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Queen’s University is situated on traditional
Anishinaabe and Haudenosaunee Territory.
To acknowledge this traditional territory is to recognize

its longer history, one predating the establishment of the
earliest European colonies. It is also to acknowledge this
territory’s significance for the Indigenous peoples who
lived, and continue to live, upon it - people whose
practices and spiritualities were tied to theland and
continue to develop in relationship to the territory
and its other inhabitants today.
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Haudenosaunee roots. There is also a significant
Meétis community and there are First Peoples
_ from other Nations across Turtle Island
= present here today.
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Cosmic rays hitting Earth.
Credit: (NSF/J. Yang)

Cosmic Rays
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Backeround -
Supernova Remnants (SNRs)
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Background - Microquasars

Quasar Microquasar

iR e e Al By NASA - https://apod.nasa.gov/apod/ap960306.html
By ESO/VWVFI, CC BY 4.0
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SS 433 and W50

TeUPA 2022 Credit: DESY, Science Communication Lab



HAWC 2018

 Detected TeV emission from W50

» 20 year old predictions confirmed

Pre-trial significance, o

Abeysekara, A.U., Albert, A., Alfaro, R. et al. VeryRRigh-energy particle
acceleration powered by the jets of the microquasagsSs 433. Nature 562, 82—
85 (2018). https://doi.org/10.1038/s41586-018-0565-
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This Research

Hard X-ray emission from the eastern jet of SS 433 powering the W50 ‘Manatee’ nebula: Evidence
for particle re-acceleration

S. SAFI-HARB

F. An
1y, s & Astronomy, Winnipeg, MB R3T 2N2, Canada
‘ rd College Physics Program, 30 Campus Road, Annandale-On-Hudson, NY 125
® 2 Columbia phys Laboratory, 550 West 120th Str J York, NY 100

4 Fermi National Accelerator Laboratory, PO Box 500, Batavia IL, 60510, U
5 Dublin Institute for Advanced Studies, 31 Fitzwilliam Place, Dublin, Irelar
Lclear P P.O. Bozx 103980, 69029 Heidelberg, Germany
7 Department of Physics, W 3 ter, Uni y of Wi A 53706, L
8 Kavli Institute For Astrophysics and Space Research, Massachusetts Institute of Technology, Cambridge, MA, USA

oul, Seoul, Rep. of Korea

ABSTRACT
We present a broadband X-ray study of W50 (‘the Manatee nebula’), the complex region powered
by the microquasar SS 433, that provides a test-bed for several important astrophysical processes. The
W50 nebula, a Galactic PeVatron candidate, is classified as a supernova remnant but has an unusual
double-lobed morphology likely associated with the jets from SS 433. Using NuSTAR, XMM-Newton,
and Chandra observations of the inner eastern lobe of W50, we have detected hard non-thermal X-ray

emission up to ~30 keV, originating from a few-arcminute size knotty region (‘Head’) located < 18’
) pe for a distance of 5.5 kpc) east of SS 433, and constrain its photon index to 1.58=+0.0¢

band). The index gradually steepens eastward out to the radio ‘ear’ where thermal soft ray

(=} )

dominates. The hard y knots mark the location of
acceleration sites within the jet and require an equipartition magnetic field of the order of >12uG. The
unusually hard spectral index from the ‘Head’ region challenges classical particle acceleration processes
and points to particle injection and re-acceleration in the sub-relativistic SS 433 jet, as seen in blaza
and pulsar wind nebulae.

emission with a temperature k7~0.2 ke

Yellow: 0.5-1.0 keV
Magenta: 1.0-2.0 keV
TeUPA 2022 Cyan: 2.0-12.0 keV 10
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History

History -
Radio/Optical

TeVPA 2022

Imaging

The Data Analysis

~50 years of study!
Optical > Radio > X-Ray
Clark & Murdin (1978)
Doppler Shifts

Jets, jets, and jets

Spectral
Analysis

Discussion/
Conclusion
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Imaging Spectral Discussion/
Analysis Analysis Conclusion

History — X-Rays (+

History The Data

05D 007

286
R A (13501
iel scans have

nding lop was
mate shell of the

1 2 3

19h 16m 10m
Pre-trial significance, o

Abeysekara, A.U., et al., 2018, Nature

SNR, Wso, has been indicated. Dashe xes are UHURU error boxes.

F.D. Seward, 1976, MINRAS

Samar Safi-Harb and Hakki Ogelman, 1997, ApJ
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History
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The Data

Chandra

Imaging
Analysis
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Spectral Discussion/
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The Data
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Chandra
July 23, 1999

F.o.V.: 30 arcmin
Range: 0.1-10 keV

Resolution: 0.5 arcsec

Telescopes

XMM-Newton NuSTAR

December 10, 1999
F.o.V.: 30 arcmin
Range: 0.15-12 keV

Resolution: 5-14 arcsec

June 13, 2012
F.o.V.: 12 arcmin
Range: 3-79 keV

Resolution: 9.5 arcsec

TeVPA 2022

X-Ray Telescopes & the Electromagnetic Spectrum

1 MeV

100 meV eV 10 eV 100 eV 1 keV 10 keV 100 keV

Energy

- =y 1 | e Wuvelength
10 pm 1 pm 100 nm 10 nm 1 nm 100 pm 10 pm 1 pm

2 P Chandra &
XMM-Newton

NuSTAR

3-79 keV ﬁ .
RTIAsats "‘,‘/"f-‘ g&é

https://www.nustar.caltech.edu/page/about
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History

The Data

—— NuSTAR 10-20 keV
—— NuSTAR PSF

TeVPA 2022

Imaging
Analysis

Spectral Discussion/
Analysis Conclusion

Imaging Analysis
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Imaging Spectral Discussion/ .

History The Data Analysis Analysis Conclusion

XMW
Spectral
Analysis
NuSTAR
« Exhaustive background analysis
* NuSTAR - XMM Coordination
* nH values from XMM
XMW
TeVUPA 2022 17
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Discussion/
Conclusion

Imaging Spectral
Analysis Analysis

The Data

History

NnH: 0.76x1022 cm2

Y:1.77

nH: 1. 18x102 cm~2

V:1.76

nH: 1.77x1022cm2

y: 1.58
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\ : Imaging Spectral Discussion/\
hlistory 11 P Analysis Analysis Conclusion

Discussion & Conclusions

 Head represents an acceleration zone
e Radio: FRIlI / X-rays: FRI

* Synchrotron/Compton/Thermal +

 Hard spectral index 3 o o
Par. Ind. ~2, E.D. o 1/E? :

* AGN knots

Pho.Ind.~1.1-1.6

« Efficient particle acceleration!
12 pG Fhoton e T 564006
~250 Te\‘/ -'*'*:u T7=107 em ™ j: 0 ' III:I:L 0.06
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Future Work

TeVPA 2022

~30 arcsec

Pre-trial significance, o

Abeysekara, A.U., et al., 2018, Nature
20



Thank you!

Brydyn Mac Intyre Q U e Sti O n S?

macintyb@myumanitoba.ca

Special thanks to the W50 Collaboration!
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Parameter XMM 0.5 - 10 ket NuSTAR 3 - 30 ke Joint 0.5
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we list the combined 0.5-10 ke (XMM) and 10-30 keV (NuSTAR) Huxes with the model
lues from the joint ft.

+ ‘lenticular’ region (see Figure 2) shows evidence of soft thermal X-ray emission with
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Telescopes

Chandra

XMMWM-Newton NuSTAR
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