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The first in-situ exploration campaign of the heliosphere is completed
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The Significance of Knowing the Turbulence Conditions

multi-spacecraft observations:

@ interpretation of

spacecraft data

@ understanding of
space weather

@ input to models of RN

the outer heliosphere Dresing et al. [2012]

Of particular importance for the transport of energetic particles
is the turbulent inner heliospheric magnetic field
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The Significance of Knowing the Turbulence Conditions
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e modulation of cosmic ray energy spectra
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The Significance of Knowing the Turbulence Conditions
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e modulation of cosmic ray energy spectra



The Significance of Knowing the Turbulence Conditions

- Woyager 1
% yag

Voyager2

@ only stellar wind downstream region observed in situ
e responsible for a significant decrease of cosmic ray flux (shielding)
o (apparently dominated by compressible turbulence)
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The Diffusion Processes

Transport equation: oF _v.[g 1 0 [, 0F P .o o OF
( e ; ) ot V[“VF]+pzapPDap u-VE+3(V U)ap-i—s(r,p,t)




The Diffusion Processes
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The Diffusion Processes
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The Diffusion Processes
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@ £, k1 are mainly determined by the turbulence



The Diffusion Processes
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@ £, k1 are mainly determined by the turbulence

o different ways to obtain these coefficients
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Determining the Diffusion Coefficients

At least four methods:
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Determining the Diffusion Coefficients

At least four methods:

Phenomenolocically:

o fits to data
(outdated...)

(Moraal, Potgieter)
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Determining the Diffusion Coefficients

At least four methods:

Phenomenolocically: Analytically:

@ quasilinear

o fits to data theory (’QH)

(outdated...) o nonlinear

guiding center
theory (k)

(Moraal, Potgieter) (Matthaeus, Shalchi)




Outline Undisturbed HMF 1-Component-Model Refinement 2-Component Model Summary

Determining the Diffusion Coefficients

At least four methods:

Phenomenolocically: Analytically: MHD simulations:
i @ quasilinear @ scale
o fits to data .
theory () separation
(outdated...) : :
@ nonlinear @ self-consistent
guiding center evolution

theory (k)
(Moraal, Potgieter) (Matthaeus, Shalchi) || (Adhikari,Wiengarten)
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Determining the Diffusion Coefficients

At least four methods:

Phenomenolocically:

o fits to data
(outdated...)

Analytically:

@ quasilinear
theory ()

@ nonlinear
guiding center
theory (k)

MHD simulations:

@ scale
separation

@ self-consistent
evolution

Full-Orbit simul.

@ prescribe
turbulence

@ compute
particle
trajectories

(Moraal, Potgieter)

(Matthaeus, Shalchi)

(Adhikari,Wiengarten)

(— F. Effenberger)
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Determining the Diffusion Coefficients

At least four methods:

this talk

next talk

MHD simulations:

@ scale
separation

@ self-consistent
evolution

Full-Orbit simul.

@ prescribe
turbulence

@ compute
particle
trajectories

(Adhikari,Wiengarten)

(— F. Effenberger)
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Outline of the Talk

@ Introduction (V')

Large-Scale Plasma Transport

One-Component Turbulence Transport

Two-Component Turbulence Transport

Application: Cosmic Ray Modulation

Summary
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Large-Scale
Plasma Transport
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Theoretical Framework |: Large-Scale Plasma Transport

MHD equations:

op+V-(pv) = 0
Oe(pv) + V - [pw + (p + [BI?/2) 11_33] - boundary
+ | conditions
Ore+V-[(e+p+|BP/2)v—(v-B)B] = v-f at 0.1 AU
OB+VXxE = 0
= ‘heliobase’
i (Zhao &

) ) Hoeksema [2010])
_ pIME IBE P
2 2 v—1

E+vxB = 0

V-B = 0,




Undisturbed HMF

Theoretical Framework |: Large-Scale Plasma Transport

Inner boundary conditions:
(a) potential-field modelling (FDIPS model) for 1 — 2.5R::

‘source surface’ at 2.5R;,

Wiengarten et al. [2014]
(using GONG maps)

Tt

(b) WSA + PFSS + ‘Detman et al. [2006,2011]’-construction
of solar wind values for 2.5 — 21 R
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Validation: Comparison to Spacecraft Data (Year 2007)

Reconstruction  of  measurements
simultaneously obtained with three

spacecraft:

~ Z [AU]

STEREO A at 1 AU

STEREO B at 1 AU

Ulysses at > 1.2 AU

Y[AWU 1 -1

= 4-D data set

Dresing et al. [2009]
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Validation: Comparison to Spacecraft Data (Year 2007)
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Validation: Comparison to Spacecraft Data (Year 2007)
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Detail:

speed

and

radial magnetic
field component
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One-Component
Turbulence Transport
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Reynolds Decomposition

Basic idea:
@ split fluctuation quantities in average and fluctuating part:

‘v:U+6u; U=(v) ‘and‘Bz(B)—Féb ‘
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@ limit analysis to incompressible fluctuations:
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Reynolds Decomposition

Basic idea:
@ split fluctuation quantities in average and fluctuating part:

‘v:U+6u; U=(v) ‘and‘Bz(B)—Féb ‘

@ limit analysis to incompressible fluctuations:

@ re-write equations for fluctuating components in terms of Elsasser variables:
7t = du=£db/\/p




Outline Undisturbed HMF 1-Component-Model Refinement 2-Component Model Summary

Reynolds Decomposition

Basic idea:
@ split fluctuation quantities in average and fluctuating part:

‘v:U+6u; U=(v) ‘and‘Bz(B)—Féb ‘

@ limit analysis to incompressible fluctuations:

@ re-write equations for fluctuating components in terms of Elsasser variables:
7t = du=£db/\/p

@ combine the latter into

7 = = ((6u)®) + ((0b)*/p)  norm. energy

Z2oc = 727 _ o5u.- ob//p) cross helicity

Z’0p = (z'-z7) ={(6u)®) — ((6b)*/p) norm. energy difference
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1-Component Turbulence Transport

e evolution of large-scale solar wind get new terms due to fluctuations:

Oep+V-(pV)=0 ; V=U-Qxr
:(pU) + V - [pvu+p+yB\2/2) 1- BB }
=—p(g+Q2xU)

Ore +V - [eV+ (p+|B[>/2) U—(U-B)B] +qu

=-pV-g

9:B+V-(VB—BV) =0

Wiengarten et al. [2015]
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1-Component Turbulence Transport

e evolution of large-scale solar wind get new terms due to fluctuations:

Oep+V-(pV)=0 ; V=U-Qxr

O(pU) + V- [pVU + p+ [B2/2) 1 - BB PNIGBPZ (BB |
= —p(g +2 x V) ; pw = (0p +1)pZ?/4

Ore +V - [eV + (p+|B]*/2) U— (U-B)B] + quf=VapZ2ac/2
= - pV-g-U-Vp, —(Va-Vp)Z?0c/2+ pZ3f*(ac)/(2))

+U - (B-V)[oppZ?/(2B?)B] — pVa - V(Z%0¢)
9,8+ V - (VB — BV) =0

Wiengarten et al. [2015]
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1-Component Turbulence Transport

e evolution of large-scale solar wind get new terms due to fluctuations:

Oep+V-(pV)=0 ; V=U-Qxr

:(pU) + V - [pvu +p+|B[2/2) 1 — BB +p, 1 — oppZ2/(2B%)BB }
= —p(g+Q2x V) : pw = (0p +1)pZ?/4

Ore +V - [eV+ (p+|B[*/2) U~ (U-B)B] + qy —VapZ2sc/2
=—pV-g —U-Vpu — (Va-Vp)Z?0c/2+ pZ3fF(ac)/(2))

+U - (B-V)[oppZ?/(2B?)B] — pVa - V(Z%0¢)
9,8+ V - (VB — BV) =0

Wiengarten et al. [2015]
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1-Component Turbulence Transport

e evolution of fluctuations:

2
Z(=00) Gy 4 v, - V(ZPoc) + Z2opB-(B-V)U

0:2° +V - (UZ* +VaZ?0c) = ==

- azjf+ +(zt-ST) + (27 -S7)
0:(Z%0c) + V- (UZ0c +VaZ") = 222UCV U+2V4-VZ2+ Z0pV - Va
S22 st - s)

2 (57 a00) + (2757 (1))

+
Or(pX) +V - (UpA) = pB | ZF* = =
Wiengarten et al. [2015]

(S*= (pick-up ion) source terms; a, 3 Karman-Taylor constants; f* = f*(o¢))



1-Component-Model

Results: One-Component Turbulence Evolution

log(Z2 / (km/s)’)
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Wiengarten et al. [2015]
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The Need for a Two-Component Turbulence Model

solar wind turbulence is anisotropic:

Matthaeus et al. [1990]: R(x) = (B(r)B(r + x)) (two-point correlation function)
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The Need for a Two-Component Turbulence Model

T O

- o nanh <~
R

solar wind turbulence is anisotropic:

1—comp. model
2
= 0B

Matthaeus et al. [1990]: R(x) = (B(r)B(r + x)) (two-point correlation function)

transport process

1-comp. model

parallel diffusion &
perpendicular diffusion k|
drifts K
momentum diffusion Dp,

~ B2/5B2

~ 6B2/B?
= KA ((582/82)
= Dyp (6B%/B?)




Outline Undisturbed

The Need for a Two-Component Turbulence Model

Matthaeus et al. [1990]: R(x) =

solar wind turbulence is anisotropic

2—comp. model

1—comp. model
2 2 2
S—~— ~~
‘quasi-2D’ ‘slab/wave-like’
low frequency high frequency
k ~ k| k ~ kH

(B(r)B(r + x)) (two-point correlation function)

1-comp. model

transport process

parallel diffusion &

perpendicular diffusion k|
drifts K

momentum diffusion Dp,

~ B2/5B2

~ 6B2/B?
= KA ((582/82)
= Dyp (6B%/B?)

| HMF 1-Component-Model Refinement 2-Component Model Summar
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The Need for a Two-Component Turbulence Model

T O

- 5 LA

solar wind turbulence is anisotropic:

1—comp. model

=
= SB?

2—comp. model

= 6B} + B3
~—— ~—~

‘quasi-2D’ ‘slab/wave-like’
low frequency high frequency
k ~ k| k ~ kH

Matthaeus et al. [1990]: R(x) = (B(r)B(r + x)) (two-point correlation function)

transport process

1-comp. model

2-comp. model

parallel diffusion &
perpendicular diffusion k|
drifts K
momentum diffusion Dp,

~ B2/5B2

~ 6B2/B?
= KA ((582/82)
= Dyp (6B%/B?)

~ B2/5B?

~ 0B3n /B>
= 1 (0B3/B2,6B3,/B?)
= Dpp (53_3//82» 5822D/32)
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Two-Component
Turbulence Transport
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2-Component Turbulence Transport

quasi-2D +— distinction of — wave-like
fluctuations zt(r,x) = q* + wt fluctuations
72 =(q.-q.) Elsasser ‘energies’ W2 = (wg-wy)
272 = Zer + 72 total ‘energies’ 2W? = Wﬁ + w2
2HZ = 72 — 72 cross helicities 2HY = W32 — W2
z2 - 72 w2 — w2
Ocz = ﬁ normalized cross helicities Ocw = W
0% = (9:-9) '2q_> normalized energy differences oy = (wy-w-) ';V_>
Z w
Hop 2 2 HoP 12 1+0p5"
6B5p = Z? ; 0Bi= W2 =
0= ST 1 ra 1— 03"
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2-Component Turbulence Transport
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Validation: Comparison to Spacecraft Data

2-Component Model
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Wiengarten et al. [2016]:

@ blue/black lines =
colatitudes of 15°/90°

@ blue/black symbols =
Ulysses/Voyager 2



2-Component Model

Application: Ab-initio modulation of CR proton spectra

wave-like/quasi-2D B modulated CR energy spectra

fluctuations (top/botton): coefficient at 1 GeV:

g2 i+~ ‘

[0
By, [Gev]

Moloto et al. [2018]
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Summary

Results:

@ MHD modelling of turbulence transport:

— self-consistent computation of large- and small-scale quantities
— one- and two-component turbulence transport

@ kinetic modelling of energetic particle transport:

— analytical theories provide transport (diffusion, drift) coefficients
— solution of kinetic transport equations (Parker & focused-transport eq.)
— confrontation with observed energy spectra in the heliosphere

Improvements (see following talk by Frederic Effenberger):

@ prescribe turbulence with given properties (structure functions, intermittency)

@ compute transport coefficients from full-orbit simulations (particle trajectories)
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