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Overview

• Motivation and state-of-the-art 

• What are PeVatrons? 

• Cosmic-ray acceleration in SNRs 

• Multimessenger propagation inside/outside Galaxy 

• Galactic PeVatron Candidates 

• Conclusion 
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e20190118-10 Mecanismos de limitação da energia de raios cósmicos durante sua propagação
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que Eq. 47 é simplificada como

p̨pi · p̨“ = E“Epi cos ◊ (48)

Retornando este resultado em (45), chegamos à

Epi = mfi(2mp + mfi)
2E“(1 ≠ cos ◊) (49)

A energia mínima que o próton incidente deverá ter
para que a reação ocorra será dada quando cos ◊ = ≠1,
quando a expressão (49) obterá o seu menor valor possível.
Neste caso, temos

(Epi)min = mfi(2mp + mfi)
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(50)

Substituindo os valores tabelados, E“ = 2, 34 ◊ 10≠4

eV, mp = 938, 26 MeV e mfi = 134, 96 MeV, obtemos que
este valor mínimo de energia para o próton incidente é

(Epi)min = 2, 925 ◊ 1020 eV (51)

Portanto, somente prótons com energia acima da or-
dem 1020eV irá interagir com os fótons da CMB a ponto
de produzir píons e como consequência diminuir a sua
energia, essa previsão é usada para explicar o motivo

de não detectar-se raios cósmicos com ordem de energia
maior do que 1020eV.

Quaisquer que sejam as fontes dos raios cósmicos extra-
galácticos, esta interação entre os mesmos e a radiação
cósmica de fundo irá produzir um fluxo de neutrinos.
Considerando que o ponto desta interação está locali-
zado em escala cosmológica da Terra, estes neutrinos
produzidos podem ser rastreados ao ponto com excelente
precisão [19]. Estes neutrinos GZK podem ter seu fluxo
calculado na sequência do cálculo acima, sendo que sua
magnitude é determinada por sua densidade total de
energia no Universo.

5. Raios cósmicos na Terra

Ao fim de todo seu trajeto no meio celeste, o raio cósmico
encontra em seu caminho um pequeno planeta com uma
atmosfera que propicia a vida em forma de carbono, a
qual consegue detectar estes raios cósmicos e formar um
espectro da chegada dos mesmos.

Quando a partícula altamente energética que compõem
o raio cósmico adentra a atmosfera é como se a mesma
estivesse em uma mesa de bilhar cheia de bolinhas, ela
irá colidir com os núcleos presentes em nossa atmosfera
e isso gerará certo decaimentos e ionizações e até mesmo
criação de certas partículas. A detecção dos raios cósmicos
pode ser feito de forma direta, assim como era feito nos
primórdios da física dos raios cósmicos com Hess, mas
para isso necessita-se que haja um grande fluxo de raios
cósmicos com uma determinada energia e temos que
desprezar que há interações ao longo do trajeto do topo
da atmosfera até o nível do mar.

O estudo de raios cósmicos com energia um pouco a
cima de 1015eV deve ser indireto devido ao baixo fluxo
envolvido. Os dados experimentais advêm a partir da
detecção e da amostragem de chuveiros atmosféricos
extensos (EAS - Extensive Air Shower) produzidos pelo
raio cósmico conforme o mesmo interage com a atmosfera,
os quais abordaremos em mais detalhes ao longo do
capítulo.

O chuveiro atmosférico extenso se divide em algumas
componentes e modelos, entre suas componentes, temos
a parte eletromagnética. A partir da medição dos raios
cósmicos, é possível montar um espectro da chega dos
mesmos, da pela Fig.3, o espectro obedece uma lei de
potência assim como foi visto no capítulo anterior, onde
os mecanismos de Fermi geram um espectro que obedece
uma lei de potência.
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Como pode ser visto na Fig.3, o fluxo de raios cós-
micos tem uma grande variação entre 107eV(10 MeV) a
1021eV(10EeV), raios cósmicos com energia da ordem de
1017 tem um fluxo de 1
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m2sMeV

6
enquanto que os raios
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3 29. Cosmic Rays

Figure 29.1: Fluxes of nuclei of the primary cosmic radiation in particles per energy-per-nucleus
are plotted vs energy-per-nucleus using data from Refs. [1–13] The inset shows the H/He ratio as
a function of rigidity [1, 3].
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Figure 3. Top to Bottom: Observed excess map - Model excess map - Residual map - Model flux map, for the best-fit parameters
obtained with SBGs above 39EeV (Left) and �AGNs above 60EeV (Right). The excess maps (best-fit isotropic component sub-
tracted) and residual maps (observed minus model) are smeared at the best-fit angular scale. The color scale indicates the number
of events per smearing beam (see inset). The model flux map corresponds to a uniform full-sky exposure. The supergalactic
plane is shown as a solid gray line. An orange dashed line delimits the field of view of the array.
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PAOl. Science 2017;357:1266-1270

Anjos  et al 2018

arXiv:1903.07713v1, arXiv:1301.6824

GALATIC 

mass	groups

elements

knee

2nd	knee

ankle

Figure 1: Cosmic-ray energy spectrum and mass composition. This plot reflects a recent attempt
for a combined fit of flux and composition measurements by different experiments, where the in-
dividual spectra [8, 15–20] have been multiplied by a constant (inset) to adjust them to a common
energy scale. The bands are one-sigma uncertainties derived from published experimental data
(see [7] for details). Features such as the Knee, Second Knee, and Ankle mark softenings or hard-
enings of the spectrum which can be approximated by a power law in between these features. For
future progress in GCR science, it is important to reduce the uncertainties by improving hadronic
interaction models and enhancing air-shower arrays to perform hybrid measurements.

2 State of the Art in High-Energy GCR Science
To understand how these science goals can be targeted by more accurate mass measurements of
GCRs and by multi-messenger astrophysics, let us first review the recent progress in CR science.

GCRs have a strongly mixed composition of elements from proton to iron at all energies (Fig. 1;
see [36–41] for reviews). The exact composition varies with kinetic energy. During their propa-
gation, GCRs diffuse in Galactic magnetic fields depending on their rigidity, which translates into
a mass-dependence, since GCRs are fully ionized nuclei. The magnetic deflection leads to an al-
most isotropic arrival direction at Earth (Fig. 2). Weak anisotropies have been measured for the
all-particle flux [21,42–44], but are difficult to interpret because the present accuracy of air-shower
arrays does not allow for efficient per-event classification of the mass of GCRs.

Features in the energy spectrum (Fig. 1) and large-scale anisotropy (Fig. 2) mark the 100 TeV to
1 EeV range of high-energy GCRs as distinct. Above 100 TeV, the phase of the first harmonic of the
large-scale anisotropy flips towards the direction of the Galactic Center. Structures in the heavier
components suggest that GCR at 100 TeV and at a few PeV might belong to different populations
of sources. However, we do not yet know why the Knee, as the most prominent feature in the
energy spectrum, does not coincide with a significant feature in the anisotropy measurements.
Current anisotropy searches are not yet sensitive enough in this energy range [45].

Around 100 PeV the heavy component in the energy spectrum becomes softer [46], and at about
the same energy the light component becomes harder [47]. The relation to the Second Knee in the
all-particle spectrum detected by several experiments at two to three times higher energy needs

3

EXTRA-GAL. 
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FIG. 2: Skymap in Galactic coordinates of the Li-Ma significances of overdensities in 20� radius windows for 840 events recorded
by Auger with E > EAuger and 130 events recorded by TA with E > ETA [30]. The color scale indicates the significance in units of
standard deviations; negative values follow the convention of indicating the (positive) significance of deficits.

FIG. 3: Comparison of UHECR event locations with starburst- (left) and radio-galaxies (right) in Galactic coordinates. The green
points indicate the arrival directions of 231 events with E > 52 EeV and zenith angle ✓ < 80� detected by the Pierre Auger
Observatory from 2004 January 1 up to 2014 March 31 [44]. The blue points indicate the arrival directions of 72 events with
E > 57 EeV and ✓ < 55� recorded from 2008 May 11 to 2013 May 4 with TA [22]. The stars indicate the location of nearby starburst-
(left) and radio-galaxies (right). The shaded regions delimit angular windows around the sources of angular radius of 15�.

entation, and we do not imply that the events from those
sources should be contained in those angular windows.
Nevertheless, the analysis presented in [44] results in
such angular size for one of the sources. We perform
a maximum likelihood estimation of the spectral index
around each of the sources, for each of the data sam-
ples (if there is more than one event), assuming a single
power law spectrum, dN/dE / E��. In Table I we show

the values of �maximizing the likelihood, as well as the
68% confidence level intervals [�l,�r]. All the individual
spectra are very steep, reflecting the suppression in the
nearly isotropic UHECR spectrum.
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Figure 1: Cosmic-ray energy spectrum and mass composition. This plot reflects a recent attempt
for a combined fit of flux and composition measurements by different experiments, where the in-
dividual spectra [8, 15–20] have been multiplied by a constant (inset) to adjust them to a common
energy scale. The bands are one-sigma uncertainties derived from published experimental data
(see [7] for details). Features such as the Knee, Second Knee, and Ankle mark softenings or hard-
enings of the spectrum which can be approximated by a power law in between these features. For
future progress in GCR science, it is important to reduce the uncertainties by improving hadronic
interaction models and enhancing air-shower arrays to perform hybrid measurements.

2 State of the Art in High-Energy GCR Science
To understand how these science goals can be targeted by more accurate mass measurements of
GCRs and by multi-messenger astrophysics, let us first review the recent progress in CR science.

GCRs have a strongly mixed composition of elements from proton to iron at all energies (Fig. 1;
see [36–41] for reviews). The exact composition varies with kinetic energy. During their propa-
gation, GCRs diffuse in Galactic magnetic fields depending on their rigidity, which translates into
a mass-dependence, since GCRs are fully ionized nuclei. The magnetic deflection leads to an al-
most isotropic arrival direction at Earth (Fig. 2). Weak anisotropies have been measured for the
all-particle flux [21,42–44], but are difficult to interpret because the present accuracy of air-shower
arrays does not allow for efficient per-event classification of the mass of GCRs.

Features in the energy spectrum (Fig. 1) and large-scale anisotropy (Fig. 2) mark the 100 TeV to
1 EeV range of high-energy GCRs as distinct. Above 100 TeV, the phase of the first harmonic of the
large-scale anisotropy flips towards the direction of the Galactic Center. Structures in the heavier
components suggest that GCR at 100 TeV and at a few PeV might belong to different populations
of sources. However, we do not yet know why the Knee, as the most prominent feature in the
energy spectrum, does not coincide with a significant feature in the anisotropy measurements.
Current anisotropy searches are not yet sensitive enough in this energy range [45].

Around 100 PeV the heavy component in the energy spectrum becomes softer [46], and at about
the same energy the light component becomes harder [47]. The relation to the Second Knee in the
all-particle spectrum detected by several experiments at two to three times higher energy needs

3

Björn Eichmann, UHECR2018, Paris

PAOl. Science 2017;357:1266-1270

Anjos  et al 2018

arXiv:1903.07713v1, arXiv:1301.6824
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Figure 3. Top to Bottom: Observed excess map - Model excess map - Residual map - Model flux map, for the best-fit parameters
obtained with SBGs above 39EeV (Left) and �AGNs above 60EeV (Right). The excess maps (best-fit isotropic component sub-
tracted) and residual maps (observed minus model) are smeared at the best-fit angular scale. The color scale indicates the number
of events per smearing beam (see inset). The model flux map corresponds to a uniform full-sky exposure. The supergalactic
plane is shown as a solid gray line. An orange dashed line delimits the field of view of the array.

3 29. Cosmic Rays

Figure 29.1: Fluxes of nuclei of the primary cosmic radiation in particles per energy-per-nucleus
are plotted vs energy-per-nucleus using data from Refs. [1–13] The inset shows the H/He ratio as
a function of rigidity [1, 3].
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Figure 1: Cosmic-ray energy spectrum and mass composition. This plot reflects a recent attempt
for a combined fit of flux and composition measurements by different experiments, where the in-
dividual spectra [8, 15–20] have been multiplied by a constant (inset) to adjust them to a common
energy scale. The bands are one-sigma uncertainties derived from published experimental data
(see [7] for details). Features such as the Knee, Second Knee, and Ankle mark softenings or hard-
enings of the spectrum which can be approximated by a power law in between these features. For
future progress in GCR science, it is important to reduce the uncertainties by improving hadronic
interaction models and enhancing air-shower arrays to perform hybrid measurements.

2 State of the Art in High-Energy GCR Science
To understand how these science goals can be targeted by more accurate mass measurements of
GCRs and by multi-messenger astrophysics, let us first review the recent progress in CR science.

GCRs have a strongly mixed composition of elements from proton to iron at all energies (Fig. 1;
see [36–41] for reviews). The exact composition varies with kinetic energy. During their propa-
gation, GCRs diffuse in Galactic magnetic fields depending on their rigidity, which translates into
a mass-dependence, since GCRs are fully ionized nuclei. The magnetic deflection leads to an al-
most isotropic arrival direction at Earth (Fig. 2). Weak anisotropies have been measured for the
all-particle flux [21,42–44], but are difficult to interpret because the present accuracy of air-shower
arrays does not allow for efficient per-event classification of the mass of GCRs.

Features in the energy spectrum (Fig. 1) and large-scale anisotropy (Fig. 2) mark the 100 TeV to
1 EeV range of high-energy GCRs as distinct. Above 100 TeV, the phase of the first harmonic of the
large-scale anisotropy flips towards the direction of the Galactic Center. Structures in the heavier
components suggest that GCR at 100 TeV and at a few PeV might belong to different populations
of sources. However, we do not yet know why the Knee, as the most prominent feature in the
energy spectrum, does not coincide with a significant feature in the anisotropy measurements.
Current anisotropy searches are not yet sensitive enough in this energy range [45].

Around 100 PeV the heavy component in the energy spectrum becomes softer [46], and at about
the same energy the light component becomes harder [47]. The relation to the Second Knee in the
all-particle spectrum detected by several experiments at two to three times higher energy needs
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FIG. 2: Skymap in Galactic coordinates of the Li-Ma significances of overdensities in 20� radius windows for 840 events recorded
by Auger with E > EAuger and 130 events recorded by TA with E > ETA [30]. The color scale indicates the significance in units of
standard deviations; negative values follow the convention of indicating the (positive) significance of deficits.

FIG. 3: Comparison of UHECR event locations with starburst- (left) and radio-galaxies (right) in Galactic coordinates. The green
points indicate the arrival directions of 231 events with E > 52 EeV and zenith angle ✓ < 80� detected by the Pierre Auger
Observatory from 2004 January 1 up to 2014 March 31 [44]. The blue points indicate the arrival directions of 72 events with
E > 57 EeV and ✓ < 55� recorded from 2008 May 11 to 2013 May 4 with TA [22]. The stars indicate the location of nearby starburst-
(left) and radio-galaxies (right). The shaded regions delimit angular windows around the sources of angular radius of 15�.

entation, and we do not imply that the events from those
sources should be contained in those angular windows.
Nevertheless, the analysis presented in [44] results in
such angular size for one of the sources. We perform
a maximum likelihood estimation of the spectral index
around each of the sources, for each of the data sam-
ples (if there is more than one event), assuming a single
power law spectrum, dN/dE / E��. In Table I we show

the values of �maximizing the likelihood, as well as the
68% confidence level intervals [�l,�r]. All the individual
spectra are very steep, reflecting the suppression in the
nearly isotropic UHECR spectrum.
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What do we know? What do we have? 

Björn Eichmann Ultra-High-Energy Cosmic Rays from Radio Galaxies

Energy
Spectrum

Chemical
Composition

Arrival 
Directions

What do we want to answer? 

• The big questions and goals 

1. What sources can accelerate 
CRs to PeV energies? 

2. How do SNRs contribute to 
Galactic CRs up to the knee ? 

3. What physical processes are 
involved at PeVatrons and in 
their close environment? 

4.How do accelerated particles 
escape their accelerator? 

• Motivation and State-of-the-art 

Björn Eichmann, UHECR2018, Paris

PAOl. Science 2017;357:1266-1270

Anjos  et al 2018

arXiv:1903.07713v1, arXiv:1301.6824

8

Figure 3. Top to Bottom: Observed excess map - Model excess map - Residual map - Model flux map, for the best-fit parameters
obtained with SBGs above 39EeV (Left) and �AGNs above 60EeV (Right). The excess maps (best-fit isotropic component sub-
tracted) and residual maps (observed minus model) are smeared at the best-fit angular scale. The color scale indicates the number
of events per smearing beam (see inset). The model flux map corresponds to a uniform full-sky exposure. The supergalactic
plane is shown as a solid gray line. An orange dashed line delimits the field of view of the array.

3 29. Cosmic Rays

Figure 29.1: Fluxes of nuclei of the primary cosmic radiation in particles per energy-per-nucleus
are plotted vs energy-per-nucleus using data from Refs. [1–13] The inset shows the H/He ratio as
a function of rigidity [1, 3].
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Figure 1: Cosmic-ray energy spectrum and mass composition. This plot reflects a recent attempt
for a combined fit of flux and composition measurements by different experiments, where the in-
dividual spectra [8, 15–20] have been multiplied by a constant (inset) to adjust them to a common
energy scale. The bands are one-sigma uncertainties derived from published experimental data
(see [7] for details). Features such as the Knee, Second Knee, and Ankle mark softenings or hard-
enings of the spectrum which can be approximated by a power law in between these features. For
future progress in GCR science, it is important to reduce the uncertainties by improving hadronic
interaction models and enhancing air-shower arrays to perform hybrid measurements.

2 State of the Art in High-Energy GCR Science
To understand how these science goals can be targeted by more accurate mass measurements of
GCRs and by multi-messenger astrophysics, let us first review the recent progress in CR science.

GCRs have a strongly mixed composition of elements from proton to iron at all energies (Fig. 1;
see [36–41] for reviews). The exact composition varies with kinetic energy. During their propa-
gation, GCRs diffuse in Galactic magnetic fields depending on their rigidity, which translates into
a mass-dependence, since GCRs are fully ionized nuclei. The magnetic deflection leads to an al-
most isotropic arrival direction at Earth (Fig. 2). Weak anisotropies have been measured for the
all-particle flux [21,42–44], but are difficult to interpret because the present accuracy of air-shower
arrays does not allow for efficient per-event classification of the mass of GCRs.

Features in the energy spectrum (Fig. 1) and large-scale anisotropy (Fig. 2) mark the 100 TeV to
1 EeV range of high-energy GCRs as distinct. Above 100 TeV, the phase of the first harmonic of the
large-scale anisotropy flips towards the direction of the Galactic Center. Structures in the heavier
components suggest that GCR at 100 TeV and at a few PeV might belong to different populations
of sources. However, we do not yet know why the Knee, as the most prominent feature in the
energy spectrum, does not coincide with a significant feature in the anisotropy measurements.
Current anisotropy searches are not yet sensitive enough in this energy range [45].

Around 100 PeV the heavy component in the energy spectrum becomes softer [46], and at about
the same energy the light component becomes harder [47]. The relation to the Second Knee in the
all-particle spectrum detected by several experiments at two to three times higher energy needs
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FIG. 2: Skymap in Galactic coordinates of the Li-Ma significances of overdensities in 20� radius windows for 840 events recorded
by Auger with E > EAuger and 130 events recorded by TA with E > ETA [30]. The color scale indicates the significance in units of
standard deviations; negative values follow the convention of indicating the (positive) significance of deficits.

FIG. 3: Comparison of UHECR event locations with starburst- (left) and radio-galaxies (right) in Galactic coordinates. The green
points indicate the arrival directions of 231 events with E > 52 EeV and zenith angle ✓ < 80� detected by the Pierre Auger
Observatory from 2004 January 1 up to 2014 March 31 [44]. The blue points indicate the arrival directions of 72 events with
E > 57 EeV and ✓ < 55� recorded from 2008 May 11 to 2013 May 4 with TA [22]. The stars indicate the location of nearby starburst-
(left) and radio-galaxies (right). The shaded regions delimit angular windows around the sources of angular radius of 15�.

entation, and we do not imply that the events from those
sources should be contained in those angular windows.
Nevertheless, the analysis presented in [44] results in
such angular size for one of the sources. We perform
a maximum likelihood estimation of the spectral index
around each of the sources, for each of the data sam-
ples (if there is more than one event), assuming a single
power law spectrum, dN/dE / E��. In Table I we show

the values of �maximizing the likelihood, as well as the
68% confidence level intervals [�l,�r]. All the individual
spectra are very steep, reflecting the suppression in the
nearly isotropic UHECR spectrum.
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• What are PeVatrons? 

G. Morlino — Milano 2023

PeVatrons in the context of Galactic CRs

knee

F. G. Schroder, rapporteur, ICRC 2019

Protons need to be accelerated  at least up to ~ 1 
PeV

Still not completely clear where the proton knee 
is: different experiments provide different 
values between 0.5-3 PeV

2nd knee ~ 26 Eknee

Ankle
PeVatrons are: 

• Galactic CR sources 

• accelerating protons to PeV 
energies (10¹⁵ eV) 

G. Morlino — Milano 2023

PeVatrons in the context of Galactic CRs

2nd knee ~ 26 Eknee

Ankle

knee

Extra-gal.

p+He
intermediate

Fe

Protons need to be accelerated 
at least up to ~ PeV energies

F. G. Schroder, rapporteur, ICRC 2019

Protons need to be accelerated  at least up to ~ 1 
PeV

Still not completely clear where the proton knee 
is: different experiments provide different 
values between 0.5-3 PeV

The cutoff shape is important to understand the 
knee region and the Galactic-to-extra Galactic 
transition region:
✤ Cut-offs or broken power-law? 
✤ Do we need super-PeVatrons to fill the gap 

with extra Galactic CRs?
✤ Distinguish between cut-offs and steep spectra 

requires to detect flux over several decades 
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• What are PeVatrons? 

12

Gas  
& 

 Dust

Images: https://legacy.ifa.hawaii.edu/info/press-releases/ASASSN_IceCube/  
https://solarsystem.nasa.gov/resources/822/cassiopeia-a-supernova-remnant/  
https://science.nasa.gov/get-involved/toolkits/spacecraft-icons 

Relativistic p
+Ac

ce
le

ra
to

r

PeVatrons as multi-messenger sources

• 1 PeV protons plus gas/dust  
produce 

• ~100 TeV photons and 

• ~50 TeV Neutrinos 

Charged particles deflected 
by galactic magnetic fields

!
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• What are PeVatrons? 

Requirements: 

• Engine: Shocks or magnetic 
reconnection 

• Fuel: Charged particles 

• Container: magnetic field (confinement) 

• Energy budget 

• Lifetime 

Candidates source classes: 

• Supernova remnants 

• Pulsars and pulsar wind nebulae 

• Starforming regions

"Hillas plot"

Cosmic Accelerators

Emax

Image: https://www.sciencedirect.com/
science/article/pii/S0273117717303757 

Energy 
losses

Candidates source classes: 

• Supernova remnants  

Slide Henrike Fleishhack

Tycho's SNR
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• What are PeVatrons? 

Requirements: 

• Engine: Shocks or magnetic 
reconnection 

• Fuel: Charged particles 

• Container: magnetic field (confinement) 

• Energy budget 

• Lifetime 

Candidates source classes: 

• Supernova remnants 

• Pulsars and pulsar wind nebulae 

• Starforming regions

"Hillas plot"

Cosmic Accelerators

Emax

Image: https://www.sciencedirect.com/
science/article/pii/S0273117717303757 

Energy 
losses

Slide Henrike Fleishhack

Candidates source classes: 

• Pulsars and pulsar wind nebulae 



Westerlund 1 
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• What are PeVatrons? 

Requirements: 

• Engine: Shocks or magnetic 
reconnection 

• Fuel: Charged particles 

• Container: magnetic field (confinement) 

• Energy budget 

• Lifetime 

Candidates source classes: 

• Supernova remnants 

• Pulsars and pulsar wind nebulae 

• Starforming regions

"Hillas plot"

Cosmic Accelerators

Emax

Image: https://www.sciencedirect.com/
science/article/pii/S0273117717303757 

Energy 
losses

Candidates source classes: 

• Starforming regions 

Gamma-ray map of the HESS J1646−458 region
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• What are PeVatrons? 

Requirements: 

• Engine: Shocks or magnetic 
reconnection 

• Fuel: Charged particles 

• Container: magnetic field (confinement) 

• Energy budget 

• Lifetime 

Candidates source classes: 

• Supernova remnants 

• Pulsars and pulsar wind nebulae 

• Starforming regions

"Hillas plot"

Cosmic Accelerators

Emax

Image: https://www.sciencedirect.com/
science/article/pii/S0273117717303757 

Energy 
losses

Requirements: 

• Engine: Shocks 
• Fuel: Charged particles 
• Container: magnetic field 
(confinement)

Slide Henrike Fleishhack
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• Cosmic-ray acceleration in SNRs 

SNRs likely produce the bulk of Galactic CR: 

• Strong shocks → diffusive shock acceleration - I order Fermi acceleration 

• Isolated SNRs can accelerate CR up to TeV energies. 

Cas A
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PeV Cosmic massive stellar clusters? 
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• Cosmic-ray acceleration in SNRs 

SNR shocks within massive star clusters can reproduce the knee and 2nd knee
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• Cosmic-ray acceleration in SNRs 

SNR shocks within massive star clusters can reproduce the knee and 2nd knee
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• Cosmic-ray acceleration - extragalactic transition  

2 Caprioli

3. ACCELERATION IN RELATIVISTIC FLOWS

Non-relativistic supersonic flows that dissipate their
energy into shocks can efficiently energize CRs via diffu-
sive shock acceleration (e.g., Caprioli & Spitkovsky
2014a); in relativistic flows, instead, diffusive
acceleration may be quite suppressed (see, e.g.,
Sironi & Spitkovsky 2011), and different mechanisms
are needed to produce energetic particles.
Let us consider a relativistic flow with Lorentz factor Γ

and velocity βc x̂ in the laboratory frame, and a particle
with initial energy Ei and momentum

pi ! Ei(µi,−
√

1− µ2
i , 0), (3)

where µ ≡ px/|p|; once in the flow, its energy in the flow
frame is

E′
i = Γ(Ei − βpi,x) = ΓEi(1− βµi). (4)

If the particle gyrates around the comoving magnetic
field B′ before leaving the flow, its final energy and flight
direction can be written as E′

f = E′
i and µ′

f ≡ p′f,x/E
′
i ,

which in the laboratory frame become

Ef = Γ2Ei(1− βµi)(1 + βµ′
f), µf =

µ′
f + β

1 + βµ′
f

. (5)

If µf = µi, the particle energy is unchanged, but typ-
ically µf $= µi, which implies Ef ! Γ2Ei, similar to a
Compton scattering against a relativistic magnetic wall.
This phenomenon, which is independent of where par-
ticles enter/leave the flow, is well known for relativistic
shocks: the energy gain is ∼ 2Γ2 in the first upstream–
downstream–upstream cycle (µi ! −1, µf ! 1), but ! 2
in the following ones because particles are re-caught by
the shock with µ " 1−1/Γ ∼ µf (Achterberg et al. 2001).
Let us consider a particle with γin & Γ entering the

flow with µi = 0, corresponding to µ′
i = −β, and assume

B′ = −B′z. In the flow frame, the particle performs a
Larmor gyration with frequency Ω′ ≡ eB′/(γinΓmc) and
in turn (Equation 5):

Ef

Ei
! Γ2

[

1− β2 cosΩ′t′ +
β

Γ
sinΩ′t′

]

. (6)

The total energy gain depends on the phase ϕ′ ≡ Ω′t′

(mod 2π) when the particle leaves the flow: it is maxi-
mum (2Γ2) for ϕ′

f = π/2, and ∼ Γ2 for ϕ′
f ∈ [π/2, 3π/2].

A boost of ∼ Γ2 in the laboratory requires the particle
to stay in the flow for Tacc " Γπ/(2Ω′), during which it
travels a distance

Dacc ! Taccc ≈ 4kpc
γf

5× 109B′
µG

, (7)

with γf ≡ γinΓ2 ∼ 5×109 the maximum UHECR Lorentz
factor. In reality, since relativistic flows diverge and the
magnetic field drops (B′ ∼ few G x−1

pc in blazar jets,
e.g., O’Sullivan & Gabuzda 2009), particles eventually
escape, either because they reach the termination shock
or because the condition in Equation 2 is violated. Also,
the expected radial dependence of the toroidal magnetic
field induces an axial ∇B−drift toward the flow head.
In realistic flows, we can assume that the orbit is gener-

ally truncated with a random phase ϕ′
f , which leads to an

pi

pf

Γ Ef ~ Γ2 Ei

Figure 1. Schematic trajectory of a galactic CR reaccelerated by
a relativistic jet (not in scale). The total acceleration due to the
motional electric field does not depend on the exact trajectory: a
rotation " π/2 around the jet magnetic field is sufficient to achieve
a ∼ Γ2 boost (Equation 6).

average energy gain 〈Ef/Ei〉ϕ′

f
= Γ2 (Equation 6). Fig-

ure 1 shows the sketch of a possible particle trajectory in
a conical (expanding) jet. Exact trajectories in realistic
velocity/magnetic profiles of AGN jets will be presented
in a forthcoming publication, but we anticipate that∼ Γ2

energy gains are indeed common in astrophysical jets.
UHECR acceleration via such a one-shot (espresso)

mechanism thus requires either ultra-relativistic flows
with Γ " 105, or moderate Lorentz factors and pre-
accelerated particles. We now consider the case of AGN
jets reaccelerating energetic CR seeds.

3.1. “Seeds”

Galactic CRs accelerated in SNRs (Morlino & Caprioli
2012; Ackermann et al. 2013) represent natural seed can-
didates. The maximum energy Emax ≈ few Z PeV (the
CR “knee”) is achieved before the SNR enters the Se-
dov stage (t ≈ tS), when the shock velocity VS starts to
decrease because of the inertia of the swept-up material
(Blasi et al. 2007). Emax can be estimated by equating
tS and the acceleration time tacc, which scale as

tacc ∝
Emax

BV 2
S

; tS ∝
1

VS

3

√

Mej

ρ
; VS ≈

√

2ESN

Mej
, (8)

where ESN and Mej are the SN ejecta kinetic energy and
mass, and ρ and B are the circumstellar density and mag-
netic field; we have also used Bohm diffusion to derive
tacc (see Caprioli & Spitkovsky 2014b,c, for a justifica-
tion of this assumption based on ab-initio simulations).
Finally, we have

Emax ∝ ZBρ−1/3 ∝ Zρ1/6
√

Tvir, (9)

where we also assumed equipartition between thermal
and magnetic pressures (as in the Milky Way), i.e., B2 ∝
ρT , with a typical temperature T of the order of the
virial temperature Tvir. Since the dependence on ρ is very
weak, and since Tvir is proportional to the total galactic
mass, which does not differ greatly from galaxy to galaxy,
Emax is expected to be roughly the same for any SNRs
expanding in the interstellar medium. For core-collapse
SNe, instead, Emax is achieved while the shock is still
propagating in the wind launched in the pre-SN stages

Schematic trajectory of a galactic CR reaccelerated by a relativistic jet

Particle fluxes above 1015 eV for different species. Dashed lines correspond to CRs 
accelerated in SNRs and solid lines to UHECRs produced via espresso acceleration 
in AGN jets with Γ ≈ 30

Galactic CR + UHECR spectrum
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CR spectral features  

Prediction of UHECR chemical composition! 

UHECR spectra must be quite flat, ~E-1.5        

(Aloisio+13, Gaisser+13, Taylor 14,…) 

An additional steep/light component 
must fill the gal-extragal transition 

Different kinds of AGNs?

Knee

DC, 2015

Ankle Cut-off



 Neutrinos from UHECR interactions | Daniel Biehl

Interactions of UHECRs in the multi-messenger context
The connection between neutrinos and ultra-high energy cosmic rays

Gravitational
waves

Interactions during
propagation

  
    

Interactions
in the source

Interactions in
the atmosphere

• Multimessenger propagation inside/outside Galaxy 

Slide Daniel Biehl - DESY
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• Galactic Pevatron Candidates 
Myth: Emission > 100 TeV makes a PeVatron

• >10 known sources >100 TeV. 

• Many show entirely leptonic 

emission (leptonic PeVa  

• Most UHE LHAASO sou

at least one bright youn

the vicinity. (Correlation ≠ causation!) 

(E. de Oña Wilhelmi et al 2022) 

 

 

LHAASO 2021: https://www.nature.com/articles/s41586-021-03498-z 

LHAASO  
gamma-ray sky > 100 TeV

100 TeV -> PeVatron 

>10 known sources >100 TeV 
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Multimessenger modeling 
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Front. Astron. Space Sci., 22 November 2017

Anjos   2014

arXiv:1903.07713v1, arXiv:1301.6824

https://slideplayer.com/slide/8801439/

+ impact of CRs interactions 
 with different radiation models, 

gas and dust

CR
Source

• Multimessenger propagation inside/outside Galaxy 
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Other codes: DRAGON, PICARD

https://www.researchgate.net/figure/The-journey-of-the-cosmic-rays-from-their-source-to-their-detection13_fig2_310831062

• Multimessenger propagation inside Galaxy 

Solves transport equation 

• Nuclei up to Z = 28  

• Includes estimation of 
interstellar gas distributions, 
dust, nuclear interaction, 
diffusion, convection, 
fragmentation… 

• Propagation parameters can 
be fitted to available data. 
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Solves transport equation 

• Nuclei up to Z = 28  

• Includes estimation of 
interstellar gas distributions, 
dust, nuclear interaction, 
diffusion, convection, 
fragmentation… 

• Propagation parameters can 
be fitted to available data. 

Other codes: DRAGON, PICARD
https://www.researchgate.net/figure/The-journey-of-the-cosmic-rays-from-their-source-to-their-detection13_fig2_310831062

• Multimessenger propagation inside Galaxy 
basic empirical diffusion model

Ginzburg & Ptuskin 1976, Berezinskii et al. 1990, Strong & Moskalenko 1998 (GALPROP: http://galprop.stanford.edu),
Donato et al 2002, Ptuskin et al. 2006, Strong et al. 2007, Vladimirov et al. 2010, Bernardo et al. 2010,

Maurin et al 2010, Putze et al 2010, Trotta et al 2011, Johannesson et al. 2016

9
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empirical diffusion coefficient

H = 4 kpc, R = 20 kpc

diffusion mean free path

diffusion is due to resonant 
scattering by random magnetic field wave number
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• Galactic Pevatron Candidate - Galactic Center 

H.E.S.S. 2016: https://www.nature.com/articles/nature17147

Diffuse PeV protons near the GC

 

Gamma-rays > 50 TeV -> PeV protons

The source function Qðx; pÞ is described as nðxÞqðpÞ,
where nðxÞ is the spatial distribution and qðpÞ is the
injection energy spectrum of cosmic rays. We adopt a
differential injection spectrum which follows a power law
in momentum dqðpÞ=dp ∝ p−α, with index α ¼ 2.4 shown
in [20] for a proton. For the spatial distribution, we consider
the contribution of a continuous source of energetic particles
at the center of theGalaxy.We assume a continuous emission
for a period of 107 yr. In our models, the CR injection power
is in the range ∼2–4 × 1041 erg · s−1, the power needed for
the luminosity of CRs in our Galaxy.
The High Altitude Water Cherenkov gamma-ray

observatory reported upper limits above 1 TeV in the
northern Fermi bubble region [37]. In the hadronic models,

the upper limit on the integral flux of GeV-TeV gamma rays
of a given source can lead to the upper limit on the total CR
luminosity [38,39]. Motivated by this correlation, to model
the spatial distribution of the sources at the FB, we adopt
the distribution of the galactic gas halo in which the FB
expands [24,40]: nðrÞ ∝ ½1þ ð rrcÞ

2&−3ξ=2, where r is the
distance to the GC, rc ¼ 0.35 kpc is the core radius, and
ξ ¼ 0.71. On the other hand, the model GC injects CRs
following a δ function centered at the center of the Galaxy.

III. RESULTS AND DISCUSSION

Considering that the purpose of this paper is to inves-
tigate the interplay of galactic cosmic rays and GC gamma

(a) (b)

(c) (d)

(e) (f)

FIG. 1. Energy spectra for six elements: proton, helium, carbon, oxygen, silicon, and iron. The spectra are multiplied by E2. The
models calculations are shown in comparison with the data using different modulation parameter values for elements, respectively:
Φ ¼ 0.30, 0.30, 0.30, 0.40, 1.0 GV for model GC andΦ ¼ 0.30, 0.35, 0.35, 0.50, 1.5 GV for model FB. The data are extracted from the
CRDB database [42]. (a) Proton, (b) helium, (c) carbon, (d) oxygen, (e) silicon, (f) iron.
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The source function Qðx; pÞ is described as nðxÞqðpÞ,
where nðxÞ is the spatial distribution and qðpÞ is the
injection energy spectrum of cosmic rays. We adopt a
differential injection spectrum which follows a power law
in momentum dqðpÞ=dp ∝ p−α, with index α ¼ 2.4 shown
in [20] for a proton. For the spatial distribution, we consider
the contribution of a continuous source of energetic particles
at the center of theGalaxy.We assume a continuous emission
for a period of 107 yr. In our models, the CR injection power
is in the range ∼2–4 × 1041 erg · s−1, the power needed for
the luminosity of CRs in our Galaxy.
The High Altitude Water Cherenkov gamma-ray

observatory reported upper limits above 1 TeV in the
northern Fermi bubble region [37]. In the hadronic models,

the upper limit on the integral flux of GeV-TeV gamma rays
of a given source can lead to the upper limit on the total CR
luminosity [38,39]. Motivated by this correlation, to model
the spatial distribution of the sources at the FB, we adopt
the distribution of the galactic gas halo in which the FB
expands [24,40]: nðrÞ ∝ ½1þ ð rrcÞ

2&−3ξ=2, where r is the
distance to the GC, rc ¼ 0.35 kpc is the core radius, and
ξ ¼ 0.71. On the other hand, the model GC injects CRs
following a δ function centered at the center of the Galaxy.

III. RESULTS AND DISCUSSION

Considering that the purpose of this paper is to inves-
tigate the interplay of galactic cosmic rays and GC gamma

(a) (b)

(c) (d)

(e) (f)

FIG. 1. Energy spectra for six elements: proton, helium, carbon, oxygen, silicon, and iron. The spectra are multiplied by E2. The
models calculations are shown in comparison with the data using different modulation parameter values for elements, respectively:
Φ ¼ 0.30, 0.30, 0.30, 0.40, 1.0 GV for model GC andΦ ¼ 0.30, 0.35, 0.35, 0.50, 1.5 GV for model FB. The data are extracted from the
CRDB database [42]. (a) Proton, (b) helium, (c) carbon, (d) oxygen, (e) silicon, (f) iron.
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• Continuous δ function source of energetic 
particles at the center of the Galaxy 

•Period of  1E7 yr 

•Injection power  ~ 1E41 erg/s
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H.E.S.S. 2016: https://www.nature.com/articles/nature17147

Diffuse PeV protons near the GC

 

Gamma-rays > 50 TeV -> PeV protons

rays, we compare the measured data at low energies with
the energy spectra of model GC and model FB for different
elements (proton, helium, carbon, oxygen, silicon, and
iron) in Fig 1. The parameter values that reproduce the
measured data at low energies are listed in Table I. The halo
half-thickness z ¼ 10 kpc was determined by fitting the
B=C ratio at high energy [41]; see Fig. 3(a). The parameters
of the model GC are in agreement with those in [20]. It
shows that the CR flux for lower energies is comparable to
that from the SNR and suggests that one single powerful
source at the GC could provide enough CRs that are
detected on Earth. Small variations on the values of
reacceleration and convection do not change our results
significantly. As is clear from Fig. 1, the model FB
reproduces well the observed data up to ∼TeV. This
indicates the effect of halo size on the resulting energy
spectrum of CRs [23].
The CRs injected by sources located at the GC can

contribute to the spectrum up to the knee [2]. Consequently,
the CRs spectrum is a combination of the SNR contribution
from the Galactic disk and the CRs acceleration in the FB.
Similarly, in [3], based on a diffusion-halo model,
Sagittarius A* can contribute as a Pevatron to the galactic

TABLE I. Summary of Galactic parameters for our models. See
text for details.

Parameters Units Model GC Model FB

Source " " " GC Fermi bubbles
D0 cm2 s−1 2.7 × 1028 2.0 × 1028

δ " " " 0.6 0.6
L kpc 10.0 10.0
z kpc 20.0 20.0
va km s−1 28.0 28.0
dv=dz km s−1 kpc−1 10.0 10.0
α " " " 2.4 2.4

FIG. 2. Contribution of GC—SNR—SgR A* to the proton
spectrum. The red line represents the observations and total
contribution. The model GC is the CRs flux calculated in this
paper. The Cheng model 2012 [2] describes the reacceleration of
the CRs in the Fermi bubbles producing CRs beyond the knee.
These CRs are produced by SNR in the Galactic disk. The black
and magenta lines represent the contribution of CRs from SNR
and spectrum of CRs injected by Sgr A*, respectively [3].

(a)

(b)

FIG. 3. B=C ratio as a function of kinetic energy per nucleon for
the models GC and FB. (a) Boron to carbon ratio, (b) Boron to
carbon ratio at high energy (K ≥ 105 MeV).

(a)

(b)

FIG. 4. Inner Galaxy spectra of diffuse gamma-ray emission
components. Model GC with (a) gas distribution [51] and (b) new
2D gas distribution [52], respectively. The data are extracted from
the CRDB database [42].
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• Continuous δ function source of energetic 
particles at the center of the Galaxy 

•Period of  1E7 yr 

•Injection power  ~ 1E41 erg/s



34

• Galactic Pevatron Candidate - Galactic Center 

rays, we compare the measured data at low energies with
the energy spectra of model GC and model FB for different
elements (proton, helium, carbon, oxygen, silicon, and
iron) in Fig 1. The parameter values that reproduce the
measured data at low energies are listed in Table I. The halo
half-thickness z ¼ 10 kpc was determined by fitting the
B=C ratio at high energy [41]; see Fig. 3(a). The parameters
of the model GC are in agreement with those in [20]. It
shows that the CR flux for lower energies is comparable to
that from the SNR and suggests that one single powerful
source at the GC could provide enough CRs that are
detected on Earth. Small variations on the values of
reacceleration and convection do not change our results
significantly. As is clear from Fig. 1, the model FB
reproduces well the observed data up to ∼TeV. This
indicates the effect of halo size on the resulting energy
spectrum of CRs [23].
The CRs injected by sources located at the GC can

contribute to the spectrum up to the knee [2]. Consequently,
the CRs spectrum is a combination of the SNR contribution
from the Galactic disk and the CRs acceleration in the FB.
Similarly, in [3], based on a diffusion-halo model,
Sagittarius A* can contribute as a Pevatron to the galactic

TABLE I. Summary of Galactic parameters for our models. See
text for details.

Parameters Units Model GC Model FB

Source " " " GC Fermi bubbles
D0 cm2 s−1 2.7 × 1028 2.0 × 1028

δ " " " 0.6 0.6
L kpc 10.0 10.0
z kpc 20.0 20.0
va km s−1 28.0 28.0
dv=dz km s−1 kpc−1 10.0 10.0
α " " " 2.4 2.4

FIG. 2. Contribution of GC—SNR—SgR A* to the proton
spectrum. The red line represents the observations and total
contribution. The model GC is the CRs flux calculated in this
paper. The Cheng model 2012 [2] describes the reacceleration of
the CRs in the Fermi bubbles producing CRs beyond the knee.
These CRs are produced by SNR in the Galactic disk. The black
and magenta lines represent the contribution of CRs from SNR
and spectrum of CRs injected by Sgr A*, respectively [3].

(a)

(b)

FIG. 3. B=C ratio as a function of kinetic energy per nucleon for
the models GC and FB. (a) Boron to carbon ratio, (b) Boron to
carbon ratio at high energy (K ≥ 105 MeV).

(a)

(b)

FIG. 4. Inner Galaxy spectra of diffuse gamma-ray emission
components. Model GC with (a) gas distribution [51] and (b) new
2D gas distribution [52], respectively. The data are extracted from
the CRDB database [42].
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rays, we compare the measured data at low energies with
the energy spectra of model GC and model FB for different
elements (proton, helium, carbon, oxygen, silicon, and
iron) in Fig 1. The parameter values that reproduce the
measured data at low energies are listed in Table I. The halo
half-thickness z ¼ 10 kpc was determined by fitting the
B=C ratio at high energy [41]; see Fig. 3(a). The parameters
of the model GC are in agreement with those in [20]. It
shows that the CR flux for lower energies is comparable to
that from the SNR and suggests that one single powerful
source at the GC could provide enough CRs that are
detected on Earth. Small variations on the values of
reacceleration and convection do not change our results
significantly. As is clear from Fig. 1, the model FB
reproduces well the observed data up to ∼TeV. This
indicates the effect of halo size on the resulting energy
spectrum of CRs [23].
The CRs injected by sources located at the GC can

contribute to the spectrum up to the knee [2]. Consequently,
the CRs spectrum is a combination of the SNR contribution
from the Galactic disk and the CRs acceleration in the FB.
Similarly, in [3], based on a diffusion-halo model,
Sagittarius A* can contribute as a Pevatron to the galactic

TABLE I. Summary of Galactic parameters for our models. See
text for details.

Parameters Units Model GC Model FB

Source " " " GC Fermi bubbles
D0 cm2 s−1 2.7 × 1028 2.0 × 1028

δ " " " 0.6 0.6
L kpc 10.0 10.0
z kpc 20.0 20.0
va km s−1 28.0 28.0
dv=dz km s−1 kpc−1 10.0 10.0
α " " " 2.4 2.4

FIG. 2. Contribution of GC—SNR—SgR A* to the proton
spectrum. The red line represents the observations and total
contribution. The model GC is the CRs flux calculated in this
paper. The Cheng model 2012 [2] describes the reacceleration of
the CRs in the Fermi bubbles producing CRs beyond the knee.
These CRs are produced by SNR in the Galactic disk. The black
and magenta lines represent the contribution of CRs from SNR
and spectrum of CRs injected by Sgr A*, respectively [3].

(a)

(b)

FIG. 3. B=C ratio as a function of kinetic energy per nucleon for
the models GC and FB. (a) Boron to carbon ratio, (b) Boron to
carbon ratio at high energy (K ≥ 105 MeV).

(a)

(b)

FIG. 4. Inner Galaxy spectra of diffuse gamma-ray emission
components. Model GC with (a) gas distribution [51] and (b) new
2D gas distribution [52], respectively. The data are extracted from
the CRDB database [42].
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rays, we compare the measured data at low energies with
the energy spectra of model GC and model FB for different
elements (proton, helium, carbon, oxygen, silicon, and
iron) in Fig 1. The parameter values that reproduce the
measured data at low energies are listed in Table I. The halo
half-thickness z ¼ 10 kpc was determined by fitting the
B=C ratio at high energy [41]; see Fig. 3(a). The parameters
of the model GC are in agreement with those in [20]. It
shows that the CR flux for lower energies is comparable to
that from the SNR and suggests that one single powerful
source at the GC could provide enough CRs that are
detected on Earth. Small variations on the values of
reacceleration and convection do not change our results
significantly. As is clear from Fig. 1, the model FB
reproduces well the observed data up to ∼TeV. This
indicates the effect of halo size on the resulting energy
spectrum of CRs [23].
The CRs injected by sources located at the GC can

contribute to the spectrum up to the knee [2]. Consequently,
the CRs spectrum is a combination of the SNR contribution
from the Galactic disk and the CRs acceleration in the FB.
Similarly, in [3], based on a diffusion-halo model,
Sagittarius A* can contribute as a Pevatron to the galactic

TABLE I. Summary of Galactic parameters for our models. See
text for details.

Parameters Units Model GC Model FB

Source " " " GC Fermi bubbles
D0 cm2 s−1 2.7 × 1028 2.0 × 1028

δ " " " 0.6 0.6
L kpc 10.0 10.0
z kpc 20.0 20.0
va km s−1 28.0 28.0
dv=dz km s−1 kpc−1 10.0 10.0
α " " " 2.4 2.4

FIG. 2. Contribution of GC—SNR—SgR A* to the proton
spectrum. The red line represents the observations and total
contribution. The model GC is the CRs flux calculated in this
paper. The Cheng model 2012 [2] describes the reacceleration of
the CRs in the Fermi bubbles producing CRs beyond the knee.
These CRs are produced by SNR in the Galactic disk. The black
and magenta lines represent the contribution of CRs from SNR
and spectrum of CRs injected by Sgr A*, respectively [3].

(a)

(b)

FIG. 3. B=C ratio as a function of kinetic energy per nucleon for
the models GC and FB. (a) Boron to carbon ratio, (b) Boron to
carbon ratio at high energy (K ≥ 105 MeV).

(a)

(b)

FIG. 4. Inner Galaxy spectra of diffuse gamma-ray emission
components. Model GC with (a) gas distribution [51] and (b) new
2D gas distribution [52], respectively. The data are extracted from
the CRDB database [42].
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CRs near the knee. In Fig. 2 is shown the total contribution
to the proton spectrum from the ensemble of SNR in the
disk, SGR A and the model GC. The total proton spectrum
is consistent with the measured data and shows that the
contribution of the GC can explain the observed primary
CRs from GeV up to PeV.
The measurements of the secondary-to-primary ratio is a

tool to understand cosmic-ray propagation in the Galaxy. In
particular, the boron to carbon flux ratio measures the
average quantity of interstellar matter traversed by cosmic
rays. While boron nuclei are produced by the interactions
of heavy nuclei, carbon nuclei are principally produced in
the sources. In Fig. 3, both propagation models provide a
good fit for B=C ratio as a function of kinetic energy per
nucleon. This figure combines data from TRACER [43],
PAMELA [44], ATIC2 [45], CREAM [46], AMS-02 [47],
and DAMPE [48], with their statistical uncertainties. The
spectra was modulated to 300 MV, appropriate to these
data. The solar modulation is important below a few GeV.
At the highest energies (K ≥ 105 MeV), all results are

based on a few events indicating that the primary cosmic
rays suffer less spallation and the correction for atmospheric
production of boron may become considerable [49,50]. The
agreementwith the data at high energy is less accurate,which
may be improved considering SNR also as sources and CR
acceleration at the same time.
In Figs. 4(a) and 4(b) we show the gamma spectrum from

inverse Compton scattering, pion decay, and bremsstrah-
lung that we have calculated using the gas distribution
adopted by the Fermi-LAT Collaboration [51] [Fig. 4(a)]
and by the new 2D gas distribution galactic ensemble
component [52] [Fig. 4(b)]. GALPROP produces a projected
map of the gamma-ray flux as a product of the cosmic-ray
protons propagation taking into account the gas model.
The interstellar gas consists essentially of hydrogen and

helium, while heavier elements represent a minor fraction
of the total gas mass. Figures 4(a) and 4(b) show that
dominant processes for gamma-ray production are inverse
Compton scattering and decay of neutral pions. Also,
Fig. 4(b) shows that at high energy, ∼1–10 TeV, the

(a)

(d)

(g) (h) (i)

(e) (f)

(b) (c)

FIG. 5. Model of diffuse galactic gamma rays from the Milky Way at 2.5 GeV [51]. Left: Model GC with central proton source.
Middle: Model FB with proton source. Right: Fractional residual maps comparing the models. The total gamma-ray emission is
composed of hadronic cosmic-ray interactions with gas and leptonic interactions with the gas (bremsstrahlung) and inverse Compton
scattering. Maps are in galactic coordinates with ðl; bÞ ¼ ð0; 0Þ at the center of the map. (a),(b) Bremss, (c) fractional residual-
bremsstrahlung intensity, (d),(e) inverse Compton, (f) fractional residual-IC intensity, (g),(h) pion decay, (j) fractional residual-π-decay
intensity.
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observations from H.E.S.S. may reflect the production from
hadronic models, which could be indicating the existence
of a PeV proton accelerator around GC [9].
The interstellar radiation field (ISRF) is treated by

GLAPROP considering the contribution of several stellar
components and includes the effects of absorption and
reemission from dust in the interstellar medium [28]. The
ISRF is divided into three basic components: direct emission
from stars, emission fromdust grains, and cosmicmicrowave
background. The pion emission is correlated with the
distribution of gas in the Galaxy as shown in Figs. 5 and
6. The bremsstrahlung process is also gas correlated, but is
lower in intensity γbr=γπ0 ∼ 4R, whereR ∼ 0.1 is the ratio of
electron to proton CRs. As an example, in Figs. 5 and 6, we
show the three different diffuse emission components at
2.5 GeV from our models, which have parameters defined in
Table 2. Figures 5(d) and5(e) and6(d) and 6(e) correspond to
the IC emission, which depends primarily on the electron
distribution and the properties of the magnetic field and the
ISRF. Taking into account the properties of the CRs

propagation, Figs. 5 and 6 display the leptonic and
hadronic interactions with the gas. In order to quantify
the impact of the processes’ intensity between models GC
and FB on the spectrum we show the fractional residual
maps in Figs. 5(c), 5(f), and 5(i) and 6(c), 6(f), and 6(i). It
can be observed in a structure related to the bubbles at GC.
In Ref. [53] it was shown that the galactic diffuse emission
can affect the nature and the very existence of the GC
excess. In addition, the gasmodels affect the calculations of
CR propagation and the modeling of the gamma-ray
emission. The effect of the alternative gas maps on the
GC spectrum is shown in Fig. 6. The intensity at 2.5 GeV
for the three components of the interstellar emission shows
the effects due to the gas density combination. These maps
show that the gas models can influence significantly the
bremsstrahlung and pion decay emissions in the inner
Galaxy, as can be seen in Figs 6(a), 6(b), 6(g), and 6(h)
and 4(a) and 4(b). This implies that the gas distribution is an
important factor to describe the propagation of CRs and the
gamma-ray emission.

(a)

(d)

(g) (h) (i)

(e) (f)

(b) (c)

FIG. 6. Model of diffuse galactic gamma rays from the Milky Way at 2.5 GeV with 2D gas distribution galactic ensemble component
[52]. Left: Model GC with central proton source. Middle: Model FB with proton source. Right: Fractional residual maps comparing the
models. The total gamma-ray emission is composed of hadronic cosmic-ray interactions with gas and leptonic interactions with the gas
(bremsstrahlung) and inverse Compton scattering. Maps are in galactic coordinates with ðl; bÞ ¼ ð0; 0Þ at the center of the map.
(a),(b) Bremss, (c) fractional residual-bremsstrahlung intensity, (d),(e) inverse Compton, (f) fractional residual—IC intensity,
(g),(h) pion decay, (j) fractional residual-π-decay intensity.
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rays, we compare the measured data at low energies with
the energy spectra of model GC and model FB for different
elements (proton, helium, carbon, oxygen, silicon, and
iron) in Fig 1. The parameter values that reproduce the
measured data at low energies are listed in Table I. The halo
half-thickness z ¼ 10 kpc was determined by fitting the
B=C ratio at high energy [41]; see Fig. 3(a). The parameters
of the model GC are in agreement with those in [20]. It
shows that the CR flux for lower energies is comparable to
that from the SNR and suggests that one single powerful
source at the GC could provide enough CRs that are
detected on Earth. Small variations on the values of
reacceleration and convection do not change our results
significantly. As is clear from Fig. 1, the model FB
reproduces well the observed data up to ∼TeV. This
indicates the effect of halo size on the resulting energy
spectrum of CRs [23].
The CRs injected by sources located at the GC can

contribute to the spectrum up to the knee [2]. Consequently,
the CRs spectrum is a combination of the SNR contribution
from the Galactic disk and the CRs acceleration in the FB.
Similarly, in [3], based on a diffusion-halo model,
Sagittarius A* can contribute as a Pevatron to the galactic

TABLE I. Summary of Galactic parameters for our models. See
text for details.

Parameters Units Model GC Model FB

Source " " " GC Fermi bubbles
D0 cm2 s−1 2.7 × 1028 2.0 × 1028

δ " " " 0.6 0.6
L kpc 10.0 10.0
z kpc 20.0 20.0
va km s−1 28.0 28.0
dv=dz km s−1 kpc−1 10.0 10.0
α " " " 2.4 2.4

FIG. 2. Contribution of GC—SNR—SgR A* to the proton
spectrum. The red line represents the observations and total
contribution. The model GC is the CRs flux calculated in this
paper. The Cheng model 2012 [2] describes the reacceleration of
the CRs in the Fermi bubbles producing CRs beyond the knee.
These CRs are produced by SNR in the Galactic disk. The black
and magenta lines represent the contribution of CRs from SNR
and spectrum of CRs injected by Sgr A*, respectively [3].

(a)

(b)

FIG. 3. B=C ratio as a function of kinetic energy per nucleon for
the models GC and FB. (a) Boron to carbon ratio, (b) Boron to
carbon ratio at high energy (K ≥ 105 MeV).

(a)

(b)

FIG. 4. Inner Galaxy spectra of diffuse gamma-ray emission
components. Model GC with (a) gas distribution [51] and (b) new
2D gas distribution [52], respectively. The data are extracted from
the CRDB database [42].
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rays, we compare the measured data at low energies with
the energy spectra of model GC and model FB for different
elements (proton, helium, carbon, oxygen, silicon, and
iron) in Fig 1. The parameter values that reproduce the
measured data at low energies are listed in Table I. The halo
half-thickness z ¼ 10 kpc was determined by fitting the
B=C ratio at high energy [41]; see Fig. 3(a). The parameters
of the model GC are in agreement with those in [20]. It
shows that the CR flux for lower energies is comparable to
that from the SNR and suggests that one single powerful
source at the GC could provide enough CRs that are
detected on Earth. Small variations on the values of
reacceleration and convection do not change our results
significantly. As is clear from Fig. 1, the model FB
reproduces well the observed data up to ∼TeV. This
indicates the effect of halo size on the resulting energy
spectrum of CRs [23].
The CRs injected by sources located at the GC can

contribute to the spectrum up to the knee [2]. Consequently,
the CRs spectrum is a combination of the SNR contribution
from the Galactic disk and the CRs acceleration in the FB.
Similarly, in [3], based on a diffusion-halo model,
Sagittarius A* can contribute as a Pevatron to the galactic

TABLE I. Summary of Galactic parameters for our models. See
text for details.

Parameters Units Model GC Model FB

Source " " " GC Fermi bubbles
D0 cm2 s−1 2.7 × 1028 2.0 × 1028

δ " " " 0.6 0.6
L kpc 10.0 10.0
z kpc 20.0 20.0
va km s−1 28.0 28.0
dv=dz km s−1 kpc−1 10.0 10.0
α " " " 2.4 2.4

FIG. 2. Contribution of GC—SNR—SgR A* to the proton
spectrum. The red line represents the observations and total
contribution. The model GC is the CRs flux calculated in this
paper. The Cheng model 2012 [2] describes the reacceleration of
the CRs in the Fermi bubbles producing CRs beyond the knee.
These CRs are produced by SNR in the Galactic disk. The black
and magenta lines represent the contribution of CRs from SNR
and spectrum of CRs injected by Sgr A*, respectively [3].

(a)

(b)

FIG. 3. B=C ratio as a function of kinetic energy per nucleon for
the models GC and FB. (a) Boron to carbon ratio, (b) Boron to
carbon ratio at high energy (K ≥ 105 MeV).

(a)

(b)

FIG. 4. Inner Galaxy spectra of diffuse gamma-ray emission
components. Model GC with (a) gas distribution [51] and (b) new
2D gas distribution [52], respectively. The data are extracted from
the CRDB database [42].
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• Galactic Pevatron Candidate - SNR G57.2+0.8 hosting SGR J1935+2154 

• SGRs present rotation and strong magnetic field 

• Molecular cloud can amplify the emission produced 
 by CRs accelerated around the source. 

• Highest energy protons escape and contribute to  
gamma-ray production.  
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also been observed from regions of the Galactic disk characterized by the presence of MCs.
In fact, the detection of TeV gamma-rays from some SNRs spatially associated with dense
MCs supports the idea that such TeV emission has a hadronic origin and that SNRs might
indeed be the sources of Galactic cosmic rays (see [59]). In what follows, we show in details
our description of the numerical environment.

3 Description of the numerical environment

An association with Supernova remnant G57.2+0.8-related SGR J1935+2154 and a MC
can contribute to di�use gamma-ray fluxes from the GC. Powerful relativistic pulsar winds
from SGRs/AXPs could be a promising mechanism for particle acceleration up to 1015 eV.
However, they may be ruled out for higher-energy (> 1018 eV) accelerations because, due to
their compactness and strong magnetic fields, particles lose energy by synchrotron radiation
before reaching the classical Hillas boundary [60]. These sources can generate cosmic rays
due to a magnetic field decay with a time-scale of typically several thousand years and, as
a result, the emission is of longer duration [61]. Here, we assume that the CR spectra are
solely derived from SNR G57.2+0.8 and SGR J1935+2154 and the gamma-ray spectrum can
be interpreted as a hadronic and leptonic emission.

The premise that SNRs are plausible cosmic-ray sources inside the Galaxy has the
greatest chance of surviving. However, an SNR as a source of PeVatrons is still an open
issue. A natural supernova explosion provides a total kinetic energy of ≥ 1051 erg, generating
a cosmic-ray luminosity in the Galaxy of approximately LCR ¥ 1041 erg/s and contributing to
the cosmic-ray spectrum below the knee. On the other hand, the explosion energy budget of
SGRs/AXPs in SNRs varies from 1050 erg to 2 ◊ 1051 erg. We assume an explosion energy of
1050 erg due to the association between G57.2+0.8 and SGR J1935+2154, which is reasonable
for other SNR sources [33, 62]. Therefore, by assuming that a constant fraction ÷ of the kinetic
energy is converted into protons and nuclei in the range of GeV-PeV energies, we obtain that
÷ needs to be larger than 10% so that one could consider an SNR + SGR as a source of
PeVatron particles [63]:

LCR ¥ 1041erg/s
A

÷

0.1

BA
ṅ

0.02 yr≠1

BA
ESN

1050 erg

B

, (3.1)

where ṅ ≥ (1/50–1/100) yr≠1 is approximately the rate of supernova explosions. The high
energy gamma-ray emission from the decay of neutral pions is produced by inelastic CR
proton and nuclei collisions with particles of the neighboring interstellar medium (ISM). The
gamma-ray flux is proportional to the total mass of the ISM in the cosmic-ray region [64].

We perform 3D GALPROP [65–67] simulations using its newest version 56 to obtain
the distribution of gamma-rays in the Galaxy [65]. The spectra of gamma-rays reaching
Earth have been obtained by considering propagation e�ects and interactions with the back-
ground radiation. GALPROP solves the transport equation for a given source distribution
and boundary conditions. The simulations include energy losses, fragmentation and decay,
convection, di�usive and re-acceleration processes. We adopt the di�usion/re-acceleration
model. We have extended the code to take into account the contribution of pointlike CR
sources (which would be the e�ective implementation of an SNR+SGR source). The calcula-
tions are made in a cartesian grid assuming the Galactic plane as the X-Y plane with the GC
located at its origin. The Galactic volume extends up to 20 kpc in the X and Y directions
and has a halo height (h) of 8 kpc with respect to the X-Y plane (Z = 0).
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We consider a di�usion-reacceleration-convection model. The best-fit di�usion coe�-
cient is a scalar function that is homogeneous and isotropic in the Galaxy and depends on the
particle rigidity through a power law with an index ”: Dxx = —D0(fl/fl0)”, where Dxx is the
spatial di�usion coe�cient, fl0 = 3 GV, D0 is a di�usion constant, — is the velocity in units
of the speed of light. To account for the deflection of cosmic rays by the interstellar magnetic
field, we make use of cosmic-ray propagation models with an isotropic di�usion coe�cient. In
addition, we assume a spatial di�usion inversely proportional to the magnetic field turbulent
component D(fl, z) = Dxx exp(|z| /zt), where zt is a characteristic height scale [68]. How-
ever, in future models, an inhomogeneous anisotropic di�usion coe�cient will be required to
understand recent observations of GeV-TeV gamma-ray di�use emissions. [69]. The descrip-
tion of the synchrotron intensity is done by means of a double-exponential magnetic field
model: B(r, z) = B0e

(R§≠r)/RBe
≠|z|/zB , where R§ = 8.5 kpc is the solar radius, B0 = 5 µG,

RB = 6 kpc and zB = 2 kpc [65, 68]. In this analysis we do not consider the influence of the
spiral magnetic field.

The source term can be expressed as Q(r, p) = n(r)q(p), where n(r) is the spatial
distribution and q(p) the injection energy spectrum of accelerated cosmic rays. All injection
spectra are in the form dq(p)/dp Ã p

≠–, where – is the spectral index. We assume just
the contribution of a continuous source of energetic particles to the spatial distribution at
the position of the SNR G57.2+0.8 environment. The cosmic-ray distribution at Earth is
an average of cosmic-ray spectra collected over the time cosmic rays di�use through the
Galaxy, ≥ 107 years. The normalization is determined using the total energy of the particles
with energies above 1 GeV. We have modified the values of di�usion, environment source
localization, and spectral index, which were the most significant parameters. In this scenario,
convection and re-acceleration do not play a significant role in the transport of cosmic rays.

VHE gamma-ray emission can be either the byproduct of proton (collisions) or electron
(inverse-Compton scattering) interactions with matter and radiation, respectively. In extra-
galactic models, the connection between the integral flux of GeV-TeV gamma-rays from a
source and the cosmic-ray propagation can result in an upper limit to the total CR luminos-
ity [70, 71]. Driven by this correlation, we concentrate here on the expected contribution of
gamma-rays from SNR G57.2+0.8-related SGR J1935+2154 using upper limit calculations.
The method established here provides a relationship between a measured upper limit to the
integral flux of GeV-TeV gamma-rays of SNR G57.2+0.8 and its cosmic-ray luminosity. We
assume an isotropic cosmic-ray emission. The secondary gamma-ray flux produced by SNR
G57.2+0.8 is proportional to its cosmic-ray flux or luminosity. Therefore, the production
rate of the gamma-rays per unit volume is conservative and can be written as a function of
the cosmic-ray luminosity:

L“(E“) = ngas

WCR

4fid2ÈE0ÍK“P“(E“) (3.2)

where ngas is the gas number density, WCR is the total energy of the accelerated protons,
ÈE0Í is the mean energy, E“ is the gamma-ray energy, and K“ and P“(E“) are the number
of gamma-rays from cosmic-ray propagation and the energy distribution of the gamma-rays
measured on Earth, respectively [70, 71]. Observations by Fermi and H.E.S.S. were used to
constrain the gamma-flux from the propagation of cosmic rays. The confidence upper limit
is provided by the power-law index � = 2.0 [72]. The upper limit of 5.5 ◊ 10≠13cm≠2s≠1

for the integral flux in the 1-10 TeV range was obtained by H.E.S.S. at 99.5% confidence
level (CL) [49]. The upper limit to the gamma-ray flux of SNR G57.2+0.8 calculated by
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• Galactic Pevatron Candidate - SNR G57.2+0.8 hosting SGR J1935+2154 

Upper limits on the total cosmic-ray luminosity of individual sources 

Depends on the injection spectrum 
at source (Ecut, spectral index)

Conservative



39

• Galactic Pevatron Candidate - SNR G57.2+0.8 hosting SGR J1935+2154 

J
C
A
P
1
0
(
2
0
2
1
)
0
2
3

(a) – = 2.4 (b) – = 2.4

(c) – = 2.0 (d) – = 2.0

(e) – = 2.5 (f) – = 2.5

Figure 1. Spectral energy distribution of the total gamma-ray emission. The total gamma-ray
spectrum is the sum of hadronic and leptonic contributions. Left: models S, S1 and S2 simulated
using distribution of interstellar gas of Fermi-LAT [46]. Right: models S0, S11 and S21 using 2D gas
distribution [67].

ing the interaction of the SNR Kes 73 and the surrounding MC. The gamma-ray spectrum
obtained can be explained by either a pure hadronic or a hadronic plus a magnetar emission.
Therefore, one possible scenario is that SNRs hosting SGRs/AXPs amplify the gamma-ray
emission produced by hadronic and leptonic processes and contribute to the di�usive galactic
plane emission, in addition to being identified as possible sources of PeVatrons.

We compute the pion decay, inverse Compton scattering and bremsstrahlung contribu-
tions produced by the interactions of the CR with the ISM gas and the radiation field. The
inelastic pp collisions produce charged and neutral pions. These are the main mechanisms
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(a) Pion Decay - A (b) Inverse Compton - A

(c) Pion Decay (d) Inverse Compton

Figure 2. Di�use Galactic gamma-rays at 8.0 GeV after nuclei propagation from the SNR G57.2+0.8
and SGR J1935+2154. Hadronic cosmic-ray emission (a,c) and Inverse Compton scattering (b,d) with
the distribution of interstellar gas of Fermi-LAT [46] — Model A and 2D gas distribution [67]. Maps
are in Galactic coordinates with (l, b) = (0, 0) at the center of the map.

for the energy loss of protons and nuclei in the ISM. We adopt the interstellar radiation
field (ISRF) taken from the most recent o�cial release of GALPROP [67]. The hadronic
process is the decay of neutral pions into gamma-rays and electron-positrons. In the leptonic
process, electrons and positrons lose energy via inverse Compton and synchrotron emissions.
In figure 1, one notices that for high energies, the sum of leptonic and hadronic models
can collaborate with the observational data from H.E.S.S. and MAGIC model and show
the contribution of the SNR and its environment to the di�usive gamma-ray data from the
GC, as predicted by analytical forecasts [48, 49]. The VHE gamma-ray emission from SNR
G57.2+0.8 and SGR J1935+2154 was normalized as a sum of pion decay and inverse Comp-
ton spectra using the upper limit on the integral flux of TeV gamma-rays from H.E.S.S. at
99.5% CL [49]. For higher energies, our analysis suggests that an SNR+SGR may contribute
non-negligibly to the total energy density distribution of photons. A precise fraction due to
an SNR+SGR is di�cult to be obtained due to the extrapolations done and the upper limits
used. Notwithstanding, all the above indicates that more precise models should not ignore
the contribution from sources other than the GC. The inverse Compton emission component
is dominant up to 109 MeV. We have considered the gas distribution adopted by the Fermi-
LAT Collaboration [46] [figure 1 — (a,c,e)] and by the new Galactic 2D gas distribution [67]
[figure 1 — (b,d,f)]. The impact of the di�erent gas distribution maps on the models covers
the energy range from 102 MeV up to 104 MeV and shows a raising contribution from pion
emission, see figure 2.

Despite using a simplified model for the association between SNR G57.2+0.8 and SGR
J1935+2154, we obtain a good description of the gamma-ray flux from this region considering
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Figure 5: Upper limit on the total and proton cosmic-ray luminosity as inferred from the
gamma-ray observations of the sources 3C 111, J11454045-1827149, LEDA 170194, NGC 985,
and MCG+04-22-042 as a function of the spectral index, for five values of the cutoff energy.
Left: Primary proton. Right: Primary iron nuclei.
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Acceleration up to knee and beyond energies 

Anjos 2020

•PeVatron Sources (Magnetars, Pulsar wind nebulae, clusters 
 Galactic center and Fermi Bubbles) with molecular cloud, winds … 

•Multimessenger and magnetic fields 

•Acceleration mechanism at source 

•Distributions of interstellar gas  

•Anisotropic diffusion

• Conclusion 

rays, we compare the measured data at low energies with
the energy spectra of model GC and model FB for different
elements (proton, helium, carbon, oxygen, silicon, and
iron) in Fig 1. The parameter values that reproduce the
measured data at low energies are listed in Table I. The halo
half-thickness z ¼ 10 kpc was determined by fitting the
B=C ratio at high energy [41]; see Fig. 3(a). The parameters
of the model GC are in agreement with those in [20]. It
shows that the CR flux for lower energies is comparable to
that from the SNR and suggests that one single powerful
source at the GC could provide enough CRs that are
detected on Earth. Small variations on the values of
reacceleration and convection do not change our results
significantly. As is clear from Fig. 1, the model FB
reproduces well the observed data up to ∼TeV. This
indicates the effect of halo size on the resulting energy
spectrum of CRs [23].
The CRs injected by sources located at the GC can

contribute to the spectrum up to the knee [2]. Consequently,
the CRs spectrum is a combination of the SNR contribution
from the Galactic disk and the CRs acceleration in the FB.
Similarly, in [3], based on a diffusion-halo model,
Sagittarius A* can contribute as a Pevatron to the galactic

TABLE I. Summary of Galactic parameters for our models. See
text for details.

Parameters Units Model GC Model FB

Source " " " GC Fermi bubbles
D0 cm2 s−1 2.7 × 1028 2.0 × 1028

δ " " " 0.6 0.6
L kpc 10.0 10.0
z kpc 20.0 20.0
va km s−1 28.0 28.0
dv=dz km s−1 kpc−1 10.0 10.0
α " " " 2.4 2.4

FIG. 2. Contribution of GC—SNR—SgR A* to the proton
spectrum. The red line represents the observations and total
contribution. The model GC is the CRs flux calculated in this
paper. The Cheng model 2012 [2] describes the reacceleration of
the CRs in the Fermi bubbles producing CRs beyond the knee.
These CRs are produced by SNR in the Galactic disk. The black
and magenta lines represent the contribution of CRs from SNR
and spectrum of CRs injected by Sgr A*, respectively [3].

(a)

(b)

FIG. 3. B=C ratio as a function of kinetic energy per nucleon for
the models GC and FB. (a) Boron to carbon ratio, (b) Boron to
carbon ratio at high energy (K ≥ 105 MeV).

(a)

(b)

FIG. 4. Inner Galaxy spectra of diffuse gamma-ray emission
components. Model GC with (a) gas distribution [51] and (b) new
2D gas distribution [52], respectively. The data are extracted from
the CRDB database [42].
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Next Generation VHE Gamma-ray observatories

GeV-TeV coverage by near-future instruments 

Improve the models with Galactic and Extra-
galactic CRs and γ-ray fluxes from 
Observatories with different PeVatrons 

https://www.cta-observatory.org/what-propogation-of-energetic-light-can-tell-us/

• Conclusion 
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