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Variable Galactic Gamma-Ray Sources VII 

 Barcelona, May 7, 2025

An X-ray Eye on microquasar jets and 
their impact on the surrounding medium 

Microquasars: Background/Motivation 
W50-SS 433 and V4641 Sgr in X-rays 

(campaign) 
Next generation X-ray mission: AXIS

Samar Safi-Harb 
Brydyn Mac Intyre, Naomi Tsuji, Kaya Mori 
Phil Kaaret, Ping Zhou, Hiromasa Suzuki, 

Dmitry Khangulyan, Felix Aharonian 
for the (many) W50 and V4641 Sgr collaborators 

The UofM campuses are located on original lands of Anishinaabeg, Ininiwak, Anisininewuk, Dokata Oyate and Dene, and on the National Homeland of the  Red River Métis 
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Her A

(Credit: X-ray: NASA/CXC/
SAO, Optical: NASA/STScI, 
Radio: NSF/NRAO/VLA)

Large scale jets-ISM interaction
W50-SS 433
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V4641 Sgr lobes?SS 433-W50

HAWC collaboration 2018 HAWC collaboration 2024

Recently detected with HESS (spatially resolved) and LHAASO: super-PeVatrons?

Two sources of interest
PeVatron Microquasars
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Migliari et al. 2022 
Marshall et al. 2013

hadronic jets

~6”=0.16 pc

4-20 Suns 
v=0.26 c

Lx~1036 erg/s

S(tephenson)S(anduleak) 433 V4641 Sgr
D~5.5 kpc

Lx~(Outburst)~4 x 1039 erg/s

6.4 Suns

HAWC Collaboration 2024

~6.4 Suns BH 
superluminal

Lx ~(outburst) ~ 4 x 1039 erg/s

VLA (Hjellming 1991)

200 pc

D~6.2 kpc
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(very) high-energy gamma rays:  leptonic vs hadronic, PeVatron nature 

X-rays to the rescue!

Focus of this talk

Where & how are particles accelerated?

Tuesday talks (L. Fisher, S. Casanova, R-Y Liu, J. Li, others…)



e2e3
e1 w1

w2

Radio VLA contours

steepens away from SS 433

Early X-ray  Observations of W50
ROSAT (0.1-2.4 keV)



e2e3
e1 w1

w2

Radio VLA contours

steepens away from SS 433

Early X-ray  Observations of W50
ROSAT (0.1-2.4 keV)

soft hardless  
hard

Steepening eastward along jet direction 

East

Radio Ear

Safi-Harb & Ogelman (1997)          Safi-Harb & Petre (1999) 

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

Synchrotron emission  
 E >~300 TeV, B~6-15 uG

ROSAT, ASCA 
and RXTE 

(0.1-50 keV)

1990’s

Galactic PeVatron Candidate?



Motivated by non-thermal X-rays and modelling efforts,  
the hunt for TeV gamma-rays with IACTs started some 25 yrs ago!

           Aharonian & Atoyan, New Astronomy Reviews (1998)                                                        
Ɣ-rays from galactic sources with relativistic jets

Bordas, Bosch-Ramon, Paredes, Perucho+2009

Josep Maria Paredes+ & SS 433

arXiv: 1011.2130

Marti+Paredes, 2015, ALMA

🎉 🎉
🎉
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Chandra XMM-
Newton NuSTAR IXPE XRISM 

Xtend

Launch  
Date July 1999 Dec 1999 June 2012 Dec 2021 Sep 2023

Energy 
Range

0.1-10 
(keV)

0.2-12 
(keV) 3-79 (keV) 2-8 (keV) 0.4-12 

(keV)

Angular 
Resolution ~1” (ACIS) 6” (FWHM) 18" 

(FWHM)
6.4” 

(FWHM) <1.3’

Field of 
View 17’ x 17’ 30’ 12’ 12.9’ 38’ x 38’

Polarimetry

low background

  sensitive to low 


surface brightness

Cu
rre

nt
 X-

ra
y M

iss
io

ns



Samar Safi-HarbVGGRS 2025, Barcelona 9

Imaging: site of particle acceleration


Spectroscopy: acceleration process


•synchroton (X), ICS => leptonic


•secondary electrons (X), pion decay=>hadronic


•Polarization: Magnetic Field (B)

X-rays are crucial

Sensitivity

Angular Resolution

Energy coverage

X-ray and gamma-ray missions



• SS 433-W50 Interaction 

• Safi-Harb+22 (East, e1-e3, XMM and NuSTAR)


• Kayama+22 (West, w1-w2, Chandra)


• Kaaret+23 (head-e1, IXPE)


• Chi+25 (North-shell, XMM)


• Mac Intyre+ in prep (West, XMM+NuSTAR, E-W 
comparison; modelling+SED)


• Tsuji+ in prep (proper motion, West+East, Chandra)


• V4641 Sgr and its enviromnent


• Suzuki+25, XRISM (Xtend)


• Proposal to survey (XMM, NuSTAR, Chandra):           
Kaya Mori,  NaomiTsuji+

X-ray campaign

(et al.)

Radio/molecular cloud observations ongoing

(re-)ignited by HAWC
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w1
w2

radio
0.5-1.0 keV

1-2 keV
2-12 keV
Optical

e2
e3 e1

SS433

W50-SS 433

SSH+22
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w1
w2

radio
0.5-1.0 keV

1-2 keV
2-12 keV
Optical

e2
e3 e1

SS433

head
head

The ‘head’ where the jet reappears —  
particle acceleration regions resolved!                                                    

~29 (east)/27 pc (west) from SS433 

sharp: a shock!

W50-SS 433

SSH+22



>10 TeV HESS contoursbroadband HESS contours

XMM-Newton RGB image with HESS Contours

Science Communication 
Lab for MPIK/H.E.S.S.
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XMM-Newton RGB image 
0.5-1 keV 
1-2 keV 

2-10 keV 
NuSTAR

Eastern Lobe

SS433

SSH+22
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similar to what is seen in PWNe and some AGN jets 

XMM-Newton RGB image 
0.5-1 keV 
1-2 keV 

2-10 keV 

3-10 keV 10-30 keV

(0.5-8 keV)

NuSTAR contours

XMM contours

Ea
st

er
n 

Lo
be

“Head”

18’ (29 pc) east  
of SS 433

“Head”

“Head”

e2e3
SS433

Photon Index (Chandra)=1.57+/-0.39

Head Photon Index=1.58+/-0.05 
(XMM+NuSTAR, 0.5-30 keV)

1.76

1’~1.6 pc 

2.1

1.57

e1e2

e1

1.6
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NuSTAR

XMM-Newton RGB image 
0.5-1 keV 
1-2 keV 

2-10 keV 

SS433

Western Lobe

Mac Intyre+, in prep
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W
es

te
rn

 L
ob

e Region Photon Index
Head 1.55+/-0.07

Diffuse 1.67+/-0.04
Full 1.72+/-0.03
w1 1.71+/-0.07
w2 2.10+/-0.05

head

17’ (27 pc) west  
of SS 433

SS433

Mac Intyre+, in prep

w2w1

w1 w2

XMM-Newton RGB image 
0.5-1 keV 
1-2 keV 
2-10 keV 

NuSTAR



Implications (non thermal X-rays)

Lobe
D (pc) 

Accleration 
site

Photon 
Index   

(0.5-30 keV) 

Lx (1E34 
erg/s)

E_e 
(TeV)

B (eq) 
(uG)

Eastern 
Head 29 1.58±0.05 1.1 250 12

Western 
head 27 1.55±0.07 0.5 180 15
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East (head-e1-e2)

N H (1E22 cm-3) Photon index

NH and Spectral Index Maps

SS433 SS433
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West-e1-e2

Photon IndexN H (1E22 cm-3) 

NH and Spectral Index Maps

SS433 SS433



Modelling (in progress) with Dmitry Khangulyan

vd~0.025-0.12c

HESS collaboration (2024)

vd~0.065-0.1c 

Kayama+ (2022)

Sudoh+2020: 16 μG (e1),  9 μG (w1) ​
 B~20 uG (e2)



Samar Safi-HarbVGGRS 2025, Barcelona 21

▪ IXPE observed the inner eastern lobe

▪ Photon index (head): Γ = 1.57 ± 0.14

▪ Luminosity = 1.3×1034 erg s−1  (0.3–30 keV)

Kaaret (SSH) et al. 2023

X-ray polarization

➢ Magnetic field is parallel to flow

▪ Maximum PD = 70% for 
synchrotron with Γ = 1.57

➢ Magnetic field is well ordered
Similarities to (Vela) PWN 

and FRII jets!

🎉 IXPE observation of the western lobe is under way!

Shock acceleration at shear interfaces or at leading edge of head? 
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w1 (40 ks)
Jul 2023

w2 (40 ks)
Oct-Nov 2023

head/e0/e1 (70 ks)
Jul and Sep 2024

e2 (50 ks)
Aug 2024

N. Tsuji (PI), K. Mori, SSH,  Y. Inoue, K. Kayama, D. Khangulyan, 

L. Olivera-Nieto, T. Sudoh, T. Tanaka,  T. Tsuru, H. Uchida, T. Michiyama..

Mosaic Chandra coverage



Proper Motion Measurement

e3          e2     e0/head
w1     w2

SS 433

apparent motion outward

head



Proper Motion Measurement

e3          e2     e0/head
w1     w2

SS 433

apparent motion outward

dominated by systematic uncertainties

head



• Phase A

• decision 2026

• Launch 2032

Super Chandra 
+Super Swift!

Reynolds et al. 2023

Zooming in on  
PeVatrons & uQ



Probing the acceleration process through proper motion studies

SSH, Burdge+2023, AXIS White Paper

Zooming in on Micoquasars in the 2030’s with AXIS

XTE J1550-564

head/e0 simulation by Naomi Tsuji

Simulated AXIS image

head



W50 — Thermal X-ray 
emission
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Soft X-rays

Hard X-rays

SS433

Thermal X-ray emission from W50

heade2 e1
w1 w2
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Soft X-rays

Hard X-rays

SS433

Thermal X-ray emission from W50

kT~0.2keV 
‘e3’
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Soft X-rays

Hard X-rays

SS433

Thermal X-ray emission from W50

kT~0.2keV 
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kT~0.27 keV 
enhanced Mg, Si 

‘w3’

`w3’

heade2 e1
w1 w2
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kT~ 1 keV 
enhanced Si 

under-ionized plasma 
n~ 0.3 cm-3 

E<~1E51 ergs 
t~20-30 kyr

A black hole-SNR shell?

Thermal shell

SS 433

Chi, Zhou+2024

 XMM, north-east: 40.9, 40.4, and 33.2 ks (MOS1, MOS2, pn)
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HAWC Collaboration 2024 LHAASO Collaboration 2024HESS Collaboration 2024

~1
00

 p
c

~15 pc

V4641 Sgr in TeV 
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V4641 Sgr with XRISM  
           (ToO, 20 ks, 2024.09.30) 
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XRISM/Xtend image in 1.2-7 keV (Suzuki+ 2025)

(HAWC Collab. 2024)

~3
0 

pc

V4641 Sgr with XRISM  

4.5σ
Scale ~ 30 pc << TeV size 
particle acceleration site is within ~10 pc of uQ

comparable scale to SS433

Suzuki+25

Contours: > 1 TeV HAWC



V4641 Sgr with XRISM  

Non-thermal: Γ ~ 1.6–2.7

L~1037-38 erg/s << Ledd 

B~80 uG or D~1E27 cm2 s-1 at 100TeV


Thermal: kT~2.5-3.9 keV

• n~0.3 cm-3


•  L~2E39erg/s ~Ledd Suzuki+25

10% source 
contribution in 
BGD

No source 
contribution in 
BGD

>9σ
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~30 pc

XMM 
(0.3-10 keV; 30 ks)

Chandra 
(0.5-7 keV; 25 ks)

Archival
XRISM
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~30 pc

XMM 
(0.3-10 keV; 30 ks)

Chandra 
(0.5-7 keV; 25 ks)

Archival
XRISM

LP proposal just announced to be approved! 
(PI Kaya Mori - 490 ks NuSTAR, 160 ks XMM) 🎉

🎉
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Nobeyama 12CO(J=1-0) map
Contour: HAWC (>1 TeV)
Blue: -28 to -24 km/s
Red: 26 to 32 km/s 
Green: 4 to 10 km/s

Nobeyama 45-m radio telescope

Nobeyama Observations (12CO):      
Naomi Tsuji+    


No emission at d=6.2 kpc (V4641) 
• Challenging for hadronic scenario?


Three molecular clouds

• MC1 at V= -28 to -24 km/s

• MC2 at V= 26 to 32 km/s

• MC3 at V= 4 to 10 km/s

• Distance <4 kpc or >12 kpc


CO(J=3-2) observations by APEX 
ongoing: E. de la Fuente, D. Tafoya+ 

Molecular cloud in V4641 Sgr?
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??

??

X-rays=>resolve the site for efficient particle acceleration in a uQ jet, ~30 pc away!

E~ a few x100 TeV, B~12-15 uG at head, B along the jet flow in east

Knots moving out?

Termination shock at the eastern ear (e3), thermalizes with ISM

X-ray shell in the north==> Black hole remnant?


shell-jet interaction at e2/w2?


Modelling efforts & multi-wavelength sensitive surveys in X/radio  (on going or being planned)

Future: more sensitive instruments with large FoV, good angular resolution, synergy with gamma

radio
0.5-1.0 keV

1-2 keV
2-12 keV
Optical

??

shock

shock

SNR shell?

termination shock

thermal

thermal

~30 pc

SS433

thermal

Where & how are particles accelerated?
Summary

V4641 Sgr: Extended X-ray emission 
~30 pc Comparable scale and 
acceleration site as for SS 433, but 
lots still unknown!

W50-SS 433 V4641 Sgr



AXIS for the 2030’s and beyond

Parameter Value
PSF 1.5” on-axis, 1.75” FoV-ave (HPD)
Effective Area (incl. detector) 4200 cm2 at 1 keV; 830 cm2 at 6 keV
FoV 24 arcmin diameter
Bandpass 0.3-10 keV
Readout rate >5 fps
Slew rate 120 deg. / 7 min.
Orbit L2 Halo Orbit

• Simple, single instrument design

• 5 year prime mission; design for 10 year goal

• Combination of PSF, effective area, exquisite point source sensitivity 

(F0.5-2.0keV=3x10-18erg/s/cm2 FOV-ave in 5Ms)

• Capable facility for transient science; <2 hour response time to alerts + 

onboard rapid transient detection.

• True community facility; >70% time for Guest Observers 
• Needed facility that would be synergistic with gamma-ray facilities

Advanced X-ray Imaging Satellite

• Phase A

• decision 2026

• Launch 2032

PI Chris Reynolds 


