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A manatee in space!

https://public.nrao.edu/gallery/w50-the-manatee-nebula/

SS433

W50 nebula 
SNR

Left: NSF’s Karl G. Jansky VLA, NRAO/AUI/NSF (B. Saxton), K. Golap, M. Goss; NASA’s WISE. Right: Tracy Colson
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SS 433

Created using software by Robert 
Hynes, U Texas

• High-Mass X-ray Binary (Porb~13 days)

•  Microquasar

• Stellar Mass Black Hole 
• Super-Critical Accretion

• Two-sided baryonic jets, v~0.26 c

• Precession Period ~162 days


>700 ADS records since 1978!!

 

Review by Fabrika 2004

https://www.nrao.edu/pr/2004/ss433/
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(high-energy) phenomena

• Black hole jets/microquasar
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• Black Hole Remnants
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• (Pulsar) Wind Nebula 

• Particle Acceleration to very high energies  
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D=5.5+/-0.2 kpc 
200 pc x 100 pc

Lockman et al. (2007) 
(also Blundell & Bowler 2004)  
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Radio VLA contours

steepens away from SS 433 Safi-Harb & Ogelman 1997 
Safi-Harb & Petre 1999

e1-e2: hard X-ray spectra 
(same for w1-w2) 

e1: Gamma~1.4-1.6 
100’s of TeV, 6-15 uG (e1-e2) 

ROSAT, ASCA 
and RXTE 

(0.5-50 keV)
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HAWC Collaboration 2018

hadronic? leptonic? 
See also Sudoh+2020 Kimura+2020 



HAWC Collaboration 2018

Fermi + HAWC

Fang+2020

hadronic? leptonic? 
See also Sudoh+2020 Kimura+2020 



XMM

NuSTAR 3-30 keV (12’x12’ FoV, 18” FWHM) 
XMM 0.5-10 keV (30’ FoV, ~6” FWHM)
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XMM

NuSTAR 3-30 keV (12’x12’ FoV, 18” FWHM) 
XMM 0.5-10 keV (30’ FoV, ~6” FWHM)

e1e2e3

New XMM 
NuSTAR  

Eastern Lobe: 
XMM: e1+(e2): 56 ks 
NuSTAR, e1:  100 ks 

(30 ks off source for background) 

(see also Brinkmann et al. 2007)
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XMM

w1
w2

Western lobe: 
most recently observed with  

XMM: w1+w2: 50 ks 
NuSTAR: w1: 100 ks

NuSTAR 3-30 keV (12’x12’ FoV, 18” FWHM) 
XMM 0.5-10 keV (30’ FoV, ~6” FWHM)
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New XMM 
NuSTAR  

Eastern Lobe: 
XMM: e1+(e2): 56 ks 
NuSTAR, e1:  100 ks 

(30 ks off source for background) 

(see also Brinkmann et al. 2007)
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Source regions NuSTAR — XMM —— 
NuSTAR 3-30 keV (12’x12’ FoV, 18” FWHM) 

XMM 0.5-10 keV (30’ FoV, ~6” FWHM) 
Background regions  - - - dashed

Background subtraction/optimization XMM 

NuSTAR 



Photon Index=1.57+/-0.39

Chandra

Photon Index=1.58+/-0.05

Photon Index=1.76+/-0.04

Photon Index=1.77+/-0.06

NuSTAR 

~1’ scale knots 
~1.6 pc (@5.5 kpc)



Implications

Lx (Head)~ 1.1 1034 erg/s (0.3-30 keV); Lx (eastern lobe)/Power (jets)<~10-3

Photon index~1.5=>particle index~2=> E-2 distribution of electrons.


                 (similar to what is seen in some AGN jets and PWNe) 
• Column density varies along jet: mass entrainment, internal shocks?


Harder than typical DSA (Hard differential injection spectrum, harder than E-1

Challenges traditional particle accleration process

HAWC

NuSTAR

XMM

XMM-soft

1.4 GHz Image

Optical
Multi-wavelength view

Eastern Lobe `HEAD’

CXO “ jets



Implications

Bequipartition (Head) >~ 12 micro-Gauss (Volume~1.6 1058 cm3  @5.5 kpc) 
Radiative Loss Timescale ~ 1 kyr << W50-age (<~30 kyr) 
Max Energy of Electrons: Emax  (Head)~250 TeV  

Injection and re-acceleration of SS 433 jets 

HAWC

NuSTAR

XMM

XMM-soft

1.4 GHz Image

Optical
Multi-wavelength view

Eastern Lobe `HEAD’

CXO “ jets
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Safi-Harb et al. (to appear in ApJ)
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Moldowan+05
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SS433  

hard non-thermal X-rays  
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(NuSTAR and XMM and Chandra) 
challenging traditional acceleration processes
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SS433  

hard non-thermal X-rays  
Power law: Photon index~1.5 

(NuSTAR and XMM and Chandra) 
challenging traditional acceleration processes
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HAWC+18
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Conclusions

@29 pc away: the site of freshly injected/accelerated particles 
(similar to what we see in PWNe and extragalactic jets)

radio 
hard X-rays 
soft X-rays

ongoing campaign to cover the whole 
nebula-stay tuned!
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arXiv:2207.00573 , ESA release (2022/07/04) 

NEXT: Ongoing/Upcoming X-ray, ALMA and multi-wavelength SED modelling 
in collaboration with Naomi Tsuji, Dmitry Khangulyan and Takahiro Sudoh et al.

radio
0.5-1.0 keV

1-2 keV
2-12 keV
Optical

https://arxiv.org/abs/2207.00573
https://www.esa.int/ESA_Multimedia/Images/2022/07/Cosmic_manatee_accelerates_particles_from_head
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NEXT: Ongoing/Upcoming X-ray, ALMA and multi-wavelength SED modelling 
in collaboration with Naomi Tsuji, Dmitry Khangulyan and Takahiro Sudoh et al.

Preview of newly acquired 
XMM-Newton Observations 
of w1+w2; (NuSTAR of w1). 

Stay tuned!

w1 w2
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A hard X-ray look at the Manatee Nebula (W50)
powered by the Galactic Microquasar SS 433

NuSTARXMM

NuSTAR

Chandra

XMM NuSTAR

optical

Physical Properties (synchrotron)
Radiative loss timescale  <~ 1 kyr 

<< W50 age (~30 kyr) 
B (Head) ~ 12 uG 

Emax  (Head)~250 TeV 
Lx (eastern lobe)/Power (jets)<~10-3

radio

Head

Cone

Diffuse

• Discovery with NuSTAR (+XMM+Chandra) of  
hard x-ray emission starting at ~18’ (29 pc) east of SS433

• Called `Head’: Photon index ~1.5-1.6, very hard!
• This challenges traditional particle acceleration process 
• Hard photon index similar to AGN jets and PWNe 
• Particle injection and re-acceleration of SS 433 jet

radio (VLA)
0.5-1.0 keV

1-2 keV
2-12 keV

Optical (Skinakas)

soft x-rays
dominated by thermal 
emission kT~0.2 keV

multi-wavelength  SED modelling, new observations 
upcoming! 

Nearby Laboratory for ULX bubbles! 
Fascinating source for upcoming missions 

including CTA, ATHENA, (AXIS, HEX-P )……

radio

XMM
NuSTAR

optical

HAWC

XMM
(soft)

Latest XMM observations
(05/2022)+NuSTAR—

stay tuned!

NuSTAR

XMM NuSTAR

eastern lobe

NuSTAR FoV

XMM

NuSTAR
3-10 keV

Chandra

Chandra

Thank you gamma2022!

NuSTAR
10-20 keV

Safi-Harb et al. 2022, ApJ (in press)

Head

Outlook
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SSH et al 2022 (ApJ in press)
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Source regions NuSTAR — XMM —— 
NuSTAR 3-30 keV (12’x12’ FoV, 18” FWHM) 

XMM 0.5-10 keV (30’ FoV, ~6” FWHM) 
Background regions  - - - dashed

Background subtraction/optimization XMM 

NuSTAR 

extended emission

spatial profile of head into e1



ULX bubbles
• SS 433: suggested as the nearest ULX 

catalog (Fabrika & Mescheryakov 
2001)—BUT seen edge-on==> 
atypical ULX


• W50 nebula: the most accessible 
ULX bubble analog


• ULX bubbles: a few 100’s parsecs: 
radio and optical nebulae; a few 
detected in X-rays but mostly thermal 
(likely termination hot spots)


• Many similarities between W50 and a 
few ULX bubbles, but to date, no non-
thermal X-ray emission has been 
reported from the diffuse emission 
in an ULX bubble (resulting from jets/
ISM interaction)

Soria et al

(Pakull et al.)



W50: Wind-blown bubble?

SSH & Ogelman 1997 
(Begelman & Cioffi 1989)



EARLY ROSAT AND ASCA OBSERVATIONS

SSH & Ogelman 1997

e1 and e2 w1 and w2

e3: soft with some 
thermal X-rays



ASCA and RXTE (3-50 keV)

Safi-Harb & Petre 1999

“The detection of X-rays from W50 up to energies of ~ 50 keV implies electron energies, Ee~300-450 TeV, for

an estimated B-field of 6-15 micro-Gauss (synchrotron interpretation) ==> an important site for CR acceleration!”
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Sudoh et al. 2020 
(see Kimura+2020)


