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Introduction

Proton energetics in the solar wind
@ non adiabatic evolution, T decreases slower than R~4/3

@ heating rates usually estimated assuming isotropic approximation

Protons

@ collisionless/weakly collisional
@ temperature anisotropies 7)) # T,

@ non CGL evolution

T, decreases slower than B

2

n
T) often decreases faster than 75

Quantification of || and L heating/cooling rates using Helios data.
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Helios 2 proton velocity distribution function

In situ proton data at 0.3 AU: anisotropic core & beam
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Heating and cooling rates

Isotropic approximation:
2
Q =nkgu - VT + gnkBTV -u

For T = To(R/Ry)*:

3 4_1 nkgTvg, i
Q—(3+§)—R —(3+§)QE

Anisotropic approximation:

Q) = nkp (vsw - VTj + 2T}V - vy,)
QJ_ = nkB (vsw : VTJ_ + TJ_VJ_ : vsw)

where V|| = b(b . V), VJ_ =V- V|| and b = Bo/|B()|.
Mean heating rate Q = (20, + Q))/3.
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Typical radial profile (Helios 1)

vsw, B, and n as a function of R (a part of the trajectory).
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Temperatures (Helios 1 & 2), vy, > 600 km/s

Radial profiles of 7} and T,
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Temperatures (Helios 1 & 2), vy, < 400 km/s
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Fitted results

Fast SW Slow SW
Vg > 600 km/s Vg < 400 km/s
B~ 5.8 (R/AU) ' nT B ~5.5(R/AU)™' nT
n=~28(R/AU) ¥ cm™3 n=~78(R/AU)>! cm™
Ty ~2.7- 10°(R/AU)>>* K Ty ~ 7.7 - 104(R/AU) "4 K
T, ~24-10°(R/AU) ¥ K T, ~4.8-10%R/AU) K

NB: Proton density decreases slower than R~2 in fast streams and
faster than R~2 in slow streams.

Two cases for slow and fast winds:
@ constant solar wind velocity
o decelerating/accelerating solar wind

+ Parker spiral magnetic field.
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ating rates vy,, > 600 km/s

constant vy, vs decelerating wind
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eating rates vy, < 400 km/

constant vy, vs accelerating wind
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Total heating rates

Fast SW Slow SW
@ constant vy, @ constant vy,
0 ~24-10""(R/AU) ¥ W/m? 0=~12-10""(R/AU)? W/m’
€~79-103R/AU) 8 W/kg e=~13-103R/AU)™ > W/kg
@ delerating SW @ accelerating SW
0=~1.7-10""R/AU)> W/m? 0=~13-107"R/AU)>* W/m?
€=~5.1-103R/AU) > W/kg e~15-103R/AU)"? W/kg

where € = 3/2 Q/(m,n) is the heating rate per unit mass.
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Turbulent heating rates

Kolgomoror-Yaglom law
V- (57|02t = —4€

MacBride et al. (2008) at 1 AU
® ¢ ~2-10° W/kg in the slow solar wind and
° ¢, ~10* W/kg in the fast solar wind.

Taking into account the expansion
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Hybrid Expanding Box Simulations

Heating/cooling rates
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Fast solar wind

@ comparable L heating & || cooling close to the Sun
@ comparable || and L heating at 1 AU

Slow solar wind
@ weak || heating/cooling close to the Sun
@ comparable || and L heating at 1 AU
Slow vs fast solar wind
@ comparable total heating rates (per unit volume)
@ interaction between slow and fast streams
Parallel cooling
@ possible related to the beam-core proton VDF

@ numerical simulations exhibit comparable parallel cooling rates
due to kinetic instabilities driven by the beam-core system
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Hybrid Expanding Box Simulation
Evolution of VDF
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Hybrid Expanding Box Simulation
Evolution of VDF
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Hybrid Expanding Box Simulation

Evolution of VDF
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Hybrid Expanding Box Simulation

Evolution of VDF

t = 0.8t
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