
Multimessenger diagnostics of hadronic acceleration from PeV to EeV 

Image Credit: Daniel Chang for Quanta Magazine
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Learning from Galactic gamma-rays: 1st LHAASO Catalog

43 Sources with Eγ >1014 eV:  

-few Supernova remnants (old, E < 1014 eV)  
-2 Young Stellar Clusters, 6 Microquasars

1.3km

HAWC: 0.1km2 (2015-)
LHAASO ~1.0 km2 (2021- )

1−25 TeV and 3.0 for KM2A data at energies E> 25 TeV as
initial conditions. This leaves only one free parameter for the
likelihood calculation. According to Wilks’s theorem, the TS is
distributed as χ2 with one degree of freedom (dof), and the
significance can be estimated with S= TS . Figure 1 shows the
significance maps obtained in the energy bands 1 TeV< E
< 25 TeV and E> 25 TeV in Galactic coordinates. The signals
are clearly visible. However, most sources in the Galactic plane
are nearby and overlapping. Hence, further analysis is needed to
derive each source separately.

3. Construction of the Catalog

The identification of pointlike gamma-ray sources and their
corresponding significance can be roughly derived from
Figure 1. However, it is important to note that the significance
may be overestimated due to the overlap with nearby sources.
Conversely, in the search for point sources, a significant
portion of the sources may actually be extended, resulting in an
underestimation of their significance. To improve source
detection, the significance of a given source is reassessed by
coupling the fitting of localization, extension, and spectrum.
New potential sources are also explored. In the first step, the
WCDA and KM2A data are analyzed separately to achieve two
source component catalogs, one for energies ranging from 1 to

25 TeV and another for energies above 25 TeV. These two
source component catalogs are merged into the final source
catalog following a specific procedure. The sources with clear
E> 100 TeV emission will also be identified in the final
catalog.

3.1. All Sky Fitting and Source Component Detection

The WCDA data and KM2A data are analyzed following the
same strategy to fit the entire sky region and yield the source
components with the characteristics of localization, extension,
and spectrum.

3.1.1. Determination of Seeds and Regions of Interests

The signals shown in Figure 1 are potential point sources,
denoted as “seeds.” To identify these seeds in the maps, all
local maxima within a 0°.5 region centered around the
candidate, with a significant above 4σ, are selected. Most of
the seeds are concentrated in the inner Galactic plane, while in
the outer Galactic plane, the seeds are clustered in the region
near Geminga. In other areas of the sky region, a few individual
seeds stand out.
To facilitate the fitting process, all sky data are split into

different regions of interest (ROIs) based on the seeds and their
clustering characteristics. For the inner Galactic plane region, a

Figure 1. Significance maps of the region monitored by LHAASO. A point test source with a spectral index of 2.6 for WCDA data and 3.0 for KM2A data is used.
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The Astrophysical Journal Supplement Series, 271:25 (26pp), 2024 March Cao et al.

ApJS 271:25, 2024  

ECR : Εγ  
10  : 1 Ee ~ O(Εγ ) 

Hadronic Leptonic
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+3 Young Stellar Clusters consistent with HESS GC: Eγ > 4 x 1014 eV 
+ several more seen with Imaging  Atmospheric Cherenkov 
Telescopes and Fermi-LAT

Morlino, Blasi et al, MNRAS 504, 2021, 4
Figure 1: Photon distribution in the Cygnus-X region. The size of the circle labels the point spread function of LHAASO-KM2A in the energy range above 100 TeV.
The significance map of �-rays from 2 TeV to 20 TeV of the bubble is shown by grey contours starting from 3� with a step of 3�. This structure is about 20�
in longitude and latitude. The blue diamond located at the centre of the �-ray image marks LHAASO J2031 + 4127,which coincides with the unidentified source
TeV 2031+4130 [7]. There are 66 photon-like events within a radius of 6 degree with an estimated background of 9.5. Eight events with energy above 1 PeV are
marked with black circles, 12 events with energy between 600 TeV and 1 PeV are shown as pink, and the other 46 events with energy between 400 TeV and 600 TeV
are shown with blue circles. The photons above 400 TeV extend beyond 6�, but with a higher CR background contamination, so we do not show them individually
on the map. In particular, as shown in the zoom-in figure, seven of these high energy photons, 2 of them with energy above 1 PeV, are located in the region of radius
of 0.5� relative to the centre (red circle), which is roughly the size of the massive star association Cygnus OB2. Possible contamination of the CR background is only
0.07 events. This region contains at least three interesting objects - Cygnus OB2 (red circle), Cyg X-3 (cyan diamond) and the powerful pulsar PSR J2031+4127
(blue diamond). The larger circle in black dotted line represents the ROI used in this study, while the shaded circle within black dotted line marks the masked region
near the unidentified source LHAASO J2018+3651. This source is bright and reveals a large spatial extension, thus a circular region with a radius of 2.5� is masked
in the analysis.

4

  Cygnus Cocoon LHAASO Coll 2023

Young Stellar Clusters

cr 
acceleration

Cygnus OB2: 8 photons with Eγ > 1015 eV in  bubble 6∘

Rosette Nebula (and Open Cluster NGC2244), Waid Observ.  
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Natl Sci Rev, Year, Vol. XX, NSR

Figure 2. a, Significance map of � 0.1 PeV photons toward Cygnus X-3, based on KM2A observations during active states. The
cyan cross marks the position of Cygnus X-3. Five � 1 PeV photons are shown as black dots. Contributions from background
sources (indicated by open circles) have been subtracted. The white dashed circle indicates the 68% point-spread function at
0.1 PeV. b, Orbital light curves of Cygnus X-3 measured by LHAASO (� 0.1 PeV), Fermi-LAT (0.1–100 GeV) and MAXI (2–20 keV).
For clarity, the fluxes are normalized using the following factors: 4.94 ⇥ 10�15 for KM2A, 8.47 ⇥ 10�7 for Fermi-LAT, and 1.36 for
MAXI, all in units of cm�2 s�1. The red solid line represents a sinusoidal fit to the KM2A data, capturing the orbital modulation. The
orbital phases of individual high-energy photons are marked at the top: � 1 PeV (red circles) and 0.4–1 PeV (blue circles).

Figure 3. Gamma-ray spectral energy distributions (SEDs). Open black circles represent fluxes measured in the high state, which
can be described by a power law (dotted line). Red squares indicate the same fluxes but corrected for absorption by the interstellar
radiation field (ISRF) and the 2.7 K cosmic microwave background (CMB). Open black triangles represents the flux upper limits in
the quiescent state. For comparison, the best-fit SED of the Crab Nebula, derived from KM2A data, is shown as a grey dashed
band.

Page 5 of 35

LHAASO Coll, Natl Sci Reviews 2025, arXiv: 2512.16638

Eγ = 4 × 1015 eV

Cygnus X-3

Implies Ep ~ 40 PeV! 

Microquasars

Transient and compact (jet) 

Orbital modulation ~ 5h (3σ for LHAASO) 

Must be hadronic if orbital modulation is real 

6/12 detected with LHAASO at  Eγ ≥ 1014 eV
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Supernova remnants? Emax an issue? 

Wind bubbles? Emax unclear

Microquasars? Too few?  

MPI
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Component B proposed by:  
Hillas JPhys G, 2005 
De Donato & Medina Tanco 2007

“ankle”“2nd knee”
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Component B proposed by:  
Hillas JPhys G, 2005 
De Donato & Medina Tanco 2007

“ankle”“2nd knee”



Origin of Component B: Extragalactic? 

D. Harari 

Bister, FO, Fiorillo, submitted

Component B
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Origin of Component B: Extragalactic? 

D. Harari 

Bister, FO, Fiorillo, submitted

Component B

Conclusion: Component B Extragalactic 
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Ultrafast outflows in AGN?

Origin of Component B? 

Galaxy Clusters?  

Example:  
UFOs from Ehlert+2025  

and accompanying neutrino signal
(Chandra + VLA) 

Radio Galaxies?  
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~100000 neutrino candidates / year, E> 100 GeV  
> 97% atmospheric 

Neutrinos: Looking for a needle in a haystack
10 year map IceCube Coll, PRL 2020
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Likelihood stacking analyses 

Tomas Kontrimas | TeVPA 2024 | 26th of August, 2024 | Chicago, US

ℒ =
N

∏
i

[ ns

N
Si + (1 − ns

N ) ⋅ Bi]

The unbinned likelihood approach:

Likelihood ratio test construction

6

S

B

 Distance2 from source

PD
F Spatial term

S

B

log10(Energy)

PD
F Energy term

Signal Background

Tomas Kontrimas | TeVPA 2024 | 26th of August, 2024 | Chicago, US

How events look like
• We drown in background events!


• The atmospheric and diffuse astrophysical 
neutrino fluxes are isotropic

‣ Point source — search for signal clustering 

• The atmospheric flux is orders of magnitude 
higher than the astrophysical one

‣ Astrophysical diffuse flux of high-energy 

neutrinos measured by IceCube has a different 
spectral shape than the atmospheric flux

5

Simulated events
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Diffuse neutrino flux: Stacking limits
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https://arxiv.org/abs/2201.05623
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Diffuse neutrino flux: Stacking limits
< 1%

supernovae

unconstrained

Tidal disruption events

≲ 15 %

Gamma Ray Bursts

≲ 1 %

non-jetted AGN
consistent 

with          
26 - 100%  

(2.6σ)

galaxy clusters

Starbursts 

unconstrained

Jetted AGN

≲ 30 %

≲ few %
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Cen A: 
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−0.8 %

Arrival directions 
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(E > 8 x 1018 eV) 
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expectation, for all Cl>1 and energy ranges?
2) Is the dipole amplitude large enough?

We use the dipole from Auger, rather than the com-
bined Auger-TA dipole, because even though having
full-sky coverage in principle would give a more accu-
rate result, in practice the systematic uncertainty in the
relative calibration between observatories means that
the Auger-only dipole is more precise Caccianiga, L. for
the Pierre Auger and Telescope Array Collaborations
(2023), as described in sec. 2.3. A too-large dipole am-
plitude for a given source density can be mitigated by
EGMF smoothing, so we only require that the dipole
amplitude be above a minimum, taken conservatively to
be d8EeV > 5% for E > 8 EeV. This value is around
2.5� below the Auger value (see Fig. 6) so it constitutes
approximately a 99% C.L. lower limit on the dipole am-
plitude. This requirement is easily fulfilled by many
samples, especially for lower densities.

Table 1 reports the number of cases, out of the 1000
realizations for each source density, fulfilling the two cri-
teria. The combination of both criteria excludes densi-
ties n  10�3.5 Mpc�3 at more than 99% C.L., for the
case of negligible EGMF being treated in this section.

n/Mpc�3 10�5 10�4 10�3.5 10�3 10�2 10�1

d8EeV >5% 906 802 717 587 416 288
Cl>1 in 99% iso 0 0 3 12 273 569
both 0 0 0 5 100 152

Table 1. The entries in the table give the number of real-
izations out of 1000, which satisfy the criterion in the first
column, for the �EGMF = 0 case. "Cl>1 99% iso" means
that apart from the dipole, all multipoles are within the 99%
isotropic expectation for all energy bins and thresholds, as
observed for the data (c.f., Fig. 10).

For reference, the power spectrum predicted in the
baseline model is displayed in Fig. 10 for the two cumu-
lative energy bins, >8 EeV and >32 EeV, and four source
number densities. For good comparability, the same
style is used to mark the expectations from isotropic sim-
ulations as used by the combined working group between
Auger and TA (Caccianiga, L. for the Pierre Auger and
Telescope Array Collaborations 2023). One sees from
Fig. 10 that the level of anisotropy in the arrival flux in-
creases significantly with decreasing source number den-
sity. This is as expected: the smaller the number of
sources, the greater the impact of the few local sources
on the total flux.

The power spectrum for the JF12-reg model is dis-
played in Appendix C. There are sizeable quadrupole
and octupole moments for all densities. That means
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Figure 10. Angular power spectrum in the baseline model,
for different source number densities n, for E > 8EeV (top)
and E > 32EeV (bottom). The markers show the me-
dian value for the given density and the error bars indicate
the range encompassing 68% of the variations from statisti-
cal fluctuations in source distribution and cosmic ray sam-
ples. The 99% expectation from isotropic arrival directions
is shown as a red line, with the mean ± standard deviation
shown as a grey band, as in Caccianiga, L. for the Pierre
Auger and Telescope Array Collaborations (2023). Note that
for Auger and combined Auger+TA data, all Cl>1 are within
isotropic expectations, i.e., below the red line, apart from the
dipole. The dipole amplitudes for different densities, and for
the data, are shown in Fig. 6.

that if the magnetic field is solely coherent without any
turbulence from GMF or EGMF, it is not possible to ob-

upper limits from Auger 
data

for l > 1

jetted 
agn 

Auger 
dipole

Bister, Farrar ApJ 996 (2024) 71 

~all 
galaxies  

21



Arrival directions 

11

expectation, for all Cl>1 and energy ranges?
2) Is the dipole amplitude large enough?

We use the dipole from Auger, rather than the com-
bined Auger-TA dipole, because even though having
full-sky coverage in principle would give a more accu-
rate result, in practice the systematic uncertainty in the
relative calibration between observatories means that
the Auger-only dipole is more precise Caccianiga, L. for
the Pierre Auger and Telescope Array Collaborations
(2023), as described in sec. 2.3. A too-large dipole am-
plitude for a given source density can be mitigated by
EGMF smoothing, so we only require that the dipole
amplitude be above a minimum, taken conservatively to
be d8EeV > 5% for E > 8 EeV. This value is around
2.5� below the Auger value (see Fig. 6) so it constitutes
approximately a 99% C.L. lower limit on the dipole am-
plitude. This requirement is easily fulfilled by many
samples, especially for lower densities.

Table 1 reports the number of cases, out of the 1000
realizations for each source density, fulfilling the two cri-
teria. The combination of both criteria excludes densi-
ties n  10�3.5 Mpc�3 at more than 99% C.L., for the
case of negligible EGMF being treated in this section.

n/Mpc�3 10�5 10�4 10�3.5 10�3 10�2 10�1

d8EeV >5% 906 802 717 587 416 288
Cl>1 in 99% iso 0 0 3 12 273 569
both 0 0 0 5 100 152

Table 1. The entries in the table give the number of real-
izations out of 1000, which satisfy the criterion in the first
column, for the �EGMF = 0 case. "Cl>1 99% iso" means
that apart from the dipole, all multipoles are within the 99%
isotropic expectation for all energy bins and thresholds, as
observed for the data (c.f., Fig. 10).

For reference, the power spectrum predicted in the
baseline model is displayed in Fig. 10 for the two cumu-
lative energy bins, >8 EeV and >32 EeV, and four source
number densities. For good comparability, the same
style is used to mark the expectations from isotropic sim-
ulations as used by the combined working group between
Auger and TA (Caccianiga, L. for the Pierre Auger and
Telescope Array Collaborations 2023). One sees from
Fig. 10 that the level of anisotropy in the arrival flux in-
creases significantly with decreasing source number den-
sity. This is as expected: the smaller the number of
sources, the greater the impact of the few local sources
on the total flux.

The power spectrum for the JF12-reg model is dis-
played in Appendix C. There are sizeable quadrupole
and octupole moments for all densities. That means

1 5 10 15 20
l

0

2

4

6

10
3

C
l
(>

8
E

eV
)

mean isotropy

99% CL isotropy

n=0.01 / Mpc3

n=0.001 / Mpc3

n=0.0003 / Mpc3

n=0.0001 / Mpc3

1 5 10 15 20
l

0

20

40

60

10
3

C
l
(>

32
E

eV
)

Figure 10. Angular power spectrum in the baseline model,
for different source number densities n, for E > 8EeV (top)
and E > 32EeV (bottom). The markers show the me-
dian value for the given density and the error bars indicate
the range encompassing 68% of the variations from statisti-
cal fluctuations in source distribution and cosmic ray sam-
ples. The 99% expectation from isotropic arrival directions
is shown as a red line, with the mean ± standard deviation
shown as a grey band, as in Caccianiga, L. for the Pierre
Auger and Telescope Array Collaborations (2023). Note that
for Auger and combined Auger+TA data, all Cl>1 are within
isotropic expectations, i.e., below the red line, apart from the
dipole. The dipole amplitudes for different densities, and for
the data, are shown in Fig. 6.

that if the magnetic field is solely coherent without any
turbulence from GMF or EGMF, it is not possible to ob-

upper limits from Auger 
data

for l > 1

jetted 
agn 

Auger 
dipole

Bister, Farrar ApJ 996 (2024) 71 

~all 
galaxies  

Conclusion #1: UHECR sources are numerous 
21



+
Centaurus A

NGC 4945 +

Auger Coll,  ApJL, 853, L29, 2018, Auger Coll 2022, ApJ 935 (2022) 2, 170

Cen 

nearest 

jetted AGN at 
~4Mpc

Centaurus A

NGC 4945

Centaurus A: Nobs = 215, Nexp=152 

angular radius: 27deg 

post-trial significance: 3.9σ 

              

           
Horizon ~ O(100 Mpc)  

E > 4 x 1019 eV, 1600 Cosmic Rays 

Arrival directions above 4x 1019 eV

22



Spectrum and Composition Observables 

Figure 1. Scenario 1. Left: The generation rate at the extragalactic sources for each representative
mass; the LE and HE contributions are shown as dashed and solid lines, respectively. Right: The
corresponding best-fit results for the all-particle energy spectrum at Earth, given by the superposition
of three components.

Figure 2. Scenario 1. Left: the Galactic contribution (dot-dashed line) and the extragalactic
contributions (grouped according to mass number) to the energy spectrum at the top of atmosphere.
Right: the corresponding relative abundances as a function of the energy.
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Figure 3. Scenario 1. First two moments of the Xmax distributions as predicted by the best-fit
results, along with the measured values and the predictions for pure compositions of various nuclear
species according to Epos-LHC (dashed lines).
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Figure 1. Scenario 1. Left: The generation rate at the extragalactic sources for each representative
mass; the LE and HE contributions are shown as dashed and solid lines, respectively. Right: The
corresponding best-fit results for the all-particle energy spectrum at Earth, given by the superposition
of three components.
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Figure 1. Scenario 1. Left: The generation rate at the extragalactic sources for each representative
mass; the LE and HE contributions are shown as dashed and solid lines, respectively. Right: The
corresponding best-fit results for the all-particle energy spectrum at Earth, given by the superposition
of three components.

Figure 2. Scenario 1. Left: the Galactic contribution (dot-dashed line) and the extragalactic
contributions (grouped according to mass number) to the energy spectrum at the top of atmosphere.
Right: the corresponding relative abundances as a function of the energy.
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UHECR composition 
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A Curious Composition
Podlesnyi, FO, Unger, in prep  
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UHECR composition 
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SPACE BASED

Probe of Extreme Multimessenger Astrophysics - 2030s? 40s? 
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(de-)magnification of the fluxes due to the Galactic magnetic field is not included in this cal-
culation (see e.g. Ref. [121] for magnification maps for the ensemble of magnetic field models
of Ref. [122]). The attenuated fluxes are visualized in Fig. 8 as flux-“mountains” of arbitrary
width as function of Galactic latitude.

Figure 8: Illustration of the UHECR flux from source candidates as a function of latitude. Left: active galactic nuclei
(AGN), middle: starburst galaxies (SBG), right: powerful radio galaxies (RG).

Current observatories will soon be able to detect the peak of the tallest mountain,
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Figure 9: Expected number of source images as a function of exposure
for the different source classes shown in Fig. 9. The exposure is given
in units of “Auger phase I”, i.e. 1.2 → 105 km2 sr yr [33]. The number of
years to collect the exposure with GCOS is shown at the top of the plot.

while GCOS will probe the next
set of lower mountain peaks. The
source discovery potential as a
function of exposure is shown in
Fig. 9. For each source catalogue,
GCOS is expected to observe a
different number of sources. The
distribution of source strength
together with the positions on
the sky will help to identify the
sources of UHECR. Note that the
more source images are discov-
ered, the easier it will be to match
their positions to catalogues al-
lowing for deflections in mag-
netic fields.

Within one year of operation,
GCOS can confirm the hot spots
of TA and Auger at 5 σ signifi-
cance. After several years, it will
bring us within reach of answer-
ing the long-standing question of
the origin of UHECR sources.

3.1.10 Further Contributions

Glennys Farrar – GMF Caustics at UHE
https://agenda.astro.ru.nl/event/21/contributions/260/attachments/76/86/GCOS_071322.pdf
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1.2 AGN structure 7
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Figure 1.1: Standard unification scheme of AGN. The emission of an AGN can be explained by
matter accreting onto a SMBH. The matter is arranged as an accretion disc around the central
engine. This structure is enclosed by an obscuring molecular torus. Rapid AGN variability
overall wavelengths suggest that this whole structure is only a few parsecs in radius. Around
the central engine of AGN, there are zones of gas and dust. The clouds located closer to the
SMBH have larger velocity, thus they emit broader emission lines, and are referred to as the
broad line region (BLR). Further away clouds have lower velocities, hence their emission lines
are narrower, therefore the name narrow-line region (NLR). Different classes of AGN can be
explained by different orientations of the disc and obscuring torus with respect to the line of
sight. In the case of radio-loud AGN, more anisotropy is introduced by the relativistic beaming
in the radio jet. Deviations from this model are described in Section 1.2.1. (Image adapted from
Urry & Padovani (1995) and produced with Inkscape)
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16 1. Introduction
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Figure 1.3: Structure of an AGN showing which feature of the X-ray spectrum is produced in
which region. The accretion disc emits photons at optical and UV wavelengths. These disc
photons are then inverse Compton scattered by a corona of hot electrons surrounding the SMBH.
The inverse Compton scattered photons from the primary X-ray continuum with the shape of a
power-law. Part of this emission shines over the accretion disc and the molecular torus and gets
reflected and reprocessed. The reflection component presents two main features. A prominent
fluorescent iron K↵ line and, when the reprocessing material is Compton thick (NH > 1024cm�2),
a Compton hump, in the harder X-ray spectrum (>10 keV) peaking around 20 keV. The power-
law continuum shows a high energy rollover located at a few hundred of keV depending on the
temperature and optical depth of the hot electron plasma composing the corona. Many AGN
often show an excess in the softer X-ray (< 2 keV). Attenuation of the X-rays is due to two
different mechanisms: photoelectric absorption and Compton scattering. (Image produced with
Inkscape.)
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Figure 1.3: Structure of an AGN showing which feature of the X-ray spectrum is produced in
which region. The accretion disc emits photons at optical and UV wavelengths. These disc
photons are then inverse Compton scattered by a corona of hot electrons surrounding the SMBH.
The inverse Compton scattered photons from the primary X-ray continuum with the shape of a
power-law. Part of this emission shines over the accretion disc and the molecular torus and gets
reflected and reprocessed. The reflection component presents two main features. A prominent
fluorescent iron K↵ line and, when the reprocessing material is Compton thick (NH > 1024cm�2),
a Compton hump, in the harder X-ray spectrum (>10 keV) peaking around 20 keV. The power-
law continuum shows a high energy rollover located at a few hundred of keV depending on the
temperature and optical depth of the hot electron plasma composing the corona. Many AGN
often show an excess in the softer X-ray (< 2 keV). Attenuation of the X-rays is due to two
different mechanisms: photoelectric absorption and Compton scattering. (Image produced with
Inkscape.)

Figure 1: Left: Simultaneous 150 ks XMM-Newton & NuSTAR spectra of the quasar PDS 456 showing hints of a
highly ionized outflow with two relativistic velocity components in absorption (Reeves et al. 2018). Right: Simulated
100 ks Athena X-IFU spectrum of the same source. A series of absorption lines from an outflow with two velocity
components at vout=0.20–0.24c and a turbulent velocity broadening of 3,000 km s−1 would be clearly detectable
thanks to the unprecedented high-energy resolution and throughput provided by the Athena X-IFU (Credits: X-IFU
Consortium).

Pounds 2003; Proga, Stone & Kallman 2000; Fukumura et al. 2010). However, what determines
the dominant mechanism is not yet understood.

Blue-shifted narrow absorption lines in the UV and soft X-rays suggest outflows with moderate

velocities of hundreds to few thousands km/s. These “warm absorbers” are detected in >50% of
AGN (Crenshaw & Kraemer 2012), and may have an origin in the swept-up interstellar medium

(ISM) or thermally driven winds from the outer accretion disk. In the UV band, broad absorption
lines are seen in ∼30% of AGN, and may be present outside the line of sight in most quasars
(Ganguly & Brotherton 2008). These absorbers can be outflowing with velocities as high as ∼20%

of the speed of light, and so they carry considerable kinetic power, defined as Ek = (1/2)Ṁoutv2out,
where Ṁ is the mass outflow rate.

The most powerful observed outflows appear to be so highly ionized that only the bound tran-
sitions of hydrogen- and helium-like iron are left, making them detectable only at hard X-ray
energies. These X-ray winds are observed in >30% of local AGN, and even in some higher red-

shift quasars (Chartas et al. 2002; Lanzuisi et al. 2012), with outflow velocities of up to ∼30%
of the speed of light (Tombesi et al. 2010). These “ultra-fast outflows” (or UFOs) have velocities
that point to an origin very close to the SMBH, but the launching and acceleration mechanism(s)

remain unclear.
The key to progress on this investigation is a detailed characterization of the physical properties

of these winds (column density, ionization state, outflow velocity, location, geometry, covering
factor, etc.). The upcoming X-ray Imaging and Spectroscopy Mission (XRISM) will provide high
spectral resolution observations but, due to the relatively low collecting area and spatial resolution,

these will be limited to the nearby brightest AGNs (e.g., Kaastra et al. 2014). Only the high-energy
resolution and high throughput offered by the proposed Athena (e.g., Cappi et al. 2013) and Lynx

(e.g., Özel 2018) X-ray observatories will allow the study of such outflows on a large enough
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Single Source UHECR Spectrum Population Spectrum 
Power-law distributed maximum rigidity
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Broken exponential, e.g.  Auger Combined Fit (Aab et al 2017) 
Super exponential in case of DSA with synchrotron losses with   e.g. Zirakasvili & Aharonian 2007dN/dR ∝ exp − Rλ, λ = 2
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A curious maximum rigidity distribution 
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max ∈ [R0, 5 R0] (90% of sources)
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Conclusion #2: UHECR sources are few or near-identical Emax
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Each source characterised by: 
-Rmax
-Spectral index 
-Composition 
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Figure 1. Scenario 1. Left: The generation rate at the extragalactic sources for each representative
mass; the LE and HE contributions are shown as dashed and solid lines, respectively. Right: The
corresponding best-fit results for the all-particle energy spectrum at Earth, given by the superposition
of three components.

Figure 2. Scenario 1. Left: the Galactic contribution (dot-dashed line) and the extragalactic
contributions (grouped according to mass number) to the energy spectrum at the top of atmosphere.
Right: the corresponding relative abundances as a function of the energy.
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Figure 3. Scenario 1. First two moments of the Xmax distributions as predicted by the best-fit
results, along with the measured values and the predictions for pure compositions of various nuclear
species according to Epos-LHC (dashed lines).
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-Rmax
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UHECR Composition Systematics
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• But rate, 


