Constraining the sources of
ultra-high-energy cosmic rays

with arrival direction, spectrum, and composition AUGER
data measured at the Pierre Auger Observatory
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Measurement of UHECRSs

* ultra-high-energies: flux only few particles per century per km?

— need very large ground-based observatories
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Measu rement Of U H ECRS (on the example of the Pierre Auger Observatory)

* ultra-high-energies: flux only few particles per century per km?
— need very large ground-based observatories

 detection of footprint with water Cherenkov stations s
— energy + arrival direction

\ | extensive
* in dark nights: shower development monitored with ?_"r shower
fluorescence telescopes

— shower depth Xmax

=




The Pierre Auger Observatory

* largest observatory for UHECRs in the world (3000 km?)
* located in Argentina, close to Malargue

Loma Amarilla
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Large-scale anisotropy

* harmonic analysis in right ascension
— dipolar modulation

* """-—'--...-..........:..........-...---' """""

» data above 8 EeV:
* significance > 50 5 -
. amp”tude ~T% ™ _ s ar 7- "
* no significant quadrupolar components —30° / x 7 AT

1.03;— } : L ‘ (,8) = (95°,-36°)
1.06
Y 104
% 1020 / 0.375 Flux [km=2 sr~! yr1] 0.440
g - Galactic center
S F
< 096 —®— DataE>8 EeV . . o .
2 _ _ dipole points 115° away from Galactic center
0'94: —— Rayleigh analysis . . . - . .
os2 L — Indication for extragalactic origin of UHECRs
I 1350I - I300| B IZSOI - IZOOI - I150| - l‘IOOI - I50I - IOI
Right Ascension [degrees]
A.Aab etal. Science 357 6357 (2017) Radboud University x%* Teresa Bister | 17.05.2023 | slide 5

R. de Almeida for the Pierre Auger Collaboration, PoS (ICRC2021)


https://www.science.org/doi/10.1126/science.aan4338
https://pos.sissa.it/395/335/

Large-scale anisotropy: energy dependency
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phase moves from Galactic center to opposite
transition from Galactic to extragalactic
injection at few EeV

amplitude grows with energy
(lower energy amplitudes not significant)
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https://iopscience.iop.org/article/10.3847/1538-4357/ab7236

Small-scale anisotropies

. ° . U(EAuger 2 41 EEV) = LIJ = 240
* blind search over 1° pixels 75+ Galactic

60° S
* 2 scan parameters: as°

* energy threshold
32 EeV<E, <80EeV

* circular tophat window
1° <y =<30°

LiMa significance map

latitude

most significant excess:

Ionéﬁude

local Li-Ma significance 5.40 mCE—

Li & Ma significance [o]

post-trial p=3%

large trial factor due to whole-sky scan

_— s
-75° longitude

— comparison to source candidates —:

Flux [10~3 km~2sr~1yr1]
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https://zenodo.org/record/6759610#.ZD1ZYnbb0Tc

Correlations with source candidates

comparison of measured ADs with model flux maps:

pdeD—only — fAD—only ’ S5AD—only =+ (1 - fAD—only) - B
signal magnetic field
fraction blurring

Isotropic moa
observatory exposure

jetted active
galactic nuclei
y-AGNs

starburst
galaxies
SBGs

likelihood function:
£AD—only(fAD—only7 5AD—only) == H pdf@(ﬁz))

IEN adldLuu

Galactic
60°  Meed2T

test statistic:
£ADfon]y (fADfon]yy 5ADfonly)

TSAD—ony = 210
AP e & L:AD—only(fAD—only - O)

-75° longitude

00 02 04 06 08 10 0.0 02 04 06 08 10
Model flux, ®(Eguger = 40 EeV) [arb. unit] Model flux, ®(Eauger = 40 EeV) [arb. unit]
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https://zenodo.org/record/6759610#.ZD1ZYnbb0Tc

Correlations with source candidates
Nevents(Z Ey)

comparison of measured ADs with model flux maps: 2000 1000 500 200 100

—a— Starburst galaxies (radio)
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---e-= All AGN (hard X-rays)
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. . . = 20 — — Galaxies > 1 Mpc (IR) B
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fraction blurring % 15 =
% -
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) ) 5 o,
Jetted active starburst - Attenuation model: K =eed

lacti lei . oF EPOS-LHC 1st minimum . . Raall \,N.? 2R
galaclic nuclel galaxies 35 40 45 50 55 60 65 70 75 80

SBGs Threshold energy, E,; [EeV]

y-AGNs

s Galactic | * SBG with largest significance
: — 4.00, 5=15°, f=9%

* large contribution from

NGC 4945 / Cen A region
R ol . * cannot distinguish catalogs
 Model fiax, O(Eraper = 40 £eV) [arb. unit] * Madel i, O(Eper = 40 EeV) [arb. unit] Si gn ifi Cantly
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https://zenodo.org/record/6759610#.ZD1ZYnbb0Tc

Correlations with source candidates

Year
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* large contribution from
Pcena = 4.5 X 107 NGC 4945 / Cen A region
e cannot distinguish catalogs
significantly
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https://zenodo.org/record/6759610#.ZD1ZYnbb0Tc

Idea of the combined fit
of arrival directions + spectrum + composition

* investigate scenario: source candidates as sources
of the medium-scale overdensities around them

> investigate SBGs / y-AGNs / Centaurus A
> include also spectrum and composition data

* model whole process:
source emission + propagation + detection

> possibility to constrain parameters of sources

> contribution of each source shaped by
flux weight + propagation influence

> include rigidity-dependent magnetic field blurring

> explain arrival directions + spectrum + composition
with one model!
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The astrophysical model: setup

inject UHECRs mcllude effects of:
from candidate 1.distance

sources 2. flux weight
3.direction

-+

include effect of
source evolution;

x (1+2)

for SBGs: m~3.4
for AGNs: m~5.0

homogeneous
background

sources — .- g
less sources in past more sources in past
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The astrophysical model: source injection

5 species:
— Z=1
o ] 107 Z=2
- Injection (same for all sources+background): T~
0 — e
an ~

K T f / @'10_4

free model parameters 105

1070

18.5 19.0 19.5 20.0 20.5 21.0
logyo(Einj/eV)

- propagation (from sources to Earth):

" - simulate “propagation database“ with CR/Propa

jﬂ\_, * maps injected energies & masses P( Effu Afm ES . AR d)
— to detected ones at Earth

Radboud University %ﬁ Teresa Bister | 17.05.2023 | slide 13



Signal fraction & arrival directions

catalog
contribution

_. define signal fraction: weight catalog and background

> catalog contribution
shaped by propagation £

> define signal fraction f;
> free model parameter Tos o » energy

- calculate arrival directions:
* arrival direction blurring 5
anti-prop. to rigidity: ' = R0 BV
 for each source in each energy bin:
add Fisher distribution &
weight with contribution ‘
example:

Fe+ Si+N o _ _
Radboud University {T7: Teresa Bister | 17.05.2023 | slide 14



Signal fraction & arrival directions

catalog
contribution

~. define signal fraction: weight catalog and background
> catalog contribution

shaped by propagation f

> define signal fraction f;

> free model parameter oy P energy
- calculate arrival directions:
* arrival direction blurring 5 ey @ N
anti-prop. to rigidity: O~ R0 BV /10 BV Y oo
o S

 for each source in each energy bin:

add Fisher distribution & hig’fﬁﬁ ¥ Ny N
weight with contribution /( catalog . + background )
,ﬂ\\ ) : }// o Z
example: i ——— S\
Fe+Si+N
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Ejet,]d(,t(Edm) / (km=2 yr~1 syl eV?)

Modeling 3 observables

energy spectrum

107

......

lo:}?
4> I( RC 2019

A 2-4
— A=5-22
— A=23-38
— A>38
10% \
18.5 19.0 19.5 20.0

logyo(Faer / €V)

energy spectrum
= sum over detected particles

fold with detector resolution
Poissonian likelihood

shower depth distributions

10'°° eV

1(219.4 QV

++
19.2 ‘i?
101°%2 eV

¢+ e |

,¢1> dl 0800600
4 @..mmm 1

700 800 900

-2

Xmax / g cm

» parameterize with Gumbel
distributions (EPOS-LHC)

e fold with detector resolution
& acceptance

* Multinomial likelihood function

%H 700 800 900

arrival directions

e 10W26V
RN

* likelihood function similar to
previous analysis

* but: pdf energy dependent
* in healpy pixels p:

Lap = H H pdfe? (vP)
e p
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Results

Paper to be uploaded to
arxXiv within the next days
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Starburst Galaxy model: results -

I

posterior MLE
~2.7710:27 ~2.67
Rewt/V) | 18137002 18.13
0.1770:08 0.19
VW IbY 24.3
64743107 43.107°
1.7793 . 107! 1.8-107"
7.4703 107! 7.4-107"
5.7722.1072  5.4.1072
257051072 2.3-1072

accordance with measured data
increases when including a
systematic shift of the Xmax
scale of around -1.50

- see backup for

systematics study

. ; ; . log ;o
* hard emission spectrum, nitrogen-dominated fo
« signal fraction: f,~20% at 40 EeV fﬂf’ ’
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Starburst Galaxy «—~ Centaurus A model
* Cen A region spectrum fitted consistently
* independent of evolution & systematics fo ~ 3%
* Cen Aregion contribution also similar in SBG model

* in all models: nitrogen up to high energies with R ~ 10 EV
* light elements cut off above ~30 EeV due to hard spectrum

— 38 | o 38 . o 35 |

= "'SBG model (SFR) = "I Cen A model (flat) - "1 Cen A model (SFR)

@ a0 D " ﬁ“ 5 e " ﬁv s il T
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. 3 s
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o ) a7 a7 Auge
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&y —— A=233 3 07 T | T AR

E — A>38 "'3;1[]:;5 -—-— catalog H‘:;m:iﬁ_ -—-— catalog

'"?:1036, ------ catalog A:q—“ — MLE Y /7] | ciq—“ — MLE /

- _% . L | wm . A A\ W 1] i Eh ] AR \\

&5 — MLE  [nd A | B 185 16.0 165 200 185 19.0 165 200
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SBG & Centaurus A models: arrival directions

SBG (m=3.4) Cen A (m=0) Cen A (m=3.4) ° level of anisotropy
o o0° 60 rises with energy
> o > signal fraction
” ” increases

30 (propagation
effect)

> blurring decreases
(rigidity
dependency)

60° ey {7_77_',

10196 g/ _00‘.’.
30°, %

Cen A/ NGC 4945
region modeled
consistently

1
pdf/B
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Likelihood ratio / test statistic

|:'> How much better do models with catalog sources fit than a model
with only homogeneous background sources?

SBG . m=34 | Cen A m=00|Cen A, m=34
+ syst + syst + syst

TSiot 27.6 25.6 22.8 17.3 19.7
TSk —-5.2 =05 | —0.1 —1.4 —0.4 2.9 arrival directions most
TSy 6.2 0.1 1.9 0.2 0.9 important for source
TSape | 266 271 | 200 187 | 208 190 —— 7 ldentification

\ ) N\ /

v \/

SBG model has highest TS=27.6 - 4.70
> 4.50 with systematics

> increase compared to AD-correlation
analysis: 4.00 (all 1-sided)

Cen A region contributes dominant
part with TS~20

> despite small f,=3%
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Arrival dlrectlons TS energy dependency

Test statistic, TS

30 T I T T I T T I T ] I 10
L Auger 'CRC 2021 —e— StarburstgalaX|es (radm)é 10°¢ —_— =0
C -8 - Jetted AGN (y-rays) - 3] m—34
25— ‘ --- All AGN (hard X-rays) 3 T
- —- Galaxies > 1 Mpc (IR) 107 g2 A/~ 1 Y\ =R m = 5.0
20l ===~ Centaurus region ; 8 f: 61 —— AGN
Rl =404 .y "~:1: —e— AGN+EGMF
VA = w Y —=— SBG
15:_3; » 3 107 ‘i TV 5] ¥ Cen A
:13 ' 3 N 2
— E an
1ol 210% 3 2 ok
N _ o -
- - ~ ™
5 __ é -1 __ 9
C Attenuation model: < 4 10 2
- EPOS-LHC 1st minimum Ao =
- l I - l I l - I - l I I N I - s :..VE 74 T T T T T
0 35 40 45 50 55 60 65 70 75 80 ! 19.2 19.4 19.6 19.8 20.0 20.2 20.4
Threshold energy, E,, [EeV] lo E eV
< energy threshold Z energy bins > g10(Eaer / eV)

energy dependency of AD test statistics

»> sum over all bins gives TSt » N0 Scan necessary

— catch whole signal by rigidity-dependency
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Arrival dlrectlons TS energy dependency

30 L L T T T 10
L Auger 'CRC 2021 —-— StarburstgalaX|es (radm)é 10°¢ _—— =0
B -8 - Jetted AGN (y-rays) - 3] 34
25— .- All AGN (hard X-rays) = =
C — Galaxies > 1 Mpc (IR) —10° = s L I\ A m— 5.0
» 20— - Centaurus region = g 'j: 61 —t— AGN
s A H10*3 % J —— QSCI:IJrEGh-IP
« -\ ] S a0
= 155 E & - - G
g :3‘ », H10° 9P ol ¥ Cen A
T [ vep SN = Q
C ] b =1 0
5_— é -1 _ 9
[ Attenuation model: . 10 2
- EPOS-LHC 1st minimum =
0_1 11 l I - l 11 l - I - l 11 1 I N l I J - s 1 .VE 1 7“1
35 40T 45 50 55 ?60 65 70 75 80 19.2 20.4
Threshold energy, E,, [EeV]
energy dependency of AD test statistics
> sum over all bins gives TS,: — N0 scan necessary
> peaks: could correspond to N, Si peak / from tfitted
. I spectrum

> but: statistical fluctuations of TS large

(- UHECR 2022 Symposium EPJ Web Conf. 283 03008 (2023))
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https://www.epj-conferences.org/articles/epjconf/ref/2023/09/epjconf_uhecr2023_03008/epjconf_uhecr2023_03008.html
https://www.epj-conferences.org/articles/epjconf/ref/2023/09/epjconf_uhecr2023_03008/epjconf_uhecr2023_03008.html

The y-AGN model with strong evolution (m=5.0)

—— m=0

 arrival directions TS negative

— m =34
...... m =50
—— AGN

—— AGN+EGMF
—=— 5SBG

Cen A

* flux dominated by faraway blazar
Markarian 421 (~130 Mpc)

» catalog based on y-ray flux (favors blazars)

* not compatible with Auger data 21"

fo2 194 196 198 200 202 204
| 1og10( Eget V
* influence of EGMF? 0g10(Eder / €V)

* best-fit is extremely strong field strength

* ADs still not well enough described

- discard y-AGN model with flux «< y-ray emission

0.95 1.00 1.05
ndf/B
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Conclusion e
 first-time combination of all 3 observables in 1 model 0° “

 SBG model: increase of significance (4.50 including syst.)
compared to arrival-directions-only analysis (4.00)

2 E-dependency of catalog contribution,

propagation, R-dependent blurring... Vv’
2 main contribution to TS (~20 of 27.6) S
from Cen A /| NGC 4945 region 10 —
2> 20% signal fraction at 40 EeV, hard spectrum, i N
N-dominated, 20° blurring at 10 EV 61 —aay
' ekt

Cen A

 Y¥-AGN catalog can be discarded for the first time
2 CR flux proportional to y-ray flux disfavored

* results under assumption of turbulent » coherent GMF {5 51 155 195 20 22 204
(at least in source directions, only then source candidates can explain overdensities) ‘og10( e / &)
Radboud University %ﬂ Teresa Bister | 17.05.2023 | slide 25
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Backup
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Flt melthOd Y Rew  fo 0y int. H int. He int. N int. Si int. ..Fe

E- H
S I | 5" S | i . A
« for each model: R PPy i . )
. Pne Sl _dBl s ' i r
2 MCMC sampler for uncertainties B |
08 1| Feut/ V) 18.24 1 . ] i & 1k
2 gradient-based minimizer for best-fit (MLE) o1 J i r
01 03 ] T ' ' T
fo 0.34 J | i1
- estimate influence of systematic uncertainties: R S | S
2 let fit determine best shift of E & Xmax scales W r' b\ .
0.5
. In
* compare model with catalog sources to a ,reference model® __
with same source evolution & (no) systematics I .,
> calculate test statistic: ;
N 0.5
TStot = > 2(log £77F — L)

Is; 0.5

OI)SZE,XH]&X .A.DS

SBG model posteriors

05
I.
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Reference models (no catalog sources!)

 hard injection spectrum, small R.., N-dominated

> in agreement with other Auger results
link to combined fit across the ankle (Auger 2023)

* strong evolution discarded:
> too many low-energy secondaries

* with experimental systematics (as nuisance parameters).
> best shift of Xmax Scale by -10 to -15 g/cm? - D decreases by ~20

05l m=0 Dp=222, Dy, =1268 (MLE) m=3.4 De=281, Dy, =124 MLE)  [{M=5.0 Dg=63.2, Dy, =134.1 (MLE)

% o 2 — T O o—> 0
i
5
T
5,
Tﬂ 10
£
~ ¢ Auger 2020 ¢ Auger 2020
E A=1 | A%
S} A=24 A=2-4
2| — Asm — A5
o3 A=2338 — A=2338
R — As3s — A>3

— MLE — MLE

185 19.0 195 20.0 185 19.0 195 20,0 185 19.0 195 20.0
logl()(Edet / ev) 1"%10(E<1«>r / ev) logll)(EvM / PV)
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SBG & Centaurus A models:

Cen A (m=0)

19.0 10.

18.5 5
log(Eer / €V)
a10% ¢ Auger & 1o
'ﬁ J £ e @ ° 9 o g ’f
< —— CenA ;o ® R @
I I
73 7 _
— 107
I )
=
C‘\l
Rl
—
& 10%
E
7 10¢

18.5

19.0 19.5
1og1(Eaet / V)

Cen A (m=3.4)

- catalog

Auger
A=1
A=24
A=5-22
A=23-38
A>38

MLE

Wi
19.0

)]
18.5 "j
logo( Eer / €V)

Auger

@ @ D g g 4
CenA,o00°°® ®

19.0 5
log( Eaer / €V)

18.5

-Ef?m Jdnl (-E(l(ﬂ) / (kIIl_z ‘Vr_l st (“'\""2)

7[‘1,‘ Joer( Eger) / (k=2 vt st eV?)

spectra

10%

10%

SBG (m=3.4)

Auger
A=1
A=24
A=522
A=23-38
A=>38

- catalog

MLE

100 195
log,o( Eger / eV)

18.5

t Auger
NGC 4945

o 5 ® 9 ° oa g

19.0 ’19.5 .
log( Eet / eV)

155 200

Cen A spectrum =
NGC 4945 spectrum

— flux from that sky
region modeled
consistently
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Including systematics: spectra

Cen A, m=20.0
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Xmax moments

Cen A, m =0.0 Cen A m=34 SBG.m=34
5 800 H o le 7 N LS R S B L7 g T N LS R “ 800 L e
im o775 50775
~ ~~ ~
750 ‘ 750 3750
o | H =z =
5705 b Auger a5 b Auger a5 b Auger
. o [ o, | | e o,
"""" o —— fit result .....| lE 60 < —— it result ... 60 . — fit result ...
o
=14]
! —

18.5 19.0 19.5 20.0 18.5 19.0 19.5 20.0 18.5 19.0 19.5 20.0
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Spectrum in Cen A region
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Fit parameters

Cen A, m = 0 (flat)

Cen A, m = 3.4 (SFR)

SBG, m = 3.4 (SFR)

posterior MLE posterior MLE posterior MLE
¥ —~1.67504 —2.21 —3.0910:23 —3.05 —2.7715-27 —2.67
logo(Rent /V) | 18.2370:04 18.19 18.1079-62 18.11 18.1370:02 18.13
fo 0.16759% 0.028 0.05705% 0.028 0.1710:5% 0.19
0/° 56.5740% 16.5 27.67%7, 16.8 22.2%5-3 24.3
In 5.9722.1072 71-1072 | 83739 .1073 1.6-107° | 647571073 431075
Iie 2.310-3. 107! 1.9-107! | 1.3752. 107! 1.4-1071 | 1.7 - 107! 1.8-107!
In 6.3703 - 107" 6.2-1071 | 74703107} 7.3-1070 | 74753 107! 7.4-1071
Is; 6.5135 . 1072 9.9-1072 |9.2732.1072 1.1-107 | 57723 . 1072 5.4-1072
I 167901072 2.0-1072 | 2,575 1072 2.3-1072 | 251051072 2.3.1072
log b —132379.6 £ 0.2 —132388.24+0.2 —132382.5 + 0.1
Dg 22.3 28.5 33.3
D X max 124.9 130.6 126.2
D 147.2 159.1 159.5
log LaDs ~132105.1 —132105.2 ~132102.3
log £ —132354.7 —132360.7 —132358.0

Table 1. Fit results for the Centaurus A and SBG models. The best-fit (MLE) parameters and
the corresponding deviance and likelihood values are stated. Also, the posterior mean and highest

posterior density interval from the MCMC sampler are given (see text).
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Fit parameters with systematics included as nuisance parameters

Cen A, m = 0 (flat)

Cen A, m = 3.4 (SFR)

SBG, m = 3.4 (SFR)

posterior MLE posterior MLE posterior MLE
¥ —0.8970:37 —0.65 ~1.1975% ~1.41 ~1.02+9:32 ~1.25
1og10(Reut/V) | 18.207394 18.23 18.2119:54 18.20 18.2475:04 18.22
fo 0.0770 0% 0.029 0.0710 0% 0.031 0.19790 97 0.23
do/° 305720, 14.4 27.4142, 14.3 18.8152 21.9
Iy 5.8122.1072 42-107* | 1.2192.1072 3.0-107* | 1.2791.1072 1.0-1074
The 2.7%34.1071 35-1071 | 9.9735.1072 1.2-1071 | 1.1733. 107! 1.4-1071
In 5.6704 1071 50-1071 | 6.770Z. 107" 6.8-1071 | 7.2738. 101 7.3.107!
Is; 9.0739.1072 1.4-1071 | 1.5102 . 107! 1.6-1071 | 1.2192. 107! 9.8-1072
Ire 2.3199.1072 1.8-1072 | 5.11]5.102 4.4-1072 | 47113 .1072 3.8.1072
vE /o 1.2470:8 1.35 —0.231042 —0.13 —0.351 054 —0.40
VX max /O —0.9410-29 —0.97 ~1.607552 —1.45 —1.5510:28 —1.33
log b —132370.2 £ 0.1 —132380.1 + 0.2 —132374.18 £ 0.2
Dgyst 2.8 2.1 1.9
Dg 13.6 21.9 25.3
D x max 107.4 113.6 112.7
D 123.8 137.7 139.4
logLaDs —132106.2 —132106.1 —132102.1
log £ —132344.1 —132350.9 —1323348.0

Table 2. Centaurus A and SBG models with experimental systematic uncertainties included as
nuisance parameters

Radboud University %ﬁ Teresa Bister | 17.05.2023 | slide 34



Test statistic

Cen Am=00 Cen AAm=00 SBG, m=34|~AGN, m=5.0 | YAGN+EGMF** m = 5.0
+ syst + syst + syst + syst —+ syst
TStot 22.8 17.3 22.2 19.1 27.6 25.0 23.9%* 9.8% 34.3* 33.2%
TSg —0.1 —-1.4 -0.4 —-1.1 —5.2 —-4.5 26.8 3.9 18.2 8.4
TSx,. .. 1.9 0.2 1.8 1.0 6.2 2.0 —0.8 6.4 4.4 14.7
TSAps 20.9 18.7 20.8 19.0 26.6 27.1 —2.1 —-3.0 11.7 8.6

Table 3. Overview of test statistic values for the tested

models. In the case with systematics, the
contribution from eq. 3.6 is taken into account additionally in TSi,.. *Note that the test statistic of
each model is always calculated with respect to the reference model with the same source evolution
and (no) systematics. This implies that e.g. the test statistics of the 4~AGN model is large only due
to the poor fit of the reference model with m = 5.0 (compare to Fig. 8). **Note also that the model
with EGMEF' has an additional fit parameter 5. compared to the other models.
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The y-AGN model with EGMF / distance-dependent blurring
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Arrival directions test statistic

10

~tio

[
m=20

m =34 a
m = 5.0

AGN B
AGN+EGMF
SBG |
Cen A

20.0

logio( Eaet / €V)

20.2 20.4

2(log £ — log L) AP

10

[
m=10
m = 3.4 n
m = 5.0
AGN u
AGN+EGMF
SBG B
Cen A
L |
fh}
**° "\
.": v
%9.2 19.4 19.6 19.8 20.0 20.2 20.4

with systematics:

logio(Eaet / €V)

Radboud University 3%‘; Teresa Bister | 17.05.2023 | slide 37



Source contributions to TS

° Cen A region contributes TSap ~ 20

Which other sources are how important?
> test by removing from the catalog:

Cen A (m=3.4) SBG (m=3.4)

60

NGC 253 contributes TSap ~ 4-5

. NGC 1068 contributes TSap ~ 1
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