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Despite decades of observations across all wavebands and dedicated theoretical modelling, the SS
433 system still poses many questions, especially in the high-energy range. SS 433 is a high-mass
X-ray binary at a distance of ∼ 5.5 kpc, with a stellar mass black hole in a 13 day orbit around a
supergiant ∼A7Ib star. SS 433 is unusual because it contains dual relativistic jets with evidence
of high-energy hadronic particles. X-ray emission is seen from the central source as well as the jet
termination regions, where the eastern and western jets interact with the surrounding interstellar
medium. Very-high-energy gamma-ray emission is predicted both from the central source and
multiple smaller regions in the jets. This emission could be detectable by current generation
imaging atmospheric-Cherenkov telescopes like VERITAS. VERITAS has observed the extended
region around SS 433 for ∼ 70 hours during 2009-2012. No significant emission was detected
either from the location of the black hole or the jet termination regions. We report 99% confidence
level flux upper limits above 600 GeV for these regions in the range (1− 10)× 10−13cm−2 s−1.
A phase resolved analysis also does not reveal any significant emission from the extended SS 433
region.
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1. Introduction

Object No. 433 in the H-alpha-emission objects catalog by [1] was recorded exhibiting highly
variable radio emissions for the first time in 1978. Since then the SS 433 system has been exten-
sively observed across the electromagnetic spectrum. SS 433 is a binary system located at about
5.5±0.2 kpc from Earth with an accreting black hole of 9M� orbitting a 30M� A type supergiant
Wolf-Rayet star with an orbital period of 13.082 days [2, 3]. The relativistic, bipolar, hadronic
jets spew material with velocity of 0.26c and precess with a period of 162.5 days in cones of half-
opening angle θ ≈ 20◦[4]. The jets are inclined at an angle of ∼ 79◦ with the line of sight. The
high kinetic luminosity of the jets Lk ∼ 1039erg s−1 [5] indicates exceptional power output, pos-
sibly contributing a reasonable fraction of the Galactic cosmic-ray flux[6]. Models had suggested
the cosmic microwave background (CMB) photons could be inverse-Compton upscattered by elec-
trons at the interaction region between the eastern jet and interstellar medium thereby producing
TeV gamma rays [7]. Another model by [8] suggests that the interaction region between the west-
ern jet and W50 nebula serves as a possible site for GeV-TeV emission arising from relativistic
Bremsstrahlung emission. A detection of gamma rays in either eastern or western jet interaction
region would provides a unique laboratory to study relativistic shock acceleration with well-known
input parameters in addition to confirming the first TeV gamma-ray binary with a microquasar.

2. VERITAS Observations and Analysis

The Very Energetic Radiation Imaging Telescope Array Sytem (VERITAS) is an array 4 tele-
scopes that uses the imaging atmospheric-Cherenkov technique to observe gamma rays in the 85
GeV to > 30 TeV energy range. The telescopes, located at the Fred Lawrence Whipple Observa-
tory (FLWO) in southern Arizona (31◦40’ N, 110◦57’ W, 1.3 km a.s.l.), each have a 12-m diameter
reflector focusing light onto a 499 pixel photomultiplier tube (PMT) camera, giving it a 3.5◦ field
of view. For detailed description and characterization of the instrument refer to [9].

The VERITAS observations of SS 433 used in this work were taken between September 2009
and July 2012. This data corresponds to the configuration of the instrument which is after the
relocation of one the telescopes to make the array more symmetric and prior to the upgrade of the
PMTs in the camera. For a detailed characterization of the instrument during this epoch see [10].
Located in the galactic plane, SS 433 is only a few degrees away from the extended TeV source
MGRO J1908+06 (R.A. 19h 07m 54s Dec. +06◦16′07′′) [11]. To maximise exposure on both of
these objects, the camera was pointed at a central location between them, thereby accommodating
both SS 433 and MGRO J1908+06 within the field of view. A total of ∼ 70 hours of quality-
selected data (live time) were obtained, all with the SS 433 central black hole within 1.5◦ from the
camera center. Table 1 shows a summary of the VERITAS observations of the SS 433 region.

The SS 433 system is extended in the sky over a 2◦×2◦ region. Four locations were selected
as regions of interest (ROIs) for this work. These are the central location of the black hole, two
locations e1 and e2 in the eastern jet interaction region and, one location w2 in the western jet
interaction region. These ROIs were selected from a previous X-ray spectral analysis study using
ROSAT/ASCA data, as they were deemed possible sites for VHE emission (see [12, 13]).
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Table 1: VERITAS observations of SS 433

Year Exposure [h] No. of Runs Camera Offset (◦) Mean Elevation (◦)

2009 9.33 27 0.7-1.0 59
2010 10.5 37 0.7-0.8 60
2011 26.11 88 0.05-1.1 61.2
2012 25.23 79 0.7-1.5 62.4
Total 71.17 231 0.05-1.5 61

Each of the pre-selected ROIs were searched for point source emission. The data was analyzed
using a standard analysis package, implementing a specialized Boosted Decision Tree (BDT) tech-
nique [14, 15]. According to the model outlined in [16], the precessing jet should cause phase-based
flux variations from SS 433. Setting φ = 0 at JD 2443507.47 when the accretion disc is maximally
open1 to the observer and using a precession period of 162.5 days, the data are divided into five
phase bins of width ∆φ = 0.2 [17]. Each ROI is also searched for TeV emission during each of the
five individual phases.

3. Results

No significant emission is found from the location of the black hole or any of the three jet and
interstellar medium interaction regions w2, e1 or e2. The VERITAS skymap of the SS 433 region
is shown in Figure 1. The location of the ROIs are marked in white. The skymap is overlayed with
X-ray emission contours in black from ROSAT/ASCA [12]. The green radio contours from VLA
[5] are also shown on the VERITAS skymap. There is weak evidence of emission (∼ 4σ above the
background not accounting for the number of statistical trials conducted in this analysis) from e1,
one of the ROIs in the eastern jet interaction region, but as the significance is below 5σ , no positive
detection is claimed.

A plot of the model for flux variation due to the jets precession adapted from [16] is overlaid
with integral flux upper limits from the four ROIs, and shown with respect to the phase-based flux
variation model in Figure 2. For each of the phase bins, 99% confidence level flux upper limits
above 600 GeV are also calculated for the four ROIs, a summary of all the upper limits is also
presented in Table 2.

4. Discussion

Analysis of 10.4 hours of data recorded between September 2007 and July 2008 which is not
included in this analysis, found a 4.9σ excess at w2 (not accounting for statistical trials), a location
in the interaction region between the western jet and the surrounding interstellar medium [18].

1In this orientation of the disc the gamma rays emitted in the innermost regions would escape without travelling
through the thick extended and disc undergoing γγ absorption
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Figure 1: VERITAS significance skymap of the SS 433 region. The 4 regions of interest, SS 433 black hole,
w2, e1 and e2 are marked in white. Contours in green are from radio observations [5]. Contours in black are
X-ray observations from ROSAT/ASCA [12]. Bright extended emission from MGRO J1908+06 is seen on
the top right of the skymap located within the cyan circle [11], this region is excluded from the background
estimation of the analysis.

This motivated further observations by VERITAS during the 2009-2012 period. The additional
observations presented in this work did not detect any statistically significant VHE emission from
w2 or any of the other selected regions in the SS 433 system, namely the position of the black
hole and the two locations e1 and e2, which are situated in the interaction region of the eastern jet
and the surrounding interstellar medium. Out of the total ∼ 70 h of VERITAS data, nearly 26 h
are taken in an unfavorable phase when the star obscures the disc and jet. In this orientation the
high density of matter from the star and the surrounding W50 nebula subjects gamma rays to a
high degree of absorption by mechanisms like γγ interactions with ambient soft photons and by
γN (where N represents nucleons) interactions with disc and stellar matter. For details of various
possible absorption mechanisms see [19].

X-ray emission detected from the inner and outer lobes of SS 433 may be of non-thermal
origin as suggested in [20, 12]. Recently, gamma-ray emission from the direction of SS 433 was
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Figure 2: VERITAS 99% confidence level flux upper limits > 600 GeV for the 4 regions of interest, SS
433 black hole in red, w2 in green, e1 in magenta and e2 in cyan. These upper limits are overlayed on
a predicted model of phased emission adapted from [16]. The doted line shows prediction from 2005 of
current generation Cherenkov Telescope sensitivity. The modelled contribution to gamma-ray flux > 100
GeV from the two jets are shown separately, where the solid line represents the approaching or western jet
and the dotted line represents the recessing or eastern jet

detected by Fermi-LAT revealing a very peculiar spectral energy distribution of the source with a
distinct maximum at 250 MeV and extending only up to 800 MeV [21]. Although it is not yet clear
whether the detected emission is associated with SS 433 the lack of other plausible counterparts
in the region supports this hypothesis. If this is the case, the cutoff in the GeV spectrum implies
that the maximum energies to which electrons and protons are accelerated are just a few GeV [21].
Thus, TeV emission from the source is not expected. However, such low maximum energies of
accelerated particles are in contradiction with the non-thermal interpretation of the X-ray emission
which requires electrons with energies in the order of 10-100 TeV [20, 12]. It is also unclear
where the particles responsible for the HE gamma-ray emission are accelerated. The poor angular
resolution of Fermi-LAT at these energies (≥ 1.5◦ at energies of about 300 MeV) [21] does not
allow it to resolve the origin of the emission. However, the lack of flux variability suggests that
the emission is generated in outer regions far from the binary system, since otherwise it would be
subject to strong phase dependent absorption by photo-hadronic interactions with disk and stellar
matter, which would show evidence of precessional modulation [19]. If this is the case, possible,
detectable very-high-energy emission from inner regions of jets cannot be ruled out.

5. Conclusion

A targeted point source search was applied to various locations in the SS 433 system. VERI-
TAS did not detect any significant TeV emission from these predefined regions which could imply
that SS 433 may be not be intrinsically as luminous above 600 GeV as was previously thought
or if gamma rays are produced in the inner regions of the system, they are absorbed significantly
by the surrounding W50 nebula. The possibility of extended emission from the jet and interstellar
medium interaction regions, as suggested by the ∼ 4σ excess from e1 region in the eastern jet, and
a study exploring the skymap with extended source analysis methods is currently being done.
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Table 2: VERITAS upper limits of the SS 433 binary system

99% Flux UL 2

Phase NON NOFF σ Live time (min) (> 600 GeV)
[cm−2 s−1]

Upper limits of the SS 433 Black hole position
0.1-0.3 52 586 0.2 1113.7 4.12×10−13

0.3-0.5 62 731 -0.1 1515.9 3.39×10−13

0.5-0.7 35 357 0.7 630.5 7.95×10−13

0.7-0.9 22 231 0.3 414.8 7.90×10−13

0.9-1.1 25 282 0.0 577.1 5.70×10−13

All 196 2195 0.4 4272.1 2.29×10−13

Upper limits of western lobe (w2)
0.1-0.3 57 821 0.6 1113.7 4.36×10−13

0.3-0.5 69 1080 0.0 1515.9 3.16×10−13

0.5-0.7 42 546 1.1 630.5 8.07×10−13

0.7-0.9 31 325 2.0 414.8 1.17×10−12

0.9-1.1 26 463 -0.6 577.1 4.05×10−13

All 225 3245 1.2 4272.1 2.66×10−13

Upper limits of eastern lobe (e1)
0.1-0.3 49 563 1.1 1113.7 6.22×10−13

0.3-0.5 68 583 2.6 1505.8 8.54×10−13

0.5-0.7 36 278 2.5 630.5 1.45×10−12

0.7-0.9 23 218 1.6 414.8 1.40×10−12

0.9-1.1 23 280 0.5 577.1 7.97×10−13

All 199 1925 3.7 4262.1 5.68×10−13

Upper limits of eastern lobe (e2)
0.1-0.3 39 427 -0.1 1113.7 4.47×10−13

0.3-0.5 61 435 3.0 1445.7 1.03×10−12

0.5-0.7 21 231 0.2 630.5 7.79×10−13

0.7-0.9 15 172 -0.1 414.8 9.23×10−13

0.9-1.1 17 172 0.4 577.1 7.77×10−13

All 153 1442 1.8 4202.0 4.21×10−13
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