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Experimental Results
• Energy Flux —> Luminosity density ~ 1044 erg Mpc-3 yr-1

• Spectral shape —> Cutoff energy Emax ~ 50 EeV

• Isotropy —> source density Ns≳ 10-6 Mpc-3  for Fe  
                                                                      Ns≳ 10-4 Mpc-3  for p

• Shower depth —> Composition is heavy for higher energy  
(TA data is compatible with Auger data)

level of correlation was -
+(38 )6

7 % in Abreu et al. (2010) and
(33± 5)% in Kampert et al. (2012).

Here we update this analysis, for historical reasons, by using
the vertical data set described in Section 2 and the VCV catalog
used in Abraham et al. (2007). Excluding Period I, there are
146 events above 53 EeV: 41 events correlate with VCV
AGNs, with the angular and distance parameters fixed by the
exploratory scan. The updated fraction of correlations is then
(28.1-

+ )3.6
3.8 %, which is two standard deviations above the

isotropic expectation of 21%. On the other hand, note that since
the VCV correlations involve many different regions of the sky
(besides the fact that CRs with different energies have
significant time delays), so an explanation of the reduced
correlation found after 2007 in terms of a transient nature of the
signal would not be natural. Hence, the high level of correlation
found initially was probably affected by a statistical fluctuation.
We conclude that this particular test does not yield a significant
indication of anisotropy with the present data set.

4. GENERAL ANISOTROPY TESTS

4.1. Search for a Localized Excess Flux over the Exposed Sky

A direct analysis of cosmic ray arrival directions is the blind
search for excesses of events over the visible sky. To this aim,
we sample the exposed sky using circular windows with radii
varying from 1° up to 30°, in 1° steps. The centers of the
windows are taken on a 1° × 1° grid. The energy threshold of
the events used to build the maps is varied from 40 EeV up to
80 EeV in steps of 1 EeV. To detect an excess, for every
window and energy threshold we compare the number of
observed events, nobs, with that expected from an isotropic flux
of cosmic rays, nexp. For each sky direction, the expected
number of events for an isotropic distribution is obtained by
numerically integrating the geometric exposures in the
corresponding windows. We use the total number of vertical
and inclined events to normalize the relative exposures of the
two samples. Note that since the triggering is different in the
two cases, this fraction is non-trivial.

For each window, we calculate the binomial probability, p,
of observing by chance in an isotropic flux an equal, or larger,
number of events than that found in the data. We find the
minimum probability, = ´ -p 5.9 10 6, at an energy threshold
of 54 EeV and in a 12°-radius window centered at right
ascension and declination a d = -( , ) (198 , 25 ), i.e., for
Galactic longitude and latitude = - ◦ ◦ℓ b( , ) ( 51 .1, 37 .6), for
which =n n 14 3.23obs exp . The map of the Li–Ma (Li &
Ma 1983) significances of the excesses of events with ⩾E 54

EeV in windows of 12° radius is shown in Figure 1. The
highest significance region just discussed, having a Li–Ma
significance of 4.3σ, is indicated with a black circle. It is close
to the Super-Galactic Plane, indicated with a dashed line, and
centered at about 18° from the direction of Cen A, indicated
with a white star. One should note that although the effect of a
turbulent magnetic field would just be to spread a signal around
the direction toward the source, a regular field that is coherent
over large scales would give rise to a shift in the excess in a
direction orthogonal to that of the magnetic field, with the size
of both effects being energy dependent.
To assess the significance of this excess, we simulated

10,000 sets of isotropic arrival directions containing the same
number of events as the data set. In doing so, we keep the
original energies of the events and assign to them random
arrival directions according to the geometric exposure,
choosing randomly between vertical and inclined events
according to their relative exposures. We apply to the simulated
sets the same scans in angle and energy as those applied to the
data. We find that values smaller than = ´ -p 5.9 10 6 are
obtained in 69% of isotropic simulations, and hence the excess
found in the data turns out to be compatible with the maximum
excesses expected in isotropic simulations. We note that in the
region of the hot spot reported by the Telescope Array
Collaboration (Abbasi et al. 2014a), a 20° radius circular
window centered at a d = ◦ ◦( , ) (146 .7, 43 .2) which is partially
outside our field of view, we would expect to see 0.97 events
with >E 53 EeV if the distribution were isotropic; one event is
observed.

4.2. The Autocorrelation of Events

Another simple way to test the clustering of arrival directions
is through an autocorrelation analysis, which is particularly
useful when several sources lead to excesses around them on a
similar angular scale. With this method, one looks for excesses
in the number of pairs of events, i.e., excesses of “self-
clustering,” namely, we count the number of pairs of events,

yN E( , )p th , above a given energy threshold, Eth, that are within
a certain angular distance, ψ. We do this at different energy
thresholds, from 40 up to 80 EeV (in steps of 1 EeV) and we
look at angular scales from 1° up to 30° (in steps of 0◦. 25 up to
5°, and of 1° for larger angles). To identify an excess, we
compare the observed number of pairs with that expected from
an isotropic distribution having the same number of arrival
directions above the corresponding energy threshold. For each
energy threshold and angle we then calculate the fraction of
isotropic simulations having an equal number of, or more pairs
than the data, yf E( , )th .
The result is shown in Figure 2 as a function of the angular

distance and the energy threshold. The color code indicates the
values obtained for f. The white cross corresponds to the
parameter values leading to the minimum value of this fraction,

=f 0.027min , which happens for y = ◦1 .5 and =E 42th EeV.
For these parameters, 30 pairs are expected, on average, for
isotropic simulations, while 41 are observed in the data. We
calculate the post-trial probability for this excess, P, as the
fraction of isotropic simulations that under a similar scan over
Eth and ψ lead to a value of fmin smaller than the one obtained
with the data. The resulting value, �P 70%, indicates that the
autocorrelation is compatible with the expectations from an
isotropic distribution of arrival directions.

Figure 1. Map in Galactic coordinates of the Li–Ma significances of
overdensities in 12°-radius windows for the events with ⩾E 54 EeV. Also
indicated are the Super-Galactic Plane (dashed line) and Centaurus A
(white star).
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Figure 5: Energy spectrum measured by TA.

For the TA SD and BR/LR Mono, the systematic uncertainty is dominated by the energy scale,
which is currently estimated 20% for TA. The uncertainty due to calculation of the exposure from
Monte-Carlo is within 3%.
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Xmax measurements above 1017 eV Alessio Porcelli

Figure 4: The mean (left) and standard deviation (right) of measured Xmax distributions of the two indepen-
dent datasets: HeCo (blue circles) and the standard FD (red squares).

Figure 5: The mean (left) and the standard deviation (right) of the measured Xmax distributions (combining
HeCo and standard datasets) as a function of energy compared to air-shower simulations for proton and iron
primaries.

2.4 Results and Interpretation

In Figure 4 the Xmax moments estimated using HeCo and the standard FD datasets are com-
pared. While hXmaxi differs by ⇠ 7 g cm�2 between datasets (within the uncorrelated systematics
of the two analyses), the second moments s(Xmax) are found to be in a good agreement. For the
combination of the datasets the HeCO hXmaxi is shifted by +7 g cm�2 and the resulting hXmaxi and
s(Xmax) are shown in Figure 5.

Between 1017.0 and 1018.3 eV hXmaxi increases by around 85 g cm�2 per decade of energy
(Figure 5, left). This value, being larger than the one expected for a constant mass composition
(⇠ 60 g cm�2/decade), indicates that the mean primary mass is getting lighter. Around ⇡ 1018.3 eV
the observed rate of change of hXmaxi becomes significantly smaller (⇠ 26 g cm�2/decade) indi-
cating that the composition is becoming heavier. The fluctuations of Xmax (Figure 5, right) start to
decrease at around the same energy ⇡ 1018.3 eV.

The mean value of lnA and its variance s

2(lnA), determined from Equations (1.1) and (1.2),

45
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Figure 3. Top: simulated energy spectrum of UHECRs (multiplied by E3) at the top of the Earth’s
atmosphere, obtained with the best-fit parameters for the reference model using the procedure de-
scribed in section 3. Partial spectra are grouped as in figure 2. For comparison the fitted spectrum
is reported together with the spectrum in [4] (filled circles). Bottom: average and standard deviation
of the Xmax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model
(brown) versus pure 1H (red), 4He (grey), 14N (green) and 56Fe (blue), dashed lines. Only the energy
range where the brown lines are solid is included in the fit.
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qA(E) is the number of nuclei with mass A injected per unit energy, volume and time, and
LHe = 0.328L0, LN = 0.504L0, LSi = 0.168L0, with LA/L0 = fAZ
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Because of the low value of Rcut, the observed spectra are strongly sensitive to the behaviour
of accelerators near the maximum energy and therefore even large differences of injection
spectral indices have little effect on the observable quantities. This is the reason of the large
extent of the best minima region, and will be discussed below.
Given the deviance reported in table 1, the probability of getting a worse fit if the model is
correct (p-value) is p = 2.6%. Notice however that the effect of experimental systematics is
not taken into account here. A discussion of systematics is presented in section 5.2.
The errors on the parameters are computed as explained in 4.1. Those on the elemen-
tal fractions are generally large, indicating that different combinations of elemental spectra
can give rise to similar observed spectra. This fact is reflected by the presence of large
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Fitting Requirements 

・Emax,p ~ 1-10 EeV
・heavier composition than the solar abundance
・Hard source spectrum: s ≲ 1
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Figure 3. Top: simulated energy spectrum of UHECRs (multiplied by E3) at the top of the Earth’s
atmosphere, obtained with the best-fit parameters for the reference model using the procedure de-
scribed in section 3. Partial spectra are grouped as in figure 2. For comparison the fitted spectrum
is reported together with the spectrum in [4] (filled circles). Bottom: average and standard deviation
of the Xmax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model
(brown) versus pure 1H (red), 4He (grey), 14N (green) and 56Fe (blue), dashed lines. Only the energy
range where the brown lines are solid is included in the fit.
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• GRBs

Source Candidates
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developed in the case of a pulsar wind by Buckley (1977) and by Contopoulos & Kazanas (2002).
A detailed discussion of magnetar winds is also made by Arons (2003).

Other acceleration mechanisms have been proposed and may contribute to the acceleration of
cosmic rays in the Galaxy. These include a variety of second-order processes and many of them can
be observed to operate in solar physics. However, they are believed to be too slow to be relevant
to the acceleration of UHECRs.

6. CANDIDATE SOURCES AND THEIR SIGNATURES
The requirements for astrophysical objects to be sources of UHECRs are quite stringent. After
reviewing some of the basic requirements in Section 6.1, we briefly discuss plausible sources
such as accretion shocks in large-scale structures (Section 6.1.1), AGN (Section 6.1.2), GRBs
(Section 6.1.3), and neutron stars or magnetars (in Section 6.1.4). For these different classes of
candidate sources, we discuss the possibility of locating the sources with UHECR observations
in Section 6.2 and review possible ways of discovering the sources with secondary photons and
neutrinos in Section 6.3.

6.1. Candidate Source Requirements
The Larmor radius, rL = E/Ze B ∼ 110 kpc Z−1(µG/B)(E/100 EeV), of UHECRs in Galactic
magnetic fields is much larger than the thickness of the Galactic disk. Thus, confinement in the
Galaxy is not maintained at the highest energies, motivating the search for extragalactic sources.
Requiring that candidate sources be capable of confining particles up to Emax translates into a
simple selection criterium for candidate sources with magnetic field strength B and extension
R (Hillas 1984): rL ≤ R, i.e., E ≤ Emax ∼ 1 EeV Z (B/1 µG)(R/1 kpc). Figure 8 presents the
so-called Hillas diagram, where candidate sources are placed in a B−R phase-space, taking into
account the uncertainties on these parameters. Most astrophysical objects do not even reach
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Figure 8
Updated Hillas
(1984) diagram.
Above the dark blue
lines, protons can be
confined to energies
above Emax =
1021 eV. Above the
red line, iron nuclei
can be confined
to energies above
Emax = 1020 eV.
The most powerful
candidate sources
are shown with
the uncertainties
in their parameters.
Abbreviations:
AGN, active
galactic nuclei; GRB,
gamma-ray burst;
IGM, intergalactic
medium; SNR,
supernova remnant.
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Requirements
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• High source density 

• Harder spectrum than canonical shock accel. 

• Heavy nuclei enhancement 

Takami 12, Fang 16

Aloisio+14, Taylor+15, Auger 16

Aloisio+14, Taylor+15, Auger 16



Requirements & Ideas
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• High source density  
—> FR-I radio galaxies with Fe

• Harder spectrum than canonical shock accel. 

• Heavy nuclei enhancement 

Takami 12, Fang 16

Aloisio+14, Taylor+15, Auger 16

Aloisio+14, Taylor+15, Auger 16

Padovani+11



AGN model
• Hillas condition for jets, 

LB > 3x1045 erg/s Γ2 Z-2 E202
• AGN jets

Takahara 90; Murase+12,  
Caprioli 15; Araudo+16

Lumoine+ 09

Fang+ 16

AGN type FR I FR II
Ljet [erg/s] 1043 1046

Emax for p ✖ ◯
Emax for Fe ◯ ◯
Ns [Mpc-3] 10-4 10-7

Anisotropy ◯ ✖

• FR I with Fe is favorable.

8

Fang+ 16



Requirements & Ideas
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• High source density 
—> FR-I radio galaxies with Fe

• Harder spectrum than canonical shock accel. 
—> Shear Acceleration

• Heavy nuclei enhancement 

Takami 12, Fang 16

Aloisio+14, Taylor+15, Auger 16

Aloisio+14, Taylor+15, Auger 16

cf.) Ostrowski 98, Rieger+ 06

Padovani+11



Shear Acceleration

region 1 & 3: tail-on collision  —> E ⤵
region 2 & 4: head-on collision —> E ⤴

No. 1, 1999 RELATIVISTIC OUTFLOWS FROM BLACK HOLE CORONAE 205

focus on the direct e†ects of the magnetic shear, we assume
that the kinks are ““ cold,ÏÏ meaning that they have no sto-
chastic motion. The validity of this assumption will be
investigated later when we consider the consequences of
replacing the cold kinks with propagating, stochastic MHD
waves. Although our speciÐc application involves the accel-
eration of protons in a corona overlying the disk, our dis-
cussion of the shear acceleration mechanism will remain
general at this point.

2.1. Fermi Acceleration in Shear Flows
A qualitative argument for the second-order nature of the

Fermi acceleration mechanism operating in a shear Ñow
can be constructed as follows. Consider a proton originat-
ing in the (stationary) middle layer in Figure 1 and experi-
encing a subsequent collision with a scattering center (cold
magnetic Ðeld kink) located in quadrant 2. Since this is an
approaching collision, the proton will gain energy. Con-
versely, the corresponding collision in quadrant 1 is an
overtaking one, and therefore the proton will lose energy in
this case. Following this chain of logic for the other two
quadrants, we conclude that to Ðrst order in the relative
shear velocity between successive scattering centers, *v,
there is no mean gain or loss of energy for the incident
proton. However, the approaching collisions take place
on a shorter timescale than the overtaking ones, and there
fore, to second order in *v, acceleration dominates over
deceleration.

The theoretical basis for second-order Fermi acceleration
due to collisions with scattering centers embedded in a
shear Ñow has been examined in the context of cosmic-ray
energization by Earl, Jokipii, & MorÐll (1988) and by
Webb, Jokipii, & MorÐll (1994), and the application to acc-
retion Ñows has been discussed by Katz (1991). Typically,
second-order Fermi acceleration occurs when particles
interact with randomly moving scattering centers, whereas
the interaction of particles with systematically moving scat-
tering centers (e.g., in a converging Ñow) usually results in
Ðrst-order Fermi acceleration. In our situation, the scat-
tering centers (kinks in the tangled magnetic Ðeld) are
embedded in a systematic (Keplerian) Ñow, and are cold (no
stochastic motion). Nonetheless, as discussed above, the
interaction results in a mean fractional energy gain per scat-

FIG. 1.ÈSchematic depiction of second-order Fermi acceleration
resulting from an average collision between a proton originating at the
(stationary) origin and a scattering center (cold magnetic kink) located in
one of the four quadrants. The solid circle at the center represents the
incident proton, and the open circles in the four quadrants represent the
scattering centers, which move with the velocity of the shear Ñow.

tering *v/v P *v2, where v is the proton energy. The accel-
eration mechanism considered here is therefore hybrid in
nature, since it is a second-order process operating in a sys-
tematic background Ñow.

When the scattering centers are contained in a Keplerian
shear Ñow, the mean fractional energy gain per scattering is
given by

*v
v D

A*vÕ
c
B2 \Aj8

c
dvÕ
dR
B2

, (2.1)

where is the mean free path the collisions between protonsj8
and magnetic scattering centers, c is the speed of light, vÕdenotes the Keplerian orbital velocity, and *vÕ 4 j8 (dvÕ/dR)
gives the characteristic relative shear velocity between suc-
cessive scattering centers. In this type of situation, we can
model the di†usion of the protons in energy space using a
simple transport equation of the form

Lf
Lt

\ [ 1
v2

L
Lv
A[ v2D

Lf
Lv
B

, (2.2)

where D is the energy di†usion coefficient and the distribu-
tion function f is related to the ion number density N and
energy density U by

N \P
mp c2

= v2f dv (cm~3) , (2.3)

U \P
mp c2

= v3f dv (ergs cm~3) , (2.4)

with denoting the proton mass. Note that equation (2.2)m
pconsiders only di†usion in energy space and ignores spatial

transport. We will have occasion later in the paper to
replace the lower bound of integrals like those in equations
(2.3) and (2.4) with zero, because the mathematical structure
of the relevant equations will allow for the di†usion of par-
ticles to negligibly small energies. We will not, however, be
making a serious error by adopting a lower bound of zero
in such situations, because we will be dealing with rela-
tivistic proton distributions containing very few particles
with energies close to m

p
c2.

2.2. Energy Di†usion Coefficient
We can quantify the energy di†usion coefficient D intro-

duced in equation (2.2) by relating it to the fractional energy
change per scattering given by equation (2.1). Using equa-
tion (A2) in the Appendix A we express the mean ener-
gization rate due to shear acceleration for protons with
energy v as

Sv5 shearT \ 1
v2

d
dv (v2D) \ 4vD , (2.5)

where we have adopted the form for the energy di†usion
coefficient

D(v) \ Dv2 (ergs2 s~1) (2.6)

with D \ constant, which is appropriate for cases involving
an energy-independent magnetic scattering cross section.
Note that as is typical of Fermi processes. WeSv5 shearT P v,
can write another expression for the acceleration rate based
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• Low energy CRs —> mean free path (λ) < size of shear layer (Rsl) 
—> Continuous shear —> Similar to 2nd-order Fermi acceleration 

• High energy CRs —> λ > Rsl 
—> Discrete shear —> numerical approach is required
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Fig. 7. Transverse cuts in the x − y plane of the density distribution of the external material. The left panels refer to case A, the middle panels to
case B and the right panels to case E. The upper panels show the jet when it has reached a length of 30r j while, in the lower panels, the jet length
is 60 r j.

Fig. 8. Transverse cuts in the x − y plane of the density distribution of
the external material. The left panel refers to case A, and the right panel
to case E. The jet length is 120r j.

at these two different resolutions, we find that the general effect
on the entrainment is to increase its efficiency when we increase
the resolution. A detailed comparison shows that, for example,
the average Lorentz factor decreases by about 15% in the higher
resolution run. This effect can be interpreted observing that the
most effective modes in term of entrainment are those at a shorter
wavelength, which are under-resolved in a low resolution run.

5. Astrophysical implications

Recently several authors, e.g. (Chiaberge et al. 2000; Piner &
Edwards 2004; Giroletti et al. 2004), have proposed that obser-
vational properties of FR-I radio sources and their beamed coun-
terparts (BL Lac objects) are produced by jets characterized by
a velocity structure in which an inner core maintains a highly
relativistic velocity and is surrounded by material that has been
slowed down by the interaction with the ambient medium. A
structure of this type is called the “spine-layer". The appearance
of a jet with a spine-layer configuration is different when viewed
at different angles. In fact, the two velocity components have
different Doppler factors and the spine dominates the emission
when the jet is observed at small angles with respect to the line of
sight (BL Lac objects with strong Doppler boosting), while the
prevailing contribution at larger angles is due to the entrained
layer at low Lorentz factors (FR-I radio sources)

In our calculations, a “spine-layer” velocity structure has
been obtained self-consistently as the result of a well defined
physical process, i.e. the interaction of the outer jet layers with
the ambient material, driven by jet instabilities. In particular we
have found that, in the strongly underdense case η = 104, the
jet acquires a velocity structure in which the inner core main-
tains a highly relativistic velocity and is surrounded by material
that has been slowed down by the interaction with the ambient
medium. Therefore we attempt a comparison of radio maps con-
structed from the simulated jets with observations of FR-I jets.
To this purpose, we compute synthetic maps by integrating the
synchrotron emissivity along the line of sight. For the sake of
simplicity we assume the emissivity to be proportional to the

Rossi+08
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Schematic Picture

• We perform Monte Carlo Simulations for shear acceleration
• mean free path:  

Jet: λ = rL  (Bohm limit)  
Cocoon: λ = lcoh(E/Ecoh)δ   (δ=1/3 for E<Ecoh, δ = 2 for E>Ecoh)  

• CRs are scattered isotropically in a fluid-rest frame
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FIG. 1. The schematic picture of shear acceleration in a jet-
cocoon system of an AGN. A fraction of GCRs swept up by
the flow can be accelerated up to ultrahigh energies.

scattering mean free path is longer than the scale of the
shear velocity gradient, the acceleration is regarded as
the Fermi process in the discrete shear [42, 44]. In our
scenario, UHECR production proceeds in this regime due
to their large Larmor radii. The spatial di↵usion is im-
portant, so that we take a numerical approach to properly
consider the geometry.

A. Set up for Monte Carlo simulations

We consider a jet-cocoon system (see, e.g., [51, 52]). To
mimic the geometry of interest (see Fig. 1), we consider
two cylinders with radii of Rjet and Rcoc. We parameter-
ize the cocoon radius as Rcoc ⌘ ⇠c/jRjet. The shear be-
tween the jet and cocoon is given by the jet velocity, c�jet.
The cocoon is quasi-spherical in general. For simplicity,
we assume the vertical length of the jet and the cocoon to
be equal to the cocoon radius: ljet = lcoc = Rcoc, which
is su�cient for the purpose of this work.

We expect that both of the jet and cocoon have tur-
bulent magnetic fields that scatter the particles. We
can parameterize the mean free path inside the cocoon
as �i,coc = (E/Ei,coh)�lcoh, where lcoh is the coherence
length and Ei,coh = ZieBcoclcoh (Bcoc is the magnetic
field strength in the cocoon). The particle are resonantly
scattered by turbulence for E < Ei,coh, which leads to
� = 1/3 if we assume the Kolmogorov turbulence inside
the cocoon [e.g. 53]. On the other hand, particles are
scattered in non-resonant manner with small-scale tur-
bulence for E > Ei,coh, resulting in � = 2 [e.g. 54]. Both
the turbulence and magnetic field are likely to be strong
in the jet, and the di↵usion process in the strong turbu-
lence is likely to be the Bohm limit [49, 55]. Thus, we use
the Bohm limit there, �i,jet = E/(ZieBjet), where Bjet

is the magnetic field strength in the jet. The particles
move in a manner of the random walk by these interac-
tions, and undergo multiple passage through the shear
layer. This results in the discrete shear acceleration.

For a given nuclear species, we inject 262,144 particles
with an injection energy of Ei,inj (see Section IIIA) at
the jet-cocoon boundary at t = 0, and track them by a
time of t = tad ⇡ Rcoc/vexp, where vexp is the expan-
sion velocity of the cocoon. After this time scale, we
expect that the particles lose their energies due to the
adiabatic expansion. Since injected particles are reaccel-
erated to ultrahigh energies, more than 89 % of the par-
ticles escape from the system by the end of simulation
runs. The number of the injected particles is normalized
by the injection rate Ṅinj (see Section IIIA). The parti-
cles travel straightly until they are scattered by a mag-
netic field. The scattering angle distribution is assumed
to be isotropic in the rest frame of each fluid, which is
a simplified but reasonable approximation in our prob-
lem, given that almost all the particles experience many
scatterings during their residence time (cf. [56–58] and
references therein). When the particles di↵use out be-
yond the cocoon radius, Rcoc, or the jet length, ljet, they
are recorded as “escaping” particles.
Hereafter, we consider radio-loud AGNs, in particular

Fanaro↵-Riley I radio galaxies (FR Is), to demonstrate
our results (see Appendix C for an application to radio-
quiet AGNs). Powerful kiloparsec-scale jets are com-
monly seen in radio galaxies, and they are often accom-
panied by radio lobes or bubbles. The jets sweep up the
circumgalactic materials in galactic halos, and eventually
propagate into the intergalactic medium. The plasma in-
flated by the jet forms a cocoon, which is attributed to
a radio lobe or bubble. The length of the jet depends on
the age of AGN, and we consider the time when the jet
finishes sweeping the halo in which galactic CRs (GCRs)
are confined, i.e., ljet = Hh, where the scale height of the
CR halo Hh is set to 5 kpc [59]. Kiloparsec-scale jets of
FR Is are only mildly relativistic, so that the jet veloc-
ity is set to �jet = 0.7 (e.g., [60–62]). The ratio of the
cocoon to jet radii is given by ⇠c/j = 10 as a reference
value [63, 64], which leads to Rjet = 0.5 kpc. The mag-
netic fields are assumed to be Bjet = 0.3 mG (e.g., [65])
and Bcoc = 3 µG [66, 67]. The expansion velocity of
the cocoon is set to vexp = 3000 km s�1 [68]. For the
coherence length, we use lcoh = 0.03Rcoc as a reference
value. These fiducial parameters are consistent with the
observations of radio galaxies, and the spectral shape is
largely una↵ected by the change of the parameters.

B. Maximum energy by discrete shear acceleration

In our cases, the jet confines the CRs more e�ciently
than the cocoon, i.e. Rjet/�i,jet > Rcoc/�i,coc, which
means that the di↵usion in the cocoon determines the
maximum energy. If the particle di↵using inside the co-
coon returns to the jet, the acceleration cycle continues.
Otherwise, the particle escapes from the system. Fig. 2
shows the probability of a di↵using particle returning to
the jet as a function of �i,coc/Rjet for various parameter
sets tabulated in Table I. The lines completely overlap
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Timescale

• For λ<Rjet, most CRs go back to jet in a few random steps 
—>Acceleration time: tacc ~  ζa (Γjetβjet)-2(λ/c)  

• Majority of CRs escape from system for λ>Rjet  
—> confinement time : tconf ~ ζc Rjet/c 

• tacc ~ tconf    

3

TABLE I. The parameter sets for the models shown in Figs.
2, 5, and 6

models R
jet

a ⇠c/j R
coc

b l
coh

/R
coc

Zi B
coc

c �
jet

Reference 0.5 10 5 0.03 1 3 0.7
A-1 0.5 10 5 0.03 26 3 0.7
A-2 0.5 10 5 0.03 1 15 0.7
A-3 0.5 10 5 0.03 1 3 0.5
B-1 0.5 4 2 0.03 1 3 0.7
B-2 1.5 10 15 0.03 1 3 0.7
C-1 0.5 10 5 0.003 1 3 0.7
C-2 0.5 100 50 0.003 1 3 0.7

a

In unit of kpc.

b

In unit of kpc, and l
jet

= R
coc

is assumed

c

in unit of µG.

FIG. 2. The return probability of the di↵using particles in
the cocoon as a function of �i,coc/Rjet

.

each other except for B-1 and C-2 that have di↵erent
values of ⇠c/j . This indicates that the return probability
depends only on �i,coc/Rjet and ⇠c/j under the assump-
tion of ljet = Rcoc.

When �i,coc
<⇠ Rjet, the majority of the di↵using par-

ticles return to the jet after a few random steps. This
feature does not change regardless of the physical param-
eters of the jet-cocoon system, as long as �i,coc < Rjet.
Then, the acceleration time is expressed as

tacc =
�t

(�E/E)
⇠ ⇣a

�i,coc

c�2
j�

2
jet

, (1)

where �t = ⇣a�i,coc/c is the typical residence time in
the cocoon per cycle and �E/E ⇠ �2

jet�
2
jet is the mean

energy gain per cycle [45]. Here ⇣a is a correction factor
that accounts for the average number of steps over the
accelerated particles.

On the other hand, when �i,coc
>⇠ Rjet, majority of the

particle escape from the cocoon without returning to the
jet. Only the particles that go back to the jet continue
to gain energies by the shear. Thus, the size of e�cient
CR acceleration region is limited by the jet size. The

FIG. 3. The intrinsic energy spectra of UHECRs produced
by shear acceleration with the injection of GCRs.

e↵ective confinement time in the acceleration region can
be represented as

tconf = ⇣c
Rjet

c
, (2)

where ⇣c = ⇣c(⇠c/j) is a geometrical correction factor that
takes into account the weak dependence on ⇠c/j . As seen
in Fig. 2, CRs have larger chance to return to the jet for
a larger ⇠c/j .

The condition tacc ⇡ tconf leads to the maximum en-
ergy in the energy spectrum of escaping CRs:

Ei,max ⇡ ⇣eZiBcocl
1/2
cocR

1/2
jet �jet�jet, (3)

where ⇣ ⌘ (⇣c/⇣a)1/2 and �i,coc / E2 is used. From
the simulation results, we found ⇣ ' 2.2(⇠c/j/10)

0.2 (see
Appendix A for the consistency of this estimate and the
simulation results), leading to Ei,max ⇠ 1.6Zi EeV for
our reference parameter set (see Fig. 3). We confirm this
scaling relation for mildly relativistic cases of �jet�jet ⇠
1 [69].

The discrete shear acceleration process is one of the
Fermi mechanisms, so the accelerated CRs have a power-
law spectrum. Almost all the accelerated particles can
escape. For E < Ei,max, the escaping CRs show a
hard power-law spectrum, dLE/dE / E�1 � E0 (see
Fig. 3). It has a spectral break at E ⇠ Ei,coh due to the
change of energy dependence of the mean free path. For
E > Ei,max, the spectrum has a cuto↵ that is slower than
the exponential (see Appendix A for the detailed results
of Monte Carlo simulations, including the parameter de-
pendence of the spectral shape and cases for the Bohm
limit). Since we consider kiloparsec-scale jets, we can ne-
glect energy losses due to proton synchrotron, hadronu-
clear, photohadronic, and photodisintegration processes.
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e↵ective confinement time in the acceleration region can
be represented as

tconf = ⇣c
Rjet

c
, (2)

where ⇣c = ⇣c(⇠c/j) is a geometrical correction factor that
takes into account the weak dependence on ⇠c/j . As seen
in Fig. 2, CRs have larger chance to return to the jet for
a larger ⇠c/j .

The condition tacc ⇡ tconf leads to the maximum en-
ergy in the energy spectrum of escaping CRs:

Ei,max ⇡ ⇣eZiBcocl
1/2
cocR

1/2
jet �jet�jet, (3)

where ⇣ ⌘ (⇣c/⇣a)1/2 and �i,coc / E2 is used. From
the simulation results, we found ⇣ ' 2.2(⇠c/j/10)

0.2 (see
Appendix A for the consistency of this estimate and the
simulation results), leading to Ei,max ⇠ 1.6Zi EeV for
our reference parameter set (see Fig. 3). We confirm this
scaling relation for mildly relativistic cases of �jet�jet ⇠
1 [69].

The discrete shear acceleration process is one of the
Fermi mechanisms, so the accelerated CRs have a power-
law spectrum. Almost all the accelerated particles can
escape. For E < Ei,max, the escaping CRs show a
hard power-law spectrum, dLE/dE / E�1 � E0 (see
Fig. 3). It has a spectral break at E ⇠ Ei,coh due to the
change of energy dependence of the mean free path. For
E > Ei,max, the spectrum has a cuto↵ that is slower than
the exponential (see Appendix A for the detailed results
of Monte Carlo simulations, including the parameter de-
pendence of the spectral shape and cases for the Bohm
limit). Since we consider kiloparsec-scale jets, we can ne-
glect energy losses due to proton synchrotron, hadronu-
clear, photohadronic, and photodisintegration processes.
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FIG. 1. The schematic picture of shear acceleration in a jet-
cocoon system of an AGN. A fraction of GCRs swept up by
the flow can be accelerated up to ultrahigh energies.

scattering mean free path is longer than the scale of the
shear velocity gradient, the acceleration is regarded as
the Fermi process in the discrete shear [42, 44]. In our
scenario, UHECR production proceeds in this regime due
to their large Larmor radii. The spatial di↵usion is im-
portant, so that we take a numerical approach to properly
consider the geometry.

A. Set up for Monte Carlo simulations

We consider a jet-cocoon system (see, e.g., [51, 52]). To
mimic the geometry of interest (see Fig. 1), we consider
two cylinders with radii of Rjet and Rcoc. We parameter-
ize the cocoon radius as Rcoc ⌘ ⇠c/jRjet. The shear be-
tween the jet and cocoon is given by the jet velocity, c�jet.
The cocoon is quasi-spherical in general. For simplicity,
we assume the vertical length of the jet and the cocoon to
be equal to the cocoon radius: ljet = lcoc = Rcoc, which
is su�cient for the purpose of this work.

We expect that both of the jet and cocoon have tur-
bulent magnetic fields that scatter the particles. We
can parameterize the mean free path inside the cocoon
as �i,coc = (E/Ei,coh)�lcoh, where lcoh is the coherence
length and Ei,coh = ZieBcoclcoh (Bcoc is the magnetic
field strength in the cocoon). The particle are resonantly
scattered by turbulence for E < Ei,coh, which leads to
� = 1/3 if we assume the Kolmogorov turbulence inside
the cocoon [e.g. 53]. On the other hand, particles are
scattered in non-resonant manner with small-scale tur-
bulence for E > Ei,coh, resulting in � = 2 [e.g. 54]. Both
the turbulence and magnetic field are likely to be strong
in the jet, and the di↵usion process in the strong turbu-
lence is likely to be the Bohm limit [49, 55]. Thus, we use
the Bohm limit there, �i,jet = E/(ZieBjet), where Bjet

is the magnetic field strength in the jet. The particles
move in a manner of the random walk by these interac-
tions, and undergo multiple passage through the shear
layer. This results in the discrete shear acceleration.

For a given nuclear species, we inject 262,144 particles
with an injection energy of Ei,inj (see Section IIIA) at
the jet-cocoon boundary at t = 0, and track them by a
time of t = tad ⇡ Rcoc/vexp, where vexp is the expan-
sion velocity of the cocoon. After this time scale, we
expect that the particles lose their energies due to the
adiabatic expansion. Since injected particles are reaccel-
erated to ultrahigh energies, more than 89 % of the par-
ticles escape from the system by the end of simulation
runs. The number of the injected particles is normalized
by the injection rate Ṅinj (see Section IIIA). The parti-
cles travel straightly until they are scattered by a mag-
netic field. The scattering angle distribution is assumed
to be isotropic in the rest frame of each fluid, which is
a simplified but reasonable approximation in our prob-
lem, given that almost all the particles experience many
scatterings during their residence time (cf. [56–58] and
references therein). When the particles di↵use out be-
yond the cocoon radius, Rcoc, or the jet length, ljet, they
are recorded as “escaping” particles.
Hereafter, we consider radio-loud AGNs, in particular

Fanaro↵-Riley I radio galaxies (FR Is), to demonstrate
our results (see Appendix C for an application to radio-
quiet AGNs). Powerful kiloparsec-scale jets are com-
monly seen in radio galaxies, and they are often accom-
panied by radio lobes or bubbles. The jets sweep up the
circumgalactic materials in galactic halos, and eventually
propagate into the intergalactic medium. The plasma in-
flated by the jet forms a cocoon, which is attributed to
a radio lobe or bubble. The length of the jet depends on
the age of AGN, and we consider the time when the jet
finishes sweeping the halo in which galactic CRs (GCRs)
are confined, i.e., ljet = Hh, where the scale height of the
CR halo Hh is set to 5 kpc [59]. Kiloparsec-scale jets of
FR Is are only mildly relativistic, so that the jet veloc-
ity is set to �jet = 0.7 (e.g., [60–62]). The ratio of the
cocoon to jet radii is given by ⇠c/j = 10 as a reference
value [63, 64], which leads to Rjet = 0.5 kpc. The mag-
netic fields are assumed to be Bjet = 0.3 mG (e.g., [65])
and Bcoc = 3 µG [66, 67]. The expansion velocity of
the cocoon is set to vexp = 3000 km s�1 [68]. For the
coherence length, we use lcoh = 0.03Rcoc as a reference
value. These fiducial parameters are consistent with the
observations of radio galaxies, and the spectral shape is
largely una↵ected by the change of the parameters.

B. Maximum energy by discrete shear acceleration

In our cases, the jet confines the CRs more e�ciently
than the cocoon, i.e. Rjet/�i,jet > Rcoc/�i,coc, which
means that the di↵usion in the cocoon determines the
maximum energy. If the particle di↵using inside the co-
coon returns to the jet, the acceleration cycle continues.
Otherwise, the particle escapes from the system. Fig. 2
shows the probability of a di↵using particle returning to
the jet as a function of �i,coc/Rjet for various parameter
sets tabulated in Table I. The lines completely overlap
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Appendix A: Details of Monte Carlo simulations

In this appendix, we describe the results of Monte
Carlo simulations, focused on the situation that
Rcoc/�i,coc < Rjet/�i,jet and lcoh < Rjet.

1. Parameter dependence

As discussed in the main text, we obtain the maximum
energy by setting tacc = tesc, which results in

Ei,max ⇡ ⇣eZiBcocl
1�1/�
coh R

1/�
jet �

2/�
jet �

2/�
jet . (A1)

We perform Monte Carlo simulations with various pa-
rameter sets tabulated in Table I to see the values of
⇣. The results are shown in Fig. 5, where the lines rep-
resent the escape spectra and the corresponding arrows
show the peak energy estimated by Eq. (A1) with � = 2
and ⇣ ' 2.2(⇠c/j/10)

0.2. We can see that the simulation
results agree with the estimates well.

According to our simulation results, the spectral shape
is not sensitive to the parameters for E >⇠ Ecoh, as seen
in Fig. 5. We try to fit the spectral shape there using
a combination of a power law growth and a cuto↵. We
consider ELE / Ea exp(�(E/E0)b), and find that a ⇠
5–9 and b ⇠ 0.1–0.3 for the parameter range that we ex-
plored. Note that the fitting requires a > 1, b < 1, and
E0 ⌧ Ei,max because of slower cuto↵ than the exponen-
tial.

2. Bohm di↵usion model

We also perform Monte Carlo simulations using the
Bohm limit in the cocoon, �i,coc = Ei/(ZieBcoc). Figure
6 shows the escape spectra for the cases with the Bohm
limit. For these cases, the maximum energy is repre-
sented by Eq. (A1), while the spectra for E < Ei,coh is
harder than those with the Kolmogorov turbulence. This
di↵erence arises from the di↵erence of energy dependence
of the mean free path. For the particles of E < Ei,coh,
the mean free path for the Bohm limit is shorter than
that for the Kolmogorov turbulence. The shorter mean
free path leads to the higher return probability, which
results in the harder escape spectrum for the Bohm limit
cases.

The shorter mean free path in the cocoon also in-
creases the value of Ei,inj, leading to the lower Ṅi,inj and
LUHECR. To obtain the required LUHECR and Ep,max, we
would need lower Bcoc and higher �jet.

FIG. 5. The results of the escape spectra with various pa-
rameter sets. The lines show the escape spectra, and arrows
show the estimated peak energy with ⇣ = 2.2(⇠c/j/10)

0.2.

Appendix B: E↵ects of continuous shear acceleration

There is a shear layer between the jet and the cocoon
where the jet velocity may change linearly [91]. This layer
a↵ects the spectrum of CRs if the size of shear layer is
larger than Larmor radii of the CRs [43]. Here, we make
a brief discussion about the e↵ect of the shear layer.

Escape spectrum

• Ei,max ~ a few Zi EeV 
• CRs are well confined at E<Ei,max 

—>Achieve hard spectrum  
dLE/dE ~ E-1 — E0

log(ELE )

log(E[eV])
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FIG. 1. The schematic picture of shear acceleration in a jet-
cocoon system of an AGN. A fraction of GCRs swept up by
the flow can be accelerated up to ultrahigh energies.

scattering mean free path is longer than the scale of the
shear velocity gradient, the acceleration is regarded as
the Fermi process in the discrete shear [42, 44]. In our
scenario, UHECR production proceeds in this regime due
to their large Larmor radii. The spatial di↵usion is im-
portant, so that we take a numerical approach to properly
consider the geometry.

A. Set up for Monte Carlo simulations

We consider a jet-cocoon system (see, e.g., [51, 52]). To
mimic the geometry of interest (see Fig. 1), we consider
two cylinders with radii of Rjet and Rcoc. We parameter-
ize the cocoon radius as Rcoc ⌘ ⇠c/jRjet. The shear be-
tween the jet and cocoon is given by the jet velocity, c�jet.
The cocoon is quasi-spherical in general. For simplicity,
we assume the vertical length of the jet and the cocoon to
be equal to the cocoon radius: ljet = lcoc = Rcoc, which
is su�cient for the purpose of this work.
We expect that both of the jet and cocoon have tur-

bulent magnetic fields that scatter the particles. We
can parameterize the mean free path inside the cocoon
as �i,coc = (E/Ei,coh)�lcoh, where lcoh is the coherence
length and Ei,coh = ZieBcoclcoh (Bcoc is the magnetic
field strength in the cocoon). The particle are resonantly
scattered by turbulence for E < Ei,coh, which leads to
� = 1/3 if we assume the Kolmogorov turbulence inside
the cocoon [e.g. 53]. On the other hand, particles are
scattered in non-resonant manner with small-scale tur-
bulence for E > Ei,coh, resulting in � = 2 [e.g. 54]. Both
the turbulence and magnetic field are likely to be strong
in the jet, and the di↵usion process in the strong turbu-
lence is likely to be the Bohm limit [49, 55]. Thus, we use
the Bohm limit there, �i,jet = E/(ZieBjet), where Bjet

is the magnetic field strength in the jet. The particles
move in a manner of the random walk by these interac-
tions, and undergo multiple passage through the shear
layer. This results in the discrete shear acceleration.

For a given nuclear species, we inject 262,144 particles
with an injection energy of Ei,inj (see Section IIIA) at
the jet-cocoon boundary at t = 0, and track them by a
time of t = tad ⇡ Rcoc/vexp, where vexp is the expan-
sion velocity of the cocoon. After this time scale, we
expect that the particles lose their energies due to the
adiabatic expansion. Since injected particles are reaccel-
erated to ultrahigh energies, more than 89 % of the par-
ticles escape from the system by the end of simulation
runs. The number of the injected particles is normalized
by the injection rate Ṅinj (see Section IIIA). The parti-
cles travel straightly until they are scattered by a mag-
netic field. The scattering angle distribution is assumed
to be isotropic in the rest frame of each fluid, which is
a simplified but reasonable approximation in our prob-
lem, given that almost all the particles experience many
scatterings during their residence time (cf. [56–58] and
references therein). When the particles di↵use out be-
yond the cocoon radius, Rcoc, or the jet length, ljet, they
are recorded as “escaping” particles.
Hereafter, we consider radio-loud AGNs, in particular

Fanaro↵-Riley I radio galaxies (FR Is), to demonstrate
our results (see Appendix C for an application to radio-
quiet AGNs). Powerful kiloparsec-scale jets are com-
monly seen in radio galaxies, and they are often accom-
panied by radio lobes or bubbles. The jets sweep up the
circumgalactic materials in galactic halos, and eventually
propagate into the intergalactic medium. The plasma in-
flated by the jet forms a cocoon, which is attributed to
a radio lobe or bubble. The length of the jet depends on
the age of AGN, and we consider the time when the jet
finishes sweeping the halo in which galactic CRs (GCRs)
are confined, i.e., ljet = Hh, where the scale height of the
CR halo Hh is set to 5 kpc [59]. Kiloparsec-scale jets of
FR Is are only mildly relativistic, so that the jet veloc-
ity is set to �jet = 0.7 (e.g., [60–62]). The ratio of the
cocoon to jet radii is given by ⇠c/j = 10 as a reference
value [63, 64], which leads to Rjet = 0.5 kpc. The mag-
netic fields are assumed to be Bjet = 0.3 mG (e.g., [65])
and Bcoc = 3 µG [66, 67]. The expansion velocity of
the cocoon is set to vexp = 3000 km s�1 [68]. For the
coherence length, we use lcoh = 0.03Rcoc as a reference
value. These fiducial parameters are consistent with the
observations of radio galaxies, and the spectral shape is
largely una↵ected by the change of the parameters.

B. Maximum energy by discrete shear acceleration

In our cases, the jet confines the CRs more e�ciently
than the cocoon, i.e. Rjet/�i,jet > Rcoc/�i,coc, which
means that the di↵usion in the cocoon determines the
maximum energy. If the particle di↵using inside the co-
coon returns to the jet, the acceleration cycle continues.
Otherwise, the particle escapes from the system. Fig. 2
shows the probability of a di↵using particle returning to
the jet as a function of �i,coc/Rjet for various parameter
sets tabulated in Table I. The lines completely overlap

cf. Ostrowski 98
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• High source density 
—> FR-I radio galaxies with Fe

• Harder spectrum than canonical shock accel. 
—> Shear Acceleration

• Heavy nuclei enhancement 
—> Recycling Galactic Cosmic Rays
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Recycling GCRs
• Galactic cosmic rays (GCRs) are diffusing in halo
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FIG. 1. The schematic picture of shear acceleration in a jet-
cocoon system of an AGN. A fraction of GCRs swept up by
the flow can be accelerated up to ultrahigh energies.

scattering mean free path is longer than the scale of the
shear velocity gradient, the acceleration is regarded as
the Fermi process in the discrete shear [42, 44]. In our
scenario, UHECR production proceeds in this regime due
to their large Larmor radii. The spatial di↵usion is im-
portant, so that we take a numerical approach to properly
consider the geometry.

A. Set up for Monte Carlo simulations

We consider a jet-cocoon system (see, e.g., [51, 52]). To
mimic the geometry of interest (see Fig. 1), we consider
two cylinders with radii of Rjet and Rcoc. We parameter-
ize the cocoon radius as Rcoc ⌘ ⇠c/jRjet. The shear be-
tween the jet and cocoon is given by the jet velocity, c�jet.
The cocoon is quasi-spherical in general. For simplicity,
we assume the vertical length of the jet and the cocoon to
be equal to the cocoon radius: ljet = lcoc = Rcoc, which
is su�cient for the purpose of this work.

We expect that both of the jet and cocoon have tur-
bulent magnetic fields that scatter the particles. We
can parameterize the mean free path inside the cocoon
as �i,coc = (E/Ei,coh)�lcoh, where lcoh is the coherence
length and Ei,coh = ZieBcoclcoh (Bcoc is the magnetic
field strength in the cocoon). The particle are resonantly
scattered by turbulence for E < Ei,coh, which leads to
� = 1/3 if we assume the Kolmogorov turbulence inside
the cocoon [e.g. 53]. On the other hand, particles are
scattered in non-resonant manner with small-scale tur-
bulence for E > Ei,coh, resulting in � = 2 [e.g. 54]. Both
the turbulence and magnetic field are likely to be strong
in the jet, and the di↵usion process in the strong turbu-
lence is likely to be the Bohm limit [49, 55]. Thus, we use
the Bohm limit there, �i,jet = E/(ZieBjet), where Bjet

is the magnetic field strength in the jet. The particles
move in a manner of the random walk by these interac-
tions, and undergo multiple passage through the shear
layer. This results in the discrete shear acceleration.

For a given nuclear species, we inject 262,144 particles
with an injection energy of Ei,inj (see Section IIIA) at
the jet-cocoon boundary at t = 0, and track them by a
time of t = tad ⇡ Rcoc/vexp, where vexp is the expan-
sion velocity of the cocoon. After this time scale, we
expect that the particles lose their energies due to the
adiabatic expansion. Since injected particles are reaccel-
erated to ultrahigh energies, more than 89 % of the par-
ticles escape from the system by the end of simulation
runs. The number of the injected particles is normalized
by the injection rate Ṅinj (see Section IIIA). The parti-
cles travel straightly until they are scattered by a mag-
netic field. The scattering angle distribution is assumed
to be isotropic in the rest frame of each fluid, which is
a simplified but reasonable approximation in our prob-
lem, given that almost all the particles experience many
scatterings during their residence time (cf. [56–58] and
references therein). When the particles di↵use out be-
yond the cocoon radius, Rcoc, or the jet length, ljet, they
are recorded as “escaping” particles.
Hereafter, we consider radio-loud AGNs, in particular

Fanaro↵-Riley I radio galaxies (FR Is), to demonstrate
our results (see Appendix C for an application to radio-
quiet AGNs). Powerful kiloparsec-scale jets are com-
monly seen in radio galaxies, and they are often accom-
panied by radio lobes or bubbles. The jets sweep up the
circumgalactic materials in galactic halos, and eventually
propagate into the intergalactic medium. The plasma in-
flated by the jet forms a cocoon, which is attributed to
a radio lobe or bubble. The length of the jet depends on
the age of AGN, and we consider the time when the jet
finishes sweeping the halo in which galactic CRs (GCRs)
are confined, i.e., ljet = Hh, where the scale height of the
CR halo Hh is set to 5 kpc [59]. Kiloparsec-scale jets of
FR Is are only mildly relativistic, so that the jet veloc-
ity is set to �jet = 0.7 (e.g., [60–62]). The ratio of the
cocoon to jet radii is given by ⇠c/j = 10 as a reference
value [63, 64], which leads to Rjet = 0.5 kpc. The mag-
netic fields are assumed to be Bjet = 0.3 mG (e.g., [65])
and Bcoc = 3 µG [66, 67]. The expansion velocity of
the cocoon is set to vexp = 3000 km s�1 [68]. For the
coherence length, we use lcoh = 0.03Rcoc as a reference
value. These fiducial parameters are consistent with the
observations of radio galaxies, and the spectral shape is
largely una↵ected by the change of the parameters.

B. Maximum energy by discrete shear acceleration

In our cases, the jet confines the CRs more e�ciently
than the cocoon, i.e. Rjet/�i,jet > Rcoc/�i,coc, which
means that the di↵usion in the cocoon determines the
maximum energy. If the particle di↵using inside the co-
coon returns to the jet, the acceleration cycle continues.
Otherwise, the particle escapes from the system. Fig. 2
shows the probability of a di↵using particle returning to
the jet as a function of �i,coc/Rjet for various parameter
sets tabulated in Table I. The lines completely overlap

• λ < Rsl  —> cannot enter jet
• λ > Rsl  —> injection to acceleration
• Einj ~  15 Zi TeV 

element solar TeV CR
H 1 1
He 9.7x10-2 0.65
O 5.2x10-4 0.18
Fe 3.0x10-5 0.23
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III. RECYCLING GALACTIC CRS AS UHECRS

A. Injection rate and composition ratio

In our shear reacceleration scenario, we have shown
that the spectrum of escaping CRs is generically hard,
and Ei,max is determined by the five parameters (�jet,
Rjet, ⇠c/j , lcoh, Bcoc). Next, we estimate the UHECR
luminosity and their composition ratio.

CR densities in radio galaxies are highly uncertain.
Here, we assume that the proton CR densities are com-
parable to that in our Galaxy. While the star-formation
rate of elliptical galaxies may be lower than that of star-
forming galaxies by a factor of 3–10 [70, 71], this un-
certainty is easily absorbed by uncertainties in the other
parameters. The GCR density inside the CR halo of
Hh ⇠ 5 kpc [59] can be expressed as

ni,d = Ki

✓
Ei,inj

TeV

◆�↵i+1

exp

✓
� Ei,inj

Zi PeV

◆
. (4)

Here, CR species are grouped as i = H, He, C–O, Ne–Al,
Si–K, Ca–Mn, Fe. Their e↵ective charge Zi and atomic
mass Ai are Zi = 1, 2, 7, 11, 15, 23, 26 and Ai = 1, 4, 14,
23, 30, 49, 56, respectively. We use the observed values
at E ⇠ 1 TeV for the normalization of each component:
KH = 3.6 ⇥ 10�15 cm�3 and Ki/KH ' 1, 0.65, 0.33,
0.17, 0.14 0.072, 0.23 [72, 73]. In the galactic disk, the
proton has softer index than the others [72–75], ↵H '
2.7 and ↵i 6=H ' 2.6 [76]. In addition, we increase the
abundance of nuclei heavier than He by factor of 3 from
the value above because most of radio galaxies have more
metals than the Galaxy due to their past star formation
activities [77, 78].

The number of swept-up particles of species i by the
time when ljet = Hh is simply given by 2⇡R2

cocHhni,d,
and we assume that only the fraction, R2

jet/R
2
coc, is in-

jected into shear acceleration. Thus, the time-integrated
number of injected GCRs are written as Ni,inj ⇡
2⇡R2

jetHhni,d. The swept-up particles of �i,sl < Rsl

are accelerated by the continuous shear that is ine↵ec-
tive to produce high-energy CRs, where �i,sl is the mean
free path in the shear layer and Rsl is the size of shear
layer (see Appendix B for discussion on the continuous
shear acceleration). Only the particles of �i,sl > Rsl

can be injected to the discrete shear acceleration pro-
cess. Setting �i,sl = Rsl, the injection energy is given
by Ei,inj ⇡ Ecoh(Rsl/lcoh)3 ⇠ 15Zi TeV. Here, we
use �i,sl ⇠ �i,coc and Rsl ⇠ 0.01Rjet ⇠ 5 pc. The
injected CRs are accelerated until the adiabatic cool-
ing is e↵ective, tad ⇡ Rcoc/vexp ⇠ 1.6 Myr (where
vexp ⇠ 3000 km s�1 [68]). The time-averaged injection
rate of GCRs of species i to shear acceleration is esti-
mated to be

Ṅi,inj ⇡
Ni,inj

tad
⇡

2⇡R2
jetHhni,d

tad
. (5)

Renormalizing the simulation input by the injection
rate, we obtain the di↵erential luminosity of UHECRs,

LUHECR. The CR luminosity density at 1019.5 eV is
0.6 ⇥ 1044 erg Mpc�3 yr

�1
(e.g., [33]), and the number

density of FR Is is roughly ⇠ 10�5�10�4 Mpc�3 [79, 80].
Thus, LUHECR ⇠ 2 ⇥ 1040 � 2 ⇥ 1041 erg s�1 is re-
quired. Our model can satisfy this requirement, as shown
in Fig. 3. Also, our model can avoid anisotropy con-
straints at E ⇠ 10 EeV [81] owing to the high source
number density with the heavy composition. The rela-
tive abundance ratio at the same rigidity is estimated to
be (fH, fHe, fC-O, fNe-Al, fSi-K, fCa-Mn, fFe) = (0.73,
0.21, 0.042, 0.011, 0.0053, 0.0014, 0.0037). Note that we
cannot freely change the abundance ratio among heavy
nuclei as well as the intrinsic spectral index, because they
are determined by the shear acceleration mechanism and
observed abundance of Galactic CRs.

B. Comparison with observations

We calculate the propagation of the UHECRs from
the sources to the Earth using CRPropa 3 [82, 83]. The
code includes the photomeson production, the photodis-
integration, and the electron-positron pair production
through the cosmic microwave background and extra-
galactic background light (EBL). The nuclear decay pro-
cess is also included. We use the EBL model of [84], and
assume that all FR Is produce the UHECRs shown in
Fig. 3 for simplicity. The luminosity density of bright
AGNs positively evolves with redshift [85, 86], while that
of low-luminosity AGNs may have a weaker redshift evo-
lution [79, 85]. In this work, we assume no redshift evolu-
tion but stronger evolution models can also fit the data.
We show the spectrum of the UHECRs at the Earth in

the upper panel of Fig. 4. The intermediate and heavy
nuclei decrease while protons increase during the propa-
gation process due to the photodisintegration. The cuto↵
at E >⇠ 100 EeV is produced due to the maximum energy
of the shear acceleration at the source, which is consistent
with the PAO data. We need an additional component to
fit the spectrum at E ⇠ EeV (e.g., [87–89]). The middle
panel and the lower panel show the mean depth of the
shower maximum, hXmaxi, and variance of the shower
depth, �(Xmax), respectively. These values are calcu-
lated using Xmax probability distribution parametrized
by [90]. Within systematic errors, our model reasonably
explains the observed feature of the chemical composition
that changes from light to heavy as CR energy increases,
without tuning the abundance ratio by hand.

IV. SUMMARY AND DISCUSSION

We have shown that the shear acceleration by black-
hole jets provides a promising mechanism of UHECR pro-
duction. Based on the setup for the jet-cocoon system
that is ubiquitous in radio galaxies, we have performed
detailed numerical simulations of UHECR acceleration,

Shear acceleration lasts until adiabatic loss is effective
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TABLE I. The parameter sets for the models shown in Figs.
2, 5, and 6

models R
jet

a ⇠c/j R
coc

b l
coh

/R
coc

Zi B
coc

c �
jet

Reference 0.5 10 5 0.03 1 3 0.7
A-1 0.5 10 5 0.03 26 3 0.7
A-2 0.5 10 5 0.03 1 15 0.7
A-3 0.5 10 5 0.03 1 3 0.5
B-1 0.5 4 2 0.03 1 3 0.7
B-2 1.5 10 15 0.03 1 3 0.7
C-1 0.5 10 5 0.003 1 3 0.7
C-2 0.5 100 50 0.003 1 3 0.7

a

In unit of kpc.

b

In unit of kpc, and l
jet

= R
coc

is assumed

c

in unit of µG.

FIG. 2. The return probability of the di↵using particles in
the cocoon as a function of �i,coc/Rjet

.

each other except for B-1 and C-2 that have di↵erent
values of ⇠c/j . This indicates that the return probability
depends only on �i,coc/Rjet and ⇠c/j under the assump-
tion of ljet = Rcoc.

When �i,coc
<⇠ Rjet, the majority of the di↵using par-

ticles return to the jet after a few random steps. This
feature does not change regardless of the physical param-
eters of the jet-cocoon system, as long as �i,coc < Rjet.
Then, the acceleration time is expressed as

tacc =
�t

(�E/E)
⇠ ⇣a

�i,coc

c�2
j�

2
jet

, (1)

where �t = ⇣a�i,coc/c is the typical residence time in
the cocoon per cycle and �E/E ⇠ �2

jet�
2
jet is the mean

energy gain per cycle [45]. Here ⇣a is a correction factor
that accounts for the average number of steps over the
accelerated particles.

On the other hand, when �i,coc
>⇠ Rjet, majority of the

particle escape from the cocoon without returning to the
jet. Only the particles that go back to the jet continue
to gain energies by the shear. Thus, the size of e�cient
CR acceleration region is limited by the jet size. The

FIG. 3. The intrinsic energy spectra of UHECRs produced
by shear acceleration with the injection of GCRs.

e↵ective confinement time in the acceleration region can
be represented as

tconf = ⇣c
Rjet

c
, (2)

where ⇣c = ⇣c(⇠c/j) is a geometrical correction factor that
takes into account the weak dependence on ⇠c/j . As seen
in Fig. 2, CRs have larger chance to return to the jet for
a larger ⇠c/j .

The condition tacc ⇡ tconf leads to the maximum en-
ergy in the energy spectrum of escaping CRs:

Ei,max ⇡ ⇣eZiBcocl
1/2
cocR

1/2
jet �jet�jet, (3)

where ⇣ ⌘ (⇣c/⇣a)1/2 and �i,coc / E2 is used. From
the simulation results, we found ⇣ ' 2.2(⇠c/j/10)

0.2 (see
Appendix A for the consistency of this estimate and the
simulation results), leading to Ei,max ⇠ 1.6Zi EeV for
our reference parameter set (see Fig. 3). We confirm this
scaling relation for mildly relativistic cases of �jet�jet ⇠
1 [69].

The discrete shear acceleration process is one of the
Fermi mechanisms, so the accelerated CRs have a power-
law spectrum. Almost all the accelerated particles can
escape. For E < Ei,max, the escaping CRs show a
hard power-law spectrum, dLE/dE / E�1 � E0 (see
Fig. 3). It has a spectral break at E ⇠ Ei,coh due to the
change of energy dependence of the mean free path. For
E > Ei,max, the spectrum has a cuto↵ that is slower than
the exponential (see Appendix A for the detailed results
of Monte Carlo simulations, including the parameter de-
pendence of the spectral shape and cases for the Bohm
limit). Since we consider kiloparsec-scale jets, we can ne-
glect energy losses due to proton synchrotron, hadronu-
clear, photohadronic, and photodisintegration processes.

ELE [erg s-1]

E[eV]

• Most of radio galaxies are 
elliptical galaxies  
—> enhance metal 
abundance by factor 3

SSK+ 17

element solar UHECR
H 1 1

He 9.7x10-2 0.29
O 5.2x10-4 5.8x10-2

Fe 3.0x10-5 5.1x10-3

Recycling GCRs

Our model achieves  
i) Heavier composition  
ii) Hard spectral index  
iii) required luminosity density  
(L~2x1040 erg/s/Mpc3  
               for radio galaxies)

16

Henry+ 99

e.g.)Takami+ 16
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be represented as
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where ⇣c = ⇣c(⇠c/j) is a geometrical correction factor that
takes into account the weak dependence on ⇠c/j . As seen
in Fig. 2, CRs have larger chance to return to the jet for
a larger ⇠c/j .

The condition tacc ⇡ tconf leads to the maximum en-
ergy in the energy spectrum of escaping CRs:

Ei,max ⇡ ⇣eZiBcocl
1/2
cocR

1/2
jet �jet�jet, (3)

where ⇣ ⌘ (⇣c/⇣a)1/2 and �i,coc / E2 is used. From
the simulation results, we found ⇣ ' 2.2(⇠c/j/10)

0.2 (see
Appendix A for the consistency of this estimate and the
simulation results), leading to Ei,max ⇠ 1.6Zi EeV for
our reference parameter set (see Fig. 3). We confirm this
scaling relation for mildly relativistic cases of �jet�jet ⇠
1 [69].

The discrete shear acceleration process is one of the
Fermi mechanisms, so the accelerated CRs have a power-
law spectrum. Almost all the accelerated particles can
escape. For E < Ei,max, the escaping CRs show a
hard power-law spectrum, dLE/dE / E�1 � E0 (see
Fig. 3). It has a spectral break at E ⇠ Ei,coh due to the
change of energy dependence of the mean free path. For
E > Ei,max, the spectrum has a cuto↵ that is slower than
the exponential (see Appendix A for the detailed results
of Monte Carlo simulations, including the parameter de-
pendence of the spectral shape and cases for the Bohm
limit). Since we consider kiloparsec-scale jets, we can ne-
glect energy losses due to proton synchrotron, hadronu-
clear, photohadronic, and photodisintegration processes.
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Recycling GCRs

Our model achieves  
i) Heavier composition  
ii) Hard spectral index  
iii) required luminosity density  
(L~2x1040 erg/s/Mpc3  
               for radio galaxies)
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Henry+ 99

e.g.)Takami+ 16

• Most of radio galaxies are 
elliptical galaxies  
—> enhance metal 
abundance by factor 3

element solar UHECR
H 1 1

He 9.7x10-2 0.29
O 5.2x10-4 5.8x10-2

Fe 3.0x10-5 5.1x10-3

Composition and spectral index are  
 NOT free parameters



Propagation in IGM
• Using CRpropa code that includes 

a) decay of nuclei  
b) photomeson production: p+γ —> p + π 
c) photodisintegration : NA+γ —> NA-1 + p  
d) photo-pair production: p+γ —> p + e+ + e-  
(the code includes other channels)

• Radiation fields:  
CMB (radio), EBL (infrared)

Kampert+12, Batista + 16

CR
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FIG. 4. The observed spectrum (upper panel), hX
max

i (mid-
dle panel), and �(X

max

) (lower panel) of the UHECRs at the
Earth. The data of PAO and TA are taken from [13–15].

escape, and propagation in intergalactic space. The ra-
dio galaxies can accelerate protons up to a few EeV and
irons up to 100 EeV, whose spectra are intrinsically hard
as required by the PAO data. TeV–PeV CRs in a galac-
tic halo are injected to the shear acceleration, leading to
the enhanced metal abundance suggested by the hXmaxi
and �(Xmax) data.

We stress that the spectrum and composition are es-
sentially determined by theoretical calculations and ob-
servations of Galactic CRs, respectively. Although the

calculation of propagation is slightly a↵ected by the red-
shift evolution of the sources and the EBL model [21],
this cannot change our conclusion. It is possible to alter
the source spectral index by superposing contributions
from radio galaxies that have di↵erent Ei,max. While
more luminous radio galaxies could accelerate UHECRs
to higher energies, LUHECR is independent of the jet lu-
minosity if all the radio galaxies have the same size of the
halos. Then, fainter radio galaxies such as FR Is may give
the most important contribution to the observed UHECR
flux. On the other hand, the source parameters, such as
lcoh, �jet, and Rsl, are uncertain. Phenomenologically,
all the uncertainties are absorbed by treating Ep,max and
LUHECR as free parameters. The source models with sim-
ilar values of Ep,max give the similar shape of the spectra
at the Earth, hXmaxi, and �(Xmax). According to obser-
vations and simulations of the jet propagation [61, 91],
Rsl/Rjet ⇠ 0.1 and �jet ⇠ 0.9 are also possible, where
we would need smaller Bcoc and larger lcoh to obtain the
required Ep,max and LUHECR.
We have considered shear acceleration in large-scale

jets, which is di↵erent from the scenario by [35] for
UHECR acceleration in blazar jets. Our model is also
di↵erent from [92], which relies on the first encounter
boost in the relativistic jet of � ⇠ 30 [93], whereas both
consider the injection of Galactic CRs. While such jets
could exist in sub-parsec scales as suggested in blazars or
even kiloparsec scales for the most powerful FR II galax-
ies, jets of FR Is are significantly decelerated in such large
scales, and mildly relativistic jets are considered in this
work [60–62].
FR Is and their blazar counterparts, BL Lac objects,

are observed by a broad range of electromagnetic signals
from radio to gamma-rays. The particles that emit the
observed electromagnetic signals are produced at di↵er-
ent site from the shear layer, e.g. internal shocks [94] or
turbulence [95]. These particles are unlikely to be reac-
clerated by the discrete shear, since their typical energy
is lower than Ei,inj [96].
Our model is consistent with the convergence picture

of UHECRs, neutrinos, and gamma rays [97], and the
corresponding cosmogenic neutrino flux is expected to
be ⇠ 10�10 GeV cm�2 s�1 sr�1. Gamma rays and neu-
trinos associated with large scale jets may not be easy
to detect due to long energy-loss time scales (cf. [98]).
Whereas electrons may be di�cult to be injected into
the shear acceleration process, it is important to study
indirect signatures through radio and/or X-ray observa-
tions [61, 65, 99] for testing our model.
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• Luminosity function for FR-I can be no redshift evolution 
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TABLE I. The parameter sets for the models shown in Figs.
2, 5, and 6

models R
jet

a ⇠c/j R
coc

b l
coh

/R
coc

Zi B
coc

c �
jet

Reference 0.5 10 5 0.03 1 3 0.7
A-1 0.5 10 5 0.03 26 3 0.7
A-2 0.5 10 5 0.03 1 15 0.7
A-3 0.5 10 5 0.03 1 3 0.5
B-1 0.5 4 2 0.03 1 3 0.7
B-2 1.5 10 15 0.03 1 3 0.7
C-1 0.5 10 5 0.003 1 3 0.7
C-2 0.5 100 50 0.003 1 3 0.7

a

In unit of kpc.

b

In unit of kpc, and l
jet

= R
coc

is assumed

c

in unit of µG.

FIG. 2. The return probability of the di↵using particles in
the cocoon as a function of �i,coc/Rjet

.

each other except for B-1 and C-2 that have di↵erent
values of ⇠c/j . This indicates that the return probability
depends only on �i,coc/Rjet and ⇠c/j under the assump-
tion of ljet = Rcoc.

When �i,coc
<⇠ Rjet, the majority of the di↵using par-

ticles return to the jet after a few random steps. This
feature does not change regardless of the physical param-
eters of the jet-cocoon system, as long as �i,coc < Rjet.
Then, the acceleration time is expressed as

tacc =
�t

(�E/E)
⇠ ⇣a

�i,coc

c�2
j�

2
jet

, (1)

where �t = ⇣a�i,coc/c is the typical residence time in
the cocoon per cycle and �E/E ⇠ �2

jet�
2
jet is the mean

energy gain per cycle [45]. Here ⇣a is a correction factor
that accounts for the average number of steps over the
accelerated particles.

On the other hand, when �i,coc
>⇠ Rjet, majority of the

particle escape from the cocoon without returning to the
jet. Only the particles that go back to the jet continue
to gain energies by the shear. Thus, the size of e�cient
CR acceleration region is limited by the jet size. The

FIG. 3. The intrinsic energy spectra of UHECRs produced
by shear acceleration with the injection of GCRs.

e↵ective confinement time in the acceleration region can
be represented as

tconf = ⇣c
Rjet

c
, (2)

where ⇣c = ⇣c(⇠c/j) is a geometrical correction factor that
takes into account the weak dependence on ⇠c/j . As seen
in Fig. 2, CRs have larger chance to return to the jet for
a larger ⇠c/j .

The condition tacc ⇡ tconf leads to the maximum en-
ergy in the energy spectrum of escaping CRs:

Ei,max ⇡ ⇣eZiBcocl
1/2
cocR

1/2
jet �jet�jet, (3)

where ⇣ ⌘ (⇣c/⇣a)1/2 and �i,coc / E2 is used. From
the simulation results, we found ⇣ ' 2.2(⇠c/j/10)

0.2 (see
Appendix A for the consistency of this estimate and the
simulation results), leading to Ei,max ⇠ 1.6Zi EeV for
our reference parameter set (see Fig. 3). We confirm this
scaling relation for mildly relativistic cases of �jet�jet ⇠
1 [69].

The discrete shear acceleration process is one of the
Fermi mechanisms, so the accelerated CRs have a power-
law spectrum. Almost all the accelerated particles can
escape. For E < Ei,max, the escaping CRs show a
hard power-law spectrum, dLE/dE / E�1 � E0 (see
Fig. 3). It has a spectral break at E ⇠ Ei,coh due to the
change of energy dependence of the mean free path. For
E > Ei,max, the spectrum has a cuto↵ that is slower than
the exponential (see Appendix A for the detailed results
of Monte Carlo simulations, including the parameter de-
pendence of the spectral shape and cases for the Bohm
limit). Since we consider kiloparsec-scale jets, we can ne-
glect energy losses due to proton synchrotron, hadronu-
clear, photohadronic, and photodisintegration processes.
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escape, and propagation in intergalactic space. The ra-
dio galaxies can accelerate protons up to a few EeV and
irons up to 100 EeV, whose spectra are intrinsically hard
as required by the PAO data. TeV–PeV CRs in a galac-
tic halo are injected to the shear acceleration, leading to
the enhanced metal abundance suggested by the hXmaxi
and �(Xmax) data.

We stress that the spectrum and composition are es-
sentially determined by theoretical calculations and ob-
servations of Galactic CRs, respectively. Although the

calculation of propagation is slightly a↵ected by the red-
shift evolution of the sources and the EBL model [21],
this cannot change our conclusion. It is possible to alter
the source spectral index by superposing contributions
from radio galaxies that have di↵erent Ei,max. While
more luminous radio galaxies could accelerate UHECRs
to higher energies, LUHECR is independent of the jet lu-
minosity if all the radio galaxies have the same size of the
halos. Then, fainter radio galaxies such as FR Is may give
the most important contribution to the observed UHECR
flux. On the other hand, the source parameters, such as
lcoh, �jet, and Rsl, are uncertain. Phenomenologically,
all the uncertainties are absorbed by treating Ep,max and
LUHECR as free parameters. The source models with sim-
ilar values of Ep,max give the similar shape of the spectra
at the Earth, hXmaxi, and �(Xmax). According to obser-
vations and simulations of the jet propagation [61, 91],
Rsl/Rjet ⇠ 0.1 and �jet ⇠ 0.9 are also possible, where
we would need smaller Bcoc and larger lcoh to obtain the
required Ep,max and LUHECR.
We have considered shear acceleration in large-scale

jets, which is di↵erent from the scenario by [35] for
UHECR acceleration in blazar jets. Our model is also
di↵erent from [92], which relies on the first encounter
boost in the relativistic jet of � ⇠ 30 [93], whereas both
consider the injection of Galactic CRs. While such jets
could exist in sub-parsec scales as suggested in blazars or
even kiloparsec scales for the most powerful FR II galax-
ies, jets of FR Is are significantly decelerated in such large
scales, and mildly relativistic jets are considered in this
work [60–62].
FR Is and their blazar counterparts, BL Lac objects,

are observed by a broad range of electromagnetic signals
from radio to gamma-rays. The particles that emit the
observed electromagnetic signals are produced at di↵er-
ent site from the shear layer, e.g. internal shocks [94] or
turbulence [95]. These particles are unlikely to be reac-
clerated by the discrete shear, since their typical energy
is lower than Ei,inj [96].
Our model is consistent with the convergence picture

of UHECRs, neutrinos, and gamma rays [97], and the
corresponding cosmogenic neutrino flux is expected to
be ⇠ 10�10 GeV cm�2 s�1 sr�1. Gamma rays and neu-
trinos associated with large scale jets may not be easy
to detect due to long energy-loss time scales (cf. [98]).
Whereas electrons may be di�cult to be injected into
the shear acceleration process, it is important to study
indirect signatures through radio and/or X-ray observa-
tions [61, 65, 99] for testing our model.
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Summary
• To fit the experimental data, the source of UHECR has 

a) Luminosity density ~ 1044 erg Mpc-3 yr -1  
b) Cutoff energy ~ 50 EeV 

c) Heavier composition for higher energy 
d) Large number density: n >10-6 Mpc-3  

e) Harder spectrum: s ~ 0—1
• Recycling GCRs by shear re-acceleration in radio 

galaxies are consistent with all the requirements.
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FIG. 1. The schematic picture of shear acceleration in a jet-
cocoon system of an AGN. A fraction of GCRs swept up by
the flow can be accelerated up to ultrahigh energies.

scattering mean free path is longer than the scale of the
shear velocity gradient, the acceleration is regarded as
the Fermi process in the discrete shear [42, 44]. In our
scenario, UHECR production proceeds in this regime due
to their large Larmor radii. The spatial di↵usion is im-
portant, so that we take a numerical approach to properly
consider the geometry.

A. Set up for Monte Carlo simulations

We consider a jet-cocoon system (see, e.g., [51, 52]). To
mimic the geometry of interest (see Fig. 1), we consider
two cylinders with radii of Rjet and Rcoc. We parameter-
ize the cocoon radius as Rcoc ⌘ ⇠c/jRjet. The shear be-
tween the jet and cocoon is given by the jet velocity, c�jet.
The cocoon is quasi-spherical in general. For simplicity,
we assume the vertical length of the jet and the cocoon to
be equal to the cocoon radius: ljet = lcoc = Rcoc, which
is su�cient for the purpose of this work.

We expect that both of the jet and cocoon have tur-
bulent magnetic fields that scatter the particles. We
can parameterize the mean free path inside the cocoon
as �i,coc = (E/Ei,coh)�lcoh, where lcoh is the coherence
length and Ei,coh = ZieBcoclcoh (Bcoc is the magnetic
field strength in the cocoon). The particle are resonantly
scattered by turbulence for E < Ei,coh, which leads to
� = 1/3 if we assume the Kolmogorov turbulence inside
the cocoon [e.g. 53]. On the other hand, particles are
scattered in non-resonant manner with small-scale tur-
bulence for E > Ei,coh, resulting in � = 2 [e.g. 54]. Both
the turbulence and magnetic field are likely to be strong
in the jet, and the di↵usion process in the strong turbu-
lence is likely to be the Bohm limit [49, 55]. Thus, we use
the Bohm limit there, �i,jet = E/(ZieBjet), where Bjet

is the magnetic field strength in the jet. The particles
move in a manner of the random walk by these interac-
tions, and undergo multiple passage through the shear
layer. This results in the discrete shear acceleration.

For a given nuclear species, we inject 262,144 particles
with an injection energy of Ei,inj (see Section IIIA) at
the jet-cocoon boundary at t = 0, and track them by a
time of t = tad ⇡ Rcoc/vexp, where vexp is the expan-
sion velocity of the cocoon. After this time scale, we
expect that the particles lose their energies due to the
adiabatic expansion. Since injected particles are reaccel-
erated to ultrahigh energies, more than 89 % of the par-
ticles escape from the system by the end of simulation
runs. The number of the injected particles is normalized
by the injection rate Ṅinj (see Section IIIA). The parti-
cles travel straightly until they are scattered by a mag-
netic field. The scattering angle distribution is assumed
to be isotropic in the rest frame of each fluid, which is
a simplified but reasonable approximation in our prob-
lem, given that almost all the particles experience many
scatterings during their residence time (cf. [56–58] and
references therein). When the particles di↵use out be-
yond the cocoon radius, Rcoc, or the jet length, ljet, they
are recorded as “escaping” particles.
Hereafter, we consider radio-loud AGNs, in particular

Fanaro↵-Riley I radio galaxies (FR Is), to demonstrate
our results (see Appendix C for an application to radio-
quiet AGNs). Powerful kiloparsec-scale jets are com-
monly seen in radio galaxies, and they are often accom-
panied by radio lobes or bubbles. The jets sweep up the
circumgalactic materials in galactic halos, and eventually
propagate into the intergalactic medium. The plasma in-
flated by the jet forms a cocoon, which is attributed to
a radio lobe or bubble. The length of the jet depends on
the age of AGN, and we consider the time when the jet
finishes sweeping the halo in which galactic CRs (GCRs)
are confined, i.e., ljet = Hh, where the scale height of the
CR halo Hh is set to 5 kpc [59]. Kiloparsec-scale jets of
FR Is are only mildly relativistic, so that the jet veloc-
ity is set to �jet = 0.7 (e.g., [60–62]). The ratio of the
cocoon to jet radii is given by ⇠c/j = 10 as a reference
value [63, 64], which leads to Rjet = 0.5 kpc. The mag-
netic fields are assumed to be Bjet = 0.3 mG (e.g., [65])
and Bcoc = 3 µG [66, 67]. The expansion velocity of
the cocoon is set to vexp = 3000 km s�1 [68]. For the
coherence length, we use lcoh = 0.03Rcoc as a reference
value. These fiducial parameters are consistent with the
observations of radio galaxies, and the spectral shape is
largely una↵ected by the change of the parameters.

B. Maximum energy by discrete shear acceleration

In our cases, the jet confines the CRs more e�ciently
than the cocoon, i.e. Rjet/�i,jet > Rcoc/�i,coc, which
means that the di↵usion in the cocoon determines the
maximum energy. If the particle di↵using inside the co-
coon returns to the jet, the acceleration cycle continues.
Otherwise, the particle escapes from the system. Fig. 2
shows the probability of a di↵using particle returning to
the jet as a function of �i,coc/Rjet for various parameter
sets tabulated in Table I. The lines completely overlap
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