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Whistler wave trains are observed in the foot region of high Mach number quasiperpendicular shocks.
The waves are oblique with respect to the ambient magnetic field as well as the shock normal. The
Poynting flux of the waves is directed upstream in the shock normal frame starting from the ramp of the
shock. This suggests that the waves are an integral part of the shock structure with the dispersive shock as
the source of the waves. These observations lead to the conclusion that the shock ramp structure of
supercritical high Mach number shocks is formed as a balance of dispersion and nonlinearity.
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Shock plasma waves are ubiquitous in our Universe.
They play an important role in redistributing kinetic energy
in supersonic flow into plasma thermal energy and ener-
getic particles. In particular, Earth’s bow shock defines the
boundary between the supersonic solar wind plasma and
the subsonic region of the near-Earth space environment.

Despite the absence of collisions, low Mach number
collisionless shocks are treated as steady state fast magne-
tosonic nonlinear waves or discontinuities in a dissipative
MHD approximation. This allows one to determine the
asymptotic state of the plasma and magnetic field across
a shock, by using the Rankine-Hugoniot conservation laws.
Any deviation from MHD such as two-fluid or kinetic
descriptions results in the appearance of dispersive effects.

When the Mach number of the shock increases past a
critical Mach number, M, inferred in the frame of a
MHD description, neither resistive nor viscous effects
can provide sufficient dissipation to sustain a stationary
shock transition [1]. For these so-called supercritical
shocks the major dissipation mechanism is related to re-
flected ions [2—4] that require a kinetic description.

It is well known that a subcritical shock has a nonlinear
whistler wave train upstream of its front [5,6]. The major
transition of such a dispersive shock, the ramp, behaves as
the largest peak of the whistler precursor wave package
[7-10]. The presence of whistler or fast magnetosonic
precursor wave trains in supercritical shocks as well was
experimentally established in [11-13]. These whistler
waves have rather large amplitudes, and their role in en-
ergy transformation and redistribution between different
particle populations and in the formation of the shock front
structure is still an open question. Often the precursor
waves are almost phase standing in the shock frame.
However, their group velocity can still be greater than
zero in the shock reference frame, which would allow
energy flow in the form of Poynting flux to be emitted
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towards the upstream of the shock transition. In this Letter
we address this problem and present the first direct mea-
surement of the Poynting flux of the upstream whistler
waves.

It has been suggested that the shock front structure of
quasiperpendicular supercritical shocks is formed similarly
to that of subcritical shocks [14]. The observed dynamic
features of shocks have also been studied extensively using
computer particle-in-cell (PIC) or hybrid simulations,
often with focus on the precursor wave activity and re-
flected ions [15—17]. From a kinetic viewpoint, however, it
may be argued that the shock-reflected ions change the
physical picture and that the principal scales, temporal and
spatial, could be determined by the characteristics of the
reflected ion population [18]. Upstream waves can then be
generated due to counterstreaming ions and electrons in the
shock front region, forming unstable particle distributions
with respect to some wave modes [16,17,19]. While this is
probably the case for some higher frequency waves, our
analysis below leads to the conclusion that the source of the
upstream low frequency whistler waves is related to the
presence of the nonlinear ramp transition, emitting smaller
scale dispersive waves towards the upstream flow.

The existence of phase-standing upstream whistler
waves depends on the value of the upstream flow speed
Mach number relative to the phase velocity. If the Mach
number of the shock does not exceed the whistler critical
Mach number M, =V, ./Va = 1/24m;/m, cosfy,,
the highest possible phase velocity, then phase-standing
(linear) whistler wave trains can exist upstream of the
shock [9,14]. In the above equation V, is the Alfvén speed
and 6p, is the angle between the upstream magnetic field
and the normal to the shock.

Below we establish the energy source of the waves by
calculating the Poynting flux of the waves in the normal
incidence frame (NIF) of the shock, using multisatellite
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Cluster data from crossings of Earth’s bow shock [20-22].
Two events with supercritical Alfvénic Mach numbers are
analyzed. In both cases it is found that the shocks show
dispersive behavior with upstream Poynting flux.

Poynting flux is not a Lorentz invariant and therefore
depends on the frame of reference. To evaluate the value
and direction of the Poynting flux with respect to the shock
we transform the electric field to the NIF. The normal fi =
+X, which also serves as the x-coordinate direction in the
NIF system, is obtained by four-spacecraft timing, Z is the
direction of maximum varying magnetic field obtained
from a minimum variance analysis, and ¥ is the direction
of the convection electric field which completes the right-
handed system.

The transformation from the spacecraft frame to the NIF
is given by Eyig = E. + v X B. The total velocity in the
boost is V= vy, + vy, Where vy, = vgi is the shock
velocity, v = 0 X (v, X 1) is the NIF velocity, and v,
is the solar wind velocity.

A general shift of reference frame, coordinate trans-
formation, and evaluation of the complete Poynting vector
requires knowledge of the full six-dimensional electromag-
netic field (three electric and three magnetic components).
The Cluster spacecraft, however, only measures the two
components of the electric field in the spin plane of the
spacecraft, while the third component normal to the spin
plane is not measured. To reconstruct the third component
we use the assumption that for the wave electric and
magnetic fields the condition E - B = 0 holds. While this
is most probably not a true condition for the cross shock
(dc) electric field, it holds well for whistler wave electric
fields at lower frequencies.

We study two quasiperpendicular high Mach number
shocks encountered by the Cluster multi-spacecraft mis-
sion [20]. The first shock was observed around 04:53:40
universal time (UT) on 20 January 2003, and the second
around 07:07:00 UT on 24 January 2001. We use data
primarily from the EFW (electric field), FGM (dc magnetic
field), and STAFF (wave magnetic field) instruments [20]
from spacecraft 2 (for the 2003 shock) and spacecraft 3 (for
the 2001 shock). The shock normal fi is established by
assuming a planar shock and using the time of crossing of
the four spacecraft and their relative positions [23].

The first shock analyzed had an upstream 6, ~ 85° and
an Alvénic Mach number M, ~ 5.5. The electric and
magnetic fields in the shock front region are characterized
by waves, with stronger amplitudes closer to the ramp; see
Fig. 1. The waves have frequencies f., < f, where f, ~
0.1 Hz is the proton gyrofrequency, and right-handed po-
larization looking along the magnetic field vector, and thus
belong to the magnetosonic or whistler mode. The direc-
tion of the wave vector k was determined by the Means
method [24], which uses the imaginary part of the three-
dimensional magnetic field spectral matrix. The angle 6,5
between the wave vector and the local ambient magnetic
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FIG. 1 (color). Magnetic and electric fields in the normal
incidence frame (NIF) of a high Mach number shock.
(a) Power spectra of the magnetic field (STAFF). The black
line is the dc total magnetic field, included to show the waves in
relation to the shock ramp structure. (b) Power spectra of the
electric field (EFW). The data gap is due to instrumental inter-
ference. (c) The magnetic field in NIF coordinates Byyg.

field is shown as a function of frequency in Fig. 2(b). The
average value (6,) in the shock front region is ~10°-50°
(right-hand scale). The whistler waves are thus oblique
with respect to the local magnetic field, as well as to the
shock normal. The angle increases continuously as the
shock front is approached and 6,5 — 90° at the ramp,
reflecting the quasiperpendicular nature of the shock.
This smooth transition stresses the nature of the shock as
a dispersive nonlinear whistler wave.

Since Poynting flux is a second-order quantity the elec-
tric and magnetic fields in the NIF were wavelet trans-
formed (Morlet width 5.36) and the cross product
Sy = 1/uoE; X B, formed in frequency space. The cal-
culated Poynting flux is therefore distributed in both time
and frequency. The projection of the Poynting flux distri-
bution along the magnetic field S = S, - By/|By| using
an instantaneous value of By, is plotted in Fig. 2(a), where
the colors red (upstream) and blue (downstream) show the
direction of the flux. We note that in the front region of the
shock the Poynting flux is everywhere directed upstream
(red), away from the shock. In the downstream area there is
a mixture of blue, green, and red, where there is more
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FIG. 2 (color). Poynting flux in the NIF of the same shock as in
Fig. 1. (a) Poynting flux ), projected on the local B, in the NIF,
where red corresponds to the upstream flux away from the shock.
(b) Angle 6, 5 between k and magnetic field B,. The yellow line
represents the average over all frequencies (right-hand scale).
(c) Angle between Poynting flux S and B,,.

turbulence and the waves are no longer coherent. The
upstream and slightly oblique direction of the Poynting
flux is further quantified in the instantaneous angle 0 p
between the Poynting flux and the ambient magnetic field,
plotted in Fig. 2(c). Figure 3 shows the Poynting flux along
the spacecraft trajectory, with integrated power over fre-
quencies corresponding to the waves in Fig. 2(a), 2 < f <
10 Hz. In this figure the slope is the important character-
istic. Positive slope means Poynting flux carried upstream,
and negative slope downstream. From the figure it is
evident that the source of the Poynting flux is associated
with the shock ramp. The data gap and associated plateau
are due to instrumental interference.

Another important characteristic established is that the
Poynting flux direction is oblique with respect to the shock
normal as well as the background magnetic field. This can
be explained by analyzing how the phase velocity for
whistler waves depends on this angle. The phase
velocity of a wave propagating in the plane of the shock
normal f and background magnetic field B,, having

an angle a with respect to the shock normal, is V,, = % X
Jm;/m,cos(0p, — a). Its
direction of the shock

Voncosa = Safm;/m, cos(0p, — a)cosa. Its maximum

projection  on  the
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FIG. 3 (color). Poynting flux integrated along the spacecraft
trajectory. The blue line is a projection along the ambient
magnetic field [S)dr and the green line is a projection on the
shock normal [S - fidr. The red line shows the scaled magnetic
field B, for reference.

value can be found to be equal to max(V,,s) =

i\/m,- /m,(1 + cosfp,), thus the projected phase speed
can be larger than the whistler critical Mach number given
above. The above analysis also explains the observation of
oblique whistler wave trains found in computer simulations
of purely perpendicular shocks [16]. So even in the case of
shocks having Mach numbers larger than the whistler
critical Mach number, whistler waves oblique with respect
to the shock normal can remain quasistanding.

The second analyzed shock crossing on 24 January 2001
is shown in Fig. 4. This is a reforming high Mach number
shock (M4 ~ 11) and has been analyzed in detail in [25].
Both shocks shown in this Letter were analyzed using
wavelet as well as fast Fourier transform (FFT) dynamic
spectra techniques. We present the second shock using the
FFT analysis, to show that the conclusions are not tech-
nique dependent. The upstream whistler waves, Figs. 4(a)
and 4(b), again have an overall Poynting flux upstream,
away from the shock in the normal incidence frame, evi-
dent from the red and yellow (upstream) colors of §|
[Figs. 4(c)—4(f)]. For this shock the ambient magnetic field
was directed in the opposite direction, so that 180° (red)
means upstream in Fig. 4.

In this Letter we analyzed oblique whistler waves in the
region upstream of the front of collisionless quasiperpen-
dicular high Mach number shocks, using data from the
Cluster mission. The power flux given by the Poynting
vector shows that they carry energy over a broad frequency
range from the shock ramp towards the upstream solar
wind, starting from the position of the shock front. This
is consistent with a theoretical model [9,10,14] that con-
siders the shock steepening to be balanced by the effect of
dispersion in addition to dissipation. As the shock steepens,
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FIG. 4 (color). Poynting flux derived from electric and mag-
netic fields for a high Mach number shock. (a) Wave magnetic
field and averaged B,. (b) Wave electric field. (c) S normalized
by its standard deviation (yellow and red correspond to upstream
flux). (d) ). (e) log;pS). (f) Angle of S to By (red meaning
upstream).

nonlinearities transfer energy to shorter wavelengths of the
spectrum, and is ultimately carried away from the shock as
dispersive whistler wave trains. This is consistent with our
analysis of the upstream Poynting flux of the precursor
waves. A future study will present statistics on what frac-
tion of the energy is carried away by Poynting flux. This
analysis demonstrates that for high Mach number shocks,
dispersive effects are important for the formation and
stability of the shock front. Since the whistler waves are
strongly damped upstream of the shock, we infer that they
can play the role of an intermediate step in the energy
repartition problem, with the energy ultimately being dis-
sipated through wave-particle interaction.
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