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Observables 

Composition: 
Increasingly heavy 
with increasing 
energy
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Figure 3: Map showing the fluxes of particles in Galactic coordinates. Sky map in Galactic co-
ordinates showing the cosmic-ray flux for E � 8 EeV smoothed with a 45� top-hat function. The
Galactic center is at the origin. The cross indicates the measured dipole direction; the contours
denote the 68% and 95% confidence-level regions. The dipole in the 2MRS galaxy distribution is
indicated. Arrows show the deflections expected for a particular model of the Galactic magnetic
field [8] on particles with E/Z = 5 EeV or 2 EeV.

average values for Z ⇠ 1.7 to 5 at 10 EeV, these represent typical values of E/Z for the cosmic
rays contributing to the observed dipole. The agreement between the directions of the dipoles
is improved by adopting these assumptions about the charge composition and the deflections
in the Galactic magnetic field. For these directions, the deflections within the Galaxy will also
lead to a lowering of the amplitude of the dipole to about 90% and 70% of the original value, for
E/Z = 5 EeV and 2 EeV, respectively. The lower amplitude in the 4 EeV < E < 8 EeV bin might
also be the result of stronger magnetic deflections at lower energies.

Our findings constitute the observation of an anisotropy in the arrival direction of cosmic rays
with energies above 8 EeV. The anisotropy can be well represented by a dipole with an amplitude
of 6.5+1.3

�0.9% in the direction of right ascension ad = 100 ± 10� and declination dd = �24+12
�13

�
. By

comparing our results with phenomenological predictions, we find that the magnitude and di-
rection of the anisotropy support the hypothesis of an extragalactic origin for the highest-energy
cosmic rays, rather than sources within the Galaxy.
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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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over the whole energy range [15]. This benefits from the
high-precision AIRFLY measurement of the fluorescence
yield [16] and from an accurate data-driven estimation
of the invisible energy [13]. Other contributions to the
uncertainty are related to the estimation of the A and
B parameters, the characterization of the atmosphere,
the reconstruction of the longitudinal profile and the FD
calibration, which provides the largest contribution.

To derive the energy spectrum, we use events recorded
by the SD with the largest-signal station not located on
the boundary of the array, with zenith angle ✓ < 60� and
energy � 2.5⇥1018 eV. These selection criteria not only
ensure adequate sampling of the shower but also allow the
evaluation of the aperture of the SD in a purely geometri-
cal manner in the regime where the array trigger is fully
e�cient and independent of the mass or energy of the
primary particle [17]. The resulting SD data set consists
of 215,030 events recorded between 1 January 2004 and
31 August 2018, from an exposure, E , of (60,400±1,810)
km2 sr yr. The determination of E , dependent only on
the acceptance angle, the surface area and the live-time
of the array, is discussed in detail in [17].

The procedure for extracting the spectrum from the
observations, fully discussed in [8], is summarised here.

The energy spectrum, typically a power law (/ E
��)

with spectral index � in a given energy interval, is esti-
mated as Ji = ciNi/ (E�Ei), with Ni the number of ob-
served events in di↵erential bins of width� log10 Ei = 0.1
and ci the correction factors required to eliminate the bi-
ases caused by the finite energy resolution. The size of
the bins is such that it corresponds approximately to the
energy resolution in the lowest energy bin, which starts
at 2.5⇥1018 eV.

The correction factors are needed because, as the spec-
trum is steep, the finite resolution causes migration be-
tween bins, particularly from lower to higher energies,
artificially enhancing the flux. At the lowest energies,
the correction depends also on the behaviour of the de-
tection e�ciency in the energy region where the array is
not fully e�cient as well as on the bias in the energy due
to trigger-selection e↵ects.

A forward-folding approach is used to determine the
correction factors. It consists of finding the model of the
energy spectrum folded for detector e↵ects that best de-
scribes the data, and then using this model to calculate
the values of ci. The SD e�ciency can be estimated from
the fraction of hybrid events that also satisfy the SD trig-
ger conditions, because above 1018 eV, the hybrid trigger
e�ciency is 100% independent of primary mass [18]. The
energy resolution of ESD, and the bias in its estimate, are
found from a study of the distributions of ESD/EFD. The
resolution improves from ⇡ 20% at 2⇥1018 eV to ⇡ 7%
at 2⇥1019 eV and is constant thereafter. The bias is zero
above 2.5⇥1018 eV and increases smoothly going to lower
energies and larger zenith angles: at 1018 eV it is ⇡ 10%
at 0� and ⇡ 30% at 60�.

Thanks to the hybrid measurements, the correction
factors are estimated avoiding any reliance on model and
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Figure 1: Top: energy spectrum scaled by E2 with the number
of detected events in each energy bin. In this representation
the data provide an estimation of the di↵erential energy den-
sity per decade. Bottom: energy spectrum scaled by E3 fitted
with a sequence of four power laws (red line). The numbers
(i = 1, . . . , 4) enclosed in the circles identify the energy in-
tervals where the spectrum is described by a power law with
spectral index �i. The shaded band indicates the statistical
uncertainty of the fit. Upper limits are at the 90% confidence
level.

primary mass assumptions. The factors are maximal at
the lowest energies, ⇡ 8%, and less than 5% at the high-
est energies available. Further details are given in [8].
The model of the energy spectrum that we used for

over a decade is a series of two power laws followed by a
slow suppression. With the current exposure, this model
turns out to describe the data poorly, as the reduced
deviance is found to be 35.6/15 [8]. Consequently, we
adopt a more complex function with a sequence of four
power laws with smooth transitions [19],

J(E) = J0

✓
E

1018.5 eV

◆��1 3Y

i=1

"
1 +

✓
E

Eij

◆ 1
!ij

#(�i��j)!ij

,

with j = i + 1 and !ij = 0.05. The !ij factors control
the widths of the energy intervals over which the slope
transitions occur [8]. This model describes the data with
a reduced deviance 17.0/12, which allows us to disfavor
the previous parameterization with 3.9� confidence [8].
The resulting di↵erential energy spectrum and the fitted
function are shown in Fig. 1. The normalization is J0 =
(1.315±0.004±0.400)⇥10�18 km�2 sr�1 yr�1 eV�1. The

Diffuse all-particle spectrum 

5

over the whole energy range [15]. This benefits from the
high-precision AIRFLY measurement of the fluorescence
yield [16] and from an accurate data-driven estimation
of the invisible energy [13]. Other contributions to the
uncertainty are related to the estimation of the A and
B parameters, the characterization of the atmosphere,
the reconstruction of the longitudinal profile and the FD
calibration, which provides the largest contribution.

To derive the energy spectrum, we use events recorded
by the SD with the largest-signal station not located on
the boundary of the array, with zenith angle ✓ < 60� and
energy � 2.5⇥1018 eV. These selection criteria not only
ensure adequate sampling of the shower but also allow the
evaluation of the aperture of the SD in a purely geometri-
cal manner in the regime where the array trigger is fully
e�cient and independent of the mass or energy of the
primary particle [17]. The resulting SD data set consists
of 215,030 events recorded between 1 January 2004 and
31 August 2018, from an exposure, E , of (60,400±1,810)
km2 sr yr. The determination of E , dependent only on
the acceptance angle, the surface area and the live-time
of the array, is discussed in detail in [17].

The procedure for extracting the spectrum from the
observations, fully discussed in [8], is summarised here.

The energy spectrum, typically a power law (/ E
��)

with spectral index � in a given energy interval, is esti-
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served events in di↵erential bins of width� log10 Ei = 0.1
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ases caused by the finite energy resolution. The size of
the bins is such that it corresponds approximately to the
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trum is steep, the finite resolution causes migration be-
tween bins, particularly from lower to higher energies,
artificially enhancing the flux. At the lowest energies,
the correction depends also on the behaviour of the de-
tection e�ciency in the energy region where the array is
not fully e�cient as well as on the bias in the energy due
to trigger-selection e↵ects.

A forward-folding approach is used to determine the
correction factors. It consists of finding the model of the
energy spectrum folded for detector e↵ects that best de-
scribes the data, and then using this model to calculate
the values of ci. The SD e�ciency can be estimated from
the fraction of hybrid events that also satisfy the SD trig-
ger conditions, because above 1018 eV, the hybrid trigger
e�ciency is 100% independent of primary mass [18]. The
energy resolution of ESD, and the bias in its estimate, are
found from a study of the distributions of ESD/EFD. The
resolution improves from ⇡ 20% at 2⇥1018 eV to ⇡ 7%
at 2⇥1019 eV and is constant thereafter. The bias is zero
above 2.5⇥1018 eV and increases smoothly going to lower
energies and larger zenith angles: at 1018 eV it is ⇡ 10%
at 0� and ⇡ 30% at 60�.

Thanks to the hybrid measurements, the correction
factors are estimated avoiding any reliance on model and
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Figure 1: Top: energy spectrum scaled by E2 with the number
of detected events in each energy bin. In this representation
the data provide an estimation of the di↵erential energy den-
sity per decade. Bottom: energy spectrum scaled by E3 fitted
with a sequence of four power laws (red line). The numbers
(i = 1, . . . , 4) enclosed in the circles identify the energy in-
tervals where the spectrum is described by a power law with
spectral index �i. The shaded band indicates the statistical
uncertainty of the fit. Upper limits are at the 90% confidence
level.

primary mass assumptions. The factors are maximal at
the lowest energies, ⇡ 8%, and less than 5% at the high-
est energies available. Further details are given in [8].
The model of the energy spectrum that we used for

over a decade is a series of two power laws followed by a
slow suppression. With the current exposure, this model
turns out to describe the data poorly, as the reduced
deviance is found to be 35.6/15 [8]. Consequently, we
adopt a more complex function with a sequence of four
power laws with smooth transitions [19],
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with j = i + 1 and !ij = 0.05. The !ij factors control
the widths of the energy intervals over which the slope
transitions occur [8]. This model describes the data with
a reduced deviance 17.0/12, which allows us to disfavor
the previous parameterization with 3.9� confidence [8].
The resulting di↵erential energy spectrum and the fitted
function are shown in Fig. 1. The normalization is J0 =
(1.315±0.004±0.400)⇥10�18 km�2 sr�1 yr�1 eV�1. The



Arrival directions above 8 x 1018 eV

Cen A: 

Auger Coll. 2017 Science 357 6357, (update 2024 ApJ) 

50,000 UHECRs with energy ≥ 8 × 1018 eV
Amplitude 7.4+1.0

−0.8 % , RA ∼ 100∘, Dec ∼ − 40∘

7

p-val: 2.6x10-8 (6.8σ)



Cen A: 

Ding, Globus, Farrar, ApJL 913 (2021) 1
Allard, Aublin, Baret, Parizot, A&A (2022)
Bister, Farrar, ApJ 966 (2024) 1, 71 

Consistent with dipole of galaxy distribution 
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Figure 3: Map showing the fluxes of particles in Galactic coordinates. Sky map in Galactic co-
ordinates showing the cosmic-ray flux for E � 8 EeV smoothed with a 45� top-hat function. The
Galactic center is at the origin. The cross indicates the measured dipole direction; the contours
denote the 68% and 95% confidence-level regions. The dipole in the 2MRS galaxy distribution is
indicated. Arrows show the deflections expected for a particular model of the Galactic magnetic
field [8] on particles with E/Z = 5 EeV or 2 EeV.

average values for Z ⇠ 1.7 to 5 at 10 EeV, these represent typical values of E/Z for the cosmic
rays contributing to the observed dipole. The agreement between the directions of the dipoles
is improved by adopting these assumptions about the charge composition and the deflections
in the Galactic magnetic field. For these directions, the deflections within the Galaxy will also
lead to a lowering of the amplitude of the dipole to about 90% and 70% of the original value, for
E/Z = 5 EeV and 2 EeV, respectively. The lower amplitude in the 4 EeV < E < 8 EeV bin might
also be the result of stronger magnetic deflections at lower energies.

Our findings constitute the observation of an anisotropy in the arrival direction of cosmic rays
with energies above 8 EeV. The anisotropy can be well represented by a dipole with an amplitude
of 6.5+1.3

�0.9% in the direction of right ascension ad = 100 ± 10� and declination dd = �24+12
�13

�
. By

comparing our results with phenomenological predictions, we find that the magnitude and di-
rection of the anisotropy support the hypothesis of an extragalactic origin for the highest-energy
cosmic rays, rather than sources within the Galaxy.
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Arrival directions above 8 x 1018 eV

Eichmann, Kachelriess, FO, JCAP07(2022)06 

or e.g. Cen A [+ M82] (Harari et al 2016, Mollerach et al 
2019, Mollerach & Roulet 2022) 

or a handful of nearby jetted AGN..
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Arrival directions above 4 x 1019 eV

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

Nobs = 245, Nexp= 172 

post-trial significance: 2.0σ

Cen 

nearest 
jetted AGN at ~4Mpc

Centaurus A

NGC 4945

Centaurus A: Nobs = 237, Nexp=169 

angular radius: 27deg 

post-trial significance: 4.0σ 
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Arrival directions above 4 x 1019 eV

Starburst galaxies (radio flux weights)  

E ≥38 EeV, Flux fraction   

3.8σ post-trial 

* NGC 4945 is the most significant source (~20%)  

9+7
−4 %

Starburst galaxies: 4sigma

Jetted AGN (γ-ray flux weights) 

E ≥38 EeV, Flux fraction  

3.3σ post-trial

6 ± 3 %

Swift-BAT AGN (X-ray flux weights) 

E ≥38 EeV, Flux fraction  

3.5σ post-trial

7+4
−3 %

2MRS galaxies (IR flux weights) 

E ≥38 EeV, Flux fraction  

3.2σ post-trial

14+8
−6 %
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C. CATALOGS

The best-fit sky models above 40 EeV obtained with the four catalogs described in Section 4.1 are shown in Figure 10.
These sky maps do not include any isotropic component and display only the flux expected from galaxies included in
the catalogs, which is smeared on the best-fit Fisher angular scale above 40 EeV obtained with each catalog. A further
top-hat smoothing on an angular scale  = 25� is performed for the sake of comparison with Figure 8.

Figure 10. Best-fit UHECR source models above 40 EeV with a top-hat smoothing radius  = 25� in Galactic coordinates.
The supergalactic plane is shown as a gray line. Prominent sources in each of the catalogs are marked with gray circles.

The models shown in Figure 10 are based on the UHECR flux expected from each galaxy in proportion to its
electromagnetic flux. The multiwavelength information on the galaxies is made available in the Multiwavelength sub-
folder of the catalog-based study, as described in Appendix B, and is available online at DOI 10.5281/zenodo.6504276.
The Multiwavelength folder contains one file per catalog, with tabulated values detailed in Tables 4, 5, 6 and 7.
The first column of each of these tables provides the name of the source as referenced by the authors of the source
catalog. The second column provides a counterpart name that is consistent across all four catalogs. The third column
provides the type of galaxy, extracted either from the source catalog or from the HyperLEDA database. The fourth
and fifth columns provide the equatorial coordinates of the galaxy. The sixth and seventh columns display the distance
modulus and associated uncertainty extracted from the modbest entry of the HyperLEDA database. The eighth and
ninth columns display the corresponding luminosity distance in Mpc as well as the relative uncertainty on this quantity.
The electromagnetic flux of each galaxy is provided in column 10, except in Table 4 where the K-band magnitude is
provided. Whenever available, the uncertainty on the quantity provided in column 10 is shown in column 11. Finally,
a flag is provided in the last columns of Tables 5, 6 and 7. This flag indicates whether the galaxy was also included
in the main samples studied in Pierre Auger Collaboration (2018b) (Y), in one of the cross-check samples (X), or
not included in earlier versions of these catalogs (N). The flag column of Table 6 indicates the origin of the redshift
estimate, either from HyperLEDA or from NED for the 23 X-ray AGNs that are not listed in HyperLEDA.

20

C. CATALOGS

The best-fit sky models above 40 EeV obtained with the four catalogs described in Section 4.1 are shown in Figure 10.
These sky maps do not include any isotropic component and display only the flux expected from galaxies included in
the catalogs, which is smeared on the best-fit Fisher angular scale above 40 EeV obtained with each catalog. A further
top-hat smoothing on an angular scale  = 25� is performed for the sake of comparison with Figure 8.

Figure 10. Best-fit UHECR source models above 40 EeV with a top-hat smoothing radius  = 25� in Galactic coordinates.
The supergalactic plane is shown as a gray line. Prominent sources in each of the catalogs are marked with gray circles.

The models shown in Figure 10 are based on the UHECR flux expected from each galaxy in proportion to its
electromagnetic flux. The multiwavelength information on the galaxies is made available in the Multiwavelength sub-
folder of the catalog-based study, as described in Appendix B, and is available online at DOI 10.5281/zenodo.6504276.
The Multiwavelength folder contains one file per catalog, with tabulated values detailed in Tables 4, 5, 6 and 7.
The first column of each of these tables provides the name of the source as referenced by the authors of the source
catalog. The second column provides a counterpart name that is consistent across all four catalogs. The third column
provides the type of galaxy, extracted either from the source catalog or from the HyperLEDA database. The fourth
and fifth columns provide the equatorial coordinates of the galaxy. The sixth and seventh columns display the distance
modulus and associated uncertainty extracted from the modbest entry of the HyperLEDA database. The eighth and
ninth columns display the corresponding luminosity distance in Mpc as well as the relative uncertainty on this quantity.
The electromagnetic flux of each galaxy is provided in column 10, except in Table 4 where the K-band magnitude is
provided. Whenever available, the uncertainty on the quantity provided in column 10 is shown in column 11. Finally,
a flag is provided in the last columns of Tables 5, 6 and 7. This flag indicates whether the galaxy was also included
in the main samples studied in Pierre Auger Collaboration (2018b) (Y), in one of the cross-check samples (X), or
not included in earlier versions of these catalogs (N). The flag column of Table 6 indicates the origin of the redshift
estimate, either from HyperLEDA or from NED for the 23 X-ray AGNs that are not listed in HyperLEDA.

[see Allard et al A&A 686 (2024) A292 for interpretation]
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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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Generic Source Properties: 
Allard et al 2007, 8, Hooper et al 2007, 
Unger et al 2015,  Auger Coll 2016, Kachelriess et al 2017, 
Muzio et al 2019, 2022, Mollerach et al 2020, 
Das et al 2021, Auger Coll 2022, Guido et al 2023, Trimarelli et 
al 2023 

Specific source classes:  
Jetted AGN - Eichmann et al 2017, 2022, Fang et al 2018, 
Kimura et al 2018, Rodrigues et al 2021
GRBs - Globus et al 2015, Biehl et al 2017, Zhang et al 2018, 
Boncioli et al 2018, 2019, Rudolf 2019,2022,                   
Heinze et al 2020
TDEs - Biehl et al 2017, Guepin et al 2017,                    
Zhang et al 2019
Transrelativistic Supernovae - Zhang & Murase 2019
Starburst galaxies - Condorelli et al 2022

Sources generally assumed to 
be intrinsically identical 

Distribution of maximum energies: 
UHECR protons:  Kachelriess & Semikoz 2006
Galactic sources:  Shibata et al 2010 
Discrete AGN: Eichmann, Kachelriess, FO 2022
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From single source to population spectrum 
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Cen A: 

PoS(ICRC2019)482

Mass composition from hybrid data of Auger Alexey Yushkov

Figure 1: Measurements of hXmaxi (left) and s(Xmax) (right) at the Pierre Auger Observatory compared to
the predictions for proton and iron nuclei of the hadronic models EPOS-LHC, Sibyll 2.3c and QGSJetII-04.

Figure 2: Moments of lnA distributions from the conversion of the moments of Xmax distributions with
EPOS-LHC, QGSJetII-04, Sibyll 2.3c.

sitions are close to ⇠ 60 gcm�2/decade independently of the interaction model used. Thus the
mean mass of the UHECRs as a function of energy decreases until E0 and increases afterwards.
The narrowing of the Xmax distributions for energies above E0 (right panel in Fig. 1) is as well in
agreement with the MC predictions for s(Xmax) of heavier nuclei.

Using the method described in [10] the moments of the Xmax distributions can be converted to
the moments of lnA distributions. From Fig. 2 one can see that hlnAi reaches the minimum around
E0. Depending on the interaction model, the values at the minimum vary from ⇠ 0 for QGSJetII-
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A. Yushkov for the Auger Coll, ICRC 2019
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Combined fit with a population of non-identical sources  
D. Ehlert, FO, M. Unger, PRD 107 (2023) 10 
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A curious maximum rigidity distribution 
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Broken-power-law distributed maximum rigidity  
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Broken-power-law distributed maximum rigidity  

R−β1max

R−β2max
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Broken-power-law distributed maximum rigidity  
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Comparison with luminosity functions

Lmin ∼ 1044.5 erg/s ⋅ Γ2 ⋅ ( E
100 EeV )

2

Emax ∼ 100 EeV ⋅ 1
Γ ⋅ ( L

1045.5 erg/s )
1/2

Lovelace 1976, Waxman 1995, 2001, Blandford 2000, 
Lemoine & Waxman 2009, Farrar & Gruzinov 2009   

L ≳ LB ∼ UB ⋅ Volume
t

∼ B2R2Γ4c

Ueda et al 2014, X-ray AGN Luminosity Function 24 Standard Population Synthesis Model of the XRB

FIG. 10.— De-absorbed, rest frame 2–10 keV XLF of AGNs at different redshift ranges (CTN AGNs only). The solid curve represents the best-fit XLF at the
central redshift in each z bin. The dashed curve is that in the local universe. Blue (red) data points are plotted according to the “Nobs/Nmdl method” with 1σ
Poisson errors by using the hard (soft) band sample. The magenta points in the z = 3.0−4.0 and z = 4.0−5.0 panels are taken from Fiore et al. (2012).
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Broken-power-law distributed maximum rigidity  

Shock acceleration 

Inverted spectra

dN/dRmax ∝
( Rmax

R0 )
−β1

Rmax < R0

( Rmax
R0 )

−β2
Rmax > R0

Individual source energy spectral index

Standard candles, new physics, or single 
source at the highest energies? 



X-ray absorbers in AGN 

22Linda Baronchelli 2020  

1.2 AGN structure 7

Radio
loud

Radio
quiet

Corona
Disk

Torus

SMBH

NLR

BLR

BLR

Seyfert 2

Seyfert 1
QSO

Viewing angle

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)

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.)

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

3

0.4c 

0.25c 

Nardini et al 2015  

O(100) known so far  

Observed in 50% of jetted and non-jetted AGN 

Correlated with starburst activity (e.g. NGC 4945)   



UHECR acceleration in UFOs? 
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𝑟2𝑢 𝑟 𝜕𝑟𝑓 = 𝜕𝑟 𝑟2𝐷 𝑟, 𝑝 𝜕𝑟𝑓 + 1
3𝜕𝑟 𝑟

2𝑢 𝑟 𝑝𝜕𝑝𝑓 + 𝑟2𝑄 𝑟, 𝑝 − 𝑟2Λ(𝑟, 𝑝)

Acceleration and transport model

5
Website: http://www.astro.wisc.edu/~gvance/index.html

~ 1pc
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LIR ∼ 0.5Ldisk

Peretti, Lamastra, Saturni, Ahlers, Blasi, Morlino & Cristofari 2023 
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Emax(A ≳ 4)/A ≈ const .

https://arxiv.org/abs/2411.05667
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Application to observed UFOs 
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In total 87 UFOs from 
Chartas et al 2009, Reeves et al 2009, 19, Riecchers et al 2009, Tombesi et al 2010, 12, 14, Gofford et al 2015
Nardini et al 2015, 18, Braito et al 2018, Fiore et al 2017, Boissay-Malaquin 2019, Smith et al 2019 , Ajello et al 2021, Laurenti et al 2021 
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AGN population 
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UFO population: Diffuse neutrino flux   
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Summary 

Maximum rigidity distribution:  

Sources with power-law distributed maximum 
rigidity required to be near identical  

Additional variance expected from distribution of 
radius, magnetic field strength, photon fields…   

Few sources? (In tension with arrival directions)  
Near-identical sources?  
Exotic physics?  

Ultra-fast outflows:  

Can ``fill’’ the Galactic/Extra-galactic transition 
region  

Maximum energy OK (most extreme UFOs)  

Luminosity / energy budget OK  

Observationally challenging. Starburst activity 
correlated with transients and AGN activity. 


