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Abstract Inthe comment to our paper, Remya et al. (2017) state that we conclude that their theory is
incorrect; however, no such conclusion is in our paper. In fact, as stated in their paper, we agree with their
theory that shows the impact of heavy ions and electron temperature anisotropy on the competition of the
ion anisotropy instabilities. While their linear theory is correct, our paper focused on the nonlinear evolution,
where one needs to be careful in assuming a given electron anisotropy, because electrons themselves can
be unstable to the electron whistler instability, which quickly lowers the anisotropy to levels where, in the
absence of heavy ions, it is not sufficient to significantly change the balance between proton cyclotron
and mirror mode. We agree that the electron whistler instability will not lead to complete isotropization of
the electrons but only lower it to the instability threshold. In the parameter regime addressed, this limited
isotropization will still eliminate the dominance of mirror mode and restore the usual dominance of the
proton cyclotron mode, so our point still stands. Our simulations showed an isotropization of the electrons
beyond the electron whistler threshold. In this reply, we will show that there are two contributing reasons:
The nonlinear evolution of the mirror instability affects the electron anisotropy, as does unphysical
numerical heating due to the limited resolution of a particle-in-cell simulation. We further discuss the
coexistence of electron whistler instability and mirror instability, and we agree that both instabilities can be
present in the magnetosheath.

1. Heavy lon Effects

Remya et al. [2017] argue that a small electron temperature anisotropy of T, /T, =1.2 will cause the proton
mirror instability to be stronger than the proton cyclotron instability. They use linear dispersion theory to
study the effects of electron temperature anisotropy on the proton mirror instability, whereby they include
a heavy component of density n, = 0.1n,,. Based on this mode analysis, they conclude that T, /T, = 1.2 is
a sufficient electron temperature anisotropy value for the mirror instability to have higher linear growth rate
than the proton cyclotron instability.

However, the addition of heavy ions, which were not present in our simulations, profoundly alters the proper-
ties of the plasma. Price et al. [1986] have shown that the presence of heavy ions can significantly suppress the
proton cyclotron instability while leaving the mirror instability unaffected. Thus, the stabilization of the proton
cyclotron mode by heavy ions is likely the dominant reason that the mirror mode dominates in their analysis.
Thus, our conclusion that in an electron-proton plasma without the presence of heavy ions, T, /T, = 1.21is
not enough to make the mirror instability stronger than the proton cyclotron instability still stands.

Remya et al. [2013] further argue that as they decrease the heavy ion density, a higher electron temperature
anisotropy is needed for the mirror instability to be dominant over proton cyclotron instability. For exam-
ple, when they decrease n, to 0.01n,, the minimum electron temperature anisotropy is T, /T, = 1.8. This
is in line with our linear analysis, which shows that the minimum required electron temperature anisotropy
in an electron-proton plasmais T, /T, = 1.5 according to Figure 3 in Ahmadi et al. [2016]. At this electron
temperature anisotropy, both proton mirror instability and proton cyclotron instability have roughly equal
growth rates.

We also note that when performing a linear analysis, one should be careful to choose plasma parameters that
fall into the stable regime for electron whistler waves, in order to avoid the electron whistler instability effects.
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Figure 1. Electron temperature anisotropy and electron whistler instability threshold evolution in PIC simulations with
different resolutions. Black lines show the electron temperature anisotropy, and red lines show electron whistler
instability threshold. The solid lines are the simulation with n, = n, = 512, the dashed lines are n, = n, = 1024, and the
dotted lines are n, = n, = 2048. The blue dash-dotted line shows the threshold of electron whistler instability
(Rw,threshold = 0.36).

Some of the plasma parameters used in their analysis fall into an electron whistler unstable plasma regime
based on the theoretical threshold for electron whistler instability [Gary and Wang, 1996] and may thus alter
the properties of the proton cyclotron and mirror modes.

This is particularly important when one considers the nonlinear evolution. In our paper [Ahmadi et al., 2016],
we showed that the electron whistler instability quickly grows and saturates, thereby consuming most of the
electron free energy as the proton mirror instability is just starting to grow. Thus, in the nonlinear regime
of the proton mirror instability, the electron whistler instability has already saturated and can no longer
change the electron temperature anisotropy. Any further change of the electron temperature anisotropy can
only be the result of nonlinear ion instabilities; in the case of numerical simulations using the particle-in-cell
method, however, unphysical numerical heating can also lead to a change in the electron temperature
anisotropy, which we address below.

2. Marginal Instability Threshold of Electron Whistler Instability

Remya et al. [2017] further argue that the electron whistler instability should saturate when the threshold
for marginal instability is reached. We do concede that in our paper, we overstated the effect of the electron
whistler instability: it does not completely eliminate the electron free energy to complete isotropization, but it
quickly reduces the anisotropy enough that there is no more significant effect on the proton cyclotron/mirror
instability growth rates (in the absence of heavy ions).

If only the electron whistler instability is present in the system, we agree that electrons will achieve the elec-
tron whistler instability threshold given by equation (1) in Ahmadi et al. [2016]. In the particle-in-cell (PIC)
simulation [Germaschewski et al., 2016] presented in our paper, the electrons, in fact, isotropize to temperature
anisotropy values below the electron whistler instability threshold. This can be due to the proton mirror
instability further isotropizing the electrons or due to numerical heating. However, our main point is actually
independent of this effect: Just reducing the electron temperature anisotropy to the electron whistler thresh-
old is enough to lose the increased proton mirror growth rate that would explain the nonlinear dominance of
the mirror mode.

In order to address the numerical heating issue, we performed three simulations with different resolutions
to investigate the numerical effects on electron whistler instability saturation. The simulation parameters
are Ty [Toy =1, To [Toy = 2, By = Beyy = 1,Bg = v4/c=0.1,and L, = L, = 16d,,. We chose isotropic protons
to isolate the effects of resolution on the electron whistler instability saturation. The resolutions are
n,=n,=>512,n,=n, = 1024,and n, = n, = 2048. The simulation with n, = n, = 512 had identical numer-
ical parameters to the simulation in Figure 18 in Ahmadi et al. [2016]. Because of numerical cost, we only ran
these simulations to t = 270 Q;‘.
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Figure 2. Electron temperature anisotropy and proton temperature anisotropy in PIC simulations. Solid lines show the
results of the simulation starting with anisotropic protons. Red solid line shows the proton temperature anisotropy, and
blue solid line shows the electron temperature anisotropy. The blue dashed line shows the electron temperature
anisotropy in the simulation starting with isotropic protons.

Figure 1 shows the electron temperature anisotropy and electron whistler instability threshold evolution
in the three simulations with increasingly higher resolutions. Black lines show the electron temperature
anisotropy, and the red lines represent the electron whistler instability threshold condition R,,. The blue line
shows the marginal instability threshold or R, i, eshoig = 0.36. While the linear and initial nonlinear saturation
resemble each other as resolution increases, the electron temperature anisotropy in the long-term saturation
regime is noticeably different. In particular, in the lowest-resolution run, the electron anisotropy decreases
below the electron whistler instability threshold, while higher resolutions as expected show an approach to,
but not a crossing of the threshold. Therefore, the electron whistler instability does not isotropize the elec-
trons to completely isotropic distributions, as expected. It can be seen that numerical heating has a significant
effect exaggerating the isotropization of the electrons in the long-time saturation regime.

To study the effect of the proton mirror instability on the electron temperature anisotropy, we performed
another simulation using the finest resolution (n, = n, = 2048), now starting with the proton temperature
anisotropy T, /T, = 2.5. The other simulation parameters are identical to the previous simulations. Figure 2
compares the evolution of electron temperature anisotropy. Solid lines show the results of the simulation
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Figure 3. Magnetic energy density evolution. Red line shows the mirror instability energy density, and blue line shows
the electron whistler instability energy density.
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starting with anisotropic protons. The red solid line shows the evolution of the proton temperature anisotropy.
The blue lines show the electron temperature anisotropy in the case of simultaneous nonlinear mirror instabil-
ity (solid blue) and the previous case of no ion instability (dashed blue). Comparing the electron temperature
anisotropy in these simulations, we see that electrons are further isotropized in the simulation starting with
anisotropic protons. This shows that mirror instability can isotropize the electrons to values below the electron
whistler instability threshold.

Figure 3 shows the magnetic energy density of the instabilities in the anisotropic proton and electron simu-
lation. Red line shows mirror instability magnetic energy density, and blue line represents electron whistler
instability magnetic energy density. Figure 3 shows that electron whistler instability is damped while mirror
instability is growing.

Based on these results, we do not agree with the conjecture of Remya et al. [2017] that the electron whistler
instability stays in the simulation box because of the periodic boundary condition and isotropizes the
electrons.

3. Observations of Mirror Mode Waves

We agree that mirror modes are observed throughout the magnetosheath [Tsurutani et al., 1982; Soucek et al.,
2008; Génot et al., 2009], as also stated in the introduction to our paper. We did not intend to imply that mir-
ror modes are preferentially observed near the magnetopause. As outlined in our conclusions, we think that
there is likely a mechanism that continuously drives the electron temperature anisotropy within the mag-
netosheath to higher values. One example given in Ahmadi et al. [2016] is the adiabatic expansion close to
the magnetopause, i.e,, in the plasma depletion layer, that can drive the electron temperature anisotropy as
shown by Midgeley and Davis Jr. [1963] and Zwan and Wolf [1976].

Linear dispersion theory predicts that in an electron-proton plasma, for a typical magnetosheath plasma
parameters (6, < 6), proton cyclotron instability is stronger than mirror instability [Ahmadi et al., 2016, Figure
2]. But observations show that mirror instability is dominant in the regions where we expect proton cyclotron
instability to be stronger. Remya et al. [2017] assume in their argument that mirror modes downstream of a
quasi-perpendicular bow shock are generated solely by electron temperature anisotropy effects. If that were
true, the conclusion from our work would indeed be that mirror modes should not be observed; however, this
is not a conclusion that we have drawn. In fact, in our paper we state that there are other possible effects that
can lead to the dominance of the mirror mode; e.g., as shown by Price et al. [1986], heavy ions can effectively
suppress the proton cyclotron instability linear growth rate and thus make the mirror waves the dominant
mode. Of course, the presence of an electron temperature anisotropy may be a contributing factor in the dom-
inance of the mirror mode. Our work focused on the isolated effect of electron temperature anisotropy, and it
showed that electron temperature anisotropy is quickly reduced by the electron whistler instability to levels
where it does not majorly impact the ion instabilities. This is also consistent with measured electron temper-
ature anisotropy values downstream of the bow shock that are usually quite small [Gary et al., 2005; Masood
and Schwartz, 2008].

In our work, we did not address the presence of multiple mechanisms at the same time, which in combina-
tion could make the mirror mode stronger than the proton cyclotron mode. It is certainly possible that there
is a regime where the presence of heavy ions is not quite enough to make the mirror mode dominant but
where an additional electron temperature anisotropy, even if small because it has been reduced to the elec-
tron whistler threshold, can change the balance. Thus, our results do not exclude the possible coexistence
of the electron whistler instability and the proton mirror instability. If in the course of the magnetosheath
plasma flow the electron temperature anisotropy is again enhanced, the growth of the electron whistlers
could proceed, limited by the stability threshold. Therefore, both instabilities can coexist.

References

Ahmadi, N., K. Germaschewski, and J. Raeder (2016), Effects of electron temperature anisotropy on proton mirror instability evolution,
J. Geophys. Res. Space Physics, 121, 5350-5365, doi:10.1002/2016JA022429.

Gary, S. P, and J. Wang (1996), Whistler instability: Electron anisotropy upper bound, J. Geophys. Res., 101, 10,749-10,754,
doi:10.1029/96JA00323.

Gary, S. P, B. Lavraud, M. F. Thomsen, B. Lefebvre, and S. J. Schwartz (2005), Electron anisotropy constraint in the magnetosheath: Cluster
observation, Geophys. Res., Lett., 32,L13109, doi:10.1029/2005GL023234.

AHMADIET AL.

MIRROR INSTABILITY 751


http://dx.doi.org/10.1002/2016JA022429
http://dx.doi.org/10.1029/96JA00323
http://dx.doi.org/10.1029/2005GL023234
mailto:narges.ahmadi@colorado.edu

@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA023452

Génot, V., E. Budnik, C. Jacquey, I. Dandouras, and E. Lucek (2009), Mirror modes observed with Cluster in the Earth’s magnetosheath:
Statistical study and IMF/solar wind dependence, in Advances in Geosciences, vol. 14: Solar Terrestrial (ST), edited by M. Duldig, p. 263,
World Sci., Singapore.

Germaschewski, K., W. Fox, S. Abbott, N. Ahmadi, K. Maynard, L. Wang, H. Ruhl, and A. Bhattacharjee (2016), The plasma simulation code:
A modern particle-in-cell code with patch-based load balancing, J. Comput. Phys., 318, 305-326.

Masood, W., and S. J. Schwartz (2008), Observations of the development of electron temperature anisotropies in Earth’s magnetosheath,
J. Geophys. Res., 113, A01216, doi:10.1029/2007JA012715.

Midgeley, J. E., and L. Davis Jr. (1963), Calculation by a moment technique of the perturbation of the geomagnetic field by solar wind,

J. Geophys. Res., 68,5111-5123.

Price, C. P, D. W. Swift, and L. C. lee (1986), Numerical simulation of nonoscillatory mirror waves at the Earth’s magnetosheath, J. Geophys.
Res., 91,101-112.

Remya, B., R. V. Reddy, B. T. Tsurutani, G. S. Lakhina, and E. Echer (2013), lon temperature anisotropy instabilities in planetary
magnetosheaths, J. Geophys. Res. Space Physics, 118,785-793, doi:10.1002/jgra.50091.

Remya, B., R. V. Reddy, B. T. Tsurutani, and G. S. Lakhina (2017), Comment on “Effects of electron temperature anisotropy on proton mirror
instability evolution”, J. Geophys. Res. Space Physics, 122, 745-747, doi:10.1002/2016JA023148.

Soucek, J., E. Lucek, and I. Dandouras (2008), Properties of magnetosheath mirror modes observed by Cluster and their response to changes
in plasma parameters, J. Geophys. Res., 113, A04203, doi:10.1029/2007JA012649.

Tsurutani, B. T,, et al. (1982), Lion roars and nonoscillatory drift mirror waves in the magnetosheath, J. Geophys. Res., 87, 6060-6072.

Zwan, B. J., and R. A. Wolf (1976), Depletion of the solar wind plasma near a planetary boundary, J. Geophys. Res., 81, 1636-1648.

AHMADI ET AL.

MIRROR INSTABILITY 752


http://dx.doi.org/10.1029/2007JA012715
http://dx.doi.org/10.1002/jgra.50091
http://dx.doi.org/10.1002/2016JA023148
http://dx.doi.org/10.1029/2007JA012649

	Abstract
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


