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Introduction - Motivation

LU |mportance of Solar Modulation
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Understand cosmic ray fluxes at low  Disentangle modulation of galactic
energies to interpret potential dark ~ cosmic rays from processes in the

matter signals. heliosphere.
Cuoco et al. arXiv:1903.01472 Johannesson et al. arXiv:1602.02243
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Force-field

v fast
X inaccurate
X local

Gleeson & Axford 1968

Introduction - Motivation

Solving the Transport Equation

computational expense

Numerical codes

X slow
v/ accurate
v global

Aslam et al.,
arXiv:1811.10710,
Boschini et al.,
arXiv:1704.03733,
Vittino et al.,
arXiv:1707.090083,

Kappl, arXiv:1601.02832
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Introduction - Motivation

LB Solving the Transport Equation

computational expense

Force-field Semi-analytical Numerical codes

v fast v fast X slow

X inaccurate v/ accurate v/ accurate

X local X local v global
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Transport Equation - Solving the Transport Equation

CHEN
LB Force Field Approximation

Gleeson & Axford, Caballero-Lopez & Moraal
Rewrite the transport equation as

of 1 90
A K- — Vf) =
8t+v (CVf — Vf)—i—Sp 8p(pV Vi) =Q,
with Compton Getting factor ¢ = —24 L.
Assumptions:

> Steady state, 9f /0t = 0
» No sources, @ =0

> No average momentum loss in lab frame, (p) =+ V - Vf/f =0

Zero streaming condition:

CVf—K Vf=0.
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Transport Equation - Solving the Transport Equation

CHEN
WSS Force Field Solution

Gleeson & Axford, Caballero-Lopez & Moraal
Assuming spherical symmetry:

of , Yool _

SCINIS e Y
Or 3k Op ’

Method of characteristics:

/PLIS Bﬁp/ dp’ _ /rus vV dr’ _ (p(r)
PTOA v TTOA 3hipr

Fork, xpand B~ 1— ¢ = pris — proa.
Conservation of the phase-space density f leads to:

Jroa  JLis
2 = 2 -
Proa  PLis
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Transport Equation - Solving the Transport Equation

D+
D, -
Explanation of current data requires charge

sign dependent effects.
= Importance of drifts.

R, =

To explain the AMS-02 data we make
modifications to the force field model.
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Transport Equation - Solving the Transport Equation

CHEN
LUEEUE  Changes to Force Field Model

Starting again from divergence free streaming
/(OVf—K-Vf)-dS:O
s

Solve the transport equation in 2D including gradient curvature drifts.
Where we introduce angular averages:

. w2 ) o7 L
f :/ df sin 0f K, = () / dOsin 0 K,.-0,.f
0 or 0

N -1
(o} w2 N
V= (810) /0 dfsin 0 Vo,f Bger = (f) /0 df sin Qv - f
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Transport Equation - Solving the Transport Equation

CHEN
LUEEUE  Changes to Force Field Model

After angular averages this reduces

to
of  pV of Tger - With pris(r, p) the solution to the
or 378_;0 = _f(_f initial value problem
T rr
Can be solved using the method of dp _ pNV ’
characteristics dr 3K,
F(r, p) = fus(pris) with pis(R, p) = p.

_fr d')"/ 7’gc,r(T,7P1L15)
e 0 KTT(T/’:DLIS)

Marco Kuhlen, Philipp Mertsch | 16. Oktober 2019 8/24



Transport Equation - Solving the Transport Equation

CHEN
LUEEUE  Changes to Force Field Model

After angular averages this reduces

to We parametrize them as

of , 2V O Tuers V= To(1+ AV - m))
or  3K,0p K,

Can be solved using the method of

. R¢ + R¢ (b—a)/c
characteristics K, = KyR" (’f)

1+ R

f(ra p) :fLIS(pLIS) Bp 10 p?

T /5gc,T(T,7P1L18) @gc,r = R0 >
e_ fO dr K1'7'(7'/7P£IS) 3BO ]' + 10p2
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After angular averages this reduces
to

of

PV Of _ Bgers
or Kk

Skm‘ ap Krrf

Can be solved using the method of
characteristics

f(r,p) = fus(pus)

_fr d')"/ ;[’_qC,T(T,vpiIS)
e 0 KTT(T/’:DLIS)

Transport Equation - Solving the Transport Equation

CHEN
LUEEUE  Changes to Force Field Model

In addition we include two scaling
factors that will be determined by
fitting to data.

14 14
p~ — g1 p~
3K 3Ky
@gc,r 7)gc,r
Ky Ky
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Transport Equation - Solving the Transport Equation

CHEN
LU Example: Fit to AMS-02 Data

Bartels Rotation 2433 )
Electrons Positrons
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Can explain data accurately while the conventional force field model fails.

LIS from Vittino et al. arXiv:1904.05899
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Validation - Numerical Model

CHEN
WSS Numerical Model

0 0
/ =V-(K-Vf)=V.Vf+- (V V)if—FQ
8t N N et 81
Diffusion Advection \—/—/

Adiabatic Losses
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Validation - Numerical Model

CHEN
WSS Numerical Model

of
ot

=V (K-Vf)—V.-Vf+- (V V)i-l-Q
—_— —— Odln

Adiabatic Losses

Diffusion Advection

B = By (%)2 (1-20(0—-6")) (er + <W) eg —tani ey)

©

with d,, = 8.7 x 10™°.  Langner 2004
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Validation - Numerical Model

CHEN
WSS Numerical Model

of of

LoV (K- VA=V -Vf+- (v V)—JrQ
Ot ~— 0 ~—— Oln
Diffusion Advection
Adiabatic Losses
H” 0 0 Vd = V x (F&AeB)
K= |0 mma | u(R/Re) (I0(R/ R
rA P "A7 3B \1+10(R/Ro)?
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Validation - Numerical Model

CHEN
ELLE U Checking the Adiabatic Term

—— p=08GeV/c
p=15 GeV/c
—— p=3.0GeV/c

0.1 — 606V » Adiabatic term small in the inner
—— p=11.9 GeV/c .
’ heliosphere

~—— » Becomes important only at very
N \’/ low energies

» Adiabatic term never contributes
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Validation - Numerical Model

LS Fitting to Numerical Result
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Can reproduce numerical results
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Comparing to Data - Prediction of Fluxes

CHEN
S Making the model predictive

of vV of Vger
o + QILJ = —gp—=>f
87" 3KT‘T‘ ap Krr
Express the scaling factors ¢g; and g» as functions of the solar wind
parameters.
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Comparing to Data - Prediction of Fluxes

LSS Correlation with Solar Wind Parameters

We find a correlation between the tilt angle and the diffusion coefficient.
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Tilt angle from http://wso.stanford.edu/
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Comparing to Data - Prediction of Fluxes

CHEN
WSS  Correlation with Solar Wind Parameters

We find a correlation between the tilt angle and the diffusion coefficient.
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Tilt angle from http://wso.stanford.edu/
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Comparing to Data - Prediction of Fluxes

WSS  Correlation with Solar Wind Parameters

We find a correlation between the tilt angle and the diffusion coefficient.
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Tilt angle from http://wso.stanford.edu/
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Comparing to Data - Prediction of Fluxes

CHEN
LU \Moving Average of the Tilt Angle
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Comparing to Data - Prediction of Fluxes

CHEN
WSSV Correlation with Solar Wind Parameters
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Comparing to Data - Prediction of Fluxes

LSS Correlation with Solar Wind Parameters

We find a correlation between the tilt angle and the diffusion coefficient.
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Tilt angle from http://wso.stanford.edu/
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Comparing to Data - Prediction of Fluxes

WSS  Correlation with Solar Wind Parameters

We find a correlation between the tilt angle and the diffusion coefficient.
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Comparing to Data - Prediction of Fluxes

WSS  Correlation with Solar Wind Parameters

We find a weaker correlation between the magnetic field strength and the
normalization of the drift coefficient.
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Magnetic field strength from http://www.srl.caltech.edu/ACE/
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Comparing to Data - Prediction of Fluxes

LS Correlation with Solar Wind Parameters

We find a weaker correlation between the magnetic field strength and the
normalization of the drift coefficient.
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Magnetic field strength from http://www.srl.caltech.edu/ACE/
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Comparing to Data - Prediction of Fluxes

CHEN
LSRN Prediction of Electron Flux
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Comparing to Data - Prediction of Fluxes

CHEN
BUSSINE  Prediction of Positron Ratio
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Conclusion - Conclusion

RWTHAACHEN
WSS Conclusion

> We have developed a semi analytical method to solve the 2D
transport equation.

» Our method runs significantly faster than fully numerical model
(~ 20 ms).

> We are able to reproduce AMS-02 electron and positron fluxes.
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Conclusion - Conclusion

CHEN
RUEEUE  Thank you for your attention!

Download an example script at
https://git.rwth-aachen.de/kuhlenmarco/effmod-code
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https://git.rwth-aachen.de/kuhlenmarco/effmod-code

CHEN
BB Transport Equation

Transport equation for the heliosphere derived by Parker:

of 1 of 10 9 of
— =V (K-Vf)—- V.V —(V-V)——+ —— D, —
Ot _( ,_/f) \—\,—/f+3( )Olnp+ p2 dp (p PP op +e
Diffusion Advection - . ~
Adiabatic Losses 2" order Fermi Acceleration

f : cosmic ray phase space density
K: diffusion tensor
V: solar wind velocity

Can be solved numerically or analytically making some simplifying
assumptions.
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CHEN
LS Correlation between Tilt and ¢;
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Normalization of diffusion coefficient

» Pearson correlation
coefficient for both electrons
and positrons ~ 0.9

» Correlation maximal for
At = 45BR for electrons and
At = 25BR for positrons.
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Electrons

Bartels Rotation 2451

Positrons

Example: Fit to AMS-02 Data

2 — chi2/dof = 3.31
F 10 s
t  AMS, Bartels rotation 2451

10°
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— LIS

t  AMS, Bartels rotation 2451

10
‘ 3 ~
" ) o7
0 e L I |
~10 :

Bt
1

1072 107! 10 10!
R[CV]

Can explain data accuratel
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10

y while the conventional force field model fails.

LIS from Vittino et al. arXiv:1904.05899
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Bartels Rotation 2471

Positrons

Example: Fit to AMS-02 Data
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Can explain data accurately while the

LIS from Vittino et al. arXiv:1904.05899
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