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Cosmic rays in the Galaxy Stanev chapter 4

After acceleration in SNRs cosmic rays propagate through the Milky Way.
The inter stellar matter (ISM) contains matter, B fields, and radiation fields.

Cosmic rays scatter at B fields and propagate in a diffusive process
—> cosmic rays arrive basically isotropic at the Earth
       (recent measurements show some small anisotropy  
         —> will be discussed later)

Cosmic rays interact with matter in the ISM and produce secondary nuclei.

Electrons interact with radiation fields and B fields, as well as matter
in B fields they generate synchrotron radiation.
In radiation fields they boost gamma rays with the inverse Compton effect

Propagation of Cosmic Rays in the Tutu tell a Medium

( IS M )

objective : quantitative understanding
stat with qualitative

picture,

SmegDRAIN1
B field

ISM in galactic disc
~ 1 H atom km3

B ~ 3µg
⇒ Ep =  ¥

,

x 0,2 eYcm3
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Luminous matter in Galaxy is organized in spiral arms

sun ~8.5 kpc from the Galactic center
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Interstellar matter and magnetic field
Most of the diffuse ISM consists of hydrogen (only about 10% He and heavier nuclei)
in the form of atomic hydrogen (HI) and molecular hydrogen (H2).

HI is detected by its 21 cm emission  line at radio frequencies
HI is present in Galactic arms        
average density ~1 atom/cm3

scale height ~100-150 pc

HI density about ~2 to 3 times less dense in space between arms

H2 mostly within solar circle and in Galactic center
detected by 2.3 mm line of CO (acting as tracer for H2)

total mass of H2 within solar circle ~109 Msun
average density within solar circle is then

for a full height of the Galactic disc of 200 pc and a volume of Vsc = 1.3 * 1066 cm3
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also ionized hydrogen has been detected   density ~0.03/cm3

good round number for ISM density  1 nucleon/cm3

(real matter distribution very complicated)
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assuming cylindrical matter density in the Galaxy
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B field in Galaxy
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B field in the vicinity of the solar system ~3 µG
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Basic principles of the propagation

Ionized gas and B fields carried by it form a magnetohydrodynamic (MHD) fluid.
It supports waves that travel with the Alfvén velocity vA.
CRs scatter on these waves during their propagation1EU ��M6! AL6<!6A9&M ?+ R4& AL?A�2�R6?< O=
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‣ in 1D, a random walker can move in either direction

‣ if it is isotropic, p(left)=p(right)

‣ the displacement after n steps of length l is

random walk

14 Rafael Alves Batista | Numerical Astrophysics (AGA 5914) | 2nd Semester 2018

x(n) =
n

∑
i=1

si si = ± l

‣ the average displacement is 

‣ the rms of the displacement is

⟨x(n)⟩ = ⟨
n

∑
i=1

si⟩ ∼ 0

⟨x2(n)⟩ = ⟨
n

∑
i=1

s2
i ⟩ = l2n

‣ the isotropic case is easy, as it can be simulated by generating random 
numbers r in [0,1], and associating, for instance, r>0.5 with left and r<0.5 
with right



‣ in the anisotropic case, we associate p with the probability of the particle to 
go left, and q=1-p with the probability to go right

‣after n steps, a particle will have displaced k=i-j, where i is the number of 
steps to the left, and j the number os steps to the right

‣ the probability of finding k is

random walk

Rafael Alves Batista | Numerical Astrophysics (AGA 5914) | 2nd Semester 2018

P(k) =
number of (i,j) arrangements

total number of arrangements
=

n!
i!j!

2n
=

n!

2n ( n + k
2 )!( n − k

2 )!

Stirling expansion: ln(x!) = x ln x − x

rewriting the probability:

ln(P(k)) = n ln n −
1
2 [(n + k)ln(n + k) + (n − k)ln(n − k)] ≈ −

k2

2n

P(k) = exp (−
k2

2n )



‣ in the continuous case, x=kλ, so the probability becomes

random walk

Rafael Alves Batista | Numerical Astrophysics (AGA 5914) | 2nd Semester 2018

P(x) = A exp (−
x2

2nλ2 ) =
1

2πnλ2
exp (−

x2

2nλ2 )
‣because x, y, z are independent, the probability for a 3D random walk is 

simply the product of P(x)P(y)P(z):

P(x, y, z) =
1

(2πnλ2)3/2
exp (−

x2 + y2 + z2

2nλ2 )
P(r) =

4π
(2πnλ2)3/2

exp (−
r2

2nλ2 ) r2

‣defining the number of "collisions" [idea will be generalised latter]: ni=Γt:

P(r) =
4π

(2πΓtλ2)3/2
exp (−

r2

2Γtλ2 ) r2



‣we can now define a coefficient that describes how a particle moves, the 
diffusion coefficient

random walk

Rafael Alves Batista | Numerical Astrophysics (AGA 5914) | 2nd Semester 2018

P(r) =
4π

(4πDt)3/2
exp (−

r2

4Dt ) r2

D ≡
1
2

Γλ2

so that the probability becomes

‣now the mean and rms values of r can be computed

⟨r⟩ =
∞

∫
0

P(r)rdr = 0 ⟨r2⟩ =
∞

∫
0

P(r)r2dr = 6Dt

‣now the mean and rms values of r can be computed
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Formation of the chemical composition

~ 1 GeV/n
Si = 100
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Relative abundance of elements at Earth

abundance of elements in CRs and solar system mostly similar
but few differences, e.g. Li, Be, B  —> important to understand propagation of 
cosmic rays in Galaxy  —> column density of traversed matter
primary cosmic rays generated at source            e.g. p, He, Fe
spallation products —> secondary cosmic rays, e.g. Li, Be, B
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Leaky box approximation
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Complete solution of He diffusion equation is practically
inn possible ,

too many unknown parameters
flee fug simplifications are applied

diffusion coefficient D ~ no28 cg?

17 simple model : Leahy Box model

freepropagation of Crs in

a closed volume ( falaxg)

QYMJ *;FFatmiyreflection
Pesola

l
Pesc ( E) constant in Ware

free propagation of CRs in a closed 
volume (Galaxy)

energy dependent escape probability
Pesc(E), constant in time
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mean amount of matter 
traversed by CRs in the Galaxy
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life time/residence time of CRs in the Galaxy

simplified transport equation for stable CR nuclei
(neglecting energy loss and gain)
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Formation of the chemical composition
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dN

dE
� E�

0

Escape
Leakage from Galaxy

Shape of energy spectrum

at source γ ~ -2.1

fragmentation
σ ~ A2/3

Escape
Leakage from Galaxy

at Earth γ ~ -2.6 to -2.7

ratio (see e.g. [53]). Consequently, it is expected
that elements with higher A=Z have a harder
spectrum at the source.

The energy spectra observed at earth are mod-
ified during propagation of the particles through
the galaxy. Some authors include reacceleration by
weak interstellar shocks in the standard leaky box
model (e.g. [15,20,54]). Like the primary accelera-
tion also the reacceleration could be more efficient
for high Z nuclei.

To estimate the fluxes of these ultra-heavy ele-
ments at high energies the parametrization

!cZ ¼ Aþ BZC ð6Þ

is used to describe the Z dependence of the spectral
indices and to extrapolate them to higher values.
To study systematic effects of the extrapolation
two approaches are used, a linear function (C & 1)
and a non-linear extrapolation, using all three
parameters.

The dashed line in Fig. 5 represents the best fit
of a linear parametrization, exhibiting a decreasing
spectral index as function of the nuclear charge.

The data shown in the figure exhibit some curva-
ture which suggests to introduce the additional
degree of freedom. If the parameter C in Eq. (6) is
used as free parameter, the solid line in Fig. 5 is
obtained. The parameters for both trials are listed
in Table 2, both fits result in about the same
v2=d:o:f : ' 2:1. The values for the non-linear ap-
proach will be corroborated below by an inde-
pendent fit to the all-particle spectrum.

3.2. Ultra-heavy elements

For ultra-heavy elements (Z > 28) data exist
only at relative low energies around a few GeV/
nucleon as already mentioned. Fig. 6 shows a
compilation of the relative abundance from copper
(Z ¼ 29) up to uranium (Z ¼ 92), as measured by
several experiments on space crafts and balloons.
The data are normalized to Fe & 1, the threshold
is about 0.5–1 GeV/nucleon. Some authors give
only results for groups of elements, this is indi-
cated by horizontal error bars.

The experiments ARIEL 6 [55], HEAO 3 [57],
as well as Tueller et al. and Israel et al. [60] quote
abundances relative to iron. Only relative abun-
dances for elements ZP 70 are reported by Fowler
et al. [56], SKYLAB [58], TREK/MIR [59], and
UHCRE [61]. The results of the latter group have
been normalized to ARIEL 6. This detector could
resolve individual elements up to Z ¼ 48, and even
charged nuclei above. The range 706 Z6 80 has
been used to match the abundances for Fowler
et al., SKYLAB, and UHCRE. For TREK the
interval 726 Z6 80 has been utilized.

The results of all experiments show about the
same structure for the relative abundances. For
elements with Z > 80 deviations are visible. Due to
the very low flux only a few (K 10) nuclei have
been detected during a typical mission and the
experiments reach their limit for statistically reli-
able results.

Fig. 5. Spectral index cZ versus nuclear charge Z (see Table 1).
The solid line represents a three parameter fit according to Eq.
(6), the dashed graph a linear fit.

Table 2
Parameters of Eq. (6) for the linear and non-linear extrapolation of cZ

A B C

Linear 2:69( 0:12 !2:07( 1:05) 10!3 & 1
Non-linear 2:70( 0:19 !8:34( 4:67) 10!4 1:51( 0:13

J.R. H€oorandel / Astroparticle Physics 19 (2003) 193–220 199

JRH, Astropart. Phys. 19 (2003) 193
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Chart of the nuclides
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⌧esc = 17 · 106 a

10Be ! 10B + e-   (t  =2.4 106 a)

10Be 10B

e-

Residence time in Galaxy

latest measurement from ACE/CRIS 
experiment:

„Age“ of galactic cosmic rays
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CR particles spend a 
significant fraction of 
their residence time in 
the Galactic halo 
(lower density)

from this, we can derive an average density
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This figure shows the spiral galaxy NGC 891, seen almost edge-on, which is believed to be very similar to our Milky Way. It was 
observed at 8.4 GHz (3.6 cm wavelength) with the Effelsberg 100m telescope. The background optical image is from the CFHT 
Observatory. The "X-shaped" structure of the magnetic fields indicates the action of a galactic wind. The observed extent of the 
radio halo is limited by the large energy losses of the cosmic-ray electrons emitting at this wavelength. At lower frequencies 
(longer wavelengths) the radio waves are emitted by electrons with lower energies for which the energy lossesare smaller, so that 
larger radio halos are expected. 

confirmed by observations of 
diffuse radio emission

confirmed by observations of diffuse radio emission

Synchrotron radiationB
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                                     synchrotron radiation



diffuse radio background of the Milky Way

radio wavelengths  
synchrotron radiation from electrons in B fields  
intensity  
halo of galaxies are more extended than the visible region 
--> confirmation that cosmic rays (electrons)    
      propagate in the galactic halo

/ B⇢e
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Diffuse Galactic gamma rays

diffuse gamma radiation observed E>100 MeV 
origin: 
 
--> direct hint that cosmic rays (hadrons) are not a local 
phenomenon  
they propagate in the halo of the Milky Way and they 
exist in other galaxies 

electrons produce gamma rays through bremsstrahlung
and inverse Compton interaction with CMB and with 
diffuse infrared/optical radiation 

CR+ ISM ! ⇡0 ! � + �
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The Fermi All Sky Map, showing the diffuse galactic gamma-ray 
background from the Milky Way. 
Courtesy of NASA/DOE/International LAT Team
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Fermi’s Large Area Telescope shows that an intense star-forming region in the Large 
Magellanic Cloud named 30 Doradus is also a source of diffuse gamma rays. Brighter 

colors indicate larger numbers of detected gamma rays.
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Relative importance of gamma-ray production processes
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Relative importance of gamma-ray production processes

from electrons (bremsstrahlung)
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Relative importance of gamma-ray production processes

electrons inverse Compton
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Relative importance of gamma-ray production processes

from electrons (inverse Compton scattering on CMB)
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More exact gamma-ray yields
previous section: estimates
main inaccuracy: energy spectra for protons and electrons are different in CRs
electrons suffer synchrotron radiation losses and have a steeper spectrum
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inverse Compton

More exact gamma-ray yields
as obtained with MC calculations
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propagation of CRs in the Galaxy
interactions with ISM (lecture 9)

CRs at the top of the 
atmosphere (lecture 
10)

CRs in the atmosphere 
(lecture 10)

CRs underground (lecture 11)
neutrino oscillations (lecture 11+12)

birth of cosmic rays
CRs: supernova remnants
neutrinos: e.g. Sun (lecture 8)

propagation of CRs in the 
Heliosphere (lecture 9)

propagation of CRs in the 
Earth magnetic field (lecture 9)

today:
Stanev, chapter 5
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Cosmic rays at the top of the atmosphere
Stanev chapter 5

galactic cosmic rays are influenced by
- solar magnetic field/heliosphere  
- Earth magnetic field

cosmic rays interact in the atmosphere of the Earth
—> measurements above the atmosphere with balloons and  
                                                                                                   satellites
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Abstract. Investigations on the galactic cosmic ray (GCR) 
flux in the past centuries are important for understanding 
the heliospheric modulation effects during prolonged solar 
quiet periods like the Gleissberg minima and the Maunder 
minimum of solar activity. We inferred the GCR annual 
mean spectra on the basis of the following data: primary 
spectra of cosmic rays obtained from balloon and spacecraft 
measurements during different phases of the solar cycles # 
20-23; the Climax neutron monitor time series available 
since 1953; variation of the annual means of the coronal 
source magnetic flux as derived from the aa index available 
since 1868 and of the evolution of the Sun's large scale 
magnetic field; the sunspot number time series from 1600. 
The differential flux of the galactic cosmic ray JG(T,M) 
(particles/m2 s sr MeV) has been characterized by the 
parameter M (MeV), the energy lost by particles in 
traversing the heliosphere, which depends on the 
modulation  by the solar magnetic field. The relations 
among these data sets were extrapolated back to 1700. 
 
 
 
1 Introduction 
 
The GCR flux modulated by the solar activity and 
measured at 1 AU shows well established periodicities from 
days to decades. The 11 year cycle, in addition to the direct 
measurement of primary and secondary cosmic rays, is 
clearly shown by the cosmogenic 22Na (T½=2.6 yr) in 
meteorites which fell in the last decades (Evans et al., 1982; 
Bhandari et al., 1994; Bonino et al., 1997) and by 10Be 
measured in Greenland ice core (Beer et al., 1990). All 
these measurements show a clear anticorrelation between 
the GCR flux and the sunspot number R series.  
  A century scale modulation (Gleissberg cycle), expected 
by the R series, has been shown in the cosmogenic 44Ti 
(T½=59.2 yr) activity measured in meteorites which fell in  
the last  two  centuries (Bonino et al., 1995; 1999) and in 
the time series of 14C in tree rings (e.g. Damon and Sonett, 
1991). 
Correspondence to: G. Bonino (bonino@ph.unito.it) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
The century scale modulation of GCR recorded both in 
meteorites and in terrestrial archives shows that during 
prolonged solar quiet periods, like the Gleissberg minima, 
the cosmogenic radionuclide concentrations were higher 
than during the short lasting recent decadal minima. In 
terrestrial archives these concentrations may be also 
controlled by Earth’s effects such as deposition rate 
variations of the 10Be in ice cores, carbon cycle variations 
for  14C, etc., while in meteorites, being produced in space, 
they are free from terrestrial influences. 
  We observed that the 44Ti variations from century minima 
and maxima are about four time higher than calculated on 
the basis of the GCR flux measured in the last decades and 
extrapolated in the past simply on the basis of the sunspot 
number (Bonino et al., 1995; 1999).  
  We present here a different procedure for the calculation 
of the GCR spectra based on the annual mean of the coronal 
source magnetic flux as derived from the aa index 
(Lockwood et al., 1999) and of the evolution of the Sun’s 
large scale magnetic field (Solanki et al., 2000). The 
calculated GCR flux, extrapolated back to 1700, can be 
validated with our measurements of the 44Ti activity in 
meteorites which fell in the last two centuries. 
 
 
2 GCR Spectra and the solar modulation parameter 
 
Comparison of the sunspot number R with the Climax 
neutron monitor counting rate, available since 1953, shows 
an anticorrelation between the two time series. However it 
is also known that the solar modulation processes are more 
complex than a simple anticorrelation with the solar activity 
indexed by some parameter like R. The modulation is larger 
at lower GCR energies and has little influence on high 
energy particles (> 10 GeV/n). 
  The modulation of GCR as a function of position, energy 
and time in the heliosphere is a complex combination of 
different mechanism (e.g. Jokipii, 1991; Potgieter, 1993). 
Models of the inward transport of GCR have been 
successful. However, because of the complexity of the 
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modulation dynamics they do not allow to determine 
unambiguously the GCR fluxes for any solar activity cycle. 
  We have to look at a theoretical model which gives a good 
fit with the observed modulation at different energies and 
for different solar cycles. Cini Castagnoli and Lal (1980) 
adopted the force field approximate solution of the transport 
equation as given by Urch and Gleason (1972). The 
differential flux JG(T,M) (particles/m2 s sr MeV) of protons 
is given in terms of the solar modulation parameter M: 
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where T is the kinetic energy per nucleon and E0 is the rest 
energy of a nucleon. 
  Since solar cycle 20, several balloon and spacecraft 
observations of GCR protons are available. We considered 
here 29 experimental spectra  covering the time interval 
1963-1998 for our calculations. For each experiment we 
have obtained the corresponding solar modulation 
parameter M from the best fit of the experimental JG(T) 
with Eq. (1). 
  Fig. 1 shows some comparison of the fitted JG spectra with 
the experimental values, obtained in 1965 (Ormes and 
Webber 1968), 1968 (Hsieh et al., 1971), 1980 (Kroeger, 
1986), 1989 (Webber et al., 1991) and giving M =390,  600,  
820, 1080 MeV, respectively. We can observe a quite  good 
agreement between measured and calculated JG. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3. Extrapolation of the GCR spectra 
 
In previous papers (Bhandari et al., 1989; Bonino et al., 
1995) we have calculated JG(t) over the last two centuries 
with the following procedure. The polynomial regression 
between the Climax neutron monitor count rate Nm(t) and 
the annual sunspot number, R, for the period 1953 to 1992 
was extrapolated back to 1750 from R(t). JG(t) was then 
calculated by a linear regression between Climax neutron 
monitor count rates normalized to that of January 1965 
(4291.7 counts/h*100=1) and balloons measurements of 
GCR protons during solar cycles 20 and 21. JG(t) 
extrapolated to 1750 was utilized for calculation of the 
expected activity of the cosmogenic 44Ti in meteorites by 
means of isotope production model. Although the 
calculated absolute activity may be model dependent, its 
variation is function of JG(t). We compared the calculate 
profile with the 44Ti activity measured by us in several 
chondrites which fell in the last 160 years. We observed 
that the phase of the measured profile agreed with that 
expected, but the amplitude of the secular excursions was 
about four time higher then calculated. We deduced that 
during prolonged solar minima, such as Dalton and Modern 
minima, the heliosphere admitted a higher GCR flux 
compared to that deduced from observations in the last 
decades and extrapolated in the past, solely by sunspot 
number R(t), following the procedure reported above 
(Bonino et al., 1995; 1999). 
  We evaluate here the GCR spectra in the past on the  basis 
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Fig. 1. Differential cosmic-ray spectra obtained from Eq. (1) for different values of the solar modulation 
parameter M = 390, 600, 820, 1080 MeV corresponding to the measurements performed with balloons 
or spacecrafts during 1965, 1968, 1980 and 1989 respectively. 
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of the recent evaluation of the Sun’s magnetic field since 
1700 and following the procedure reported below. 
  Lockwood et al. (1999) showed that the solar magnetic 
flux emanating through the coronal source, as derived from 
the aa geomagnetic index available since 1868, has about 
doubled in the past 100 years. Solanki et al. (2000) 
developed a model describing the long-term evolution of 
the Sun’s large-scale magnetic field, φ0, which reproduces 
the doubling of the interplanetary field and evaluated the 
evolution of φ0 since 1700. 

  On the basis of these new results and following basically 
our procedure reported above we have calculated the GCR 
spectra until 1700. From a linear regression between the 
Climax Nm and φ0 (since 1953) and a quadratic regression 
between the solar modulation parameter M and the 
normalized Nm* for the years of the balloon and spacecrafts 
measurements of GCR protons (covering the time interval 
1963-1998) we deduced JG(T,t). Then we extrapolated JG to 
1700 on the basis of these regressions and of φ0 given by 
Solanki et al. (2000). Fig. 2 shows JG(t) for different ΔT.     
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Fig. 2. Proton flux JG(t): a) for the kinetic energy intervals ΔT = 100-200 MeV, 200-400 MeV, 400-800 MeV; b) for ΔT = 
800-1600 MeV, 1600-3200 MeV, 3200-6400 MeV, 6400-12800 MeV, 12800-25600 MeV. 
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Solar modulation
standard three-dimensional spherically symmetric model of solar modulation
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This animation depicts the effect of the new scenario on galactic cosmic rays. The heliospheric 
boundaries are very important in shielding the inner solar system from the galactic cosmic ray flux. The 
heliopause, the last region that separates us from the rest of the galaxy, acts more like a membrane that is 
permeable to galactic cosmic rays than a shield that deflects those energetic particles. The galactic 
cosmic rays slowly wander into the heliosphere and can get trapped in the sea of magnetic bubbles. 
Eventually they access the solar magnetic field lines that connect back to the sun, and can move quickly 
towards the sun and Earth.
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Solar modulation
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The heliosphere is a shield that 
excludes >75% of the Galactic 
Cosmic Rays with >70 MeV

Mainly >70 MeV protons Termination shock

Galactic Cosmic Rays 
and the Heliosphere

Voyager 1, launched
September 5th, 1977
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Geomagnetic field effects
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geomagnetic field bends trajectories of charged particles
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Geomagnetic field effects

/ES �&?:�2<&R6! .&9$ &,&!RM ==

ä°£

£

£ä

£ää

£äää

£ääää

ä°£ £ £ä £ää

` 
É`

�

�] �i6

���� ���� �?:A�L6M?< ?+ R4& ���� AL?R?< 0VY R? � .R ?+ R4& :&�MVL&:&<RM ��?W&
U\ �&� X6R4 M?9�L :?$V9�R6?< VM6<2 :?$V9�R6?< A�L�:&R&LM , * U\\# 1\\# P\\# '\\#
�<$ @#\\\ � +L?: R?A R? �?RR?:E �4& :?$V9�R6?< 6M A&L+?L:&$ V<$&L R4& +?L!&
.&9$ �AAL?Y6:�R6?< B/ESCE

�6(M( �M( 8>%8!�S8@>N �A]) S6�S B@N8S8X( �>% >(4�S8X( C(;(!SM@>N @M �>7
S8BM@S@>ND !@N<8! M�[ B�MS8!;(N �M( <@%W;�S(% %8.(M(>S;[ �N � -W>!S8@> @- S6(
N@;�M B@;�M8S[F 	S 8N HW�;8S�S8X(;[ (ZB;�8>(% �[ S6( %8.(M(>S %8M(!S8@>N @- !@N7
<8! M�[ %M8-SNF �6(> S6( N@;�M B@;�M8S[ 8N B@N8S8X($ 8F(F <�4>(S8! 0(;% B@8>SN �S
S6( �@MS6 B@;( @- S6( �W>$ 8> S6( >@MS6(M> 6(;8@NB6(M( B@N8S8X( B�MS8!;(N %M8-S
8>S@ S6( N@;�M N[NS(< M�%8�;;[ 8>Y�M%N �;@>4 S6( <�4>(S8! N6((S �>% S6(> @WS
@- 8S �;@>4 S6( <�4>(S8! 0(;% ;8>(NF �(4�S8X( B�MS8!;(N %M8-S @- !@WMN( 8> S6(
@BB@N8S( %8M(!S8@>F �6( %8M(!S8@>N @- S6( %M8-S !�WN( %8.(M(>S %(4M((N @- N@;�M
<@%W;�S8@>F

�-4 ��*'�!(�3$� ��&� ����30

�6( ;�NS 6WM%;( -@M S6( 4�;�!S8! !@N<8! M�[N @> S6(8M Y�[ S@ S6( �S<@NB6(M(
8N S6( 4(@<�4>(S8! 0(;%F 	S �(>%N S6( SM�9(!S@M8(N @- S6( !6�M4(% B�MS8!;(N$
BM(X(>S8>4 S6( ;@Y M848%8S[ B�MS8!;(N -M@< M(�!68>4 S6( �S<@NB6(M(F �6( !@N<8!
M�[ 2WZ @> S@B @- S6( �S<@NB6(M( 8N S6(M(-@M( >@S 8N@SM@B8! �>% %(B(>%N @>
S6( %(S(!S@M B@N8S8@> �$ �C�& ��& �D + �*C�D� +�CE& ��& �D& Y6(M( �*CED 8N
S6( 2WZ �S %8NS�>!(N <@M( S6�> N(X(M�; (�MS6 M�%88$ �;M(�%[ !@MM(!S(% -@M S6(
N@;�M <@%W;�S8@>F �6( B(>(SM�S8@> BM@���8;8S[$ +� $ !�> S�:( @>;[ S6( %8N!M(S(
X�;W(N ] @M A$ 8F(F � B�MS8!;( !�> @M !�>>@S M(�!6 S6( B@N8S8@> � �N � -W>!S8@>
@- 8SN M848%8S[ � �>% S6( �>4;( @- 8SN <@S8@> 8> S6( 4(@<�4>(S8! 0(;% -M�<(F

�S@(M<(M �A]? 6�% N@;X(% �>�;[S8!�;;[ S6( (HW�S8@> @- <@S8@> -@M S6( !�N(
@- � %8B@;( 0(;% �>% >(4;(!S8>4 S6( N6�%@Y @- S6( ��MS6 (X(> �(-@M( S6( %8N7
!@X(M[ @- !@N<8! M�[NF �6( N@;WS8@> (ZBM(NN(N S6( B�MS8!;( <@S8@> 8> W>8SN
@\\ / �?M:6! L�ZM �R R4& R?A ?+ R4& �R:?MA4&L&

@- �S@(M<(M M�%8WN E� +
 

C;*�J3C�D$ Y6(M( � 8N S6( <�4>(S8! %8B@;(
<@<(>S @- S6( ��MS6 C� � )FA� A]&� � !<%DF �@M B�MS8!;(N S6�S B(>(SM�S(
X(MS8!�;;[ S@Y�M%N S6( !(>S(M @- S6( <�4>(S8! %8B@;( S6( <8>8<W< M848%8S[ M(7
HW8M(% -@M B(>(SM�S8>4 S@ %8NS�>!( E -M@< S6( !(>S(M @- S6( <�4>(S8! %8B@;(
8N

�� � 1?@3 �� �
�E�
E

�

!@N� 7�J3 & C1F3D

Y6(M( 7� 8N S6( <�4>(S8! ;�S8SW%( �>% 1?F3 �� � �JCVE&�D 8N S6( M848%8S[
@- � B�MS8!;( 8> � !8M!W;�M @M�8S @- M�%8WN E� 8> S6( (HW�S@M8�; B;�>( @- S6(
%8B@;( 0(;%F �6( <8>8<W< M848%8S[ -@M � B�MS8!;( S6�S B(>(SM�S(N S@ S6( NWM-�!(
@- S6( ��MS6 �S S6( <�4>(S8! (HW�S@M 8N !@MM(NB@>%8>4;[ �A3F? �� CS@S�;
(>(M4[ @- A3F? �(� -@M BM@S@>N @M ��@WS PF1 �(�R>W!;(@> -@M �( >W!;(8DF �S
<�4>(S8! ;�S8SW%( @- �Q]
 S6( <8>8<W< M848%8S[ 8N ]F?T �� Y68!6 SM�>N;�S(N
S@ (>(M48(N @- AFTV �>% AF]1 �(�R>W!;(@>F �6( X(MS8!�; !WS@.N !6�>4( N;846S;[
Y8S6 �;S8SW%( S6M@W46@WS S6( �S<@NB6(M(F

�6( !@<B;(S( -@M<W;� -@M S6( �S@(M<(M M848%8S[ !WS@.$ �� $ 8N

��CE& 7� & M& B�D +

�

�

VE&

� �

!@N� 7�
�A G CA � !@N% 7� N8> M N8>B�D�;& &

�

& C1F1D

Y6(M( M 8N S6( B�MS8!;( \(>8S6 �>4;( �>% B� 8N S6( �\8<WS6�; �>4;( <(�NWM(%
!;@!:Y8N( -M@< S6( %8M(!S8@> @- S6( <�4>(S8! N@WS6F �6( %(B(>%(>!( @> B�

!@>S�8>N S6( Y(;; :>@Y> (�NS*Y(NS (.(!S# -@M B@N8S8X(;[ !6�M4(% B�MS8!;(N �S
S6( N�<( \(>8S6 �>4;( S6( !WS@. 8N 6846(M -M@< S6( (�NS %8M(!S8@> �>% X8!(
X(MN� -@M >(4�S8X(;[ !6�M4(% B�MS8!;(NF �6( (ZBM(NN8@> !@N% 7� N8> M N8>B� 6�N
� <�Z8<W< -@M N8>B� + �A$ B@8>S8>4 M@W46;[ �S S6( 4(@4M�B68!�; ��NS %87
M(!S8@>$ VP]
 !;@!:Y8N( -M@< S6( 4(@4M�B68! N@WS6F

�S@(M<(MLN -@M<W;� 48X(N � 4@@% 8%(� @- S6( <�4>8SW%( @- S6( 4(@<�47
>(S8! !WS@.N$ �WS 6�N ;8<8S(% �!!WM�![ �(!�WN( S6( 4(@<�4>(S8! 0(;% 8N @>;[
�BBM@Z8<�S(;[ �> @.N(S %8B@;( CY8S6 � 4(@<�4>(S8! �@MS6 B@;( �S ;�S8SW%(
)A
$ ;@>48SW%( )3FP
�DF �6( -@M<W;� �;N@ 4(>(M�;;[ W>%(M(NS8<�S(N S6( !WS7
@.N �(!�WN( 8S >(4;(!SN S6( N6�%@Y @- S6( ��MS6$ 8F(F �;;@YN S6( B(>(SM�S8@>
@- !6�M4(% B�MS8!;(N Y8S6 SM�9(!S@M8(N S6�S Y@W;% 6�X( 8>S(MN(!S(% S6( NWM-�!(
@- S6( ��MS6F @M( (Z�!S !�;!W;�S8@>N !@W;% �( %@>( WN8>4 S6( ��!:SM�!:8>4
S(!6>8HW( �AA] �>% <@M( M(�;8NS8! <@%(;N @- S6( 4(@<�4>(S8! 0(;%F � %(S�8;(%$
S8<( %(B(>%(>S$ 4(@<�4>(S8! 0(;% <@%(; 8N %(X(;@B(% �>% <�8>S�8>(% 8> S6(
	>S(M>�S8@>�; �(@<�4>(S8! �(-(M(>!( �8(;% <@%(; �AAA F

�6( ��!:SM�!:8>4 S(!6>8HW( !@>N8NSN @- S6( 8>S(4M�S8@> @- S6( (HW�S8@> @-
<@S8@> @- � B�MS8!;( Y8S6 S6( @BB@N8S( !6�M4( NS�MS8>4 �S � B@N8S8@> Y8S6 7�
�>% �>4;(N M �>% B� �S �> �;S8SW%( CE � E�D ��@X( S6( NWM-�!( @- S6( ��MS6F
	- � ��!:SM�!:(% �>S8BM@S@> M(�!6(N � !(MS�8> ;�M4( %8NS�>!( E#7!! -M@< S6(
��MS6 8S 8N �NNW<(% S6�S � BM@S@> !�> B(>(SM�S( S@ S6( 8>8S8�; B@N8S8@> -M@<
8>S(MB;�>(S�M[ NB�!(F 	- S6( ��!:SM�!:(% B�MS8!;( 8N SM�BB(% 8> S6( 4(@<�4>(S8!
0(;% !;@N(M S6�> E#7!! -@M � B�S6;(>4S6 ;@>4(M S6�> 6<7�2 @M 8- 8SN SM�9(!S@M[
8>S(MN(!SN S6( NWM-�!( CE 8 E�D S6( SM�9(!S@M[ 8N !@>N8%(M(% -@M�8%%(>F �W!6
� !�;!W;�S8@> Y�N B(M-@M<(% 8> �(-F �AAV Y8S6 E#7!! + T]E� �>% 6<7�2 +



Particles & Cosmos, Jörg R. Hörandel 54

1931-34 A.H. Compton 12 expeditions ! ~100 locations

cosmic rays are charged particles
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Geomagnetic field effects
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~1937 East-West Effect of Cosmic-Ray Intensity

higher intensity from the west
cosmic rays are mostly positively charged

Rossi and others
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Daily and annual modulations

small effects (on the level < ~1%)
for CRs with low energies
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The flux of single muons with energies above 0.7 GeV has been recorded from 1993 to 2005 using a muon
telescope, located in southern Germany. The registered events originate from primary cosmic rays with ener-
gies around 10 to 20 GeV, thus extending the energy range covered by neutron monitors to higher energies.
Correlations of the time dependence of the muon flux with heliospheric parameters have been analyzed using
data from the muon telescope and the worldwide neutron monitor network as well as simulations. Variations
on time scales of the solar cycle, the solar rotation, and the Earth’s rotation are investigated.

1. Introduction

Galactic cosmic rays traverse the heliosphere and interact with its varying fields yielding a variation of the
cosmic-ray flux with solar activity. At energies up to about 10 GeV, the modulation effect is measured in detail
by the well established world wide neutron monitor network. The present experiment uses secondary muons
corresponding to more energetic cosmic-ray protons that are still modulated by the heliosphere. This allows to
study energy dependent differences like in the amplitude of solar modulation. In addition, an annual modula-
tion of cosmic rays can occur due to heliospheric anisotropies. The relative movement of the Earth around the
sun and within the interstellar medium generates the Compton-Getting effect. Low energy cosmic-ray particles
travel mainly along curved field lines in the heliospheric neutral current sheet (NCS), inward or outward ac-
cording to the magnetic polarity of the heliosphere. These fields rotate with a period of approximately 27 days
and overtake the Earth in its orbit creating a flux variation dependent on local time.

A muon telescope located at ForschungszentrumKarlsruhe, Germany ( N, E), consisting of two layers of
scintillators separated by a lead filter, records the flux of single muons with energies above 0.7 GeV continu-
ously since 1993. The experimental setup is described in detail in [1]. Simulations with CORSIKA (with the
hadronic interaction model UrQMD) and GEANT 3.21 using a parametrized cosmic-ray spectrum at the top of
the atmosphere [2] ( MV) revealed that the registered events originate from primary cosmic rays with
energies around 10 to 20 GeV with a maximum at 15 GeV. 90% of the triggered events are caused by primary
protons with zenith angles smaller than 15 .

The muon rate was iteratively corrected for an atmospheric pressure of 1013 hPa and a height of the
typical muon production layer of 13.6 km ( g/cm ) for each year, yielding correction parameters of

/hPa and /km. For a consistency check, a rough estimate
of the muon lifetime can be deduced from these values, assuming that all muons are produced with the same
energy at the same atmospheric depth. The obtained lifetime of s is consistent with the expected
value.

2. Results

Variability on Timescales of the Solar Cycle
The traditional key parameter to quantify solar activity is the international sunspot number (ISSN), which is
provided by the Sunspot Index Data Center [3]. As a measure for the correlation between cosmic-ray intensity
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Figure 1. Dependence of neutron and muon count rate on the sunspot number (left) and on the tilt angle of the heliospheric
neutral current sheet (right) for different cut-off parameters.
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Figure 2. Left: Measured annual variation of the muon rate in 1994. Right: Example for the difference between the
muon rate smoothed over 9 days and the rate smoothed over 29 days. Sine functions have been fitted to the data between
subsequent zero crossings.

and solar activity, the slopes of linear fits to the muon and neutron count rates as a function of the sunspot
number were used. The same was done for the dependency on the average tilt angle of the NCS over one
Carrington rotation [4], which relates to the electromagnetic structure of the heliosphere. Fig. 1 shows the
good correlation between both solar modulation parameters and the geomagnetic cut-off rigidity of several
neutron monitor sites (open circles). The cut-off rigidity defines the typical energy of the primary particles.
For the muon telescope, the typical primary energy has been derived from simulations. Its total flux variability
of about over the solar cycle follows the trend of the neutron monitors. It is also consistent with a
simulated value of using the spectral sensitivity of the instrument and a parametrized energy spectrum
of cosmic rays [2] for modulation parameters obtained from [5].
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Figure 3. Left: Average diurnal variation of the muon rate after atmospheric correction and normalization to the daily
average. Right: Muon rate (counts/hour) smoothed over 5 hours from October 19th to November 8th, 2003 compared to
the Climax neutron monitor rate (counts/hour/100).
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