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Abstract. We apply single- and multi-spacecraft techniques to search for currents sheets in
the solar wind during the ICME event of 21 January 2005, using the Cluster magnetic field
data. Two large-scale currents sheets are detected at the leading boundary of the ICME ejecta
using the single-spacecraft technique, which exhibit physical characteristics typical of magnetic
reconnection exhausts in the solar wind.
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1. Introduction
Magnetic reconnection in a current sheet is a key dynamical process that converts

magnetic energy into particle kinetic energy in space and astrophysical plasmas (Nishida,
2007; Priest, 2007). Retinò et al. (2007) developed a systematic technique to search for
thin current sheets based on the simultaneous measurement of magnetic field by four
Cluster spacecraft. Using this method in situ evidence of magnetic reconnection and
associated energy release was found in the Earth’s magnetosheath (Sundkvist et al.,
2007). In addition, Li (2008) proposed a systematic procedure to look for the existence of
current sheets in the solar wind based on two-point correlation measurement of magnetic
field by a single spacecraft. This single-spacecraft technique succeeded to identify large-
scale current-sheet-like structures in the solar wind using one Cluster spacecraft (Li et al.,
2008).

In this paper, we study current sheets and magnetic reconnection in the solar wind
upstream of the Earth’s bow shock during the Interplanetary Coronal Mass Ejection
(ICME) event of 21 January 2005, based on Cluster data. Four regions of this ICME are
identified by ACE and WIND (Foullon et al., 2007): (1) upstream region, (2) sheath re-
gion, (3) non-compressive density enhancement (NCDE) region, and (4) magnetic cloud.
First, a systematic search of current sheets is performed in the first three regions de-
tected by Cluster using both single- (Li, 2008) and multi-spacecraft (Retinò et al., 2007;
Sundkvist et al., 2007) techniques. Our systematic search is capable of finding both
large-scale and small-scale current sheets in all three regions of the ICME. Second, the
technique proposed recently by Gosling et al. (2005) for observing magnetic reconnection
exhaust in a current sheet in the solar wind was applied to two current sheets located
at the leading boundary of the ICME ejecta. We analyze these two current sheets in de-
tail and demonstrate their association with magnetic reconnection exhausts in the solar
wind, with evidence of bifurcated current sheets and a jet of plasma flow linked to each
current sheet.
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2. Detection of current sheets
A current sheet is a localized region of an electric current confined to a nearly two-

dimensional surface which is ubiquitous in a magnetized plasma. To confine the electric
current into a surface, the magnetic field surrounding the current sheet must change its
direction significantly across the sheet surface (i.e., with strong shear in the magnetic
field vector B). Two methods of single-spacecraft (Li, 2008) and multi-spacecraft (Retinò
et al., 2007; Sundkvist et al., 2007) are used to systematically search for current sheets
in the ICME event of 21 January 2005, based on the Cluster magnetic field data. The
interval studied includes the upstream region of the ICME shock, the ICME sheath region
(marked by the vertical dashed lines) between the shock arrival (SA) and the leading
boundary of the ejecta (SB), and a portion of the non-compressive density enhancement
(NCDE) region when Cluster is in the upstream region of the Earth’s bow shock (Foullon
et al., 2007). In the single-spacecraft method of Li (2008), in order to determine the
presence of current sheets in a given time series B(t) it is necessary to prove first that
the integrated distribution function F(θ, t) for the interval, representing the probability
of finding the angle between B(t) and B(t + τ) larger than θ, scales linearly with the
time separation τ when θ is larger than some critical angle θ0 , i.e., F (θ,Nτ) ∼ NF (θ, τ)
where N is an arbitrary integer greater than zero. The current sheets seen in the upper-
and middle-panels of Fig. 1 are detected by following the procedure of Li (2008), assuring
that a linear behavior is clearly seen in all scales for different critical angles. Our results
show that this single-spacecraft method is capable of detecting current sheets of any scale
τ � δ, δ is the resolution of data. The top and middle panels show current sheets of large-
scale (τ ∼ 120 sec) and small-scale (τ ∼ 2 sec), respectively, using the Cluster-1 data.
The upper-panel of Fig. 1 shows two large-scale current sheets, SB1 and SB2, associated
with the leading boundary of the ejecta SB. For this event, the multi-spacecraft method
was able to detect current sheets of small-scale τ ∼ 1.1 sec using four Cluster spacecraft

Figure 1. Detection of current sheets by single- and multi-spacecraft techniques using the
magnetic field data of Cluster for the ICME shock of 21 January 2005. The gray line denotes the
modulus of magnetic field |B|, and the black dots denote the current sheets detected. The arrows
mark the current sheets detected by both single-spacecraft at τ = 2 sec and multi-spacecraft
methods. SA denotes shock arrival, SB denotes the leading boundary of the ejecta where two
large-scale current sheets SB1 and SB2 are found.
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(lower panel). The scale of the current sheets detectable by the multi-spacecraft method
is given by τ = Δ/VSW , where Δ is the minimum distance between N spacecraft and
VSW is the average speed of the solar wind with respect to the spacecraft. For this event,
Δ ∼ 933 km and VSW ∼ 878 km/s. The arrows in the lower-panel of Fig. 1 indicate the
currents sheets detected by both methods of single-spacecraft at τ = 2 sec (middle-panel)
and multi-spacecraft (lower-panel).

3. Observation of magnetic reconnection
We discuss next the observation of magnetic reconnection exhausts in the ICME shock

of 21 January 2005. Figure 2 displays the dynamics of magnetic reconnection processes
associated with two current sheets, SB1 (left panels) and SB2 (right panels), located at
the leading boundary of the ICME ejecta of Fig. 1. From top to bottom: the modulus
of magnetic field |B| (nT); three components of magnetic field (BL , BM , BN ) in the
current sheet (L, M, N) coordinates derived from the Minimum Variance Analysis (MVA)
(Sonnerup and Cahill, 1967); the modulus of observed plasma velocity and the plasma
velocity predicted by the reconnection theory of Sonnerup et al. (1981); three components
of observed (VL , VM , VN ) plasma velocity in LMN coordinates; the modulus of current
density |J | (nA/m2) computed by the curlometer method based on multi-spacecraft
Cluster data (Dunlop et al., 2002); three components of current density (JL , JM , JN ).
It is seen that VL is anti-correlated (correlated) with BL in the leading (trailing) edge
of SB1 and VL is correlated (anti-correlated) with BL in the leading (trailing) edge of
SB2. Such pairs of oppositely coupled changes in V and B are the signatures of magnetic

Figure 2. Observation of magnetic reconnection exhausts in two current sheets, SB1 and SB2,
located at the leading boundary of the ICME ejecta of 21 January 2005, where |B| (nT) is the
modulus of magnetic field, BL (black), BM (gray) and BN (dotted) are the three components
of the magnetic field in the (L, M, N ) coordinates, V (km/s) is the modulus of observed plasma
velocity (black) and the plasma velocity (gray) predicted by the reconnection theory of Sonnerup
et al. (1981), VL (black), VM (gray) and VN (dotted) are the three components of plasma velocity,
|J | (nA/m2) is the modulus of current density, and JL (black), JM (gray) and JN (dotted) are
the three components of the current density.
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reconnection exhaust in bifurcated current sheets in the solar wind, as seen in the time
series of |J | (Gosling et al., 2005). Our three-dimensional analysis of magnetic field,
current density and plasma velocity of two current sheets SB1 and SB2 are in agreement
with the physical features of magnetic reconnection exhausts. The magnetic field vector B
has a strong shear angle (θSB 1 ∼ 146o and θSB 2 ∼ 150o) between the leading and trailing
edges of each current sheet. The current density vector J computed from the multi-
spacecraft curlometer technique (Dunlop et al., 2002) shows a current sheet associated
with the region of strong magnetic shear for both SB1 and SB2. In particular, each
current sheet is associated with a strong jet of plasma flow resulting from a magnetic
reconnection.

4. Conclusion
The solar wind provides a natural laboratory for observing coherent structures such

as current sheets embedded in the interplanetary intermittent turbulence, upstream and
downstream of an ICME. Phase synchronization due to nonlinear multiscale interactions
is responsible for the formation of these coherent structures (Chian & Miranda, 2009).
Magnetic reconnection in current sheets plays an important role in energy dissipation
in the solar wind turbulence. The methodology adopted in this paper to systematically
detect current sheets and investigate the signatures of magnetic reconnection may deepen
our understanding of the chaotic nature of the solar wind (Chian et al., 2006).
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Sundkvist, D. Retinò, A., Vaivads, A., & Bale, S. D. 2007, Phys. Rev Lett. 99, 025004.

https://doi.org/10.1017/S1743921309992948 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921309992948

