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Emission of nonlinear whistler waves at the front of
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New behavior of strictly perpendicular shocks in supeicait large amplitude coherent whistler waves are emitted in dog ffe-
regime is analyzed with the help of both two-dimensionaDf2- gion and dominate the whole shock front dynamics. The lester
hybrid and full particle electromagnetic simulations. [isingly, organized as follows: First, the simulation method is désct in

in both simulati the shock front reai section 2. Second, results of typical 2-D simulations amwshin
in both simulation cases, the shock front region appears ®om-  gqtion 3. A parametric study showing the upstream plasma co

inated by emission of coherent large amplitude whistleregaor  ditions and shock regimes in which these oblique whistlevesa
some plasma conditions and shock regimes. These whistler ve@e emitted, is summarized in section 4. Finally, discussind
ves are oblique with respect to the shock normal as well alseto tconclusions are drawn in section 5.

upstream magnetic field and are phase-standing in the slestk r

frame. A parametric study shows that these whistler waves a2. Simulation conditions

emitted |.n 2-D perpendicular ShOCkS. and, s.lmultaneoub.b/.stelf- A 2-D hybrid simulation codeNlatthews 1994] is used, where
reformation of the shock frqnt associated vylth rgflectetxldlsap- electrons are considered as a massless, charge neugaiidia-
pears; the 2-D shock front is almost quasi-stationary. mtrest, batic fluid, whereas ions are treated as macro-particles 1h
both corresponding one-dimensional (1-D) hybrid and falttizle  brid simulation box is512 x 128 points with a spatial resolution
simulations performed in similar plasma and Mach regimedgon &z = 0.1c/w,; and Ay = 0.2¢/wp, and there ard20 parti-

; 3 ; ) . cles per cell in the upstream region. The time step for théi-par
tions show that the self-reformation takes place for 1-Oppadic cle advance is\t — 0.01/w.; whereas the magnetic field is ad-

ular shock. These .res.ul.ts indicate that thg emission oktReB  \anced withAty = At/10. In these definitionsg is the speed
whistler waves can inhibit the self-reformation in 2-D skecPos- of light, w,; is the upstream ion plasma frequency, and is
sible generating mechanisms of these waves emissions amd cthe upstream ion cyclotron frequency. Protons and elesthave
parison with previous works are discussed. initial (upstream) ratios between the particle and magnptes-

sures@; = 0.2 andB. = 0.5, respectively. A small resistivity

n = 107" uov? /wes is used; hereuo is the magnetic permitivity

of vacuum ancb 4 is the upstream Alfvén velocity. The plasma is
1. Introduction streaming along: axis withvy = 2v4 and interacts with a pis-

ton (an infinitely conducting wall). The Mach number of the re

Numerical simulationslfembége and Dawspn987;Lembege Ssulting shock isMa4 ~ 3.6. Results from the hybrid simulation

and Savoini 1992] revealed a strongly nonstationary behavior okill also be compared with those obtained from a 2-D PIC elec-
quasi-perpendicular shocks in supercritical regime. Biniehay- tromagnetic simulationembege and Savoiri992]. For the PIC
ior is also evidenced with parameters relevant to the hgliesc ~Simulation the plasma box h&é$44 x 256 grids with a spatial res-
and astrophysical contextSfiimada and Hoshin®000; Schmitz Olution Az = Ay = 1/60 (c/w,:). Number of particles per cell
et al, 2002]. This nonstationarity is characterized by a pedodi 4 for €ach specie and the time step for the particle advance is

_ 2B o =
self-reformation of the shock front over ion time scale. He tase tAht = t7"5b* %v(\)/ /wtchL Thetused mlas? ratlolmp/me d 400@;3
of strictly perpendicular shocks, the self-reformatiomgess re- '€ ratio between the upstream €lectron pliasma and cyn

veals to be very sensitive to Alfven Mach numbief, and ion GUENCIES iSspe /wee = 2. The upstream beta values gfe= 0.24
upstreamg; [Hellinger et al, 2002; Hada et al, 2003]. Recent andg; = 0.15 for electrons and protons, respectively. The shock is
reviews Hellinger. 2003'Ler'nbége'et al2004] 'stress the impor- excited by using the magnetic piston method which leads taetiv

) X numberMa4 ~ 5.5. The plasma parameters and the shock regime
tance of the self-reformation process for the shock progerBy g appro;ching those upsed in trl?e 2-D hybrid run. For bothla'rr?w

using one-dimensional (1-D) full particle-in-cell (PIQjrailation i Eald e i ;
code,Scholer et al[2003] pointed out that the nonstationary self-t lons, the upstream magnetostatic field is directed alpagis.

reformation process switches off some acceleration mesimen . .
for example the shock surfing mechanism, which has been pm- Simulation Results
posed for time-stationary shock solutior&afydeev1966;Lipatov
and Zank 1999]. On the other hand, 1-D PIC simulatioSefimitz
et al, 2002;Lee et al, 2004] show that the shock reformation Iead$i

to a strong energization of a portion of reflected ions duth®r o minated by large amplitude whistler waves which are eitt
subsequent interaction with the nonstationary shock. and persist during the whole simulation until the end &t 28w_;*.
In this letter, we present results from two-dimensionaD)2Ry-  Thege waves occur rapidly during the shock build up, oveme ti
brid and PIC simulations of strictly perpendicular shockdere range much shorter than a characteristic self-reformagieriod
[Lembege and Savoirfi992]. Typical profile of the main magnetic
field componentB,, versusz andy is shown in Figure 1a (top).
Henceforth the magnetic field is normalized to its upstreaine
Copyright 2007 by the American Geophysical Union. the simulationz-coordinates for both hybrid and PIC simulations
0094-8276/07/2007GL030239$5.00 are centered at the approximate shock front location any tiel
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Present results issued from 2-D hybrid simulations showthea
hock front is quasi-stationary, in the sense that no (ergg@pe-
odic self-reformation is evidenced. Instead, the frantiainly
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region—3c/wpi < © < 3c/wp; is shown and investigated herein.in z-direction to these FFT spectra and averaged bydFigure 2,
Main relevant features are: (i) these whistlers are mosiquoced top panels). Note that the gray scales are arbitrary angament
in the shock front, (ii) their wave vectors are oblique widspect for each plot; limited dynamics of these gray scales is usedih
to both the upstream magnetic field and the shock normalitt{gly in order to resolve only the dominant wave activity. The s$gec
have a strong amplitude reaching a maximuméaf/B ~ 0.7 §B2(z k,) exhibit a periodicity inz (Figure 2, bottom panels).
such that the foot pattern is not clearly apparent, and @3¢ are Thjs feature is owing to a superposition of the two whistleves
approximately phase standing (have zero frequency) intbels ;¢ ets with opposite signs iy assuming a superposition of two
rest frame (the shock front is quasi-stationary). In ordewer- | - sp c08 (ko +kyy) +cos(kex — kyy) We have a modula-

ify whether these unexpected whistlers do not result frojmran . 2 O / 5 L
merical artifact related to the use of hybrid simulation, have 2'(?;20; éffog(‘z\’]ghgh is defined a8 B~ averaged oveg-direction,

performed corresponding 2-D PIC simulation of shocks inilsim o . . . .

plasma and Mach regime conditions. The striking point i$ the Combining the previous results, the hybrid and PIC simorei

four main features of these waves mentioned above arevettie €xhibit the same whistler waves with the following main teas:

and again no periodic self-reformation is evidenced. Agtiese (i) the maximum wave energy is centered in the foot regioi), (i

waves are emitted quickly within a time range much shortanth the observed spectrum has a maximum around a propagation an-

any characteristic cyclic self-reformation period andsigirduring gle 6ke ~ 75° (hybrid) andés ~ 78° (PIC) with respect to

the whole simulation time until the end &at= 7.55w_;'. The cor- the upstream magnetostatic field, (iii) these waves havepaem

responding gray scale plot d8, component is also shown as arable wavelengths. = 1.1¢/wp; (hybrid) and0.87¢/wp; (PIC),

function ofx andy in Figure 1b (top); the PIC simulation may beand are symmetrically emitted with respect to a mirroringuad

regarded as a blow up of the hybrid one (Figure 1a, dotted)ine the shock normal, and (i}, wave vectors decrease when mov-
_The oblique whistler waves strongly interact with the prto  jng upstream from the front (a possible signature of a réivay.

Figure 1 (bottom) shows the corresponding proton phaseespagqgitional analysis shows that these waves cannot escapgfa

(z,vs) in the shock rest frame, both for the 2-D hybrid (2) andiream and may be present in the foot where the reflectedrroto

PIC (b) simulations. Figure 1 (bottom) indeed indicates there- g, qown the mean plasma velocity [and change the whister d
flected protons are strongly scattered in both the simuiati®ome persion,Hellinger and MangeneyL997].

slight differences appear in the phase space due to somioaddi
fluctuations (micro-instabilities) in 2-D PIC simulationgich will
be analyzed in a further paper.

a) 2-D hybrid a) 2-D PIC
20 ' ' ' ' ' ' ' ' Iy ' '
a) 2-D hybrid b) 2-D PIC < 15 RN B el ]
25F 3 & g
o 10 ; 1 1
Ry 4
o ) S 4 ]
<15 Fe 0l
3@. L L L
= 10 10
~ 8f ] ]
5/ 5 o6l ] ]
0 ~
o) 4 L 1 L 1
10 < %
gt 2t ¢ 1 | u ]
6l 0 = o. N e
< g -3-2-1012 33-2-10123
2 T wyi/c T wyi/c
8 2F
> T lLoo--
of Figure 2. Hybrid (a) and PIC (b) simulation results: Gray scale
2t plots of the spatial energy spectrum of the fluctuating totad-
-4 5 netic fields B2 as a function of: andk,. (top panels) and and
3-2-10123 3-2-10123 k, (bottom panels). The gray scales are arbitrary and indepen-
T wyi/c T wyi/c dent for each plot. Profiles of the correspondingaferaged)

Figure 1. Hybrid (a) and PIC (b) simulation results: (top) By component are superimposed (dashed curves).
Gray scale plots of the compressional comporpas a func-

tion of x andy. The corresponding gray scale is shown in

the right;(bottom) Gray scale plots of the proton phase espac

(z,vz). The gray §ca|es are arbitrary and independent. Profile§1. Parametric
of the correspondingytaveraged)B, component are superim-
posed (dashed curves).

study

In order to analyse the occurrence conditions of these ighist
waves at the front, we have performed a set of 2-D hybrid samul

In order to compare more closely the hybrid and PIC simutatigions for different Alfvén Mach numbers/, and upstreant; with

results and to analyze in more details the whistler wavesspiatial Ny = 500, Ny_ = 80 Az = 0.06 andély = 0.2. The_ dl.”.at'(.)n of
energy spectrum of fluctuating total fiefd3 in k..-z andk, -z dia- these S|_mulat|ons, is the_sar_’ﬁe:é 10w_; )gnd the resistivity in the
grams is calculated within the whole simulation box andltssare  generalized Ohm’s law is fixed tp = 10™~. Results are reported
shown only around the shock front region in Figure 2. The spec in Figure 3, where each circle corresponds to a 2-D hybridusim
have been obtained by performing first the Fast Fourier Toams lation. A frontier clearly appears separating full and eyngitcles
(FFT) along the (periodic)-direction and removing, = 0 modes regions. Full circles denote quasi-stationary shocks (@ogic
(Figure 2, bottom panels). Then, a wavelet transform wasiepp self-reformation) dominated by the emission of oblique stler
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waves (Figure 1a). It is important to note that the region whe used, scale differences between ions and electrons aes ifter-
the whistler waves are observed in the 2-D runs is very sinila entiated and accessibility to electron scales is moreeakihti-
the region where the shock exhibits the shock reformatiob-in fied.
hybrid simulations [cfHellinger et al, 2002, Figure 2]. Empty  The generating mechanism of the oblique foot whistler waves
circles correspond to quasi-stationary shocks (no sédimeation) s not determined yet. One possibility could be their getiena
but without any whistler waves emission: the correspongégion  py the heam of reflected protonidéllinger and MangeneyL997].
also corresponds to that where no self-reformation is ®BSEM o\ ever, this mechanism tends to generate waves with a ean-z
(16(?,[ meﬁt'r?;se') gjisfmf tf:;:?egfuTeg few 2-D PIC simufatio phase velocity in the shock rest frame through Landau resmna
) [cf. Hellinger et al, 1996, Figure 1]. Another candidate mecha-
nism which comes in mind could be the lower hybrid instapilit
triggered by cross-field currents supporting the large fightlient

10L o o o 6 0 o0 e e e e o o | at the ramp as proposed in resultd @mbege and Savoifi992].
L 1 However, the oblique waves are difficult to interpret as thedr
r ° ° ° ° ° ©° e e o ¢ o ¢ 1 hybrid mode in hybrid simulations with the zero electron mas
08F o © o o o o e e e o o o - Another more attractive possibility is a generation by a#r
L 0 6 6 6 o6 e e e o e o « 1 ~wavenonlinear process: a decay of the steepened shock niave i
F 1 daughter whistler waves. The shock may be regarded as aanonli
o 0.6 o o o o e o o o o o o o 1 ogrcomposition of a wide range of wave vectors along thekshoc
b o o o e e e o o o o o o <+ normalz. Because of the strictly perpendicular propagation of the
04F o o o e o o o o o o o o  shockfront, linear whistler waves cannot propagate froenftbnt
F 4+ and accumulate inside. These locally reach a nonlineak déome
e e s s s st 1 acertain threshold where nonlinear wave decay can take plawe
02 o o e o ¢ o o o o o o o - features of the observed whistler waves are qualitativeipati-
I 6 e o o o o o o o o o | ble with a decay of a mother wave with andw; contained in
ool ... .. ... 4 theshockfrontki, = 0, w1 = 0 in the shock rest frame) into
1 2 3 4 5 two daughter waves Withg_andm, andks andw;;._ The condition
My of the three-wave interaction appears to be satisfteg:~ —ks,

and the two daughter waves have the zero frequency in the&kshoc
. . . . rest frame so that the conditiay, = w2 + w3 = 0 is satisfied.
Figure 3. Results issued from 2-D hybrid simulations versus ;g process is well supported by the stronger steepenirnbeat
Alfvén Mach numbersiM 4 and ion upstreanB;, summariz-  ghock ramp noted above accessible thanks to a finer spatial re
ing the occurence (full circles) and absence (empty cY@&s  |ytion (hybrid) or to the use of a more realistic mass ratitO)P
oblique whistler waves within the shock front (Figure 1a). However, this proposed decay process is not a standardwaee
interaction and requires a further investigation.
A last possibility is that these waves are generalized,qoleli
nonlinear dispersive wave-trains. Recen#yasnoselskikh et al.
5. Discussion [2002] proposed a mechanism for generating nonlinear Vehist
) ) ) waves from the front of a quasi-perpendicular shock. Undéer ¢
In this letter, results issued from both 2-D hybrid and 2-Qain conditions, the shock front is highly nonstationard aharac-
PIC simulations evidence a new behavior of strictly perpemdr  terized by an emission of these nonlinear whistler wavestsna
shocks propagating in supercritical regime not observegrévi-  1iiq yp of a new ramp at the edge of the emitted whistler waves

ous works. Within a wide range of parametgksand M4 (Fig- This is in stron ; ; ;
: \ g contrast with the present quasi-statiprsnock
ure 3), the front of 2-D shocks appears to be quasi-stajofiay structure. However, that calculation was limited to an aqundily

Rude oblique whister waves. These waves have maxmumanyen PrOPagaiing shock and does ot include any coniributioatst
in the foot region and are phase-standing in the shock rastdy Protons; in addition, 2-D effects allowing the emission bt
they are not able to escape far upstream, stay almost in tite f@blique whistler waves are excluded. Therefore, no direchc
region and efficiently diffuse the reflected protons (Figlye parison between our simulations and_the_ workkohsnoselskikh
These waves could not have been observed in most of pre§t-al. [2002] can be performed. Considering the present status of
ous hybrid simulations (with a coarse spatial resolutior/w,;, these works, we expect that the direction of the shock noimal
since the short-wavelength whistlers require a fine spatisblu- another important parameter that determines when a shookif
tion of a small fraction ot/w,; [similarly to the self-reformation quasi-stationary or nonstationary.
process, cf.Hellinger et al, 2002]. On the other hand, some pre- On the observational side, strong whistler waves are observ
vious 2-D hybrid simulations show that a structure of strqogsi- in the shock foot regionKrasnoselskikh et gl.1991; Balikhin
perpendicular shocks is dominated by large scale rippMimgke et al, 1997], sometimes with signatures compatible with the khoc
and Quest1988;Lowe and Burges2003]. Such ripples have not self-reformation YWalker et al, 1999;Lobzin et al, 2007]. At the
been observed in the present simulations probably bec#iese tyresent time, a direct comparison is not possible yet siheset
appear for stronger shock®/4 2 5 [Hellinger and Mangeney eynerimental observations concern quasi-perpendicuacks,

é?:lé]s; nTL?éﬁosmec;'rtgr]?hgglIt?w%?seviwheligi; rocf%urrﬂzggfh" ?gsene whereas the present simulation results are obtained fotlgtper-
Y ppIes. Ipsendicular shocks.

The present results depart from those of 2-D PIC simulatio | t 2-D hvbrid and 2-D PIC simulati
by Lembege and Savoiffi992] where the self-reformation of per- . N summary, present 2-L nybrd and 2-1 simuiations sur-
pendicular shock front has been observed, and the resitiogk  Prisingly show that the large amplitude whistler waves ity
is nonstationary. This apparent discrepancy is clarifiechby  the perpendicular shock front stabilize the front itselérsist in

ing that, in contrast with present results{/m. = 400), a low time_ and inhik_)it any periodic _shock self-rgfor_matio_n. I‘_f'lmltthe-
mp/me = 42 has been used at that time. Such a low mass rgretical and simulation work is under active investigatiororder
tio strongly modifies the group velocity of the whistletérfuss- to understand the generation and properties of the oblichisther
Varban et al, 1995] which is undoubtedly very important propertywaves, and to compare in detail experimental observatindsa-
for a their generation. Also, when a more realistic masreti  merical simulation results.
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