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The curious case of SS 433 : an extraordinary microquasar

artist’s rendering @ Science Communication Lab
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The curious case of SS 433 : an extraordinary microquasar

artist’s rendering @ Science Communication Lab
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The curious case of SS 433 : an extraordinary microquasar
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The curious case of SS 433 : an extraordinary microquasar
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The curious case of SS 433 : an extraordinary microquasar

artist’s rendering @ Science Communication Lab

“Inner jets” :
Collimated beams
precessing with
B ~20°
period ~162 days
Seen in radio
- Vj.e,r ~0.26c

‘nEssN

Credit : HES.S. / MPIK
YTINk  gpe /12

Tsirou et al - MU Days 2024 Topical // session SS 433 pc-scale jets seen in VHE y-rays with H.E.S.S.



https://youtu.be/gsVb96q-KRw?feature=shared

The curious case of SS 433 : an extraordinary microquasar
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The curious case of SS 433 : an extraordinary microquasar

artist’s impression @ Science Communication Lab
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The curious case of SS 433 : an extraordinary microquasar

artist’s impression @ Science Communication Lab
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The curious case of SS 433 : an extraordinary microquasar
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Claims of observed y-ray emission : N0 consensus!
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https://www.aanda.org/articles/aa/full_html/2019/06/aa35621-19/aa35621-19.html
https://www.nature.com/articles/s41550-020-1164-6
https://iopscience.iop.org/article/10.3847/2041-8213/ab62b8
https://www.nature.com/articles/s41586-018-0565-5

High Energy Stereoscopic System

« Archival observations (centered on HESS J1908+063, source at the north-west FoV)
« Observation campaign in 2020-2021 to homogenise the exposure
— ~ > 200 hours of H.E.S.S. data

« Use of a new analysis tfechnique, with optimisation for higher E and “faint” emission :

use the large CT to improve background rejection!
— Olivera-Nieto et al, EPJC 81 1101 (202]) Muons as a tool for bkg rejection in IACTs
+ Olivera-Nieto et al, EPJC 82 1118 (2022) Algorithm for Background Rejection using Image Residuals (ABRIR)

System of ( + 1 large)
Imaging Atmospheric Cherenkov Telescopes

— ~0.01 TeV up to ~100 TeV

Detection of extended VHE y-ray emission
correlating spatially with the outer jets

— spectro-morphological analysis
Science, 383, 6681, pp. 402-406 (2024)
H.E.S.S Collaboration

04712
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https://link.springer.com/article/10.1140/epjc/s10052-021-09869-0
https://link.springer.com/article/10.1140/epjc/s10052-022-11067-5
https://www.science.org/doi/10.1126/science.adi2048

Detection of the SS 433 system with H.E.S.S. : first time with an IACT array
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Detection of the SS 433 system with H.E.S.S. : the Qist

West :

— confirming hard spectra for both!
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ULs on emission from regions

DOI: 10.1126/science.adi2048
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Leptonic scenario : synchrotron and inverse Compton scattering

DOI: 10.1126/science.adi2048
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Energy-dependent morphology
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Inference of a strong shock at ~ 30 pc

1D MC transport “simulation” along jet axis yielding an output n_(E, 2).

— e spectrum, B : [fixed to best-fit MWL SED model of the lobes]
- V(2) [ = Vv, /\(2)] : [with Abased on the width of the X-ray jet opening]

- v, & D . thawed parameters

. continuous injection continuous injection 5 ai
radiative losses of electrons | of electrons radiative losses
EdN/dE EdNIAE E*dN/dE E*dN/dE
L E L E
cutaff cutoff
compact binary region, | west

shock

v,.(2)

0

\4

\4

\4

A\

e injected
atz =0
up to 10 kyr

advected by
Zodv= Vje’r(z) T

scaled with
r=2D, 1)

diff

cooled
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High Altitude Water Cherenkov observatory (HAWC) & Large High Altitude Air Shower Observatory (LHAASO)

Very-high-energies (>TeV)
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Ultra-high-energies (>100 TeV)
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https://doi.org/10.3847/1538-4357/ad7e1b
https://arxiv.org/html/2410.08988v1

SS 433 system : H.E.S.S. results

« SS 433 : still alot of unsolved questions...

« No detection < 1 TeV of any significant emission from SS 433 or other HE hotspots in the FoV
« No detection of the central binary
« No significant variability

ais Slgnlflcant detectlon of extended emission for the 2as t al d west parsec -scale |ets :

n Oféﬂ

Leb’ronic dominant process to explain the emission in the TeV range : IC scaftering on target ¢ fields

s ’F i, DR iy Sl SRR ,.'-‘;. W -

i s |ﬁ of VH cen’rr0|d towards the outer jet base as o fun

Inference of a CD/shock at the jet base, accelerating e/+ to > 200 TeV ranges.
Now + LHAASO & HAWC results — indication that UHE, VHE and HE ¢ may have distinct
hadronic and leptonic origins : E & spatial resolution are key to understand this complex system

Y-ray astronomy community needs to continue observing microquasars! 1712
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Why SS 433 (and this study) should be/remain on the MWL community’s “radar”?

« Proof of concept — large-sized CT for bkg rejection
+ analysis optimisation to higher energy ranges

« Spatially-resolved emission of jets in VHE?
— |ACTs can provide tremendous info on
sites of VHE emission — sites of particle acceleration/fresh injection
— unparalleled observational evidence
for processes behind jets & their dynamics

« Noft all microquasars are thought to be HE nor VHE sources...
we may need 1o prove or disprove it!
Already a sample with claimed UHE emission, what about the Physics behind such?
Where are the acceleration sites?

>>> CTA has the potential to change our landscape of
microquasars, binary systems and astrophysical jets <1< 12/ 12
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Radio/X-ray comparison
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https://iopscience.iop.org/article/10.1086/426542/pdf
https://iopscience.iop.org/article/10.3847/1538-4357/ac7c05

Electron populations for synchrotron and inverse-Compton components
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One-dimensional advection-driven model

1D MC transport “simulation” along jet axis :

Base of outer jefts :
Vo = Viy(z=0)

compact binary region,
east | :

advection with vjﬁ[z}
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One-dimensional advection-driven model : fixed parameters

1D MC transport “simulation” along jet axis :
— e spectrum, B : [fixed to best-fit MWL SED model]

> e injected
atz =0
radiative losses s injection et ection  radiative losses up to 10 kyr
EdNIdE E*dN/HE E*dMN/dE EXdM/dE
L 3 L E
east I compact braryregion
advection with vjﬁ[z}

> cooled
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Injection duration spanning from [1 — 100] kyr
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One-dimensional advection-driven model : fixed parameters

1D MC transport “simulation” along jet axis :
— e spectrum, B : [fixed to best-fit MWL SED model]

- V(2) [ = v, A(2)] > e injected
atz =0
up to 10 kyr

Base of outer jefts : - advected b
Vo = Viy(z=0) y
= vjet(z) i

quv
I west

compact binary region,

advection with vlet(zj
-

> cooled
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Decelerating jet
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Inference of a strong shock at ~ 30 pc

1D MC transport “simulation” along jet axis :
— e spectrum, B : [fixed to best-fit MWL SED model]

- V(2) [ = V,\2)] > e injected
- v, & D_. thawed parameters *** output n_(E, z) *** atz =0
radiative losses E?';T';’L‘é?;‘rfsi"""m"" 2}";@?;‘:;"’““"“ radiative losses up fo ]O kyr

\4

advected by
Zea= Vit @) T

dv

AN o HY

compact binary region,

\4

scaled with
r=2D,. 1)

diff

cooled
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Shift of VHE peak towards the base of the outer jets : comparison model - data

Distance from central binary (pc)
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I 1 I I I 1 I
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Ofther jet velocity evolution cases

,_._._._._._._._._._._._._._._._._._._._._._._._._._._._.I

: Cannot distinguish between velocity
- evolution assumptions...

« Decelerafing jet flow
« Constant velocity A(z) = 1

e — constant section
w/0 adiabatic loss

« — expanding section Fit D < Dy oy :
with adiabatic loss : |
Best-fit (all consistent with v, ~ 0.023c) : i But v, # 0 :
Vo = (0083 £0.026,)c ' - advection (+ radiative losses) |
Dy = (2.3£1.4) - 10%° cm? s~ ' can explain i
V, =(0.045+0.014_)c 'the shift of the VHE emission i
V. =(0.061+0.013_)c S dlong the jetaxis J
F
D]OO = (47 + 4]) - 10?7 cm?s™! rom our study

H.E.S.S. Collaboration, 2024
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Contamination from the bright HESS J1908+063
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Y B B . Figure S2: Subtraction of HESS J1908+063. Same as Figure 1A, but (A) before and (B) after subtracting the
¢ , , , . . |2'5 - m. Tev emission from the nearby extended source HESS J1908+063. In panel B, the white circle indicates the 68%
containment region of the model fitted to HESS J1908+063, and the white cross is its bes-fitting position. In both
10F T T T T T T T E panels, the solid white contours show radio emission from the W 50 nebula (63-65). In panel B, the blue ellipses
+ show the regions from where the spectral measurement of the jets is extracted (Figure 1B-C). The dashed line
05 T ? + + + 1 shows the axis across the jets used to derive the gamma-ray spatial profiles shown in Figures 4 and [S3|.
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Figure S3: Gamma-ray flux profiles along the jets showing the contamination of HESS J1908+063. The data
points represent the measured flux in spatial bins of 0,147 along the axis joining both jets through the central binary From our STUdy
(Figure [S2) for energies (A) above 0.8 TeV, (B) 0.8 to 2.5 TeV, (C) 2.5 to 10 TeV and (D) above 10 TeV. Squares HESS CO”ObOI’OTiOﬂ 2024

and circles indicate the flux before and after subtracting HESS J1908+063. Error bars indicate the combined
statistical (1) and systematic uncertainties. Circles in panels B-D are the same data as shown in Figure 4. The
dashed lines show the flux of the HESS 11908+063 model at each location. The top axis assumes a distance 1o the
system of 5.5 kpe (7).
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Background distribution

From our study
H.E.S.S. Collaboration, 2024
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Morphology results, assuming d = 5.5 kpc
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Different injection duration

Svst s £ del ; From our study
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Combination of B and e- spectrum parameters
Initial v, systematics from MWL SED fit
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Material for hadronic processes (I)
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Figure 516: Location of possible sites of hadronic interactions. The H.E.5.5. significance map above 10 TeV
(rotated from the orientation in Figure 2C) compared to observed gas locations, which are possible target mate-
rial for hadronic interactions, Equatorial coordinates are shown for the J2000 equinox. Black contours indicate
significances of 4, 5 and 6 in the H.E.S.S. map. The pink contour indicates Hev 4+ [MI1] emission from ionised
zas (83), green corresponds to CO observations revealing four molecular clouds N1 to N4 (82) and light blue to
neutral hydrogen emission from diffuse neutral gas (79). The ROSAT X-ray contours {/4) are shown lor reference
in white, There 1s no correlation between any of the potential targets and the H.E.5.5. emission above 10 TeV,
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Marterial for hadronic processes (ll)

From
LHAASO collaboration, 2024

Extended Data Figure 1: Map of the H | emission observed with Arecibo integrated in the interval 65-82 km s7[25]. The
green contours show the gamma-ray emission above 100 TeV from 3¢ with a step of 1o. The image has been scaled by
sin |b| (b is Galactic latitude) to enhance the features far from the Galactic plane[52]. The horizontal and vertical axes are

R.A. and decl. in J2000.

SS 433 pc-scale jets seen in VHE y-rays with H.E.S.S.
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