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Even though at large scales, one-fluid MHD is a reasonable description, a two-fluid model brings new
physics into play, with the corresponding spatial (and temporal) scales.

For each species s we have (Goldston & Rutherford 1995):

o  Mass conservation L4V (nsﬁ =0
ot
o  Equation of motion dU
mn,
dt
® Momentum exchange rate Rss' =-—mn,, (Us

These moving charges act as sources for electric and magnetic fields:

® Charge density P, = E gn, =0
o Electric current density = c VxBo E gn
J-[: S

In the incompressible limit: -

n =0 V.U.=0

1 -
—qsnS(E+ U xB) Vp +Ve o +ER

~U.)



@ The dimensionless version, for a length scale L, density 72, and Alfven speed v, = B,/ /4mwm.n,

4 .

dU. 1 - - - ~ .
o Y EaoxB) -Byp -0
dt € n en
m dU 1 = - = - N - =
= ———(E+U,xB)- 6 Ly where J=VxB=—(U,-U,)
m, dt € sn €
\_
@ We define the Hall parameter ¢ — ¢
(DpiLO
cv,
as well as the plasma beta B = Do and the electric resistivity nN=— I
W, LoV 4
m.n,v,
@ Adding these two equations yields: dU - = -~ S N o
Pl (VxB)x(B+¢,VxJ)-Vp
7 7 {
where 0 - mU. +m,U,
m; +m, m, c

and p=pi+p m 0k




In the equation for electrons (assuming incompressibility)

m d0. 1 - - . ogo B
e e (E+U,xB)-p.Vp, + 1] J=VxB==(U,-U)
m. dt € € €
. 104 - S
we replace EF=———-V¢ and B=VxA4
c ot
to obtain the following generalized induction equation (Andrés et al. 2014ab, PoP)
a _>| C 7 7 _’! 2 N _>! D 2 2 D 862 =
—B'=Vx|(U-¢eJ)xB'#knV'B |, B'=B-¢;V'B-—w
dt €
Electron inertia is quantified by the dimensionless parameter £, = e € = ¢
m, o, L,

: : 1 : : o
Just as the Hall effect introduces the new spatial scale k, =— (the ion skin depth), electron inertia
€

m.
l
ky,>>k,

introduces the electron skin depth  f = 1 Which satisfies k =
£ ¢ m

€ e



@ If we linearize our equations around an equilibrium characterized by a uniform magnetic field, we obtain the
following dispersion relation:

. e S
W N ke w 1
keB,| 1+elk*\keB,| 1+elk’

EIHMHD

@ Asymptotically, at very large k, we have two branches

W ———w,, cosb

W ——3—w,, cosb
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while for very small k, both branches simply become 0.0 05 \ 1.0 1.5 20 | 25 3.0
Alfven modes, i.e. )

W ——;>kcosH

@ Different approximations, just as one-fluid MHD, Hall-MHD and electron-inertia HMHD can clearly be identified
in this diagram.



For each species s in the incompressible and ideal limit

—

- - O [
mSnS@tUS—USxWS)=anS(E+;USxB)—V(pS+msns

Using that j=i§x§=2qsnsl_js and  F=__9 A-Vo
4t ;

we can readily show that energy is an ideal invariant, where

E=fd3r(2msns U2S2 +§—r21)

We also have a helicity per species which is conserved, where

H, =fd3r (2+Cms US)°(]§’+CmS y )
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The standard theoretical model for two-dimensional stationary

reconnection is the so-called Sweet-Parker model (Parker 1958) §\\ T——— /f
| | N A
It corresponds to a stationary solution of the MHD equations. NS —7
The plasma inflow (from above and below) takes place over a ; / = e AN
. . . . . /e —- -:\\\Q\
wide region of linear size A and is much slower than the Alfven Z’Q-;___. — \\\
speed (i.e. Uin << Va). %/ N

The outflow occurs at a much thinner region (of linear size § << A )
at speed Uout ~ Va .

The efficiency of the reconnection process is measured by the so-called reconnection rate, which is the
magnetic flux reconnected per unit time.

. . . . U _1/2
The dimensionless reconnection rate 1s M=—2=F5

out

Av,
n

where g — is the Lundquist number.

Since for most astrophysical and space plasmas is S >> 1, the reconnection rate is exceedingly low.



@ We perform simulations of the EIHMHD equations in 2.5D geometry to study magnetic reconnection. We

force an external field with a double hyperbolic tangent profile to drive reconnection at two X points
(Andres et al. 2014a, PoP).

@ We also study the turbulent regime of the EIHMHD description, to look for changes at the electron
skin-depth scale (Andres et al. 2014b, PoP).




EIHMHD reconnection
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Reconnected flux in ]?_I[’m

@ The total reconnected flux at the X-point is the magnetic flux through the perpendicular surface that extends from
the O-point to the X-point.

@ We compare the total reconnected flux between

a run that includes electron inertia and another
one that does not.

RECONNECTED FLUX

0.14 p—_ oy 5—0—n ,,.,.,.,nﬁ
: ¥’
0.12} -
! /
0.10-
[ ’
0.08 epse = 0,01 -
[ /
0.06 ]
[ ’ 1 @ The reconnection rate 1s the time derivative of these
e y m two curves.
0.02- s epse = 0.00 - ) .o .
‘ J 1 o The apparent saturation is just a spurious effect
0.00 L e et el A ] stemming from the dynamical destruction of the X-point.
0 p 4 - G 8 10

time



@ For the 2D configuration and assuming incompressibility, we run several simulations
with different values of the Hall parameter, which is the dimensionless ion inertial

length.

@ We compare the corresponding reconnected flux (above) and the reconnection rate

(below) vs. time.

@ The reconnection rate is E; at the X-point. From the equation for electrons, under
stationary conditions
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Kolmogorov spectrum (K41)




@ The solar wind is a stream of plasma released from the upper

nT?/Hz

atmosphere of the Sun, which impacts and affects the planetary
magnetospheres.

Sahraoui et al. 2009 used magnetograms from the Cluster
mission to derive power spectra of magnetic energy.

@ They combine low-cadence data from FGM (parallel and
perpendicular components) with high-cadence from STAFF-SC
(also parallel and perpendicular).

@ At the largest scales, they obtain a K41 power spectrum ( k1-62).
@ As they go to smaller scales, they identify two breakups. An

S intermediate range with a power law k->°°, and an even
0.01 0.10 1.00 10.00 100.00 steeper range at the smallest scales ( k=2).

frequency (Hz)



Turbulence in EIHME

These breakups are a manifestation of physical effects beyond MHD. e . it O S

We performed incompressible 3072x3072 simulations of the full
two-fluid equations. We excited a ring of large-scale Fourier

modes and let the system relax while the turbulent energy cascade e
takes place (Andres et al. 2014b, PoP). & \\
o \\\
The magnetic energy power spectrum shows two breakups at the 12 \‘\
approximate locations of the proton (kp) and electron (ke) scales. N
1 -3 “\
T M | -~ T T \\J
3 I Magmene energy pocta for HHMHD caws wih & 110 ax

mSm ESSO (hlack ) amd my Q015 (gray)
The spectrum is K41 (i.e. k>3 ) at k <<k .

At intermediate scales (kp << k <<k¢)is k73 .

Beyond the electron scale ( ke <<k ) a new range takes place k13 .

e © ¢ ¢

001 0.10 1.00 10.00100.00 All these inertial ranges can be obtained using Kolmogorov-like

frequency (Hz) arguments on the energy transfer rate given by

Fy = k(i) + BB, + (1 — 8)iuBiB, + (1 — 8)8:°00uBy).
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FIG. 2. Magnetic energy spectra for s/, =0.015. Ventxal dashed gray FIG. 3. Magnetic energy spectra for my/my, = 1/1836. Vertical dashed gray
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shown inthe Jower panel. the same format as Figure 2.



— Conclusions

@ One-fluid MHD is a reasonable theoretical framework to describe the large-scale
dynamics of plasmas.

@ Two-fluid MHD introduces new physics (Hall, electron pressure, electron inertia)
and also new spatial scales, such as the proton and electron skin-depths. We
studied the role of these kinetic effects on two relevant phenomena for
astrophysical plasmas: reconnection and turbulence.

@ Reconnection:
We present results from EIHMHD simulations to study dissipation-free magnetic
reconnection. Our results show that it is indeed possible to have fast magnetic
reconnection without energy dissipation (Andres et al. 2014a, PoP). The
reconnection rate scales like the ion inertial scale and is independent from the
electron mass.

@ JTurbulence:
We also performed externally driven EIHMHD to show turbulent regimes. The
magnetic energy spectrum displays breakups at the ion and electron inertial scales
(Andres et al. 2014b, PoP). The spectral slopes are consistent with those arising
from dimensional analysis.



