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ABSTRACT

Context. The large jet kinetic power and non-thermal processes occurring in the microquasar SS 433 make this source a good candidate for a very
high-energy (VHE) gamma-ray emitter. Gamma-ray fluxes above the sensitivity limits of current Cherenkov telescopes have been predicted for
both the central X-ray binary system and the interaction regions of SS 433 jets with the surrounding W50 nebula. Non-thermal emission at lower
energies has been previously reported, indicating that efficient particle acceleration is taking place in the system.

Aims. We explore the capability of SS 433 to emit VHE gamma rays during periods in which the expected flux attenuation due to periodic eclipses
(Pory ~ 13.1 days) and precession of the circumstellar disk (Pp. ~ 162 days) periodically covering the central binary system is expected to be at
its minimum. The eastern and western SS 433/W50 interaction regions are also examined using the whole data set available. We aim to constrain
some theoretical models previously developed for this system with our observations.

Methods. We made use of dedicated observations from the Major Atmospheric Gamma Imaging Cherenkov telescopes (MAGIC) and High Energy
Spectroscopic System (H.E.S.S.) of SS 433 taken from 2006 to 2011. These observation were combined for the first time and accounted for a total
effective observation time of 16.5 h, which were scheduled considering the expected phases of minimum absorption of the putative VHE emission.
Gamma-ray attenuation does not affect the jet/medium interaction regions. In this case, the analysis of a larger data set amounting to ~40-80 h,
depending on the region, was employed.

Results. No evidence of VHE gamma-ray emission either from the central binary system or from the eastern/western interaction regions was found.
Upper limits were computed for the combined data set. Differential fluxes from the central system are found to be < 10712-10"13 TeV~! cm™2 57!
in an energy interval ranging from ~few x100 GeV to ~few TeV. Integral flux limits down to ~ 107"2-10"* ph cm™2 s~! and ~ 10~'3-10'* ph
cm™2 57! are obtained at 300 and 800 GeV, respectively. Our results are used to place constraints on the particle acceleration fraction at the inner
jet regions and on the physics of the jet/medium interactions.

Conclusions. Our findings suggest that the fraction of the jet kinetic power that is transferred to relativistic protons must be relatively small in
SS 433, g, < 2.5 x 107>, to explain the lack of TeV and neutrino emission from the central system. At the SS 433/W50 interface, the presence of
magnetic fields 2 10 uG is derived assuming a synchrotron origin for the observed X-ray emission. This also implies the presence of high-energy

electrons with E.- up to 50 TeV, preventing an efficient production of gamma-ray fluxes in these interaction regions.

Key words. Gamma rays: observations — binaries: general — X-rays: binaries — stars: individual (SS 433) — ISM.: jets and outflows

1. The SS 433/W50 system

SS 433 (R.A. 19" 11™ 49.57%, Dec. 4° 58 57.9°) is the
first binary system containing a stellar-mass compact object in
which relativistic jets were discovered (Abell & Margon [1979;
Fabian & Rees 11979). Located at a distance of 5.5 + 0.2kpc
(Blundell & Bowler 2004); [Lockman et al. [2007), SS 433 is an
eclipsing X-ray binary system containing a black hole that is
most likely ~ 10-20 My (Margon 1984) orbiting a ~ 30 Mg
A3-7 supergiant star in a circular orbit with radius 79-86 R,
(Fabrika|2004). SS 433 is extremely bright with a bolometric lu-
minosity of Ly, ~ 10* erg s7! (Cherepashchuk2002) peaking at
ultraviolet wavelengths. The source displays the most powerful
jets known in our Galaxy, with L, 2 10* erg s~ (Dubner et al!
1998; Margon |1984; Marshall et al![2002), ejected at a relativis-
tic velocity of 0.26 ¢ (Margon & Anderson|1989). The jets show
a precessional period of ~162.4 days with a half opening angle
of Byre = 21° with respect to the normal to the orbital plane, with
precessional phase W = 0 defined as the phase with the max-
imum exposure of the accretion disk to the observer (Fabrika

* Corresponding authors: P. Bordas and F. Brun for the H.E.S.S.
Collaboration (e-mail: contact.hess@hess-experiment.eu,), and
A. Lopez-Oramas (e-mail: aloramas@iac.es) and P. Munar-Adrover
(e-mail: pere.munar@iaps.inaf.it) for the MAGIC Collaboration.
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1993). The inclination of the jets with respect to the line of sight
subtends an angle of i ~ 78° (Eikenberry et all2001)). This value
is, however, time dependent owing to precession.

Both the high luminosity of SS 433 and its enormous jet
power are thought to be a consequence of the persistent regime
of supercritical accretion onto the compact object via Roche lobe
overflow at a rate of M ~ 10™*M,, yr~'. In addition, SS 433 is
one of the only two X-ray binary systems in which the presence
of baryons in their jets has been found (Kotani et all[1994); the
other system is 4U 1630-47 (Diaz Trigo et al.[2013). Clouds of
plasma with baryonic content propagate along ballistic trajecto-
ries to large distances without appreciable deceleration. At grow-
ing distances from the source, the collimated jets (with open-
ing angle of = 1.2°) can be distinguished in the X-ray, optical,
and radio bands. The X-ray jets give rise to lines of highly ion-
ized heavy elements (Kotani et al. [1994; [Marshall et al. [2002).
The emission is produced by hot gas (T ~ 10® K), which
cools due to expansion and radiative losses while propagat-
ing outwards. Plasma at 7 ~ 107 K is, however, still observed
at large distances along the jet, indicating that a continuous
source of heating is required to maintain the observed emission
(Migliari et all 2002). At radio wavelengths, the observed syn-
chrotron flux density is about 1 Jy at 1 GHz with luminosities
reaching ~ 4 x 103 erg s~!.



MAGIC and H.E.S.S. Collaborations: SS 433 VHE observations

SS 433 is surrounded by the radio shell of W50, which is a
large 2°x 1° nebula catalogued as SNR G39.7-2.0 (Green 2006).
Its present morphology is thought to be the result of the interac-
tion between the jets of SS 433 and the surrounding medium
(Goodall et al.2011)). This scenario is supported by the position
of SS 433 at the centre of W50, the elongation of the nebula in
the east-west direction along the axis of precession of the jets
(forming the so-called “ears” of W50; see Safi-Harb & Ogelman
1997), the presence of radio, IR, optical and X-ray emitting re-
gions also aligned with the jet precession axis, and the struc-
ture of the magnetic field through the observation of linearly po-
larized radio emission in the SS 433/W50 region (Farnes et al.
2017). At a distance of ~10?° cm, or about ~ 30 pc, the outflow-
ing jets are decelerated and, together with an enhanced intensity
of the emission at radio wavelengths, large-scale X-ray lobes are
observed. The extended X-ray emission is mostly of non-thermal
origin and generally much softer than the emission from the cen-
tral source (hard X-ray emission is found however in the east-
ern interaction regions; see Safi-Harb & Ogelman [1997). At the
position of the maximum of the X-ray extended emission, opti-
cal filaments perpendicular to the jet precession axis are found.
Spectral analysis shows that these filaments are formed by the
sweeping up of the interstellar gas and display a proper motion
of 50-90km s~! (Zealey et al! [1980); [Fabrika 2004). At larger
distances, beyond the W50 length scales, the presence of molec-
ular clouds aligned in the direction of SS 433 jets has been re-
ported (Yamamoto et al.[2008). These clouds, which extend for
~ 250pc at a distance of 5 kpc, may have formed through the in-
teraction of SS 433 jets with the interstellar HI gas, which would
imply that SS 433 jets are more extended by a factor of ~ 3 than
the observed X-ray jets (Yamamoto et al.[2008).

2. Gamma-ray emission and absorption processes
in SS 433/W50

SS 433 is an exceptional laboratory to test theoretical
predictions of high (100 MeV < E < 100GeV) and
very high-energy (VHE; E > 100GeV) emission pro-
duced in microquasar jets (see e.g. [Levinson & Blandford
1996; |Atoyan & Aharonian|1999;Kaufman Bernadé et alll2002;
Bosch-Ramon et al. 2006; [Orellana et al. 2007; [Reynoso et al.
2008b;Bosch-Ramon & Khangulyan2009). In a leptonic frame-
work, gamma rays could be produced through inverse Compton
(IC) scattering of ambient photon fields, which are dominated
in this case by the supergiant companion star and the UV and
mid-IR emission from the extended accretion disk (Gies et al.
2002; [Fuchs et al! [2006). In addition, synchrotron-self Comp-
ton emission and the interaction of accelerated electrons with
jet ions through relativistic Bremsstrahlung processes could also
generate VHE fluxes (Aharonian & Atoyan1998). In a hadronic
scenario, interactions of relativistic protons in the jet produce
gamma rays through 7¥ decay (see e.g.[Reynoso et all2008b for
a detailed study applied to SS 433). The target ions could be pro-
vided both by the companion and disk winds or by the pool of
thermal protons outflowing within the jets.

Gamma rays, when produced in the inner regions of SS 433,
can be strongly attenuated (see e.g.Reynoso et al/[2008a). Both
the donor star and compact object are thought to be embedded
in a thick extended envelope (Zwitter et al![1991)), which forms
as a result of the supercritical accretion rate onto the compact
object, and provides a dense low-energy UV and mid-IR radia-
tion field in which VHE photons are absorbed. In addition, about
107 My, yr~! are expelled within the ~ 30° half opening an-
gle subtended by the envelope (Fabrika & Sholukhova [2008).

Therefore, absorption of VHE gamma rays can also occur due to
gamma-nucleon interactions through photo-pion and photo-pair
production processes, whereas the photon field of the companion
can also effectively reduce the gamma-ray flux through pair cre-
ation (Reynoso et all[20084). Such strong absorption is expected
to occur along ~ 80% of the SS 433 precession cycle with a
maximum at precession phase ¥p ~ 0.5, and during the regular
eclipses of the compact object by the donor star at orbital phases
¢orb = 0.

The interaction regions between the SS 433 jets and the
surrounding W50 nebula could also produce VHE gamma-ray
emission, for example through IC scattering of cosmic mi-
crowave background (CMB) photons by electrons accelerated
at the eastern (el, €2, €3) and western (w1, w2) termination re-
gions (Safi-Harb & Ogelman [1997; |Aharonian & Atoyan [1998;
Bordas et al.2009), or through pp interactions if protons are ef-
ficiently accelerated at the interaction shocks (Heinz & Sunyaev
2002; Bosch-Ramon et al/ |2005). Non-thermal emission from
these regions has indeed been observed from radio to X-
ray energies (Brinkmann et al. 1996, [Dubneretal! [1998;
Safi-Harb & Ogelman 1997; |Safi-Harb & Petre 11999; [Fuchs
2002; Brinkmann et all[2007.

Recently, high-energy gamma-ray emission from a source
associated with SS 433/W50 has been reported from the analy-
sis of ~ 5 years of Fermi-LAT archival data (Bordas et al|2015).
The relatively large point spread function (PSF) of the Fermi-
LAT at the sub-GeV energies in which the source is detected,
larger than ~ 1.5°, prevents from an accurate localization of
the emitter. At VHEs, SS 433/W50 remains so far undetected.
Upper limits have been reported by the CANGAROO-II and
HEGRA Collaborations, at the level of 2-3% of the Crab neb-
ula flux above 800 GeV (Hayashi et all 2009; |Aharonian et al.
2005), following extended observation campaigns including
both the central system and the jet/medium interaction regions.
The selected dates of these observations, however, did not ac-
count for the gamma-ray absorption affecting the inner sys-
tem. Such constraints were instead accounted for in observa-
tions of SS 433 performed by VERITAS in 2007 and MAGIC in
2008, for which upper limits are reported in [Saito et all (2009)
and|Guenette & for the VERITAS Collaboration (2009), respec-
tively.

In this work, a search for VHE emission from the micro-
quasar SS 433 with the Major Atmospheric Gamma Imaging
Cherenkov telescopes (MAGIC) and High Energy Spectroscopic
System (H.E.S.S.) Imaging Atmospheric Cherenkov Telescopes
(IACTs) is reported, following dedicated observations of the
source spanning several years and taken at orbital/precession
phases where gamma-ray absorption should be minimal. The
SS 433/W50 interaction regions are also investigated, for which
a wider data set is used that is not restricted to the low-absorption
phases criterion applied to the study of the inner system. The ob-
servations and analysis results are described in Section[3land are
later discussed in Section 4]

3. VHE observations, analysis, and results
3.1. H.E.S.S. and MAGIC observations

Observations of SS 433/W50 were conducted with the H.E.S.S.
and MAGIC Cherenkov telescope arrays. The H.E.S.S. is an
IACT array located in the Khomas highland of Namibia (23°S,
16°E, 1800 m above the sea level). In its first phase, the system
consisted of four identical 13 m diameter imaging Cherenkov
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Table 1. Observations of SS 433 performed by H.E.S.S. and MAGIC telescopes, including the date of the observations, telescope configuration or
number of operating telescopes, zenith angle range, observation live-time, and corresponding precessional phase (based on ephemeris by |Goranskij

2011).
Instrument Epoch Zenith angle  Time Wore
] (h]

H.E.S.S. 30 May - 5 June 2006 2844 3.0 0.95-0.99
30 September — 12 October 2007 38-46 3.1 0.96-0.04
3 —17 July 2009 33-54 0.9 0.92-0.01
9 — 10 May 2011 28-37 2.1 0.07-0.08
MAGIC 20 —23 May 2010 24-29 5.6  0.90-0.92
08 — 10 June 2010 24-30 4.4 0.01-0.03

telescopes, covering a field of view (FoV) of about 5° diameter 3.2. Analysis

(Bernlohr et al!2003). A major upgrade took place in 2012 with
the addition of CT-5, which is a 28 m diameter telescope at the
centre of the array. The data presented in this paper makes use
of observations taken during the H.E.S.S.-I phase only (CT1-
4 configuration). In this configuration, H.E.S.S. is able to de-
tect at a 50 statistical significance level a source with ~ 0.7%
of the Crab nebula flux in 50h of observations (Aharonian et al
2006a). The MAGIC is a stereoscopic system of two 17 m diam-
eter Cherenkov telescopes located at the observatory El Roque
de Los Muchachos (28°N, 18°W, 2200 m above the sea level) on
La Palma, Canary Islands, Spain. Each telescope is composed of
a pixelized camera with a FoV of 3.5°. The sensitivity of MAGIC
at the time of the observations was ~ 0.76% + 0.03% of the Crab
nebula flux in 50 h above 290 GeV (Aleksic et al.[2012a)

The H.E.S.S. and MAGIC data set includes observa-
tions of SS 433/W50 taken in 2006, 2007, 2009, 2010,
and 2011. Whereas the 2006 and 2007 H.E.S.S. observa-
tions were part of the H.E.S.S. Galactic Plane Survey (HGPS;
H.E.S.S. Collaboration et al| 2016b), both the MAGIC and
H.E.S.S. campaigns in 2009, 2010, and 2011 were dedicated to
SS 433. Making use of the ephemeris provided by |Goranskij
(2011)), the latter were scheduled at times in which the source
was found at orbital and precession phases ¥ where absorption
of its putative VHE emission is expected to be at its minimum,
Yoe = 0.9 — 0.1 (Reynoso et al! 2008a). The total H.E.S.S. ef-
fective exposure time on SS 433/W50 amounts to 45h of data
after standard quality selection cuts. A total effective exposure
time of 8.7 h is available for the central system after selecting
low-absorption precession/orbital phases. In May and June 2010,
MAGIC performed observations of SS 433 in stereo mode for
10 h. After quality cuts, 7.8 h of good data remained. A summary
of the H.E.S.S. and MAGIC observations of SS 433 is collected
in Table 1l

The H.E.S.S. observations of the central system were per-
formed at zenith angles ranging between 28° to 54°, with an av-
erage of 34°, while MAGIC observed at zenith angles between
24° and 30°. The observations in both H.E.S.S and MAGIC
were performed in wobble mode (Fomin et al! [1994), with an
offset of 0.4° for MAGIC and 0.7° for H.E.S.S., respectively,
away from the source position to simultaneously evaluate the
background. This observation mode allowed imaging of not
only the central binary system, but also the eastern (el, €2, €3)
and western (w1, w2) interaction regions with the W50 nebula.
In the case of H.E.S.S., the interaction regions were also ob-
served as part of the HGPS programme (Aharonian et al.2006b;
H.E.S.S. Collaboration et all 2016b), at zenith angles between
25° to 57°, with an average of 35°-38° depending on the re-
gion. The total exposure time varies from region to region (see
Table[2).
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Data analysis was performed following the standard analysis
procedure for each of the two instruments (see |Aharonian et al.
20064 for H.E.S.S. and |Aleksi¢ et all2016 for MAGIC analysis
details). The imaging technique is based on the parameteriza-
tion of the images formed in the camera plane in order to ex-
tract the information contained in the shower with the Hillas pa-
rameters (Hillas [1985). The signal extraction was performed by
the reconstruction and calibration of the size and arrival time of
the Cherenkov pulses. The event reconstruction was obtained by
image cleaning and shower parameterization, whereas the sig-
nal and background discrimination and energy estimation were
obtained by comparison of the Hillas parameters with look-up
tables for a given shower intensity and impact distance (see
Aharonian et all 2006a; |Aleksi¢ et al| 20124), or by training an
algorithm to perform gamma/hadron separation via the random
forest (RF) method (Albert et al.![2008). The event direction was
derived in stereoscopic observations from the intersection of the
major axes of the shower images in multiple cameras. Finally,
the signal was extracted geometrically from the angular distance
¢” ; i.e. the angular distance between the source position and
the estimated source position for a given event. The signal is
then determined by an upper cut in these angles, since gamma
rays are reconstructed with small angles and the background fol-
lows a featureless, almost-flat distribution. For the H.E.S.S. anal-
ysis, an independent cross-check with the model analysis tech-
nique (de Naurois & Rolland 2009) was performed, making use
of an independent calibration procedure of the raw data, with
both the analysis chains providing compatible results. Standard
cuts were used, where a cut of 60 photoelectrons on the intensity
of the extensive air showers is applied, providing a mean en-
ergy threshold of ~ 287 GeV for the analysis reported here. The
energy threshold reached by MAGIC is 150GeV. A point-like
source was assumed for the analysis of SS 433. The interaction
regions display extended emission at lower energies. To account
for such extension, the MAGIC and H.E.S.S. analyses were op-
timized assuming a source radius (6-cut) of 0.05°, 0.17°, 0.25°,
0.07°, and 0.07° for el, €2, €3, wl, and w2, respectively, derived
from the extension of these regions observed at X-ray energies
(see e.g. [Safi-Harb & C)gelman 1997; Safi-Harb & Petre 11999;
Aharonian et al![2003, and references therein).

3.3. Results

The H.E.S.S. and MAGIC observations reported here do not
show any significant VHE emission either for the central source
SS 433 or for any of the interaction regions with the W50 neb-
ula el, €2, €3, wl, and w2 (see Fig. [)). Integral upper limits
Rolke et all (2005) have been calculated at £ > 300 GeV and at
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Fig. 1. Significance map, derived from the H.E.S.S. data, for the FoV
centred at the position of SS 433/W50 at E > 287 GeV. GB6 4.85 GHz
radio contours (white, from |Gregory et al. [199€)) are superimposed.
Cyan circles indicate the positions of the interaction regions el, e2, e3
(eastern “ear") and wi, w2 (western “ear"). The bright source located
north-west of SS 433 is MGRO J1908+06 (Abdo et al![2007).

E > 800 GeV; the latter allows for a comparison with previous
results on the source reported by the HEGRA (Aharonian et al)
2005) Collaboration. The results are summarised in Table 2l A
day-by-day analysis of the H.E.S.S. and MAGIC data sets was
also performed without any signature of significant emission,
which could suggest a flaring episode during the dates of ob-
servation.

The H.E.S.S. and MAGIC observations were used to com-
pute the differential flux upper limits for the VHE emission from
the central binary system at orbital/precession phases where ab-
sorption should be at its minimum. These limits were computed
through a maximum-likelihood ratio test applied to the com-
bined data sets obtained by both observatories. Events in the sig-
nal region (non) and in the background control regions (nopr)
from each instrument are collected in addition to the ratio of
the areas in the signal and the background regions (a), effec-
tive area (A¢r) and effective observing time f.g corresponding
to the observations of each instrument. A likelihood profile is
then computed in each studied energy bin (AE;) for both the sig-
nal and background distributions. Systematic uncertainties are
accounted for through the inclusion of additional likelihood pro-
files for the distributions of @, A, and energy resolution, as-
suming systematics at the level of da = 10%, §Aex = 15%, and
OE; = 15% for the measurements of these quantities by each
instrument (Aharonian et all2006a;|Aleksié et al.[2016). The in-
clusion of these systematics results in an enhancement by ~15%
to 30% on the final combined differential flux upper limit val-
ues, depending on the studied energy bin. To obtain the final
combined differential flux upper limits, a likelihood ratio test is
employed assuming a given range of values for the normaliza-
tion factor of the gamma-ray differential spectrum, Ny. From
the maximum of the likelihood profile, a 95% confidence in-
terval for the differential upper limit in each energy bin AE; is
derived through dN/dE = Ny X E7T, where a fixed spectral in-

6 dex I' = 2.7 was assumed. The final differential upper limits are
shown in Fig.[2l both for each instrument and the combined val-

5 ues, together with the Crab nebula flux, for reference, and the
theoretical predictions on the gamma-ray flux from SS433 ex-
pected at low-absorption precession phases ¥ € [0.9,0.1] by
Reynoso et al. (2008b).

3 Table 2. Integral H.E.S.S. and MAGIC flux upper limits derived for
S8 433 during low-absorption orbital/precessional phases and for the
edstern/western interaction regions indicated in Fig. 1 using all available
c%jta. The results obtained with HEGRA (Aharonian et al.[2005) are also
ifcluded for comparison. Columns denote from left to right: the region

1 of study (with coordinates and extension radius for the interaction re-
gions) IACT instrument, effective exposure time, energy threshold for
the UL calculation, and integral flux UL computed at 99% C.L.

. Lot 300 GeV UL 800 GeV UL
—1

Region IACT [h] [em~2 s71] [em~2 s71]

SS 433 HEGRA 96.3 - 8.9 x10™ 1

—2 RA =19 1Im50s H.E.S.S. 8.7 2.3 x10712 3.9 x10713

Dec = 04° 58’ 58”  MAGIC 7.8 1.8 x10712 43 x10713

el HEGRA 720 - 6.2 x10°1

RA = 19h 13m 37s 13 13
Dec = 04° 55° 48" HE.S.S. 365 6.8 x10 1.4 x10

(r=10.05°) MAGIC 7.8 1.6 x107!1 1.9 x10°12

e2 HEGRA 73.1 - 9.2 x10°P

RA = 19h 14m 20s 13 13
Dec = 04° 54° 25” HES.S. 348 6.0 x10 1.3 x10

(r=0.17°) MAGIC 7.8 1.7 x10711 2.0 x10712

e3 HEGRA  68.8 - 9.0 x10°13

RA = 19h 16m 04s 12 13
Dec = 04° 50° 13” HES.S. 189 1.1 x10 9.3 x10

(r=0.25°) MAGIC 7.8 8.7 x10712 6.1 x10713

wl HEGRA 104.9 - 6.7 x10°1

RA = 19h 10m 37s 13 14
Dec = 05° 02° 13” HES.S. 625 2.2 x10 4.0 x10

(r=0.07°) MAGIC 7.8 1.3 x107!! 2.2 %1072

w2 HEGRA 100.7 - 9.0 x10°1

RA = 19h 09m 40s 13 14
Dec = 05° 02° 13” HE.S.S. 60.8 3.2 x10 7.6 x10

(r=0.07°) MAGIC 7.8 1.4 x10711 2.6 x10712

4. Discussion

The H.E.S.S. and MAGIC observations reported here do not
show any significant signal of VHE emission from SS 433/W50.
The variable absorption of a putative VHE gamma-ray flux emit-
ted from the inner regions of the binary system, which could be
responsible for this non-detection, is accounted for in this study
by selecting observations corresponding to precession/orbital
phases where this absorption should be at its minimum. The
combination of the MAGIC and H.E.S.S. observations in ad-
dition provides a relatively wide coverage of the relevant pre-
cession phases from 2006 to 2011. If a long-term super-orbital
variability exists in SS 433 with timescales of ~ few years, for
example related to a varying jet injection power or the chang-
ing conditions of the absorber in the surroundings of the central
compact object, such variability does not result in an enhance-
ment of the TeV flux up to the detection level of current IACTs.

While SS 433 remains undetected at VHE, the system dis-
plays non-thermal emission at lower energies along the jets
and/or at the SS 433/W50 interaction regions, which ensures
the presence of an emitting population of relativistic particles
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Fig. 2. Differential flux upper limits (95% C.L.) from SS 433 obtained
with MAGIC (blue), H.E.S.S. (green) and a combination of both tele-
scopes (red) assuming a power-law with a spectral index I' = 2.7 for the
differential gamma-ray flux. The predicted differential gamma-ray flux
from [Reynoso et al! (2008b) for precessional phases ¥, € [0.9,0.1]
in which absorption of VHE emission should be at its lower level is
also displayed (dashed orange), together with the Crab Nebula flux, for
reference (from|Aleksic et al.[2012Hh).

in the system. In particular for the eastern nebula interaction
sites, the observed synchrotron X-ray emission implies the pres-
ence of for example up to multi-TeV electrons in these regions
(Safi-Harb & Petre |1999).

By considering in detail the photon and matter fields both
from the companion star and accretion/circumstellar disks,
gamma-ray fluxes from SS 433/W50 have been predicted at a
level of ~ 107'2~10~"3 ph cm™ s7! (see e.g. Band & Grindlay
1986; |Aharonian & Atoyan [1998; [Reynosoetal! 2008b).
Reynoso et al! (2008b) consider in particular pp interactions
between relativistic and cold protons in SS 433 jets during
low-absorption precession/orbital phases, producing gamma-ray
fluxes at E, > 800GeV during these precession phases at
a level of ®ypyg ~ 2.1 x 107"?ph cm™ s~'. The general
framework used to derive the relativistic proton distribution in
Reynoso et al/ (2008b) has been revised by [Torres & Reimer
(2011)), who report significant deviations of these proton fluxes
for jets displaying large Lorentz factors and/or small viewing
angles, for example blazar jets and gamma-ray bursts. In
SS 433, with a moderate jet Lorentz factor of 1.036 (v = 0.26¢;
Abell & Margon [1979) and a relatively large jet viewing angle,
~ 78° (Eikenberry et al. 2001)), the correction factor on the
fluxes predicted by [Reynoso et all (2008b) could be affected at
the level of ~ 20%. The gamma-ray flux predicted by Reynoso
et al. (2008) depends on the efficiency in transferring jet kinetic
energy to the relativistic proton population, g,, which is treated
in their model as a free parameter. Using the HEGRA upper lim-
its to the VHE gamma-ray flux from SS 433, g, is constrained
to be < 2.9 x 107*. This upper limit is obtained however under
the assumption that the HEGRA observations took place during
a complete precessional cycle. With the H.E.S.S. and MAGIC
upper limits reported here, a more stringent constraint on the
fraction of power carried by relativistic protons in the SS 433
jets is obtained, g, < 2.5 X 1073,

In a hadronic scenario, gamma rays from 7’-decay should
also be accompanied by neutrinos from the decay of charged
pions. The IceCube Collaboration analyzed the data around
the position of SS 433/WS50 with no significant detection of
the source. An upper limit at 90% confidence level (C.L.)
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on the muon neutrino flux at 1 TeV is set at ¢, +5,= 0.65

x10712 TeV ¢cm™2 s7! (Aartsen et all 2014), using four years
of data and assuming an E~2 flux distribution. The model of
Reynoso et al! (2008b) also predicts the neutrino flux emitted by
this system with a neutrino differential flux at 1 TeV of ¢, =
2 x 107"2cm™2 57! averaged over all precessional phases. The
IceCube upper limits can be used to put a limit on g, of ~ 3.3 X
1073, which is marginally less restrictive than the value obtained
with the gamma-ray observations. However, the gamma-ray and
neutrino flux estimates of [Reynoso et al! (2008b) are based on
a proton acceleration efficiency of 7 = fycc/tgyr ~ 0.07; fyec is
the acceleration time and tyy, = ceB/E,, where B is the mag-
netic field in the accelerator region and E;, is the proton energy.
Accounting for adiabatic and radiation losses, these authors de-
rive a maximum energy for relativistic protons of E, < 103 TeV.
Different values for the magnetic field, target proton densities,
and/or adiabatic expansion velocities in the acceleration region
would also imply variations in predicted gamma-ray and neu-
trino fluxes.

At the interaction regions of the jets of SS 433 with
the surrounding W50 nebula, the X-ray spectra from the ex-
tended lobes are well represented by a power-law model
(Moldowan & Safi-Harbl 2005); a synchrotron origin for this
emission has been suggested (Safi-Harb & Ogelman [1997; see
also [Safi-Harb & Petre [1999) that would imply the presence of
electrons with energies up to ~ 50TeV in those regions. The
VHE gamma-ray emission from the SS 433/W50 interaction
regions was first considered by |Aharonian & Atoyan (1998),
who estimated gamma-ray fluxes at a level of ~ 107!2ph
cm™2 s~! for the eastern e3 region produced by electrons scat-
tering off CMB photons. Bordas et al! (2009) also considered
the non-thermal emission produced in microquasar jets/ISM
interaction regions, providing gamma-ray flux estimates as a
function of the kinetic power of the jets, age of the sys-
tem, and particle density of the environment. The application
of this model to SS 433/W50 yielded fluxes at the level of
~10"Berg cm™? s7! for E > 250GeV for an assumed dis-
tance to the system of 5.5kpc (Bordas et all 2010), which are
roughly at the level of the upper limits reported here. How-
ever, as noted in |Aharonian & Atoyan (1998) (see also discus-
sion in|Safi-Harb & Petre|1999 and|Aharonian et al.[2005), elec-
trons accelerated at the interaction region shock interface could
lose most of their energy mainly through synchrotron emission
for ambient magnetic fields at or above ~ 10 uG, preventing an
effective channelling through IC scattering that is relevant for the
production of gamma rays at high and very high energies. The
integral flux upper limits for the interaction regions shown in
Table[2] together with the assumption that the same high-energy
electron population is responsible for the observed (synchrotron)
X-ray emission and the putative gamma-ray fluxes, can be used
to constrain the magnetic fields present in the shocked SS 433
jets/ISM interaction regions. [Rowell & HEGRA Collaboration
(2001) (see also |Aharonian et al. [2005) make use of HEGRA
upper limits obtained for the e3 interaction region (Oppgra <
2.1 x 1072 ph cm™2 s7!) and the predictions by |Aharonian et al!
(1997) to derive a lower limit on the post-shock magnetic field
in this region of ~ 13 uG. Using the upper limits reported here, a
more constraining lower limit on the magnetic field of 20-25 uG
is obtained.

The huge kinetic luminosity and baryonic matter transported
by the SS 433 jets and the presence of the surrounding tar-
get material provided by the disk wind and/or the W50 nebula
render pp interactions at those larger scales a good TeV emis-
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sion mechanism as well, as shown for even more modest energy
budgets (see e.g.[Bosch-Ramon et al.[2005).Bordas et al! (2015)
found a gamma-ray signal from the direction of SS 433/W50.
The steadiness of the flux and the derived spectral properties,
with the gamma-ray emission extending only from 200 MeV
to 800 MeV, prompted [Bordas et al! (2015) to suggest a jet-
medium interaction scenario for the observed emission. A cut-
off power law was needed to fit the Fermi-LAT spectrum with
cut-off energies of a few GeV. The upper limits reported here
are therefore fully consistent with the Fermi-LAT extrapolation
of the fitted spectra. If the MeV/GeV emission is produced by
relativistic particles in SS 433 jets, as suggested in |Bordas et al
(2015), the acceleration mechanism may be only relatively effi-
cient, thereby preventing a significant detection of the system in
the VHE regime.

The upper limits reported here for SS 433 and those obtained
on the steady emission from other well-established Galactic
microquasars (e.g. Cyg X-1, Cyg X-3, GRS 1915+105,
MWC 656, and Cir X-1; see e.g. [Nicholas & Rowell
2008; [H.E.S.S. Collaboration et al! 2009; [Saito et al! 2009;
Aleksic et al. 2010, 2015; H.E.S.S. Collaboration et al. 2016a)
imply that if their jets are also baryon loaded as in SS 433
(see also the case of 4U1630-47, |Diaz Trigo et al! 2013), their
contribution to the Galactic cosmic-ray flux must be limited to
relatively low energies in the GeV domain, as more efficient
proton acceleration is constrained by the lack of VHE gamma-
ray emission.
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