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Iron beacon in the sky:
Centaurus A gamma-ray emission from
excitation and de-excitation of heavy ions
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> Closest radlo galaxy
=~ 3,7 Mpc.away . .
-—) Central SMBH 5 X 107 M @ [Cappellarl et al. (2009)]
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Cen A as Cosmic Accelerator?

x: Positions of nearby GNS
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— Cosmic ray signals are observed |
» Signal from Cen A direction ..k

— 40 excess at Energy > 40 EeV 320.000 310.000  300.000
. Galactic Longitude (deqg)
— favored heavy nuclei contents [Moscalenco 2009]
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Building energy per nucleon (Mev)

Our focus: Fe
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» Nuclear binding energy
— Group of Fe isotopes are the most tightly bound

» Solar abundance shows an “Fe peak”
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The sign of Fe

Best fit model

= 81 —— Continuum fit
Q

T — Fe Ka;

% Fe K(Zz

26T

i — Broad base

Q +  Source spectrum
=

241

@)

5

\o]

N

3 24

g

T E O

S

3| —2%
_4--|

> X-ray observation
— Fe Ka atomic emission 1
> Sign of jet Fe loading L

6.0 6:1 6:2 6:3 6.4 6:5 6:6 6i7 6i8
— Fe are also loaded in the jet

(data — model)

Energ); (keV)

[XRISM/Resolve 2025]
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Our focus: Fe

» Direct confirmation of Fe ?

— not performed for Cen A

— prevented by the magnetic deflection
» Motivated direction

— test if Cen A jet contains Fe nuclei

— Propose possible gamma-ray signs
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Puzzling signals

107 -

ﬁ\gjijolation above the break energy ||

» Fermi + H.E.S.S. studies
— spectral hardening > GeV

— cannot be simple power-law
» Characteristic GeV-TeV
— 100 GeV-10 TeV: “Shoulder”
- 1GeV- 10 GeV: “Spike(?)”

-
o
0

E2dN/dE (GeV/cm?2/s)

from Cen A

[Abdalla et al. (2018) from H.E.S.S. collaboration]

— Power-law fit below the break energy :

T
\ I b
' \‘?
Shoulder
101 10° 10! 102  10°  10¢

Energy (GeV)
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Possible Explainations

» Very many scenarios
— multi-zone SSC emissions petropoulou 20141 7. -
— Photohadronic interactions sitarek 2010

— Gamma-ray induced pair cascades
[Hardcastle 2011]

— IC of Bkg phOtOH fields [Hardcastle 2011]
» Contributions from heavy nuclei

R . : :
photodisintegration of Fe nqghlagglMurase 2023

log1o(EFE [erg cm™2 s71])

-14 1

-15

| Fe

Inner jet (fit)
Leptonic, wEBL
Hadronic, wEBL

Hadronic, woEBL
Fermi-LAT
H.E.S.S.

CTA (50 h)
== = SWGO (5 yr)
...... LHAASO (1 yr),

PD, Cascade-Deex
PA, Cascade-IC

-5-4-3-2-10 1 2 3 4 5 6 7 8 9 1011 12 13 14 15

» We address another possible channel!
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log1o(E [eV])

[Zhang, Murase (2023)]



T T T T T
---- FeXXVI: BR = 0.01, E = 8.70 keV FeXXVI: BR = 0.11, F = 6.95 keV Accelerated e~ (Syn)
FeXXV: BR = 0.02, E = 8.29 keV FeXXV: BR = 0.38, E = 6.70 keV py— 7= p— e(Syn+IC)
10 -5 1 FeXXVI: BR = 0.03, E = 8.25 keV  ---- FeXXV: BR = 0.07, E = 6.68 keV (Data Fit)
---- FeXXVI: BR = 0.02, E = 8.25 keV --- FeXXV: BR = 0.08, E = 6.67 keV Total gamma
---- FeXXV: BR = 0.06, F = 7.88 keV FeXXIV: BR = 0.02, E = 6.66 keV ¢ Fermi-LAT (Cen A Core)
---- FeXXVI: BR = 0.21, F = 6.97 keV === Total Fe emission H.E.S.S.

Summary e,

> 15 years of Fermi-LAT 107 A SRt

— GeV-TeV shoulder + spike 1071 A j :

» Cen A gamma ray U § A SN
— CMB + EBL + AGN disk photons ' i PO T6 IO 10T 10T 107 10517 \1\5? 10°

—> Shoulder: (IC + Syn) of photopion Gamma ray energy £ |GeV]
— Spike: Cycles of Fe excitations/de-excitations

> Possible Implications

— Future probe of heavy element acceleration/composition
— Motivates cosmic ray anisotropy searches
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Observational Facts

VLBI, 6.6 GH:

20 mas

> kpC Scale jet [Kataoka et al. (2006)]
» Bolometric luminosity
N 1043 er g/ S [Borkar et al. (2019)]

> Jet power
— 1043 —1(044 erg/s [Borkar et al. (2019)]

» Magnetic field

— < 80 uG  Borkar et al. (2019)]
> Jet bulk motion J et ATCA, 8.6 GHz
= " = 1.05 Isniosetal (2019)] "
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Inner Jet



Model setup

> Photon fields [Ichikawa et al. (2015), Iwata et al. (2024)]
— CMB + EBL + standard disk photons

— Dusty torus: 1300 K Blackbody @ Tom®

» Emission region o D o
— 1 kpc from centeral SMBH (V) ' O e

— 0.5 kpc Blob size + B = 40 xG
> Jet bulk mOtiOn [Kraft et al. (2002)]

—> " = 1.05 isnios et al. (2019)] < > g

> Jet component
— protons, Fe, electrons

MeV-PeV Frontiers: New Perspectives in Gamma-Ray Astronomy and Particle Acceleration— UTokyo Kavli IPMU, Japan



Model setup

> Jet compositions
— Simple power law model

N ByxET (p=215 Qut Tl > o f fon

d E accretlonv/\/\/v\/\/\w

— Solar abundance [Fel/[p] >Lpe/ L,
> Jet electrons

Blob

% e+ B — e+~ (Syn

- mass ratio (m./my) > L. /L, > T
— Synchrotron cooling cutoff '
dN,

10 eV
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Initial power by components

> Jet power Observathn %t [fcé}" &' | Centaurus A Radio Source

AR+ "¢ Australian VLBI Network

- 1043 —1044 erg/s | ﬁﬁ‘“ Ry | DMMsdmsocn

VLBI, 6.6 GHz

20 mas

’JE‘ )3‘7“‘"’ :JI. i \
» Source of uncertainty i<
— methodology Al
“x é d g G - T

— physical phase of jet-lobe = & S

(1) Inner-lobe-based (X-ray cavity) yei .
(enthalpy)/(sound-crossing age)  -u¢”i "%

(2) Giant-lobe-based (radio- y SED)'. RS (08
(total energy)/(dynamical age) i

> We choose
—> Ljet =10%4 erg/s

\ Inner lobe

" VLA, 49GH:z

A ¢ SATCA, 1.3 GHz
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Leptohadronic Modeling

> AMS3 software I[Klinger et al, ApJS 275 4 (2024)]

— Astrophysical Multi-Messenger Modeling
Input: | Photon fields
Injected leptohadronic spectrum

B field strength + Escape time (Region size)

A » Neutrinos and Gamma-rays

—>pY

— subsequent e/p external IC, Synchrotron
Output: .
<|jld other subdominant processes

MeV-PeV Frontiers: New Perspectives in Gamma-Ray Astronomy and Particle Acceleration— UTokyo Kavli IPMU, Japan




Kusenko, Voloshin (2011)

Cycles of H-like Fe photon emissions

> Photon field distribution e
excitation
TMph = MCMB T NMEBL T Mdisk T Mtorus
B 1
nCMB — ew/T o 1 . Eq
o 0 ————l .
» Transition energy de-excitation
An:(l—n_2)€z gr\j
2 79
m.o* 4 2
ez = Z°Ry = —

2 Terminated by ionization
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Rate of H-like Fe cycles (Z = 26)

> Radiative transition rate
— dipole approximation

20y
Le(y) = Q%Z\ (nP|7|18)|* x(v, Z, Ay)
=2
200 e
() = ?a%/l dw s(w) x(7, Z, wez)

128 1

2 Az - S(w)_w3 —exp(——2=
X(%ZvAn): 7;271// dv nph(y)v ( | [<2m)t (
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- T, (Excitation)
I'; (Ionization)

10—10

Expected number

> I e VS Pi determine the # of cycles N

102 1038 10* 10° 10° 107 108 10° 10° 1oW

Y

of interactions

10°

104 L

10

, = N,: min(ny), {m)

= ) =T/
&y) = 1 kpe/ A,

Sassswun

-2
107702
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- T, (Excitation)
I'; (Ionization)

10—10

Expected number

> I e VS Fi determine the # of cycles N

102 1038 10* 10° 10° 107 108 10° 10° 1oW

Y

of interactions

10°

10 ¢

10

| = N,: min(ney, {m) @

= ) =T/
&y) = 1 kpe/ A,

--------

—2
10 102
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Expected number of interactions

10~ ' 10° '
- T, (Excitation) wenn ey = e /T
10-5 I'; (Ionization) _ 10% } &) = 1 kpe/ A
' : | == N,: min(ny, {)
Lo )
-7 | ol
10 102+
. Z?‘ 7
1078+ : - 10° ¢
100 i gl s
10~°
10
10101 ' ' ' 102 ' ' ' S
102 10% 10* 10° 10% 10" 10® 10° 10'° 10!t 102 10% 10* 10° 105 107 10® 10° 10%° 1ot
Y Y

» Lifetime of the Fe ions < Fe B-decay timescale

F, = N, Fp.



15 yrs of Fermi-LAT data + H.E.S.S.

3 107 ' | ] o N
> Why more anaIYSIS? { _;_ giﬁ_/ff{?daiii_DR@ <4 Ee;rnsl-;AT (additional observation) ]
— Model leads ~13 GeV spike "¢ —~

o o . o O 10—8 L s

—> optimized binning NS -

b _*_'z*_—o—l --
141 : O, 109! + % ‘H’T

» Additional analysis - ]

—> 15 yrs (2008 Aug - 2023 Nov) == Spike

— Shoulder feature still exists < 10
a\ | ]
S I Shoulder

10! 100 10! 102 10? 10
Gamma ray energy E |GeV]|
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Result (Preliminary)

-- FeXXVIL: BR 0.01, £ = 8.70 keV
FeXXV: BR = 0.02, E = 8.29 keV

-- FeXXV: BR = 0.06, E = 7.88 keV

+ 0

v i

| FeXXVI: BR = 0.03, £ = 8.25 keV ---
-- FeXXVI: BR = 0.02, £ = 8.25 keV = ---

FeXXVI: BR 0.11, £ = 6.95 keV
FeXXV: BR = 0.38, E = 6.70 keV

FeXXV: BR = 0.07, E = 6.68 keV  wmem (Data Fit)

FeXXV: BR = 0.08, E = 6.67 keV

FeXXIV: BR = 0027 E = 6.66 keV -‘- Fermi-LAT (Cen A Core) ]
-- FeXXVIL: BR = 0.21, £ = 6.97 keV === Total Fe emission |

L J
* L 2
«\ &
. X
U ‘
r\ i
[ VAN \\ '
:’ . \\\ L 4
’l"l"r\ A *
4, LY LA ANR y
— FHT .
I’I' /’ \ \
] ) o
AN ~

Accelerated e~ ( Syn)

py— 7 — u—e(Syn+IC) ]
Total gamma

H.E.S.S.

10410310210"* 100

10t 102 103

10* 10°

Gamma ray energy E |GeV]

1090

Power-law index: D = 2.15

10** erg/s
5.6 x 10* erg/s
e =5 x 10% erg/s

LP
L,

Emission levels
Branching ratio

Taken from
AtomDB public database

F, = N, Fp.
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-- FeXXVIL: BR 0.01, £ = 8.70 keV

FeXXV: BR = 0.02, E = 8.29 keV

| FeXXVI: BR = 0.03, £ = 8.25 keV  ---

-- FeXXVI: BR = 0.02, E = 825 keV ---
-- FeXXV: BR = 0.06, E = 7.88 keV
-- FeXXVIL: BR = 0.21, £ = 6.97 keV === Total Fe emission

(AR

FeXXVI: BR 0.11, £ = 6.95 keV
FeXXV: BR = 0.38, E = 6.70 keV

FeXXV: BR = 0.07, E = 6.68 keV  wmem (Data Fit)

FeXXV: BR = 0.08, E = 6.67 keV

FeXXIV: BR = 0.02, E = 6.66 keV ¢ Fermi-LAT (Cen A Core) ]
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e =5 x 10% erg/s

LP
L,

Emission levels
Branching ratio

Taken from
AtomDB public database

F, = N, Fp,
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Result (Preliminary)

- FeXXVIL: BR = 0.01, £ =8.70 keV -

FeXXV: BR = 0.02, E = 8.29 keV

| FeXXVI: BR = 0.03, £ = 8.25 keV  ---
- FeXXVI: BR = 0.02, £ = 8.25 keV ---

- FeXXV: BR = 0.06, E = 7.88 keV

- FeXXVL BR = 0.21, E = 6.97 keV === Total Fe emission

FeXXVI: BR — 0. 11, E = 6.95 keV
FeXXV: BR = 0.38, E = 6.70 keV py— 71— p— e(Syn+IC) ]
FeXXV: BR = 0.07, E = 6.68 keV  wmem (Data Fit)
FeXXV: BR = 0.08, E = 6.67 keV

Accelerated e~ ( Syn)

Total gamma

FeXXIV: BR = 0027 E = 6.66 keV -¢- Fermi-LAT (Cen A Core) ]
HES.S. 1

Power-law index: D = 2.15

10** erg/s
5.6 x 10* erg/s
=5 x 10% erg/s

Emission levels
Branching ratio

Taken from
AtomDB public database

10410310210"% 109 10! 102 103 \104 105 0

Gamma ray energy E |GeV]

F, = N, Fp.
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---- FeXXVI: BR = 0.01, E = 8.70 keV FeXXVI: BR = 0.11, F = 6.95 keV Accelerated e~ (Syn)
FeXXV: BR = 0.02, E = 8.29 keV FeXXV: BR = 0.38, E = 6.70 keV py— 7= p— e(Syn+IC)
10 -5 1 FeXXVI: BR = 0.03, E = 8.25 keV  ---- FeXXV: BR = 0.07, E = 6.68 keV (Data Fit)
---- FeXXVI: BR = 0.02, E = 8.25 keV --- FeXXV: BR = 0.08, E = 6.67 keV Total gamma
---- FeXXV: BR = 0.06, F = 7.88 keV FeXXIV: BR = 0.02, E = 6.66 keV ¢ Fermi-LAT (Cen A Core)
---- FeXXVI: BR = 0.21, F = 6.97 keV === Total Fe emission H.E.S.S.

Summary e,

> 15 years of Fermi-LAT 107 A SRt

— GeV-TeV shoulder + spike 1071 A j :

» Cen A gamma ray U § A SN
— CMB + EBL + AGN disk photons ' i PO T6 IO 10T 10T 107 10517 \1\5? 10°

—> Shoulder: (IC + Syn) of photopion Gamma ray energy £ |GeV]
— Spike: Cycles of Fe excitations/de-excitations

> Possible Implications

— Future probe of heavy element acceleration/composition
— Motivates cosmic ray anisotropy searches
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Backup
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SMBH mass estimatig

» Dynamics /\\

EN P L R I L EE B R R N TR R RS

—

— stellar * gas (H;, Ha, CO lines) dynamics \ i
— Doppler effects of H,O masers b \
» Time-variations (reverberation mapping) g | \
— Time-lags between disk/plasma emissions g \ ]

> Empirical relations - | ;
— BH mass & Galactic bulge velocity dispersion [ '\i§ |\ )

— BH mass & Bulge luminosity (IR etc...) » \\ E
» Spectral fittings ol R / _j
‘ [Mly0Sh1 et al. (1995)] b Lo bl o1 o) gl Bl Jladadgiba T5 Lol ol el
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Distance along major axis {mas)



