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Time and location:
Tuesday 8:30 - 10:15 HG 03.054
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Exam:
Oral exam. We will make a detailed schedule end of May/begin of June.
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04.02.2020 1. Historical introduction, basic properties of cosmic rays
06.02.2020 2. Hadronic interactions and accelerator data
11.02.2020 3. Cascade equations
13.02.2020 4. Electromagnetic cascades
18.02.2020 5. Extensive air showers
20.02.2020 6. Detectors for extensive air showers
27.02.2020 7. High energy cosmic rays and the knee in the energy spectrum of cosmic rays
03.03.2020 8. Radio detection of extensive air showers
05.03.2020 9. Acceleration, astrophysical accelerators and beam dumps
10.03.2020 10. Extragalactic propagation of cosmic rays
12.03.2020 11. Ultra high energy cosmic rays
17.03.2020 12. Astrophysical gamma rays and neutrinos
14.04.2020 13. Neutrino astronomy
12.05.2020 14. Gamma-ray astronomy

Student presentations:

19.03.2020 Cosmic ray anisotropy at TeV energies, Icecube/Top, HAWC Chris van den Oetelaar
16.04.2020 Cosmic-ray anisotropy at highest energies Auger/TA Björk Johannes
21.04.2020 KM3NeT project ARCA+ORCA Eric Teunis de Boone
23.04.2020 Radio detection of air showers Jur Remeijn
07.05.2020 IceCube neutrino astronomy Martijn Appeldoorn
14.05.2020 GZK effect and the end of the cosmic-ray spectrum, Auger,TA Youri Sloots
26.05.2020 H.E.S.S. TeV gamma-ray astronomy galactic center emission John Dunne
28.05.2020 Cherenkov Telescope Array - CTA Viktor Traykov
04.06.2020 The knee in the energy spectrum of cosmic rays Jesse Polman
11.06.2020 topic NN

assistant: Sukanth Karapakula (s.karapakula # astro.ru.nl)
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Cosmic Rays and Particle Physics, 2nd edition
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Figure 4. Log-likelihood values found from the separate fits for the local region
(top), the outer Galaxy region (middle), and the inner Galaxy region (bottom).
The zero level of the log-likelihood values is arbitrary but the difference between
two models within a region gives their likelihood ratio for that region and a sum
of differences in all regions gives the all-sky likelihood ratio. The model number
is a binary encoding of the input parameters (see Section 4). The values of zh

are color coded: 4 kpc is black, 6 kpc is blue, 8 kpc is green, and 10 kpc is
red. Light colors represent a E(B − V ) magnitude cut of 5 while dark have a
magnitude cut of 2. Filled symbols have TS = 150 K while open symbols use
the optically thin assumption. Squares have Rh = 20 kpc while circles have
Rh = 30 kpc. The dotted vertical lines delineate the results for the different CR
source distributions.
(A color version of this figure is available in the online journal.)

E(B − V ) cut. The higher cut of 5 mag gives the best fit
and thus the E(B − V ) column density estimator seems to be
preferred even in the inner Galaxy region. The lower gas-to-dust
ratio from the optically thin H i assumption is also preferred
while the large difference in the likelihood for different cuts of
E(B − V ) indicate that the optically thin assumption for H i is
not appropriate in the Galactic plane as is generally known (see,
e.g., Taylor et al. 2003). An E(B − V ) cut of 5 mag is also

Figure 5. Upper panel: observed Fermi-LAT counts in the energy range
200 MeV–100 GeV used in this paper. Lower panel: predicted counts for model
SSZ4R20T150C5 in the same energy range. To improve contrast we have used
a logarithmic scale and clipped the counts/pixel scale at 3000. The maps are in
Galactic coordinates in Mollweide projection with longitudes increasing to the
left and the Galactic center in the middle.
(A color version of this figure is available in the online journal.)

preferred in the outer Galaxy for both values of TS, showing that
E(B − V ) is a better total column density tracer than H i and
CO combined in the Galactic plane.

While the likelihood ratio test allows comparison between
different models, it is not an absolute measure. As we show
in Section 4.2, there are large-scale residuals remaining af-
ter model subtraction, which indicate missing components in
the models that might bias the comparison. However, be-
cause the residuals exhibit a spatial structure that is different
from the DGE, we do not think there is a strong bias.

4.2. Comparison with Spectra, Longitudinal and Latitude
Profiles, and Residual Maps

While the likelihood ratio test is effective for comparing
different models, it is not able to describe the accuracy of
each model separately. Examining residual maps and spectra
for different sky regions, along with the longitude and latitude
profiles, is a direct method for comparison of models with data.
Figure 5 shows the counts observed with the Fermi-LAT in the
energy range 200 MeV–100 GeV considered in this paper and
also the predicted counts from model SSZ4R20T150C5, which
we take as our reference model (the use of this as the reference
model is not arbitrary because its parameters are similar to the
“conventional” model employed in earlier work (Strong et al.
2004b)). This illustrates the general good agreement across
the sky between model and data. However, looking in detail
reveals discrepancies in particular regions. We discuss these
in the following sections. Due to space constraints, we will
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22 Department of Physics, Stockholm University, AlbaNova, SE-106 91 Stockholm, Sweden
23 The Oskar Klein Centre for Cosmoparticle Physics, AlbaNova, SE-106 91 Stockholm, Sweden
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Figure 33. Resulting propagation parameters from the nuclei fit. Shown are low-energy nuclei index (top left), high-energy nuclei index (top right), nuclei break
rigidity (bottom left), and proton normalization (bottom right). See Figure 4 for legend.
(A color version of this figure is available in the online journal.)

Figure 34. Average emissivity of the local annulus for model SSZ4R20T150C5
(solid black), SLZ6R20T∞C5 (blue dashed), SYZ10R30T150C2 (red dotted),
and SOZ8R30T∞C2 (green dash-dotted). Shown for comparison are emissivities
derived from Fermi-LAT data using a template fitting approach. Cyan stars are
from Ackermann et al. (2011b), magenta diamonds are from Abdo et al. (2010d),
and black squares are from Abdo et al. (2009b).
(A color version of this figure is available in the online journal.)

The parameters, all inputs to the GALPROP CR propagation
code, are related to the distributions of interstellar gas and of
CRs, and for each combination of parameters considered the
models were calculated self-consistently and were constrained
to be consistent with local measurements of CRs. The evaluation
of the models with respect to the data, taking into account the
point sources in the 1FGL catalog, was made with the GaRDiAn
software package, which was developed for studying diffuse
emission in the Fermi-LAT data.

We find that augmenting the CO and H i column density
estimate with column density estimates from dust improves
agreement between model and γ -ray data. Our analysis finds
this to be true even near the Galactic plane, where the dust
column density estimated from the equivalent interstellar red-
dening E(B −V ) is less accurate due to the limitations of
the color correction method used to derive the reddening
maps.

The DGE in the outer Galaxy is better fit by models with
larger-than-expected CR halo sizes. There are other possibil-
ities for the models to predict large enough intensities in the
outer Galaxy. These include modifications of the assumed dis-
tributions of CR sources or of propagation of CRs in the outer
Galaxy, or even the presence of much greater amounts of inter-
stellar gas than currently assumed.

From our γ -ray fits in the region with |b| > 8◦ we show
that larger IC intensities provide a better fit to the data for most
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17 Institut de Ciències de l’Espai (IEEE-CSIC), Campus UAB, 08193 Barcelona, Spain

18 INAF-Istituto di Astrofisica Spaziale e Fisica Cosmica, I-20133 Milano, Italy
19 Agenzia Spaziale Italiana (ASI) Science Data Center, I-00044 Frascati (Roma), Italy

20 Artep Inc., 2922 Excelsior Springs Court, Ellicott City, MD 21042, USA
21 Laboratoire Univers et Particules de Montpellier, Université Montpellier 2, CNRS/IN2P3, Montpellier, France
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24 Dipartimento di Fisica, Università di Udine and Istituto Nazionale di Fisica Nucleare, Sezione di Trieste, Gruppo Collegato di Udine, I-33100 Udine, Italy
25 Space Science Division, Naval Research Laboratory, Washington, DC 20375-5352, USA

26 NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
27 Department of Physical Sciences, Hiroshima University, Higashi-Hiroshima, Hiroshima 739-8526, Japan

28 INAF Istituto di Radioastronomia, I-40129 Bologna, Italy
29 Center for Space Plasma and Aeronomic Research (CSPAR), University of Alabama in Huntsville, Huntsville, AL 35899, USA

30 Department of Astronomy, Graduate School of Science, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan
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Figure 17. Spectra extracted from the inner Galaxy region for model
SSZ4R20T150C5 using Pass 7 clean photons. The dip between 10 and 20 GeV
is greatly reduced compared to Figure 15. See Figure 12 for legend.
(A color version of this figure is available in the online journal.)

values for the local region XCO agree very well with the value
found for the nearby Gould Belt by Abdo et al. (2010d). Because
the XCO values for this annulus are determined from fits to the
local region, the value is associated with high-latitude clouds.
This indicates that molecular clouds in the vicinity of the solar
system may have different properties than clouds at a similar
Galactocentric distance. High-latitude translucent clouds have
also been shown before to have lower XCO values (de Vries et al.
1987; Heithausen & Thaddeus 1990), but more recent work
based on other tracers of molecular hydrogen shows that CO
intensities might not be linearly related to H2 column densities
in those clouds (Magnani et al. 2003).

There is an exponential increase in the outer Galaxy that
is strongly dependent on the assumed CR source distribution,
halo size, and TS. Figure 27 shows the fractional residual (see
Section 4.2) for model SSZ4R20T150C5 with the integrated CO
emission in the outer Galaxy overlaid. A correlation between the
CO emission and negative residuals is evident. On this basis, we
conclude that the XCO values in the outer Galaxy derived in
our analysis are strongly biased and we do not show them in
Figure 25. This bias is caused by the underprediction of γ -ray
intensity in the outer Galaxy by all of the models considered
here. Because there is very little CO in the outer Galaxy (see
Figure 3) this bias will not strongly affect our results, but only
slightly reduce the scatter when comparing the models in the
outer Galaxy.

4.4. ISRF Scaling Factors

The scaling factor of the ISRF is shown in Figure 28 for
each model in both the local and inner region. The derived
ISRF scaling factor is model dependent and varies with CR
source distribution, gas densities, and halo size. In general, the
scaling factor is smaller for the pulsar CR source distributions
that are more peaked toward the inner Galaxy than both the
OB stars and SNR distributions. More CRs will be injected

in the inner Galaxy from the pulsar-like source distributions.
This produces a corresponding increase in the IC emission in
this region because of the larger number of CR electrons and
positrons for these source distributions.

The ISRF scaling factor is also dependent on TS and the
E(B − V ) magnitude cut, indicating that the normalization of
the ISRF (and of the IC intensities) serves to compensate for
different gas densities in the fits. This is despite the IC compo-
nent being both spectrally and also spatially different from the
H i component. The latitude dependence of the IC component
is similar enough to the H i component (see Figure 20) to allow
for the correlation between the H i and IC components in the
fit. Coupling that with the trend between increased likelihood in
the inner region for the optically thin case seems to indicate that
a greater intensity of IC is needed for all models, either from
an increased ISRF, more CR electron sources, or a larger zh.
The longer confinement time for the CR electrons/positrons for
the larger halo sizes, together with the approximately 1/z de-
crease of the ISRF perpendicular to the Galactic plane (Porter
et al. 2008), produces more IC emission for cases with larger zh

(see also Strong et al. 2010). This effect can be seen as
a decrease in the scaling factor in the local region with
increasing zh, although the magnitude of the decrease depends
on the assumed CR source distribution and gas densities. The
ISRF scaling factors follow a trend in that they are larger for
the inner Galaxy region for larger zh. This indicates that further
enhancement is required in addition to that provided by the large
zh, which could be due to additional CR electrons/positrons, or
an increase in the ISRF in the inner Galaxy region. Disentan-
gling these effects is difficult. One way could be to consider the
IC from CMB photons along with the bremsstrahlung emission.
Unfortunately, their overall intensity is not high enough to allow
them to be used to constrain the CR electron component. The
ISRF scaling factors therefore only allow us to infer that the IC
modeling requires modifications but a detailed investigation is
needed to unravel their origin.

4.5. Isotropic Background

The spectrum of the derived isotropic background is shown
in Figure 29 for selected models. Isotropic spectra for all
models can be found in the online supplementary material.
As for the ISRF normalization and XCO values, the isotropic
background is model dependent. However, the variation in the
overall normalization is not very large because it is spatially very
different from the other fitted components. The derived spectral
shape is also very similar amongst the various models. Both
of these indicate that the isotropic background is not strongly
biased by variations between the different models.

Figure 29 also shows a comparison with the isotropic spec-
trum from Abdo et al. (2010g) after combining the derived
EGB and RIB components from that work. Our estimates of the
isotropic background are consistent with Abdo et al. (2010g) be-
low 1 GeV, and systematically higher above this energy. Despite
our efforts to minimize the contribution of the Galactic ridge to
the determination of the isotropic background by fitting for the
local region, Figure 14 shows that the model slightly underesti-
mates the data at low intermediate latitudes above 1 GeV while
still being within the systematic uncertainty of the Fermi-LAT
data. The fit will compensate for this with the isotropic compo-
nent as can be seen in Figure 13 where the model overestimates
the data in the polar cap regions above 1 GeV. This is especially
true in the south polar cap. The difference in the two estimates
of the isotropic background can therefore be attributed to the
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