Can radio galaxies solve the UHECR puzzle?
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The (regular) simulation setup:

SO C S UHECR
* SOURCES: A AT /IR
* Individual local Radio \ CRPropal * * ® » =&
Galaxies (RGs)* |
satellite—
e Bulk of non-local RGs experiments

;!.'7\

Cherenkov-
detector

e ENVIRONMENT: N Acme

* Local extragalactic magnetic
field (EGMF) up to 120Mpc
distance**

* Photon fields by CMB & IRB

intergalactic
magnetic fields

Earth

underground-
detector

airshower

detecct’glr<

* PROPAGATION of UHECRs:

* Performed with \ _uHEcR (..., e _J
CRPropa3***

airshower Atmosphere

*van Velzen et al. (2012); **Dolag et al. (2005); ***Batista et al. (2016)
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\First explanation approach
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(I) Can UHECRSs by Cyg A be
iIsotropized?



The inverted simulation setup

e Extended EGMF models by
Hackstein et al. (2018)

* 3 primordial models (p, p2R, p3R)

* 3 astrophysical models (a, alR, aR)
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The inverted simulation setup

e Extended EGMF models by
Hackstein et al. (2018)

* 3 primordial models (p, p2R, p3R) extended
EGMF

» 3 astrophysical models (a, a1R, aR)

* Include interactions with the
EBLand CMB

* Observer sphere with radius =
source distance

* Defl. angle 8 = (P, Jsrc)

* Re-weighting needed:
Apply [cos 8]~ (sin8) ™! to CRPropa3
obtain a proper CR flux
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The deflection & trajectory lengths of Cyg A

100.0 —pu—— e —

10.0

p —
1.0 = p2R = alR
— p3R = aR

Only the primordial models
(p, p2R, p3R) are able to
isotropize UHECRs from Cyg A
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The deflection & trajectory lengths of Cyg A
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The deflection & trajectory lengths of Cyg A
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Either the arrival directions of UHECRs provide a (too) high
degree of anisotropy or the delay exceeds the source age!
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(Il) Can the bulk of non-local
radio galaxies provide the
observed UHECR flux?



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:

* more robust, as the 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

Wl >
——
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The UHECR — radio connection

* CR power from the jet power: Q,, = Im Qjet

1+k
* 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: Q.; x Lfl’)’gl
* Maximalrigidity from
magn. fIEId energy QB = Cﬁjetnrzg = Qjet - (ch + Qe) = Qjet(1 - gm)

and Hillas criterion R = Emex — Bsh_p,.

Ze faifr
5 ~ : _ 8B
R = gaccx/(l o gm)Qjet/C» with Yacc = £2. B
dif fPjet
\
-
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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,,, =

SERS

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

* Jet power from extended radio emission: Q.; x Lfgl
* Maximalrigidity from
magn. fl€/d energy QB - Cﬁ]etnr P Q]et (ch + Qe) = Qjet(1 - gm)

and Hillas criterion R = Zmax — Bsn Br
Ze faifr

8B
fc%iffﬁjet

R = gaccx/(l — gm)Qjet/C» with ggec =

001 < ggee =15 Im <1 (gm ~ 4/7); pL =7
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Study of the non-local source contribution

Include fundamental differentiation between FR-l and FR-Il sources

Use the jet-to-radio-power correlation
from Godfrey & Shabala (GS):

@ o FRIJet Power Estimates from X-ray Cavities.
@ @ FRIl Jet Power Measurements from Hotspots (g

50

2).
= Willott relation with f-20 (upper) and f-1 (lower).
— Extrapolation of FRI Q—L,;, relation.

a8 FRI FRI|]  ,<Qu (f=20)

0.67 for FRII

@(obs. bias)

0.5 for FR1
GS2016: B, = /
P {0.8 for FRII

(from theor. expectations)

j|> 652013: B, = {0.64 for FR1,

Q. lergs™]

’
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Study of the non-local source contribution

Include fundamental differentiation between FR-l and FR-Il sources:

e Use the jet-to-radio-power correlation

from Godfrey & Shabala:
. , * Use the radio luminosity

0.5 for FRI, | function from Willott et
PL=108 for FRII al. (2001):

but in principle: )
04< 5, <14 A -
| ' é’ 10-7 |
".Z 1078 ;
EQ 1079 5
e 10—10_

10711 T T - T — — . T
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I EE log(P151 / W Hz™1 sr71)
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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

g 10t R, in the case of
=
2 j‘> FR-I depends
— 10%
i significantlyon ;.
= 152 e
i e FR-Il, 8, =0.5 \\
= — = FR-l, 3, =08 ANLICH
W g | == FRI, B, =08 M

« FR, B; =1.0 )} .-

- FRII, B, =1.0 I\\ 5

104() | R La
17.0 17.5 18.0 18.5 19.0 19.5 20.0 20.5
log(E/eV)
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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

j\> acc > 30 EV/\/(l - gm)Q*/C:With Q.= Q.(BL)
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Spectral behaviour constraints
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Total amount of UHECR energy constraints

Bulk of FR-1 and FR-Il sources provide a differentamount

of UHECR energy (6EeV < E < 20EeV) at Earth:
* dependent on the initial spectral index a, g.,,, 9accr Br
* takeR, > 30EV and g,.. > 0.1 into account

1.0 1.0

25%
B 50% SS

0.8 ] 100% 0.8 S

0.2 25.0%

50.0% FR-1I

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 0.4 0.6 0.8 1.0 1.2 14

FR-1l: hardly provide more than 25% of the obs. energy;
FR-I: provide 100% of the obs. energy for a wide range of parameters.
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Proof of principle fit scenarios

Scenario I:

Scenario ll:

4 4
Both FR types: a = 1.8, g,, = = Both FR types: k =0, g,,= =~ Jace = 0.2
FR-I: ., =09, k=12, ga.c = 0.8 FR-I: =05, a=1.9
FR-Il: 5, =08, k=0, guee = 0.1 FR-II: B, =0.8, a =138, 10 X Qjet
-—-- Qu=0;model A =—— Qy=1; model A 4 Auger data -~ Qu=Gimodel  —— Oy =1L mudel A 4 Auger data
10% 1=
‘\‘;.:1037 %1037
o o
1036 1036
18.0 18.5 19.0 19.5 20.0 18.0 18.5 19.0 19.5 20.0
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(lll) Can individual local
sources contribute?



Constraints on the local source contribution

(...only a rule of thumb estimate so far.)

e At EX100EeV individual local source(s) needed.

e Three basic constraints:
o P 2P (CenA)/X ; with 100X 21
cr cr p p
o Rz2R_.
min
o ds dGZK(Rmin’A’ Z)
e Two additional constraints from the deflection by the EGMF:
T, (EGMF,R_)<T
elay min ag
o 0, . (EGMF, Rmin) 20

defl min
...using the primordial (p) and astrophysical (a) EGMF models by Hackstein et al. (2018)

e
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Constraints on the local source contribution

The possible local source sample:
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Constraints on the local source contribution

The possible local source sample:
> distant, low-luminous sources don not provide enough CRs

104

103 4
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Constraints on the local source contribution

The possible local source sample:
> distant, low-luminous sources don not provide enough CRs
> nearby sources (especially SBGs) hardly accelerate above 8EV

104

10°
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10!
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Constraints on the local source contribution

The possible local source sample:
> distant, low-luminous sources don not provide enough CRs

> nearby sources (especially SBGs) hardly accelerate above 8EV
o foralight composition at 50 EeV only Cygnus A and Hydra A are possible sources

104

103
> 102
:& 101 —— P, =PC"4/100.0

- —— R=50.0EV
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107!
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Constraints on the local source contribution

The possible local source sample:
> distant, low-luminous sources don not provide enough CRs
> nearby sources (especially SBGs) hardly accelerate above 8EV

o for atightcompesitienat50-EeM — composition at 50 EeV is rather heavy (PAO)
104

10°
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—— P =PC4/100.0
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101
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0
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Constraints on the local source contribution

The possible local source sample:
> distant, low-luminous sources don not provide enough CRs

> nearby sources (especially SBGs) hardly accelerate above 8EV
o for alight composition at 50 EeV — composition at 50 EeV is rather heavy (PAO)

104
103
50 102 —— P, =PCM4/100.0
;"3 . —— R=>8.0EV
=== Tdelay(P, 8.0EV) < Tage
0
1001 0 e T el o teth dEaEr el . | 0 Tdelay(P2R, 8.0EV) < Tage
1071
10° 10! 10° 10

distance [Mpc]

> Finite source age (Tage=100Myr) constrains to a few hundreds of Mpc for strong EGMF (p,p2R)
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Constraints on the local source contribution

The possible local source sample:
> distant, low-luminous sources don not provide enough CRs

> nearby sources (especially SBGs) hardly accelerate above 8EV
o for alight composition at 50 EeV — composition at 50 EeV is rather heavy (PAO)

10°
103 —— P =PC4/100.0
—_ —— R=8.0EV
2
S 10 G Tde|ay(p, 8.0EV) < Tage
=l
3 10t Y o o , | A B Teetay(P2R, 8.0EV) < Tage
Q -
~== Bgen(p, 8.0EV)>45°
0 -
0 e, 8% R | Baen(p2R, 8.0EV) > 45°
101
10° 10? 10? 10°

distance [Mpc]

> Finite source age (Tage=100Myr) constrains to a few hundreds of Mpc for strong EGMF (p,p2R)
> Minimal deflection criterion excludes sources up to few tens of Mpc for strong EGMF (p,p2R) and
the whole local source sample for a weak EGMF (a).
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Constraints on the local source contribution

The possible local source sample:
> distant, low-luminous sources don not provide enough CRs

> nearby sources (especially SBGs) hardly accelerate above 8EV
o for alight composition at 50 EeV — composition at 50 EeV is rather heavy (PAO)

104
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102

Pradio UY]

10!

10°

0—1
10°

A\

—— P, =PCE/100.0

—— R=8.0EV
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~=~ Bgen(p, 8.0EV) > 45°
----- Baer(P2R, 8.0EV) > 45°

10! 10° 10°
distance [Mpc]

Finite source age (Tage=100Myr) constrains to a few hundreds of Mpc for strong EGMF (p,p2R)
Minimal deflection criterion excludes sources up to few tens of Mpc for strong EGMF (p,p2R) and

the whole local source sample for a weak EGMF (a).
> Different jet-to-radio-power correlations of FR- (BL=0.6) and FR-II (BL=0.8) have only a minor effect
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Constraints on the local source contribution

The possible local source sample:
> distant, low-luminous sources don not provide enough CRs

> nearby sources (especially SBGs) hardly accelerate above 8EV
o for alight composition at 50 EeV — composition at 50 EeV is rather heavy (PAO)

A small sample of possible sources

remain only for the strongest EGMF:
NGC 1275, 2MASX_J12543570-1234070, _ _
NGC 5090, IC 4296, CGCG 114-025, NGC 4696. ...but more details are needed (work in progress)...

Finite source age (Tage=1OOMyr) constrains to a few hundreds of Mpc for strong EGMF (p,p2R)
Minimal deflection criterion excludes sources up to few tens of Mpc for strong EGMF (p,p2R) and
the whole local source sample for a weak EGMF (a).

> Different jet-to-radio-power correlations of FR-I (BL=O.6) and FR-II (BL=O.8) have only a minor effect

A
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(I) Can UHECRSs by Cyg A be isotropized?
No; or yes, but the delay exceeds the source age!

(ll) Can the bulk of non-local radio galaxies provide

the observed UHECR qux?
Yes, but predominantly FR-I radio galaxies!

)
2 an \20\,
£\C

(lll) Can individual local sources contribute?

They need to, but maybe these sources are
even long gone...
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Hackstein et al. (2018) EGMF models
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primordial2R non-radiative ((B2))9® =1nG,ng = —3
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astrophysical cooling and AGN feedback 5-10%8 erg, 2 < 4; Bg = 10! nG very weak
astrophysicalR ~ cooling and AGN feedback 10%0 erg, 2 < 4; Bp =10~ nG c
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astrophysicalIR  cooling and AGN feedback 1060 ergto 5- 10°8 erg, z < 1; By = 1011 nG
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Constraints on the local source contribution

The impact of the chosen value of Gmin:
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