Heavy lons and Anisotropies as in-situ Diagnostics of Solar
M N A’; Wind and Coronal Heating formation and structure
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Introduction Observations

Heavy lons in the Solar Wind Entropy Variability Stops Evolving Heavy lon Densities Probe

The solar wind is composed of ~96% protons : : .
S Lomp o070 P ’ in the Middle Corona Coronal Thermodynamics
~4% alpha particles, and <0.1% ionized heavy . . _
, Entropy—O07 + /05 + Entropy—C6+/C4+ Charge CH freeze-in | HS freeze-in | AR freeze-in
elements (Ca O, Ne, Mg, Sl, Fe, etC-) by number. 42 C°"e(')a;iggs | Co”e(')a;i;’:S state ratio | distance(R) | distance(Ry) | distance(R)
. . . Mr= Mr=-0.
Like leaves on a stream, heavy ion properties S -~ o,=0334 -= 0,043 O™ /0% | 1.72 1.68 1.50
. . = - . e 6+ /4+
reveal processes occurring in the corona and 0 C7/C 1.68 1.75 1.64
th l ing c ]‘H‘ TR, Cet/C°T | 1.52 1.67 1.67
O
© S0 a.r W " . L. © Entropy.—C/C mm Entropy—CPr/Ct C°t/C* | 1.45 1.62 1.48
Densities of ions in different Charge states % Hr=-0.736 | Hr=-0.317 Table 1. Heliocentric distances at which ions of carbon and oxygen reach 90% of their
set deep in the corona via the “freeze-in e o | s "7 Rioste frozen-in values calculated with the Michigan lonization Code (MIC) [14], using self-
’ . . 3 consistent temperature, density, and velocity profiles associated with coronal holes
effeCt prObe SOlar Wi nd source reglons [1 ] é (CHs), helmet streamers (HSs), and active regions (ARs) developed by [15].
° ° ° ° q)
Abundance ratios probe the First lonization = coiropy- e/ m Enfropy—He®t /! - Decorrelations between Fe/0 and 0’7" /0°* indicate sudden flux
Potential (FIP) effect [2]. 7 p=0141 - 1= 0.003 openings — interchange reconnection — in the corona.
o-=0. -— 0,=0.443 . . oy e . .
Super mass-proportional heavy ion S "7 Ri=cete = 0.335 Entropy variability evolves after Fe/O Is set in the corona,
: : : = & continues to evolve after C°" /C*" freezes-in, and eventually
temperatures and differential streaming _ freezes-in along with the other mentioned charge state ratios.
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probe solar wind heating from resonant !

absorption [3, 4] and kinetic Alfvén wave Heavy lon Temperatures Probe

Fig 3. Distributions of correlation coefficients between entropy and six selected heavy

(KAW) turbulence [5,6]. excluding ICMES, along with (og-normat s i panets 25,0, and noumal it n panels KAW Turbulence
Outstanding questions in Heliophysics relate to d.e,f. . fuctuation energy scaling exponent: W; = W, (Pi /pp)Za
the formation of the solar wind and physical where W = 2 ([2+12 + 77 12) (12+]2 — |Z7|2)
mechanisms operating on solar wind « Gyroscale fractlonalcioss helicity: ¢ = (|Z*|2 + [Z-|2)

formation/evolution [7]. TJ_l/TJ_ where Z* = 513$UA%and 8B, = 6B —b(b - 5B)
We can utilize heavy ion properties = P . o Alfdn ratio: 1 (B )2 (165|2)

. T anies wa) || L L e 1 -V ) 2\ 20m  Gyroscale Alfvén ratio: o —
measured by ACE/SWICS to help in =4 G T o i), = 2 7 o enp (2 (ra+30) -2 A (1B.]°)

efforts to answers to these questions. Eq. (1) Eq. (2) Eq. (3) * Least-squaresfitgives[1]a = 0.21,[2]c = 0.7,and [3] 14 = 1.3
* [1] Only partial cross-field coupling between ions/electrons

1.8 >+ T s " - Fig 4. Median T; /T, vs >
M th d l N |-|e<.,o7+ C Ne$+c5 o N AV, /V, | or the 1 neark,p; = 1[6,16]. o
e O O Ogy ,, ¢ . highest-abundance solar * [2] Imbalanced turbulence: (lZ | ) <|Z | ) -,
R 161\ . By wind heavy ions. To obtain . [3] Slightly more energy in EXB velocity fluctuations than B
. v quasi-perpendicular fluctuations [6,16].
On Solar Wind Release s emperatures, only
3/2 v 45° < 9§vp < 70° data
* Proton specific entropy, S = kgIn(T," " /n,), is g are used”. Fach lon curve Th B' P' t
) v 64 iE: is fitted to Eq. (1) e Ig Ic u re
strongly correlated with O’* /0°™ [8]. = producing 11 sets of free
. : : = t ,0, and 1.
* Large-scale energization signatures appear = paramniee(;?%iffzm Path Sol Wind
. . med(a) - 0.2 athways to Solar Win
preserved from the corona into the solar wind. Ted(r) = 1.2
A i .

Release in the Corona

/( Steady-state calculations

of charge state freeze-in
heights act as snapshots

Where is solar wind entropy variability set in the

corona?

» Method: cross-correlate other heavy ion properties
with entropy.

Day of vear 2005
Fig 1. Time series of 071 /0°" and Fe/0 plotted against entropy (S) over a wide range

of solar wind conditions. ICME times [9] are marked in bright red and maroon dashes

1.7 1 .
1 C13 fit N :
. & bns 25" for entropy evolution.
1.6- & 457 <655, <70° Elemental abundance
E1s. %ﬁ , behavior constrains
= a=0.21+0.005
i \%% g:%-?;;fd?fz] cH — Interchange reconnection.
> 1.4 N x2/ndof = 2.089
g —1- & | AR Fig 6. Illustration of the
=137 | \_$_\ decrease in evolution of
\‘* 5 T O~ entropy variability in the
;mw 012 e M 1 \ solar corona over a range of
: 165 ' s w0 1 0 1 20 o v #} $%Mﬁ€$$%r2§ iy coronal structures
160 . i i
1.1 —¢|——¢I—_$_ producing solar wind that

may be observed by ACE.
The region of entropy

= C*/C* freeze-in point

, , = C5*/C5* freeze-in point variability freezing-in is
represent shocks [10], both of which are excluded from our analysis. =gs7+//gé+ffreeze-ip poir\tt constrained by freeze-in
~ o /o reezeinpomt distances of heavy ion
® °® = closed field lines, FIP evolution
0 n S 0 la r WI n d H e at I n g ~ =Freezing-in process of entropy variability charge state ratios
. . Sy (7 depletion calculated using the MIC —
Heavy ions are heated super-mass-proportionally >0 02 0'4|Av w 00 08 -0 a steady-state model.
— ap A
[11] and can stream faster than protons along B —— PrT—— E By AT
ig 5. Slopes of linear fits between median T; /T, and m;/m,, for ifferent Helium . S -
[1 2’1 3] . differential streaming bins, along with bootstrapped slope uncertainties. Red M e c h a n I s m S fo r C O lll s I o n le S s
o |f ion- rosca le tu rbu le nt ﬂu Ctuations diamonds correspond to preferentially perpendicular temperature ratios (i.e. o o o
gy . . ] . ] T;/T, = T,;/Tp, while blue squares correspond to preferentially parallel H eatl ng I n t h e SO la r WI n d
StOChaSUCauy heat 1oNns, differential Stream'”g temperature ratios (i.e. T; /T, = T;/T}p). Also included is a fit from the theory of ] i
should regulate TJ_ /TJ_ [6] stochastic ion heating by turbulence [6], which predicts a relationship between Heavy ions may be preferentially
L T.:/Ti,and AV;,/V,. The f fitted are the fluctuati ~ ithi
Does the super-mass-proportionality of ion Li/Tup and AVip/Va. The free parameters fitted are the fuctuation energy oo | heated up to ~100 R, within the
exponent a, the fractional cross helicity g, and the gyroscale Alfvén ratio r,. y y .
reach of Solar Orbiter. 3D Heavy

temperatures change with differential streaming

maghnitude?

» Method: organize 11 heavy ion-proton temperature
ratios by Helium field-aligned differential streaming
speed: AVap —cos 05 +sgn {cos Hﬁ’ﬁp} \/Vﬁ — V;sin2 05,

ion VDFs can be constructed.
significant [12]. These measurements may help
disentangle resonant/
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