PULSAR WIND NEBULAE:

THE WONDROUS MACHINES OF HIGH ENERGY
ASTROPRYSICS

NICCOLO" BUCCIANTINI
INAF ARCETRI - UNIV. FIRENZE - INFN

\I ; | 'qﬁlll." - D EG L ] STU D | ISTITUTO NAZIONALE

DI ASTROFISICA

ll ‘l-’v‘ - -‘-{}'g :‘ \
\ “// \Y/ -~ . . n ~
2 N7 aﬂ‘. Y Fl R E N 2 NATIONAL INSTITUTE
JSPNEL il BN valieo
1 \\ N (_, J

FOR ASTROPHYSI

Bucciantini - Winds Throughout the Universe - 2023 - Annapolis



" Credit: A. Harding

Bucciantini - Winds Throughout the Universe - 2023 - Annapolis



High energy break

Low energy break MeV cutoff

N

10% E—V—V—V—V—V—hj—l—l—l—l—l—l—l——"

Soft X

F EGRET

fy

L,xv(ergs™)

Hester 2008

et Syt ol

Bucciantini - Winds Throughout the Universe - 2023 - Annapolis 3



TOO LARGE FOR
FERMI ACCELERATION

NEBULAR DYNAMICS AND
HIGH ENERGY EMISSION

BUT TURBULENCE
PROPERTIES MIGHT HELP
k ~ few x 10°
MODELLING OF AND
RADIO EMISSION > few % 10° i
VIABLE |
oW ENEReY FRom

MODELLING OF | ACCELERATION OF
MULTIFREQUENCY o | LOW AND HIGH
VARIABILITY OF ¥ ENERGY PARTICLES IN

INNER NEBULA DIFFERENT REGIONS

TURBULENT
ACCELERATION IN §
_THE NesuLaz |

Bucciantini - Winds Throughout the Universe - 2023 - Annapolis 4



Pres Vela

3c58 |
* B1509

Bucciantini - Winds Throughout the Universe - 2023 - Annapolis



Main torus
Inner ring (wisps structure)
Knot
Back side of the inner ring

Each feature traces an emitting region

Komissarov & Lytibarky 2004

Hester et al. 1995
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Camus et al 2008
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Camus et al 2008
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PWNE AND LHAASO SOURCES

12 SOURCES DETECTED BY LHAASQ ABOVE 100 TEV

Table 1| UHE y-ray sources

Source name Significance above 100 TeV (xo) E,.. (PeV) Fluxat 100 TeV (CV)
LHAASO JO534+2202 ' i 17.8 0.88+x0M 1.00(0.14)

LHAASO J1825-1326 . . 16.4 0.42+0.16 3.57(0.52)

LHAASO J1839-0545 . . . 0.21£0.05 0.70(0.18)

LHAASO J1843-0338 : . . 0.26 -0.10°0-76 0.73(017)

LHAASO J1849-0003 . ! . 0.35£0.07 0.74(0.15)

LHAASO J1908+0621 . . . 0.44+0.05 1.36(0.18)
LHAASO J1929+1745 . . . 0.71-0.07°%¢ 0.38(0.09)
LHAASO J1956+2845 . . . 0.42+0.03 0.41(0.09)
LHAASO J2018+3651 . : 0.27+0.02 0.50(0.10)
LHAASO J2032+4102 . . 142+013 0.54(0.10)
LHAASO J2108+5157 : : : 043+005 0.38(0.09)
LHAASO J2226+6057 . : : 0.57+0.19 1.05(0.16)

PEV PROTONS OR ELECTRONS?
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~ 150MeV

syn,max —
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Vsvnmax = ~ 150MeV
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HEGRA 2004

HESS 2006
Fermi-LAT 2012
MAGIC 2015+2020
HAWC 2019

Tibet ASy 2019
LHAASO 2021
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_ Kolb et al 2017

Ma et al 2016
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Ma et al 2016
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PWNE WILL BE THE MOST NUMEROUS GALACTIC GAMMA-RAY SOURCES

DISTRIBUTION IN THE GALAXY CONTRIBUTION AT GAMMA-RAYS

PWNe + composites

g [Fiori, Olmi + 2022] ‘

PWNe + composites + UNID
Synthetic population

> Flux)

Number of sources (

1074 10~}
Flux > 0.1 TeV [Crab units)

Eccaped PSR: PWNe

Sun PWNe + composites
PWNe + composites + UNID
Synthetic population

Number of sources (> Flux)

1074 107}
Flux > 1.0 TeV [Crab units)




PSR B1957+20 (Stappers et al. 2003)

~ PSR B2224+65 (Chatterjee & Cordes 2002)
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" PSR J1101-(Pavan et al 2016)

The particles in these features are ~ PSR
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Olmi & Bucciantini 2019
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PAIR ESCAPE IN MHD MODELS

TURBULENCE IN THE TAIL DEPENDENT ON
INTERACTION GEOMETRY

OImi & Bucciantini 2019

ESCAPE ASSQCIATED T0
RECONNECTION SITES AT
THE MAGNETOPAUSE

0°-60°
60°-120°

STRONG ENERGY . IR
DEPENDENCE




Mission name

Mission category
Operational phase
Orbital parameters
Spacecraft features
Science payload
Telescope optics (x3)
Telescope detector (x3)
Polarization sensitivity
Spurious modulation
Angular resolution

Field of view (FOV)

Imaging X-ray Polarimetry Explorer (IXPE)
NASA Astrophysics Small Explorer (SMEX)
2021 launch, 2 years following 1 month commissioning, extension possible
Circular at 540—-620 km altitude, equatorial; one ground station near equator
3-axis stabilized pointing (non-propellant), GPS time and position

3 x-ray telescopes, 4.0-m focal length (deployed), co-aligned to star tracker

24 monolithic (P+S surfaces) Wolter-1 electroformed shells, coaxially nested

Polarization-sensitive gas pixel detector (GPD) to image photo-electron track

Minimum Detectible Polarization (99% confidence) MDPy, < 5.5%, 0.5-mCrab, 10 days
< 0.3% systematic error in modulation amplitude for unpolarized source
< 30-arcsec half-power diameter (HPD)

= 10-arcmin diameter overlapping FOV of 3 detectors’ polarization-sensitive areas
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—— |XPE 2.4-2 8keV

~—— |XPE 4.3-5.6ksV
0S0O8 2.6keV
0S0O8 5.2keV

IXPE - X-RAY POLARIMETRY - CRAB
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IXPE - X-RAY POLARIMETRY - VELA

-2b

37+18 27+13 61+12 37+13 47+15 PDc¢
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Normalized Stoke Q/I

[2-8]keV

Bucciantini et al 2023

Normalized Stoke U/I

[2-8]keV
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