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The Galactic Center is full of PeVatrons
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G0.9+0.1: a young energetic PWN in the GC region
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PWN GO0.9+0.1 has been observed from radio to TeV
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The SED of PWN G0.9+0.1up to 2020

Tanaka & Takahara (2011) Torres et al. (2014) Fiori et al. (2020)
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The SED of PWN G0.9+0.1up to 2020
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What about hard X-rays?
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Hard X-ray data are fundamental to constrainE__
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The first SED of PWN G0.9+0.1including NUSTAR

Brunelli et al (submitted to ApJ)

-28°03'

MeerKAT
XMM
NuSTAR

[ HESS
06'
S s
g oo =
3 ?
[a] [a]
12'
17"47m48° 36° 243 125 17"47m30° 25% 20° 15°% 108
Right Ascension Right Ascension
First broadband Updated model of Compare SED
X-ray spectrum the radio-TeV SED models

TeVPA2025 - Giulia Brunelli - PWN G0.9+0.1



PWN GO0.9+0.1 under different X-ray eyes
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The first 2-30 keV spectrum of PWN G0.9+0.1

Well fitted by a single power law

Brunelli et al (sub.)
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Compatible with Porqget et al., 2003
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We tested complementary SED models

One-zone model (Gelfand et al., 2009)

Multi-zone model (Kim & An, 2020)
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We tested complementary SED models

One-zone model (Gelfand et al., 2009)

Spherical
PWN

Multi-zone model (Kim & An, 2020)

Spherical
PWN
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We tested complementary SED models

One-zone model (Gelfand et al., 2009)

[ PSR injection ]

Spherical
[ PWN } =j= [ Synchrotron + ICS ]

[ Adiabatic losses ]

Multi-zone model (Kim & An, 2020)
[ PSR injection ]

[ Spherical } oL [ Synchrotron + ICS ]

PWN
[ Adiabatic losses ]
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We tested complementary SED models

One-zone model (Gelfand et al., 2009)

[ PSR injection ]
Spherical
[ DWN } = [Synchrotron+ICS] ==

Adiabatic losses ]

[ Uniform B, and py ]

[ Time evolution inside SNR ]

Multi-zone model (Kim & An, 2020)

[ PSR injection ]

Spherical Synchrotron + ICS Radius-dependent
{ PWN } ar [ ] ar [ }

. . BPWN and Vflow
[ Adiabatic losses ]
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We tested complementary SED models

One-zone model (Gelfand et al., 2009)

[ PSR injection ]
Spherical
[ DWN } = [Synchrotron+ICS] ==

Adiabatic losses ]

[ Uniform B, and pp, ] [ Time-dependent SED ]

[
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[ RPWN and RSNR ]

Multi-zone model (Kim & An, 2020)
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[ X-ray radial profiles ]




Both models can reproduce the radio-TeV SED

One-zone model
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The models predict comparable parameters

Brunelli et al (sub.)

Parameter One-zone Model Multi-zone Model

SNR parameters

Supernova energy Esn (10°! erg) 2.9
Ejecta mass Mej (Mo) 14.0
ISM density nism (cm*S) 0.23
Radius rsnr(pc) 10.8

Pulsar parameters

Age (kyr) 2.2 2.0
Spindown timescale 7sq (kyr) Al 31*
Initial spin down power o (10% erg s™1) 1.3 1.3*

PWN parameters

Spectral index p 2.60 2.61
Minimum energy Emin (GeV) 12.8 13.3
Maximum energy Emax (PeV) 2.2 2.0
Magnetic fraction np 0.023 0.009
Radius rpwn (pc) 32 2.1
Velocity Vewn 0.005¢
Bulk flow velocity at TS Vo 0.04c
Bulk flow velocity index av -0.86
Average magnetic field (uG) 16.6 20.5
Magnetic field at TS By (uG) 32
Magnetic field index ap -0.14
ICS field temperature Tir (K) 54 54
ICS field energy density ug (eV cm™3) 5.6 2.2
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The models predict comparable parameters

Brunelli et al (sub.)

Parameter One-zone Model Multi-zone Model

pe— Energetic (~2.9 x 10°' erg) and
Eic s M O00) o : massive (~14 M_) progenitor
ISM density nism (cm™ ) 0.23
Radius rsnr(pc) 10.8

Pulsar parameters

Age (kyr) 2.2 2.99
Spindown timescale 7sq (kyr) 3.1 3.1%
Initial spin down power Eo (10% erg s™1) 1.3 1.3*

PWN parameters

Spectral index p 2.60 2.61
Minimum energy Emin (GeV) 12.8 13.3
Maximum energy Emax (PeV) 2.2 2.0
Magnetic fraction np 0.023 0.009
Radius rpwn (pc) 3.2 2.1%
Velocity Vpwn 0.005¢
Bulk flow velocity at TS Vo 0.04c
Bulk flow velocity index av -0.86
Average magnetic field (uG) 16.6 20.5
Magnetic field at TS By (uG) 32
Magnetic field index ap -0.14
ICS field temperature Tig (K) 54 54
ICS field energy density uig (eV cm™?) 5.6 2.2
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The models predict comparable parameters

Brunelli et al (sub.)

Parameter One-zone Model

Multi-zone Model

SNR parameters

Supernova energy Esn (10°! erg) 2.9
Ejecta mass Me; (M) 14.0
ISM density nism (cm ™) 0.23
Radius rsnr(pc) 10.8

Pulsar parameters

Age (kyr) 2.2 2.0¢
Spindown timescale 754 (kyr) 3.1 Sl
Initial spin down power Eq (10%® erg s™') 1.3 1.3*
PWN parameters
Spectral index p 2.60 2.61
Minimum energy Emin (GeV) 12.8 13.3
Maximum energy Emax (PeV) 2.2 2.0
Magnetic fraction np 0.023 0.009
Radius rpwn (pc) 3.2 2.12
Velocity Vewn 0.005¢
Bulk flow velocity at TS Vo 0.04c
Bulk flow velocity index ay -0.86
Average magnetic field (uG) 16.6 20.5
Magnetic field at TS By (uG) 32
Magnetic field index ap -0.14
ICS field temperature Tir (K) 54 54
ICS field energy density uir (eV cm™%) 5.6 2.2
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Very young (~2.2 kyr) pulsar!
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The models predict comparable parameters

Brunelli et al (sub.)

Parameter One-zone Model

Multi-zone Model

SNR parameters

Supernova energy Esy (10°! erg) 2.9
Ejecta mass Me; (Mo) 14.0
ISM density nism (cm™?) 0.23
Radius rsnr(pc) 10.8

Pulsar parameters

Age (kyr) 22 2.2
Spindown timescale 7ea (kyr) 3.1 3.1°
Initial spin down power Ey (10°® erg s™1) 1.3 1.3°
PWN parameters
Spectral index p 2.60 2.61
Minimum energy Emin (GeV) 12.8 13.3
Maximum energy Emax (PeV) 2.2 2.0
Magnetic fraction ng 0.023 0.009
Radius rpwn (pc) 32 2.12
Velocity Vewn 0.005¢
Bulk flow velocity at TS Vg, 0.04c
Bulk flow velocity index ay -0.86
Average magnetic field (uG) 16.6 20.5
Magnetic field at TS Bo (uG) 32
Magnetic field index ap -0.14
ICS field temperature Tir (K) 54 54
ICS field energy density uig (eV cm™?) 5.6 2.2

TeVPA2025 - Giulia Brunelli - PWN G0.9+0.1

Single power law injection spectrum
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The models predict comparable parameters

Brunelli et al (sub.)

Parameter One-zone Model

Multi-zone Model

SNR parameters

Supernova energy Esy (10°! erg) 2.9
Ejecta mass Mej (M) 14.0
ISM density nism (cm™?) 0.23
Radius rsnr(pc) 10.8

Pulsar parameters

Age (kyr) 22 2.2°
Spindown timescale 7ea (kyr) 3.1 3.1°
Initial spin down power Ey (10°® erg s 1) 1.3 1.3°
PWN parameters
Spectral index p 2.60 2.61
Minimum energy Emin (GeV) 12.8 13.3
Maximum energy Emax (PeV) 2.2 2.0
Magnetic fraction ng 0.023 0.009
Radius rpwn (pc) 32 2.12
Velocity Vewn 0.005¢
Bulk flow velocity at TS Vg, 0.04c
Bulk flow velocity index ay -0.86
Average magnetic field (uG) 16.6 20.5
Magnetic field at TS By (uG) 32
Magnetic field index ap -0.14
ICS field temperature Tir (K) 54 54
ICS field energy density ur (eV cm’:*) 5.6 2.2

TeVPA2025 - Giulia Brunelli - PWN G0.9+0.1

Large magnetic field (~ 20 uG)
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The models predict comparable parameters

Brunelli et al (sub.)

Parameter One-zone Model Multi-zone Model

SNR parameters

Supernova energy Esy (10°! erg) 2.9
Ejecta mass Me; (M) 14.0
ISM density nism (cm™?) 0.23
Radius rsnr(pc) 10.8

Pulsar parameters

Age (kyr) 22 2.2°
Spindown timescale 7ea (kyr) 3.1 3.1°
Initial spin down power Eo (10°® erg s™?) 1.3 1.3°

PWN parameters

Spectral index p 2.60 2.61

Minimum energy Emin (GeV) 12.8 13.3

Maximum energy Emax (PeV) 2.2 2.0

Magnetic fraction ng 0.023 0.009

Radius rpwn (pc) 32 2.12

Velocity Vpwn 0.005¢ . .

Bulk flow velocity at TS Vg, 0.04c L k Iy G I P V I
Bulk flow velocity index ay -0.86 I e a new a aCtIc e atron °
Average magnetic field (uG) 16.6 20.5

Magnetic field at TS Bo (uG) 32

Magnetic field index ap -0.14

ICS field temperature Tig (K) 54 54

ICS field energy density uig (eV cm™?) 5.6 2.2
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A unique PeVatron PWNe in the NUSTAR sample

Brunelli et al (sub.)

PWN G0.940.1 G18.5-0.4* G75.234+0.12°> G106.65+2.96° G313.54+0.23¢ (G313.3+0.1° (G338.3-0.0f
o “Eel” “Dragonfly”  “Boomerang”  “Kookaburra” “Rabbit”  HESS J1640-465
PSR J1747-2809 | J1825-1256  J2021+-3651 J2220+6114 J1420-6048 J1418-6058 J1640-4631
7e (kyr) ) 14.4 17 10 13 10.4 3.4
E (ergs?) | 43x10° | 3.6 x10% 3.4 x 10%¢ 2.8 % 10°7 1% 10%7 5 x 10°° 4.4 x 10%°
d? (kpc) 8-16 (8) 3.5 0.4-12 (3.5) 0.8-7.5 (7.5) 5.6-7.7 (5.6) 3.5 12
Erax (PeV) 2.0-2.2 1.4 1.2 0.9 1 1.2
Bpwn (1G) 20 1 2.7 2.5 5.1 12.3 4.1
tage (kyr) 2.2 5.7 16 2.1 9 7 3.1
e No Possible Yes Yes Possible Possible Yes
with RS?
SED model ey One-zone One-zone One-zone Multi-zone Multi-zone One-zone
Multi-zone

NoOTE—?D. A. Burgess et al. (2022);°J. Woo et al. (2023); °I. Pope et al. (2024); 4J. Park et al. (2023a); °J. Park et al. (2023b);
fM. Abdelmaguid et al. (2023); & Range of estimated distances, and assumed distance in the SED modeling in parentheses.
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A unique PeVatron PWNe in the NUSTAR sample

Brunelli et al (sub.)

PWN G0.940.1 G18.5-0.4* G75.23+0.12°> G106.65+2.96° G313.54+0.23¢ (G313.3+0.1° (G338.3-0.0f
) ) “Eel” “Dragonfly” “Boomerang” “Kookaburra” “Rabbit” HESS J1640-465
PSR J1747-2809 J1825-1256  J2021+3651 J2220+6114 J1420-6048 J1418-6058 J1640-4631 E nerg etiC
7 (kyr) 5.3 14.4 17 10 13 10.4 3.4
E (ergs')  43x10°  3.6x10°® 3.4 x 10% 2.2 x 10°7 1 x 10%7 5 x 10% 4.4 x 10%° pulsars
d?® (kpc) 8-16 (8) 3.5 0.4-12 (3.5) 0.8-7.5 (7.5) 5.6-7.7 (5.6) 3.5 12
Emax (PeV) 2.0-2.2 2 1.4 1.2 0.9 1 1.2
tage (kyr) 2.2 5.7 16 2.1 9 7 3.1 E ~ 1_2 PeV
i max
Interaction No Possible Yes Yes Possible Possible Yes
with RS?
SED model Einezpne One-zone One-zone One-zone Multi-zone Multi-zone One-zone
Multi-zone
NoOTE

fM. Abdelmaguid et al. (2023);

TeVPA2025 - Giulia Brunelli - PWN G0.9+0.1

*D. A. Burgess et al. (2022);°J. Woo et al. (2023); °I. Pope et al. (2024); 9J. Park et al. (2023a); °J. Park et al. (2023b);
3); & Range of estimated distances, and assumed distance in the SED modeling in parentheses.
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A unique PeVatron PWNe in the NUSTAR sample

Brunelli et al (sub.)

G18.5-0.4* (G75.23+0.12° G106.65+2.96° G313.54+0.23% G313.34+0.1° G338.3-0.0°

PWN G0.9+0.1 ‘
“Eel” “Dragonfly” “Boomerang” “Kookaburra” “Rabbit” HESS J1640-465

PSR J1747-2809 J1825-1256  J2021+4-3651 J2220+6114 J1420-6048 J1418-6058 J1640-4631 The Only ohe
7e (kyr) 5.3 14.4 17 10 13 10.4 3.4 .
E (ergs?)  43x10% 3.6x10% 3.4 x10% 2.2 x 10%7 1 x 10%7 5 x 10% 4.4 x 103 without RS
d& (kpc) 8-16 (8) 3.5 04-12 (3.5) 0875 (7.5)  5.6-7.7 (5.6) 3.5 12 interaction
Erax (PeV) 2.0-2.2 2 1.4 1.2 0.9 1 1.2
Bows (uG) | 27 25 5.1 123 41 b
tage (kyT) 9.5 5.7 16 2.1 9 7 3.1
Interaction

No Possible Yes Yes Possible Possible Yes H
with RS? Higher

B ~ magnetic field
SED model Blnsszone One-zone One-zone One-zone Multi-zone Multi-zone One-zone g

Multi-zone

NOTE—?D. A. Burgess et al. (2022);°J. Woo et al. (2023); °I. Pope et al. (2024); 4J. Park et al. (2023a); °J. Park et al. (2023b);
fM. Abdelmaguid et al. (2023); & Range of estimated distances, and assumed distance in the SED modeling in parentheses.
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Take-home messages

G0.9+0.1is a
yound (~ 2kyr)
PeVatron PWN

NuSTAR data are
fundamental to

__—

TeVPA2025 - Giulia Brunelli - PWN G0.9+0.1

constrain Emax

More observations
are needed: extend

__—

the sample of
PeVatron PWNe

L
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Thank you for the attention!

New Hard X-Ray and Multiwavelength Study of the PeVatron Candidate PWN G0.9+0.1 in the
Galactic Center Region
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PWN G0.9+0.1is affected by synchrotron burnoff

Brunelli et al (sub.)
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SED evolution for the one-zone model
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X-ray radial profiles for the multi-zone model
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Decreasing E__ in the model
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Renewed activity from XMMU J174716.1-281048
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“‘ Quiescent state: =
L, 10 ey (2015) = 4.6-10% g ,
rg/s o =n
1)  First detection in 10-30 keV L
2) Ly, (NUSTAR) = (3.2 £ 0.2) 103 erg/s Tl
> XMM 2003: L, = (3.4 = 0.1)-10% erg/s e 0BG s
@ Joint XMM+NuSTAR spectrum:
. . . N=2.07 £ 0.07 (0.5-30 keV)
The source is possibly back in outburst
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