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ABSTRACT

Two scenarios of possible ion heating due to finite amplitude parallel propagatingnhAifarees in the solar
atmosphere are investigated using a one-dimensional test particle approach. (1) A finite amplitidevAifgee
is instantly introduced into a plasma (or equivalently, new ions are instantly created). (2) New ions are constantly
created. In both scenarios, ions will be picked up by the Alfweave. In case 1, the wave scatters ions in the
transverse direction leading to a randomization (or heating) process. This process is complete when a phase shift
of = in the ion gyrospeed is produced between particles with characteristic parallel thermal speed and particles
with zero parallel speed. This corresponds te w/kv,, Kk is(the wavenumber, ang, is the ion thermal speed).
A ring velocity distribution can be produced for a large wave amplitude. The process yields a mass-proportional
heating in the transverse direction, a temperature anisotropy, and a bulk flow along the background magnetic
field. In case 2, continuous ion creation represents a continuing phase shift in the ion gyrospeed leading to
heating. New patrticles are picked up by the Alveave within one ion gyroperiod. It is speculated that the
mechanism may operate in the chromosphere and active regions where transient events may generate finite
amplitude Alfven waves.

Subject headings: Sun: chromosphere — Sun: corona — waves

1. INTRODUCTION k, andw = ko, @, is the Alfve speed). The wave electro-

magnetic fieldsB, andE, are
It has been widely speculated that the energy that heats the g v "

corona comes from the convective flows in the photosphere. B =B o eind i
The energy is somehow transported into the coronal part 8B (COSBl, = Sind,),
through the magnetic field. It is natural to think that Alfve SE,, = —u,B,/B, X 6B, @)

waves channel the energy to the corona. Indeed, these waves

have been observed in the solar atmosphere (Ulrich 1996) andyherei, and, are unit vectorB, is the background magnetic

are ubiquitous in the extended corona—the fast solar wind field, andg, = k(s,t — 2) denotes the wave phase. The motion
(Smith et al. 1995). However, Alfrewaves are difficult to  of a particle is described by

dissipate in collisionless plasmas. Hence, nonlinear processes

have been assumed to cascade the wave energy from low to dv . dz

high frequencies where wave dissipation is readily possible Mg = g[0E, + v X (Byi, + 6B,)], prial® (2)
(Hollweg 1986; Li & Habbal 2003).

When Alfven waves propagate in a partially ionized plasma,
neutral-ion collisions produce a channel for the wave dissi-
pation (De Pontieu & Haerendel 1998; De Pontieu et al. 2001, q
Leake et gl. 2005). lons and neutrals can be coII|S|onaIIy cou- au, +iQoU, = iy, — 1))@, (3)
pled. A slippage between the ion and neutral populations leads dt
to the wave dissipation. If we consider that neutrals are con-
stantly ionized at the chromosphere, we will show that these

Letu, = v, +in, v, = v, andéB, = B,e™*; then we have

newly created He' ions will be picked up by the wave and v : dz
will be energized. &= Imuee), =, (4)

In this Letter, a new scenario, ion pickup by an Alfvweave,
is explored. The pickup process can lead to the heating of ions,
and it must also dissipate the wave. In § 2, we discuss the ion
pickup process by an instantly introduced wave (or identically,
the ions are created instantly). In § 3, the pickup of continuously
created ions by an Alfiewave is investigated. Finally, in § 4
we discuss possible applications of the ion pickup process in th
solar atmosphere.

whereQ, = gB,/m ,Q, = ¢B,/m , and refers to the physical
guantities of ion speciegs As a first-order approximation,
v, = v;(0) is a constant, wherg,(0) is the initial ion parallel
velocity. The approximation is valid whe®, /Q, = B, /B, is
small and the wave frequency is low $9,| > |k(v; — ,)|
€Wwith the initial conditionu;, = u,(0) ana = z0) , the solution
of equation (3) for a low beta plasma is (Wu et al. 1997; Lu

et al. 2006)
2. ION PICKUP BY ALFVEN WAVES
. . - . B, | L B ivoae
Consider a parallel propagating monochromatic dispersion- u, = |u0) + v, Ek gO) g%t — ¢, Ek g A=A (5)
less Alfven wave with angular frequenay and wavenumber 0 0
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is due to the gyromotion of the particle and the modifica- there is also no heating. Hence, the heating is a warm plasma

tion of the gyromotion due to the wave. Note, uf(0) = effect. WithU, , the perpendicular temperature can be found:
—05(B/B,)e " andy,(0) = 0, the particle is surfing on the
wave, and there is no gyromotion. . m

Now let us consider an ensemble of newly created particles T
with a Maxwellian distribution. The particles’ average parallel
speed is zero, but the transverse component,is

2Kg vy

f lu, — Ul|2e—[vu(0)/vm]2 dv”(O)

_ mBE v 2
—mh+m&%a AL - )T, 9)

_ _ _ By e whereB = 8wn,k;T,/B3 is the plasma beta of specjie3he
W(0) = . (0) + uy(0) =t (0) ~ ey B, e © heatingl is obviousli/ mass-proportional.
Substituting equation (5) into equation (4), and letting
v, — 1,(0) = v, and Q, — k(v, — v,(0)] = Q,, one finds
wherea, a constant, describes the degree that the newly created
particles are settled in the wave field. df =1 , the newly BZ
created particles are already settleg; denotes the random i = ¥(0) + 2(1 — &) §{1 — c0s 25t — ket — ke (O]},
perpendicular thermal speed. After tinheparticles with dif- 0
ferent initial positionz(0) = z—v,(O)t will arrive atz. The (10)
average transverse velocity ats
Using the same procedure to obtaih and , we find the
average parallel velocity and temperature:
Ui — _’IJAEe_ik(UAt_Z) + 1“_ o BZ
Bo Ty, W:%éa—mu—Amum—mm, (11)
0]

% f Va % @Mz~71(0)] g~iotg [0l dv” 0)

"B,
2mBi(1 — a)?

= —y, % @ ikat=-2 4 (1 _ Ol)AkUA % eikzefinot, (7) T”j = Tjo 1+ W [(Ck - Aﬁ) cos’ Qot - kUAt)

0 ]

0

where A = 1/{7 [~ cos kv,tx)e ™ dx = e ¥ft* 4 = (1= CJsir @ot — kD),

(2ksTjo/m)"? and T, is the initial temperature of species

Equation (7) illustrates the pickup of ions by the wave. Note (12)

A ~ 0 whenky,t> 7. Hence, regardless of the value cgf . . -
these particles will be picked up by the Alivevave: eventually ~ Where C, = 1/t [~ coS® ky,tx)e™" dx = 0.5+ 0.5e7<#*.
U, is determined by the wave only. Subtracting equation (7) Whent =« A = 0 andC, = 0.5 . We then obtain asymptotic
from equation (5), one finds the random perpendicular velocity values:

atz
2

B B
U = —nge™™? U=ul-odg 13

B, B2’

_ B,
u, — UJ_ — ulr(o)eflﬂol + (1 _ C()UA Ek elk[z—zyu(o)t] eflﬂot
0

(1 - )’mB]
T-=T[1+——————,
—a—@&%%éwwx (8) o m, 585
° T, = To[1+ MG (14
] io mijBg )

Equation (8) describes the particles’ gyrospeed in the frame of

U,. Whena = 0 (initially the newly created particles have zero  Subtracting equation (11) from equation (10), whemno
flow speed), particles will be strongly scattered in the phase one finds

space. The second term on the right-hand side is crucial for our

understanding the heating in the pickup process. In the phase- B2

space frame of), , a randomization process is complete when ¥ — Uy = (0) + 2,(1 — @) 53 €0s [t — ku,t — k().
particles with characteristic speed0) = *+v»,  moving from 0

Z(0) = z— (O}t to zare scattered in the perpendicular direction (15)

and a phase shift-  in the gyrospeed relative to particles with

v,(0) = 0 is produced. This translates ko,,t ~ = . For a finite It is possible that the second term on the right-hand side is
amplitude Alfven wave, ifv, B,/B, > v,, , the distribution function  larger than the initial random thermal velocity(0) . In this
will be a ring. Hence, particles are strongly heated. On the othercase, the velocity distribution plotted in thev, ~ plane may be
hand, ifa« = 1, initially particles are already “picked up” by a ring as well (see Fig. 2).

(surfing on) the wave. Only the initial random motion survives,  To verify the above analysis, a test particle simulation was
and there is no heating. One notices that,jf= 0 A,=1 , conducted by calculating the full dynamics of particles (eq. [2])
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_8'?8 3. PICKUP OF CONTINUOUSLY CREATED IONS
0 5.0x10% 1.0x10% 1.5x10% In a partially ionized plasma, the creation of new ions due
Ot to photoionization or collisional ionization is highly random.
Fic. 1.—Time history of the perpendicular temperatdrg,J/T .o and the Can|der a reglqn with a, onv.plasma b?ta and where the am-
parallel temperatur®,, /T, tdp), the temperature anisotrofy,.J/T,.. mig- plitude of an Alfven wave is f|n|tg. When ions are created ]‘rom
dle), and the average parallel velocity;/v, boftom). Here we choose the neutrals, they are subject to rapid gyromotions. The continuous
i 1 ~ . . . ipy - .
particle as He', and the parameters ase= 0 /2, = 0.25r/125~0.0063 ,  creation of ions represents a continuous phase shift in the ion

Bre = 0.0 B/B; = 0.09 gyrospeed. This will naturally mix the phase of particles’ gy-

rospeeds. To explore the pickup process of continuously created

. L , , ions, a new test particle simulation is conducted. The Alfve
in the electromagnetic field of a given Alfwewvave described \y4ye and the simulation box are the same as in § 2. However,

by equation (1). The equations were solved using the Boris al- 1000 particles are deployed evedy2H,' @K Q,t< 100
gorithm with time stepAt = 0.010," @, is the proton (gne particle per cell). The beta value of the newly created
gyrofrequency) and periodic boundary conditions. Initially, He'* jons is 0.01, and they have zero flow speed. The results
200,000 particles with Maxwellian velocity distribution were of the simulation are shown in Figures 3 and 4, which are
evenly distributed in a region with lengtio0,,2,,* (1000 cells). plotted in the same way as Figures 1 and 2. Note that in the
The flow speed of these particles was zero. The average parallebx.yy plane, because the radius of the ring (Fig. 3Bjs,/B,
velocity, and the parallel and perpendicular temperatures,the origin, where new particles are created around there, is
were obtained by using the following procedure: we first always on the ring. When new Heions are continuously
computed Uy = () , T, = (m/ka)((z, — (2))°) , andT, =
(m/2kg)((v, — W))? + (v, — @,))? inevery cell (angle brackets

denote an average over a cell). These quantities were then av- 40F E

eraged over all cells, so only random mations contribute to the 30F Tive/ Theo 3

temperatures. Figure 1 shows the time evolution of the perpen- 20E _

dicular temperaturd,,./T,., (here O refers to the initial value) :

and the parallel temperatufg, /T, toff), the temperature an- 10 3 Tise/ Treo E

isotropy T./T, (riddle), and the average parallel velocity /v, 100 8

of the test particle simulatiofbgttom). The shaded areas are due CE

to rapid ion gyrations. The results are consistent with our ana- £ 19 gL J

lytical predictions. AtQ t~ 12,000, an asymptotic stage is i@ [‘ﬁ

reachedU, /u, = 0.086 T, ,o/Tyeo= 34 , and, /Ty~ 3.9 with '_5 1.0¢ 3

the temperature anisotrofy,./T,,,. ~ 8.7 0.1 i ]
Figure 2 displays scatter plots of the helium ions in the five 0.4

cells aroundz = 5000,Q2," atQ,t =0 , 2800, 6600, and 03k

11,000. Initially, helium ions satisfy the Maxwellian distribu- S oot

tion with »,, = 0.00%, and@,, = 0.01. Helium ions are dra- ~ ’

matically scattered in the transverse direction in the phase - 0.1 /\’

space. The ring velocity distributions are nicely shown in Fig- 0.0

ure 2. The ring velocity distribution is unstable (Lu & Wang —0.1

2005). The velocity distribution may eventually be thermalized 0 20 40 60 80 100

by relevant microscopic instabilities of the ring distribution. Q.t

The bulk acceleration of particles aloBg is obvious. This is F16. 3—Time hiStory ofT ./ Tous AN/ Tos 100), Tun/ T (midle), and
H H i IG. o.— 1he T heo He | Heo v Lind Tme )
because in the frame of the Alfwephase speed, the kinetic Uylo, (bottom). Here k@, = 0.25m/125 0.0063, By = 0.01, BYB: =

energy of particles is conserved. As particles are picked up byo.09 The He® ions are steadily and uniformly created betwees 0 and
the wave, they gain a bulk acceleration aldgyg . 1000,2,* at 0 < Q,t < 100.
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T N A A helium, when wave frequencies are higher than the ion neutral
st B st I il ey collision frequencies, the perturbed ion and neutral velocity
osf T . - " will have a considerable difference between their phases and
g ke amplitudes (De Pontieu & Haerendel 1998). In coronal funnels,
the plasma beta at the lower transition region is much smaller
than unity (Li 2003). For finite amplitude waves, the pickup

i 0,610 0,1=40 2,100 process described above may operate and heat newly created
05 N v He"* ions. Due to collisions, the temperature is not expected
\ 00 ”5 & to reach the value given by equation (14). Instead, the energy
o5 = & k' will be transferred to protons and electrons via Coulomb cou-
1o pling. Obviously, the thermal energy of Hegained through
-1.0 -0.5 v?}?:. 05 1810 -05 1,?)?,‘ 05 1.81.0 -05 v?)(; 05 181.0 -05 v?;:z. 05 1.0 the pICkup process will be passed toﬂzldater on when HéZ

i 4T o Scatter plots of helium He velocity in the velocit are created. As the ionization continues to the transition region
1G. 4.—Top panel: Scatter plots of helium velocity in the velocity ; ; ;
plane perpendicular tg, Bottom panel: scatter plots of helium He velocity (Hansteen et al. 1997), the pickup process will contribute to

in the plane parallel to the background magnetic field. Relevant parameters'[he plasma heatl_ng there. . :
are those in Fig. 3. The pickup of instantly created ions by an Alfvevave or

the pickup of ions by an Alfue wave instantly introduced into
created, the heating and scattering process are completed whed plasma is quite efficient even for low-frequency waves in col-
they have filled the ring of radiuB,s,/B, in thg-n, plane. lisionless plasmas. The pickup process is complete when
This only takes one gyroperiod of Keions, or when Koyt = mort = (vJ/2v4)ts, wheret, is the period of the wave.
Q,t = 8, as shown in Figures 3 and 4. Hence, the heating of Transverse oscillations of active region coronal loops that sud-
these particles is extremely rapid. The ion creation process wagienly appear with periods of 2-33 minutes have been frequently
terminated at timée = 1002, ; however, no change is observed observed by thd@ransition Region and Coronal Explorer (Na-
asQ,t > 8. We believe that the rapid heating due to Atfve karlakoy et al. 1999; Aschwanden et al. 2002). The oscﬂlapons
waves reported by Wang et al. (2006) is due to their deploymentusually just last several wave periods. The relative amplitude
of particles within one gyroperiod, even though they used many B./B, of these waves can reach 0.05 (Aschwanden et al. 2002).
wave modes in their computations. For a typically observed 2K coronal loop with a density of
10° cm % and a magnetic field of 30 G, the plasma beta value
is 0.00385. Due to the pickup process, the perpendicular tem-
perature of helium ions and oxygen ions may be increased to

The Alfvén wave pickup of newly created ions may have 3.6 and 11.4 times their original values, respectively.

applications at the top of the chromosphere or the lower tran-
sition region. Let us consider the region with an ion cyclotron  This work is supported by a PPARC rolling grant to Uni-
frequency much higher than Coulomb collision frequencies, versity of Wales, Aberystwyth, and by the National Science
low plasma beta, and finite amplitude Alfvevaves. For neutral  Foundation of China under grants 40336052 and 40674093.

4. DISCUSSION FOR POTENTIAL APPLICATIONS
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