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CR orbit 

in MHD heliosphere 

by N. Pogorelov
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Liouville’s theorem

Mapping CR intensity at Earth
back to outer boundary 

Galactic anisotropy before
the heliospheric distortion

M. Zhang, Journal of Physics, 
Conference Series 767, 012027 (2016)

Intensity of CRs with pE @ Earth
∥

Intensity of CRs with pB @ Outer 
Boundary of heliosphere

Analysis method



➢ Set Earth at 4 positions around Sun (±1AU, 0, 0), (0, ±1 AU, 0)

➢ Shoot CR particles with reversed charge into MHD model heliosphere 

— initial directions (4 samplings for each data pixel)

— Observed rigidity distribution taken into account

➢ Record CR momentum directions @ outer boundary

— Boundary defined as a surface where:

Deviation in 𝐵ℎ𝑒𝑙𝑖𝑜 strength from 𝐵𝐼𝑆𝑀 < 0.1%, and

Deviation in 𝐵ℎ𝑒𝑙𝑖𝑜 direction from 𝐵𝐼𝑆𝑀 < 0.1
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Outer boundary

3.5 TV
7.1 TV 
14 TV 

By N. Pogorelov
Same as the one

used in Zhang+, ApJ, 889, 97 (2020)

tail nose

CR orbits inside the outer boundary of the heliosphere
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Zhang+, ApJ, 889, 97 (2020)➢ Dipole amplitude along BISM is dominant 
➢ CR density gradient direction (∇f) close to Vela 

𝑰𝑰𝑺𝑴 = 𝟏 + 𝑨𝟏∥ 𝐜𝐨𝐬𝝁 + 𝑨𝟐∥𝐜𝐨𝐬
𝟐𝝁 + 𝑨𝟏⊥ 𝐜𝐨𝐬𝝁⊥ + 𝑰𝑪𝑮

We use 𝐵𝐼𝑆𝑀 (R.A, Dec.)=(232.5, 19.0) & 𝑣ℎ𝑒𝑙𝑖𝑜 = 23.2 km/s toward the nose

Best-fit Model @ EarthObserved @ Earth

Anisotropy @ outer boundary (OB)

(Reduced 2 = 4.5)

Dipole amplitude along BISM

Dipole amplitude along BISM x ∇f

Four parameters fit
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Zhang+, ApJ, 889, 97 (2020)➢ Dipole amplitude along BISM is dominant 
➢ CR density gradient direction (∇f) close to Vela 

𝑰𝑰𝑺𝑴 = 𝟏 + 𝑨𝟏∥ 𝐜𝐨𝐬𝝁 + 𝑨𝟐∥𝐜𝐨𝐬
𝟐𝝁 + 𝑨𝟏⊥ 𝐜𝐨𝐬𝝁⊥ + 𝑰𝑪𝑮

We use 𝐵𝐼𝑆𝑀 (R.A, Dec.)=(232.5, 19.0) & 𝑣ℎ𝑒𝑙𝑖𝑜 = 23.2 km/s toward the nose

Best-fit Model @ EarthObserved @ Earth

Anisotropy @ outer boundary (OB)

(Reduced 2 = 4.5)

Dipole amplitude along BISM

Dipole amplitude along BISM x ∇f

Reduced 2 = 4.5 

Modeling must be improved

Intensity mapping using 4 TeV protons

CR energy spectrum & composition must be considered

Four parameters fit
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rigidity (GV)

Nside32

Dec = -20
Dec =   5
Dec =  30
Dec =  55
Dec =  80

Rigidity dependent weight factor for each declination band

MC
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2 / ndf = 3320 / 2052 = 1.62

Bism interstellar B
VH, VHe interstellar H & He flow

ecliptic plane
magnetic equator
hydrogen deflection plane
bestfit CR density gradientG

Dipole amplitude along BISM Dipole amplitude along BISM x ∇n

Data @Earth Best-fit Model @ Earth

Model @ OB

➢A1⊥ is also significant; about half of A1||

➢CR density gradient direction (G) not close to Vela 

4 parameters fit Results
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2 / ndf = 3320 / 2052 = 1.62

Bism interstellar B
VH, VHe interstellar H & He flow

ecliptic plane
magnetic equator
hydrogen deflection plane
bestfit CR density gradientG

Dipole amplitude along BISM Dipole amplitude along BISM x ∇n

Data @Earth Best-fit Model @ Earth

Model @ OB

Reduced 2 is improved (4 param. fit)
4.5  1.62 (p-value < 10-4)

Modeling must be improved further

Fitting with spherical harmonics

➢A1⊥ is also significant; about half of A1||

➢CR density gradient direction (G) not close to Vela 

4 parameters fit Results



Lmax = 24 (624 parameters) 2 / ndf =  1393 / 1432 = 0.97 (76 %)

Fitting with spherical harmonics

ecliptic plane
magnetic equator
hydrogen deflection plane

Bism interstellar B
VH, VHe interstellar H & He flow

Unrealistic small-scale anisotropy appears @ outer boundary
9

Best-fit Model @ EarthData @Earth

Model @ OB
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Power spectrum by spherical harmonics fit

Abeysekara+, ApJ, 889, 97 (2020)

➢ L ≥ 20 terms are needed @ OB to get reasonable 2

➢ Spectrum is significantly flatter @ OB than @ Earth

@Earth

@ OB

2 with 4 param. fit
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Discussions on small-scale anisotropy 

➢ Using the average of 12 MHD snapshots over ~10-years
Lmax=12 for 2 / ndf =  0.99

➢ Fitting with P > 3TV alone
Lmax=12 for 2 / ndf =  0.98

➢ Reducing rB in tail-region
rB=3980 AU:  Lmax = 20 for 2 / ndf =  0.94
rB=1580 AU:  Lmax =  8 for 2 / ndf =  0.98
rB=630 AU:     Lmax = 4 for 2 / ndf =  0.96
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2 / ndf =  2995 / 3048 = 0.98

Possible over-fitting due to
One-hemisphere observation at Tibet

Data @Earth

Data mapped
back to OB

Model @ OB
Fitting with uniform

average error
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