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Abstract A prediction of the steady state reconnection electric field in asymmetric reconnection
is obtained by maximizing the reconnection rate as a function of the opening angle made by
the upstream magnetic field on the weak magnetic field (magnetosheath) side. The prediction is
within a factor of 2 of the widely examined asymmetric reconnection model (Cassak & Shay,
2007, https://doi.org/10.1063/1.2795630) in the collisionless limit, and they scale the same over a
wide parameter regime. The previous model had the effective aspect ratio of the diffusion region
as a free parameter, which simulations and observations suggest is on the order of 0.1, but the
present model has no free parameters. In conjunction with the symmetric case (Liu et al., 2017,
https://doi.org/10.1103/PhysRevLett.118.085101), this work further suggests that this nearly universal
number 0.1, essentially the normalized fast-reconnection rate, is a geometrical factor arising from
maximizing the reconnection rate within magnetohydrodynamic-scale constraints.

Plain Language Summary To understand the evolution of many space and astrophysical
plasmas, it is imperative to know how fast magnetic reconnection processes the magnetic flux.
Researchers found that reconnection in both symmetric and asymmetric geometries exhibits a normalized
reconnection rate of order 0.1. In this work, we show that this nearly universal value in asymmetric geometry
is also the maximal rate allowed in the magnetohydrodynamic scale. This result has applications to the
transport process at plasma boundary layers like Earth’s magnetopause.

1. Introduction

Magnetic reconnection at Earth’s magnetopause not only allows the transport of solar wind plasmas into
Earth’s magnetosphere but also enhances the convection of magnetic flux to Earth’s nightside (Dungey,
1961). The magnetic fields and plasma conditions on the two sides of the magnetopause current sheet are
typically different (e.g., Phan & Paschmann, 1996), a feature that also applies to current sheets in planetary
(Fuselier et al., 2014; Masters, 2015), solar (Murphy et al., 2012), laboratory (Yoo et al., 2014), fusion (Mirnov
et al., 2006), and turbulent (Servidio et al., 2009; Zhdankin et al., 2013) plasmas. Reconnection with these
different upstream conditions is commonly called asymmetric. To model the global circulation of magne-
tospheric plasmas around Earth and the magnetic energy release therein, it is crucial to understand how
fast the magnetic flux is processed by asymmetric reconnection at Earth’s magnetopause (Borovsky, 2008;
Borovsky & Birn, 2013).

One measure of the reconnection rate is the strength of the reconnection electric field inside the reconnec-
tion diffusion region that, according to Faraday’s law, is proportional to the magnetic flux change rate at
the diffusion region. In the symmetric limit, simulations and theories suggest a normalized rate of an order
0.1 (Birn et al., 2001; Cassak et al., 2017; Comisso & Bhattacharjee, 2016; Hesse et al., 1999; Liu et al., 2017;
Parker, 1973; Shay et al., 1999). At Earth’s magnetopause, directly measuring the reconnection electric field has
been conducted although it remains challenging (e.g., Chen et al., 2017; Mozer & Retinó, 2007; Vaivads et al.,
2004). A good proxy of the reconnection rate is the convective electric field upstream of the diffusion region
induced by the inflowing plasma. Such an electric field was inferred from the ion velocity into the ion diffusion
region (e.g., Fuselier et al., 2005; Mozer & Hull, 2010; Phan et al., 2001; Wang et al., 2015), or from the electron
velocity into the electron diffusion region (Chen et al., 2017). The reconnection rate can also be estimated
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from the magnitude of reconnected magnetic fields downstream of the ion diffusion region (Phan et al.,
2001) using Sweet-Parker scaling (Parker, 1957; Sweet, 1958) or from the energy conversion rate (Rosenqvist
et al., 2008).

Observational evidence (Fuselier et al., 2016; Mozer & Hull, 2010; Wang et al., 2015) suggests that the strength
of the reconnection electric field follows the scaling

ECS = 2
(

B1B2

B1 + B2

)(
Vout

c

)(
𝛿

L

)
eff

(1)

that is derived using conservation laws in an asymmetric geometry (Cassak & Shay, 2007). B1 and B2

are the reconnecting component of magnetic fields at the magnetosheath and magnetosphere sides,
respectively. The outflow speed Vout = (B1B2∕4𝜋�̄�)1∕2 is the hybrid Alfvén speed based on a hybrid den-
sity �̄� = (B1𝜌2 + B2𝜌1)∕(B1 + B2). Here (𝛿∕L)eff is the effective aspect ratio of the diffusion region, which is a
free parameter in this model for collisionless reconnection. Observations suggest that (𝛿∕L)eff is of order 0.1.
Numerical simulations have also confirmed this scaling and demonstrated that (𝛿∕L)eff ∼ 0.1; these include
local magnetohydrodynamic (MHD) simulations with a localized resistivity (Birn et al., 2008), local two-fluid
(Cassak & Shay, 2008) and local particle-in-cell (PIC) (Malakit et al., 2010; Pritchett, 2008) simulations, global
magnetospheric MHD simulations (Borovsky, 2008; Borovsky & Birn, 2013; Komar & Cassak, 2016; Ouellette
et al., 2013; Zhang et al., 2016), and global Vlasov simulations (Hoilijoki et al., 2017). This scaling along with
(𝛿∕L)eff ∼ 0.1 was then employed to develop a quantitative model of the coupling between the solar wind
and Earth’s magnetosphere (Borovsky, 2008; Borovsky & Birn, 2013). Given these successes of equation (1),
it remains not understood why the effective aspect ratio in this model should be of order 0.1. This obviously
requires an explanation.

In this Letter, we provide a theoretical explanation for the collisionless asymmetric reconnection rate.
We generalize the approach discussed in Liu et al. (2017) that was used to model the symmetric reconnection
electric field. Through analyzing force balance at the inflow and outflow regions, we cast the reconnection
electric field into the form of a function of the opening angle made by the upstream magnetic field on the
weak field side. A prediction is then obtained by maximizing this rate as a function of this opening angle,
which we find to agree with ECS within a factor of 2, with agreement in the scaling sense over a wide range of
upstream plasma parameters. This comparison demonstrates that this nearly universal effective aspect ratio of
order 0.1 in the collisionless limit (Cassak & Shay, 2008) can also be explained by geometrical constraints on
the MHD scale, independent of the dissipation mechanism.

2. Constraint on the Reconnecting Field

We consider the geometry and notation illustrated in Figure 1. The asymptotic field Bx2 on side 2 is larger
than the asymptotic value Bx1 on side 1. Thus, sides 1 and 2 nominally correspond to typical conditions at the
magnetosheath and magnetosphere, respectively. Unlike the model in Cassak and Shay (2007), the strength
of the reconnecting field immediately upstream of the ion diffusion region can be different from the asymp-
totic field on each side. We use a subscript “m” in Bxmi to indicate the microscopic ion diffusion region scale,
and i = 1, 2 indicates the two inflow sides. Vout,m is the outflow speed immediately downstream of the
diffusion region. During the nonlinear stage of reconnection, the angle 𝜃i (as sketched for side 1) made by
the upstream magnetic field lines opens out on each side. This geometry unavoidably induces a tension force
B ⋅ ∇Bz∕4𝜋 directed away from the x line (as sketched for side 1), which is mostly balanced by the magnetic
pressure gradient force −(∇B2∕8𝜋)z directed toward the x line (as sketched for side 1). Such a finite magnetic
pressure gradient requires the reduction of the reconnecting magnetic field immediately upstream of the
diffusion region. This effect is modeled in Liu et al. (2017) that results in an expression

Bxmi ≃ Bxi

1 − S2
i

1 + S2
i

. (2)

Here Si = tan|𝜃i| is the slope of the upstream magnetic field line on each side, as sketched for side 1 in Figure 1.
From equation (2), the reconnecting magnetic field Bxmi vanishes as the opening angle approaches 45∘
(i.e., Si → 1). In the 2-D approximation, we can write B = ∇ × Ayŷ + Byŷ. The sample field
lines in Figure 1 are evenly spaced contours of the flux function Ay ; hence, the “line density” illus-
trates the strength of the in-plane magnetic field. The field lines approaching the diffusion region
become less dense (i.e., weaker) compared with its asymptotic value on each side, illus-
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Figure 1. The geometry of magnetic fields upstream of the diffusion region for asymmetric reconnection. The orange
box marks the diffusion region. S1 = tan|𝜃1| marks the slope of the magnetic field line on side 1. The strength of
the magnetic field is illustrated by the field line density.

trating the reduction of the reconnecting field due to the opening out of the upstream magnetic
field lines.

The reconnected field immediately downstream of the diffusion region scales as

Bzm ≃ BxmiSi. (3)

This assumes that the reconnected field calculated from sides 1 and 2 is identical, which naturally leads to a
larger opening angle on side 1, as illustrated in Figure 1. This also means that the reduction of reconnecting
magnetic field on the weaker field side has a stronger effect in limiting the reconnection rate.

Because the field strength of the reconnecting field on side 1 is weaker than that on side 2, all possible
solutions of this model must be found in the range 0 < S1 < 1. Therefore, we write Bzm as a function of S1:

Bzm(S1) ≃

(
1 − S2

1

1 + S2
1

)
S1Bx1. (4)

3. Constraint on the Outflow Speed

To estimate the reconnection electric field, Ey ≃ BzmVout,m∕c, we need to calculate the outflow speed Vout,m.
We consider the notation and geometry in Figure 2. The dimension of the diffusion region is 2L × 2𝛿. Lines
a − c and a − d represent the separatrices on side 2 and side 1, respectively, and “a” marks the x line. We first
derive the outflow density �̄� as a result of mixing of plasmas from two sides. The integral form of Gauss’ law
for a 2-D system is ∮ B ⋅dl = 0 where dl is along the perimeter of a closed 2-D area. By applying this rule to the
triangle area a−b−c in Figure 2, we get ∫ b

a Bzdx+∫ c
b Bxdz+∫ a

c B ⋅dl = 0. The last integral vanishes identically
because the magnetic separatrix passes the upper right corner at point “c.” Thus, (Bzm∕2)L ≃ (Bxm2∕2)𝛿2.
The factor of 2 in the denominator arises from the assumption that Bx and Bz vary linearly with distance along
z and x, respectively. A similar exercise reveals BzmL ≃ Bxm1𝛿1. Combined with the relation 𝛿1+𝛿2 = 2𝛿, we get

Bzm = 2
(

Bxm1Bxm2

Bxm1 + Bxm2

)(
𝛿

L

)
. (5)

We now estimate the mass density as in Cassak and Shay (2007), taking care to note that the conservation laws
are evaluated at the microscopic “m” scale. Mass conservation gives 2�̄�Vout,m𝛿 ≃ 𝜌1Vzm1L + 𝜌2Vzm2L. In a 2-D
steady state, the out-of-plane electric field Ey is uniform around the diffusion region and hence Vzm1Bxm1 =
Vzm2Bxm2 = Vout,mBzm. Eliminating the velocities gives the hybrid mass density (Cassak & Shay, 2007),

�̄� ≃
Bxm1𝜌2 + Bxm2𝜌1

Bxm1 + Bxm2
. (6)

Now we have enough information to derive the outflow speed from the momentum equation in the outflow
direction x̂, which is written as (𝜌∕2)𝜕xV2

x ≃ Bz𝜕zBx∕4𝜋 − 𝜕xB2∕8𝜋. Note that we have ignored the thermal
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Figure 2. The geometry and dimension of the diffusion region. The strength of the magnetic field is illustrated by the
field line density. Here 𝛿1 + 𝛿2 = 2𝛿. The label “a” marks the reconnection x line.

pressure gradient by the same reasoning discussed in Birn et al. (2010). To get an averaged outflow speed,
we follow a process similar to Swisdak and Drake (2007); we apply ∫ L

0 dx ∫ 𝛿

−𝛿 dz to the momentum equation,
assuming Bz = Bz(x), Bx = Bx(z), Vx = Vx(x), and a uniform density 𝜌 = �̄� inside the diffusion region. These
lead to (�̄�∕2)V2

out2𝛿 ≃ (Bzm∕2)L(Bxm2 + Bxm1)∕4𝜋 − B2
zm2𝛿∕8𝜋. Substituting equation (5) for Bzm, we get

Vout,m ≃

√
Bxm1Bxm2

4𝜋�̄�

[
1 − 4

Bxm1Bxm2

(Bxm1 + Bxm2)2

(
𝛿

L

)2
]
. (7)

The first term inside the square brackets results from the averaged magnetic tension force and is the speed
obtained in previous studies (Cassak & Shay, 2007; Swisdak & Drake, 2007). The reduction of the reconnecting
field discussed in the previous section decreases the tension force that drives the outflow away from the
diffusion region. The second term proportional to (𝛿∕L)2 is a new term that arises from the magnetic pressure
gradient, and it further reduces the outflow speed. However, the prefactor dependent on Bxm1 and Bxm2 is 1 for
the symmetric case (Cassak et al., 2017; Liu et al., 2017) and decreases for increasing field asymmetries, so the
correction by the magnetic pressure gradient to the outflow speed is weakened even more for asymmetric
reconnection than symmetric reconnection (Liu et al., 2017).

We cast the outflow speed into a function of S1(≃ 𝛿1∕L) instead,

Vout,m(S1) ≃

√
Bxm1Bxm2 − S2

1B2
xm1

4𝜋�̄�
. (8)

The associated reconnection electric field is

Ey(S1) ≃ Bzm(S1)Vout,m(S1)∕c, (9)

which is a function of S1 using equations (2), (4), (6), and (8). We hypothesize that the reconnection rate cor-
responds to the maximum allowable value. Our prediction of the reconnection electric field is ER ≡ max(Ey),
which can be found in the range 0 ≤ S1 ≤ 1.

Note that writing Bxm2 as an explicit function of S1 can be done, but there is no simple expression for it.
We need to use the relation Bxm2S2 = Bxm1S1 and equation (2) to derive S2(S1) first, which involves finding the
roots of a cubic function S3

2 + [Bzm(S1)∕Bx2]S2
2 − S2 + Bzm(S1)∕Bx2 = 0. S2(S1) is then plugged into equation (2)

to get Bxm2(S1). These calculations can be performed numerically in a straightforward fashion.

4. Prediction

In the following, we find the maximum reconnection electric field ER from equation (9) numerically. The result
for a wide parameter range of magnetic field ratio Bx1∕Bx2 and density ratio n1∕n2 is shown in Figure 3.
The predicted opening angles on the two sides of the current sheet are shown in Figures 3a and 3b.
The opening angle 𝜃1 of the upstream magnetic field line on side 1 increases mildly from ≃18.2∘ in the
symmetric limit to ≃21.5∘ in the strong field asymmetry limit. In the same limit, the field line opening
angle 𝜃2 on side 2 becomes small (→0∘) because the magnetic field is much stiffer on side 2 compared to
that on side 1. This qualitatively agrees with all previous asymmetric reconnection simulations, which show
𝜃1 >𝜃2. In Figure 3c, the reconnection electric field ÊR ≡ cER∕VAx1Bx1 is normalized to the Alfvén speed
VAx1 ≡ Bx1∕

√
4𝜋𝜌1 and the field strength Bx1 at the magnetosheath (side 1). The normalized rate ÊR is ≃ 0.2 in
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Figure 3. (a) The predicted opening angle made by the upstream magnetic field on side 1 is plotted as a function
of Bx1∕Bx2 and n1∕n2. (b) The predicted opening angle made by the upstream magnetic field on side 2. (c) The contour
of the predicted reconnection electric field normalized by the side 1 (magnetosheath) value. (d) The ratio of the
predicted reconnection electric field to the prediction in equation (1) assuming 𝛿∕L = 0.1.

the symmetric limit (i.e., log(ÊR) ≃ −0.7 when n1∕n2 = 1 and Bx1∕Bx2 = 1), as expected from Liu et al. (2017).
In Figure 3d, we compare our prediction to ECS with (𝛿∕L)eff = 0.1. It is important to learn that this prediction
agrees with ECS within a factor of 2, and they scale together over a wide range of parameter space. In conjunc-
tion with the symmetric case discussed in Liu et al. (2017), this consistency in the asymmetric limit suggests
that the geometrical factor, (𝛿∕L)eff ≃ 0.1, left unexplained in equation (1), also arises from the MHD-scale
constraints imposed at the inflow and outflow regions.

To understand better the difference in different models, we plot the predictions as a function of Bx1∕Bx2 with a
fixed n1∕n2 = 1 in Figure 4a and as a function of n1∕n2 with a fixed Bx1∕Bx2 = 1 in Figure 4b. Red curves show
the value of ECS normalized to VAx1Bx1∕c, solid black curves are ÊR (our prediction), dashed black curves are the
maximum of equation (9) using Vout,m(S1) ≃ (Bxm1Bxm2∕4𝜋�̄�)1∕2 instead of equation (7); that is, the reduction
of the outflow speed from the magnetic pressure gradient is not considered. The red and solid black curves
exhibit a similar scaling, as suggested in Figure 3d. The dashed black curve is very close to the solid black curve
in each panel, suggesting that the reduction of the reconnecting field, rather than the reduction in Vout,m due
to the magnetic pressure gradient force, is the dominant mechanism that constrains the rate.

5. Summary and Discussion

In this Letter, we derive the collisionless asymmetric magnetic reconnection rate using a new approach.
The prediction is obtained through maximizing a model rate that considers the MHD-scale constraints at
both the inflow and outflow regions. The predicted value is found to be within factor of 2 of the collisionless
asymmetric reconnection rate that was widely examined (Cassak & Shay, 2007, 2008). This comparison
suggests that constraints at the MHD scale explain the geometrical factor (𝛿∕L)eff of order 0.1 inferred but not
explained in the rate model of Cassak and Shay (2008), putting the scaling in equation (1) on solid footing.
The analysis further shows that the dominant limiting effect that constrains the maximum reconnection rate
is the field reduction at the weak field (magnetosheath) side.

We have assumed that the system self-selects the maximum energy conversion rate, that is, that it assumes
the maximum possible reconnection rate. We acknowledge that this is an assumption ultimately requir-
ing a rigorous proof at some future time. In the meantime, we point out that Birn et al. (2008) showed,
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Figure 4. The predicted reconnection electric field normalized by the side 1 (magnetosheath) conditions is plotted as
a function of Bx1∕Bx2 with a (a) symmetric density and as a function of n1∕n2 with a (b) symmetric reconnecting
magnetic field. The prediction is shown in solid back, the prediction of equation (1) in red, and the prediction without
the outflow correction in dashed black.

in the framework of MHD with a localized resistivity, that the maximum possible asymmetric reconnection
rate is capped by the value of order 0.1, no matter how strong a localized dissipation is employed. By com-
paring 3-D and 2-D PIC simulations, Liu et al. (2015) showed that the x line orientation in a 3-D system can be
determined by finding the oblique 2-D plane that maximizes the reconnection rate. While this is not a proof
in the strict sense, these results indicate that our assumption is reasonable.

Additional caveats need to be kept in mind when applying this theory. An out-of-plane guide field does not
affect the in-plane tension force but can contribute to the magnetic pressure gradient in the force balance.
The same prediction applies to a general case with a guide field only if the reconnection process does not sig-
nificantly alter the guide field strength near the x line. The normalized rate remains to be ∼ 0.1 in the strong
guide field limit, at least, for symmetric cases (Liu et al., 2014). This model does not include the effect of the
diamagnetic drift driven by the combination of the pressure gradient across the sheet and a finite guide field.
The diamagnetic drift can suppress magnetic reconnection (Beidler & Cassak, 2011; Liu & Hesse, 2016; Swisdak
et al., 2003, 2010). Flow shear commonly present at the flank of the magnetopause can also reduce the recon-
nection rate (Cassak & Otto, 2011; Doss et al., 2015). Potential 3-D and turbulence effects (Daughton et al.,
2014; Ergun et al., 2016; Le et al., 2017; Liu et al., 2015; Price et al., 2016) are not included in this 2-D analysis.
Finally, while this theory works in most models, including PIC, hybrid, two-fluid models, and MHD with a local-
ized resistivity, it does not apply to MHD systems with a uniform resistivity; a uniform resistivity does not seem
to support the maximum rate allowed by the constraints imposed at the upstream and downstream regions.
Researchers found that a fast-growing plasmoid instability enhances the reconnection rate in high-Lundquist
number MHD simulations (Biskamp, 1986; Cassak et al., 2009; Huang & Bhattacharjee, 2010; Loureiro et al.,
2007; Murphy et al., 2013; Samtaney et al., 2009; Uzdensity et al., 2010). The relation of this instability to the
present results remains to be explored.

Nevertheless, by comparing with the well-established scaling (Cassak & Shay, 2007, 2008) previously found
in the asymmetric limit of collisionless plasmas, the consistency demonstrated in this Letter confirms the
capability of this new approach (Cassak et al., 2017; Liu et al., 2017) in explaining the fast reconnection rate
in a more general configuration. This result is timely to the study of collisionless magnetic reconnection in
Earth’s magnetosphere. The high cadence electric field measurement on board of NASA’s Magnetospheric
Multiscale spacecraft and their close deployment provide an invaluable opportunity to study the recon-
nection rate (Chen et al., 2017) and perhaps the effective aspect ratio of diffusion region in both the
magnetopause and magnetotail.

References
Beidler, M. T., & Cassak, P. A. (2011). Model for incomplete reconnection in sawtooth crashes. Physical Review Letters, 107, 255002.
Birn, J., Drake, J. F., Shay, M. A., Rogers, B. N., Denton, R. E., Hesse, M., et al. (2001). Geospace Environmental Modeling (GEM) magnetic

reconnection challenge. Journal of Geophysical Research, 106(A3), 3715–3719.
Birn, J., Borovsky, J. E., & Hesse, M. (2008). Properties of asymmetric magnetic reconnection. Physics of Plasmas, 15(3), 32101.

Acknowledgments
Y. -H. Liu thanks M. Swisdak and
J. Dahlin for helpful discussions.
Y. -H. L. is supported by NASA grant
NNX16AG75G and MMS mission.
M. H. is supported by the Research
Council of Norway/CoE under
contract 223252/F50 and by
the NASA’s MMS mission.
P. A. C. is supported by NASA
grant NNX16AF75G and NSF grant
AGS1602769. M. S. is supported by
NASA grants NNX08A083G-MMS
IDS and NNX17AI25G. S. W. and
L. -J. C. are supported by DOE
grant DESC0016278, NSF grants
AGS-1202537, AGS-1543598, and
AGS-1552142, and by the NASA’s
MMS mission. The Matlab script in the
supporting information generates data
for Figures 3 and 4.

LIU ET AL. 3316



Geophysical Research Letters 10.1002/2017GL076460

Birn, J., Borovsky, J. E., Hesse, M., & Schindler, K. (2010). Scaling of asymmetric reconnection in compressible plasmas.
Physics of Plasmas, 17(5), 52108.

Biskamp, D. (1986). Magnetic reconnection via current sheets. Physics of Fluids, 29, 1520–1531.
Borovsky, J. E. (2008). The rudiments of a theory of solar wind/magnetosphere coupling derived from first principle. Journal of Geophysical

Research, 113, A08228. https://doi.org/10.1029/2007JA012646
Borovsky, J. E., & Birn, J. (2013). The solar wind electric field does not control the dayside reconnection rate. Journal of Geophysical Research:

Space Physics, 119, 751–760. https://doi.org/10.1002/2013JA019193
Cassak, P. A., & Otto, A. (2011). Scaling of the magnetic reconnection rate with symmetric shear flow. Physics of Plasmas, 18, 74501.
Cassak, P. A., & Shay, M. A. (2007). Scaling of asymmetric magnetic reconnection: General theory and collisional simulations.

Physics of Plasmas, 14, 102114.
Cassak, P. A., & Shay, M. A. (2008). Scaling of asymmetric hall magnetic reconnection. Geophysical Research Letters, 35, L19102.

https://doi.org/10.1029/2008GL035268
Cassak, P. A., Shay, M. A., & Drake, J. F. (2009). Scaling of sweet-parker reconnection with secondary islands. Physics of Plasmas, 16(12),

120702.
Cassak, P. A., Liu, Y.-H., & Shay, M. A. (2017). A review of the 0.1 reconnection rate problem. Journal of Plasma Physics, 83, 715830501.
Chen, L.-J., Hesse, M., Wang, S., Gershman, D., Ergun, R. E., Burch, J., et al. (2017). Electron diffusion region during magnetopause

reconnection with an intermediate guide field: Magnetospheric multiscale observations. Journal of Geophysical Research: Space Physics,
122, 5235–5246. https://doi.org/10.1002/2017JA024004

Comisso, L., & Bhattacharjee, A. (2016). On the value of the reconnection rate. Journal of Plasma Physics, 82, 595820601.
Daughton, W., Nakamura, T. K. M., Karimabadi, H., Roytershteyn, V., & Loring, B. (2014). Computing the reconnection rate in turbulent kinetic

layers by using electron mixing to identify topology. Physics of Plasmas, 21, 52307.
Doss, C. E., Komar, C. M., Cassak, P. A., Wilder, F. D., Eriksson, S., & Drake, J. F. (2015). Asymmetric magnetic reconnection rate

with a shear flow and applications to the magnetopause. Journal of Geophysical Research: Space Physics, 120, 7748–7763.
https://doi.org/10.1002/2015JA021489

Dungey, J. (1961). Interplanetary magnetic field and the auroral zones. Physical Review Letters, 6(2), 47–48.
Ergun, R. E., Goodrich, K. A., Wilder, F. D., Holmes, J. C., Stawarz, J. E., Eriksson, S., et al. (2016). Magnetospheric multiscale satellites

observations of parallel electric fields associated with magnetic reconnection. Physical Review Letters, 116, 235102.
Fuselier, S. A., Trattner, K. J., Petrinec, S. M., Owen, C. J., & Réme, H. (2005). Computing the reconnection rate at the Earth’s magnetopause

using two spacecraft observations. Journal of Geophysical Research, 110, A06212. https://doi.org/10.1029/2004JA010805
Fuselier, S. A., Frahm, R., Lewis, W. S., Masters, A., Mukherjee, J., Petrinec, S. M., & Sillanpaa, I. J. (2014). The location of magnetic reconnection

at Saturn’s magnetopause: A comparison with Earth. Journal of Geophysical Research: Space Physics, 119, 2563–2578.
https://doi.org/10.1002/2013JA019684

Fuselier, S. A., Burch, J. L., Cassak, P. A., Goldstein, J., Gomez, R. G., Goodrich, K., et al. (2016). Magnetospheric ion influence on magnetic
reconnection at the duskside magnetopause. Geophysical Research Letters, 43, 1435–1442. https://doi.org/10.1002/2015GL067358

Hesse, M., Schindler, K., Birn, J., & Kuznetsova, M. (1999). The diffusion region in collisionless magnetic reconnection. Physics of Plasmas, 6,
1781–1795.

Hoilijoki, S., Ganes, U., Pfau-Kempf, Y., Cassak, P. A., Walsh, B. M., Hietala, H., et al. (2017). Reconnection rates and x line motion at the
magnetopause: Global 2D-3V hybrid-Vlasov simulation results. Journal of Geophysical Research: Space Physics, 122, 2877–2888.
https://doi.org/10.1002/2016JA023709

Huang, Y. M., & Bhattacharjee, A. (2010). Scaling laws of resistive magnetohydrodynamic reconnection in the high-Lundquist-number,
plasmoid-unstable regime. Physics of Plasmas, 17, 62104.

Komar, C. M., & Cassak, P. A. (2016). The local dayside reconnection rate for oblique interplanetary magnetic fields. Journal of Geophysical
Research: Space Physics, 121, 5105–5120. https://doi.org/10.1002/2016JA022530

Le, A., Daughton, W., Chen, L.-J., & Egedal, J. (2017). Enhanced electron mixing and heating in 3-D asymmetric reconnection at the Earth’s
magnetopause. Geophysical Research Letters, 44, 2096–2104. https://doi.org/10.1002/2017GL072522

Liu, Y.-H., & Hesse, M. (2016). Suppression of collisionless magnetic reconnection in asymmetric current sheets. Physics of Plasmas, 23, 60704.
Liu, Y.-H., Daughton, W., Karimabadi, H., Li, H., & Gary, S. P. (2014). Do dispersive waves play a role in collisionless magnetic reconnection?

Physics of Plasmas, 21, 22113.
Liu, Y.-H., Hesse, M., & Kuznetsova, M. (2015). Orientation of x lines in asymmetric magnetic reconnection—Mass ratio dependency.

Journal of Geophysical Research: Space Physics, 120, 7331–7341. https://doi.org/10.1002/2015JA021324
Liu, Y.-H., Hesse, M., Guo, F., Daughton, W., Li, H., Cassak, P. A., & Shay, M. A. (2017). Why does steady-state magnetic reconnection have a

maximum local rate of order 0.1? Physical Review Letters, 118, 85101.
Loureiro, N. F., Schekochihin, A. A., & Cowley, S. C. (2007). Instability of current sheets and formation of plasmoid chains.

Physics of Plasmas, 14, 100703.
Malakit, K., Shay, M. A., Cassak, P. A., & Bard, C. (2010). Scaling of asymmetric magnetic reconnection: Kinetic particle-in-cell simulations.

Journal of Geophysical Research, 115, A10223. https://doi.org/10.1029/2010JA015452
Masters, A. (2015). The dayside reconnection voltage applied to Saturn’s magnetosphere. Geophysical Research Letters, 42, 2577–2585.

https://doi.org/10.1002/2015GL063361
Mirnov, V. V., Hegna, C. C., Prager, S. C., Sovinec, C. R., & Tian, H. (2006). Two fluid dynamo and edge-resonant m = 0 tearing instability in

reversed field pinch. In IAEA Fusion Energy Conference (pp. TH–P3–18). China.
Mozer, F. S., & Hull, A. (2010). Scaling the energy conversion rate from magnetic field reconnection to different bodies. Physics of Plasmas,

17, 102906.
Mozer, F. S., & Retinó, A. (2007). Quantitative estimates of magnetic field reconnection properties from electric and magnetic field

measurements. Journal of Geophysical Research, 112, A10206. https://doi.org/10.1029/2007JA012406
Murphy, N. A., Miralles, M. P., Pope, C. L., Raymond, J. C., Winter, H. D., Reeves, K. K., et al. (2012). Asymmetric magnetic reconnection in solar

flare and coronal mass ejection current sheets. Astrophysical Journal, 751, 56.
Murphy, N. A., Young, A. K., Shen, C., Lin, J., & Ni, L. (2013). The plasmoid instability during asymmetric inflow magnetic reconnection.

Plasma Physics, 20, 61211.
Ouellette, J. E., Lyon, J. G., & Rogers, B. N. (2013). A study of asymmetric reconnection scaling in the Lyon-Fedder-Mobarry code.

Journal of Geophysical Research: Space Physics, 119, 1673–1682. https://doi.org/10.1002/2013JA019366
Parker, E. N. (1957). Sweet’s mechanism for merging magnetic fields in conducting fluids. Journal of Geophysical Research, 62(4), 509–520.
Parker, E. N. (1973). The reconnection rate of magnetic fields. The Astrophysical Journal, 180, 247–252.

LIU ET AL. 3317

https://doi.org/10.1029/2007JA012646
https://doi.org/10.1002/2013JA019193
https://doi.org/10.1029/2008GL035268
https://doi.org/10.1002/2017JA024004
https://doi.org/10.1002/2015JA021489
https://doi.org/10.1029/2004JA010805
https://doi.org/10.1002/2013JA019684
https://doi.org/10.1002/2015GL067358
https://doi.org/10.1002/2016JA023709
https://doi.org/10.1002/2016JA022530
https://doi.org/10.1002/2017GL072522
https://doi.org/10.1002/2015JA021324
https://doi.org/10.1029/2010JA015452
https://doi.org/10.1002/2015GL063361
https://doi.org/10.1029/2007JA012406
https://doi.org/10.1002/2013JA019366


Geophysical Research Letters 10.1002/2017GL076460

Phan, T. D., & Paschmann, G. (1996). Low-latitude dayside magnetopause and boundary layer for high magnetic shear: 1. Structure and
motion. Journal of Geophysical Research, 101(A4), 7801–7815.

Phan, T. D., Sonnerup, B. U. O., & Lin, R. P. (2001). Fluid and kinetics signatures of reconnection at the dawn tail magnetopause: Wind
observations. Journal of Geophysical Research, 106, 25,489–25,501.

Price, L., Swisdak, M., Drake, J. F., Cassak, P. A., Dahlin, J. T., & Ergun, R. E. (2016). The effects of turbulence on three-dimensional magnetic
reconnection at the magnetopause. Geophysical Research Letters, 43, 6020–6027. https://doi.org/10.1002/2016GL069578

Pritchett, P. L. (2008). Collisionless magnetic reconnection in an asymmetric current sheet. Journal of Geophysical Research, 113, A06210.
https://doi.org/10.1029/2007JA012930

Rosenqvist, L., Vaivads, A., Retinó, A., Phan, T., Opgenoorth, H. J., Dandouras, I., & Buchert, S. (2008). Modulated reconnection
rate and energy conversion at the magnetopause under IMF conditions. Geophysical Research Letters, 35, L08104.
https://doi.org/10.1029/2007GL032868

Samtaney, R., Loureiro, N. F., Uzdensky, D. A., Schekochihin, A. A., & Cowley, S. C. (2009). Formation of plasmoid chains in magnetic
reconnection. Physical Review Letters, 103, 105004.

Servidio, S., Matthaeus, W. H., Shay, M. A., Cassak, P. A., & Dmitruk, P. (2009). Magnetic reconnection in two-dimensional
magnetohydrodynamic turbulence. Physical Review Letters, 102, 115003.

Shay, M. A., Drake, J. F., Rogers, B. N., & Denton, R. E. (1999). The scaling of collisionless, magnetic reconnection for large systems.
Geophysical Research Letters, 26, 2163–2166.

Sweet, P. A. (1958). The neutral point theory of solar flares. In Electromagnetic phenomena in cosmical physics, Proceedings from IAU
Symposium no. 6 (123 pp.). New York: Cambridge University Press.

Swisdak, M., & Drake, J. F. (2007). Orientation of the reconnection x-line. Geophysical Research Letters, 34, L11106.
https://doi.org/10.1029/2007GL029815

Swisdak, M., Rogers, B. N., Drake, J. F., & Shay, M. A. (2003). Diamagnetic suppression of component magnetic reconnection at the
magnetopause. Journal of Geophysical Research, 108(A5), 1218. https://doi.org/10.1029/2002JA009726

Swisdak, M., Opher, M., Drake, J. F., & Bibi, F. A. (2010). The vector direction of the interstellar magnetic field outside the heliosphere.
The Astrophysical Journal, 710, 1769–1775.

Uzdensity, D. A., Loureiro, N. F., & Schekochinhin, A. A. (2010). Fast magnetic reconnection in the plasmoid-dominated regime.
Physical Review Letters, 105, 235002.

Vaivads, A., Khotyaintsev, Y., André, M., Retinò, A., Buchert, S. C., Rogers, B. N., et al. (2004). Structure of the magnetic reconnection diffusion
region from four-spacecraft observations. Physical Review Letters, 93, 105001.

Wang, S., Kistler, L. M., Mouikis, C. G., & Petrinec, S. M. (2015). Dependence of the dayside magnetopause reconnection rate on local
conditions. Journal of Geophysical Research: Space Physics, 120, 6386–6408. https://doi.org/10.1002/2015JA021524

Yoo, J., Yamada, M., Ji, H., Jara-Almonte, J., Myers, C. E., & Chen, L.-J. (2014). Laboratory study of magnetic reconnection with a density
asymmetry across the current sheet. Physical Review Letters, 113, 95002.

Zhang, B., Brambles, O. J., Wiltberger, M., Lotko, W., Ouellette, J. E., & Lyon, J. G. (2016). How does mass loading impact local versus global
control on dayside reconnection? Geophysical Research Letters, 43, 1837–1844. https://doi.org/10.1002/2016GL068005

Zhdankin, V., Uzdensky, D. A., Perez, J. C., & Boldyrev, S. (2013). Statistical analysis of current sheets in three-dimensional
magnetohydrodynamic turbulence. The Astrophysical Journal, 771, 124.

LIU ET AL. 3318

https://doi.org/10.1002/2016GL069578
https://doi.org/10.1029/2007JA012930
https://doi.org/10.1029/2007GL032868
https://doi.org/10.1029/2007GL029815
https://doi.org/10.1029/2002JA009726
https://doi.org/10.1002/2015JA021524
https://doi.org/10.1002/2016GL068005

	Abstract
	Plain Language Summary
	References


<<
  /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


