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Abstract We report evidence of magnetic reconnection in the transition region of the Earth's bow shock
when the angle between the shock normal and the immediate upstream magnetic field is 65°. An
ion‐skin‐depth‐scale current sheet exhibits the Hall current and field pattern, electron outflow jet, and
enhanced energy conversion rate through the nonideal electric field, all consistent with a reconnection
diffusion region close to the X‐line. In the diffusion region, electrons are modulated by electromagnetic
waves. An ion exhaust with energized field‐aligned ions and electron parallel heating are observed in the
same shock transition region. The energized ions are more separated from the inflowing ions in velocity
above the current sheet than below, possibly due to the shear flow between the two inflow regions. The
observation suggests that magnetic reconnection may contribute to shock energy dissipation.

Plain Language Summary Collisionless shock and magnetic reconnection are two fundamental
plasma processes where significant energy conversion between electromagnetic fields and particles
occurs. Knowledge is still lacking for whether reconnection occurs at the shock transition region and
whether the reconnection property at the shock is different from that which occurs elsewhere. In this
letter, we report the existence of reconnection at the Earth's bow shock. Many features are consistent
with those in standard reconnection, such as the electron flow and field structures in the diffusion
region, and the feature of ion and electron heating in the exhaust. The results suggest reconnection to be
one energy dissipation mechanism at the shock, which encourages further investigation.

1. Introduction

Collisionless magnetic reconnection and shocks are two classes of phenomena in which energy dissipa-
tion and plasma energization are fundamentally important. Global kinetic simulations have shown that
at quasi‐parallel shocks, where the angle (θBn) between the upstream magnetic field and the shock nor-
mal is smaller than 45°, shock‐reflected ions can propagate upstream, interact with incident solar wind
ions, and become unstable (e.g., Karimabadi et al., 2014; Wilson, 2016). The foreshock region with the
existence of back‐streaming ions, the shock transition region close to the main ramp, and the down-
stream of the shock thus become “turbulent” and contain many current structures. In a shock hybrid
simulation with parameters relevant to the Earth's quasi‐parallel shock (Alfvén Mach number
MA = 8), reconnection is shown to occur in the shock transition region (Gingell et al., 2017).
Reconnection is also demonstrated in particle‐in‐cell simulations relevant to astrophysical (high
MA ~ 40) quasi‐perpendicular shocks (θBn > 45°), where current sheets are generated through the
Weibel instability, and the magnetic islands generated by reconnection accelerate electrons to suprather-
mal energies (e.g., Matsumoto et al., 2015). Evidence of reconnection has been reported to occur in the
magnetosheath downstream of the Earth's bow shock (Eriksson et al., 2018; Phan et al., 2018; Retinò
et al., 2007; Vörös et al., 2017; Wilder et al., 2017, 2018). Features of current sheet structures consistent
with magnetic reconnection were identified in the transition region of a quasi‐parallel shock in a recent
study (Gingell et al., 2018). The role of reconnection in energy conversion in the shock and differences
and similarities between the reconnection features at the shock and those in magnetotail and magneto-
pause are yet to be investigated. Shock parameters (e.g., θBn and MA) affect the properties of particle
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distributions, electromagnetic waves and instabilities (e.g., Burgess & Scholer, 2013; Krasnoselskikh
et al., 2013), and may also make a difference on whether and how reconnection occurs in the shock.

In this study, we show evidence of reconnection in current sheets residing in the bow shock transition region
before the plasma flow is fully decelerated to the downstream level. The shock has an immediate upstream
θBn of approximately 65°. Features of the reconnection diffusion region and the ion exhaust are discovered to
be consistent with those in symmetric reconnection.

2. Data

The observation data are from the Magnetospheric Multiscale mission (MMS; Burch et al., 2016). Plasma
data are from the Fast Plasma Investigation instrument (Pollock et al., 2016), with 150‐ms resolution for ions
and 30‐ms resolution for electrons. Magnetic fields for the wave analysis (Figure 2i) are from the search‐coil
magnetometer with 8,192 samples/s (Le Contel et al., 2016). DC magnetic field measurements are from the
fluxgate magnetometer (Russell et al., 2016) with 128 samples/s in the burst mode. Electric field data are
from the axial (Ergun et al., 2016) and spin‐plane double probes (Lindqvist et al., 2016) with 8,192 samples/s.

3. Observations
3.1. Overview of the Shock Event

MMS crossed the bow shock at Geocentric Solar Ecliptic (8.4, 8.4, 0.1) RE in the dusk sector around 13:30 UT
on 9 November 2016 (Figure 1f). Taking the interval around 13:20–13:21 UT when backstreaming ions
(above a few keV, Figure 1a) are absent as the upstream region, the angle (θBn = arccos (|bu · n|)) between
the upstream magnetic field direction (bu) and the bow shock normal (n) based on the Farris et al. (1991)
model is 65°. Using data from the same upstream interval and from the downstream magnetosheath during
13:29:10–13:29:40 UT, where the ion bulk speed has reduced to a quasi‐steady level of ~110 km/s, θBn is

Figure 1. Overview of the shock observed byMMS1. The crossing is from the solar windwith cold, tenuous, and fast ions to themagnetosheath with hot, dense, and
slow ions, seen from (a) the ion spectrogram, (b) electron density, and (c) the ion bulk velocity (in GSE). (d) Significant magnetic field fluctuations exist,
corresponding to (e) current layers. (f) Illustration of the observation location and upstream magnetic field orientation at the observing point. The current sheet
between the two vertical lines is further analyzed in later figures. The much higher density than that in the upstream and the decreasing Vix suggest the marked
interval to be in the transition region before entering the magnetosheath proper. (g) Example ion distribution in the bV ‖‐

bV⊥1 plane upon entering the foreshock
region, where bV⊥1 ¼ bb×bV� �

×bb and bV is along the bulk velocity. V// of suprathermal ions (blue) are negative, opposite to that of incoming solar wind ions (red),
indicating that suprathermal ions are moving toward the upstream. MMS = Magnetospheric Multiscale mission; GSE = Geocentric Solar Ecliptic.
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obtained to be 57°‐60° based on two other methods: (1) the iterative least square technique based on the
Rankine‐Hugoniot conservation equations (Koval & Szabo, 2008) and (2) the coplanarity of the shock
normal and the jump of upstream and downstream B and V (Schwartz, 2000). The upstream Alfvén Mach
number is 11, and the magnetosonic Mach number is 4.

A turbulent foreshock region exists at, for example, 13:21–13:26 UT. Upon entering the foreshock ~13:21 UT,
the incoming solar wind population has v// > 0 along the magnetic field (red population in the example dis-
tribution in Figure 1g); suprathermal ions appear with v// < 0 (blue population), indicating that they are
moving toward the upstream. Magnetic fields exhibit significant fluctuations. In particular, the magnetic
field and density pulses around 13:23–13:26 UT are consistent with the short large‐amplitude magnetic
structures (e.g., Mann et al., 1994; Schwartz et al., 1992; Wilson et al., 2013). Such a turbulent foreshock with
transient events is commonly observed at quasi‐parallel shocks with θBn < 45° (e.g., Eastwood et al., 2005;

Figure 2. Current sheet A with features consistent with a reconnection diffusion region. (a) Electron density is roughly
symmetric on two sides of the current sheet. (b) Electron velocity (solid) exhibits a flow toward the X‐line sandwiching
the outflow jet, while the ion velocity (dashed) remains the same with ambient values. (c) Magnetic fields showing bipolar
Hall BM; the yellow and light blue shaded regions mark the intervals with positive and negative VeL‐BL correlations,
respectively, as a way to identify reconnection outflows. (d) Electric fields showing bipolar Hall EN. LMN coordinate:
L = [0.3409, −0.5671, 0.7497], M = [0.0087, 0.7994, 0.6007], N = [−0.9400, −0.1983, 0.2775] GSE. (e) Energy conversion
J · E′ has enhancements, where the electric field data are averaged over 30 ms to match the electron measurement
cadence. (f) Ion temperature. (g) Electron temperature with oscillations in T// and T⊥, while Tt remains constant.
(h) Electron PA distributions: At T//peaks, field‐aligned phase‐space densities (psd) are enhanced; at T⊥ peaks, PA ~ 90°
psd is enhanced and distributions are quasi‐isotropic. (i) Magnetic field fluctuations in the same frequency range with Te,
where the fluctuation along the background magnetic field (red) is anticorrelated with the density fluctuation (black).
(j, k) Electron reduced VDFs in the bV ‖−bV⊥1 plane at locations 1 and 2. (l) Ion VDF in the VM‐VN plane at location 1.
(m) Illustration of the current sheet crossing. MMS = Magnetospheric Multiscale mission; GSE = Geocentric Solar
Ecliptic; PA = pitch angle; VDF = velocity distribution function.
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Wilson, 2016). MMS was in the solar wind for about 20 min before 13:20 UT and observed variations of
magnetic fields that occasionally make θBn approach 45° (not shown). Even though the immediate
upstream condition measured by MMS in the dusk sector is quasi‐perpendicular, we note the possibility
that the shock geometry may vary toward quasi‐parallel after 1320 UT.

Figure 3. (a) Ion spectrogram along vL cut at the bulk VM and VN, showing mixing of multiple populations. The horizon-
tal line marks the average VL between two sides of the inflow regions, taken as the L component of the background flow.
(b–i) Same formats as in Figures 2a–2i, except that (d) shows the velocity after subtracting the background flow. LMN
coordinate: L = [0.4725, −0.8527, 0.2227],M = [−0.3155, −0.3997, −0.8607], N = [0.8229, 0.3364, −0.4579] GSE. Ions and
electrons both exhibit parallel heating. (j) Ion v// spectrogram in the HT frame, cut at the bulk V⊥, showing asymmetry
between BL < 0 and BL > 0. Letters i, i', and o represent the two inflow and populations and the outflow component,
respectively. (k–m) Ion VDFs at locations 3–5, where the white dashed line marks the parallel component of the HT
velocity. The two field‐aligned populations in VDF 5 are interpreted as inflowing and outflowing ions as illustrated in (m),
suggesting a reconnection structure. (n) One‐dimensional electron VDF along v// > 0 at locations 4 (black) and 5 (red)
and along v⊥ at location 4 (blue). The green dashed curve is the VDF along v// > 0 at location 5 shifted by 40 eV,
which matches VDF 4. The inflowing ion population is decelerated toward the midplane as inflowing electrons are
accelerated. (o) Illustration in the HT frame.MMS=MagnetosphericMultiscale mission; GSE=Geocentric Solar Ecliptic;
HT = deHoffmann‐Teller; VDF = velocity distribution function.
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As will be analyzed below (Figures 2 and 3), the two current sheets between the dashed vertical lines show
evidence consistent with reconnection. During the marked interval, the bulk Vix (Figure 1c) is about
−150 km/s, not yet reaching the downstream value of about −60 km/s near 13:30 UT, while the density
(Figure 1b) and the magnetic field strength (Figure 1d) are about 5 and 8 times of the upstream values,
respectively. Thus, the location is interpreted to be within the transition region before reaching the
magnetosheath proper.

3.2. Reconnection Diffusion Region Encounter

The zoom‐in plot (Figure 2) shows that current sheet A exhibits features consistent with a reconnection dif-
fusion region. The electron velocity, magnetic field, and electric field in Figures 2b–2d are in the LMN coor-
dinate determined by the minimum variance analysis of magnetic fields during 13:39:25.69–13:39:26.42 UT.
VeL has a negative peak (location 1) close to the BL reversal with an amplitude of about 150 km/s ~ 1.5VA

larger than the ambient value, supporting the interpretation of a reconnection outflow jet. Here the ion
Alfvén speed (VA) based on BL of 40~50 nT and n of 100 cm−3 is about 100 km/s. In other words, in the
BL > 0 region with a yellow shade, VeL decreases and BL decreases (positive correlation); in the BL < 0 region
with a light blue shade, VeL increases and BL decreases (negative correlation). Such a change of the VL‐BL
correlation in a current sheet is commonly used to identify reconnection outflow jets (Gosling et al., 2005;
Phan et al., 2018). Near the BL reversal, BM is vanishingly small, suggesting a negligible guide field. Based
on the four‐spacecraft timing analysis at the BL reversal, the half‐thickness of current sheet A (in the interval
marked by the green bar in Figure 2c) is estimated to be 1di or 0.8rgi, where the ion skin depth (di) is ~23 km
(n = 100 cm−3) and ion thermal gyroradius (rgi) is ~28 km (for T⊥ = 130 eV and |B| = 40 nT).

The bipolar BM and bipolar EN are consistent with the Hall electric and magnetic fields expected in sym-
metric reconnection (e.g., Drake et al., 2008), illustrated in Figure 2m. Concurrent with the Hall fields, close
to 13:39:25.9 and 13:39:26.2 UT, VeL is less negative than ambient values, supporting an X‐line‐directing flow
pattern sandwiching the outflow jet. The X‐line‐directing electron flows and the outflow together form the
Hall current loop as in magnetotail reconnection (e.g., Nagai et al., 2001).

The local energy conversion through the nonideal electric field J · E′ = J · (E + Ve × B) (Figure 2e) is
enhanced mainly in the perpendicular component near the midplane (location 1), a feature consistent with
laboratory (Yamada et al., 2016), space (Wilder et al., 2018), and simulation (Yamada et al., 2016) results of
energy conversion in the diffusion region of reconnection with symmetric upstream conditions and negligi-
ble guide field. The enhancement of J · E′ occurs in the parallel component near the separatrix in the Hall
structure (location 2). In summary for current sheet A, the electron flow pattern, the Hall fields, and the
enhancement of energy conversion through E′ are consistent with a reconnection diffusion region.

Throughout the current sheet crossing, parallel and perpendicular temperatures oscillate 180° out of phase
with each other at a frequency of ~5 Hz, while the total temperature remains roughly constant (Figure 2g).
Electron velocity distribution functions (VDFs) at locations 1 and 2 with J · E′ enhancements are shown in
Figures 2j and 2k. VDF 1 is mostly isotropic, and a slight asymmetry along v⊥1 leads to a perpendicular flow
(marked by the horizontal dotted line in Figure 2h). VDF 2 is elongated along v//. The electron pitch angle
(PA) distribution for 25‐ to 100‐eV (3,000‐ to 6,000‐km/s) electrons (Figure 2h) further demonstrates that Te//
peaks correspond to enhancements of parallel and antiparallel phase‐space densities (psd) similar to VDF 2;
Te⊥ peaks correspond to enhancements at PA ~ 90°, where VDFs become quasi‐isotropic.

The Te oscillation is associated with electromagnetic waves. Electric and magnetic fields during the Te oscil-
lation exhibit broadband power spectra below the upstream lower‐hybrid frequency (flh~30 Hz; not shown).
The band‐pass magnetic fields over 4–6 Hz in the field‐aligned coordinates (Figure 2i) show that the fluctua-
tion along the background magnetic field B0 (δB∥, red) is mostly anticorrelated with the density fluctuation
(δn, black). The minima of δB∥ are collocated with the PA ~ 90° psd enhancements and quasi‐isotropic VDFs
(Figure 2h), supporting the modulation of electrons by the waves. The observed anticorrelation between δB∥
and δn and wave properties such as the ion‐frame frequency and phase velocity indicate consistencies with
the kinetic Alfvén wave (Stasiewicz et al., 2000). Details about the wave property analyses are provided as
supporting information. The waves only modulate Te components without net heating, which suggests a
limited role of such waves in the net energy conversion during reconnection.
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Figure 2b shows that the ion velocity (dashed curves) does not differ in any significant way from the ambient
value. Concurrently with local J · E′maximum (location 1), a local peak in Ti⊥ and a dip in Ti// occur, while
Tit only has a small enhancement (~4.5 eV) compared to the previous point (Figure 2f). The variation of the
Ti components is largely due to the magnetic field direction changes, while the VDF in LMN does not alter
much over time (not shown). The ion VDF at location 1 in the VM‐VN plane (Figure 2l) shows an energetic
tail in addition to the core distribution. The typical diffusion region VDF features, like elongation along M
due to acceleration by the reconnection electric field, or counterstreaming vN due to in‐plane potential
(e.g., Wang, Chen, Hesse, Bessho, et al., 2016), are not clearly present, though the core part of the distribu-
tion exhibits some distortion. It is not clear yet whether ions do not respond to such a reconnection structure
as suggested in Phan et al. (2018), or the energization feature cannot be clearly observed due to high βi = 2
upstream of the current sheet.

3.3. Reconnection Exhaust Encounter

Energized ions moving along the magnetic field and E × B drifting with the incoming solar wind are
observed for an extended interval including current sheet B (Figure 3). These energized ions are consistent
with a reconnection exhaust when the outflowing ions have been remagnetized. The velocity and magnetic
and electric fields (Figures 3c–3f) are transformed to an LMN coordinate using the minimum variance ana-
lysis during 13:39:18.21–13:39:24.74 UT. The guide field is estimated to be about 20%, based on the magnetic
field at the start and end of the interval (BM ~ 10 nT, BL ~ 50 nT). The half‐thickness for the interval marked
by the green bar in Figure 3e is about 4di. As shown in the viL spectrogram (Figure 3a) and the bulk ViL

(dashed curves in Figure 3c), the background flows outside of the current sheet have a sub‐Alfvénic differ-
ence between the BL < 0 side (~13:39:19 UT) and the BL > 0 side (~13:39:25 UT). The average flow
([−195, 52, −55] km/s in LMN) between the two sides is taken to be the X‐line motion, as expected for sym-
metric upstream density and magnetic field conditions (Doss et al., 2015). The velocity (Figure 3d) after sub-
tracting the X‐line motion exhibits enhancements toward negative VL by about −50 km/s (~0.5VA) for both
ions and electrons near the BL reversal, suggesting a reconnection outflow jet at the −L side of the X‐line
(illustrated in Figure 3o with an orange arrow). The light blue and yellow shaded regions exhibit negative
and positive ViL‐BL correlations, respectively. The increase of EN (Figure 3f) near the current sheet midplane
is associated with the enhanced VL and guide field BM. The ion and electron bulk velocities only differ in the
M direction by about 80 km/s (~0.8VA), leading to a current density parallel to the magnetic field at the mid-
plane. The local energy conversion J · E′ is negligible (Figure 3g).

The viL spectrogram at the BL > 0 side exhibits two populations. The VDF at location 5 (Figure 3m) shows
that the two populations are streaming along v// and follow the same E × B drift. Population i (indicating
“inflowing” component) has a bulk V// of −120 km/s and a similar intensity as the solar wind ions outside
of the current sheet; population o (symbol for “outflow” away from the X‐line) has a bulk V// of −360 km/s.
Population o travels toward the Earth. For shock‐reflected ions, if magnetized, they are expected to follow
the E × B drift, and the parallel velocity is toward the upstream (the so‐called field‐aligned beams; e.g.,
Fuselier, 1995); if demagnetized, they may have a bulk velocity toward downstream when gyrating around
the magnetic field, appearing to be non‐gyrotropic in VDFs (e.g., Sckopke et al., 1990). Therefore, population
o that follows the E × B drift and moves earthward is not likely due to shock reflection and is interpreted as
due to reconnection. Themixing of the two field‐aligned populations E × B drifting together is interpreted as
a consequence of reconnection as it resembles distributions predicted by theories and simulations (Drake
et al., 2009) and observations (e.g., Hietala et al., 2015; Wang, Chen, Hesse, Gershman, et al., 2016). The
coexistence of the two populations with a relative drift along v// leads to an increase of the parallel ion
temperature (Figure 3h).

The ion and electron VDF evolution at the BL > 0 side further substantiates the interpretation of the recon-
nection exhaust. A deHoffmann‐Teller (HT) velocity is determined using velocities and magnetic fields for
the shown interval to be VHT = [−249, 41, −57] km/s in LMN. In the HT frame, where the perpendicular
motional electric field is transformed away, the parallel electric field pointing away from the X‐line
(illustrated in Figure 3o with gray arrows) accelerates (decelerates) electrons (ions) toward the midplane
(Haggerty et al., 2015). In ion VDFs, the white vertical dashed lines mark the parallel component of the
HT velocity (VHT//). For VDF 5 in the HT frame, population i has v// > 0 (centered at 110 km/s) moving
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toward the X‐line, and population o has v// < 0 (centered at −130 km/s) away from the X‐line (illustrated in
Figure 3o). In VDF 4' (closest ion measurement to BL = 0), the centroid of the most intense population has
v// = 60 km/s in the HT frame, with a parallel energy reduction of 44 eV compared to VDF 5. On the other
hand, the electron VDF along v// > 0 is more elongated at location 4 (Figure 3n, black) than at location 5
(Figure 3n, red), and the difference can be accounted for by a 40‐eV potential in the spacecraft frame
(~38 eV in HT frame) as demonstrated by the green curve. The value of the parallel potential estimated
from ion and electron VDFs approximately agree with each other.

The ions above and below the current sheet differ significantly in their v// distributions, as seen from the v//
spectrogram in the HT frame (Figure 3j). The differencemay be in part due to the shear flow between the two
inflow regions. In the HT frame illustrated in Figure 3o, the inflow in BL > 0 has a larger VL > 0 and V// > 0,
and the inflow in BL < 0 has VL > 0 and V// < 0 with smaller amplitudes. In the exhaust, inflowing ions
(population i from BL > 0 and population i' from BL < 0, labeled in Figure 3j with red letters) are gradually
decelerated toward the midplane vicinity. Because of the small initial |V//|, the core part of population i'may
be decelerated to V// = 0 and turned to V// > 0 before reaching the midplane (e.g., ~13:39:20 UT), while the
core part of population i with a large V// may penetrate to the BL < 0 side. VDFs near location 3 (Figure 3k)
may contain a mixture of populations i and i'. The fact that the two populations are not well separated also
supports that E// in BL < 0 is not as significant as in BL > 0. The high‐energy part of population i'may reach
the midplane and BL > 0 regions, contributing to population o.

We also note that the guide field effect cannot explain the observed asymmetry. A guide field along the out‐
of‐plane current direction causes E// at the−L side of the X‐line mostly positive, which would accelerate ions
(electrons) toward the BL< 0 (BL> 0) side (e.g., Eastwood et al., 2018; Le et al., 2009, and references therein),
inconsistent with the observation (e.g., ions are accelerated from the midplane toward BL > 0).

4. Summary and Discussions

In this study, we report evidence of two reconnecting current sheets in the transition region of a bow shock.
Current sheet A is consistent with the diffusion region in symmetric reconnection with a negligible guide
field, showing the following features: (1) an electron outflow jet and the Hall flow pattern, (2) the bipolar
Hall magnetic and electric fields across the current sheet, and (3) enhanced energy conversion through
the nonideal electric field. The half‐width of current sheet A is ~1di. Energized field‐aligned ions consistent
with a reconnection exhaust are observed in association with current sheet B, which exhibits also parallel
electron heating and has a thickness of a few di. How these reconnecting current sheets are generated is
an important question. Theory suggests that at highMA (>10) quasi‐perpendicular shocks, reconnecting cur-
rent sheets, can be generated through nonlinear saturation of theWeibel instability (Matsumoto et al., 2015).
A hybrid simulation shows that reconnection in the transition region of a marginally quasi‐parallel shock
(θBn = 40°, MA = 8) is born out of the turbulent magnetic field fluctuations associated with backstreaming
ions (Gingell et al., 2017). The reported shock with MA ~ 11 marginally satisfies the criterion of the Weibel
instability generating reconnection and exhibits turbulent magnetic field structures associated with back-
streaming ions. Further investigations are required to reveal the generation mechanisms of reconnecting
current sheets and the dependence on shock parameters.

Belowwe attempt to discuss the role of reconnection in the energy conversion for the observed event. For the
shock where the flow energy is the dominant form of the upstream energy, the available energy per pair of

plasmas is 1
2miV 2

n (e.g., Schwartz et al., 1987), where Vn is the normal component of the upstream velocity,

which is 470 eV for the presented shock. For reconnection, the available electromagnetic energy per particle

ismiV2
A in the inflow region, and the fraction of thermal energy gain can be approximated to be γ

γ−1
kBT
miV2

A
(e.g.,

Phan et al., 2013, 2014; Shay et al., 2014; Wang et al., 2018), where γ is the adiabatic index. For the shown
reconnecting current sheet B, miV2

A is 104 eV. For current sheet B, considering the interval of 13:39:19–
13:39:25 UT with ion mixture as the reconnection exhaust, the average ion temperature in the exhaust is
increased by 12.6 eV compared to the average inflow temperature outside of the exhaust boundaries, and
electron temperature increase calculated in the analogous way is 1.2 eV. Taking γ to be 5/3, the fraction of
thermal energy gain for such a reconnection structure is 33%. It suggests that for the involved particles,
reconnection contributes to converting 104/470 * 33%~7% of the upstream energy to the thermal energy.
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As discussed in section 3, no clear net energization is observed in current sheet A. Thus, statistical studies of
energy conversion properties in reconnecting current sheets in the shock transition region are needed.

In order to further address the role of reconnection in the overall shock dissipation, we need to consider the
occurrence rate of reconnection in the shock structure. The presented two reconnecting current sheets are
identified mainly based on the signature of outflow jet and the Hall features. The outflow jet for symmetric
reconnection is peaked at the current sheet midplane, such that VL and BL have positive and negative corre-
lations on the two sides of the midplane, respectively. Among the ~50 current sheets in the transition region
of the presented shock event, only the presented current sheets reliably satisfy such V‐B correlation criterion.
On the other hand, the electron flow pattern in asymmetric reconnection has been shown by both particle‐
in‐cell simulations and MMS measurements (e.g., Chen et al., 2016) to distinguish from that in the sym-
metric case in that the flow in the separatrix region is toward the X‐line on the high‐density side and away
from the X‐line in the low‐density side. Outside of the diffusion region, the current sheet can be mostly
viewed as one rotational discontinuity like that at the magnetopause, where the magnetohydrodynamics
flow tangential to the current sheet and magnetic field maintain a single correlation (e.g., Sonnerup et al.,
1981). Therefore, both inside and outside the diffusion region, current sheets undergoing asymmetric recon-
nection will not exhibit the sequential correlation and anticorrelation between V and B. In the shock transi-
tion region, since the plasma flux mainly comes from the incoming solar wind toward the Earth,
reconnection may be asymmetric. Current sheets not exhibiting the V‐B correlation‐anticorrelation at
shocks may still be reconnecting. Further investigations with the aid of simulations are required to better
characterize reconnecting current sheets at the shock transition region.

References
Burch, J. L., Moore, T. E., Torbert, R. B., & Giles, B. L. (2016). Magnetospheric multiscale overview and science objectives. Space Science

Reviews, 199(1‐4), 5–21. https://doi.org/10.1007/s11214‐015‐0164‐9
Burgess, D., & Scholer, M. (2013). Microphysics of quasi‐parallel shocks in collisionless plasmas. Space Science Reviews, 178(2–4), 513–533.

https://doi.org/10.1007/s11214‐013‐9969‐6
Chen, L.‐J., Hesse, M., Wang, S., Gershman, D., Ergun, R., Pollock, C., et al. (2016). Electron energization and mixing observed by MMS in

the vicinity of an electron diffusion region during magnetopause reconnection. Geophysical Research Letters, 43, 6036–6043. https://doi.
org/10.1002/2016GL069215

Doss, C. E., Komar, C. M., Cassak, P. A., Wilder, F. D., Eriksson, S., & Drake, J. F. (2015). Asymmetric magnetic reconnection with a flow
shear and applications to the magnetopause. Journal of Geophysical Research: Space Physics, 120, 7748–7763. https://doi.org/10.1002/
2015JA021489

Drake, J. F., Shay, M. A., & Swisdak, M. (2008). The Hall fields and fast magnetic reconnection. Physics of Plasmas, 15(4), 042306. https://
doi.org/10.1063/1.2901194

Drake, J. F., Swisdak, M., Phan, T. D., Cassak, P. A., Shay, M. A., Lepri, S. T., et al. (2009). Ion heating resulting from pickup in magnetic
reconnection exhausts. Journal of Geophysical Research, 114, A05111. https://doi.org/10.1029/2008JA013701

Eastwood, J. P., Lucek, E. A., Mazelle, C., Meziane, K., Narita, Y., Pickett, J., & Treumann, R. (2005). The foreshock. Space Science Reviews,
118(1‐4), 41–94. https://doi.org/10.1007/s11214‐005‐3824‐3

Eastwood, J. P., Mistry, R., Phan, T. D., Schwartz, S. J., Ergun, R. E., Drake, J. F., et al. (2018). Guide field reconnection: Exhaust structure
and heating. Geophysical Research Letters, 45(10), 4569–4577. https://doi.org/10.1029/2018GL077670

Ergun, R. E., Tucker, S., Westfall, J., Goodrich, K. A., Malaspina, D. M., Summers, D., et al. (2016). The axial double probe and fields signal
processing for the MMS mission. Space Science Reviews, 199(1‐4), 167–188. https://doi.org/10.1007/s11214‐014‐0115‐x

Eriksson, E., Vaivads, A., Graham, D. B., Divin, A., Khotyaintsev, Y. V., Yordanova, E., et al. (2018). Electron energization at a reconnecting
magnetosheath current sheet. Geophysical Research Letters, 45, 8081–8090. https://doi.org/10.1029/2018GL078660

Farris, M. H., Petrinec, S. M., & Russell, C. T. (1991). The thickness of the magnetosheath: Constraints on the polytropic index. Geophysical
Research Letters, 18(10), 1821–1824. https://doi.org/10.1029/91GL02090

Fuselier, S. A. (1995). Ion distributions in the Earth's foreshock upstream from the bow shock. Advances in Space Research, 15(8–9), 43–52.
https://doi.org/10.1016/0273‐1177(94)00083‐D

Gingell, I., Schwartz, S. J., Burgess, D., Johlander, A., Russell, C. T., Burch, J. L., et al. (2017). MMS observations and hybrid simulations of
surface ripples at a marginally quasi‐parallel shock. Journal of Geophysical Research: Space Physics, 122, 11,003–11,017. https://doi.org/
10.1002/2017JA024538

Gingell, I., Schwartz, S. J., Eastwood, J. P., Stawarz, J. E., Burch, J. L., Ergun, R. E., et al. (2018). Observations of magnetic reconnection in
the transition region of quasi‐parallel shocks. https://arxiv.org/abs/1901.01076

Gosling, J. T., Skoug, R. M., McComas, D. J., & Smith, C. W. (2005). Direct evidence for magnetic reconnection in the solar wind near 1 AU.
Journal of Geophysical Research, 110, A01107. https://doi.org/10.1029/2004JA010809

Haggerty, C. C., Shay, M. A., Drake, J. F., Phan, T. D., & McHugh, C. T. (2015). The competition of electron and ion heating during
magnetic reconnection. Geophysical Research Letters, 42, 9657–9665. https://doi.org/10.1002/2015GL065961

Hietala, H., Drake, J. F., Phan, T. D., Eastwood, J. P., & McFadden, J. P. (2015). Ion temperature anisotropy across a magnetotail recon-
nection jet. Geophysical Research Letters, 42, 7239–7247. https://doi.org/10.1002/2015GL065168

Karimabadi, H., Roytershteyn, V., Vu, H. X., Omelchenko, Y. A., Scudder, J., Daughton, W., et al. (2014). The link between shocks, tur-
bulence, and magnetic reconnection in collisionless plasmas. Physics of Plasmas, 21(6), 062308. https://doi.org/10.1063/1.4882875

Koval, A., & Szabo, A. (2008). Modified “Rankine‐Hugoniot” shock fitting technique: Simultaneous solution for shock normal and speed.
Journal of Geophysical Research, 113, A10110. https://doi.org/10.1029/2008JA013337

10.1029/2018GL080944Geophysical Research Letters

WANG ET AL. 569

Acknowledgments
The research is supported in part by a
DOE grant DESC0016278, NSF grants
AGS‐1619584 and AGS‐1552142, a
NASA grant 80NSSC18K1369, and the
NASA MMS mission. MMS data are
available at MMS Science Data Center
(https://lasp.colorado.edu/mms/sdc/).

https://doi.org/10.1007/s11214-015-0164-9
https://doi.org/10.1007/s11214-013-9969-6
https://doi.org/10.1002/2016GL069215
https://doi.org/10.1002/2016GL069215
https://doi.org/10.1002/2015JA021489
https://doi.org/10.1002/2015JA021489
https://doi.org/10.1063/1.2901194
https://doi.org/10.1063/1.2901194
https://doi.org/10.1029/2008JA013701
https://doi.org/10.1007/s11214-005-3824-3
https://doi.org/10.1029/2018GL077670
https://doi.org/10.1007/s11214-014-0115-x
https://doi.org/10.1029/2018GL078660
https://doi.org/10.1029/91GL02090
https://doi.org/10.1016/0273-1177(94)00083-D
https://doi.org/10.1002/2017JA024538
https://doi.org/10.1002/2017JA024538
https://arxiv.org/abs/1901.01076
https://doi.org/10.1029/2004JA010809
https://doi.org/10.1002/2015GL065961
https://doi.org/10.1002/2015GL065168
https://doi.org/10.1063/1.4882875
https://doi.org/10.1029/2008JA013337
https://lasp.colorado.edu/mms/sdc/


Krasnoselskikh, V., Balikhin, M., Walker, S. N., Schwartz, S., Sundkvist, D., Lobzin, V., et al. (2013). The dynamic quasiperpendicular
shock: Cluster discoveries. Space Science Reviews, 178(2‐4), 535–598. https://doi.org/10.1007/s11214‐013‐9972‐y

Le, A., Egedal, J., Daughton, W., Fox, W., & Katz, N. (2009). Equations of state for collisionless guide‐field reconnection. Physical Review
Letters, 102(8), 085001. https://doi.org/10.1103/PhysRevLett.102.085001

Le Contel, O., Leroy, P., Roux, A., Coillot, C., Alison, D., Bouabdellah, A., et al. (2016). The search‐coil magnetometer for MMS. Space
Science Reviews, 199(1‐4), 257–282. https://doi.org/10.1007/s11214‐014‐0096‐9

Lindqvist, P.‐A., Olsson, G., Torbert, R. B., King, B., Granoff, M., Rau, D., et al. (2016). The spin‐plane double probe electric field instrument
for MMS. Space Science Reviews, 199(1‐4), 137–165. https://doi.org/10.1007/s11214‐014‐0116‐9

Mann, G., Luehr, H., & Baumjohann, W. (1994). Statistical analysis of short large‐amplitude magnetic field structures in the vicinity of the
quasi‐parallel bow shock. Journal of Geophysical Research, 99, 13,315–13,323. https://doi.org/10.1029/94JA00440

Matsumoto, Y., Amano, T., Kato, T. N., & Hoshino, M. (2015). Stochastic electron acceleration during spontaneous turbulent reconnection
in a strong shock wave. Science, 347(6225), 974–978. https://doi.org/10.1126/science.1260168

Nagai, T., Shinohara, I., Fujimoto, M., Hoshino, M., Saito, Y., Machida, S., & Mukai, T. (2001). Geotail observations of the Hall current
system: Evidence of magnetic reconnection in the magnetotail. Journal of Geophysical Research, 106(A11), 25,929–25,949. https://doi.
org/10.1029/2001JA900038

Phan, T. D., Drake, J. F., Shay, M. A., Gosling, J. T., Paschmann, G., Eastwood, J. P., et al. (2014). Ion bulk heating in magnetic reconnection
exhausts at Earth's magnetopause: Dependence on the inflow Alfvén speed and magnetic shear angle. Geophysical Research Letters, 41,
7002–7010. https://doi.org/10.1002/2014GL061547

Phan, T. D., Eastwood, J. P., Shay, M. A., Drake, J. F., Sonnerup, B. U. Ö., Fujimoto, M., et al. (2018). Electron magnetic reconnection
without ion coupling in Earth's turbulent magnetosheath. Nature, 557(7704), 202–206. https://doi.org/10.1038/s41586‐018‐0091‐5

Phan, T. D., Shay, M. A., Gosling, J. T., Fujimoto, M., Drake, J. F., Paschmann, G., et al. (2013). Electron bulk heating in magnetic
reconnection at Earth's magnetopause: Dependence on inflow Alfvén speed and magnetic shear. Geophysical Research Letters, 40,
4475–4480. https://doi.org/10.1002/grl.50917

Pollock, C., Moore, T., Jacques, A., Burch, J., Gliese, U., Saito, Y., et al. (2016). Fast plasma investigation for magnetospheric multiscale.
Space Science Reviews, 199(1‐4), 331–406. https://doi.org/10.1007/s11214‐016‐0245‐4

Retinò, A., Sundkvist, D., Vaivads, A., Mozer, F., Andre, M., & Owen, C. (2007). In situ evidence of magnetic reconnection in turbulent
plasma. Nature Physics, 3(4), 235–238. https://doi.org/10.1038/nphys574

Russell, C. T., Anderson, B. J., Baumjohann, W., Bromund, K. R., Dearborn, D., Fischer, D., et al. (2016). The magnetospheric multiscale
magnetometers. Space Science Reviews, 199(1‐4), 189–256. https://doi.org/10.1007/s11214‐014‐0057‐3

Schwartz, S. J. (2000). Shock and discontinuity normals, mach numbers, and related parameters. In G. Paschmann & P. Daly (Eds.),
Analysis methods for multi‐spacecraft data, ISSI Sci. Rep. (Vol. SR‐001, pp. 249–270). New York: Springer.

Schwartz, S. J., Burgess, D., Wilkinson,W. P., Kessel, R. L., Dunlop, M., & Luehr, H. (1992). Observations of short large‐amplitude magnetic
structures at a quasi‐parallel shock. Journal of Geophysical Research, 97(A4), 4209–4227. https://doi.org/10.1029/91JA02581

Schwartz, S. J., Thomsen, M. F., Feldman, W. C., & Douglas, F. T. (1987). Electron dynamics and potential jump across slow mode shocks.
Journal of Geophysical Research, 92(A4), 3165–3174. https://doi.org/10.1029/JA092iA04p03165

Sckopke, N., Paschmann, G., Brinca, A. L., Carlson, C. W., & Lühr, H. (1990). Ion thermalization in quasi‐perpendicular shocks involving
reflected ions. Journal of Geophysical Research, 95(A5), 6337–6352. https://doi.org/10.1029/JA095iA05p06337

Shay, M. A., Haggerty, C. C., Phan, T. D., Drake, J. F., Cassak, P. A., Wu, P., et al. (2014). Electron heating during magnetic reconnection: A
simulation scaling study. Physics of Plasmas, 21(12), 122902. https://doi.org/10.1063/1.4904203

Sonnerup, B. U. Ö., Paschmann, G., Papamastorakis, I., Sckopke, N., Haerendel, G., Bame, S. J., et al. (1981). Evidence for magnetic field
reconnection at the Earth's magnetopause. Journal of Geophysical Research, 86(A12), 10,049–10,067. https://doi.org/10.1029/
JA086iA12p10049

Stasiewicz, K., Bellan, P., Chaston, C., Kletzing, C., Lysak, R., Maggs, J., et al. (2000). Small scale Alfvénic structure in the aurora. Space
Science Reviews, 92(3/4), 423–533. https://doi.org/10.1023/A:1005207202143

Vörös, Z., Yordanova, E., Varsani, A., Genestreti, K. J., Khotyaintsev, Y. V., Li, W., et al. (2017). MMS observation of magnetic reconnection
in the turbulent magnetosheath. Journal of Geophysical Research: Space Physics, 122, 11,442–11,467. https://doi.org/10.1002/
2017JA024535

Wang, S., Chen, L.‐J., Bessho, N., Hesse, M., Yoo, J., Yamada, M., et al. (2018). Energy conversion and partition in the asymmetric
reconnection diffusion region. Journal of Geophysical Research: Space Physics, 123, 8185–8205. https://doi.org/10.1029/2018JA025519

Wang, S., Chen, L. J., Hesse, M., Bessho, N., Gershman, D. J., Dorelli, J., et al. (2016). Two‐scale ion meandering caused by the polarization
electric field during asymmetric reconnection. Geophysical Research Letters, 43, 7831–7839. https://doi.org/10.1002/2016GL069842

Wang, S., Chen, L. J., Hesse, M., Gershman, D. J., Dorelli, J., Giles, B., et al. (2016). Ion demagnetization in the magnetopause current layer
observed by MMS. Geophysical Research Letters, 43, 4850–4857. https://doi.org/10.1002/2016GL069406

Wilder, F. D., Ergun, R. E., Burch, J. L., Ahmadi, N., Eriksson, S., Phan, T. D., et al. (2018). The role of the parallel electric field in electron‐
scale dissipation at reconnecting currents in the magnetosheath. Journal of Geophysical Research: Space Physics, 123, 6533–6547. https://
doi.org/10.1029/2018JA025529

Wilder, F. D., Ergun, R. E., Eriksson, S., Phan, T. D., Burch, J. L., Ahmadi, N., et al. (2017). Multipoint measurements of the electron jet of
symmetric magnetic reconnection with a moderate guide field. Physical Review Letters, 118(26), 265101. https://doi.org/10.1103/
PhysRevLett.118.265101

Wilson, L. B. III (2016). Low frequency waves at and upstream of collisionless shocks. In A. Keiling, D.‐H. Lee, & V. Nakariakov (Eds.),
Low‐frequency waves in space plasmas, Geophysical Monograph Series (Vol. 216, pp. 269–291). Washington, DC: American Geophysical
Union. https://doi.org/10.1002/9781119055006.ch16

Wilson, L. B. III, Koval, A., Sibeck, D. G., Szabo, A., Cattell, C. A., Kasper, J. C., et al. (2013). Shocklets, SLAMS, and field‐aligned ion beams
in the terrestrial foreshock. Journal of Geophysical Research: Space Physics, 118, 957–966. https://doi.org/10.1029/2012JA018186

Yamada, M., Yoo, J., & Myers, C. E. (2016). Understanding the dynamics and energetics of magnetic reconnection in a laboratory plasma:
Review of recent progress on selected fronts. Physics of Plasmas, 23(5), 055402. https://doi.org/10.1063/1.4948721

10.1029/2018GL080944Geophysical Research Letters

WANG ET AL. 570

https://doi.org/10.1007/s11214-013-9972-y
https://doi.org/10.1103/PhysRevLett.102.085001
https://doi.org/10.1007/s11214-014-0096-9
https://doi.org/10.1007/s11214-014-0116-9
https://doi.org/10.1029/94JA00440
https://doi.org/10.1126/science.1260168
https://doi.org/10.1029/2001JA900038
https://doi.org/10.1029/2001JA900038
https://doi.org/10.1002/2014GL061547
https://doi.org/10.1038/s41586-018-0091-5
https://doi.org/10.1002/grl.50917
https://doi.org/10.1007/s11214-016-0245-4
https://doi.org/10.1038/nphys574
https://doi.org/10.1007/s11214-014-0057-3
https://doi.org/10.1029/91JA02581
https://doi.org/10.1029/JA092iA04p03165
https://doi.org/10.1029/JA095iA05p06337
https://doi.org/10.1063/1.4904203
https://doi.org/10.1029/JA086iA12p10049
https://doi.org/10.1029/JA086iA12p10049
https://doi.org/10.1023/A:1005207202143
https://doi.org/10.1002/2017JA024535
https://doi.org/10.1002/2017JA024535
https://doi.org/10.1029/2018JA025519
https://doi.org/10.1002/2016GL069842
https://doi.org/10.1002/2016GL069406
https://doi.org/10.1029/2018JA025529
https://doi.org/10.1029/2018JA025529
https://doi.org/10.1103/PhysRevLett.118.265101
https://doi.org/10.1103/PhysRevLett.118.265101
https://doi.org/10.1002/9781119055006.ch16
https://doi.org/10.1029/2012JA018186
https://doi.org/10.1063/1.4948721


<<
  /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


