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UHECR sources:  
What insights does the maximum rigidity distribution offer?  
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And have we found a new source class? 
D. Ehlert, FO, E. Peretti, in prep
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Searching for the UHECR sources: Combined fit approach 
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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. 

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 2007
Galactic sources:  Shibata et al 2010 
Discrete AGN: Eichmann, Kachelriess, FO 2022
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Maximum UHECR energy 

Emax ∼ βshRBΓ
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Maximum UHECR energy 

Emax ∼ βshRBΓ

Emax ∼ βshRBΓ
e.g. 43 TeV emitting blazars in minimal SSC model  
B ~ 10-4 - 10 G
R~1015 - 1017 cm
Γ~ 10-50 
Emax ~ 1017 - 1020 eV

Tavecchio, FO, Righi 2019

Multimessenger role of BL Lacs 7

(e.g. Tavecchio et al. 2014) and we assume � = 10. For this energy
range f⇡ . 10�5.

In Fig. 6 and 7 we report f⇡ for the BL Lac sample assuming,
as for Mkn 421, a radiation field with energy density ten times that
derived through the SSC model and two different spectral slopes
for protons with energy E

0
p = 600 TeV and 2 PeV. The average

value of f⇡ , as for the case of Mkn 421, is of the order of 10�5,
therefore implying a very small efficiency and, by consequence, a
large power for the cosmic ray.

Specifically, for an observed neutrino luminosity L⌫ , the re-
quired power spent by the jet to energize the cosmic rays (pro-
tons for simplicity) is Pp ⇡ L⌫/f⇡�

2 (e.g. Tavecchio & Ghis-
ellini 2015). For f⇡ = 10�5 and with � = 10 we therefore find
Pp ⇡ 103 ⇥ L⌫ , in agreement with previous estimates based on
one-zone models (e.g. Murase et al. 2012). For the HBL to pro-
vide a sizeable contribution to the neutrino diffuse background the
emitted neutrino luminosities should be L⌫ ' 1043�1044 erg s�1

(e.g. Tavecchio et al. 2014, Murase & Waxman 2016), therefore
implying proton power in excess of Pp = 1046 � 1047 erg s�1,
about three orders of magnitude larger than that needed to power
the observed bolometric electromagnetic output (e.g. Ghisellini et
al. 2010, 2014).

3.2 Photodisintegration opacity

The maximum energy of protons (in the laboratory frame) for the
sources in our sample, Emax, obtained by application of the Hillas
criterium, is shown in Fig. 8. The average is slightly below 1019 eV,
which means that within the SSC formalism, if these HBLs produce
the highest energy cosmic rays, they cannot be protons (see also
Murase et al. 2012 and Tavecchio 2014 for the case of extreme
HBL). On the other hand, ultra-high-energy (UHE) nuclei could
reach such energies. For example, for Mrk 421 application of the
Hillas condition for the parameters listed in Table 1 gives,

EZ,max = 7⇥ 1020 eV

✓
Z

26

◆✓
B

0.35 G

◆
, (9)

where we have used the approximation that � ⇡ �. The survival of
UHECR nuclei in BL Lac objects, in interactions with the comov-
ing photon field of the emitting region, has been studied in Murase
et al. (2012) and Rodrigues et al. (2018). Here, we focus on the
survival of nuclei in the presence of the maximum allowed external
target field derived in Sect. 2.

The photodisintegration opacity can be expressed in analogy
to the p� efficiency, i.e., ⌧A�(E

0
A) = t

0
esc/t

0
A�(E

0
A), where t

0
A�

is the photodisintegration cooling time for nuclei with energy E
0
A,

and mass number, A, and t
0
esc the timescale beyond which UHE-

CRs stop to interact with photons in the jet.
The details of the amount of photodisintegration that UHECRs un-
dergo in interactions with the soft target photon field depend on the
geometry of the external field, and the way and direction in which
UHECRs eventually escape the jet. For definiteness we specialize
the calculation to the case in which the external radiation field is
supplied by a slower layer surrounding the fast spine jet (Ghisellini
et al. 2005). In the absence of precise knowledge of the extension
along the jet of the putative sheath (layer) field, and hence t

0
esc for

the escaping UHECRs we consider that the external field might
have an extension R  d  2.5 ⇥ R in the frame comoving with
the spine of the jet as in Sec. 2.2. We fix the Lorentz factor of the
motion of the spine with respect to the sheath field, �rel = 4, for
the rest of the photodisintegration discussion.

We used the photodisintegration cross sections and branching

Figure 8. Maximum energy (as measured in the laboratory frame) for pro-
tons (Z = 1) using the Hillas criterium and the physical parameters for the
BL Lac jets derived in Tavecchio et al. (2010).

ratios obtained with TALYS 1.6 (Koning et al.), as implemented
in Alves Batista et al. (2016), to calculate the opacity to photonu-
clear interactions. For nuclei with mass numbers A < 12 we
used the implementation of Alves Batista et al. (2016), based on
the parametrizations of Rachen (1996); Kossov (2002). We have
checked that photomeson interactions of nuclei (e.g. Morejon et al.
2019) are not relevant for the maximum energy of nuclei that we
expect, in the photon fields we studied, and hence we have not in-
cluded them.

In Fig. 9, we show the derived value of ⌧A� as a function of
the nucleus energy as seen by an observer at redshift z = 0.03, for
the three different models of the soft radiation field shown in Fig. 1
for Mrk 421. Four nuclear species are shown, namely Helium, Car-
bon, Silicon, and Iron. The photopion efficiency is also shown for
comparison. Dashed (solid) lines give ⌧A� for an assumed external
photon field with d = 2.5⇥R (d = R). The vertical exclusion re-
gions give the energy beyond which Carbon, Emax,C, (light grey)
and Iron, Emax,Fe, (dark grey) cannot be accelerated in Mrk 421
by application of the Hillas condition using the model parameters
listed in Table 1.The photodisintegration opacity increases with en-
ergy but is less than 0.1, independent of the spectral index of the
external photon field for all chemical species. We therefore con-
clude that the jet of Mrk 421 is optically thin to UHECR nuclei,
even in the presence of an external radiation field with energy den-
sity at the upper limit derived in Sec. 2.2.

In Fig. 10 we show the expected photodisintegration opacity
for Carbon and Iron nuclei, for the entire BL Lac sample of Tavec-
chio et al. (2010) as a function of energy. As previously, we assume
that U 0

rad = 10 ⇥ U
0
rad,SSC as a starting estimate. For each source

we show ⌧A�(d/R) for a soft photon field with extension equal
to the size of the emitting region, R, in the frame comoving with
the emitting region, up to the maximum energy expected for Car-
bon and Iron nuclei with the parameters derived in Tavecchio et al.
(2010).

In this case, where d = R the optical depth to photodisin-
tegration at the maximum achievable UHECR energy, E0

A,max, is
⌧A�(E

0
A,max) < 0.1 for the majority of sources in the sample when

� = 0.5. We observe a trend towards higher opacity when the in-

MNRAS 000, 000–000 (0000)
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Hillas energy (Hillas 1984): 

                    

Espresso acceleration (Caprioli 2015): 

                     

In general 

Blazar population:                                                                                    
(MOJAVE ~200 blazars tracked over 5 years, Lister et al 2019)

   

Emax ∼ βshRBΓZe

⟨Emax⟩ ∼ Γ2Emax,Galactic

Emax ∝ Γα

dN(Γ)/dΓ = Γ−η,1.25 < Γ < 50, η ≈ 1.4

Maximum UHECR energy 

Therefore 

dN
dEmax

=
dN
dΓ

dΓ
dEmax

∝ E
1 − η

α −1
max {E−1.4

max Hillas
E−1.2

max Espresso
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UHECRs from a population with a range of maximum energies
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From identical sources to maximum rigidity distribution
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Single Source UHECR Spectrum 

Rigidity, R/Rmax
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From single source to population spectrum 
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From single source to population spectrum 
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Single Source UHECR Spectrum Population Spectrum

Power-law distributed maximum rigidity

Rigidity, R/Rmax Rigidity, R/R0
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From single source to population spectrum 
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Single Source UHECR Spectrum Population Spectrum

Power-law distributed maximum rigidity
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From single source to population spectrum 
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Single Source UHECR Spectrum Population Spectrum

Power-law distributed maximum rigidity
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From single source to population spectrum 
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Single Source UHECR Spectrum Population Spectrum

Power-law distributed maximum rigidity
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From single source to population spectrum 

Broken exponential, e.g.  Auger Combined Fit (Aab et al 2017) 
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A curious maximum rigidity distribution 

H

He CNO

Fe

Si

dN
dRmax

∝ R−βpop
max

dN
dR

∝ R−γsrc ϕpop ∝ {
R−γsrc R ≪ R0

R−γsrc−βpop+1 R ≫ R0

Po
pu

lat
io

n 
rig

id
ity

 sp
ec

tra
l in

de
x, 

β p
op

Individual energy spectral 
index, γsrc

Inverted Spectra Shock 
Acceleration

SIBYLL2.3c
Xmax shifted by 1 stand. dev+ σ(Xmax) shifted up by 1 stand. dev

n(z) ~ n(z=0)
exponential cutoff  

D. Ehlert, FO, M. Unger, PRD 107 (2023) 10
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A curious maximum rigidity distribution 
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A curious maximum rigidity distribution
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Broken-power-law distributed maximum rigidity  
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Compton thick 
AGN

luminosity 
function

Ueda et al 2014

Pescalli et al 2016

Long GRB 
luminosity 
function

R−β1
max

R−β2
max
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Broken-power-law distributed maximum rigidity  
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max



13

Broken-power-law distributed maximum rigidity  
D. Ehlert, FO, M. Unger, PRD 107 (2023) 10
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Broken-power-law distributed maximum rigidity  
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max
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Broken-power-law distributed maximum rigidity  

R−β1
max R−β2

max

D. Ehlert, FO, M. Unger, PRD 107 (2023) 10
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Broken-power-law distributed maximum rigidity  
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Broken-power-law distributed maximum rigidity  
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Broken-power-law distributed maximum rigidity  
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Broken-power-law distributed maximum rigidity  
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Lmin ∼
1045.5 erg/s

β ( E
100 EeV )

2

Comparison with luminosity functions

Emax ∼ 100 EeV β1/2 ( L
1045.5 erg/s )

1/2

Ueda et al 2014, X-ray AGN Luminosity Function 

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

L ≳ LB ∼
UmagR3

t
∼ B2R2β

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  
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Broken-power-law distributed maximum rigidity  
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D. Ehlert, FO, M. Unger, PRD 107 (2023) 10



X-ray absorbers in AGN 
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Compton hump

soft excess

Warm absorber Iron line

Figure 6.3. Average total spectrum (thick black line) and main components (thin
grey lines) in the X-ray spectrum of a type I AGN. The main primary continuum
component is a power law with an high energy cut-off at E∼ 100−300 keV, absorbed at
soft energies by warm gas with NH ∼ 1021 − 1023 cm−2. A cold reflection component
is also shown. The most relevant narrow feature is the iron Kα emission line at
6.4 keV. Finally, a “soft excess” is shown, due to thermal emission of a Compton thin
plasma with temperature kT ∼ 0.1− 1 keV.

column density NH > 1.5 × 1024 cm−2 (i.e., ∼ 1/σT ) and is not fully
ionized, the reflected component has a spectrum like the one shown in
Figure 6.3 (the actual shape slightly varies, depending on the geometry
and chemical composition of the reflector). The main features of this
reflection component are a continuum due to electron scattering with
a peak at ∼ 30 keV, and a cut-off at 4 − 5 keV due to photoelectric
absorption of the lower energy incident radiation. The reflection effi-
ciency is typically a few percent of the direct emission in the 2− 10 keV
range because of photoelectric absorption, rising to ∼ 30% at the 30 keV
peak for a Compton-thick reflector covering a significant fraction of the
solid angle (Ghisellini et al. 1994). The efficiency drops if the reflect-
ing medium is Compton thin (in this case part of the incident radiation
escapes without interaction).

A warm, ionized reflector must be present in the central region of
many AGN (since we see a “warm absorber” in ∼50% of Seyfert 1 galax-

hot corona

warm absorbers disk 
reflected  
corona 

emission

Risaliti & Elvis 2004 

Beckmann & Shrader 2012



Observed in ~40% of 
radio loud and radio  

quiet AGN  

v ~ 0.03 - 0.3 c  

(Tombesi et al 
2010,2011, 2012, 2014) 

Laha et al 2020

Observed in ~50% of 
Seyfert I



Can UFOs accelerate protons to UHE? 
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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

Ep,max ∼ 1 EeV ( ϵB
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Benchmark scenario

Interaction rates 
calculated with 

CRPropa 

AGN photon fields 
from Ghisellini + 
Tavecchio 2009 
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Fiore et al 2017 

Fiore et et al.: AGN wind scaling relations

Fig. 1. [Left panel]: The wind mass outflow rate as a function of the AGN bolometric luminosity. AGN for which
molecular winds have been reported in the literature (mostly local ULIRGs and Seyfert galaxies) are shown with blue
symbols. In particular: open circles are CO outflows; the open square is the measurement for IRAS23060; filled squares
are OH outflows; the starred open circles are for Markarian 231 (large symbol for the outflow measured within ROF = 1
kpc and small symbol for the outflow at ROF = 0.3 kpc); the crossed open circles are the measurements for NGC6240
(large symbol for ROF = 3.5 kpc and small symbol for ROF = 0.6 kpc); the small dotted open triangle marks the
measurement in the Circum Nuclear Disk of NGC1068 (ROF = 0.1 kpc) and NGC1433 (ROF = 0.06 kpc); the small
dotted open circles represent the measurements for NGC1266, IC5066 at ROF = 0.5 kpc; the squared open circle marks
IRASF11119+13257 measurement at ROF = 0.3 kpc. Green symbols mark ionised outflows measurements. In details:
filled squares mark z>1 AGN; filled triangles mark z=0.1-0.2 AGN; open triangles mark z=0.4-0.6 type 2 AGN; pentagons
mark z=2-3 radiogalaxies; filled circles mark hyper-luminous z=2-3 QSOs. BAL winds are shown with black stars. The
black open pentagon highlights the [CII] wind in J1148+5251 at z=6.4. Finally, red symbols mark X-ray outflows. In
details: large five pointed stars are local UFOs; the starred open circle, the filled triangle and the circled square are the
measurement for Markarian 231, PDS456 and IRASF11119+13257, respectively. Small five point stars are slower warm
absorbers. The dashed blue, green and red lines are the best fit correlations of the molecular, ionised, and X-ray absorber
samples, respectively. [Right panel]: Wind kinetic power as a function of the AGN bolometric luminosity. Solid, dashed
and dotted line represent the correlations Ėkin = 1, 0.1, 0.01Lbol.

tion coefficient, the probability of the correlation and the
best fit slope, obtained from a least square fit between the
two variables). The log linear slope is 0.76 ± 0.06 for the
mass outflow rate and 1.27 ± 0.04 for the kinetic power.
The average ratio Ėkin/Lbol in the molecular winds sample
is 2.5%.

Ionised winds (green symbols), BAL winds (black sym-
bols), and X-ray absorbers (red symbols), lie below the
correlation found for molecular winds. Most ionised winds
have ṀOF 10-100 times smaller than molecular winds at
Lbol

<

∼
1046 ergs/s. Above this luminosity, ionised winds have

ṀOF similar or a few times lower than molecular winds.
There is a good correlation between ṀOF , Ėkin, and the
bolometric luminosity for ionised winds (see Table 1) with
log linear slopes 1.29 ± 0.38 and 1.50±0.34 respectively.
The average ratio Ėkin/Lbol for the ionised winds sample
is 0.16% at logLbol = 45 and 0.30% at logLbol = 47.

X-ray absorbers and BAL winds have respectively
ṀOF ∼ 500, 30 times lower than what expected from the
best fit linear correlation for molecular winds, again show-
ing a trend for higher differences with respect to molecular
winds at lower bolometric luminosities. About half X-ray

absorbers and BAL winds have Ėkin/Lbol in the range 1-
10% with another half having Ėkin/Lbol < 1%.

The left panel of Fig. 2 show the AGN bolometric lumi-
nosity as a function of the maximum wind velocity, vmax,
defined following Rupke & Veilleux (2013) as the shift be-
tween the velocity peak of broad emission lines and the sys-
temic velocity plus 2 times the σ of the broad gaussian com-
ponent, see the Appendix. vmax correlates with the bolo-
metric luminosity for molecular winds, and ionised winds.
Considering the two winds together again produces a strong
correlation and a log linear slope of 4.6±1.5 (see Table 1).
For X-ray absorbers the situation is more complex, since
they are divided in two broad groups, warm absorbers with
lower velocities and UFOs with higher velocities. For UFOs
with vmax > 104km/s the correlation between AGN bolo-
metric luminosity and maximum velocity is still remarkably
strong, with a log linear slope of 3.9±1.3 (Table 1), sta-
tistically consistent with that of molecular+ionized winds.
This means that at each given bolometric luminosity the ra-
tio between UFO maximum velocity and molecular-ionized
wind maximum velocity is similar, and equal to ∼ 40− 50.
We also report in Fig. 2 the scalings found by Spoon et al.
(2013) and Veilleux et al. (2013) for OH outflows in sam-

4

In total 48 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 

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
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Problem: Hard spectra needed 

⋆Assuming n0 ∼ 10−6 Mpc−3, SFR evolution

15 17 19 21

log(E/eV)

1025

1031

1037

1043

1049

L
C

R
[e

rg
s°

1
]

p

15 17 19 21

log(E/eV)

He

15 17 19 21

log(E/eV)

N

15 17 19 21

log(E/eV)

Si

15 17 19 21

log(E/eV)

Fe

*



D. Ehlert, FO, E. Peretti, in prep 

Combined fit

30

Problem: Hard spectra needed 

⋆Assuming n0 ∼ 10−6 Mpc−3, SFR evolution
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Magnetic horizon? 

see Gonzalez, Mollerach, Roulet 2021
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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? 

UFOs: 

Possible to reach highest energies with the most 
powerful UFOs 

But: Hard spectra required by UHECR combined fit 
- inconsistent with DSA

Magnetic horizon + shocked ambient medium? — In 
progress


