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current paradigm:

All sources are identical.

(for a particular population)
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How different can

the sources be? O ‘

current paradigm:

All sources are identical. = |s this physically motivated?
(for a particular population)
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How different can

the sources be? O ‘

current paradigm:

All sources are identical. «=p |5 this physically motivated?
(for a particular population) NO!

see diversity of
luminosity, size, magnetic
field, jet power, etc.
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How different can

the sources be?

— Hydrogen —— Nitrogen — Iron

—— Helium —— Silicon Total cosmic ray
spectrum

1032 J

What if sources
are not identical?
- here: different Rnmax
> spectral index

> composition

—_

(e}
To
S

Energy Flux [erg™ Mpc ™ yr™!]
=

10204

10'7 g 10%
Energy [eV]
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Population of non-

identical sources

Distribution of
maximum rigidities
standard: R, d(R

max)

dp
. R é
here: max >

max

Assume powerlaw: (Physics
Kachelriess+, Phys. Lett. B 634, 143 (2006) mOtlvatlon Iater)

0 Rmax = RO
Rax) = — ~Peo
P(Bmax) Bpop—1 (Rmax> v otherwise,

Ro

NTNU
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Population of non-

identical sources

Population Spectrum
Brop=] AR Pirc( R, Ring) P (R, Ro)
0

(1) Heaviside
¢§(S)p = g R e {

1 R < Ry

— Bpop +1 .
(Rﬁ> otherwise
0

(2)Broken-Exponential

b-exp . 1 R < Ry
-eXp __ R— sre _:Bpop 1
Ppop bo (%) ! f (R%, Bpop) otherwise
(3)(Super-)Exponential
_IBpop+1 _
¢;-§I>)<p = o R~ ( R% ) ﬂ;;:)cpuﬁ L

>\cut
ﬁ o -1 R
& W/( aim ’(Ro) )
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¢p0p / (¢0 R_%m)

1072

1071

1 —— Heaviside

By
—_———
-
~
~
S~
~

Source Cutoff

exp
broken — exp

super — exp, w. A = 2
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Astrophysical motivation

1. Jet Lorentz Factors 1:2 § ] .

N80T ]
R =R.T¢ o = 1 (Hillas) 60 - i
max 0T Jet o = 2 (Espresso) 40 - .
20 - -
dp 7|H“H..‘Hi
=(p—-1)I,;, n>1 > i :
dT . ___/ 100 - 8
(Lister et al. 1996) ann 1
N 80 B 7
dp | dTje 0T ]
P(Buma) = | G 40 - ]
Jet max - 20 - T B

=1 _ 1 [ Bwmx} = [ T
S R, o 0(Rmax — Ro) 0 10 20 30

Lorentz Factor (I')

Retrieve regular powerlaw

p(Rma,x) - (ﬁpop - 1) Rgmp R, Bpop ﬁ(RmaX - RO) ) for )Spop =

max
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Astrophysical motivation
2. Luminosity

minimum source

luminosity required for

acceleration to Ry

6 1020V (Lovelace, Blandford, Waxman)
7\ /2
~ /2 [ =
I.e Rmax RO 6 (LO)
dp dL
Rmax —

Plmaxl?) = 97 ) | 4R,
dp _y2—1
dL Lo

powerlaw in Rmax

p(Rmax) —

NTNU

2 (y2 - 1) Rmax TS
Ry Ry
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Broken powerlaw in Ryux

Luminosity Function Swift GRBs (Wanderman & Piran)

I

.

52 525 53 535

log ] 0L(erg)

51.5
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10734 :
simple power law

broken power law

Rmax/RO
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Fitting the data
O

2 Z di — m(E;, p) : 2 2 2
S X = . T XUL T Xzero T Xshifts
e~ Ei>EBoin Ustat( z)

2

&

T, '

T : — ULs

2 2 upper limit .

2 / [ ; T pp Xgero _ Z 2’/’&2 odel
5 - i=1

=

59

101 ; N
_ _ ) B
A ‘ A [15898 | scale shifts Xshifts = E (0—1)
18.0 18.5 19.0 19.5 20.0 20.5 ke{E,(Xmax),0(Xmax)}
] E/eV
300 ] i Ogm( /e ) __________________________
SO0 T . .
E X Fit Ro, B, Y, fak, Lo (M, ...)
j‘:m “““““““ x
8 [T Al1018eV R E —y+1
ST fi= . fi=Ffx5-2(A)7"
] E 20 TR ZA Jal10sev
0 19 20 18 19 20
logm(E/eV) logm(E/eV)

Simulate propagation with CRPropa
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Fitting the data

Z
S :
L 10%; = Aim:
T constrain maximum
o T allowed source variance
£
=101 .
% Required:
y ey 42 Mhsoall minimise intrinsic shower
18.0 18.5 119.0 (5 V1)9.5 20.0 20.5 variance U(Xmax)
O e . .
500 ' T —— i.e. want heaviest
» | composition
é@— """"""""""""""""""" -> Fiducial Model:
: - L 5 R > Sibyll2.3c¢
10 L. i , \6120 .— _____________________ > 6<Xmax>= '10
18 19 20 18 —
logyo(E/eV) > Oaptman= +10
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Results - fiducial

@ 102 " g 5\14 Model SIBYLL2.3c SIBYLL2.3c Epros-LHC
T, o~ [29N56] (no shifts) | (fid. shifts) | (fd. shifts)
:;a 1 \[1\1]\\[2\4] Ry [EV] 17393 0.67555% 1675
g 15 Bpop 29-91—187.3{ 5. 2t§654* 4. 4t8 ?,
% Afeee —0.282 20 —0.8714 0.1+5-%
D 7% 030 o eas i
50 18.5 19.0 581477 gl 36.97 1
800 ool E/) 35.0157 93.71555 50.355%°
57104 03171 11.3¥55
1.161012 6.0152 1.41%9:27
RO [Rol|  LOSSTREE | LGl | LoT
x2/d.o.f. 45.0/26 40.4/26 56.3/26

g 19 20

logy(E/eV)
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Results — model variations

Moddl  Faiameicn Boor toe X Source Variance
fd B2 —0.8%Ty: 404
bp B1, B2 18.418:3, —-3.510% 347
zr q €[-5,2] 487259 _gigFlel 337 Largest Commonly
zn m=—3 44T’ G2rs] 878 /3 ~3 /)) ~4—5
m =3 6.4619:36 —2.0104 425 pop pop
m=6 6.467036 2247032  68.9
zm omin =000 20072t 0.381055  46.2 0.30
sc X € [1,50] 4.0732 1.43751¢ 336 0.5 2
fg iy 4.9% ¢ .73t 455 ~0.20 =
. & £
ex Epos-LHC I N 14875 406 <015
SIBYLL2.3c 35 1.697999  34.7 0.10
0.05
0.00 10° 10!
Rmax/Ro
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’Yérc
o ) Problem:
mass groups
cannot be too
mixed!

2 .
min

X2 —x

20

10

ﬁ pop

-2 0 2 107! 100 10! 102
Ysre RU [EV]
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FOr R - «
¢pOpOCR_ y—p+1

Strong eUHE tail if
y + p> 4

1053
T
5|5
h. L“Do
= | B p
5 ='10%2
= ’Lﬂ source spectra
<
i) p
107 — He
— N
Si
. — Fe
1000
18.0 18.5 19.0 19.5 20.0 20.5 21.0

logyo(E/eV)
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Results - Broken powerlaw

]
E
:
1
1
1
I -1
]
: -2 ¢
:
.' 3
I
‘ —4
-5
—6
A\ ~ A v )
14 ‘ ‘ ‘ , M, for 31 < 1: | for 3, > 1:
—8 —4 0 4 8 | t )
P steepen by
1 Ba > 4.5 I BaZ B1+3 Rz
0
Vere = —064:13 I Ypop = 1.22t0.04 Ysrc == Bl
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Part 1: Conclusions

dp/ d Rmax @S powerlaw: —
-> sources nearly identical! —

« Optimistic: Rmax™[Ro, 3Ro]?%

-3 y l"l]

« Conservative: Rmax™[Ro, 2Ro]***

Energy Flux [crg‘1 Mpec

Possible Solutions:

(a) Standard Candle -like sources
# AGN, GRB, TDE

(b) Flux dominated by few local
sources

(c) Broken-powerlaw dp/dRmax

ask for more
details!
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Part 2

Identical sources
BUT with additional population of
UHE proton sources.
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Part 2

Identical sources
BUT with additional population of
UHE proton sources.

New:

Second, independent, source
population for UHE protons.
> 4(3) free parameters
(Emax™, YPP, mPP, QPPyo)
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Part 2: Results — high Riax

NTNU
Astroparticle
Group

Model 1SC 2SC-dip

Pop. 1 Pop. 2
max. rigidity Rmax [EV] 12595 1.5%°  |10° (fix)
spectral index y -2, 54:10~0 —1-41’:%2"; 2. 5«:(())..33
redshift evolution m 1_9‘:(31-_61 - 1*;13 4+ 110*
luminosity Lo [10% 5] 5.61L0 2.5%06  1.840¢
proton fraction fF¥ (20 EeV) [%] 7 ()4_'(())85
x2/dof 101.0/29 “74.4)26

10%10(5' / eV)
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Part 2: Results — high Riax

Cosmogenic Neutrinos

Reject realisations with
Ax2 + Axi >4

Neutrinos constrain source
parameters

APP>1.6, mt? <4

and LEP < 1042 erg;)
Mpc®y

14 15 16 17 18
log,o (E / e\/)
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Contribution to IceCube
HESE flux (at 1.3 PeV)

iwse S 20%
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Part 2: Results — low Riox
Pl: R
7100y — 2.4 Mix
o [15-1] ‘
i 5,14
=2 X
(@] %
2 \ [29:56]
= 10! P 74
9‘ ."\ //
Lﬂ \“ .',,
109 : e : e
18.0 18.5 19.0 19.5 20.0 20.5
logo(E/eV)

57“60*

10%10(15/ eV)

logyo(E/eV)
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Model 2SC-uhecr
Pop. 1 Pop. 2
max. rigidity Rpax [EV] L5 10 (fix)
- 0.22 0.50
spectral index y —1A41T%  —0.25T 00
redshift evolution m 1’:12 —3’:93:
luminosity Lo [10% 45— 3.77‘:(1'%69 0. 12’:10'_%86
proton fraction fF(20EeV) [%] 14.2t%)'%
x?/dof 58.0/26

cf. Muzio (ICRC'23)
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Part 2: Results — low Riox

Cosmogenic Neutrinos No protons at low energies
> additional neutrinos only
i at UHE

t IceCube 7.5y HESE

Independent PeV
: - and EeV neutrino
T 10710 et regimes

v constraints: mft <4

-12 . .
W= 15 16 Vi 18 19 No effective constraints
logyo(E/eV) from gamma rays.
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Part 2: Conclusions

Order of 10% protons Proton dip v2
allowed by Auger * Ema®® >>Eezx
data above the ankle. * Soft proton injection
spectrum
0 « Large (constraining)
o —y / cosmogenic neutrino flux

bump model

Proton bump x2

proton fraction fF¥
[t
T

) . Ny o Emaxpp - 10 EeV
b e * Hard injection spectrum
| //
10780 123‘.5 19.0 19.5 20.0 20.5 UHECR fit & neutrino limits:
logy(E/eV) mPP < 4
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Population of non-

Source spectrum

identical sources

¢ST‘C:R_J/.f(R’ Rmax)

Cutoff function:
(1) Heaviside
¢src = QSD R e 19(]%max - R)

(2) Broken-Exponential

bons = G BT 1 ;for R < R
S exp (1 — %) , else.

(3) (Super-)Exponential

A
R cut
= s Acut >0
(Rmx) 1 :
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¢)SI’C — qso R_Prsrc exp

NTNU
Astroparticle
Group

|
|
1=
100 = e
| \\
S N
< AN
= Source Cutoft \
TI107H . \
& ] Heaviside \
© \
-==- exp \
........ v
broken — exp Ve
super — exp, w. A = 2 Vi
—9 e
107757 1 0 ‘
10 10 10 10
R/Rma.x
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Broken powerlaw in Ryux

Population spectrum

%o
¢p0p B C : >\0ut

_/81+1 . >\cut
I — B T P 1’ B
RO )\cut RO

__B2+_1 _ Acut
H = Eil 5 P2 1, £
RO )\cut RO

Same as pwl for R -> «

— [fsrc 1
¢pop X R Y /82‘|‘

R_'Ysrc . |:L 4 H:|
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Broken powerlaw in Ryux

Behaviour at R << Rpax . ‘

depends on B:

Population spectrum

%o
¢p0p B C : >\0ut

—pB1+1 . Acut
B[ 2 (A=t (B
RO )‘cut RO
_/B2+1 >\cut
RO )\cut RO

Same as pwl for R -> «

— Jsrc 1
¢pop x R~ B2+

R_'Ysrc . |:L __l_ H:|

IYSI'C
B < 1: o X B

B]_ > 1 hm prop X R Ysrc— ,81+1

redefine

(8) Ypop = Yore + 1~ 1 approximate BP
(8) Bpop = P2 — P +1 as single pwl

lim ¢pop 0 R™7PoP

lim oc R™per~Froptl
R—)oo¢p0p
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Theoretical

expectation

ID [Param. Distribution ‘ Bpop Voo Sources ‘ Brop,max
1.1 | Rmax PL, p(Rmax|Bpop) Bpop Ysre
L2 | Ruax BPL, p(Rmax|f1, 52)
B <1 = [z =~ Vsre
Bi>1 Bo—B14+1 |Yaec+ P11
I |Ruax xI'* PL, dp/dl'(n) (m—1)/a+ 2| Yee Blazars [45]%: n = 1.4+0.2
—Ysre + &/ + Hillas: a=1, {=1 3.4+0.2—Yare
+ Espresso: a =2, £ =0 2.24£0.1—Ysre
IIL1| Ruax < VL PL, dp/ dL(y2) 2ys — 3 i BLLacs [54]”:  yo = 2.61x0.57 2.22:074
FSRQs [55]%: g2 = 2.3610.10 1.720.20
Blazars [55] b. Y2 = 2.32+0.08 1.64+0.16
TDEs [56, 57]:  y2 = 2.3040.20 1.60+0.10
II1.2| Rmax x VL BPL, dp/ dL(y1, y2)
Y1 < 2 M2 —3 | Yare GRBs [58]: 1 = 1.2+02, gy = 24403 |18+0¢
FSRQs [55]°: 41 = Ozzo07, y2 = 2.67T+017 | 2.34+0.31
Blazars [55] " y1 = 0.4921.15, yo = 2.7920.19| 2.58=0.35
Seyferts [59}: g1 = 1.96+0.04, y2 = 3.71+0.00 |4.42+0.18
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