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Abstract. Mirror modes are among the most intense low solar wind {surutani et a].1992), in cometary tailsRussell
frequency plasma wave phenomena observed in the magnet al, 1987, and more recently also in the heliosheath be-
tosheaths of magnetized planets. They appear as large ampitond the termination shociB(rlaga et al.2006.

tude non-propagating fluctuations in the magnetic field mag- They are typically observed as large amplitude non-
nitude and plasma density. These structures are widely agropagating variations in magnetic field magnitude accom-
cepted to represent a non-linear stage of the mirror instapanied by an anti-correlated variation plasma pressure. The
bility, dominant in plasmas with large ion beta and a sig- shape of the structures ranges from quasi-sinusoidal oscilla-
nificant ion temperature anisotrofiyt /7) > 1. It has long tions to coherent structures in the form of magnetic peaks
been recognized that the mirror instability both in the linear (also called humps) or dips (holes, troughs). For more de-
and non-linear stage is a kinetic process and that the behavails seeSoucek et al(2008; Génot et al.(2009 and ref-

ior of resonant particles at small parallel velocities is crucial erences therein. These structures are generally believed to
for its development and saturation. While the dynamics ofpe generated by mirror instabilitf/¢denov and Sagdegv
the instability and the effect of trapped particles have been1 958 Hasegawal969 in plasmas with sufficient ion tem-
studied extensively in theoretical models and numerical sim-perature anisotropy. While mirror structures (in particular
ulations, only spurious observations of the trapped ions werehe magnetic holes) can exist under mirror-stable conditions
published to date. In this work we used data from the Clus-(Soucek et a).2008 Génot et al, 2009, unstable conditions

ter spacecraft to perform the first detailed experimental studynust be present at the point of their origin. In the dayside
of ion velocity distribution associated with mirror mode os- magnetosheath, if plasnais sufficiently high, mirror struc-
cillations. We show a conclusive evidence for the predictedtures are generated behind the bow shock, where the heated
cooling of resonant ions at small parallel velocities and heatplasma often satisfies the mirror instability threshold condi-

ing of trapped ions at intermediate pitch angles. tion 8, (T /T —1) > 1 (Hasegawal969 Hellinger, 2007).
Keywords. Magnetospheric physics (Magnetosheath) _The mirror structur_es are very _importa_n_t for.the global mag-
Space plasma physics (Wave-particle interactions) netosheath dynamics under highconditions: they are re-

sponsible for dissipation of the temperature anisotropy ex-
cess generated at the bow shock, keeping the magnetosheath
plasma in a marginally stable stateugelier et al. 1994
Hellinger et al, 2003.

Mirror modes are a well known phenomenon occurring in Since the first theoretical works on mirror instability
a variety of space plasmas. Observations of these large/edenov and Sagdeg¥95§ Tajiri, 1967, the importance
amplitude plasma structures were reported since the earl§! kinetic effects in the physics of the process has been rec-
spacecraft missions from the magnetosheath of the EartR9nized. Specifically, the dynamics of particles with small
(Kaufmann et a.1970. They were later discovered in mag- parallel velocitiesy; resonant with the wave is of critical

netospheres of other planefs(irutani et al. 1982, in the importance for the initial linear and quasi-linear develop-
’ ment of the instability as has been demonstrated by theo-

retical models $outhwood and Kivelsqnl993 Pantellini
Correspondence tal. Soucek and Schwartz1995 Hellinger et al, 2009 Pokhotelov et a).
BY (soucek@ufa.cas.cz) 2008 2010 and numeric simulationdV(cKean et al. 1993
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Fig. 1. Magnetic field and ion data for the studied interval from
Cluster 3. Top: magnetic field (FGM), Center: ion density (CIS
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dependent modifications of the trapped population were ob-
served in the electron distribution observed by the AMPTE
UKS spacecraftGhisham et a.1998.

In this work we use ion and magnetic data from the Clus-
ter spacecraftfscoubet et 312001) to investigate the details
of the ion distribution observed within large amplitude mir-
ror structures. We identify the signatures of both the heating
and cooling of trapped particles inside the troughs as well as
enhancements in particle population at perpendicular pitch
angles around the magnetic peaks.

2 Dataset and data analysis

The features of the distribution associated with mirror struc-
tures are demonstrated on a single interval of data mea-
sured by Cluster on 18 March 2004 between 07:23:30 and
07:26:30 UTC. During this interval, Cluster was in the day-
side magnetosheath and observed large amplitude mirror
structures in the form of a series of magnetic peaks and
troughs. This interval of mirror mode activity was chosen
because Cluster was in burst mode, transmitting full 3-D ion
distributions measured by the CIS instrumeRé&ihe et al.
1997 at 4-s resolution. lon data from Cluster 3 are shown
in this article, but the other spacecraft from which CIS-HIA

— HIA), Bottom: Perpendicular and Parallel ion temperatures (CISdata were available (Cluster 1) observed very similar fea-
— HIA). The vertical dashed lines mark the positions of peaks andtures.

troughs for easier orientation.

Califano et al. 2008. The more complicated problem of

Magnetic field from the FGM instrumenBélogh et al.
2001 together with ion density and temperatures from the
HIA sensor of the CIS instrument for the chosen interval
are plotted in Figl. In this interval Cluster observed non-

fully non-linear mirror structures has been approached bysinusoidal field variations withB| ranging between 18nT

phenomenological models of particle behavidimélson and
Southwood 1996 and numeric simulationgC@alifano et al,

and 32nT and corresponding anti-correlated variations in
ion density characteristic for pressure balanced mirror struc-

2008 which demonstrated the importance of trapped parti-tures. The field oscillations demonstrate the so-called bi-
cles for instability saturation at large amplitudes. The abovestability, where the field magnitude alternates between two
studies predict that the trapped resonant particle populatioguasi-stable “states”, one associated with low field mag-
at smallv (pitch anglex close to 90) is being significantly ~ nitude around 20nT and high ion density up to 22¢ém
cooled in the early stage of non-linear development of thethe other with a high field level~§30nT) and lower den-
instability, reducing its growth rate. On the other hand, non-sity (~17-19 cn3) (Erdés and Balogh1996. The aver-
resonant ions at intermediate pitch angles are heated as ttage ion flow velocity of magnetosheath plasma during this
instability develops. interval, measured by the HIA sensor of the CIS instrument
A number of experimental works addressed the mirroron Cluster 3, wass = 120+ 20kms; plasma iong, pa-
modes using in-situ spacecraft data (for reviewsSglmvartz ~ rameter varied between 0.9 and 3.5 with a mean value of
et al, 1996 and Tsurutani et al.2011). A large major- u(81)=18.
ity of those studies, however, used either no ion measure- The bottom panel of Figl shows an anti-correlation be-
ments or only the measured moments of the distributiontween magnetic field magnitude and perpendicular ion tem-
function. While these measurements provide valuable inperature and to lesser extent also parallel ion temperature.
formation on the bulk plasma status, and were sufficient forThe respective correlation coefficients for this dataset are:
many tasks, they do not capture the dynamics of the trappe@(|B|,n) = —0.7, p(|B|,T1) = —0.68, p(|B|,T})) = —0.36.
particles discussed above. To our knowledge, only two studThis increase in overall ion temperature (calculated as a
ies (Leckband et a).1995 Fazakerley et al.1995 were  second order moment of the ion distribution) in areas of
published so far, attempting to resolve these resonant ions/eaker magnetic field has been described in previous stud-
in experimental data with partial success. Their results araes (Winterhalter et al.1995 Balikhin et al, 2010. Later in
discussed in detail in Sect. However, similar pitch angle this article we discuss the origin of this temperature variation
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and show that particles trapped in magnetic troughs are abcity is v &~ 120 km s and the thermal velocity of magne-
least partly responsible for this effect. tosheath protons corresponding to temperafire~ 2 MK
Simple multi-spacecraft analysis was performed in orderis vt~ 130kms™. As a result, the distribution observed
to estimate the orientation, velocity and spatial scale of then spacecraft frame is skewed and some of the thermal ions
structures, using the technique describeddorbury et al.  are shifted to the low energy range where low particle fluxes
(2004. The time lags between spacecraft were calculatedo the sensor result in poor measuremeRaschmann and
by maximizing the inter-spacecraft cross-correlation of mag-Daly, 1998.
netic field magnitude (at 0.2s resolution). Assuming pla- To overcome this issue we re-binned the 3-D distributions
narity of the structure, we calculated a unit veckonor- to 2-D pitch angle distributions, converting to plasma refer-
mal to the planar structure (Eq. 1 bliorbury et al, 2004, ence frame in the process. In the original 3-D CIS data, a
and the velocity of the structure in the directionmofn the  range of energies and a central direction vector of incoming
spacecraft reference framg. The analysis yielded a nor- particles is assigned to each distribution bin. For each bin
mal velocity ofv, =53.8 km st inclined to the plasma flow  we first correct the bin energy for the effect of spacecraft po-
velocity at an angle of 60 Comparing this number to the tential by adding the energy lost by the incoming ions due
projection of the plasma flow velocity to the normal direction to the electrostatic field of the spacecraft (the mean space-
(vs-n =56.7kms 1) we can verify that the structure is not craft potential measured by the EFW instrumeBugtafs-
propagating with respect to the plasma (within experimentalson et al. 1997 for this event was 3.4 V). The energy range
margins) in agreement with the conclusiondHofrbury etal.  corresponding to the bin is next converted to particle veloc-
(2009. ities and these are transformed to the plasma frame by sub-
The knowledge of the normal direction and velocity allows tracting the bulk plasma flow velocity vector, estimated for
to calculate reliably the width of the structures in the nor- each distribution individually from the corresponding mo-
mal direction by converting the temporal duration of the ob- ment. This transformed distribution is then rebinned to a
served signature to a spatial width. For simplicity, we definedtwo-dimensional grid in pitch angle and energy coordinates,
the width of a peak or trough as the distance between pointaissuming cylindrical symmetry of the distribution around an
where the magnetic field magnitude crossed the mean valuaxis parallel with magnetic field direction (gyrotropy). Bins
of u(|B|) = 25.4nT. After multiplication byv,, we obtain  with one or fewer particles were removed from the integra-
structure widths between 470 km and 1350 km or when exdion. In this way we obtained two-dimensional distributions
pressed in local ion Larmor radii between &and 30 (here  with 16 angular bins (L25° wide) and 10 logarithmically
we used a local value of Larmor radius for ions with thermal spaced energy bins from 10 eV to 1 keV. A similar procedure
energy, calculated at a 4-s time resolution from perpendicuwas used previously by for examptazakerley et a(1999.
lar temperature and magnetic field plotted in Fiy. These Figure 2 shows the 2-D distribution averaged over the
numbers are consistent with typical mirror mode scales pubentire studied interval in the spacecraft frame (top) and in
lished in previous studiesSpucek et a).2008 Horbury and  the plasma rest frame with bulk velocity subtracted in the

Lucek 2009. re-binning process (bottom). Clearly, the above procedure
yields a distribution function much more symmetric in the
lon distribution function processing B-parallel and anti-parallel directions. The spacecraft frame

pitch-angle distribution in the bottom panel is plotted to
The ion distributions are provided by the Hot lon Analyzer demonstrate the magnitude and character of this instrumen-
(HIA) part of the CIS instrument in the form of particle tal effect and to show that the coordinate transform is indeed
counts in 25° x 22.5° solid angle bins for 31 Iogarithmi- required to obtain meaningfu| results.
cally spaced energy levels between 6eV and 29keV col- The 2-D (or pitch-angle) distributions throughout this arti-
lected over one spin period of four seconds. The HIA instru-cje are expressed as cuts of the 3-D distribution inhev |
ment does not distinguish between ion species; we thereforgjane calculated from the full 3-D distribution by assuming
consider all the registered particles as protons neglecting thgyrotropy and averaging over the azimuthal angle. The en-
possible contribution of He++ ions. In this StUdy we used ergy range from 10 eV to 1 keV was chosen because outside
the calibrated 3-D distributions in the form of phase spacethis range, HIA particle counts were too low to allow reli-
denSity (PSD) obtained from the Cluster Active Archive. able PSD estimates (On the h|gh energy end due to lack of

When studying the interaction between particles andparticles, on the low energy end due to low particle fluxes).
electro-magnetic field, one is usually interested in the dis-

tribution function in a reference frame which is not moving

with respect to the plasma. This represents a fundamentad Properties of the ion distribution

problem for the analysis of spacecraft data measured in the

spacecraft frame of reference when the bulk plasma flow veTo identify and describe the fine features of ion distribution,
locity is comparable or larger than the thermal velocities of such as the trapped particles, one needs a reference “back-
the particles of interest. In our case, the plasma flow ve-ground” distribution function to compare against. While

www.ann-geophys.net/29/1049/2011/ Ann. Geophys., 29, 113BR-2011



1052 J. Soucek and C. P. Escoubet: Trapped ions interacting with mirror modes

Avg. PSD in S/C frame Rel. deviation from fit (f, /. — 1)
1010 T A
10"  —
(2]
1008 £
a >
<Y )
1007 & =
>
-10k 10"6
10k1k10010  101001k10k
V. [eV] -100
Avg. PSD in plasma frame
10k 1010
1k
100 10" —
< 10 @m 0 Data vs. fit (cuts) | —<—datao = 90°
< 108 IE 10 ‘ —<— data o. = 180
> a fit o = 90°
-10 o 9 B i
-100 10°7 2 10 fit o= 180
1k . — = — bi-max fit o = 90°
i 10 E
-10k 1076 ©
10k1k10010  101001k10k ' 107
4
Vv i [eV] 8
o 10°
Fig. 2. Average re-binned two-dimensional cut of 3-D distributions
for the entire interval. Top: original distribution in spacecraft refer- 10°
ence frame. Bottom: the same distribution after transformation to
plasma rest frame. Distributions are symmetric around vertical axis 10° ‘ ‘ ‘
(gyrotropy was assumed in the re-binning process). 10 100 1k
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many theoretical and numerical studies of mirror modes uséig. 3. Fits of the average distributiorfs by a double bi-
a two temperature bi-maxwellian distribution as the basicmaxwellian model. Top: relative error of the bestfih — faf)//at
model for magnetosheath plasmas, direct spacecraft medor all pitch angle-e_ner_gy plns (Ilnea_r color scale_). Bottom_: cut_s of
surements have shown that this model is rarely applicable t&'¢ average 2-D distributionfa and its double bi-maxwellian fit
real world magnetosheath plasmas. Since early spacecrg f for pitch anglesr close to 96 and 180. For Cla.r ity, the paral-

. N . ... lel cuts are rescaled by a factor of 100. Dashed line shows the best
_observat|0ns a suprathermal ion tail” has been identified. . ciian fit (perpendicular cut).
in magnetosheath plasmdsofmisano et al.1973 Sanders
etal, 198]). The integrated one-dimensional ion distribution

functions presented in these and later studies exhibit an ageeded to be determined). The fits were performed using the
proximately power law shape above energies of few hundredygndard Levenberg-Marquardt methdtdss et a).2007)

eV. Formisano et al(1973 modelled the distribution func-  ith an initial approximation given by two bi-maxwellians
tion by kappa distributions, while later studies used fits by ajndependently fitted to distributions with reduced energy
superposition of two Maxwellian populationSgnders et al. ranges: one with low energy bing (< Eg) and one with high
1981 Gosling et al. 1989 Tan et al, 1998. In particular,  energy bins £ > Eo) only. To eliminate the effect of an ad-
Gosling et al.(1989 divide the magnetosheath ions into a poc choice of the initial energy ranges, the energy limjt

cooler core population of transmitted solar wind ions and ayas varied between 50 eV and 300eV and the best fit was
suprathermal shell with 4-10 times larger temperature and gsed.

fractional density of up to 20 %, composed of ions acceler-  The ahove fitting procedure was applied to a mean ion dis-

ated at the shock. tribution averaged over the entire 3 min interyal(v;,v, )
We followed this methodology and fitted the pitch-angle to obtain a fitted background distributigias. The results are

distributions in the plasma frame by a superposition of twoshown in Fig.3. The top panel shows the relative error of the

bi-maxwellian distributions (a total of 6 free parameters best fit( fa — faf)/faf and the bottom panel the comparison

Ann. Geophys., 29, 104906Q 2011 www.ann-geophys.net/29/1049/2011/
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Fig. 4. Pitch angle distribution spectrograms integrated in energy (10 eV-1 keV). Top to bg¢pmagnetic field magnitud€b) Relative
deviation of measured 2-D distribution from the fitted backgroyigd(linear color). Overplotted black line is the critical anglg (c) Rel-
ative deviation of measured 2-D distribution from the localffi{linear color).(d) The pitch angle distribution normalized by local fit /¢
integrated over near-perpendicular pitch angles (black line) and pitch anglesg@ad line). Rescaled magnetic field magnitydg is
overplotted (blue dashed line).

of the mean distribution with the fit for cuts in perpendicular 3.1 Trapped particles associated with field oscillations
and parallel directions. The error of the fit is typically un-

der 30 % over the entire energy and pitch-angle range. FO{ye can now analyze the variation of the ion distribution by
comparison, fits by a simple bi-maxwellian and kappa distri-j estigating its deviation from the background fitted distri-
butions were tried as well. The best bi-maxwellian fit in the bution fas. While fas is not a true background distribution
Ieast_ square Sense IS _s_hown In _Hgdashe_d line), demon-_ in the sense of describing unperturbed plasma, it serves well
strating the inapplicability of a bi-maxwellian model to this the purpose of providing a consistent and physically accept-

case. Consistently with e.gormisano etal1973, thefitby  5pje packground against which local features (in particular
kappa distribution (not shown) gives a relatively good agree-,o trapped particles) will stand out.

ment, but the double bi-maxwellian model was found to be
superior.

The double bi-maxwellian fit to the mean distribution
yields a cold population with temperatur@s, = 0.67 MK
(58eV) and Ty = 0.35MK (30eV). The suprathermal
“shell” population represents about 4% of the total ion
density and its estimated temperatures &ge = 4.2 MK
(360 eV) andry; = 3.0 MK (260 eV). These results are close
to the values obtained gosling et al(1989.

Figure 4 shows the main result of our analysis. The
panel (b) shows the relative deviation of each measured
pitch-angle distribution function from the fitted background
(f — fat)/fas integrated over the entire energy range (10 eV
to 1 keV). A clear pattern is apparent in the plot: inside the
troughs (close to B-field minima), we observe an increased
PSD at intermediate pitch angles®4® 70° and symmetri-
cally from 110 to 150, the ion population at the most per-
pendicular pitch angles close to 9, on the other hand,
depleted. Close to the maxima of magnetic field, we observe
the opposite effect: there is a mild enhancement in ion PSD

www.ann-geophys.net/29/1049/2011/ Ann. Geophys., 29, 1I3ER-2011
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Fig. 5. Pitch angle distribution spectrogram integrated in energy for a second Cluster magnetosheath mirror mode event (31 January 2006).
The panels correspond to pan@3and(b) of Fig. 4.

C307:24:14.400 C307:25:30.511 be fitted by a double bi-maxwellian and which pitch angles
contribute most to the discrepancy. In this plot, the same
pattern can be seen, only the increase in PSD at perpen-
dicular pitch angles, associated with field maxima, is more
pronounced. Looking only at panel (b), one could suspect
that this perpendicular particle population enhancement sim-
ply corresponds to an enhancement in the colder core ion
population density inside the troughs. This panel shows that
this population is indeed a non-thermal feature that cannot be
properly modelled by the double bi-maxwellian distribution.

The above pattern resembles closely the signature of
the trapped ion populations predicted from kinetic theory
by Southwood and Kivelsor{1993 for the case of lin-
ear mirror instability and in a follow-up papeKigelson
Fig. 6. Examples of the full 2-D distributions measured close and Southwood1996 for nonlinear large amplitude mirror
to field maximum (left) and minimum (right). The distributions structuresKivelson and Southwoofl 996 propose that par-
are plotted as relative deviation from the fitted backgrouyid- ticles with pitch angles: greater than a critical angte; (in
fat)/fat- The locations where the two measurements were takenthe sense of being more perpendicular or closer fg 86-
f:orrespond to aste.rislfs in the top panel of HigThe magentalines fined as sifa > Sinzotc = B/Bmay) become trapped inside
in the second plot indicate the calculated critical pitch angle the magnetic troughs of the mirror structure and as the mir-

ror wave grows, they gain energy by Fermi acceleration. It
is further proposed that to saturate the growth and to at-
at the perpendicular pitch angles® 90°) and a depletion at  tain marginal stability, the trapped population at perpendicu-
the intermediate pitch angles. lar pitch angles must be non-adiabatically cooled. To make

Panel (c) shows a similar spectrogram, but in this casea direct comparison, we overplotted the critical pitch an-
we plot the deviation of the measured distribution from the gle a:c = sin"1(B/Bmax) Y2 on our pitch angle spectrograms
best local double bi-maxwellian fit. The difference from  (black lines in Fig4). Since all magnetic field maxima are
the previous panel is that in this case each distribution col-at almost the same level, for the peak field value we used
lected over one spacecraft spinis fitted with a double bi- a maximum value ofB| over the interval under considera-
maxwellian model and this fif; is used as the reference. tion: Bmax= 32.3nT. It can be seen that the enhancements
This plot therefore quantifies how well each distribution can of the ion population inside the troughs are located precisely

Ann. Geophys., 29, 104906Q 2011 www.ann-geophys.net/29/1049/2011/
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at the pitch angles slightly more perpendicular than(a Log. PSD (peak) Distribution cuts (peak)
direct comparison can be made to Fig. 7kKifelson and @ 1k
Southwoog 1996. More discussion is given in Seet. 100

To demonstrate further the correlation with the magnetic >
field, in the bottom panel we integrated the ratio between _=
the distributionf and a local fitf; overa between 75 and
105 and fora close to the critical angle (betweer and iy
ac+20° and analogously for the other pitch angle quadrant). 1k10010 10100 1k
The two integrated products are plotted in the bottom panel, Log. PSD (trough) o, Distrbution cuts (irough)
clearly confirming the correlation between the magnetic field () e
magnitude and the variation of the two trapped populations.

An analogous plot for a different mirror mode event ob- %
served by Cluster is shown in Fi§. Here only two pan- =
els, corresponding directly to panels (a) and (b) of Hig. 100
are plotted. This plot gives an additional example of the — _,,
trapped ion signature, in this case even more pronounced 1k10010 101001k
due to larger scale of the structures. Similar features were 109 PSD (itted average)
observed by Cluster for many other intervals, but the proce- ) o,/ 4
dure described in this paper only produces clean results ifthe _ ;£
structures are sufficiently wide and the plasma flow velocity 3, |
is relatively low. Only in such cases is the time resolution > _10§
of the CIS instrument sufficient to perform several measure- -100] \

~10%
-100

=90
=120
o=0o

— C

-10/%

0= 180" 10°

o Distribution cuts (fitted average)

ments of ion distribution within each peak or trough. K e 0 100 1k - . s
Figure 6 gives two examples of pitch angle distributions 10 Energy [oV] 10
plotted again as deviations from the fitted backgroyiagl v, [ev]

showing the details of the trapped particles close to magnetic_ o
field minima and maxima. The exact times when these meaFi9- 7- Examples of the full 2-D distributions plotted as phase space
surements were taken are marked by asterisks in the top pangfnsity (without any normalization). The top panels show the ion

of Fig. 4. The features discussed above are clearly seen inIStrIbUtlon measured c".)se fo field maxim¢@and minimurr(b),
corresponding to those in Fig. The bottom panel&c) show the
these examples.

. . . . fitted distribution fas. The right column shows cuts of the PSD at
_To provide the complete picture of the character of ion dis-sg|ected pitch angles; the respective pitch angles are visualized by
tribution function associated with mirror modes, in Figve  |ines of the same color in the corresponding 2-D distributions.

plot the same distributions in the form of the full phase space

density (PSD). In addition to the examples corresponding to a

peak and a trough, we also plot the PSD corresponding to thehough the original unperturbed ion distribution is unknown
fitted average distributiorias. In the right column are shown and fas only provides an approximation, this unperturbed
cuts of each distribution at several pitch angles relevant to thelistribution had to exhibit this kind of temperature anisotropy
discussion. Comparison of the cuts at perpendicular and in7'; > 7 necessary for the mirror instability to develop.
termediate ¢ = 120°) pitch angles (green and black curves)

reveals a strong enhancement of the distribution at perpen3.2 Energies of trapped particles

dicular pitch angles near the peaks (panel a). However, the

trapped particle population inside the troughs, clearly seerDOne interesting and unexpected property seen in &ig.
between the magenta lines in panel (b), is close to isotropi¢he distribution of trapped ion populations in energy. While
and the difference between the PSD of the heated particlethe enhanced trapped population at intermediate angles in-
(black) and the cooled particles @t~ 90° (green) is small.  side the magnetic troughs spans over most of the considered
This possibly not self-evident feature has to be interpretedenergy range, the enhancement in particles=90° is only

with reference to the background distribution shown in theseen at lower energies (here below 100 eV).

panel (c). In the figure we observe thaf|v|,o = 90°) > Next we investigated whether this effect is systematic over
f(lv],120°), as can be expected for a distribution well de- the whole interval under study. In Fi§.we show the same
scribed by the double bi-maxwellian model and anisotropicnormalized integrated pitch angle spectra as in panel (b) of
in temperatureX; > 7}). Comparing panels (b) and (c), one Fig. 4, only this time the pitch angle distributions were in-
can verify that the population at intermediate pitch angles integrated separately over low energies (10eV-100eV) and
panel (b) is significantly enhanced with respect to the back-higher energies (100 eV-1 keV). The results confirm the ini-
ground distribution, but the corresponding PSD does not nectial impression from Fig6. The trapped heated particles in-
essarily exceed that of the cooled particlea at 90°. Even side the troughs are clearly seen in both panels, while there
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FGM B-field C3, tstart = 2004—-03-18 07:23:30.000
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Fig. 8. Pitch angle distribution spectrograms integrated in low (middle panel) and high energy bands (bottom panel). Distributions are plotted
as relative deviation of measured integrated 2-D distribution from the fitted backgyagrtihear color scale).

is no trace of the enhancementoats 90° corresponding to  recognized bySouthwood and Kivelsorf1993 who pre-
field maxima in the high energy plots. dicted the depletion of ions at~ 90° inside the magnetic
troughs and the enhancement of this part of distribution near
the peaks. The model is based on the different behavior
4 Discussion and conclusions of trapped and non-trapped particles and conservation of
magnetic moment (betatron acceleration/deceleration). The
The results presented in the previous section clearly demonmmodel was later improved HByantellini and Schwartf1995
strate the presence of distinct populations of trapped iongaking into account electric fields induced by warm electrons,
inside the magnetic troughs and close to the field maximabut the essential features regarding trapped ions remained the
In the troughs we observed an enhancement at intermediatgame. This effect was later confirmed by quasi-linear theory
pitch angles around and above the critical pitch angland  and numerical simulationCgalifano et al. 2008 Hellinger
at the magnetic field maxima we observe an enhancement it al, 2009 Pokhotelov et a).201Q and references therein).
the perpendicular ion populatien~ 90°, primarily at ener-  Although the predictions are based on approximations as-
gies below 100eV. suming small amplitude mirror structures and near-threshold
Our results experimentally confirm the existence and prop-instability, we observed both the enhancement and depletion
erties of trapped ion populations predicted by theory and nu-of ions in association with nonlinear mirror structures.
merical simulations. When discussing mirror modes, itisim- The evolved non-linear stage of mirror instability is far
portant to make a distinction between small amplitude mir-more complex.Kivelson and Southwoo1996 developed
ror waves, where the structure has a periodic character and model of dynamic behavior of particles driven by growing
where linear or quasi-linear theory is applicable, and betweertarge amplitude mirror structures. They predict that in this
large amplitude non-linear structures (like those studied incase, the ions trapped inside magnetic troughs at intermedi-
this work), where linear approximations are in general vio- ate pitch angles can be heated by Fermi acceleration as the
lated and the field oscillations often have a form of coherentmirror structure grows and the mirror points of the particles
non-periodic structures. move closer together. In the same manner, the deeply trapped
The case of linear mirror modes has now been relativelyparticles at perpendicular pitch angles will be cooled, since
well understood. The importance of trapped particles attheir mirror points move apart during the development of
smallv for the development of the instability has first been the instability and/or due to magnetic moment conservation
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invoked in the linear case. For a more detailed discussionthe field intensity. Applying the Occam’s razor principle, the
see alsdPantellini(1998. As shown in the previous section, latter interpretation appears more natural.

we clearly observe both effects inside the troughs (Bjg. The existence and importance of these trapped ions has
This effect was later observed in numerical simulations andbeen discussed by numerous theoretical and numerical stud-
derived (under restrictive assumptions) from quasi-linear theies, including those discussed above, but to our knowledge
ory (Califano et al.2008. only a single previously published studieckband et al.

One effect we observe and which is not addressed by non1995 to some extent identified these features in space-
linear theory and simulations is the enhanced ion populacraft data. In this work the authors used ion data from
tion ata ~ 90° correlated with magnetic peaks, found pri- the AMPTE-UKS satellite and calculated the difference be-
marily at low energies. Two explanations of this effect can tween mean distributions associated with peaks and troughs
be proposed. In the first scenario, the enhancement is exaveraged over 20 min of data where small amplitude “lin-
plained by betatron acceleration, the same effect proposedar” mirror waves were observed. They noted that the dif-
by Southwood and Kivelsori1993 to create such an en- ference is positive for small; and negative in the rest of
hancement in small amplitude growing mirror waves. Herethe phase space, consistently with predictionSadithwood
the particles with very smail; cannot move out of the high and Kivelson(1993. The problem was independently ap-
field region fast enough and experience the field enhanceproached byrazakerley et a[1995 by direct comparison of
ment associated with wave growth. Due to conservation ofindividual ion distributions inside mirror peaks and troughs,
magnetic moment = vaZ_/ZB, theirv, isincreased. This but the authors were unable to find any conclusive signatures
interpretation can also explain why the increase is seen onlyf the trapped particles in the data. A clearer evidence of
at low energies. At higher energies, the pitch angle range rethe modification of particle distribution by mirror structures
quired to keep the particles within the high field region for has been published for the case of electr@tzigham et a).

a sufficiently long time becomes too narrow to be observed1998. While electrons are trapped and heated/cooled in a
A simple quantitative estimate of the maximum parallel ve- manner very similar to ions, their contribution to the dynam-
locity where we can observe this heating can be obtained ais of the instability is much weaker than that of ions.

v <y Ly, wherey is the growth rate of the instability arig Further experimental studies exist on the subject, where
is the B-parallel scale of the structure. Assuming that a typi-trapped particles are discussed, but the observed ion prop-
cal scale of the structure in the parallel direction is 1000 kmerties are only analyzed using moments of the distribution:
(Sect.2) and estimating the growth rate of the instability from density, perpendicular and parallel temperatures. Recent
observed plasma parametersjas: 0.02s 1 (Gary et al, studies Balikhin et al, 2009 2010 demonstrate the increase
1993, we obtain a condition; <20kms1a21eV. The inplasmatemperatures associated with magnetic troughs and
range of pitch angles where betatron heating could occur isrgue that adiabatic invariants are not conserved in this pro-
thus between 78and 102 for a total ion energy of 50eV, cess and that trapped particle dynamics needs to be consid-
while at 500 eV the range is much narrower{884°). These ered to explain the observations. Our study is consistent with
numbers are comparable with what is observed in &igl- this qualitative statement: the increase in both temperatures
though the enhancement is observed at a wider range of pitcts also seen in our example and it is at least partly due to the
angles. enhancement in particle populations at intermediate pitch-

The second interpretation assumes that the particles obangles. Since this increase extends to much higher energies
served near the peaks are the heated particles trapped insitleian the enhancement in~ 90° particles at the magnetic
the troughs, only they are observed very close to the mirropeaks, it dominates the temperature variation in both perpen-
point, where their pitch angle is close t0°9G¢-rom the con-  dicular and parallel direction.
servation of magnetic momenpt we can easily derive that In our study we neglected the contribution of He++ ions to
the particles observed inside the trough very close to the critthe data and plasma dynamics. Magnetosheath plasma typ-
ical anglea. are shallowly trapped and their mirror points ically contains a small percentage,(np < 5%) of Helium
lie very close to the field maximum. In Fig.one observes ions, but due to the measurement principle of Cluster CIS-
that the enhancements inside the troughs are often found adIA instrument we could not separate these from the proton
a ~ o (within the resolution of the data). These particles population. In our dataset, they are erroneously counted as
hence propagate near the field maxima and the enhancemermisotons and may thus contribute to some of the noise and
in perpendicular pitch angles around the peaks and near thecatter in the figures. Due to their small relative concentra-
critical angle in the troughs may represent signatures of thdion, this effect should not change the results significantly.
same particle population observed under different conditionsThe CODIF sensor of the CIS instrument could be in princi-
The two above interpretations are both consistent with theple used to measure the separate proton and He++ distribu-
data and only differ in the mechanism responsible for thetions, but such analysis is very complicated due to low detec-
perpendicular heating of these particles, a property which igor counts and an overlap between proton and He++ channels
difficult to infer from our data and which depends primarily (Reme et al.200J). It has been shown that even such a small
on the (unknown) characteristic rate of temporal change offraction of Helium ions can modify the threshold and growth
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rate of mirror instability Gary et al, 1993 Hellinger, 2007, performance and initial results, Ann. Geophys., 19, 1207-1217,
but does not change the dynamics of the mirror instability doi:10.5194/angeo-19-1207-2Q@001.

qualitatively. The Helium ions could be trapped and heatedBurlaga, L. F., Ness, N. F., and Aoa, M. H.: Trains of magnetic

in the same way as protons, but probably to a lesser extent holes and magneti(.: humps in the heliosheath, Geophys. Res.
due to their larger Larmor radius. We can thus safely assume_L€ft-» 33, L211064d0i:10.1029/2006GL02727@006.

that the results and conclusions of this study are not aﬁecte&a“fano’ F, '_!e”',rfger’ P. }.<uznet§ov, E". Passot, T., Sulem,
by the presence of He-++ population. P. L., and Tavricek, P. M.: Nonlinear mirror mode dynam-

. . . ics: Simulations and modeling, J. Geophys. Res., 113, A08219,
A final remark on the relevance of finite Larmor radius doir10.1029/2007JA012898008.

(FLR) effects should be made at this point. These effects, sigchisham, G., Burgess, D., Schwartz, S. J., and Dunlop,
nificant when the width of the structure is comparable to the M. W.: Observations of electron distributions in magnetosheath
ion Larmor radius, have been implicated in theoretical stud- mirror mode waves, J. Geophys. Res., 103, 26765-26774,
ies as being important for the non-linear saturation of mir-  doi:10.1029/98JA02620.998.

ror instability (Pokhotelov et a).201Q 2005 and references Erdds, G. and Balogh, A.: Statistical properties of mirror mode
therein). The gyro-radius of particles, depending on their Structures observed by Ulysses in the magnetosheath of Jupiter,
energy and magnetic field level, is obviously largest deep in-_ J- Geophys. Res., 101, 1-1ii:10.1029/95JA022Q 1996.

side the troughs. In our case it reaches maximum values ofscoubet, C. P., Fehringer, M., and Goldstein, M.: Introduc-
1L~ 70 km for 100 eV ions ang, ~ 200 km for 1 keV ions. tion: The Cluster mission, Ann. Geophys., 19, 1197-1200,

. . . doi:10.5194/ange0-19-1197-2Q@D01.
Since the narrowest trough in our dataset is about 600 k azakerley, A. N.. Coates, A. J., and Dunlop, M. W.: AMPTE-

Wide (according to the mu_Iti-spacecraft a‘_nalySiS menﬁoned UKS Observation of lon Velocity Distributions Associated with
in Sect.2), the Larmor radius of trapped ions at the higher  pagnetosheath Waves, Adv. Space Res., 15, 349-352, 1995.
end of the energy spectrum is smaller, but comparable to th@ormisano, V., Moreno, G., Palmiotto, F., and Hedgecock,
width of the troughs. This suggests that FLR effects can be P. C.: Solar wind interaction with the earth’s magnetic
important for the dynamics of fully evolved nonlinear mirror ~ field. 1. Magnetosheath., J. Geophys. Res., 78, 3714-3730,
structures. doi:10.1029/JA078i019p03714973.

In our study we presented the first detailed measurementsuselier, S. A., Anderson, B. J., Gary, S. P, and Denton, R. E.:
of the properties of trapped ions associated with non-linear Inverse correlations between the ion temperature anisotropy and

: : lasma beta in the Earth’s quasi-parallel magnetosheath, J. Geo-

magnetosheath mirror structures. Taking advantage of the P

Y . . 9 g. . phys. Res., 99, 14931-1493/)i:10.1029/94JA00863.994.
superior resolution of Cluster data, we managed to identify . : )

L . ... _Gary, S. P, Fuselier, S. A., and Anderson, B. J.: lon anisotropy
their pitch angle variation dependent on the magnetic field

. . : . instabilities in the magnetosheath, J. Geophys. Res., 98, 1481—
and to show that both the predicted heating of ions at inter- 1485 1993

mediate pitch angles and the cooling of trapped particles akgnot, V., Budnik, E., Hellinger, P., Passot, T., Belmont, G.,

smallv occurs inside the troughs of mirror structures. Travrictek, P. M., Sulem, P.-L., Lucek, E., and Dandouras, I.:
Mirror structures above and below the linear instability thresh-
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