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Propagation of Cosmic rays in the Heliosphere

Parker transport equation

U is Cosmic Rays number density per unit interval of kinetic energy

Diffusion
Small Scale 

magnetic Field 
irregularity

Convection
Solar wind 
moving out 
from the Sun

Propagation in the heliosphere is described 
by Parker (1965) equation:

Drift
Large scale

magnetic field
structure

Energetic Loss
Due to adiabatic
expansion of the 

solar wind



  

Propagation of CR in the heliosphere is described 
by Parker (1965) equation:

A Monte Carlo Approach - Ito’s lemma,  see e.g. Gardiner, 1985
The 2D Heliosphere Modulation Monte Carlo Code: HelMod

Stochastic Differential Equations (SDE)

2-Dimensional set of SDEs

Details of HelMod modulation code, and how to compute the SDE, 
could be found in [Bobik et al. Ap.J. 2012, 745:132]



  

Parker Field

+
Jokipii & Kota, 1989

Langner, 2004

The Sun’s magnetic field is transported with the Solar wind into space, forming the so-
called Heliospheric Magnetic Field (HMF)

The Polar Correction BL 
is evaluated only 

For  θ < 30° and  θ > 150° 

of solar colatitude  

The interplanetary magnetic field

BP
BP +BL

[Bobik et al. Ap.J. 2012, 745:132]



  

Diffusion

In the magnetic field line reference the diffusion tensor is

K
0
(t) is the modulation parameter obtained using cosmic ray measured 

with neutron monitor at different latitudes 

We apply modulation inside  an effective spherical volume of 100 AU 

K
0
(t) takes into account the rough integrated effects on GCR modulation as seen at 

the Earth position

Changing Heliosphere dimensions (80 – 120 AU) modulated spectra do not differ significantly, 
for rigidity > 1 GV (> 400 MeV)



  

We divide the 
Heliosphere in 15 

regions.
 each one equivalent to 

the average of solar 
activity in periods before 

the experiment

Parameters in each region are

Diffusion
parameter

Tilt angle
of the Neutral Sheet

Magnetic Field 
Magnitude at Earth

Solar Wind Speed



  

Protons LIS

1. Model(s) independent 
from the LIS

2. Transmission function 
approach

3. Possibility use/test 
different LIS  



  

HelMod – selected results

Table 2 and 4

error-weighted 
root mean square of 
the relative difference 
between experimental data
and those resulting from 
simulated differential 
intensities



  

HelMod – selected results

Bobik P. et al., Systematic Investigation of Solar Modulation of Galactic Protons for Solar Cycle 23 Using a Monte 
Carlo Approach with Particle Drift Effects and Latitudinal Dependence, The Astrophysical Journal, Volume 745, 
Issue 2, 21 pp. , 2012



  

HelMod – selected results

P. Bobik, M. et al., Antiproton modulation in the Heliosphere and AMS-02 antiproton over proton ratio prediction,
Astrophys. Space Sci. Trans., 7, 245–249, 2011

antiproton over proton ratio at 1AU

Proton & antiproton LIS from : Casaus, J.: The AMS-02 experiment on the ISS, J. 
Phys. Conf. Ser., 171, 012045, 2009 obtained from GALPROP



  

HelMod – selected results

S. Della Torre et al., Effects of solar modulation 
on the cosmic ray positron fraction, Advances 
in Space Research 49, 1587–1592, 2012

e+/(e+ + e-)

LIS : Zhang and Cheng (2001)



  

HelMod – selected results
spectras at planet orbits

Evaluated primary proton flux at Earth (1AU) for 
positive solar period.

Proton flux at different distances (planets) in  
the solar system. 



  

Latitudinal CR intensity dependence 

From ‘90s up to 2010 ESA/NASA Ulysses mission explored the heliosphere 
outside the ecliptic plane

K.E.T. Instruments measured cosmic 
protons and electrons in energy range 
greater than 0.2 GeV.

[Heber et al. Ap.J. 2008, 689:1443]

The fast scan in 1995 (A>0) showed the 
presence of a latitudinal gradient of 
proton in the inner heliosphere. This 
gradient vanished during the 2007 (A<0) 
fast scan.
Electrons show opposite behavior.

[see e.g. Heber et al. Ap.J. 2008, 689:1443 and 
reference  therin]



  

Drift effect on latitudinal gradient

We use HelMod Code with present model of       to evaluate the latitudinal 
gradient in both magnetic field polarity.

The presence (or not) of a latitudinal gradient is related to Drift mechanism in the 
heliosphere.

Since drift is related to the product of charge (q) and field Polarity (A), with electron 
opposite behaviors appears, in qualitatively agreement with Ulysses analysis

T>2.1 GeVR>2.1GV



  

Data comparison

To compare our results 
with Ulysses data we 
evaluate the Cosmic rays 
intensity during the both 
two fast scans at the same 
distance and latitude of  
Ulysses Spacecraft (IU)

To take in to account the time variation of the Cosmic rays intensity 
We evaluate also the intensity at the same time at 1AU on ecliptica (IE) and 

renormalize the ratio IU/IE in order to have 1 at south pole (-90° ∼  -70°)

The same is done both for Proton and Electron

A<0 solar minimum Ulysses fast scan



  

Results

A>0 Ulysses Fast Scan

A<0 Ulysses Fast Scan

R R

R R

S. Della Torre et al., A Monte Carlo study for 2-D Heliospheric modulation effects, ECRS, Moscow, 2012



  

Results
Cosmic Ray Modulation studied with HelMod Monte Carlo tool and compari-

son with Ulysses Fast Scan Data during consecutive Solar Minima

ICRC 2013 : arXiv:1307.5199



  

Results
AMS 02 vs. HelMod

- over 2 years average



  

HelMod (v2.01) precision
● Over ~500 MeV (- 800 MeV) good agreement with 

experiments
● Why not for lower energies?

● Possible influence of couple of effects
– ? heliosheath modulation
– ? shape of heliosphere (tail, north-south asymmetry)
– ?? some small anisotropy of GCR entering heliosphere ?
– ? TS acceleration (not included in HelMod actually)
– ? LIS
– ?  ...



  

HelMod - www.helmod.org
 Web version of model (ver. HelMod 1.5 / 2.01)
 Model description + bibliography
 Spectra of protons at 1AU catalog from 1990 till 2007



  

HelMod - www.helmod.org

- in catalog : modulation of different energies during solar cycle



  

HelMod online  -  www.helmod.org
HelMod online – beta version
- already open to use

- after registration
at http://www.helmod.org/online

- and Login 
at http://www.helmod.org/online/prihlasenie.php

User can use

- HelMod Calculator
    - to find intensity of protons at 1AU for different LIS
    - fast

- HelMod Simulator
   - HelMod v2.01 run 
   - to evaluate spectrum of protons, antiprotons, electrons,
     positrons at any distance from the Sun, with the possibility      
     to define LIS by the user
   - long/overnight simulation with results received ~12 hours
     after submitting the job

beta

http://www.helmod.org/online
http://www.helmod.org/online/prihlasenie.php


  

HelMod online  -  www.helmod.org
Calculator

beta

http://www.helmod.org/


  

HelMod online  -  www.helmod.org
Simulator

beta

http://www.helmod.org/


  

HelMod online  -  www.helmod.org
Results

beta

http://www.helmod.org/


  

● Soon  -  i.e. september/october 2013
● Results from Simulator for all heliolatitudes

● Calculator update to HelMod version 2.01

● End of this year
● Advanced Simulator
● User can set a couple of additional simulation parameters

● Ratio between perpendicular and parallel diffusion coefficient

● Fast solar wind speed

● Ect.

● Later
● Add 3He or 4He to HelMod online

HelMod online  -  www.helmod.org
Further development

beta

http://www.helmod.org/


  

Register at   http://www.helmod.org/online

and Login / use HelMod at 
http://www.helmod.org/online/prihlasenie.php

Thank you for your attention

This work was supported by VEGA grant agency project 2/0076/13.

http://www.helmod.org/online
http://www.helmod.org/online/prihlasenie.php
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