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solar ecliptic coordinates system

Plasma and magnetic-field measurements

Helios Measurements:
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Plasma and magnetic-field measurements

The frequency range to be considered

We consider the power of the ﬂuctu;ﬂiops
having frequencies between [O,Olfp7 fp]
in the space-craft frame.

fp'
d32=:/ 6 B2 dw
0.01f,

Taylor’s hypothesis
fSC =~ kVS’U)

then the wave-number interval considered
hereis [0.01 — 1]k, (inertial range)

k, =1/, l,, is the proton inertial
length
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Correlation between ?— and §B?2 (fastsolar wind)
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Correlation between ?— and §B?2 (fastsolar wind)
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What causes the correlation between the proton
temperature anisotropy and the wave power?

The standard picture: temperature anisotropy is
caused by ion-cyclotron wave dissipation process.



However,

- The perpendicular proton heating could be a result of :
. Stochastic heating (Chandran et al. 2010) by low-frequency turbulent

fluctuations having scales near the proton gyro-radius

. Non-resonance heating (heating by low-frequency Alfven waves)
Wu and yoon 2007 ; Bourouaine et al. 2008



Preferential acceleration and heating of alpha particles



Preferential acceleration and heating of alpha particles

Data set to be considered

- Helios 2 dataset at about 0.7 AU

- Continuous measurements (1976)
with DOY numbers, 67 to 73

In this data set the helium ions have
relatively a good statistical count and
are clearly separated from proton VDFs
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Preferential acceleration and heating of alpha particles

Preferential acceleration of alpha-particles:
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Preferential acceleration and heating of alpha particles

Preferential heating of alpha-particles:

«

- It seems that the ratio ZT; is not
p
related to the normalized wave

power.

- However, the temperature ratio %
anti-correlates with the the Helium "

abundance.
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Preferential acceleration and heating of alpha particles

lon temperatures:

- The heating of both ion species
correlates with the normalized
wave power.
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Signature of alpha-particle heating by
resonant wave-particle interactions



Signature of alpha-particle heating by resonant wave-particle
interactions
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Signature of alpha-particle heating by resonant wave-particle
interactions

Helium temperature anisotropy:

Here we compare the temperature
anisotropy of Helium ion with that one
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Signature of alpha-particle heating by resonant wave-particle

interactions

ion temperature anisotropies:

- The perpendicular heating of proton
ultimately connected to the normalized wave
power and it is not affected by the ion
differential speed.
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Signature of alpha-particle heating by resonant wave-particle

interactions
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Damping of AIC waves versus

The damping of AIC waves
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Summary

The proton temperature anisotropy and the normalized ion differential speed strictly
correlate with the total power of the turbulent fluctuations.

There is a clear anti-correlation between the alpha-to-proton relative temperatures and the
helium ion abundance.

When the normalized differential ion speed is a value of about 0.5, then the perpendicular
alpha-particle temperature anisotropy correlates positively with the relative power of the
transverse waves. Otherwise, the alpha-particle temperature anisotropy tends to decrease
towards values below unity, despite the presence of transverse waves with relatively large
amplitudes. This seems to be in a good agreement with the predictions of ion heating
mechanism based on resonant wave-particle interactions.



Possible scenario:

Nonresonant ion heating by low-frequency Alfvén waves (w < Qp)

Under low plasma beta condition

of; | G ( (')f,)
— = (i QLT
7 4v, da \ " du aLn)
S B2
T = B—g’fdk

Wu and Yoon (2007); Bourouaine et al. (2008)

T1:/T1, x m;/my

Heavy ions are preferential heated

/UJ_-

Anisotropic Helium VDF

Yl

Bourouaine et al. (2008)

However, this process leads to the so-called “apparent heating” or “stochastic
heating” since it is reversible process (there is no wave dissipation)!!




Temperature Anisotropy
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Temperature Anisotropy
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Solar wind turbulence (measurements)

-What are the characteristics of the solar wind turbulence in the
inertial regime (e.g., the power anisotropy, the steepness of the
PSD, frequency and the type of the dominant modes etc.....) ?

- If the Alfvén waves are the most dominant waves in the IR,

which waves are dominant in the dissipation regime?

Unfortunately, from direct measurements we can get answer
on all questions



Power Spectral Density (Amitrary units)
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The theta-variation of the power-law exponent
seems to be consistent with Critical-Balance
prediction.



How do the fluctuations dissipate? (dissipation range)

The reduced magnetic helicity become negative
at the dissipation range

If we assume that the upward propagating waves
are the dominant modes in the dissipation
regime, then there is change in the wave
polarization

Interpretation: Most of the upward (left-handed
polarized) fluctuations get damped in the
dissipation range, and only the upward (right-
handed polarized) fluctuations remains

Two possibilities,

1 - one is that the waves were parallel ICA waves
get damped via proton-cyclotron absorption.

2 — Conversion from Alfvén to Kinetic Alfvén waves
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Solar wind turbulence

SW plasma is turbulent and shows fluctuations with solar rotation period up to electron
plasma period (i.e., 107-6 Hz to ~10”4 Hz)

Fundamental issues of SW turbulence have been addressed:
-The nature and the properties of the fluctuations

- The mechanisms of the turbulent cascade of energy through the inertial range, and
the corresponding “dissipation” at the smallest scales near the local ion gyro-frequency

However, two of the primary problems of solar wind MHD turbulence that still

remain a puzzle are the nature of the nonlinear energy cascade and the strong
intermittent character of solar wind fluctuations in the inertial range.



The impact of UVCS

UVCS has led to new views of the collisionless nature of solar wind acceleration.

Key results include:
The fast solar wind becomes supersonic

much closer to the Sun (~2 R,) than
previously believed.

In coronal holes, heavy ions (e.g., O*)
both flow faster and are heated hundreds
of times more strongly than protons and
electrons, and have anisotropic
temperatures. (e.g., Kohl et al. 1997,1998)
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lon cyclotron waves in the corona

UVCS observations have rekindled theoretical efforts to understand heating and
acceleration of the plasma in the (collisionless?) acceleration region of the wind.

lon cyclotron waves (10 to 10,000 Hz)
suggested as a natural energy source
that can be tapped to preferentially
heat & accelerate heavy ions.

Dissipation of these waves produces

diffusion in velocity space alorlg Alfvén wave’s ion’s Larmor

contours of ~constant energy in the oscillating motion around

frame moving with wave phase speed: Eand B fields radial B-field
430 8T, 187 32 LB0Te 140 7y

lower Z/A

8-

faster diffusion

(km s™)

—200 0 200 400 800

—200 0 200 400 800 00 0 200 400 800

—=200 0 200 400 800
-1
v (km s7)



Where do cyclotron waves come
from?

(1) Base generation by, e.g., “microflare”
reconnection in the lanes that border

convection cells (e.g., Axford & McKenzie 1997). :
V\

(2) Secondary generation: low-frequency
Alfvén waves may be converted into
cyclotron waves gradually in the corona.

Power

Both scenarios have problems. ..
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Something very similar happens to
resonance-line photons in winds
of O, B, Wolf-Rayet stars!

Cranmer (2000, 2001) computed
“tau” for >2500 ion species.

If cyclotron resonance is indeed
the process that energizes high-7/
A ions, the wave power must be
replenished continually
throughout the extended corona.



MHD turbulence

It is highly likely that somewhere in the outer solar
atmosphere the fluctuations become turbulent and
cascade from large to small scales:

3
P Veddy
gout =

; N N N Qheat ~ gout
eddy

With a strong background field, it is
easier to mix field lines (perp. to B)
than it is to bend them (parallel to B).

Also, the energy transport along the
field is far from isotropic:

_ (Z)XZ0) +{Z)(2.)
Qheat—p 4LJ_

(e.g., Dmitruk et al. 2002)



But does turbulence generate
cyclotron waves?

Preliminary models say yrobab ly not” 4 freq.
in the extended corona. (At least not in
a straightforward way!)

In the corona, “kinetic Alfvén waves” pe
with high k heat electrons (T, >>T )
when they damp linearly.

horlz wavenumber

How then are the ions heated & accelerated?
Nonlinear instabilities that locally generate high-freq. waves (Markovskii 2004)?

Coupling with fast-mode waves that do cascade to high-freq. (Chandran 2006)?

KAW damping leads to electron beams, further (Langmuir) turbulence, and Debye-
scale electron phase space holes, which heat ions perpendicularly via
“collisions” (Ergun et al. 1999; Cranmer & van Ballegooijen 2003)?

something cyclotron resonance-

MHD turbulence like phenomena




Some collisionless heating models:

1 éOlOz(Na/Ne)\.\’“/
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Efficiency of collisions in solar wind

Locally, the Collisions can be estimated by the mean free path

Ae = VipeTe ~ 107 km

Globally, the number Coulomb Collisions (or called the collision age) of particles
during their travelling distances starting from the sun is

A, = Tr

Tec

Are the collisions existing in solar wind efficient to reduce the non-
thermal features?



Temperature equilibration

Assuming two drifting Maxwelian velocity distributions for two species,
Helium ion and proton, with T, # T},

Hernandez et al. 1986



The averaged power of very high
frequency waves ([0.3 —5.5/11] Hz in
SC frame) anti-correlates with
collision age.

- The waves are excited via mirror or
AIC or firehose instability due to
temperature anisotropy which can
occur when the collisions are
relatively weak.

1681 (nT)

107" 244

10-2 ]

10-3 ]

107* 1

1075 -

107® . i 2 M0
0.0001  0.0010 0.0100 0.1000 1.0000 10.0000 100.0000
collisional age

Data from Wind Spacecraft

Bale et al. 2009



- Averaged power of wave having
frequencies between 0.01 and 1 in the
plasma frame (or between 0.001 and 0.1
Hz in space-craft frame)

- The heating of protons is ultimately

connected to the power of transverse
waves

- The waves (or at least part of them)
may cascade to smaller scale then
dissipate

Proton temperature (10° K)
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- Helium ions are preferentially heated
than protons.

«

Vo .
- When V—p <0.6 the ratio
A . : :
decreases as the ion differential speed
increases

V., ]
-When =22 >0.6 the ratio

Vs T )
Is almost constant as the ion differential
speed increases

Can this property be a signature of ion
heating by AIC waves?
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Scaling theory of turbulence

Hydrodynamic turbulence (Kolmogorov turbulence)

- Isotropic turbulence, i.e., 5v(f) = dv(l) 17(7? \

—

sv(l) =< [5(F+ 1) — 3(7)| >

~1
ey
VN
=y
_|_
S~
N—"

- The scale-invariant of the energy transfer rate per mass unit

o (0v(1))*? Tg ™~ ﬁ is the shear time scale
Ts
Sv(l) ~ et/311/3 P(k) ~ kév3(l)

P(k) ~ f—5/3 For inertial range



The plasma becomes unstable when Y2 >4
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. . 0.0 e : :
Possibility that waves are simply .00

excited due temperature
anisotropy driven instability.

T/

However, .........
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Other scenario based on ion scattering by Alfvén-cyclotron waves

- Negative correlation between the
temperature anisotropy of ions and
the relative alpha particle density.

- The simulation also predicts the
negative correlation between
Lo and Na
T, N,

Is there a strong evidence of ion heating
by the so-called AIC waves via resonant
wave-particle interactions ?
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One possible scenario....

Helium ion heating by collisions (no wave dissipation)

- Assuming two ion drifting Maxwellian
VDFs

- Assume there is an external force
making the ion speed difference.

- Helium ions can be heated by collisions
with proton if the ion differential speed
is higher than O (i.e., the temperature

equilibration, 1, = 1o
Tp

Temperature ratio Tg

0 oy I T T 1 TN T 1 D
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Vap
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We expect that T increases with x =

Hernandez and Marsch 1985



However......

This is not the case especially

when “/;fAP > (.6, the temperature
ratio is roughly constant despite the
increase of ion differential speed

Therefore, one has to think about
another scenariol!
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Solar wind turbulence
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