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Outline of the talk

© Introduction = HL talks Engel & Rubtsov

@ Observations and their interpretation:
» Energy spectrum
CR composition > 1017 eV

Anisotropies and correlations
EGRB, cascade limit and neutrinos

v

} = transition

v

v

© Sources:

» General constraints
» Comment on EGMF

» specific sources: starburst galaxies, GRBs, AGNe
Q@ Summary
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Observations and their interpretation Energy spectrum

Energy spectrum

—
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@ traditionally: 6 parameter fit,

> broken power-law, with ankle as break energy
» “GZK suppression”
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Observations and their interpretation Energy spectrum

Instep: a new spectral feature?

@ spectrum from raw data:

[PAO 20

10%

1037

JME) x E3[km?yrisrlev?
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Observations and their interpretation

Instep: a new spectral feature? (PO 20]

@ spectrum from raw data:

10%

JWE) x E3[km?yrisiev?

i

1 L L Lo
10" 10%°
Energy [eV]

@ 6 parameter: bad fit x?/d.o.f. = 35.6/14
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Observations and their interpretation

Instep: a new spectral feature? (PO 20]

@ spectrum from raw data:
e 6 parameter: bad fit x?/d.o.f. = 35.6/14

@ add one more break:
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@ new spectral feature?
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Observations and their interpretation Energy spectrum

Sequence of power-laws — good approximation?

@ propagation effects vs. different populations, nuclear groups

10° red shift
S
u(! nee
c
S
©
9O
= L 4
T 10
£

2 Niotal
1010‘7 10" 10" 10% 10*

E, eV
@ generally: reduce errors and/or energy resolution = more segments
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Observations and their interpretation Energy spectrum

Sequence of power-laws — good approximation?

@ propagation effects vs. different populations, nuclear groups
e generally: reduce errors and/or energy resolution = more segments
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Observations and their interpretation Energy spectrum

Sequence of power-laws — good approximation?

@ propagation effects vs. different populations, nuclear groups
e generally: reduce errors and/or energy resolution = more segments
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Observations and their interpretation

Interpretation [PAO 201

@ single source: excluded by anisotropy
@ transition between different nuclear groups:

— 10%
=} S Auger 2019 Preliminary
e |
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Observations and their interpretation

Interpretation

[PAO 20|

@ single source: excluded by anisotropy
@ transition between different nuclear groups:

10%

B’ [eV2 km? sr! yrl]

1037

1036

Auger 2019 Preliminary

P
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1 - L AN
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logm(E/eV)

+ good fit of spectrum and composition

— additional component below ankle needed
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Remark: identical sources vs. population
@ most analyses use average or typical sources
@ what changes using full population?
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Observations and their interpretation Energy spectrum

Remark: identical sources vs. population
@ most analyses use average or typical sources
@ what changes using full population?

@ previous fit:

0%

Auger 2019 Preliminary

T T
.

EY [eV2 km? sl yr!]

107

10%

L L
190 195 200 205
log, (E/eV)

L i
180 185

» Ex.: effective spectra for source population dng/dEp.x ~ E;]gx with
dNppj/dE ~ E~
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Observations and their interpretation Energy spectrum

Remark: identical sources vs. population

@ most analyses use average or typical sources
@ what changes using full population?

@ previous fit:

» Ex.: effective spectra for source population dns/dEpax ~ E;lgx with
dNppj/dE ~ E~©

= observed spectrum dNgr/dE ~ B~ /1

» flat “average” spectra require even flatter single source spectra
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Observations and their interpretation Energy spectrum

Remark: identical sources vs. population

@ most analyses use average or typical sources
@ what changes using full population?

@ previous fit:

» Ex.: effective spectra for source population dns/dEpax ~ E;lgx with
dNppj/dE ~ E~©

= observed spectrum dNgg/dE ~ E-¢—A+1

» flat “average” spectra require even flatter single source spectra

@ typical source = population: RMS(Xax) becomes wider
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Observations and their interpretation

Composition of CRs: [PAO 18]
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mixed composition:
indicates Peter's cycle

p+He~ 50%, plus intermediate nuclei; (Galactic) iron: < 20%
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Observations and their interpretation CR composition > 1017 ev

Composition of CRs: [PAO 18]

1 — EPOS-LHC

=== Sibyll2.3
0.8
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0.2

composition fraction

~ \H‘\H‘\H‘\H‘\HI

0

[N

Tlg(Elev)

mixed composition:
indicates Peter’s cycle

p+He~ 50%, plus intermediate nuclei; (Galactic) iron: < 20%

TA analysis '21:

mainly proton+He
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Potential anisotropies:
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Observations and their interpretation

Potential anisotropies:

E > 57 EeV

Various signatures for deviations from isotropy:
small-scale anisotropies or multiplets: absent
medium-scale anisotropies, hot and cold spots evidence
dipole anisotropy detected
cross-correlations UHECR and source catalogues evidence
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Observations and their interpretation Anisotropies and Correlations

Observation of dipole [PAO 17, 18]
e F > 8EeV: dipole observed with 4 ~ 6.5% and R.A. ~ 120°

1.10

1.05
[%]
Q
8
°©
& 100
©
£
(=}
pa
0.95 .
E>8 EeV
I first harmonic
first+second harmonic --------
0.90 S E D
360 300 240 180 120 60 0

Right Ascension [deg]
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Observations and their interpretation

Observation of dipole

[PAO 17, 18]
e E > 8EeV: dipole observed with A ~ 6.5% and R.A. ~ 120°

90

180

-180

-90
@ direction consistent with extragalactic mass distribution
Michael KachelrieB (NTNU, Trondheim)
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Dipole: interpretations
@ open questions:
» few nearby sources vs. LSS

» EGMF: magnetic horizon limiting Acr?
» GMF: shift of dipole direction

[ICRC Lang # 1387, Ding # 1415 ]
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Extragalactic Cosmic Rays



(Ol ETAVE A ERE RS T IS ELE M Anisotropies and Correlations

Dipole: interpretations
@ energy dependence of amplitude and phase can be reproduced

@ observation, Auger exposure /ymax =1
Case d90, Auger exposure Imax =1
Case d90, full sky /max>1

m  Case d90, full sky, illumination

® Case SH*, Auger exposure /max =1

030
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: . | .
go.10
5 |
o
Q *
o
5 *I
I
0.05 .
.
8-16 =8 16-32 =32
0.03
8 10 20 30 40 50
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[ICRC Ding # 1415 ]
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(Ol ETAVE A ERE RS T IS ELE M Anisotropies and Correlations

Dipole: interpretations
@ energy dependence of amplitude and phase can be reproduced

¢

*

observation, Auger exposure /max = 1
Case d90, Auger exposure Imax =1
Case d90, full sky Imax>1
Case d90, full sky, illumination
Case SH*, Auger exposure lmax =1

0.20

0.10

dipole amplitude

0.05

0.03

> —e

* 90—

*
8-16 =8 16-32 =32
10 20 30 40 50
E [EeV]

[ICRC Ding # 1415 ]

» use CosmicFlows-2 catalogue of peculiar velocities = LSS effect

» TA hot spot less pronounced = caused by local sources?
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Observations and their interpretation

PAO correlation analysis: [PAO 18]
 Populations ‘ Composition scenarios 19
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(Ol ETAVE A ERE RS T IS ELE M Anisotropies and Correlations

PAO correlation analysis: [PA0 113
 Populations ‘ Composition scenarios 19
251 —=— Starburst galaxies —A ]
[ ——y-ray AGN - - - No attenuation EPe
- C 07
L . o
é 20[— ENR
1l C =10 o
L 7 <
0 L ]
o1 I
L2 —=10° @
3 17 =
g 10 E
3 EI
[ E
5 10
0 r".-"‘o._ -~ ; 1
30 40 50 60 70 80
Threshold energy [EeV]
~ 4o significance relative isotropy: reduced at ICRC '21

best-fit values: SBG fraction 10%, search radius 6 = 13°
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Observations and their interpretation Anisotropies and Correlations

PAO correlation analysis: [PAO 18]
Model Flux Map - Starburst galaxies - E > 39 EeV

for uniform exposure from starburst galaxies:

main contribution: M82 (TA HS), M83, NGC4985, NGC253

Michael KachelrieB (NTNU, Trondheim) ICRC, 21.July '21 12/26



Observations and their interpretation Anisotropies and Correlations

PAO correlation analysis: [PA0 115
Model Excess Map - Active galactic nuclei - E > 60 EeV

# events per beam

Beam size
=15

evts

for uniform exposure from AGN

main contribution: Cen A
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(Ol ETAVE A ERE RS T IS ELE M Anisotropies and Correlations

PAO correlation analysis: [PA0 113
Observed Excess Map - E > 39 EeV

# events per beam
-
o

~~ Beam size
-20 N, = 40
Comments:
unknown penalty for searches in multiple catalogues...
source confusion:

+ nearby LSS contributes
— but which source type? = need to reduce § = proton rich events
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Transition to extragalactic CRs

@ HL talk by Alex Kaapa: propagating CRs in JF12 model for the GMF
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Observations and their interpretation

Transition to extragalactic CRs
@ HL talk by Alex Kaapa: propagating CRs in JF12 model for the GMF

Galactic residence time
GCRs

le(//EV) =

-2.9375
— 25625
— 21875

-1B125 |

-1.4375
—— -1.0625
—— -0.6875
— 03125
— 00625
—— 04375
— 08125
— 11875
— 15625
— 19375

Number of particles

10! 10 10°
Time [Myr]

w1
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Observations and their interpretation Transition to extragalactic CRs

Transition to extragalactic CRs

@ HL talk by Alex Kaapa: propagating CRs in JF12 model for the GMF

Galactic residence time
GCRs

le(R/EV)
-2.0378
—— -2.5625
— 2187
-1.8125
14375
— -1.0625
—— 06875
— 03128
— 00625
—— 04375
— 08125
— 11875
— 13625
— 1337

Number of particles

10"

lEJl" 10" 10! 10 10*
Time [Myr]

® Tesc ~ 10Myr @ PeV = Toge ~ E/3 = Toec ~ 500 Myr @ 10 GeV
@ CRs escape too slow in JF12 model with default parameters
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Observations and their interpretation Transition to extragalactic CRs

Transition to extragalactic CRs
@ HL talk by Alex Kaapa: propagating CRs in JF12 model for the GMF

0 Tese ~ 10 Myr @ PeV = Tege ~ EY/3 = 7oc ~ 500 Myr @ 10 GeV
@ CRs escape too slow in JF12 model with default parameters

@ one option: anisotropic diffusion [Giacinti, MK, Semikoz '14, '15, '18 ]
—
5 kpc
I ! T
0 1 2 3

uG
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Observations and their interpretation Transition to extragalactic CRs

Early transition

1= = EPOS-LHC
.5 - === Sibyll2.3
° 0.8 —
© -
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g C
5 02—
o L

C -
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Both TA & PAO: composition 6 x 10'7 — 5 x 10'® eV consistent with
< 20%Fe, large fraction of p/HE
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Observations and their interpretation Transition to extragalactic CRs

Early transition

- 1= p He N Fe — EPOSLHC
s - == Sibyli2.3
5 08— i et
© - .
= C
c 06
Re] -
= -
0 04 —
3 C
g— C
s %2 -
o C s
C I
017 19.5 20

Ig(EeV)

Both TA & PAO: composition 6 x 10'7 — 5 x 10'® eV consistent with
< 20%Fe, large fraction of p/HE

= early transition from Galactic to extragalactic CRs
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Observations and their interpretation

Transition to extragalactic CRs — anisotropy limits

dipole quadrupole
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Observations and their interpretation

Transition to extragalactic CRs — anisotropy limits

dipole

10-1.

—_—2Z=1
T 7=26

Upper Limit - Dipole Amplitude

102

1
0 [EeV]

Upper Limit - Amplitude A,

quadrupole

-

-
S

-
<
S

-2Z=1
T 7=26

1
O [EeV]

= dominant light Galactic composition around E = 10'® eV excluded

= transition is below the ankle

[Giacinti, MK, Semikoz, Sigl '12,

=] 5

Michael KachelrieB (NTNU, Trondheim) Extragalactic Cosmic Rays

PAO '13]

it
S
o
i)



Observations and their interpretation

Multi-messenger picture
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Observations and their interpretation

Multi-messenger picture
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Constraints for a possible v-y-UHECR connection:
EGRB: (86 & 15)% from unresolved blazars [Fermi-LAT '15 ]

IceCube v: < 17% from blazars
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Sources

General constraints on UHECR sources:

o Hillas criterium: Ry = ¢p/ZeB < Rs or Enax < I'ZeBR;

~

~ov—

— f
0 2 4 6 8§ 10 12 14 16 18 20 22
log(R/km)

and tace < ts: tloss

DA
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General constraints on UHECR sources:

e Hillas criterium: Ry, = ¢p/ZeB < R; or Epax < I'ZeBR;

e Blandford criterium: Ly, = U?/R or

Linin ~ 3 % 104Qerg/s (5 E/2

2
Ceey) 19)
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General constraints on UHECR sources:

e Hillas criterium: Ry, = ¢p/ZeB < R; or Enax < I'ZeBR;
e Blandford criterium: Ly, = U?/R or
E/Z \?
42 2
Lmin ~ 3 x 10 erg/s (m) (F /ﬁ)

e UHECR emissivity @ ~ 10% erg/Mpc? /yr

Michael KachelrieB (NTNU, Trondheim) Extragalactic Cosmic Rays ICRC, 21.July '21
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General constraints on UHECR sources:
e Hillas criterium: Ry, = ¢p/ZeB < R; or Enax < I'ZeBR;
e Blandford criterium: Ly, = U?/R or
E/Z \?
42 2
Lmin ~3x10 erg/s (m) (F /5)
e UHECR emissivity Q ~ 10%> erg/Mpc3/yr

@ source density for stationary sources:
» sufficiently luminuous: 1y < Q/Lyin ~ 107°/Mpc?

» avoid multiplets: ng > 107°/Mpc®  (for weak EGMF)

Michael KachelrieB (NTNU, Trondheim) Extragalactic Cosmic Rays ICRC, 21.July '21
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General constraints on UHECR sources:
e Hillas criterium: Ry, = ¢p/ZeB < R; or Enax < I'ZeBR;
e Blandford criterium: Ly, = U?/R or
E/Z \?
42 2
Lmin ~3x10 erg/s (m) (F /5)
e UHECR emissivity Q ~ 10%> erg/Mpc3/yr

@ source density for bursting sources: ns ~ 3R7/5

» sufficiently luminuous: R < Q/(7 Lyyin) ~ 1078 /Mpc? /yr (for
T ~ 103 yr)

» avoid multiplets: R ~ ny/7 > 1078 /Mpc3 /yr

Michael KachelrieB (NTNU, Trondheim) Extragalactic Cosmic Rays ICRC, 21.July '21

17/26



General constraints on UHECR sources:

e Hillas criterium: Ry, = ¢p/ZeB < R; or Enax < I'ZeBR;

e Blandford criterium: Ly, = U?/R or

E/Z \?
Linin ~ 3 x 1012 e
310 erg/8(5x1018ev) (/)

e UHECR emissivity Q ~ 10%> erg/Mpc3/yr

= source density/rate tightly constrained

Michael KachelrieB (NTNU, Trondheim) Extragalactic Cosmic Rays ICRC, 21.July '21
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Density vs. luminosity for stationary sources
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SIS Constraints

Density vs. luminosity for stationary sources
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SIS Constraints

Density vs. luminosity for stationary sources

Lan [exg /s

Michael KachelrieB (NTNU, Trondheim)
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Density vs. luminosity for stationary sources

100
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what goes wrong?
density limit relaxed by strong EGMF
Lo, > Lx7?
Ly, relaxed by two-step acceleration

missing subclasses
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Density vs. luminosity for bursting sources
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Density vs. luminosity for bursting sources
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@ time-delay 7 in turbulent EGMF
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Density

vs. luminosity for bursting sources

,
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@ time-delay 7 in turbulent EGMF

@ L > Ly, typically no problem, since 1y < 7
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Constraints on the EGMF

o strong EGMF required for large deflections of UHECRs
g oge (32 100%V d \'?
e E/Z 100 Mpc

. \'*/ B
1 Mpc) (10_10(})
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Excursion: EGMF
Constraints on the EGMF

o strong EGMF required for large deflections of UHECRs
@ larger effect on TeV cascade electrons = non-observation lower limits:
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Sources

Constraints on the EGMF

o strong EGMF required for large deflections of UHECRs
o larger effect on TeV cascade electrons = non-observation lower limits
@ absence of halos = upper limit = overlap except for t < 10%yr
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Constraints on the EGMF
o strong EGMF required for large deflections of UHECRs
o larger effect on TeV cascade electrons = non-observation lower limits

@ absence of halos = upper limit = overlap except for ¢ < 10 yr

—6 —4 -2
logyo(Ap [Mpc])

4
@ importance of plasma instability?

Michael KachelrieB (NTNU, Trondheim)
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Gamma-Ray Bursts
Long-standing candidate as UHECR and neutrino source  (waxmann 95, Vietri ‘95
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Gamma-Ray Bursts

Long-standing candidate as UHECR and neutrino source  [waxmann ‘95, vietri 95
e I'? mechanism works only first cicle, large escape probability
e emissivity @ ~ 10*3erg/Mpc3yr — at least a factor 10 too low

@ heavy composition?
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Gamma-Ray Bursts

Long-standing candidate as UHECR and neutrino source  [waxmann ‘95, Vietri 95
@ I'2 mechanism works only first cicle, large escape probability

e emissivity ) ~ 10*3erg/Mpc3yr — at least a factor 10 too low

@ heavy composition?

@ no correlation with lceCuve events
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Gamma-Ray Bursts

Long-standing candidate as UHECR and neutrino source  [waxmann ‘95, Vietri 95
@ I'2 mechanism works only first cicle, large escape probability

e emissivity ) ~ 10*3erg/Mpc3yr — at least a factor 10 too low

@ heavy composition?

@ no correlation with lceCuve events
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Gamma-Ray Bursts
Two classes: High- and low-luminosity GRBs
> low Epax OF

@ HL GRBs, constraints from IceCube require either

» small baryon load

= excluded as main UHECR source
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Gamma-Ray Bursts

Two classes: High- and low-luminosity GRBs
e HL GRBs
o LL GRBs: L ~ 10% — 10%%rg/s), what is Fyax?

» GRB 060218: effective acceleration of e~ excluded both prompt &
afterglow phase [ICRC Samuelsson # 637 |
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Gamma-Ray Bursts

Two classes: High- and low-luminosity GRBs

e HL GRBs

o LL GRBs: L ~ 10% — 10%%rg/s), what is F..?
» GRB 060218: effective acceleration of ¢~ excluded both prompt &

afterglow phase

» GRB 980425:
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Gamma-Ray Bursts
Two classes: High- and low-luminosity GRBs
e HL GRBs

o LL GRBs: L ~ 10% — 10%%rg/s), what is F..?

» GRB 060218: effective acceleration of ¢~ excluded both prompt &
afterglow phase [ICRC Samuelsson # 637 ]
» GRB 980425:

[ICRC Rudolph # 404 ]
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> too small emissivity
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Starburst galaxies as UHECR sources
Acceleration:

@ termination shock of galactic wind:
>

max =2 1017eV (100 /10%y1) (B/0.3uG) (vsn /1000 km /3)
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ST
Starburst galaxies as UHECR sources

Acceleration:
@ termination shock of galactic wind:

> Buax =~ 1017eV (taee /10%y1)(B/0.3uG) (v, /1000 km /3)

> lifetime of outflows ... < fya1 age of galaxies = too small Fi,,x

Michael KachelrieB (NTNU, Trondheim) Extragalactic Cosmic Rays ICRC, 21.July '21

23/26



ST
Starburst galaxies as UHECR sources

Acceleration:
@ termination shock of galactic wind:

> Buax ~ 1017eV (taee /10%y1)(B/0.3uG) (v, /1000 km /3)
> lifetime of outflows fcc < tza1 age of galaxies = too small E .

» 1/E%?2 spectrum < composition?
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ST
Starburst galaxies as UHECR sources

Acceleration:
@ termination shock of galactic wind:

> Buax ~ 1017eV (taee /10%y1)(B/0.3uG) (v, /1000 km /3)
> lifetime of outflows f,cc < fga1 age of galaxies = too small Ep,,x

» 1/E%?2 spectrum < composition?

o LL GRBs, hypernova, pulsars, ..

» superposition of single sources (?)

@ neutrino source [Condorelli ICRC #899, Marinelli # 1205 ]
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Active Galactic Nuclei

@ FR-0 galaxies [ICRC Merten # 43, # 59 Lundquist |

NGC 1068 [ICRC Anchordoqui #187 , Eichmann # 601, Inoue # 1177 ]

(] U H ECR acce|erati0n in AGN [ICRC Gouveia Dal Pino # 220, Mbarek # 1325, O'Sullivan # 1433 ]

@ AGN and EGMF deflection [ICRC v. Viiet # 671]

combining AGN populations [ICRC Rodrigues #1321
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Active Galactic Nuclei

@ FR-0 galaxies [ICRC Merten # 43, # 59 Lundquist |

e NGC 1068

[ICRC Anchordoqui #187 , Eichmann # 601, Inoue # 1177 ]

(] U H ECR acce|erati0n in AGN [ICRC Gouveia Dal Pino # 220, Mbarek # 1325, O'Sullivan # 1433 ]

@ AGN and EGMF deflection [ICRC v. Viiet # 671 ]
@ combining AGN populations [ICRC Rodrigues #1321 |
» FSRQ, LL + HL BL Lacs
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UHECRs and neutrinos from FSRQ, LL + HL BL Lacs
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UHECRs and neutrinos from FSRQ, LL + HL BL Lacs
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UHECRs and neutrinos from FSRQ, LL + HL BL Lacs
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approach using
various source populations

observed luminosity functions
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Summary

© great experimental progress:
> spectrum, dipole, correlation anlyses
— composition: discrepancy PAO vs. TA?

» progress of correlation analyses need proton rich event samples

@ common source class for UHECRs and neutrinos?
» several candidates as GRBs are already disfavoured
> (subclasses of ) AGNs remain attractive option
> large neutrino flux at “low" energies favours Ap interactions

» EGRB is a strong constraint

@ theoretical studies:

» abandon average source — and a single population?
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