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Milky Way Basic Fact 

Astrophysics II by Fiveable

Rotation period of Sun: 220 million years.
Number of stars: 200 billion

Typical diffusion coefficient of GCR is,

D0 ~ 1-4 * 10^28 cm^2/s and delta=1/3 or 1/2 
depending on turbulence spectral index.

Average ISM:  10^29-10^30 cm^2/s for TeV-scale particles.

TeV Halos: In specific regions like "TeV halos" around pulsars (e.g., 
Geminga), the diffusion coefficient can be suppressed by a factor 
of 100.



SNR Shocks as the Accelerator
Power Required to Maintain GCRs in the Galaxy: 

SN 1054 remnant (Crab Nebula) 

GCR Energy Density:  ~ (1 eV/cm³).
GCR Confinement Volume: Cylinder with R≈15 kpc, H≈ 4 kpc
=> Total energy Etotal​​: ~(1.6×10−12ergs​/cm3)×(8×1067 cm3)≈1.3×1056 
ergs

GCR Residence Time τesc​: from the Beryllium-10 clock, we know their average 
residence time is about 15 million years (for 1 GeV/nul particle).

=>the power needed to replenish it is:  PGCR​=Etotal ​ ​/τesc​ ​≈2.6×1041ergs​/sec
Power Supplied by Supernovae:

Kinetic Energy per Supernova (ESN ​): Roughly 1% explosion energy goes to the 
kinetic energy of the ejecta, which is 1051 ergs.

SN occurs about 3 times per centry.

=>the power of SN ​ ≈1042ergs/sec ​

Surprisingly close, suggesting that SNR shocks are 
the power houses for GCRs!



Local Bubble as the elephant in the room?  

If kappa is the same as in ISM, then:
TeV particles stay in local bubble ~330 yrs;
GeV particles stay ~3300 yrs.

Local Bubble: low-density, hot cavity in the interstellar medium, 
roughly 300 parsecs across, formed by roughly 15 to 20 
supernova (SN) explosions over the past 14 million years.  B 
field ~ 0.2-0.6 muG.

The Sun is currently located near its center, having passed into this 
region about 5 to 6 million years ago.

Past SNs: 60Fe sentiments indicate that:
1.5 to 3 million years ago: One or more supernovae, likely in the 
Upper Centaurus Lupus (UCL) subgroup of the Scorpius-
Centaurus association.

6 to 9 million years ago (Previous): A previous explosion, 
possibly associated with the Tucana-Horologium association or 
an earlier event as the solar system entered the bubble.

If kappa is 10-times smaller, then:
TeV particles stay in local bubble ~3300 yrs;
GeV particles stay ~33,000 yrs.

 Nojiri et al 2025 ApJL 979 L18. doi: 10.3847/2041-8213/ada27a

 So the GCR spectrum we see is unlikely  a local feature.

https://doi.org/10.3847/2041-8213/ada27a


Understanding Solar Modulation

Yao+, Universe 2025, 11, 96.

A very good power law!

1) to obtain the genuine global GCR spectra
2) to understand/track the solar activity 



Particle Transport in the solar system --Parker's transport 
equation 

 

Propagation of GCRs in 
the Galaxy is an advection-
diffusion process 

QLT Jokipii, (1966)

Eugene Parker 1927-2022

Turbulence

If retain pitch angle info, => Focused 
Transport Equation, describing, e.g. 
SEP in the solar wind.

https://www.google.com/search?client=ubuntu-sn&hs=V9x&sca_esv=ff61a39327e30674&channel=fs&sxsrf=AE3TifOzLt4kRwH3XZ5oMhAXOFCatE3mRg:1759549836855&q=Eugene+Parker&si=AMgyJEv4SzCgky5yjH-2ngoVwLJNIjQ20h2ebpIlCJ5wxSO-Q19UosNRclvpNJlw4T7-VeOkCpDYouhzxI06qbUDKtnUO1QFyL8ldKd25DAm44yefeLpNw4jHkZtAr2MG2_6a3pU78LIxWlFkmdEMWejke2LFfs-6A%3D%3D&sa=X&ved=2ahUKEwiM8PX30YmQAxUqFDQIHfvDK1wQ_coHegQIChAB&ictx=0


From Solar system to the Galaxy : adding Nuclear Physics to the Picture

Ginzburg-
Syrovatskii Equation

Spallation leads to the 
creation of secondary 
CR, so the system is a 
coupled equation for 
elements from H, to 
64Ni, plus positron and 
anti-proton.

The GALPROP code: https://galprop.stanford.edu/index.php



Secondary to Primary Ratios

As an example: Boron-to-Carbon 
ratio (B/C)

Production of the secondary Boron 
depends on the amount of interstellar 
matter traversed by primary Carbon 
(before escaping the Milky Way).

At higher energies, the residence time 
decreases since, 

 τ ~ (H/λ)^2 * (λ/v) ~ 1/κ ~ R-δ

So the ratio decreases with 
energy.

CALET 2025 ICRC

This hardening was 
first reported by 
DAMPE!



Cosmogenic Nuclei as 
Cosmic Ray Clock

As an example: Be-10/Be-9 

Produced by spallation:

http://helix.uchicago.edu/index.html

Ratio of Be10/Be9 can discriminize different 
propagation scenarios.

http://helix.uchicago.edu/index.html


Solar Modulation
Heliosphere as a shield preventing Galactic Cosmic Ray from 
direct “compacting” on Earth.

Solar Modulation:

• Heliosheath 

• TS

• Solar wind

Transport equation 
(in conservation form) ‏

S: current in r space
J: current in p space

effects of magnetic field 
turbulence on GCRs.

Gleeson-Axford 1967



 Force-Field Model

Furthermore, if 

1st order differential equation, use 
method of characteristics, 

Period of solar cycle is ~ 11 years, assuming all physical quantities change gradually => steady 
state as a 1st approximation

Assuming k =k1(r)*k2(P)*b

3
d p d r
p u k

=

==>  f(r, p) = f(R, p*)‏ (R,p*) ‏

(r,p) ‏

outer 
boundaryForce-field model: Ze    is the energy loss 

Further assuming

k1(r) depends on solar wind 
turbulence property and has 
a 11-22 solar cycle period.



 Why is the (1D) Force-Field Model quite good?

Implication of the steady state and S=0 assumption

==> J ~ p^-3!

Beyond the FF model: Generalized 
Force-Field Model
Keep k =k1(r)*k2(P)*b,  but relax k2(P)=p   

See Zhenning Shen’s talk @ this meeting, Shen+ (2026)



Beyond Steady State



Time-dependent modulation (Hysteresis Effect) 

Li+ (2009)



Li+ (2009)

Probability Distribution of the travel time and Green’s function G̃(R, p0 ; r, p, t)



Variation of phi on a longer time scale 

Grand solar minimum



History of GCR from14C radiocarbon age curve – 
inferring solar system’s environment

What is this 180-
yr drop?

Sudden changes in the age curve can be due to single SEP 
event.  What if the change is gradual, lasting 200 yrs?

https://c14.arch.ox.ac.uk/calibration.html



Deciphering Local Fluff with 14C record

About 10,000 yrs ago, solar 
system enters local fluff 
(0.3/cm^3) from local Bubble 
(0.05/cm^3).  Size of the 
Heliosphere drops, GCR flux 
@1au increases,  14C 
increases and 14C age drops. 
With 26km/s, solar system 
travels 5.4 au/year, and travels 
1000 au in 180 years.



Moon Shadow –collaboration with Zhe Li et al.

Center offset: ~0.3 deg
Size (spreading) ~ 0.2-0.5 deg (energy 
dependent)



Mironova+, 2015

The B field along the 
Moon-LHASSO line has 
very complicated pattern 

This can affect, but of 
less effect, on the Sun 
shadow observation as 
well



Magnetic Field along the LHASSO-Moon line of sight

Dipole field change sign 
across magnetic equator



bellow

above

5.01TeV 7.94TeV 12.59 TeV 19.95 TeV

5.01TeV 7.94TeV 12.59 TeV 19.95 TeV

Moonshadow observed in the year 2024 with LHAASO-KM2A
--preliminary results 



31.62TeV

bellow

above
50.12TeV 79.43 TeV 125.89 TeV

31.62TeV 50.12TeV 125.89 TeV



Need Ensemble Analysis with 
LHASSO-Moon configuration as 
the selection criteria

Center displacement 
depends on more sign of 
polar field;

Spreading may depend on 
solar wind residence fraction 



Preliminary Results



Backup



Do electrons behave differently in A>0 
and A<0 cycles? Electrons are good tracer of 
field lines with fewer cross field diffusion, so in A>0 
cycle, the travel time is shorter (longer)? Can this be 
seen from observations?

What affects phi?



Acceleration time scale and maximum 
particle energy

 the acceleration time scale Axford (1981), 
Drury (1983)‏

 smaller k lead to higher energy 

the highest energy is decided by

 the dynamic time scale.

compression ratio



 Second order Fermi Acceleration (stochastic 
acceleration) 

Random flow velocity => diffusion 
in energy

Fermi, 1949

Fermi 1901-1954



Transport equation from different points of view

Feynman-Kac Formula

Fokker-Planck equation

Adriann Fokker Max Planck

Forward Kolmogorov equation

Andrey Kolmogorov

Mark KacRichard Feynman



Ackermann+, 2013 Fermi LAT gamma ray observation agrees well with pion 
decay calculation => SNR as birth place of GCR

SNR shock: birth place of GCR


