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1. Ab initio approach to modulation WE=o

 Force-field approach to modulation requires only a
single parameter to calculate an energy spectrum

e Ab initio approach needs much more...
o Starting point is turbulence power spectrum
o Provides input for diffusion tensor

o Reasonable understanding of parallel- and
perpendicular diffusion, but drift coefficient still a
problem

o Turbulence transport model needed to model spatial
dependence of diffusion tensor



. Ab initio approach to modulation E!l!l .

Force-field approach to modulation requires only a
single parameter to calculate an energy spectrum

ADb initio approach needs much more...
o Starting point is turbulence power spectrum
o Provides input for diffusion tensor

o Reasonable understanding of parallel- and
perpendicular diffusion, but drift coefficient still a
problem

o Turbulence transport model needed to model spatial
dependence of diffusion tensor

...and then you can calculate an energy spectrum that
will probably not fit data



2. Modeling cosmic-ray transport l@’m“‘

« Parker (1965) transport equation

T pt) V. (KS -Vfo) diffusion
ot
-V, - Vi, drift
—Vsy - Vi, convection
+3(V- Vg )2 P diabatic cooling

op

 Rest covered by Marius in his talk yesterday



3. Parallel- and perpendicular diffusion lmj ““““““““““““““““ -

coefficients

« Can fit (some) data with force-field approximation but
heliosphere is NOT spherically symmetric (solar wind,
magnetic field, turbulence)

« Compare “radial” x with random sweeping model of Teufel &
Schlickeiser (2003, A&A) for parallel diffusion including
dissipation range...
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...and perpendicular diffusion using approximation for
nonlinear guiding center model (NLGC) of Matthaeus et
al. (2003, ApJ)

S(k)dk dk, dk,

K,= 5
3B, — kfl{L + kllzlc”
3’fn
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Comparison of QLT with numerical simulations
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Comparison of NLGC with numerical simulations
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4. Turbulence power spectra W

 Assume composite slab/2D turbulence

Matthaeus et al. (2003, ApJ)
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Assume composite slab/2D turbulence (Matthaeus et al.
1990, JGR; Giacalone et al. 2006, ApJL)

Key question is relative contribution of two components
to spectrum

Bieber et al. (1996, JGR) use Helios measurements
between 0.3 and 1 AU and find dominant 2D component
In inertial range when comparing spectra

Ratio of slab to total variance must be calculated for
given form of spectra

Very simple form for slab spectrum (Bieber et al. 1994,
ApJ) with flat energy range physically acceptable but 2D
spectrum requires decreases at small wavenumbers
(Matthaeus et al. 2007, ApJ)
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Turbulence spectra...

MORTH-WEST UNIVERSITY
YUNIBESITI YA BOKONE-BOPHIRIMA
MOORDWES-UNIVERSITEIT

POTCHEFSTROOM CAMPUS

100 ¢ . . .

: Slab
=) [ ——— 2D
o 10| .:
- : '
=
g ______
£ 102 /
® / /
& / 4 /
c . / / ,
= 10°L / / /
O s / / /
o N / / /

[ / / /

10-4 / s aay / —_— sl /
0.1 10

Wavenumber (AU ™)

13



..and mean free paths calculated with them

10

Mean free path (AU)
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Turbulence spectra...
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..and mean free paths calculated with them
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Conceptual (or maybe a real) problem: If the spectra are
kept constant at some wavenumber in the inertial range,
and the ratio of slab to composite variance is
prescribed, the total variance cannot be prescribed as
well.
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Dependence of variance ratio on inertial range spectra ratio
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..but that’s not the end of the story
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5. Drift coefficient l![‘j SR A S
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No successful theory yet for drift coefficient (Burger &
Visser 2010, ApJ; Shalchi 2011, PhysReVE)

“Standard” form for drift coefficient (e.g. Forman et al.
1974, ApJd; Jokipii 1993, ICRC):

ws PV VR, pP
KA = = = ,
3gB° 3 3B

2

L G

A 3B 1+ (wr)

What should we use for wz?
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Scattering parameter (Bieber & Matthaeus, 1997, ApJ)
(BAM) and FLRW diffusion coefficient (Matthaeus et
al. 1995, PRL,; 2007, ApJ)

or=2R p, - 1[Dg4~JD2—F4D2:}

3 D 2
16B: OB
Dsl 2 BZSI Isl’ I:)ZD = BgD IuItra
I EESTOLS
ultra — ’dszZD(k)
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Functional approach to drift reduction for slab/2D structure

« Modified scattering parameter (Visser 2010, MSc;
Burger & Visser 2010, ApJ)

(RL )0.45
OT = 8l

")

g =O.3Iog(F%)+O.8
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Drift coefficient and diffusion tensor

 Field-aligned and spherical coordinates

A

e

@

Ry
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Diffusion tensor in field-aligned...

K’

ST

0 K

0 -k, K5 _

0

Ka

K 0
0 K
O O

0
0

K3

...and in spherical coordinates

KI’I’

Ké’r

Kré’ Kr¢
Koo Koy
Koo Kgp

:KS +Ka
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0 0
0 «kx,
Kk 0 _
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Anti-symmetric part of diffusion tensor...

0 —Kk, SINY
K:=| «x,sin¥ 0
kK, cos¥sing -k, cosYcosd

...recast as drift velocity in transport equation (Minnie
et al. 2007, ApJ; Aris, 1989; Vectors, Tensors, and the

Basic Equations of Fluid Mechanics)

-V -K® =V x| x, (cosWcos(e, +cos¥sinle, —sin¥e,) |

=V x(xp€5)

EVD

—Kk, cos¥sing

kK, Cos¥Ycosd
0
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Key questions about the drift coefficient

(Also discussed recently by Shalchi 2011, PhysRevE)

e (Can one calculate a drift coefficient for the case of a
uniform background magnetic field?

o Yes: See Giacalone et al. (1999, 26t ICRC)

 What form should be used to calculate it, <AXAy>/(2t) or
<AX v >7?
o <AXV,>=-<Ayv,>: See Glacalone et al. (1999, 26th
ICRC)
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 Consider particles in a

(Burger & Visser 2010,
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uniform magnetic field B = B,e,
ApJ)

« Components of velocity...

v (t)=v, cos(at + )

v, (t) =-v, sin(at + J)

e ...and displacement

AX(t) = (VJ_/(OC)
Ay (t) = (VL/COC)

sin(w,t + ) —sind]|

cos(w t +5)—cosd|
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Cyclotron frequency and perpendicular velocity
component in terms of pitch angle

o =0B/m and Vv, =vil-u°

Calculate ensemble averages: “standard” form yields
(AXAY ) = (AyAX) =0
Approach of Giacalone et al. yields

(v,Ay)=—(v Ax) = (VR /3)(1-cos )

29
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Calculate two-point (time) correlation function...

(v, (W, (0)) =~ (v, (t)v,(0)) = (v*/3)sin ot

...and introduce de-correlation function to find

j <vx(t)vy(0)>e_tht "~ VSL
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6. Three-dimensional drift velocity field

@)
Vsw
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tana sing

(

-1

" _tan
2

Hns

i
™




''''''

* Neutral sheet drift a challenge going from 2D to 3D

« Consider magnetic field
B=B,[1-2H(@-46,)]

 Drift velocity for nearly-isotropic distribution —
divergence-free

Vp =V X K,€g

= (V X K, Em] [1-2H(6-6,,)]

m

£265(0 - 0 )i " X V(0 Gy

m
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Result for a flat neutral sheet

* For a flat sheet and purely azimuthal field the neutral
sheet drift term in absence of scattering is

Vpns = 20(0 —Z)xpgy x V(0 -7

\UR 1

r
_ 4R, 5(0-2)L
L 2
6 r
® © 0000000000 00 00
® ® 0000 00 0 0O
0o 0 00 o0 000 000 00
® ® 0000 0,00 000 00 00
® ®© 00 0 0 0 ® 00600 00
® o006 06 00 O 00000 00 e
XXXX XXX XAXAKXX XX XX er
X KXXK XXX XXXX XX XX
KKXX XXX KXEXXX XXX
XAHXXX XX XX XX X X
KAAXXXX XX XX X X e
XXAXAXAKXAXXXKXXXXX XXX X / 0

33




MORTH - WEST UNIVERS| Y

YU NI-EESIT'L YA BD?{ONE-EDPHIHINA

EEEEEEEEEEEEEEEEEEEE
POTCHEFST ROOM CAMPUS

« Spatial average with 46, = 2R /r yields; verified with

trajectory tracing (Burger et al. 1985, AstroSpSc)
Z2+A0g

ve, v
<VDnS>9 4 I 4R 5(9 )gTr dﬁzae

L z_A0,,

Result for a flat neutral sheet

34



MORTH - WEST UNIVERS| Y
YUMIBESITI YA BOKONE-BOPHIRIMA
MNOORDWES-UNIVERSITEIT
POTCHEFSTROOM CAMPUS

« Spatial average with 46, = 2R /r yields; verified with

trajectory tracing (Burger et al. 1985, AstroSpSc)
Z2+A0g

1 v
<VD”S>9:H f AR, 5(6 — )—— do= e,

Result for a flat neutral sheet

* Replace x, with x, cosv tanh [k(8,.—6)] instead of using
Heaviside function (v defined on next slide; equal to 0° for a
flat sheet)

Vg = (chosvch

E )tanh[k -6)]

m

K B
_ B v(6.. — 0
cosh?[K (6,s — 0)] g (s =)
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Wavy neutral sheet — 3D geometry

€
Ncosvtanp €
N cos v tan Y ,'3// ﬁxx‘x N cos v
e(p !!; V \ \\“‘\\
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e Angles y and g are related to the spiral angle W for

Parker field ...
=5 =T sin«9£ =tan¥
tany Vaow

Wavy neutral sheet — 3D geometry

e ...and to the angle v between the normal and the

meridional direction
1

J1+tan? g +tan?y

COSv =
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3D drift velocity field with a wavy neutral sheet
Vy =V x (KieB )

— (V X K COSVE”‘) tanh[k (6, — 9)]

m

ki, (SinWcosve, +sinve, +cosWcosve,)
r cosh®[k (6, — )]

_|_

* Old approach without cos v results in neutral sheet drift
speed that becomes unphysically large when tilt angle
becomes too large — numerical model becomes unstable
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Comparison with Kota & Jokipii (1983, ApJ)
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Comparison with Kota & Jokipii (1983, ApJ); Pei et al. (2011, ApJ)
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As our understanding of modulation grows, so does the
number of new guestions waiting to be addressed

Knowledge of turbulence spectra throughout
heliosphere now a key input for a modulation model

Drift coefficient requires more attention — theory and
direct numerical simulations

Drift along a wavy neutral sheet a key challenge for any
fully 3D numerical modulation model — drift field for
nearly-isotropic particle distribution must be locally and
globally divergence-free
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