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We report first in situ multispacecraft observations of nonlinear steepening of compressional pulses in

the solar wind upstream of Earth’s bow shock. The magnetic field of a compressional pulse formed at the

upstream edge of density holes is shown to suddenly break and steepen into a shocklike structure. During

the early phase of development thermalization of ions is insignificant. Substantial thermalization of ions

occurs as gyrating ions are observed at the steepened edge. These observations indicate that the

mechanisms causing the dissipation of magnetic fields (currents) and ions are different in the early phase

of shock development.
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Understanding how collisionless shocks form in nature
is one of the most important problems in space and astro-
physics. Many observations since the discovery of Earth’s
bow shock in the 1960s [1] have revealed that shocks can
form in collisionless plasmas and nonlinear processes are
important in their formation. An interesting feature of
collisionless shocks is that the length scale of the transition
layer is much shorter than the collisional mean free path.
Macroscopic thermalization is mediated by microscopic
dissipation processes within the layer. However, the physi-
cal processes of how shocks form in collisionless plasmas
still remain poorly understood.

Various kinds of nonlinear phenomena have been ob-
served in regions upstream of Earth’s bow shock [2]. They
include hot flow anomalies [3,4], foreshock cavities [5],
short large-amplitude magnetic structures [6], and density
holes (DHs) [7–9]. These structures share some common
features, but each also has unique features. The generation
mechanisms of these structures and their relationships are
still under investigation. Frequently observed in these
structures are greatly enhanced edges that have properties
similar to shocks [7,10–12]. The transient nature of these
structures suggests the edges are growing nonlinearly and
ending up as shocks. Investigation of these structures can
thus yield important clues about how shocks develop in
collisionless plasmas. However, until recently measure-
ments of the temporal development of nonlinear structures
in space have been limited.

The Cluster mission [13] provides an opportunity for
greatly improved in situ measurements of the temporal
development. During the apogee passes in the solar wind
in 2003, the Cluster spacecraft were aligned predominantly
along the Sun-Earth line with the separation as large as
�1:6RE (radius of Earth). This configuration has enabled
us to observe the temporal development of structures mov-
ing with the solar wind as it passes by the spacecraft. Here
we present first in situ observations that demonstrate non-
linear steepening of compressional pulses and formation of
shocklike structures.

The magnetic fields [14] from the four Cluster space-
craft show a steepening event observed on 16 February
2003 (Fig. 1). At �1050 UT Cluster 1 (SC1) was in the
solar wind at �ð9:8;�1:5;�9:7ÞRE in geocentric solar
ecliptic coordinates, and separated from SC4 in the X, Y,
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FIG. 1 (color). Orbit of the Cluster spacecraft projected onto
the (a) xy and (b) xz planes in the geocentric solar ecliptic
coordinates on 16 February 2003 (blue line). Shown in included
boxes is the configuration of the Cluster spacecraft at 1050 UT.
The gray curve represents the model bow shock location.
Magnetic field measurements are shown from (c) to (f). Full
resolution (22.5 Hz) data were used. The compressional pulse
and shocklike structure are marked by the orange bar. Spacecraft
potential, ��sc, is also plotted in (c). Bottom panels show
(g) magnetic and (h) electric fields measured by SC1 (solid
lines) and SC2 (dotted lines). The time on SC2 was shifted by
30 s to match the edges.
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and Z directions by �1:6, �0:75, and �0:58RE, re-
spectively. Cluster was moving earthward, and SC1
encountered the bow shock at �1210 UT at
�ð8:4;�1:8;�9:7ÞRE (not shown).

A DH was observed on SC4 between �1047:50 and
�1048:20UT. It is identified by a depression in jBj and the
spacecraft potential, ��sc, which is a proxy for electron
density [7,9]. A compressional pulse was observed at the
upstream edge of the DH [�1048:45 UT, marked by the
orange bar in Fig. 1(c)]. The amplitude of the pulse,
�B=B0, was �0:84, where B0 is the magnitude of the
upstream B field and �B is the enhancement at the pulse.
Subsequent observations from the other spacecraft indicate
the DH developed in a complicated way, including large-
amplitude peaks [e.g., between �1048:00 and �1049:05
UT in Fig. 1(d)]. In this Letter, we focus only on the
development of the compressional pulse observed at the
upstream edge of the DH (marked by the orange bars in
Fig. 1).

On SC3 �B=B0 increased slightly to �0:95, indicating
growth without change in shape. On SC2, however, the
amplitude has more than doubled, �B=B0 � 2:4. The esti-
mated average growth rate �ð�B=B0Þ=�t between SC4
and SC3 is �0:0024 s�1, while between SC3 and SC2,
�ð�B=B0Þ=�t� 0:097 s�1, �40 times larger. Thus, the
pulse grew impulsively between SC3 and SC2. Moreover,
the edge of the pulse facing the solar wind (�1049:45 UT)
sharply steepened. Because the separation between SC2
and SC3 was mainly along the X direction (�X � 0:75,
�Y � 0:11, and�Z� 0:16RE) and the structure was mov-
ing in the X direction embedded in the solar wind, it is
reasonable to assume that a similar plasma region was
sampled by SC2 and SC3. Thus, the variations observed
from SC3 to SC2 can be interpreted consistently as grow-
ing and breaking of a nonlinear pulse.

On SC1 it is possible to see that the pulse had developed
into a shocklike structure with a ramp, overshoot, and a
magnetosheath-like downstream region. The amplitude
was comparable to that on SC2, indicating that after steep-
ening the amplitude ceased to grow. Figures 1(g) and 1(h)
show an expanded view of B and electric (E) fields [15]
measured on SC1 (solid lines) and SC2 (dotted lines;
shifted by 30 s to match the edge) across the edge. On
SC1, a few Hz frequency oscillations occurred across the
edge (within vertical bars) in both B and E fields, while the
transition on SC2 was smooth. These embedded oscilla-
tions may be an early phase of whistler mode waves or
electromagnetic oscillations that could propagate to the
upstream region of shocks [16,17].

Figure 2 shows ion measurements by the hot ion ana-
lyzer (HIA) instrument [18] made on SC3 and SC1. The
narrow, intense band centered at�2 keV in the energy flux
spectrogram after �1050 UT on SC3 represents the solar
wind ion beam. The DH, observed between �1048:00 UT
and �1049:10 UT on SC3, appears as a broad diffuse

spectrum with low density and high temperature. The
spectrogram shows that the pulse on SC3 consisted of a
slightly broadened solar wind ion beam. A sharp boundary
at �1049:10 UT separates the diffuse ions inside the DH
from the beam at the pulse, but there is no such clear
boundary distinguishing the solar wind from the pulse.
On the other hand, on SC1 a discernible boundary was
formed at �1050:15 UT, separating the broader spectrum
of ions in the shocklike structure from the narrow solar
wind beam. Although broader than that on SC3 [Fig. 2(j)],
the phase space distribution of ions in the shocklike struc-
ture was still beamlike [Fig. 2(k)], clearly distinguishable
from the isotropic distribution in the DH [Fig. 2(i)]. No
gyrating ions were observed. Examination of the electric
field shows the cross-shock potential is much less than the
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FIG. 2 (color). Ion measurements by HIA on 16 February
2003. The top four panels (a–d) represent the measurements
by SC3, and next four panels (e–h) by SC1. In each set of four
panels, shown from top to bottom are the magnitude of the
magnetic field, ion energy flux spectrogram integrated over all
directions, density and temperature, and velocity moments. Ion
moments were calculated from the three-dimensional distribu-
tions with 12 s resolution. The bottom panels show ion velocity
space distributions, from left to right, (i) in the DH, (j) at the
pulse, (k) in the shocklike structure, and (l) in the upstream solar
wind. The times that the distributions are obtained are marked by
hatched regions in (a) and (e). V1 and V2 are along V (velocity
moment) and V�B, respectively (chosen to capture both the
solar wind and gyrating ions).
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kinetic energy of incident ions, which is consistent with the
absence of gyrating ions. Across the edge the temperature
only slightly increased from�150 to�230 eV. Thus, even
though the pulse steepened and became shocklike, the
heating of the ions in the shocklike structure was very
small.

The boundary normal, n, of the shocklike edge
(�1050:15 UT) was estimated using the Abraham-
Shrauner method [19], which is reliable for oblique and
perpendicular shocks [20]. This yielded n�
ð0:45;�0:14; 0:88Þ, whose angle to the upstream B field,
�Bn, was�81�. Assuming the initial DH as a tangential or
rotational discontinuity, the boundary normal of the DH on
SC4 (Bu � Bd=jBu � Bdj) was estimated as n�
ð0:18; 0:053; 0:98Þ. The orientations of the two normal
vectors differ only by �20�, suggesting that the shocklike
structure formed along the DH. The speed of the steepened
edge along the normal direction in the spacecraft frame,
determined by the continuity of the tangential electric field,
was Vn ��16 km=s, much less than the solar wind speed.
The solar wind ions could not pass through the DH, but
were slowed down or deflected around the DH [7,9]. Thus,
the DH acted as a barrier for the formation and steepening
of the pulse. However, how the DH stands against the solar
wind is not yet understood. The estimated thickness of the
edge (ramp) is �33 km, which is less than both the ion
inertial length (ri � 93 km) and the gyroradius of protons
with temperature of �150 eV (rg � 230 km) in the up-

stream solar wind. Note that the estimation of normal
speed and thickness can have errors because ideal situ-
ations, e.g., plane boundary and constant speed, were
assumed. However, the errors do not substantially change
the interpretations. The upstream Alfvén and fast magneto-
sonic Mach numbers were �4:5 and �2:1, respectively,
and plasma � was �1:8. The shocklike structure could be
in a turbulent regime of shock classification, observed as
the low-frequency oscillations across the steepened edge.

Another event was observed on 12 March 2003 (Fig. 3).
Initially SC1 and SC2 were in the magnetosheath while
SC3 and SC4 were in the solar wind. Because the bow
shock moved earthward, SC1 and SC2 moved into a region
that was originally a DH but highly disturbed while inter-
acting with the bow shock. On SC4 a DH, which was
already disturbed, was observed between �0230 and
�0231 UT. An amplified, shocklike structure had already
formed at the upstream edge (�0231:10UT, marked by the
orange bar) of the DH with �B=B0 � 1:5. Thus, this event
could be in a more developed state than the previous one.
On SC3 �B=B0 increased slightly to �2:0, and remained
similar on SC2 and SC1, which is consistent with the
previous event that the amplitude ceases to grow after
steepening. Instead, the downstream region (orange bars)
was largely expanded from SC4 to SC1. Fully developed
overshoot was observed on SC1 accompanied by intense
high frequency whistler mode waves. Lacking nested fea-

tures, the sequence of the shocklike structure observed
from SC4 to SC1 did not result from back and forth motion
of the bow shock, but an earthward motion of the structure
with the solar wind.
Figure 4 shows the ion measurements from SC1 (SC3

was in a mode that was not suitable for this study).
Interacting with the bow shock (�0230:20 UT), the DH
developed into a hot, dense region appearing as broad
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FIG. 3 (color). (a) and (b) Orbit and configuration (at 0230
UT) of the Cluster spacecraft on 12 March 2003 [same format as
Figs. 1(a) and 1(b)]. Magnetic field measurements on 12 March
2003 are shown from (c) to (f) (22.5 Hz resolution). The shock-
like structure is marked by the orange bar. Spacecraft potential,
��sc, is also plotted in (c).
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FIG. 4 (color). Ion measurements by HIA on board SC1 on
12 March 2003. The top four panels are in the same format as
Figs. 2(a)–2(d). The bottom panels show ion velocity space dis-
tributions, from left to right, (e) in the DH, (f) in the shock down-
streamlike region, (g) at the edge of the shocklike region, and
(h) in the upstream solar wind [same format as Figs. 2(i)–2(l)].
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diffuse spectra between�0230:20 and�0232:30 UT. The
shocklike structure between �0232:30 and �0233:30 UT
consisted of ions with broader spectra than the solar wind,
but narrower than the diffuse ions in the disturbed DH and
magnetosheath. The phase space distribution at the steep-
ened edge shows two distinguishable populations: beam-
like and gyrating populations [Fig. 4(g)]. The beamlike
ions are similar to the solar wind [Fig. 4(h)]. The gyrating
ions are seen in the lower half sector of the phase space
(V2 < 0) in Fig. 4(g). The presence of gyrating ions at the
shock ramp is one of the characteristics of supercritical,
quasiperpendicular shocks [21]. Further inside the down-
stream region, the distribution became highly dispersed
and jagged [Fig. 4(f)]. This could be due to multiple
gyrating beams [22] and indicate strong instabilities had
been occurring in the shocklike structure thermalizing the
ions. Note, however, the distribution is still distinguishable
from the hot, isotropic distributions in the DH [Fig. 4(e)]
and magnetosheath (not shown). The density varied almost
identically with jBj, while the temperature substantially
increased from �71 to �300 eV from the foot of the
steepened edge, where jBj and the density were still low.
This implies that nonadiabatic heating was produced at the
edge. The gyrating ions are responsible for the nonadia-
batic heating [23,24].

The normal of the edge was estimated as n�
ð0:95;�0:088;�0:30Þ, and �Bn � 63�. The speed of the
edge was Vn ��41 km=s. The thickness was �280 km,
which is greater than both the ion inertial length (ri �
93 km) and the gyroradius of protons with temperature
of �71 eV (rg � 130 km). The thickness of the edge on

SC1, which was the latest in time, was larger than that on
the other spacecraft. The intense whistler mode waves
observed only on SC1 may be responsible for the larger
thickness of the edge by making it more diffuse. Previous
studies have reported that the thickness of the ramp for low
Mach number shocks is approximately the ion inertial
length, while for high Mach number shocks it is propor-
tional to the gyroradius of upstream ions [25,26]. The
upstream Alfvén and fast magnetosonic Mach numbers
were �4:7 and �3:7, respectively, and plasma � was
�0:71.

These observations show that shocks can form by non-
linear steepening of compressional pulses in collisionless
space plasmas. In the early phase of the development a
compressional pulse formed at the upstream edge of a DH
slowly grows. However, after a certain point the pulse
amplifies ‘‘explosively,’’ and the edge facing the solar
wind sharply steepens. After the steepening, the amplifi-
cation ceases, but the downstream region starts to expand.
One of the important features is that the steepening can
occur without significant thermalization of ions, suggest-
ing different processes are involved in the dissipation of
magnetic fields (currents) and ions in the pulses.

Substantial thermalization of ions occurs when gyrating
ions are observed. The occurrence of the gyrating ions is
related to the cross-shock potential and the thickness of the
steepened edge. Right after steepening, the thickness of the
edge is smaller than the ion inertial scale. Also, the cross-
shock potential is much smaller than the kinetic energy of
incident ions. Thus, the incident ions just pass through the
edgewithout gyration. Dissipation at the edge increases the
thickness for gyrating ions, which subsequently excite
instabilities and thermalize ions [23]. The sharp steepening
of the edgewithout involving ions in the early development
suggests that the processes with finer scales than ion dy-
namics scales are important on the steepening of the pulse.
Thus, electron dynamics can be important in the early
development of shocks.
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