therein].

[s4] Other works discuss the mirror-mode evolution from
peaks to holes in terms of the distance to mirror threshold.
For example, in the context of Saturn’s magnetosheath, Joy
et al. [2006] argued that peaks are a signature of the nonlin-
ear saturation of mirror modes while holes are collapsing
structures in a plasma near the linear mirror threshold. Both
points of view, dependence of mirror mode shape on 3 and
distance to mirror threshold, are feasible. More simulation
work has to be done in this area.

[s5] For future work, we will analyze the sheaths associ-
ated to fast ICMEs. Because shocks ahead of fast ICMEs
usually have high Mach numbers, their sheaths are more per-
turbed (as in planetary sheaths) and this can lead to plasma
instabilities such as the mirror mode instability. ICMEs’
sheaths, Earth’s magnetosheaths, and SIR geometries all
have in common that they are elongated compression
regions with the magnetic field tending to lie parallel to their
long direction and perpendicular to the compressive force.
Therefore, it will be interesting to see if mirror-mode storms
occur in ICMEs’ sheath regions and compare their character-
istics with the storms observed inside SIRs and in the ambi-
ent solar wind.
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