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Abstract

Very-high-energy (0.1-100 TeV) gamma-ray emissions were observed in High-Altitude Water Cherenkov
(HAWC) data from the lobes of the microquasar SS 433, making them the first set of astrophysical jets that were
resolved at TeV energies. In this work, we update the analysis of SS 433 using 2565 days of data from the HAWC
observatory. Our analysis reports the detection of a point-like source in the east lobe at a significance of 6.60 and in
the west lobe at a significance of 8.2¢. For each jet lobe, we localize the gamma-ray emission and identify a best-fit
position. The locations are close to the X-ray emission sites “el” and “wl” for the east and west lobes,
respectively. We analyze the spectral energy distributions and find that the energy spectra of the lobes are
consistent with a simple power law dN/dE oc E® with o = —2.44*0-37004 and o = —2.3570137003 for the east
and west lobes, respectively. The maximum energy of photons from the east and west lobes reaches 56 TeV and
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of the work, journal citation and DOI.
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123 TeV, respectively. We compare our observations to various models and conclude that the very-high-energy
gamma-ray emission can be produced by a population of electrons that were efficiently accelerated.

Unified Astronomy Thesaurus concepts: Gamma-ray sources (633); High mass x-ray binary stars (733); Jets (870)

1. Introduction

SS 433, first discovered in 1977 (C. B. Stephenson &
N. Sanduleak 1977), is a microquasar consisting of a compact
object (i.e., a black hole or neutron star) that accretes matter from
its massive companion star (S. Fabrika 2004). SS 433 is well
known for the emission from the jet interaction regions (also
referred to as jet lobes) where the jets terminate inside a nebula,
W50, ~40pc away from the binary system (S. Safi-Harb &
H. Ogelman 1997). The two jet emission regions, named
“east” and “west,” have been studied in depth over the decades
in radio (B. J. Geldzahler et al. 1980), X-rays (S. Safi-Harb &
R. Petre 1999; W. Brinkmann et al. 2007), and gamma
rays (A. U. Abeysekara et al. 2018; K. Fang et al. 2020;
H. E. S. S. Collaboration et al. 2024).

In 2018, the High-Altitude Water Cherenkov (HAWC)
observatory detected two multi-TeV gamma-ray hot spots
spatially coincident with the known locations of the X-ray
emission regions of SS433 (A. U. Abeysekara et al. 2018).
This discovery rekindled a series of observational campaigns
that subsequently produced new results from experiments
including the Fermi Large Area Telescope (Fermi-LAT;
K. Fang et al. 2020), Nuclear Spectroscopic Telescope Array
(S. Safi-Harb et al. 2022), and High Energy Stereoscopic
System (H.E.S.S.; H. E. S. S. Collaboration et al. 2024). These
results have provided further information about the TeV
emission regions of SS 433.

In this work, we present the updated results on the two jet
lobes of SS433. HAWC has accumulated ~1500 days more
data compared to A. U. Abeysekara et al. (2018). With
2565 days of data and improved data reconstruction, we
perform a morphological study in the region of interest (ROI;
A. Albert et al. 2024). We identify significant levels of gamma-
ray emission corresponding to the east lobe and the west lobe
through a blind search. The ROI is the brighter region as shown
in Figure 1(a).

In Section 2, we describe the HAWC observatory and the
data set used for the analysis. Also, we explain the source
search pipeline used to identify the six sources found in the
ROI through a blind search. In Section 3, we present the best-fit
results on the SS 433 lobes and other sources found from the
source search pipeline. We also show the spectra of the lobes
computed with the HAWC data and the measured energy range
of the observed gamma-ray photons. Finally, in Section 4, we
discuss the multiwavelength modeling of the two lobes and
comparisons with the results from A. U. Abeysekara et al.
(2018).

2. Data and Analysis Method
2.1. Instrument and Data

HAWC is a particle-sampling array designed to observe
very-high-energy (VHE) gamma-ray events with energies
between hundreds of GeV and hundreds of TeV. HAWC is
located at an altitude of 4100 m next to Pico de Orizaba in
Puebla, Mexico. The main array of HAWC consists of
300 water Cherenkov detectors (WCDs), providing a total
geometrical area of ~220,000 m? for indirect gamma-ray

observations. Each WCD consists of a light-tight bladder
containing ~200,000 liters of purified water and four photo-
multiplier tubes anchored to the bottom. A WCD has a
dimension of 7.3m in diameter and 4.5m in height that
provides enough depth for the WCD to act as a calorimeter and
a medium to allow air shower particles to emit Cherenkov light.
HAWTC has a high operation time of over 95% duty cycle and a
wide simultaneous field of view of 2 sr. Typically, HAWC has
an event rate of ~25kHz of which ~0.1% are gamma-ray
events. More detailed information on HAWC and its operation
can be found in A. U. Abeysekara et al. (2017a, 2023).

Every gamma-ray event that HAWC detects is classified into
an “energy bin” associated with a certain range of estimated
energies (A. U. Abeysekara et al. 2019). Currently, HAWC has
two energy estimation algorithms, the ground parameter (GP)
and neural network (NN) energy estimators. The GP algorithm
uses the charge density at a fixed distance away from the axis
of the gamma-ray air shower, while the NN algorithm uses a
multilayer-perceptron architecture that employs parameters that
are also used for HAWC event reconstructions (A. U. Abeyse-
kara et al. 2019). Note that the GP and NN data sets are
comparable within their uncertainties (A. U. Abeysekara et al.
2019). In this work, we have used the NN energy estimator
binning scheme.

For the modeling and fitting of the sources, we use the
HAWC accelerated likelihood” plugin with the Multi-Mission
Maximum Likelihood (3ML)* framework (G. Vianello et al.
2015; A. U. Abeysekara et al. 2021). For the source analysis,
we first select a disk ROI centered at (I =40°42, b= —0.°85)
with a radius of 2.°5. We then determine the number of
gamma-ray sources within our ROI. Finally, we find for each of
these sources the best spectral and morphological models by
comparing a statistical measure, named test statistic (TS),
defined as

Tszzln(ﬂ). (1

Lo

In this equation, TS compares the likelihood of an alternative
hypothesis (L;) to that of a null (background-only) hypothesis
(Lp). Analyses done with HAWC data often use TS to
determine a pretrial statistical significance of a fitted model
inside a chosen ROI. The model may contain any number of
free parameters depending on the number of sources and their
spectral and morphological shapes being fitted. A pretrial
statistical significance measured in Gaussian standard deviation
units can be estimated based on the Wilks’s theorem
(S. S. Wilks 1938), assuming one degree of freedom:

o~ JTS. )

Note that the Wilks’s theorem is valid for HAWC data
(A. U. Abeysekara et al. 2017b).

2 hitps: //github.com/threeML /hawc_hal
30 https://github.com/threeML /threeML
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Figure 1. Significance maps above 1 TeV. (a) A pretrial significance map of the SS 433 region with labels from A. A. Abdo et al. (2007), B. Bartoli et al. (2013),
A. U. Abeysekara et al. (2018), and Z. Cao et al. (2021, 2024). (b) A pretrial significance map zoomed in closely around SS 433. The map shows excess after the
model fit but only removes background sources for the visualization of the SS 433 jet lobes. The green contour lines indicate the observational results from ROSAT
(W. Brinkmann et al. 1996), and the white contour lines are the So contour lines as observed by this work. The X-ray emission regions “el,” “e2,” and “e3” for the east
lobe and “w1” and “w2” for the west lobe have also been indicated (S. Safi-Harb & H. Ogelman 1997). The red cross marks the known location of the binary SS 433.
The purple and cyan stars indicate the best-fit locations from this work. The red ring in each panel indicates the angular resolution.

2.2. Source Search Pipeline

In A. U. Abeysekara et al. (2018), a point-source model was
fitted at each of the known X-ray emission regions “el” and
“w1” (S. Safi-Harb & H. Ogelman 1997) for the east and west
jet lobes, respectively, along with an extended source model for
MGRO J19084-06 at its known location. Then, a residual map
was examined to confirm that the model explained the excess
emission over the background. With the increased statistics in
the data used for this work, we no longer use prior information
about the source location or the number of sources in the
region. Instead, we carry out a source search pipeline within
our chosen ROI to identify the model that best describes the
observational data.

We first add point sources iteratively to a baseline model
until the most significant excess emission in our residual map
becomes less than TS = 16 Albert et al. (2023). Then, each of
the point sources found in the previous step is iteratively
replaced by an extended source. Each newly found model is
compared with the current best model. A model that improves
the fit by ATS > 16 is accepted as the new best model. During
a successful extension test, if any of the remaining point
sources become insignificant (TS < 16), they are removed from
the new best model.

Our baseline model includes a diffuse background emission
(DBE) “source” fitted between [=38° and [=43°. This
extended source is designed to account for unresolved sources

and the Galactic diffuse emission. The DBE is described as a
source with a one-dimensional Gaussian profile along the
Galactic equator.

In the source search pipeline, the spectral model is assumed
to be a simple power law,

E (0]
AN _ gl Lo, 3)
dE. Epiy

14

where K is flux normalization at pivot energy E;, and spectral
index «. For the pivot energy, we have used Ep;, =10TeV,
which has minimum correlation between free parameters.
When an extended source is added, a Gaussian template is used
to describe the spatial morphology (see Appendix A).

3. Results
3.1. Significance and Morphology

Figure 1(a) shows the map of the SS 433 region in Galactic
coordinates, produced with 2565 days of HAWC data. The
color bar indicates the pretrial significance defined in
Equation (2). Known TeV gamma-ray sources in the region
are labeled (S. P. Wakely & D. Horan 2008).

Our source search pipeline (as described in Section 2.2) finds
six sources. They include one extended source HAWC J1908
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Table 1
Best-fit Results of the SS 433 Lobes Using Point-source Models and Simple
Power-law Spectral Models (Equation (3))

Source R.A., Decl. K « TS

(deg, deg) (TeV~'em™2s7h)
West lobe  287.617092, 5.06°0%3  2.02403 x 10715
East lobe  288.4110%2, 4.93*00> 1651938 x 10713

—2.35%012 795
—2.444013 539

Note. E;, = 10 TeV is used for the fit. Only the statistical uncertainties are
indicated in this table.

40618, which corresponds to MGRO J1908+4-06, one point
source that coincides with the east jet lobe of SS 433, and
another point source that matches with the known location of
the west jet lobe of SS433. We have also found three
additional point sources compared to A. U. Abeysekara et al.
(2018), namely, HAWC J1902+0656, HAWC J1905+0711,
and HAWC J19084-0552, resulting from the increased amount
of data and the use of a full disk ROI compared to the semidisk
ROI (A. U. Abeysekara et al. 2018).

We test three different morphological models for HAWC J1908
40618: Gaussian, electron diffusion (A. U. Abeysekara et al.
2017¢), and inverse power law. Appendix A has the details on the
morphological models.

Table 1 shows the best-fit position, flux normalization,
spectral index, and TS values while assuming the simple
power-law spectral model (Equation (3)) for each SS433 jet
lobe. Table 2 shows the best-fit parameters for the four
background sources. Among these sources, HAWC J1902
40656 and HAWC J1905+0711 are reported in this work as
source candidates since they have TS < 25, but they have good
spatial agreement with sources from the first Large High
Altitude Air Shower Observatory (1ILHAASO; Z. Cao et al.
2024) catalog. HAWC J1905+-0711 has TS below 16 because,
while it was identified as a source in the source search pipeline,
adopting an electron diffusion morphology for HAWC J1908
40618 after the source search process has decreased its
statistical significance.

Figure 1(b) shows the significance map zoomed in around
the known location of the central binary, SS 433. Note that the
best-fit emission from background sources from Table 2 have
been subtracted. The green contour lines are the X-ray
observations from ROSAT (W. Brinkmann et al. 1996),
showing emissions from three distinctive regions, namely, the
central binary, the west jet lobe (closer to the Galactic equator),
and the east jet lobe. The crosses indicate some of the key
interaction regions observed in 2-10 keV X-rays (S. Safi-Harb
& H. Ogelman 1997), including “w1” and “w2” for the west jet
lobe and “el”, “e2”, and “e3” for the east jet lobe. Figure 1(b)
shows that the TeV gamma-ray hot spots are well aligned with
the X-ray jets.

The red cross at the center is the known location of the
binary system. No significant emission from the central binary
is detected by HAWC. The 95% confidence level upper limit
on the flux of the central binary measured at 10 TeV is
1.38 x 107" TeV'ecm ?s ™! for a spectral index of —2.5.

Figure 2(b) shows the nested model map that contains the six
sources and DBE that we have obtained as the best model
for our ROLI. Figure 2(c) presents the residual map that has the
final model subtracted from the HAWC significance map

Alfaro et al.

(Figure 2 (a)). The residual map has no obvious excess left in
the ROI as expected, which is confirmed separately using a
one-dimensional significance histogram.

Figure 3 shows the one-dimensional significance histogram
of the residual map by collecting the significance values
associated with each of the pixels within the ROI. With all the
excess fitted and subtracted, the distribution should resemble a
background-only distribution. The expected background-only
distribution is indicated with a red dashed curve, which is a
Gaussian centered at 0 between —5¢ and So.

3.2. Spectral Studies

The newly produced HAWC data set with improved
algorithms and more statistics allows us to study the spectrum
of each lobe in detail. We divide the data into 10 NN energy
bins from “c” to “I” (A. U. Abeysekara et al. 2019). The true
photon energy range per energy bin depends on the fitted
source itself.

We fit a simple power law (Equation (3)) to the data
corresponding to each energy bin while fixing the spectral
index to the best-fit values from Table 1, o= —2.35 and
a = —2.44 for the east and west lobes, respectively. Further
information on the energy bins used in this work can be found
in Appendix C.

Figure 4 presents the best-fit spectrum of each lobe. As
shown in the figure, bins “f,” “g,” “h,” and “i” are significant
enough to calculate flux points for the east jet lobe, while upper
limits are computed from the rest of the bins. The dotted line
indicates a simple power law that is fitted to the entire energy
range. As for the west jet lobe, bins “f,” “g,” “h,” “i,” and “k”
have flux points. While the fitted spectrum of the east lobe is
consistent with the flux point from A. U. Abeysekara et al.
(2018), the fitted spectrum of the west lobe at 20 TeV is 3¢
away from the previous work. Finally, the fitted spectra of the
two lobes from this work are consistent with each other.

Applying alternative spectral models for the lobes, including
the cutoff power law (COPL) and log parabola (LP) models, do
not show significant improvements to the fit; hence, we
conclude that the power law best describes the spectra of the
two jet lobes. ATScopr. =8 and ATS;p =9, respectively, for
the east jet lobe, and ATScopr =7 and ATS;p =6, respec-
tively, for the west jet lobe. The description of COPL and LP
can be found in Appendix B.

3.3. Extension and Energy Range of Jet Lobes

In this work, the SS 433 east and west jet lobes are best
described using two point-source models. We use the 5o
contours to constrain the regions that produce significant VHE
gamma-ray emission. Figure 1(b) shows the 50 contours in
white. When compared with the X-ray contours in green, we
can see that the HAWC observations are constrained to the
“head” area closer to the central binary system for both of the
lobes. In terms of the X-ray emission regions, both “el” and
“wl1” are located close to the best-fit positions and the centers
of the contours. Therefore, we confirm that the use of the
known X-ray emission regions in A. U. Abeysekara et al.
(2018) is justified.

Furthermore, we study the energy range of the gamma-ray
photons observed by HAWC. The maximum photon energy at
the 1o level for the east lobe is 56 TeV, which is significantly
higher than the maximum photon energy of 25 TeV reported in
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Table 2
Best-fit Results of the Background Sources

Source (HAWC) R.A., Decl. K I3 Extension TS 1LHAASO Counterpart
(deg, deg) (TeV~'em™2s7h (deg)

J1902+0656" 285.541003, 6.9410:04 9.61°2% x 10716 —2.497939 20.0 7190240648

J1905+0711° 286461094, 7.1875%¢ 8.957278 x 1071 —2.73%9%8 12.7 7190640712

J19084-0552 286.91°0%3, 5.8770%3 144733 x 10715 —2.197313 30.3

7190840618 287.0475%2, 6.30433! 9.0475048 x 10714 —2.4219% 0.1875%2 154759 2398.9 J1908-+0621

Notes. ILHAASO counterparts based on their positions are indicated. Note only the statistical uncertainties are indicated here. 3 is the parameter of LP spectral model

described in Appendix B.
# Indicates source candidates.
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Figure 2. Significance maps of the results from the source search pipeline. The lower labels indicate the sources found by this analysis. (a) HAWC data map.

(b) Model map. (c) Residual map.
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Figure 3. A one-dimensional significance histogram of the final residual map
shown in Figure 2(c).

A. U. Abeysekara et al. (2018). The minimum photon energy at
the 1o level is 5 TeV. As for the west lobe, we compute the
maximum photon energy to be 123 TeV and the minimum
energy as 4 TeV.

3.4. Energy-dependent Morphologies of Jet Lobes

H.E.S.S. observed energy-dependent morphological changes
to the SS 433 jet lobes (H. E. S. S. Collaboration et al. 2024).
We have divided our data into three energy bins to look for
similar changes. Figure 5 features the significance maps
corresponding to (a) 1 <E<10TeV; (b) E> 10TeV; and
(c) E> 18 TeV. The maps contain contours from the H.E.S.S.
observations (H. E. S. S. Collaboration et al. 2024), which are
consistent with the emission observed by HAWC. While the
best-fit position of the east lobe is located nearer to the central
binary at higher energies, the change is smaller than the angular
resolution of HAWC. We note that the emissions at higher
energies are clearly centered around the el and wl regions.
Furthermore, Table 3 provides the best-fit positions of the lobes
for each energy range. The best-fit positions computed for the
lobes are consistent between the energy bins.

3.5. Systematic Studies

The systematic uncertainties associated with our analysis are
summarized in Table 4. The systematic uncertainties contain
the effects from the detector simulations (see A. U. Abeysekara
et al. 2017a, 2019). The most dominant effect is the late light
component, which indicates uncertainties from the discrepancy
between the arrival times of light from an actual air shower and
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Figure 4. The best-fit power-law spectra of the SS 433 lobes. Information on each data point corresponding to energy bins is presented in Appendix C. The shaded
region represents the 1o statistical error band. The red data point at 20 TeV represents the best-fit result at el (w1) for the east (west) lobe from A. U. Abeysekara

et al. (2018).
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Figure 5. Significance maps around the SS 433 jet lobes for different energy ranges. The background sources have been subtracted. The red circle in each panel
indicates the angular resolution of the bin that includes the most number of events for the given energy range. (a) Shows the significance map corresponding to
1-10 eV. The green contour indicates the 3o level in the HAWC data. The black contour indicates the 30 level in the H.E.S.S. data at energies 2.5-10 TeV. (b) Shows
the significance map corresponding to above 10 TeV. The green contour indicates the 40 level in the HAWC data at energies above 10 TeV. The black contour
indicates the 40 level in the H.E.S.S. data at energies above 10 TeV. (c) Shows the significance map corresponding to above 18 TeV. The green contour indicates the
40 level in the HAWC data. The black contour indicates the 40 level in the H.E.S.S. data at energies above 10 TeV (H. E. S. S. Collaboration et al. 2024).

Table 3
For Each Lobe, Best-fit Positions and TS Values Are Presented for the Energy Ranges Presented in Figure 5
West Lobe East Lobe

Energy R.A. Decl. TS R.A. Decl. TS
(TeV)

1-10 287.57 £ 0.05 5.06 £+ 0.05 15 288.42 £ 0.05 4.98 +0.05 13
>10 287.61 £0.02 5.06 £0.02 70 288.41 £0.02 4.93 £0.02 48
>18 287.65 £0.02 5.06 £0.02 60 288.40 £0.03 492 +0.03 31

the arrival times of light from the laser pulse used for

calibrations.

The sources of systematic uncertainties from

Table 4 are described in A. U. Abeysekara et al. (2019) in more

detail.

4. Discussion and Conclusion

We have analyzed 2565 days of HAWC data to study the
TeV gamma-ray emission from the jet lobes of SS433. The
new data contain more and improved statistics to carry out a
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Table 4
Detector Systematic Effects Measured for Four Different Categories and Their Quadratic Sums
Type R.A., Decl. Flux Normalization «
(deg, deg) (107I6 TeV ' ecm™2s7h)

West East West East West East
Late light 40.001, £0.0007 +0.0006, +0.0008 +1.84 +1.55 40.01 +0.02
Charge uncertainty +0.001, +£0.002 +0.0003, +0.002 +1.06 +0.73 +0.01 +0.02
PMT threshold 40.0002, +0.0002 +0.0006, +0.0002 +0.53 +0.34 +0.005 +0.006
PMT efficiency 40.0005, +0.002 +0.0008, +£0.001 +0.35 +0.50 +0.02 +0.02
Quadratic Sum +0.002, +0.003 +0.001, +0.002 +2.22 +1.82 +0.03 +0.04
thorough blind search of the region. Our blind search
successfully identifies two point sources located close to the === Sudoh+(2020) H+ Fermi-LAT (2020)
X-ray hot spots, “el” and “wl,” which are known as jet Kimura+(2020) VERITAS 99% UL (2017)
interaction regions for the east and west jet lobes, respectively. Reynoso & Carulli (2019) HAWC (this work)
However, we find no evidence of extended emission for the H.E.S.S.+(2024) t  HESS (2024)

lobes. The blind search within the ROI has also identified four
background sources of which HAWC J1908+0618 is the only
extended source that is best described by the electron diffusion
morphological model, similar to A. U. Abeysekara et al.
(2018).

Our spectral studies find that the sources can be described by
a power-law spectrum with no cutoff. The 1o bound of the
maximum photon energy has increased from 25 TeV to 56 TeV
and 123 TeV for the east and west jet lobes, respectively,
compared to our previous analysis (A. U. Abeysekara et al.
2018). The spectra are measured to be softer than previously
assumed in A. U. Abeysekara et al. (2018).

When fitting to the broadband energy spectrum using an
electron spectrum that follows a power law with an exponential
cutoff as in A. U. Abeysekara et al. (2018), we find the total
energy of injected electrons as W, = 1.3 x 10*7 erg, well within
the energy budget of the kinetic power of the jets
(S. Fabrika 2004).

The spectra in Figure 4 constructed from fitting the data that
are divided into NN energy bins are consistent with the flux
points at 20 TeV from A. U. Abeysekara et al. (2018). The
best-fit spectral indices o = —2.44*013 and o = —2.35°012
are lower than what we assumed in A. U. Abeysekara et al.
(2018) for which the spectral indices were fixed to o= —2.0.
The pivot energy used in this work, Ey, =10TeV, is also
lower than E;, =20TeV used in A. U. Abeysekara et al.
(2018).

Figure 6 presents the spectral energy distribution of the
gamma-ray emission from the eastern and western SS 433 jet
lobes between 0.1 GeV and 100TeV. Models have been
proposed to explain the TeV emission by SS 433, invoking
continuous or instantaneous injections of electrons and protons
from the synchrotron knots (M. M. Reynoso & A. M. Caru-
1li 2019; K. Fang et al. 2020; T. Sudoh et al. 2020), as well as a
standing shock in the outer jets (H. E. S. S. Collaboration et al.
2024). When comparing our observation with these recent
models, we find that the models confined by previous IACT
limits are generally too low to explain the HAWC and H.E.S.S.
observations. The gray shaded region in the figure corresponds
to the best-fit gamma-ray model in K. Fang et al. (2020)
obtained by fitting a steady electron injection model as in
A. U. Abeysekara et al. (2018) to the Fermi-LAT and HAWC
data from A. U. Abeysekara et al. (2018). The gray dashed
curve is a model from H. E. S. S. Collaboration et al. (2024)

Fang et al (2020)
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Figure 6. The spectral energy distribution of the gamma-ray emission site in
the SS 433 east (top) and west (bottom) lobes measured by HAWC (this work;
orange), Fermi-LAT (K. Fang et al. 2020; light blue markers), H.E.S.S. (H. E.
S. S. Collaboration et al. 2024; navy square markers), and VERITAS
(P. Kar 2017; brown upper limit). Models are shown for reference, including
M. M. Reynoso & A. M. Carulli (2019, parameter 3a; light gray dotted curve),
T. Sudoh et al. (2020; dark gray dashed—dotted curves), K. Fang et al. (2020;
gray shaded regions), S. S. Kimura et al. (2020, scenario D; light gray dashed
curve), and H. E. S. S. Collaboration et al. (2024; gray dashed curve).

obtained by fitting a similar electron injection model to the H.E.
S.S. and X-ray data. The model is in tension with the HAWC
measurements above ~30TeV, suggesting that the multi-
wavelength production mechanism may be more complicated
than a one-zone model where electrons simultaneously produce
X-ray and TeV gamma-ray emissions.

The successful identification of SS433 through a blind
search with the HAWC data confirms the existence of gamma-
ray emission by the microquasar and pinpoints the gamma-ray
production sites inside the large-scale jet. The photon energy
reaches beyond 100 TeV, suggesting that electrons must have
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been efficiently accelerated given the short cooling time at such
extreme energies (A. U. Abeysekara et al. 2018; K. Fang et al.
2020). More discoveries of VHE gamma-ray-emitting jets by
future air shower gamma-ray detectors will help understand the
mechanism of particle acceleration at large distances from the
compact object.
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Appendix A
Extended Morphological Models

Three morphological models (Gaussian, inverse power law,
and diffusion) are tested for the modeling of the extended
source  HAWC J1908+4-0618, which is a counterpart of
MGRO J1908+-06. The mentioned morphological models were
also tested for the modeling of MGROJ1908+06 in
A. U. Abeysekara et al. (2018). Detailed implementation of
the models can be found in astromodels.*" Astromodels is a
Python package containing source definitions that is used with
3ML. Using the data in our ROI, we select the best model

3 https: //github.com/threeML /astromodels
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based on the relative Bayesian information criterion (ABIC)
obtained from the likelihood fits (R. E. Kass & A. E. Raftery
1995).

The Gaussian morphological model is described using

dN 1 62
— = ——=exp|——|. Al
dQ)  2mo? p( 202) (&Y

where 6 is angular distance and o is Gaussian width that
represents the size of the fitted extended source in degrees.
The inverse power-law morphological model is given by

—1
daN — wr,%jqa + 2 ré;ﬂ - rr%lj]a re, (A2)
dQ 2+ ®

where ryin < 0 < Fnax. ABIC for the inverse power-law model
is found to be +159.

The diffusion morphological model describes gamma-ray
emission by inverse Compton scattering of diffused electrons
and positrons as

dN 1.22 02
N _ | A3
42~ 70,0 + 0060,) ( 95) (A9

where 6, is the diffusion radius, which is the only free
parameter used for the model (A. U. Abeysekara et al. 2017c¢).
For the diffusion model, we have adopted the fixed parameters
of A. Albert et al. (2022) used to model MGRO J1908-+06, the
magnetic field of 3 4G, and the diffusion coefficient spectral
index of 1/3. ABIC for the diffusion model compared to the
Gaussian model is —50 ( = BICpjfusion—BICGaussian). Overall,
the diffusion model best describes HAWC J1908+0618.

Appendix B
Spectral Models

Two spectral models (COPL and LP) are tested for the found
sources. The LP model is given by

£\ P loeE /B
B
dE,, Epiv

, (BD)

where [ is the spectral curvature.
A COPL model is given by

N _ K( E”') exp(— Ey ) (B2)
dE";’ Epiv Eculoff

where E ., 18 the cutoff energy. The spectrum decreases
exponentially when the energy is greater than the cutoff energy.
Only the spectrum of HAWC J1908+0618 is found to favor the
LP model by ATS; p = 123. COPL and LP do not have distinct

preferences over the simple power-law model for other sources,
including the two SS 433 jet lobes.

Appendix C
Energy Estimator Bins

The values of flux points and upper limits presented in
Figure 4 are tabulated in Table C1. The table also contains the
energy range corresponding to each bin for the east and west
SS 433 jet lobes.
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Table C1
Energy Bins and Their Corresponding Median, Lower Bound (16% Quantile), and Upper Bound (84% Quantile) Energies in TeV
Bins Median Lower Bound Upper Bound Esz/dE
(TeV) (TeV) (TeV) (1072 TeV em 2571

West East West East West East West East
c 1.1 1.1 0.6 0.6 1.9 1.8 48.6" 2210°
d 22 2.1 1.3 1.3 3.3 32 8.97* 9.01°
e 3.8 3.8 2.6 25 5.5 5.4 5.18 10.7°
f 6.8 6.8 4.7 4.7 9.6 9.5 2.65%0% 2474022
g 124 123 9.0 8.9 16.7 16.6 1955023 207508
h 22.1 21.9 16.4 16.2 29.0 28.8 1335038 127503
i 39.0 38.7 29.5 29.3 50.9 50.5 2.124537 1.1159%
j 69.4 68.9 534 53.0 89.7 89.1 1.46° 1.16*
k 124.9 124.2 96.9 96.3 160.1 159.1 0.85119433 3.75°
1 218.7 217.2 169.4 168.3 287.5 285.4 425 217°
Notes. E%dN, /dE represents the best-fit flux. The upper limits are 90% confidence level.
# Upper limits.
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