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(’r) Neutral atoms in the solar atmosphere
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FAL93-3 model (Fontenla et al. 1993)

Blue solid line: ratio of neutral
hydrogen and electron number
densities.

Green dashed line: ratio of neutral
helium and electron number densities.

Plasma is only weekly ionized in the
photosphere, but becomes almost
fully ionized in the transition region
and corona.
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Neutral helium in the solar atmosphere

GWE

The ratio of neutral helium and
neutral hydrogen is around 0.1 in the
lower heights. But it increases up to
0.22 near chromosphere/corona
transition region i.e. at 2000 km.
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The ratio of neutral helium and neutral
hydrogen number densities is increased
in the temperature interval 10000-
40000 K.

025F |
0.2t |
5 I
9 0.15}
01}f ~

0.05f

®x 10

FAL93-3 model (Fontenla et al. 1993)
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Multi-fluid equations

We consider partially ionized incompressible plasma which consists of electrons,
protons, singly ionized helium, neutral hydrogen and neutral helium atoms.

We neglect the viscosity, the heat flux, and the heat production due to collision
between particles. Then the governing equations are:

V-V, =0,
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Three-fluid equations

For time scales longer than ion-electron collision time, the electron and ion gases
can be considered as a single fluid. Then the five-fluid description can be changed
by three-fluid description, where one component is the charged fluid
(electron+protons+singly ionized helium) and other two components are the gases

of neutral hydrogen and neutral helium gases.

We use the definition of total density of charged fluid
Po = Pyt Pyer

and the total velocity of charged fluid as

— —

7P H +VH+ TP He+\/He+

V =
'0H+ + pHe*
The sum of momentum equations for electrons, protons and singly ionized helium is
dVv
Po— .~ dt + PoS,-6 +(W V)W——Vp+— jxB+ Ft’

—

where W=V -V

.- —V,.. Isthe relative velocity of protons and helium ions.
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Three-fluid equations

It can be shown that |W| << M for the time scales longer than ion gyro period.

Then we obtain the three-fluid equations as

oo = -Vp 4 (VxB)x B+ F,
o d;/;“ =-Vp, +Fy,

Pre dgt”e = ~VPye + Fre,
%—?:Vx&xé)

—_— —_ —_— —_—

i — _(aH+H T aH*He T aHe*H T aHe*He )‘/i T (aH+H T aHe*H )‘/H T (aH+He T aHe*He )‘/HE’

— —

FH N _(aH+H * aHe+H T Cier )\/H + (aH+H + aHe+H )\/i T aHeHVHe’

—_— . —_—

Fre = _(aH+He T e T Frer )‘/He + (aH+He T e e )‘/i + e Vi -
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Three-fluid linear equations

We use a vertical magnetic flux tube embedded in the stratified solar atmosphere.
Magnetic field of the tube is axis-symmetric i.e. Bgg =0.

We consider the linear Alfven waves polarized in the 0 direction i.e. only non-
vanishing perturbations are 6-components of velocity and magnetic field.
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Dispersion relation in three-fluid plasma

GWE

We consider a homogeneous plasma and after Fourier transform derive the
dispersion relation of Alfvén waves in the three-fluid plasma

S SHeAH aHew4 T i[fH ay (1+ &) + Shedie (1 + &4 )]03 -
- [1+ S T She T SHGH AN e ]ZU2 - i[é:H ay + §HeaHe]m +1=0,

where

@ aY aY .
w:—’aH: ApoiaHe:—ApoyéH:p_HyéHe:pH ]

KV, o,

X Po Po

The dispersion relation has four different roots: the two complex solutions, which
correspond to Alfvén waves damped by ion-neutral collision and two purely

iImaginary solutions, which correspond to damped vortex solutions of neutral
hydrogen and neutral helium fluids.

We consider only Alfvén waves.
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Upper chromosphere

Chromosphere: 2015 km height above the photosphere.
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Collision frequencies

Mean ion-neutral collision frequency is (Zagarashvili et al. 2011)

1 1 KT
Vin — ain + = 2(ni + nn)o-in '
mn. mn. zm.

The collision frequency is very high in the photosphere, but decreases upwards.

The collision frequency between protons and neutral hydrogen atoms estimated
from FAL93-3 model can be estimated as

z=0: z=900: z=1900:

Vin =8.610° Hz 6.2 10° Hz 24 Hz

Alfvén waves with periods > 1 s can be easily considered in the single-fluid
approach.
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Single-fluid MHD

We consider the total density

P =PoT Pu T Phe
total velocity
V, = Poly + Prilio T Prielres |
Pot Pu T Pre
relative velocity between ions and neutral hydrogen
Whe = Ug — Uy

and relative velocity between ions and neutral helium

Whiep = Uy = Upep-

Then we find that

U, :VH + §H Wy + §HeWHe9'
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Single-fluid MHD

Consecutive subtractions of multi-fluid equations and neglect of inertial terms leads
to the equations

a a B.-V
Wi :[ng + ZjH (§H +§He):| 27[ (rbe)’

B o B,-V
rWHe¢9 4 — |: ‘§He —er (§H T éHe):| (rb¢9 )’
T Ar
Where A= 0y Qe + A Olpiey + Ayl -

Then the sum of multi-fluid equations leads to the single-fluid equations
(r,)= 2 (b, )

ot 47p(2)
M, (s AV (s o) 7m(2) BV
ot &, {rj & {BS 1)
Where 7. = Bo2 aHeé:li + aH é:l?le + aHeH (gH + gHe )2
¢ 472' aH aHe + aH aHeH + aHeaHeH

Is the coefficient of Cowling diffusion.
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Main equation

We consider new coordinate s, which is distance along unperturbed magnetic field
(Hollweg 1984) , then the two equations can be combined into the single equation

o° (V, B, 0| 2 O(V, By 0| 2n O A4mpn, 0(V,
—| = =5 | "By —| = ||+ >—| "By, ||
ot \r Arpr® 0s os\ r Arpr® 0S os\ By, ot\r

This equation is simplified near the axis of symmetry, where (Hollweg 1984)

B, I'* ~ const.

Then the equation is rewritten as

;_22 (\%j v (S)s;{(“\?/?}((?)j(\? ﬂ

Fourier analyses with time gives

o<t
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The ratio of Cowling diffusion coefficient and Alfvén speed square vs height
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Zagarashvili et al. 2013
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Magnetic flux tube model

The thin tube approximation is valid up to 1000 km height (Hasan et al. 2003).
Then the tube expands further and merge with neighboring tubes.

We split the tube in the two parts: 1. Up to 1000 km — we consider the tube as
thin. 2. Above 1000 km — we consider the tube as nonexpanding.

Zagarashvili et al. 2013
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Thin flux tube: Dispersion relation

GWE

In the lower region we consider isothermal atmosphere, where the thin magnetic
flux tube i1s embedded. Then the plasma B is constant with height in the case of
same temperature inside and outside the tube (Roberts 2004).

Then, the Alfvén speed is also constant with height, which leads to the equation
with constant coefficients.

Consequently, Fourier analyses with s gives the dispersion relation

o +inklo—kN; =0,

which has two complex solutions

21,2 2
w:ikSvA\/1—’Zfi—i%.

V2 2
Real part of the complex frequency gives cut-off wave number
e
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v Thin flux tube: Damping rate

WF

Normalized damping rate is

al= -

In the low chromosphere, where plasma is weakly ionized, we have ¢, >>a,,a,,
therefore

o | _1kV, ety + O Phie + Uyiers (Pt + Pr )2 _

2 p Oy O + Oy Oy T e Olpeny

‘““_lkv (IOH +/0He) |
a, +ay,

This expression was used by De Pontieu et al. (2001) and Soler et al. (2010).
On the other hand, in higher regions of the chromosphere, where «,,,, <<a,,a,,

we have
‘a}‘ 1kV{ pHe:|
2 play oy

In the middle chromosphere, spicules and prominences the general
expression should be used.
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D/ Exponentially increasing Alfvén speed

QWF

In the upper region, where the magnetic field lines are predominantly parallel, we
may assume that the Alfvén speed is

V4 (8) =Vio(S)exp (%j

where h is the scale height. Then we get the equation

2
Yo | exp (— %jkfoue =0.

0s°

where ,
10,

2 _
ksO_

— .
Vo —lon,

The solution of this equation is

S
U,=U, ®,.| 2hk_exp| —— ||,
0 00 o[ 50 Xp[ ZhD

where @ . is Bessel, modified Bessel or Hankel functions of zero order.

0
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Ci7 Alfvén waves with a period of 20 s

WF

Green line: fully 1onized plasma
Blue line: partially ionized plasma with neutral hydrogen
Red line: partially ionized plasma with neutral hydrogen and helium
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Zagarashvili et al. 2013
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Ci7 Alfvén waves with a period of 10 s
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Green line: fully 1onized plasma
Blue line: partially ionized plasma with neutral hydrogen
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Alfvén waves with a period of 3 s

GWF
Green line: fully ionized plasma
Blue line: partially ionized plasma with neutral hydrogen
Red line: partially ionized plasma with neutral hydrogen and helium
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Red line: with period of 20 s
Blue line: with period of 5 s
Green line: with period of 1 s
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Conclusions

Neutral helium atoms may enhance the damping of high-frequency Alfvén waves
In the chromospheric, spicule and prominence plasma for T=8000-40000 K.

The damping rate is maximal near ion-neutral collision frequency in the multi-fluid
approach. The single-fluid approach is valid for the Alfven waves with periods of
>1s.

The expression of damping rate, which has been frequently used, is only valid for
weakly ionized plasma. The modified expression of damping rate should be used
In upper chromosphere, spicules and prominences.

Alfvén waves may propagate freely in thin flux tubes up to 1000 km height and
may be damped by ion-neutral collision.

In the upper chromosphere, long-period (> 5 s) Alfven waves become evanescent
and do not reach the transition region, while the short-period (< 5 s) waves are
damped due to ion-neutral collisions.

Do torsional Alfvén waves have propagation window (~ 5 s) in the chromosphere?
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Thank you for your attention!
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