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Radio galaxies as UHECR sources
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What do we now?
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what’s their origin
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The UHECR-radio
connection



The UHECR — radio connection

* CR power from the jet power: Q, = 1+k == Qjet

* gm: jet energy found in matter (hadronic and leptonic) => min. jet energy cond.: g,,, ==

NSRS

* k=0Q,/Q.: ratio of leptonic to hadronic energy = for a vanishing lepton fraction k << 1

. : I BL
Jet power from extended radio emission: Q. « Lc,

* Maximalrigidity from
magn. fl€/d energy QB - Cﬁjetnr P Q]et (ch + Qe) = Qjet(1 - gm)

and Hillas criterion R = Emax — Bsn_p,.
Ze faifr

8B
fc%iffﬁjet

R = gaccx/(]- - gm)Qjet/C» with ggec =
\
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The UHECR — radio connection

* CR power from the jet power:Q,, = ig:;c Qjet

* gm: jet energy found in matter (hadronic and leptonic) => min. jet energy cond.: g,,, ==

NSRS

* k=0Q,/Q.: ratio of leptonic to hadronic energy = for a vanishing lepton fraction k << 1

 Jet power from extended radio emission: Qjet X Lf’gl
* Maximalrigidity from
magn. field energy Qg = Cﬁjetnr — = Qjot — (Qer + Qe) = Qjec (1 — gy

and Hillas criterion R = Zmax — Bsn Br
Ze faifr

R = gaccx/(]- - gm)Qjet/C» with ggec =

8Bsh
fc%iffﬁjet

001 < ggee =15 Im <1 (gm ~ 4/7); pr =7
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Q. lergs™]

The jet power — radio connection

Godfrey+Shabala (2013): Ineson+ (2017):

@ o FRI Jet Power Estimates from X-ray Cavities.

@ @ FRIl Jet Power Measurements from Hotspots (g =2).
== Willott relation with f-20 (upper) and f-1 (lower).
— Extrapolation of FRI Q—L,;, relation.

50

= 10 3
48 FRII| ,<Qy (f=20) ;
g
8“1038 B
3

z0.1 LERG

i z0.1 HERG
10%¢

%

24 — % 28 S ‘ 28
1o From theor S 10 e
Lisy [WHz'Sr'] Y |51 MHz radio luminosity (WHz 'sr™")

Q 0 64 f FR l (Godfrey+Shabala 2016).
B, =1 Or¥RL 104 < B <14 g = .89

0.67 for FRII
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The jet power — radio connection

Godfrey+Shabala (2013):

Ineson+ (2017):

0.64 for FR],

@ o FRI Jet Power Estimates from X-ray Cavities.
50|m @ FRII Jet Power Measurements from Hotspots (g=2).
= = Willott relation with f-20 (upper) and f-1 (lower).
— Extrapolation of FRI Q—L,;, relation.
- 10% 3
a8 FRII| < Qu (f=20)
ael L+ Qy (f=1) =
2
8_ 10% -
5
44 R
® @
42} . .1 LERG
» . In any case. <¢> Zg.iHERG
e i& ERA LERG E
€ H H ERA HERG ]
¢ UHECR sources are not identical! X &5 woee | ]
< [
493 “33 24 s — ————
“~ “° 10 107 10
e From theor
Lys: [WHZzSr'] Y [51 MHz radio luminosity (WHz'sr)
(Godfrey+Shabala 2016).
_LC.N?L =

0.67 for FRII

0.4 < By <14

Br = 0.89
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The UHECR contribution
from radio galaxies



UHECRs from local radio sources

Using the radio flux to
estimate the CR contr. of
the local sources:

e Only a very limited
number of sources can
compete with the
brightest source (Cen A)

!
— Cygnus A
103 o FR-I
_ unclearfother contayrus A irgo A
2: l*9 vV+12 (RG) 3 Fornax A ’,@Centaurus - S ————
= 102. x 'WW+12 (SBG) o4 contr. . A S pictor A
° s 2_0_/_ ————————— PKS 1610-60  3C 353 @'ydra A
S ;
e
—=—==7J08C
v
10° X — :
10° 10*

distance [Mpc]

Eichmann+2022
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UHECRs from local radio sources

j Cygnus A

Using the radio flux to el B
estimate the CR contr. of ondeaioner Conaursa | yirgo
. 1*® \ - F A I
the local sources: 1021 x W+12(SBG) 0% COntY. Ornax-——-(_:in_t_af_r'u_?_?___PEtBr_A____
3C 353 KHydra A

PKS 2153-69

(Dradio [JY]

e Only a very limited
number of sources can
compete with the
brightest source (Cen A)

e Dipole anisotropy (colored)
generally agrees with this
source distribution

® Most hotpots (black dashed)
show associated sources
(except for the “TA-HS”)

e the majority of sources is
aligned with the
supergalactic plane

] :. .3c 386
® Cygnus A

Eichmann+2022
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UHECRs from local radio sources

/ - source spectrum SZ-(R, R(ch)) ='avetjage enha'm.cement fac'tor.due to |
The genera| approach: — diffusion and finite source lifetime (Harari+2021)
C (R\™° R\ £
n(R, r, tact) — an(Ra r, tact) =10 ( ) exp <_ ) é'(R,’I“, tact) ﬁ(Ra T),

~

= average spectral

: dN, C modification factor with
o8 ) Jo(RoTastaet) = qpazaran = an "B et |7 s

- S0i(R)

$924N0S |BIO|

Using rigidity instead of energy

Accounting for the angular distribution of arrival direction based on a isotropically
turbulent extragalactic magnetic field (Harari+2016) + Galactic (JF12) field

Eichmann+2022
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UHECRs from non-local radio sources

Continuous CR source function of radio galaxies based on
the[radio luminosity function (RLF)]from Willott+2001

104(5

Eichmann (2019)

B chr(ZZ) B ch A dN _l.; 101 ------------------- .!
\II'L(R, Z) = m = /ch Sz (R; R(QCI‘)) m QCI‘ f‘fg_ Lo o“
S \
Q2 \
: 1043 \
Cn: i e gl e R o |l o £, Vol \
n | e—FR, 3,=05 -\
& 107 PR, B =05 \,
Ng — = FRL, 3, =08 \\\“..
...provides an isotropic contribution on =" Tl Yo
==x FR-Il, B =1.0 e
40 1= \¢ ‘:.“
scales larger than the Local Supercluster 00 e
log(E/eV)
4 . . L . ] >
Including a diffuse contribution from the bulk of non-local (z>0.02) radio galaxies: | S
non-local € dt A = 8
Jcsf(R7 tact) = E dz & Z qu,i(Ra Z) incsf(Ry Z) %
\ i &
Eichmann+2022
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UHECRs from local+non-local radio sources

= average enhancement factor due to
The general approach- diffusion and finite source lifetime (Harari+2021)
—a R ﬂ_H .
R, B laa) = Z ni(R, T, tact) =0 | = exp 5 E(B.%, Laat) NLR,F)

= average spectral

: dN, C modification factor with
o8 ) Jo(RoTastaet) = qpazaran = an "B et |7 s

- S0i(R)

$924N0S |BIO|

Using rigidity instead of energy

Accounting for the angular distribution of arrival direction based on a isotropically
wment extragalactic magnetic field (Harari+2016) + Galactic (JF12) field

Including a isotropic contribution from the bulk of non-local (z>0.02) radio galaxies:

non-local > Jcsf(R7 tact) — 4i /dz
70

o J
@{> JR — JCSf = Zs JS ...is (roughly) independent of the actual CR element!

g
dz

$924N0S |B20|-Uou

Z qu,i(Ra Z) Az ﬁcsf(R7 Z)

Eichmann+2022
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Fitting the data

The general approach:
Using the observed compositional data to convert rigidity into (energy, mass):

EPOS-LHC

quadratic

2.5 cubic % apriori agreement with

—~ ¢ FD data A the <InA> data but not
T 2071 4 SDdata 3 necessarily with Var(InA)

> no constraint on the

1.5 initial elem. abund.
1.014
LI «* substantial decrease of
1018 1ot T 71020 the parameter space

E [eV]

...still the energy spectrum and anisotropy data (quadrupole strength is not included in
the parameter optimization) heeds to be fitted

Eichmann+2022
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Fitting the data

Using the five brightest local sources:
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Fitting the data

Using the five brightest local sources:

Gyr)

log(k)

long activity time + strong extragalactic
magnetic field needed!

log(x?)
Y
without quadrupole
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Fitting the data

Using the eleven brightest local sources:

1.7
0.6 )
1.6
0.4 k)
o)
1.5
0.2 a
5 1.4 2
o f 00 . O T e
3 z 3 133 >- S
8-02 -028 ¥ g o
-0.4 —0.4 g 1.2 =
1.1 2
-0.61 -0.6 3 g
-0.8 1-0.8 l 1.0 2
100 -0.75-050 -0.25 0.00 0.25 050 -2.0 -15 -10 -05 00 o5 ‘° ~20700-0.75 0,50 ~0.25 0,00 0.25 0.50 09/
l0g(Brms/1 nG) log(tact/1 Gyr) 10g(Bms/1 nG)
21 N\
0.5
2.0 )
o)
0.0 1.9 a
= 2
s 1.8 o)
g S-05 < o
028 3 173 >' >
028 3 E o
0.4 8-10 1.6 c
o
-0.6 15 =)
-1.5 5
-0.8 1.4 <
~19700 -0.75 -0.50 ~0.25 0.00 0.25 050 -2.0 -15 -1.0 -05 0.0 = ~2:9700 -0.75-0.50 ~0.25 0.00 0.25 0.50 L3/
109(Brms/1 nG) l0g(tact/1 Gyr) 109(Brms/1 NG)
.. . . . Eichmann+2022
Bjorn Eichmann Radio galaxies as UHECR sources

[arxiv:2202.11942]


https://arxiv.org/abs/2202.11942

Fitting the data

Using the eleven brightest local sources:

1038
; ‘
I
|
)]
—
I; " %3 -
N min(y<)-scenario:
€ 1037 —@— total
~ = =@ == low-lum. RGs
o~
> = =@ == high-lum. RGs
@ ~=¥-~- Fornax A
@ ....*.... V|rgoA
P, —4-=- 3C 270
w N .
1036 [ o Centaurus B

E [EeV]

> bulk of low-luminous (FR-I) radio galaxies dominants below the ankle

> just a few local sources (such as Fornax A, Virgo A) provide a significant
contribution above the ankle

... . . . Eichmann+2022
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Fitting the data

Using the eleven brightest local sources:

dipole strength:

10—1.
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Fitting the data

Using the eleven brightest local sources:
> source contributions:
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Fitting the data

-

=10.3EV
=39.5EV
=112.2EV

W ww

high-lum. RGs
low-lum. RGs
Cygnus A
Hydra A
Pictor A

3C 353

<+ tPKS 2153-69
PKS 1610-60
Centaurus B

s oo somos oo

+ewmone <1 3C270

Fornax A

Virgo A

Centaurus A

>

o
o
—

source contributions:

>

Using the eleven brightest local sources
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Fitting the data

Using the twenty-six brightest local sources:
> only small improvements, mostly with respect to the dipole direction:

160dipole direction (RA): dipole direction (dec):
min(¥?) =201
140 - - = B =0.1nG
«sskens Bre=0.5nG —301
—¢ == B.ms =1.0nG
51204 = ¢ Bms=50nG 2. _40-
< N Toge = 0.01Gyr 8
= 100 1 BN Tage =0.05Gyr O _gq
N Tage = 0.1Gyr
80 I Tage = 0.5Gyr —60 1
I Tage = 1.0Gyr
I Ty = 5.0Gyr —-701
10! 107 10! 107
E [EeV] E [EeV]
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Fitting the data

Using the twenty-six brightest local sources:
> only small improvements, mostly with respect to the dipole direction:

160 1dipole direction (RA):

dipole direction (dec):
min(¥?) =201
140 - = == Bms = 0.1nG

«ssless Bms=0.5nG —301

—<¢ = Boms =1.0nG .
o 120+ = > & Bme=5.0nG °. _40-
< N Toge = 0.01Gyr 8 3
= 100 1 I T, =0.05Gyr O .

_50 .
N Tage = 0.1Gyr

I Tage = 0.5Gyr —60
N Tage = 1.0Gyr

> UHECR data can already be explained by a 107
small local sample of FR-I radio galaxies.

80 1

L

> But with arbitrary (different) initial
element abundances

... . . . Eichmann+2022
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The hard spectra of
individual UHECR nuclel



The curious case of extremely hard spectra
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extremely hard spectra of the individual CR
elements (& rigidity dependent high energy
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Spectral hardness already at the sources;
OR
a result from propagation effects due to a
finite source life-time?
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The curious case of extremely hard spectra

Using a (dimensionless) emission time measure:

d; = ct;/Ip(E) with diff. lenght | oc (E/2)" withm>0 ___
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The curious case of extremely hard spectra

diffusion
enhancement

EPOS-LHC

+ syst. { data 0

. ¢
'''''
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4 : “magnetic horizon” cutoff
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quasi-rectilinear
propagation

. T il PR
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r lD
/ Z-dependent low energy suppression

leads to harder spectra

Extremely hard individual CR spectra as C:D

a result from propagation effects due to a
finite source life-time!
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The curious case of extremely hard spectra

diffusion
enhancement

d; = ct;/1p(E) with diff. lenght [_oc (E/Z)" withm>0

EPOS-LHC

+ syst. { data 0

. ¢
ooooo
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lg(E/eV)

enhancement factor

10

32 e .
i 128 e
[ steady

Energy density [erg Mpc™ dex”']

d|:05 e n ‘ S . _— TD:]
L 2 2 E 1054E ~ =t _
8 ° o F <A<

-dependent low energy suppression

leads to harder spectra

Extremely hard individual CR spectra as C:D

a result from propagation effects due to a
finite source life-time!
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Dominance of local sources

The necessary CR luminosity of an individual local source (with a finite activity
time) to dominate—against the large scale, steady state distribution of radio
sources—the observed UHECR flux above the ankle:

diffusive escape

diffusive escape

47.5
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—06 80 46.0 @
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R, = 60 Ta
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40 4452
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0.0- 0 43.0
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Dominance of local sources

The necessary CR luminosity of an individual local source (with a finite activity
time) to dominate—against the large scale, steady state distribution of radio
sources—the observed UHECR flux above the ankle:

diffusive escane
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> old and close-by (at most a few x 10 Mpc for 1nG rms EGMF strength)
sources are needed!
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...to obtain sufficient (but not too much) flux suppression at about Z EeV!
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Constraints on UHECR sources of finite life-time

..if:

® asingle source dominates at the highest energies (40EeV);

® magnetic horizon suppression at about the ankle (~5EeV);

e efficient UHECR production: guee v/ (1/gm — 1)(1 + k) =1

source spectral index: a=2;
hadronic interaction model: QGSJetll-04
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Constraints on UHECR sources of finite life-time

..if:
® asingle source dominates at the highest energies (40EeV);
® magnetic horizon suppression at about the ankle (~5EeV);

e efficient UHECR production: guee v/ (1/gm — 1)(1 + k) =1

source spectral index: a=2;
hadronic interaction model: QGSJetll-04
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Constraints on UHECR sources of finite life-time

|
® asingle source dominates at the highest energies (40EeV);
® magnetic horizon suppression at about the ankle (~5EeV);
e efficient UHECR production: guee v/ (1/gm — 1)(1 + k) =1

source spectral index: a=2;
hadronic interaction model: QGSJetll-04
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Constraints on UHECR sources of finite life-time
..if:

® asingle source dominates at the highest energies (40EeV);
® magnetic horizon suppression at about the ankle (~5EeV);

e efficient UHECR production: guee v/ (1/gm — 1)(1 + k) =1

source spectral index: a=2;
hadronic interaction model: QGSJetll-04
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Constraints on UHECR sources of finite life-time

...if:

® asingle source dominates at the highest energies (40EeV);
® magnetic horizon suppression at about the ankle (~5EeV);
e efficient UHECR production: guee v/ (1/gm — 1)(1 + k) =1

source spectral index: a=2;
hadronic interaction model: Sibyll2.3c

. Brm5=5.0nG
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Constraints on UHECR sources of finite life-time
...if:

® asingle source dominates at the highest energies (40EeV);
® magnetic horizon suppression at about the ankle (~5EeV);

e efficient UHECR production: guee v/ (1/gm — 1)(1 + k) =1

source spectral index: a=2;
1048 hadronic interaction model: EPOS- LHC

3 af ™ <
1047;PF?EL|M|;(|AR¥ TR
] < © <y O
2 10% | [5 | : % 2y Ha Y
E n l - I ¥ < I?é I§'H %UYE : M
T 10%: l : 5 ! > £ J =3 I BN 7.t = 0.01Myr
® 5 =¥ = S | _
O 1 » l 5 q s ' U«o. ANl T T = 1.0Myr
€ 10* J o ‘? /I > ill B ... = 100.0Myr
- ] l//g ¢ P H | I mmm B,.,,=0.5nG
1042 4 ——

100 10! 102
d [Mpc]

Bjorn Eichmann Radio galaxies as UHECR sources



Constraints on UHECR sources of finite life-time

...if:

® asingle source dominates at the highest energies (40EeV);
® magnetic horizon suppression at about the ankle (~5EeV);
e efficient UHECR production: guee v/ (1/gm — 1)(1 + k) =1

source spectral index: a=1.5;
hadronic interaction model: EPOS-LHC
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Constraints on UHECR sources of finite life-time

..if:
® asingle source dominates at the highest energies (40EeV);

® magnetic horizon suppression at about the ankle (~5EeV);
e efficient UHECR production: guee v/ (1/gm — 1)(1 + k) =1

source spectral index: a=2.3;
hadronic interaction model: EPOS-LHC
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% Radio galaxies (especially of FR-| type) are the
most promising sources of the UHECRs

% UHECR sources are:
... hot standard candles
... predominantly just a few that are close-by
... having finite life-time (which may harden the spectra)

» A possible scenario:
> bulk of FR-Is dominates in the “shin region”;
> g few individual local sources (e.g. Fornax A, Virgo A, ...)
dominate above the ankle.
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The UHECR — radio connection

Why radio instead of gamma-ray brightness?

e Gamma-ray flux:

* depends on the additional presence of a sufficiently dense target
population that is not in a simple relation with the CR density;

* can also be produced by non-hadronic processes like inverse
Compton scattering;

* is observed in the GeV-TeV regime, while UHECRs are above EeV

* Radio flux:

* radio luminosity is in a simple relation to the non-thermal power
of an object, which in turn is a plausible scaling quantity for the
power in CRs;

* is related to the magnetic field strength, so that it sets a limit to
the highest energy attainable in electromagnetic acceleration

Bjorn Eichmann Radio galaxies as UHECR sources



Details on
the parameter space



The parameter space

Accounting for individuality:

® jet power - radio correlation has a huge

uncertainty with respect to individual sources
(using individual measurements if available)
e jet power - CRis not uniform

individual values for g needed

® acceleration efficiency is not uniform } individual values for .. needed

® individual activity time t__ of high-luminous (FR-II) sources, but a uniform t . forthe others
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The parameter space

Accounting for individuality:

® jet power - radio correlation has a huge

uncertainty with respect to individual sources
(using individual measurements if available)

e jet power - CRis not uniform

individual values for g needed

® acceleration efficiency is not uniform } individual values for .. needed

® individual activity time t__ of high-luminous (FR-II) sources, but a uniform t . forthe others

® ...even more in general, but with a smaller impact
Parameter Value(s) Per Source Description
e [0.001, ..., 0.9] yes matter-to-jet power ratio
Jacc WLea.... ..., Al yes acceleration efficiency
e [L.5, . vone 23] no source spectral index
k [0.1,10.5,1, 5] no leptonic-to-hadronic energy density ratio
t.a [Gyt] [0:01,0.05, 0.1, 0.5, 1,5, 10] no low luminosity source lifetime
Bims [nG] [0.1, 0.5, 1, 5] no rms EGMF strength
l. [Mpc] 1 no EGMF coherence length
R [GV] 1 1no minimal CR rigidity
BL 0.89 no radio—jet power correlation index
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The parameter space ...ishuge

Accounting for individuality:

® jet power - radio correlation has a huge
uncertainty with respect to individual sources

e ind activity time ¢__ of high-luminous (FR-II) sources, but a uniform t . forthe others
e ...even more in general, but with a smaller impact
Parameter Value(s) Per Source Description
gm [0.001,..., 0.9] yes matter-to-jet power ratio
Jacc (U111 I | yes acceleration efficiency
« [L.5, . vone 23] no source spectral index
k [0.1,10.5,1, 5] no leptonic-to-hadronic energy density ratio
t.a [Gyt] [0:01,0.05, 0.1, 0.5, 1,5, 10] no low luminosity source lifetime
Binms [nG [0.1, 0.5,1, 5] no rms EGMF strength
l. [Mpc] 1 no EGMF coherence length
R [GV] 1 1no minimal CR rigidity
BL 0.89 no radio—jet power correlation index
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Details on
the UHECR contribution by
individual local sources



UHECRs from individual local sources

The general approach:

By Y -
n(R, r, tact) — Z nz(Ra r, tact) =10 (_v) exp <__A> é.(Ra r, tact) ﬁ(Ra T)
a~ R R A
4 - A C A
. Qer R*(2—a) = average enhancement
9 r2 (R2_O‘ . Rg_a) factor due to diffusion

and finite source
lifetime (Harari+2021)
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UHECRs from individual local sources

The general approach:

R\ ¢ Y =
n(Ra r, tact) — E 'I’L@'(R,T, tad:) =nNno (E exp _E g(R7T7 tact) TI(Ra T)
. ch R“ (2 . Oé) = average enhancement
9 r2 (R2_O‘ . Rg_a) factor due to diffusion
and finite source
lifetime (Harari+2021)
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UHECRs from individual local sources

The general approach:

24 Wi Y =
’TL(R, & taet) - Z"%’(R,T’, tact) =0 (_V) exp (—7) §(R,r, tact) ﬁ(Ra T)
- A 4 N\
C ch V. (2 - Oé) = average spectral
9 r2 (R2—a . R2_0‘) modification factor with
(R.r) = Si(R, 1)
’r/'b 9 — SO’Z(R)

dotted=He; dashed=C; dash-dotted=Si; solid=Fe

— ]

— r=5Mpc
— r=32Mpc
— r=207 Mpc
—— r=1332Mpc
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UHECRs from individual local sources

The general approach:

R\ ¢ Y =
n(R, r, tact) — Z nz(Ra r, tact) =10 (_v) exp <__A> é.(Ra r, tact) ﬁ(Ra T)
[_ Qer R~ (2 - 0‘)\
o Qe r (R2—a . RQ—a)

Using rigidity instead of energy:
e CR transport depends predominantly on the particle’s rigidity

dotted=He; dashed=C; dash-dotted=Si; solid=Fe

0.0
-0.2 .

= _04 ¥ ‘ Change of the prim. particle’s rigidity is

T 06— rraee roughly independent of the nucleus type

o ‘ — Ro=[1.0; 3.

- Ro=[3.5; 12.0]EV
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UHECRs from individual local sources

The general approach:

R\ ¢ Y =
TL(R, r, tact) = Zn'L(Ra r, tact) =10 (1_?) exp (_§> f(R,T, tact) ﬁ(Rv T)

Using rigidity instead of energy

Accounting for the angular distribution of arrival direction based on a isotropically
turbulent extragalactic magnetic field (Harari+2016) as characterized by the

concentration parameter K of the Fisher distr.: ~Z
N
102 4 \\\
s« 101 == R=1.0EV
R=5.6EV
m= R=316EV = .
100' ety =0, 1GY PN emsat” -7
- t.=1.0Gyr D P
ipd =" tace = 10.0Gyr el
10° 101 102
r [Mpc]
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UHECRs from individual local sources

The general approach:

R\ ¢ Y =
TL(R, r, tact) = Zn’L(R) r, tact) =10 (E) exp <_§> f(R,T, tact) ﬁ(Rv T)

4 2 N\
Qe R~ (2—a)
- 2mer? (R2—a _ RQ—a)

Using rigidity instead of energy

Accounting for the angular distribution of arrival direction based on a isotropically

turbulent extragalactic magnetic field (Harari+2016) + Galactic (JF12) field

A
4 N\

using the “lensing approach”
(Bretz+2014, Eichmann+2020)
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Details on
the UHECR contribution by
the large-scale population



Constraining the non-local source contribution

. . . . 1074
e Using the radio luminosity o —— Rl
] e ; - FRII
functlon (RLF) PR from T 1079 — wo1
. . o — MSO07
Willott+2001 to obtain g 107
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° 10719 5 \‘\
e Continuous CR source function gl & & WK
. . 22 23 24 25 26 27 28 29
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Constraining the non-local source contribution

. . . . 1074
e Using the radio luminosity o —— Rl
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Spectral behaviour constraints

Bulk of FR-I and FR-Il sources have a different critical rigidity:

R, = gacc\/(l T gm)Q*/C: with Q* X Lﬁljp
0.01 < gooe <1; g <1 (g, ~4/7); 04<B, <14

> R, > 30 EV to enable an explanation of the UHECR flux < 30 EeV

JCAP(2019)05

s R, in the case of
>
£ jl> FR-1 depends
! significantlyon ;.
o 107 — R g 05 .
57 == = FR-l, 3 =0.8 \ ‘0"
?ﬂ 104 = FR-Il, 3, =0.8 W .
« FR-l, B, =1.0 \\ K
« FRI, 3, =1.0 ||\‘ “:‘

—
=
=
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Spectral behaviour constraints

Bulk of FR-I and FR-Il sources have a different critical rigidity:

R, = gacc\/(l T gm)Q*/C: with Q* X Lﬁljp
0.01 < gooe <1; g <1 (g, ~4/7); 04<B, <14

"D | guee > 30 EV/ — g,0)0./¢, with Q. = Q.(B)
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Spectral behaviour constraints
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UHECRSs from the large-scale population

® Energy spectrum

Chemical Composition for an

(extreme) hard source spectrum
(e.g. Auger 2021, Allard+2021)

Spectral dipole amplitude
(e.g. Allard+2021)

a (dipole amplitude)

(e.g. Eichmann 2019)

---- Qu=0;model A —— Qu
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® [eVZ/(km?

185

=1modelA 4 Augerdata

--=- Qu=0;modelA =—— Qu=1; model A 4 Auger data
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107 Allard+2021
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Volume limited approach
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7@@997 reconstructed dipole
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UHECRSs from the large-scale population

But using identical sources (same maximal rigidity and CR power)
> which needs to be the case if the large-scale population dominates (see Ehlert+2022)

e Chemical Composition for a G T .
(extreme) hard source spectrum (e.. ; _______ !
Auger 2021, Allard+2021) ;E s

0SHERC2021)31

% | ) E E
18.0 18.5 19.0 19.5 20.0 18.0 18.5 19.0 19.5 20.0

loglO(E/eV) loglO(E/eV)
100 Auger dipole amplitude Vs E
Allard+2021 s
e Spectral dipole amplitude J ] i
(e.g. Allard+2021) ? Allard+2021
é. } [ dipole location skymap (300 realizations) | ~ Model A
- - ﬁ( 9 i Baseline v?:én;(I;;uFted catalog
JF12+Planck GMF
~ / // 0 4Ac=200 pc

© 8<E<16EeV
@ E>8Eev
@ 4<E<8EeV

e Dipole direction & quadrupole amplitude x \ \
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Details on
possible UHECR sources



Possible UHECR sources

K/

% Active Galactic Nuclei (AGNs) are the most likely (steady) sources of UHECRs

Blazar

low power high power

.+ Centaurus A BL Lac FSRQ

Cygnus A

radio-lou* (RL) AGN

BLRG
PRI "
NLRG

/\"! X

absorbed

reflected

Seyfert 2 \% \raﬂ'-:'“\"“ed
=l /

<
Seyfert 1 \

> ...but which population?

\/

dusty absorber
accretion disc
electron plasma
black hole
broad line region
narrow line region

radio-quiet (RQ) AGN
51° |
» |
/ ¥,
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Possible UHECR sources

7/

< Observational constraints:

> Minimal CR emissivity:
LN, =6x10* erg/(Mpc’yr) for E>5EeV
L..n__=10%erg/(Mpc’yr) for E>0.3EeV

E*I [eV2 km?
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Y02
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‘logw(E/eV) h

“’ll) |

10%8

1016 _.
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‘B] Lac

KachelrieR (2021)
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Possible UHECR sources

7/

< Observational constraints:

> Minimal CR emissivity:

LN, =6x10* erg/(Mpc’yr) for E>5EeV
LN, =10% erg/(Mpc’yr)

> Absence of small-scale clustering:
Large source density or magnetic field defl.
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Possible UHECR sources
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Possible UHECR sources

7/

% Theoretical constraints:
> Hillas condition:
r=E/(ZeB)sr_ — E_ =[ZeBr_
> Blandford (-Lovelace) condition:
CR Power/Luminosity L = UI=U?%/R;
using a (vacuum) impedance R=1000Q)
& including bulk motion (I') effects:
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