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I. INTRODUCTION

Magnetic reconnection converts magnetic energy into plasma thermal and flow energy via topo-
logical rearrangements of the magnetic field lines. Energy conversion processes during magnetic
reconnection result in many free energy sources for waves and instabilities near the diffusion re-
gion such as strong gradients of the magnetic field and plasma parameters. Among them, the lower
hybrid drift wave (LHDW) has been widely observed near the diffusion region in both space!™’
and laboratory plasmas®~!. The free energy source of LHDWs is the cross-field current!!. The
large density gradients near the separatrix can particularly be a free energy source by inducing a

perpendicular current via a diamagnetic drift.

LHDWSs have been a candidate for generating anomalous resistivity because it can interact
differently with magnetized electrons and non-magnetized ions, resulting in momentum exchange
between the two species’>!>~1®. For reconnection with a negligible guide field, the fast-growing,
short-wavelength (kp. ~ 1; k is the magnitude of the wave vector k, p is the electron gyroradius),
quasi-electrostatic LHDW (ES-LHDW) is found to be localized at the edge of the current sheet®
due to the stabilization by the high plasma beta (8)!7. On the other hand, the long-wavelength
(k\/Pepi ~ 1; p; is the ion gyroradius), electromagnetic LHDW (EM-LHDW) that propagates
obliquely to the magnetic field exists in the electron diffusion region®. However, extensive efforts
via numerical particle-in-cell (PIC) simulations!>'® show that the electromagnetic LHDW (EM-
LHDW) does not play an important role in fast reconnection and electron energization near the

electron diffusion region during antiparallel reconnection.

Recent observations by the Magnetospheric Multiscale (MMS) mission show that the ES-
LHDW can be generated inside or near the electron diffusion region5‘7, when there is a sizable
guide field. The ES-LHDW can drive electron heating and vortical flows® near the electron diffu-
sion region. Moreover, the ES-LHDW is capable of generating anomalous drag between electrons

and ions’.

Motivated by these observations, Yoo et al. 7 have developed a local, linear theoretical model
that explains dynamics of both ES- and EM-LHDWs in the presence of a guide field. This model
is based on collisionless closures for the electron heat flux with the assumption of a gyrotropic
electron pressure tensor. Results from the model agree with activities of the ES- and EM-LHDWs

inside a current sheet at the magnetopause’.

In laboratory experiments such as the Magnetic Reconnection Experiment (MRX), effects of
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Coulomb collisions on magnetic reconnection and electron heating are not negligible. The classi-
cal Spitzer resistivity'®, for example, can balance the reconnection electric field in the collisional
regime and can even account for 10 — 20 % of that in the collisionless regime'®??. This indicates
that Coulomb collisions may also affect the dynamics of LHDWs in laboratory plasmas.

These collisional effects on LHDW s have not been considered previously, even though LHDWSs
in the reconnection current sheet have been extensively studied via theoretical analyses and numer-
ical simulations' 1142123 This paper provides the first quantitative study of the effects of Coulomb
collisions on LHDWs. Through this model, we can address how the dynamics of LHDWs in
laboratory plasmas are different from those in collisionless plasmas and when collisional effects
become important. To include effects from collisions, we have advanced the previous models’-2*
by using closures of the electron heat flux, heat generated by collisions, and resistivity that can
be used for plasmas with arbitrary collisionality?>?®. For a self-consistent modeling of the heat
flux and energy conservation, we also have allowed a first-order perturbation of the perpendicular
electron temperature (Tef), which was set to be zero in a previous model by Yoo ef al.”. Unlike
previous models, the zeroth-order electron temperature anisotropy is not allowed in the current
model because the available closures were developed under the assumption of isotropic electron
pressure at equilibrium. Except these changes, all other assumptions are the same: we used a
kinetic equation for unmagnetized ions, fluid equations for electrons, and a gyrotropic pressure
tensor for electrons.

This linear model can be used to quantify the effects of LHDW:s on electron heating and recon-
nection dynamics in weakly-collisional plasmas; with measured wave amplitudes and quasi-linear
arguments, wave-associated anomalous terms and heat generated by collisions with ions can be
directly estimated. It should be noted that the wave-associated heating power cannot be estimated
by collisionless models.

In Section II, we explain the theoretical model for LHDWs in a local geometry. Then, in
Section III, we numerically calculate dispersion relations of LHDWSs for two cases. The biggest
difference in the two cases is the value of electron beta, .. For the low-f3. case, which represents
conditions near the electron diffusion region during reconnection with a strong guide field, the
ES-LHDW is unstable. For the high-f3. case, which represents conditions in the same region but
with a negligible guide field, the EM-LHDW has positive growth rates. In both cases, collisional
effects on LHDWSs with typical MRX parameters are not significant (< 20 %). Finally, in Section

IV, we discuss the results and propose future research.
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FIG. 1. Geometry of the local theory for the LHDW dispersion calculation. We are working in the ion rest
frame with the z direction toward the equilibrium magnetic field (By) and the y direction along the density
gradient direction. Due to the force balance, the equilibrium electric field Eg is also along the y direction.
The equilibrium electron flow velocity ueo and wave vector k reside on the x-z plane. The angle between k

and By is given by 0.

II. DERIVATION OF THE DISPERSION RELATION

Figure 1 shows the geometry of our local theoretical model for a lower hybrid drift wave
(LHDW) inside a current sheet. Here the subscript 0 indicates equilibrium quantities. We chose
the ion rest frame, and electrons have velocity (uep) on the x — z plane. The equilibrium mag-
netic field is along the z direction and the density gradient direction is along the y direction. In
this model, there is neither equilibrium temperature gradient nor ion temperature anisotropy. The
equilibrium electron temperature is also assumed to be isotropic, but anisotropy is allowed in the
perturbed electron temperature. The wave vector (k) lies on the x-z plane due to our assumption
of negligible ky. Thus, our theoretical model is local and valid only when the wavelength of the

LHDW is much smaller than the thickness of the current sheet in the y direction®*.

To balance the force associated with the pressure (density) gradient, there is an equilibrium

electric field along the y direction. By using the ion and electron force balance equations, the

4



Collisional effects on lower hybrid drift waves

equilibrium electric field Ey can be expressed in terms of other plasma parameters. From the ion

force balance along the y direction, we have

dn()
enoEo = Tio— = = €noTio, (1)

y
where ny is the equilibrium density, Tjy is the equilibrium ion temperature, and € = (dng/dy) /ng
is the inverse of the density gradient scale. From the y component of the electron momentum

equation, we have
dn()

Od_y,

where ueq, is the x component of the equilibrium electron flow velocity and Ty is the equilibrium

)

—eng(Eo — ueoxBo) = T¢

electron temperature. Then, the equilibrium electric field is

Tio
Ey = —————ue0xBo. 3
0= T T, e0Bo 3)
The inverse of the gradient scale is given by
B
_ €Ue0xDO . 4)
Teo + Tio

Note that Eqns. 3 and 4 are the same as those in the collisionless model in Yoo et al. 7 because
the resistivity term is zero along the y direction.

All perturbed quantities have a normal mode decomposition proportional to expli(k - x — ®7)]
with the wave vector k = (k L,O,kH). Here, the subscript 1 indicates perturbed quantities. For the

dispersion relation, Maxwell’s equations without the displacement current term are used:
kx (kxE;)=—iouyl;. 5)

The displacement current term is ignored because the phase velocity of the wave is much smaller
than the speed of light.
Assuming the equilibrium ion distribution function to be locally Maxwellian, the perturbed ion

current density (J;j;) is given by24

. 2 11 i
inpe Z'E1-K) s /€Ny o
q=— Z(OE + 2 Yk (—)ZEk, 6
Ji mikvg (C)E1+— 2k by ©

where m; is the ion mass, vy = /2Tjo/m; is the ion thermal speed, { = ®/kvy, and Z({) is the
plasma dispersion function. This is from a perturbed Vlasov equation for unmagnetized ions. This

means that any dynamics slower than the ion cyclotron frequency have been ignored, including

5



Collisional effects on lower hybrid drift waves

collisional effects on ion dynamics. In our regime of interest, the ion collision frequency is smaller

than the ion cyclotron frequency. The perturbed ion temperature can be also obtained, which is

T, = % [El & <2z’+ ZT/H) iEy, (%) (z’ + ZTH/)} . %)

The perturbed electron current density J¢; is obtained from fluid equations. This is different

from the classical formulation of LHDWs, where the kinetic (Vlasov) equation is used for electron

dynamics!7?7-?8. Since electrons are magnetized, a gyrotropic electron pressure tensor is assumed.

In this case, the 3+ 1 fluid model (n, u, p”, and pt; pH and p' are the parallel and perpendicular

pressure, respectively) is appropriate?. In this fluid model, off-diagonal terms of the electron
pressure tensor are ignored.

The first order electron momentum equation is given by
imeng (0 — k- uep) uey = ik -Pey +eng(E1 +uer X Bo+ueo X By1) +e(Eo+ueo X Bo)e1 —Rer, (8)

where Py is the perturbed electron pressure tensor and R is the perturbed resistivity. The per-

turbed electron density n.; is given by the electron continuity equation, which is
((D—k‘ue())ne] = (k«uel —i8uely)n0. (9)

To close the momentum equation, we need closures for P.; and R.;. For P.;, we only need

closures for peﬁ and p_,, since we assume a gyrotropic pressure tensor as mentioned earlier. To

el’
obtain peﬁ and p!l, we start from the following kinetic equation:
dfe e dfe
- Vfe——(E B) - —=C 10
81 +v fe me( +vX ) av (f€)7 ( )

where fe is the electron distribution function and C(f.) is the collision operator. First, multiplying

the kinetic equation with m (v, — ue;)? and integrating over the velocity space yields

dpe I |, 50Uz || _ ||
It +V'(uepe)+v'qe+2 oz Pe = Cg¢, (11)
where
pl =me / (Ve — ttez)fodlv, (12)
qll =m, / (V= o) (v, — tte,) 2 fod¥, (13)
cl = [ c(fome(v—ucPav. (14)
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Similarly, multiplying the kinetic equation with me[(vy — ttex)? + (vy — ttey)?]/2 and integrating

over the velocity space yields

dpe

5otV (Uep)+V-qs + (a;;" + 85;y) =C4, (15)
where
/ S0 ) (v ey ] fody, (16)
L =m, / S0 =t 4 (3 = ey (v — W) fedv, (17)
G = [ SO0 e+ (v~ ). (18)

Linearizing Eqn. 11 yields
—iwpl,'l + EuerynoTeo +i(k - llo)Pgl +i(k-wer)noTeo + k- qﬂl + 2ikjue1zn0Te0 = Cgl- (19)
By using p!l =ne1 Teo + noTeH1 and Eqn. 9, Eqn. 19 can be written as
i(® —K-uo)noT) = ik-ql, +2ikjue1noTeo — Cl). (20)
Similarly, linearizing Eqn. 15 yields

i(0—Kk-ug)noTy = ik-q + ik | uernoTeo — C. 21)

We now need fluid closures for qgl, qel, Cl'l, and C;; L First, the 3+ 1 fluid model gives us’

Z T: R
qQ=—"x ( Wi+ T.vpl - Cval - Te'vpj) +qlz, (22)
where @ce = eBy/me, T e“ = 2(pe I_ ps)/3 and TH = pe / ne. After linearization, the x component
of q!l is
210
q.!lx = 3(7~0—:_T0)n0”60x(Tel - T;) = ”tenOueOX(Tenl - Tejl_% (23)
c 1

where re = 2Te0/3(Teo + Tio). For q2, we derive a closure in Appendix A, which can be written

as

1 Z 5 H 17 n 2 I 4 n I 8 I 2 N i IR
de = Me e X |:< 6 gpe VTe_ §Te +§Te Vpe+ 672: —§Te Vpe "“IezZ,
(24)
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After linearization, the x component of qeﬁ is

1 2’1130

B I 1y I 1
Geix = _mnoueox(Tel —Tg ) - —rtenOMer(Tel —Tq ) (25)

€

For g, and qell .» we employ a closure for plasmas with arbitrary collisionality, which can be
written as>
I [
de1; = Shel +0 el” (26)
I [
Geiz = 5he1 - 5661, (27)
where
1o 7 5 - 5
hﬂl = —ElkuKhhnovtem - lkHKhGVtenfl:'l + KnrnoToo (tter1; — uirz) + lKhtheﬁyl, (28)
ol = _lk||Kh0'n0Vte o1 — ik Koovier 7+ RornoTuo (tter; — uir) + iKasvieT)) (29)

Here T} = Te1 + 27r!:|1 /5n0, vie = \/2Teo/me is the electron thermal speed, and l_cH = kHQLC is the
normalized parallel wave number. The electron collision length is defined as A, = e Tee, and the

electron-electron collision time 7. is given by

n() 64 ll’l Aee

3 (30)

Tee —

where In A¢e is the Coulomb logarithm for electron-electron collisions and €&y is the permittivity
of free space. In Eqns. 28 and 29, K4 represents a kernel function that is obtained from a 6400

moment solution?. The kernel function K45 has the following form:

ak®

o H
K — =, €29

where values of coefficients such as a, &, and § in Eqn. 31 are given in Table 1 in Ji and Joseph?>.
For a negative k|, Kap(k) = Kap(—k|) if & = 0 or oc = 2. When o = 1, Kap(k|) = —Kap(—kj).
These closures are consistent with those of Hammett and Perkins2? in the collisionless limit, and
they become consistent with those of Braginskii? in the collisional limit.

The heat generated by the collision terms Cy, | and C <1 also needs a closure, and can be written

as

2
Cor = 5Qe1 541, (32)

Gl =200~ 38k (33)
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where Q. is the heat generated by collisions and S‘! is related to the temperature anisotropy”. The

closure for S ”1 is given by

_ noTy 2.05 — Ky
S!l = _k||KhS_T1 -|- H Kosﬂle +i= KRS ¢ (uelz — uilz) — —ﬂl‘l. (34)
3 VteTee Tee
The heat generated by collisions can be written as®
Meh
Q=3 . e(Ti_Te)_uei‘Rea (35)
m; Tej

where T is the electron-ion collision time and ue; = u. — u; is the relative flow velocity between

electrons and ions. Assuming the ion charge status Z; is unity, T is

3/2
o 6\/§7t3/2e‘§,/meTeO/
Tei = VTl (36)
noe* In Agi
where InA¢; is the Coulomb logarithm for electron-ion collisions. Linearizing Q. yields

MeNe] nmeng
Qc1 = 3———(Tio — Teo) +3—— (Ti1 — Te1) — Ueo - Rep — Weii - Reo. (37)

m; Tej m; Tej

We also need an expression for the resistivity. Since there is no temperature gradient in the

equilibrium quantities, the zeroth order resistivity Re can be written as®
Reo = — ol 7002 — o 700 %. (38)
ei ei
For Z; = 1, the two coefficients are2°
al = 0.504, (39)
1.46r+1.06
at=1-— It (40)

4 )
—0.081r3 +2.97r+2.13
where r = W Tee. There are additional terms in R since temperature gradients exist in the first

order. The parallel (z) component of Re is?
kK 3 ki K _ 2K,
| RITAR « O R|BoR | noite RS ||
Rl = i s 2 % 2 (- Rrp) iy, + i (41)
el Vie Tee el 4 VieTee el ( ) ee e VteTee
Eqn. 41 can be written as
R!] = lk”n()’}/” TH ik”n()}(ciZTeJl‘ — (men()/fee)(l _KRR)ueilza (42)
where B
1 4KRgs
T = KhR + 5Kor - 3—kR| 43)
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_ 1. 4K
L RS
= SRog — ~Kor + 58 44
Yez = 5Kir = 5Kor + T (44)
The x component of R js26
Ry = —aL—me’TLO Ueitx — O meuf:oxnel — ik BT, (45)
€1 €1
where B+ for Z; = 1 is given by?°
6.33r+2.47
T rt (46)

S 427505 43,9924 53173 +8.23r+3.52
Finally, the y component of Re; is given by R}| = &* menouciiy/Tei. Here the coefficient a* for

Z =1is%0
« r(2.53r40.81)

S 425455 46,142+ 73505 +11.22r +4.09
With these closures, the first-order momentum equation (Eqn. 8) can be used to obtain the

o

(47)

perturbed electron current density J.;. Then, the Maxwell equation (Eqn. 5) can be written as

Dxx ny sz Elx
Dyy Dy, Dy, | | E1y | =0. (43)
sz Dzy Dzz Elz

The detailed derivation of each component of tensor D can be found in Appendix B.

III. COLLISIONAL EFFECTS ON THE DISPERSION

Dispersion relations for the lower hybrid drift waves are obtained from |D| = 0, where |D| is the
determinant of the tensor D; from this equation, the normalized angular frequency € is computed
numerically for the given k and 6. Required input parameters are By, ng, Tco, Tio, Ue0z, and Ueqy.
In addition, the ion mass has to be specified.

Compared to the previous collisionless model in Yoo et al.”, there are two significant changes
in the current model: the inclusion of the first-order perturbation of the perpendicular electron
temperature (Tej) and the use of collisional closures. To understand the effects of each change,
we obtain dispersion relations from four different models — (i) the collisionless model in Ref.

Yoo et al.”, (i) a model with collisional closures but without 7.+

o1» (ii1) the current model in the

collisionless limit T.e — o, and (iv) the current model.
First, we obtain dispersion relations with typical plasma and field parameters near the electron

diffusion region of the Magnetic Reconnection Experiment (MRX) during reconnection with a
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guide field; By = 180 Gauss, ng = 2 x 10'* cm ™3, Tyo = Tip = 10 eV, ucp, = —130 km/s, and
ue0x = 50 km/s. Here the ion species is singly-ionized helium. Justified by previous measurements
in MRX!93! we assume that Z; = 1. With these parameters, TeeWee = 157, Be is 0.25 and Vjy is 44
km/s. Note that uco, exceeds Va, which is a necessary condition for LHDWs to have large growth
rates.

Figure 2 shows dispersion relations from the four models. Left (right) panels are contour plots
of the real (imaginary) part of the angular frequency as a function of kp, and 8. Here pe = vie / 0ce
is the electron gyroradius. From now on, @ represents the real part of the angular frequency and
Y represents the imaginary part. Both @ and 7y are normalized to the (angular) lower hybrid fre-
quency, @ g. All four models are qualitatively similar, showing strong growth rates (v < 0.6 1)
for the quasi-electrostatic lower hybrid drift wave (ES-LHDW). The ES-LHDW propagates al-
most perpendicular to By (6 ~ 90°) with @ < @py. The peak growth rate occurs at kpe ~ 0.7 and
0 ~ 91°. Here kp. ~ 0.7 corresponds to A ~ 0.6 cm. These similarities among the four mod-
els indicate that the effects of Coulomb collisions on the ES-LHDW are limited for typical MRX
parameters. Moreover, inclusion of Tef also has a limited impact on the dispersion.

For better comparison between the four models, the dispersion relation and growth rate of the
ES-LHDW are presented in Fig. 3 for 8 = 91°. It is worth noting that including Coulomb colli-
sions decreases the growth rate . This is understandable since collisions decrease the reaction of
electrons to the external perturbation, such that they reduce the positive feedback from the plasma.
The change in ® is not straightforward but is related to frequency shift due to additional terms of
ue1x and ue1,. For example, the parallel force balance equation Eqn. B.48 has the resistivity R!l,
which adds additional terms in @, in Eqn. B.50. These additional terms can cause a shift in @
(note that o, has a dependency on @ via ).

It is interesting to see that including Ti in the electron dynamics decreases both @ and y
of the ES-LHDW. Interpreting this trend is complicated, because th impacts both the x and z
components of the electron momentum equation. For the x component, the first term (ik lnoTj)
on the right side of Eqn. B.55, which is the perturbed perpendicular electron pressure gradient
term, directly contains Tj For the parallel momentum balance of Eqn. B.48, Tef affects Teﬂl via
qgl . 1in Eqn. 23. The parallel resistivity (Eqn. 42) also has a term with T; (—ik”noyeé Tfj)

The dispersion relation is calculated after setting yéz = 0 to remove contributions from th in
the z component of the electron force balance equation. As shown in Fig. 4, this change (green

line) decreases @ and increases 7y, compared to the reference case with Tfj (red line). Changes in
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FIG. 2. Dispersion relation of the LHDW with typical MRX parameters near the electron diffusion region
with a high guide field. Left (right) panels show the real (imaginary) part of the angular frequency as a
function of k and 0. (a) Collisionles model without T; (b) Collisional model without Tej (c) Model with
T.; in the collisionless limit (Tee — o). (d) Collisional model with 7.1 (the most complete model). Results
from the four models qualitatively agree with each other; the quasi-electrostatic LHDW that propagates
almost perpendicular to By is unstable. The maximum growth rate appears around kp. ~ 0.7 and 0 ~
91°. The growth rate of the mode decreases with collisional effects (b,d), compared to the corresponding

collisionless cases (a,c).
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FIG. 3. 1D dispersion relation of the ES-LHDW for 8 = 91°. (a) ®/m_y as a function of kp.. Including
collisional effects (solid lines) increases the real frequency, while models with 77 (red lines) have lower
®. (b) v/ oLy as a function of kp.. Collisional effects (solid lines) decrease 7y, compared to results from the

corresponding collisionless cases (dashed lines).
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FIG. 4. 1D dispersion relation of the ES-LHDW for 6 = 91°. (a) ®/wpy as a function of kp. for four
cases with collisional effects. The blue (red) line indicates the reference case without (with) Ti If Tj is
removed from the x component of the electron momentum equation (cyan line), @ becomes significantly
larger. Removing the contribution from Tef in the z component of the electron momentum equation (green
line), on the other hand, reduces ®. (b) ¥/ as a function of kp. for four cases with collisional effects.

Effects of Tj on Y are not important, as all four cases show similar values.
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® and v are not significant.

The change in @ with Ti is caused by the ik Ln(ﬂ& term in the x component of the electron
momentum equation. As shown in Fig. 4 (a), without the term (magenta line), ® increases sig-
nificantly compared to the reference case with 7& (red line). Removing the ik Ln(ﬂ:j term also
increases Y for most values of k. Again, these changes are caused by the frequency shift due to the
additional term with u.1,; from Eqns. B.55 and B.35, the inertial term effectively changes from
imeng(® — K -Ueg)Ue1y t0 imeng(® —K-Ueg — 0.5¢5k | vie )tte1x-

We have repeated the dispersion calculation for the electromagnetic, long-wavelength LHDW
(EM-LHDW) that propagates obliquely to Byg. The plasma and field parameters used for cal-
culations are By = 30 Gauss, ng = 2 x 10" cm™3, T,o = Tip = 10 eV, uep. = —50 km/s, and
ueox = 130 km/s. Again, the ion species is singly-ionized helium and Z; = 1. With these parame-
ters, Tee@Wee = 26.2, Be is 8.9 and V) is 7.3 km/s. These parameters represent typical MRX values
near the electron diffusion region during reconnection with a negligible guide field.

As shown in Fig. 5, dispersion relations from the four models again qualitatively agree with
each other; these models expect positive growth rates for the EM-LHDW. Models without T(j have
the maximum growth rate around kp. ~ 0.6 and 6 ~ 55°, while those with Te# have the maximum
growth rate around kp. ~ 0.5 and 6 ~ 50°. The wavelength with the largest growth rate is about
4 cm. In is interesting to see that all models expect that the mode has frequency significantly less
than @y in the ion rest frame. This agrees with measurements in MRX and numerical simulations
that show that most of the power of the EM-LHDW exists below o 1.

For comparison between the four models, @ and 7 as a function of k for 6 = 55° are presented
in Fig. 6. Similar to the ES-LHDW case, collisional effects decrease y regardless of the existence
of Tj in the model. This is consistent with the aforementioned explanation; collisions decrease
the reaction of electrons to the external perturbation, thereby decreasing the positive feedback. For
the EM-LHDW, collisions generally decrease w especially when 7& is not included in the model

(blue lines). Including Tfj further decreases both @ and 7 for this mode (red lines).

IV. SUMMARY AND DISCUSSION

In summary, we have developed a local, linear model of LHDWs that includes effects of
Coulomb collisions and Y:j This model works best for plasmas with weak collisionality. Without

collisions, some assumptions for the 3+1 model may not be valid, as the zeroth-order distribution
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FIG. 5. Dispersion relation of the LHDW with typical MRX parameters near the electron diffusion region
with a negligible guide field. Left (right) panels show the real (imaginary) part of the angular frequency as a
function of k and 6. (a) Collisionless model without Tef (b) Collisional model without T; (c) Model with
Ti in the collisionless limit (Tee — o). (d) Collisional model with Tej (the most complete model). Again,
results from the four models qualitatively agree with each other; the electromagnetic LHDW that propagates
obliquely to By is unstable. The maximum growth rate appears around kp. ~ 0.5 and 6 ~ 50°. The growth

rate of the mode decreases with collisional effects (b,d), compared to the corresponding collisionless cases

(a,c).
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FIG. 6. 1D dispersion relation of the EM-LHDW for 6 = 55°. (a) ®/m_y as a function of kp.. Models
with T; (red lines) have lower @. The impact of Coulomb collisions on @ is negligible. (b)y/my as a
function of kp.. Collisional effects (solid lines) decreases ¥, compared to results from the corresponding

collisionless cases (dashed lines).

function is not close to a Maxwellian. In addition, in the collisionless plasma, agyrotropy can be
developed, while a gyrotropic electron pressure tensor is assumed in this model. For collisional
plasmas, we need to consider the zeroth-order electric field along the x and z directions; for the
zeroth-order electron force balance, additional components of E( are needed to balance the zeroth-
order resistivity Req. If there are too many collisions, we need additional first-order terms (eEq,7e1
and eEgn.1) in the x and z components of the electron momentum equation (Eqn. 8). From
Eqn. 38, required equilibrium electric field components are given by Ey, = —Oc”BoueoZ / @ceTei and

Eox = — 0 Botteoy / e Tei. From Eqn. 3, Eg,/Ey is given by

Ep  a'Ty 1 1 49)
EO TeO + TiO Dce Tei Dce Tee ’

because o, ~ Too/(Teo + Tio) ~ 1 and T ~ Tee for Z; = 1. This means that Ey, is negligible
compared to Ey, as long as electrons are fully magnetized (@ceTee > 1), which is one of the basic
assumptions of this model. From a similar argument, E, is also negligible unless |ueo,| => |te0x|-
For the two cases presented here, effects of both Ey, and Ey, are expected to be minimal since
|ueoz| ~ |Ueox| and OceTee > 1.

To verify this argument, we have calculated dispersion relations of LHDWs after including two

additional terms (eEq,ne; and eEq,ne1) and have found that impacts from these terms are actually
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negligible. The basic reason for not including additional components of E in the current model
is that including E¢, may require an additional electron flow component along the y direction,
since there will be a corresponding E x B drift of electrons, while ions are unmagnetized. This
means that collisions may impact the dynamics of LHDWs by changing the equilibrium itself. A
future work will address this effect in a self-consistent manner. As the main purpose of the current
study is to study collisional effects on LHDWs, we minimize other changes for simplicity. The
parallel component of the equilibrium electric field Ey,, on the other hand, can be easily added
in the model without creating complexity. Moreover, Ey, in the electron diffusion region during
reconnection with a strong guide field may significantly exceed the value required to balance the
classical resistivity>. In the future, we will study possible impacts of Ey, on LHDWSs with values
measured in MRX during guide field reconnection.

With this model, we have calculated two sets of LHDW dispersion relations for typical MRX
parameters. The first case uses parameters from the electron diffusion region during reconnection
with a significant guide field, while the second one uses those with a negligible guide field. Due
to the presence of the guide field, the first case has a low electron beta (8. = 0.25), such that
the ES-LHDW is unstable in that region. For the second case (8. = 8.9), on the other hand, the
ES-LHDW is stabilized by the high beta effect!” and the EM-LHDW is unstable instead.

It will be interesting to study the critical value of f3, that determines whether the ES- or EM-
LHDW is unstable. Initial studies show that the critical value is determined by the value of
Ueox/Va; for a relatively low (~ 1) value of ueoy/Va like the first case, e also has to be low
(< 0.5) to have the ES-LHDW unstable. For a high value (> 10) of ueo,/Va, on the other hand,
the ES-LHDW exists at the higher . ~ 1. We plan to conduct a statistical study with data from
MMS and/or MRX, which will be compared to results from the current theoretical model.

Based on the two cases we have studied, collisional effects on LHDWs in typical MRX current
sheets are limited. In both cases, including Coulomb collisions in the model decreases the growth
rate. However, the difference in 7 is relatively small (< 20 %). This is because the wavelengths of
LHDWs (0.5-5 cm) are smaller than the mean free path of electrons (~ 10 cm) and electrons are
fully magnetized (WceTee > 1) for these parameters.

To further investigate how collisions may impact on the dispersion relation, we have artificially
varied Tee and 7;. For the ES-LHDW, artificially high collisions significantly affect the dispersion
relation and the growth rate, as shown in Fig. 7 (a) and (b). When the collisions are enhanced by

a factor of 5 (red dashed line), the real frequency becomes larger for kp. > 0.2 than the reference
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FIG. 7. 1D dispersion relations with various collisionalities for the two cases. (a) ®/@py as a function of
kp. for the ES-LHDW case. When 7. is artificially decreased to 0.27.. (red dashed line), which means
that collisions are enhanced by a factor of 5, there is a significant increase in @ when kp. > 0.4. The same
change is also applied to the other collision time, 7.;. The blue line indicates the reference value without any
change in the collision time. (b)y/@py as a function of kp. for the ES-LHDW case. When collisions are
enhanced (red solid and dashed lines), there are noticeable changes in y. (c)®/@py as a function of kp, for
the EM-LHDW case. When collisions are enhanced, there are large changes in the dispersion. (d)y/@py as
a function of kp, for the EM-LHDW case. When collisions are enhanced (red solid and dashed lines), the

growth rate with smaller kp. decreases notably.

value (blue solid line). There is also significant decrease in the growth rate for kp. > 0.7. Changes
in less collisional cases, on the other hand, (green solid and dashed lines) are minimal. With the

reduced collision time (Tee — 0.27cc), the mean free path (7Te.vie) becomes about 2 cm, which
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corresponds to kp. ~ 0.2. This supports the insertion that collisions have large impacts on modes
with a wavelength comparable to the mean free path (A ~ 27 TeeVie).

For the case of the EM-LHDW, effects from collisions become significant when collisions are
enhanced by a factor of 5 or more (Tee — 0.27c. and T; — 0.27.;). As denoted by the red line in
Fig. 7 (c), the overall shape of the dispersion relation changes noticeably, when 7. is reduced to
0.27... The mean free path with 0.27, is about 2 cm (the same electron temperature and density
as the first case), and the change starts around 0.2kp.. When 7. reduces even further to 0.17¢
(red dashed line), the deviation from the reference line starts around 0.1kp.. For both cases, there
are also significant reductions in ¥, as shown in Fig. 7 (d) especially for kp, < 0.7.

This means that parameters for the two cases studied here are actually in the weakly collisional
regime and that the dynamics of LHDWs are susceptible to collisional effects only when collisions
are strong. For example, if the base electron temperature for both cases is 3 eV, the dispersion
relation from this collisional model will be vastly different from that of the collisionless model.

Including Te% in the model has limited impacts on the dispersion; it generally decreases the
frequency and growth rate of LHDWs, but changes in @ and 7y are less than 20 % for both cases.
These changes mostly come from the additional pressure gradient term (ik LnoTi) in the elec-
tron momentum equation along the x direction. This limited impact is related to the existence of
Lorentz force terms along the perpendicular direction’; because of these terms, the electron force
balance is less sensitive to the pressure gradient term along the perpendicular direction.

It should be noted that the current theoretical model ignores the global structure of the current
sheet by assuming that there is no wave propagation along the density gradient direction (y di-
rection in Fig. 1). To address the effects from the global current sheet structure, an eigenmode

2133 or numerical simulations?223

analysis will have to be carried out, which will be one of our
future works. In MRX, where the current sheet is actually broader (~ 10d.; d. is electron skin
depth), this local approximation is generally valid, as the length scale along the y direction is
larger than the wavelength of LHDWs.

This model assumes that there is no equilibrium temperature gradient across the current sheet.
In MRX, electrons are locally heated in the current sheet?934, However, inside the current sheet
the temperature gradient is rather small, compared to that of density. Therefore, effects of the
temperature gradient are expected to be negligible?*.

This study will provide a theoretical framework for quantifying anomalous terms and heat-

ing associated with LHDWs in MRX. With the solved dispersion relation, we can express every
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fluctuating quantity in terms of a measurable quantity. For example, the first-order density pertur-
bation (Eqn. B.81) can be expressed in terms of the fluctuation in the reconnection electric field
(0Eyec) that can be measured with a probe&35. Then, the wave-associated anomalous drag term

—(6neOE ) /(n ¢)3¢ can be estimated by measuring S E... Here the assumption is that the
linear relation holds, such that we can use ne; ~ 6ne. Furthermore, this model can provide direct
estimates of wave-associated heating in Eqn. 35 via the same quasi-linear argument. This estimate
cannot be done with other collisionless models. In the future, we will establish quasi-linear calcu-
lations and conduct measurements of LHDWs in MRX to find out how LHDW s affect the electron

and reconnection dynamics.

Appendix A: Derivation of the heat flux closure

From the kinetic equation in the (¢,r,w = v — V) coordinates (V is the fluid velocity),

d 0 8
Yo vV L v )t (Af) + B L), A
dt ow
where
d d
—=—4V:.V A2
dt 0t + ’ (A.2)
1 av
A =—F, VxB)|——. A3
~[F. 4 q(V X B) - 2 (A3)
For the pH fluid equation, we need to obtain the closure
| — d3 2 _ s l A4
q' = vmeWf—qHZ—i—ql, (A4)
3.1 5 A
q=h= dvimw wf=hZ+h,, (A.5)
where
qn / a’ Vmwuf = hu O (A.6)
1
qH = /d VEmWJ_WHf = th — EG” (A.7)
have been obtained in Ji and Joseph > and the q[ has been obtained in Yoo et al.”. Now we obtain
1
= / d3v§mwiw f=aq2+ar. (A.8)
Note that ¢ can be obtained from
hL—qL—/d3v mwwa—— ”+ql. (A.9)
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We adopt the closure (transport) ordering d/dt ~ 0 and the linear response theory, linear in ther-
modynamic drives i.e. VT, Vp|and Vp, .
We take the moments | d3v%mw2w of the kinetic equation:

1 d d
/ d? vimwzwd—{ = Eq : ignored by the closure ordering,

1 d
/ a’3v§mwzw(w -VV).- v f :ignored by the linearization,
w

1 1
/d3v§mw2WV- (wf)=V- (/d3v§mw2wwf).
We should decompose wwww into orthogonal polynomials (see Ji and Held3”) for the consistent

truncation in the expansion of a distribution function.

c=y__ ¥ (A.10)

vr /2T /m’

In terms of orthogonal basis

1 1

2 2 2 4
cc = cc )+ =c7l
c c ( 3¢ ) 3¢

— 2_ 1 _ 22 — _ 22 g
(C 2) <CC 3C |) —|—2 (CC 3C |) +3C |

7 2 (1 5 15 2/(5 15
ol 2 (e 2o )12 (2 5,

2 3\2 2 8 3\2 8
7 2 5 3 5 5
21 20 02 2
= pl+—p 0+ Zp? 4 | = S IT—
P 2P 3P [3 (C 2) 2 4]
7 2 5 5
21 20 02 01
— “pP 0 SR (0 ) A.ll
P +2p 3P ( 3P 4), ( )

1 1 7 5 5
/dvimwzwwf — Emv‘} [§p20+ (—gpm + 4_1) I}
71 1 5
Vi 4+ —mvy =nl

~22 2Ty
7T +5T |
= ——T7 —_——
2m 2
7T T
T T (A.12)
2m m

Hereafter — will be used to drop b terms which will be nullified by the bx operation:
3 5 1 1
V.= Eb H7L'H — §V7L'H — —§V7L'H. (A.13)
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For the % -(Af) term

1 dv 1
A:%[F*—i—q(VxB)]—Z:—(Vp—i—V'ﬂ'). (A.14)

mn

/dv mw? w— (Af) = /dva 7 Ew 2w f

= —/dvm(A-ww-l—%w Af

3
= —p-A—2pA

5
:—A'ﬂ'—EpA. (A.15)

All together V - (wf) + % -(Af)

7T 5T 1 5 1
N=v.-\-—mw+-—pl|——(Vp+V-7t)- 71— ~-p—(Vp+V-
a (2m7r+2mp> mn( pV.m)-m 2pmn( p+V-m)

7 5 1 5 1
=5 (VT m+IV-my) + o (pVT +TVp) = — (Vp+V-m) -7 = o p—(Vp,+ V. m,)

7 1 5 1
:2—VT T+ — TV 7'r+2—pVT——(Vp—|—V )T (A.16)
m

/d%%mwzw% (wxBf) = —%m/aﬁv(w xBf)- ai (w?w)

:_%m/d%(waf (2ww+w )

1
=—§m/d3vwzw><Bf
= —h xB. (A.17)
q 31 5 0 _ A
= | &v=mw W= (WxBf)=—-QhxZ. (A.18)
m 2 ow

The final equation becomes up to &(Q0)
(terms dropped by closure ordering) + all + (terms o< b) — Qh x 2 = (collision terms o< b)

1
hy = g¢xall

1 5 1 5 1
h =—bx |—VT - w+— TV w+—pVT ——(V-m) -m|. (A.19)
m 2m 2m mn

Since we are interested in q | up to &(Q 1), we consider only the CGL viscosity which is &'(Q°)

3 1
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3 1
V.= Eba”ﬂ?” — EVTCH

1
= —EVJIH + b terms,

and
3 1 3 1
(V . 71') T = (§b8|7r — EVE) . Q”H(bb — §|)
1
= —7'CHV7IH + b terms,
4
7 1 5 1
all = —VT~7T—|——TV-7T—|——pVT——(Vp—l—V~7r) - Tr
2m m 2m mn
7 T 5 || 1
77,'HVT — —V?'L'” + —pVT + — m Vp — —77:HV7'L'|| + b terms,
7 T 5 ) 1
q. = Eb X (—ZmVT — EVTEH + EPVT + EVp— Eﬂ:”Vﬂ) ,
1 [
q, =q.1 — 2qL,
where’
A = Lo (pvr vy Tvm Py,
L mQ 2 I n
Finally,

q" =g i+ar.

One can rewrite equations in terms of pll and p* using
2 1
M| = g(p” -p),

p= ( Iy opt )znT.

1
3
Appendix B: Derivation of tensor D

elz

In terms of T|| and Tl q.,.and Clele (Egns. 26 and 27) can be expressed as

_ l
Ge1; = —ch”novteT —ic

lnovter + CqunoTeoUeil

Lo =l [ 1, =L
Qe1, = —icynoviely) —icy  novieTey + €y noTeotteilz,
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where 6 dimensionless parameters are defined as
g 95 5 8- 2. 4 _ 2
Cqll = gkuKhh - ngthr + §k||Kco ~ 5Kns — 3 Kos:
|l 6 - _ 4 - _ 2. 4 _ 2
Col = gkuKhh + Banhc - ngKGO' +5Kns + 3 Kos,

6 _ _
Egu = gKhR + Kor,

o D B+ K R — ki Ry — - Ryg+ K
Cqll = 35 KI18m T 15K Rhe — 3K Roo = 15 Kis T 3 Res,
2 - 8- _ 1- _ 4 _ 1_
-1
CqL = EkHKhh + Ek“KhG + ngKoo + 15Kns — 3Kos,
L2 1.
Cqu = gKhR — EK(;R.

Here uei1, = ue1; — Uiy, is the the first-order relative flow velocity along the z direction.

With Eqns. 7, 9, 37, 38, 42, and 45, Q.1 can be written as

Tei

_ alltee \ nomeuc Co|ho Co1no
Qel = (1 — Kgr + ee) o Zueilz+ Q?L'H TCHI + QT ];%—FAQ,

ce ce (5]
where B )
oo MeTe ikjueoz [ 3Kyr L Kor _ 4Kgs) ik B uteox
Ql m; Tej Vte 5 2 3k I e
Eal = — 2me Tee 1 il_€||u601 2KhR _ KGR 4KRS 2il_€LﬁLu60x
oL m; Tej Vte 5 2 3/_€H 3vte
3me(Tio — T, ot meu? 3 20+ .
AQ _ me( i eO) 4 ey Mo + me”OTil + Men(.UeQx HoiL
m; Tej Tei m; Tej Tei

With Eqns. 32, 33, 34, and B.9, C!l and CeL1 can be written as

I 1L
| noTg E” nolg EH noTeotteil; 2

cl =¢ +ZA
el cl Tee L Tee Cu TeeVte 3 o
T nOTeHl _L nOTle _1 noTeoueir; 2
Ce1 = Cg +ecy +eou———— T340
Tee Tee TeeVte 3

where 6 dimensionless parameters are given by

2. A 2. 2(2.05—Kss)
Cc) = 30+ 5K Kns + 3k Kos = ———=—,
| 2 8 - 2 2(2.05 — Kss)

Coy = gEQi—i—EkﬂKhs_ §k|‘K0-5—|— 3 ,
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4 _ alz u 8i -
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=L _ <.  ~ 2 <. V)™ ASS
c| = 3¢l 5kI\KhS 3kHK<fSJr 3
2 4 - _ - _ 2.05 K.
-1 - SS
Cr = =Col — —k\Kps +-kjKgs — ————
c1 = 3%L — T5hIKns + 3K Kos 3 ;
4 _ allz, U 4i _
1 ee ez
C = 1 —-K, + — —KR .
With these closures, Eqns. 20 and 21 can be written as
. - _ N Uelz Uelx _ .. MNel
”'O‘eTeul = HTeH1 +c H Tj+é L —CnToi +AH
te Vie
- Uel 7 - Uel - Nel
iroe Tt = CF T + LT + 6 Too o + (i s — ) Teo o — cheoi +A¢
Vie Vie
where
O = (0 —K-uep)/ e,
” = kHC” C‘(‘/‘J_ irtek | TeelleOx,
cH lkHC |u — cH —|—21kH,
- 8ot TeelleOx
Cux — — -
3Teivee
s 2MeTee (TiO 1) 4ot Tee”eox
L=~ (2D 7 eCTelx
miTei \ Teo 3Tive.
L .
CH = kch” CCH — lrteklfeeue())“
7ol ol
= kchJ_ —CcLt+ irtek | TeelleOx,
Tl ol
. = ik||Cqy — CCus
2m T, U 80t Teeut u;
Al| _ € eeT _ (lkHC” CE‘,,,)T ilz 4 ee erTeO 11x’
iTei Vte 3Teivie Vie
2meT, - uj 8o Teolt U
AtL__ elee . (lkHC _L>Te0£+ ee erTeO ilx
m; Tej Vie 3Teivee Vie

With Eqns. B.21 and B.22, the TeH1 and Tfj can be written as

Uel _ Uelx - Nel
Tl e A,

te Vte

Te”1 - EuzT
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The additional ion terms Ai” and Ail can be expressed as

Al =chall el at,
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The z component of Eqn. 8 is
imeno(® —K-ug)ue); = lkagl +eng(E1; + uoxBiy) —RL'I. (B.48)

From the Faraday’s Law (wB; =k x E}), Biy = (k| E1x — kL E1;)/@. With Eqns. 9, B.34, B.35,

B.48, and 42, u.|, is expressed as

[QlezUe]; = ICxzllelx + Eyzuely +Ae; +Ajg, (B.49)
where
kpvie | _ -1 20— Krr) | Kpve (o a
T L B G Sl |
(B.50)
kv kv
b= 5= | ah+ e+ vie+ -2 (1+al+ kel + ) | (B.51)
2wCC e ce
_ ekyvi _ _
cyzzf'ée(u &+ e+ e ) (B.52)
E\; kuox E1xcos0 —Ej,sin 0
A, = —= , B.53
e B() + w B() ( )
ik 1 — Kgr
eB() ce Tee

The x component of Eqn. 8 is
imeng (@ — K - Uep) ety = ik | (noT + Teoner) + eng(Ery + Bottely — Ueo:B1y) —Raj.  (B.55)

With Eqns. 9, B.34, B.35, 45, B.49, and B.55, u.1, can be expressed as

Coxk | Vie

YeylUely = [Olexllely — Aex — Ajx — (Aez +Aiz)> (B.56)

2 an wce

where %y, Oy, and Ae, are

- 2 - —
Cnx€k | Vte szcyzkj_ Vie

=1 , B.57
Yoy =1 206 W2, 20t Oce (B.57)
er — O — E,,xkivtze  Culrkivie  kive ﬁLéﬂx e 2B+ Cix B 2i_O£L’L'ee . (B59)
20660)36 2aeza)ce 2a)ce 3 3 klfel
A — @_kuozElxcose—Elzsine’ (B.59)
By (0] By
Ll 1 1
1 ﬁ A. [3 n O Uity
A= — L 1+— A+ | ——. B.60
Y eBy| 3 +< * ) ‘] Tei Oce (B.60)
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Here two dimensionless parameters are given by

5%—‘;'1‘ + (1 + Zﬁj_) _zJa_ . 2i(_xj_":eel/ler
3 k| Teivee

Cnx = 1+ 3

- ﬁléuz 2ﬁJ' _L C_WmckHVte
=L = 1+ — .
Co 3 U 3 ) ‘w + Ole e

Similarly, the y component of Eqn. 8 is

imeng (0 —K-0p) ue1y = eng(E1y — Botte1x — Ue0xB1 + 0z B1x) +€(Eo — te0xBo)net — Ry -

With Eqns. 9, 3, and B.49, u.1, can be expressed as

3irtekH UQy

Yexlelx = _iaeyuely + (Aez +Aiz) +Aey +Aiy7

20 Ole; Wce

where Yex, Oy, Aey, and A;, are

3rick Crok
Yor =1+ T'te J_”er(l+ X2 |>,

2 Ole Wce aezkj_

. aX 3rieEuten EYZk
aey - ae —1 - X 1 + || 9

Oce Tei 2056 Dce Oz €

Eiy  k (uoxsin @ +up,cos 0)Ey,

& Bg ()] By ’

o
Dce Tei

With Eqns. B.56 and B.64, ue, is given by

Aiy = Uily-

ey = i [ (Aex + Aix) + G, (Aey + Aiy) +iCy (Aez +Aic)]

-1
e _ (7 ocexaey)
X ey — )
B YVox

where

(07
e _ (e &
ny - ny )
Yex
Ccc — (szkJ_Vte n 3rteaexk||u60x)
yz T Yyx :

2 (XCZ a)CC ZYGx ae aGZ wC€

Similarly, uey is given by

Uelx = ICh, (Aex +Aix) + Ciy(Aey +Aiy) +iCy, (Ae; +Ay),
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where
—1
Oley O
Cy= (%x— Y ey) : (B.74)
cy
(04
Cy, =Cy,—, (B.75)
Tey
Ce _ Ce 3rtek|‘u0x aeyc_zka_Vte (B 76)
T Y 2000, e 2YeyOler Wce | '
Then, ue1, can be written as
Uetz = IC(Aex + Aix) + Cy(Aey + Aiy) +1CZ (Ae; + Ai), (B.77)
where
1 &.C  &y.CS
o= ——— 2 DO (B.78)
€7 aCZ aGZ
G.Ce. €).CS
Ce = Sy O B.79
- o, + o ( )
ce = EC  B:Cy (B.80)
& (0% Oz .

The final goal is to obtain the perturbed current density of electrons, which is given by J§ =
—enpUe| — €Ut . Thus, an expression for ne; is required. From Eqns. 9, B.69, B.73, and B.77,

ne1 1S given by

kng
Nel =

= ————— [iC (Aex +Aix) + C (Acy + Aiy) +iC(Ac; + Ay (B.81)
w — k . lle()

where

C = Cyysin 0 +Cy e /k+Cg cos 6, (B.82)
Cy = Cy,sin0 +Cy e /k +Cg, cos 6, (B.83)
CF =Cy,sin0 +Cy e /k+Cg cos 6. (B.84)

Now we are ready for computing the dispersion relation. Eqn. 5 is

k{E1x —k K E1; — i@pio] 1 = 0, (B.85)
K E\y — iowpodiy =0, (B.86)
kiElz_kLkHElx_inOle =0. (B.87)
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By multiplying by d12 (d; = ¢/ is the ion skin depth; @,; is ion plasma frequency), the above
equation can be written as

B

K? cos? 9E1x—KzsinecoseElz—iQ—oJlx:0, (B.88)
eng
2 . BO -
K°Eyy, —iQ—Ji, =0, (B.89)
eny
B
K?sin® GElz—KzsinecoseElx—iQ—Ojlz:O, (B.90)
eng
where K = kd; and Q = @/ @;.
From Eqn. 6, each component of iQBoJi1 Jeny is
iQBy {Z"sin 6 . £
Jo=CzE, + 22 Y (Elx $in@ — i—Ey, + Ey.cos 9) , (B.91)
eng 2 k
IQBy
E20g, = CZE,, (B.92)
eng
QB 7" cos @ €
B0~ (7B + £Z7cosd (Elx sin@ — i—Ey, + Ey. cos 9) . (B.93)
eng k
From Eqns. B.73 and B.81, iJ§, /eny is given by
iJ5 )
j:)f = Cor(Acx +Aix) —iCyy (Aey + Aiy) + Cri(Ae; +Aj2), (B.94)

where Cg; = Cy, + kueo Gy /(0 — K - ueg), Cyy = Cx, + kute0, Cy /(0 — k - uep), and Cy; = Cy, +
kueoxC /(0 —K - uep). Similarly, from Eqns. B.77 and B.81, iJy,/eny is given by
(5

where C5 = C5, + kieo:Cy /(0 — k- ueg), Cgy = Cg, + kteo,Cy /(0 — K - Uep), and C5, = Cg, +
kueo,Cy /(0 — K - ugp). Since there is no y component in ug, iJ7,/eng is simply

i']fy e € - €

T CE (Aex 4 Ai) + Cy(Aey + Aiy) +iCS (Aee + Apy). (B.96)

engo

In terms of dimensionless parameters, Q2BoAey, £2BpAey, and QByA., can be written as

QByAcy = (Q — KU, c0s ) E1 + (KU, sin 0)Ey, (B.97)
QBoAcy = [ — K(Ueoxsin 0 + Ueo; cos 0)] Ey, (B.98)
QBpAe; = (KUe0x €08 0)E 1 + (Q — KUg0y sin 0) E1, (B.99)

Ueo = ue0/Va and Va = By/\/Homing = di®; is the Alfvén speed.
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With Eqn. 7, A;; in Eqn. B.54 is

Wi, ar R 7Z"\ e 7"
AiZ:Cjszg“f’CizzJ;"_ ;0 E]k 2Z/—|—T —lE]y (z) Z+T

where three dimensionless parameters are given by

1/ =1
4o (CiHZ‘FCiZ)Teek””er

Ciox =
e 3Teiwce ’
- ) ( | kv | i(1—Kge)
Cizz = [ ik Coy — - | + T (ikych —cc +
H 1 Cu 1 H a“ " szC wceTee ’
_ 2(EiHZ + Eé)meree cos 6
CizT — .

m; Tej

Here two additional parameters ¢;, and Eé are defined as

( +YH) 1H+ ezcl‘|7

(1+YH) H + ezcu
Similarly, Ajy is

lJ i it & R i p 7
et [ (4 () (24
0

eng By

where three dimensionless parameters are given by

L= =1
- )
3 Tei Dce Tee Wce

5 — |l ( Al ) < L ﬂ kivie
Cixz = ikyCqu —C ikyct — et ,

Cixx =

- .

_ 2(¢;, + Cj;)MeTee SIN O
CixT — .
m; Tej
|

Two additional parameters ¢;, and Eﬁ are

The last ion term is A;, = (ch/a)cefei)J%y/eno.

31

(B.100)

(B.101)

(B.102)

(B.103)

(B.104)

(B.105)

(B.106)

(B.107)

(B.108)

(B.109)

(B.110)

(B.111)



Collisional effects on lower hybrid drift waves

Eqns. B.88-B.90 can be written as

Dy ny sz Eiy
Dy, Dy, Dy, | | E1y | =0 (B.112)
sz Dzy Dzz Elz
Each component of the tensor D is
Dy =K?*cos’ 6 — Cer (Q — KUe0;c08 0) — CeLKUep, cOs 0 (B.113)
) 7" sin? 0 e/ 0sin O ) 7z
_Ci cz+ﬂ i £Z7cosBsin® i o Gng (22420,
2 2 4
Dyy _ce’ §Z+ iCy, [Q — K(Ueox 5in 6 + Ueo; cos 0)] (B.114)
ce 61
{Z"sin6 (Z"cos@® /€ z"
s ) e L G
(k) ) k > & 3
Dy; = —K*sin 0 cos 8 — CKUe, sin 0 — CZ (Q — KUeq, 5in ) (B.115)
// Z// 29 . Z///
—C C sin@cos® —C! (CZ—I— C%) —CyrQcos b (22’4—7),
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-(acm - (e - (Fae(Z+ T ),
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where

Cl =1+ Ce + Céin,
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Appendix C: Comparison with Classical Model

Since the current model has been established independently, benchmarking with the classical
model is desirable. Here, we used the well-known model by Davidson et al. 17 For this bench-
marking, we set both kH and ue(, to be zero as in the classical model.

As shown in Fig. 8, results from both collisional (blue line) and collisionless (red line) models
do not agree with results from the classical model (black line). In particular, our models expect
an almost linear dispersion relation, but @ increases slowly for small kp. in the classical model.
Another interesting difference is that the peak growth rate occurs around kp. ~ 0.6 in our models,
while it is around kp. ~ 1 in the classical model. This discrepancy is not due to the choice of

our heat flux closures; there is not much difference between our two models, which shows the

el when

insensitivity of the dispersion to peﬁ . Moreover, the dispersion relation is independent of p
k= 0. We also have confirmed that this discrepancy is not due to the inclusion of the perturbed
ion current density, which is ignored in the classical model.

We note that the basic set of equations used in the classical model by Davidson et al.!” is
different. The biggest difference is that Poisson’s equation is used in the classical model, while
we used Faraday’s induction law. To understand the cause of this discrepancy, we have developed
another model to calculate the dispersion relation. In this model, we follow basic equations of the

classical model, while using our results for the perturbed density and current density.

In our geometry, the first order equations in Davidson et al. !7 can be written as

iUp®
E,————/J;,=0 C.1
ly k2(1 _Az) ly s ( )
ie
Ei+ g{(nil —ne1) =0, (C.2)

where A = w/(ck), which is from the displacement current. This contribution is ignored, since the
phase velocity of LHDWs is much smaller than the speed of light (JA%| < 1). We have confirmed
that the dispersion relation is insensitive to the inclusion of A2.

For Jiy, nj1, and ne1, we use results from our models. The perturbed ion density is given by?*

npe

mik?v2

nij| =i Z'(kE\y — i€E1y). (C.3)

For the perturbed electron density, we will use one from the collisionless model for simplicity, as

there is not much difference between two models. We also assume that Tpy = T;5. With k” =0and
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Ueo; = 0, ne1 can be expressed as’

kn()

Nel =

where

€ 1 [ekvE  kue 1 (k2
" — (Ot _) 1— o2 te eOx 1 te
x eJrk { e+2(Jce 2, + Oce +2 o2, +

€ 1 [ekvE  kueo 1 [ k*v2
Cn:(l _a> l_az te eOx L te
y -I-ke { e+2ae wc2e+w +2 —+—

The y component of the perturbed ion current is**

2
: le I
Jiy = CZEly.

The y component of the perturbed electron current is’

len() kuteqx
J5, = CME Cu 1-— E,
b By [l b ( ® ) 14

where

kueox \ [ 5 1 [ekvk kueoy 1 kzvte
c=(1 11—« —
x ( JrZOcea)ce) I eJrZoce o2, + WDee Jr2 +

k*v2 [ 1 [ekvd  kue k2v2
= |« te 1— 062 te elx ~ Ve
y (e 206 Ce)_ e_|_2<)te(a)2 T e +2 w2 *

ce

kueg
— —  |iIC"E,+C [ 1-—2\E
(w_kuer>BO [l xBrt y( () ) ly},

EUeOx
Oce

EUeOx
Dce

EUeOx
Oce

With Egns. C.3, C.4, C.7, and C.8, Eqns. C.1 and C.2 can be written as

Dnyly + DyxElx = 0,

nyEly +DyErx = 07

where
z Q — KUgy
Dy, =1-— C”
» K2(1—-A2) K2(1—-A2)7
iQC*
Do — — - ox
K21 - A2
Do — idi2 (E) r ia)giC)’f
Xy — ) ’
ZKZ;LI%' ciQ‘
2
D, = 1— d2 /+ wpiC)’g

2K2A% @k (Q—KUeoy)'
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where Ap; = \/m is the ion Debye Length. The dispersion relation can be obtained by
setting Dy, Dyy — DyyDy = 0.

The dispersion relation from this simplified model (green line) agrees with the classical model,
as shown in Fig. 8 (a). This means that the discrepancy is due to the use of Poisson’s equation,
where the Faraday induction term is ignored. With the parameters for the ES-LHDW, f3. is about
0.25, which means that perturbed magnetic field due to the perturbed plasma current may not

710 where

be negligible. This argument is supported by observations in laboratory and space
magnetic field fluctuations exist when there are strong electric field fluctuations associated with
ES-LHDW.

It is interesting to see that the growth rate from the simplified model is considerably lower than
that from the classical model, as shown in Fig. 8 (b). This difference is likely related to the lack of
a rigorous modeling of the heat flux in this simplified model. Although the magnitude is different,
both models show that the peak growth rate is around kp. ~ 1.

This comparison shows that the use of electron fluid equations are acceptable for dynamics of

LHDWs. It should be also noted that only our models include full electromagnetic effects, since

the induction term is included. These effects are important when f3 is not negligible.
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