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• 歳差運動しているジェットが存在 
• W50星雲（超新星残骸？）が付随 
• ジェットとW50星雲が相互作用 
→X線や可視光で輝く

マイクロクエーサー　SS ４３３ 4
See Fabrika 2004 for review
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FIG. 1b

the northern limit of the arcsecond precession cone associ-
ated with SS 433 & Johnston Sur-(Hjellming 1981).
prisingly, this Ðlament apparently ““ twists ÏÏ around another
thin, bright Ðlament that runs approximately north-south
near 19h10m30s.

With the addition of the single-dish data, the image in
contains all the Ñux density of W50. The integratedFigure 1

Ñux density at 1465 MHz (after correcting for an average
background contribution of 3 mJy beam~1) is S1465 MHz\70.8^ 7.2 Jy, where the major source of uncertainty is the
choice of background level. The central D1¡ circular com-
ponent of W50 contributes about 60% of the total Ñux
density (D43 Jy), while the east wing comprises about 21%
(D15 Jy) and the west wing represents D18% (D13 Jy).

3.2. Radio Continuum Image at 327.5 MHz
displays the image of W50 at 327.5 MHz.Figure 2

Because of the shortest spacing of 30 m in the D conÐgu-
ration, the zero level is slightly displaced. The observed Ñux
density is 118 Jy, and a mean zero-level depression of 10
mJy beam~1 is observed, based on a number of scans across
the source. After taking into account this zero-level o†set,
the corrected Ñux density is Jy, inS327 MHz\ 160 ^ 20
excellent agreement with the expected Ñux density at this
frequency (see Fig. 3).

The major features from the 1.4 GHz image are repro-
duced in this 327 MHz image. The only di†erences are that
the Ðlament shown in the previous section to be positionally
associated with SS 433Ïs precession cone, at a position angle
of D80¡, is longer and brighter at 327.5 (S D 40 mJy
beam~1) than at 1465 MHz. The other Ðlament shown in
the same area extending to the north of SS 433, apparently
twisted with the former feature, becomes almost invisible in
the 327.5 MHz image.

A point source of D340 mJy at 327 MHz is observed at
4¡46@25A (B1950.0). This source is close to the19h13m21s.4,

bright Ðlament in the east wing. There is some evidence of a
point source of D150 mJy at the same position in the 2.7
GHz image of et resolution), sug-Downes al. (1981b ; 4@.4
gesting a spectral index a D 0.4. This compact source
should be observable in our 1465 MHz image (expected Ñux
density D180 mJy), but no feature is present at a level of 12
mJy. A possible weak point source at this position (but only
at a level of 2 mJy beam~1) is also present in the 20 cm
image of W50 reported by & Baum ThisElston (1987).
source may thus be variable, and we will monitor it in the
future to look for possible time variations.

3.3. Spectral Index
The present Ñux density estimates at 20 and 90 cm were

combined with existing observations at other frequencies in
order to derive a global spectral index for W50. Figure 3
shows the resulting radio spectrum, with a least-squares Ðt.
The data at 1.7, 2.7, and 5 GHz were taken from Downes et
al. respectively), and the low-frequency(1981a, 1981b, 1986,
data (83 and 102 MHz) were taken from Kovalenko,
Pynzar, & Udaltsov All Ñux densities have been(1994).
placed on the same absolute Ñux density scale. The spectral
index obtained between 83 MHz and 5 GHz for the entire
nebula is a \ 0.48^ 0.03. This value agrees very well with
the value of 0.46 estimated by et al.Downes (1981a)
between 0.4 and 1.7 GHz and is somewhat Ñatter than the
0.66 obtained by et al. based on their dataDownes (1986)
between 1.7 and 5 GHz. For SS 433 alone, based on
the present observations we derive a spectral index
a \ 0.53^ 0.02.

One of the goals of the present study is to help in the
understanding of the true nature of W50. In that respect, a

Figure 10: X-ray image of SS433 derived from ASCA GIS data (Kotani 1998). The central
bright source is SS433, and the total size of the entire jet system is about one degree.

X-ray emission is much softer than the emission from the central source. The luminosity
of each jet is ∼ 6 · 1034 erg/s (0.5–4.5 keV). Assuming that the X-ray emission was
thermal, Watson et al. (1983) estimated the total thermal energy of the X-ray gas to be
∼ 1.2 · 1051 erg, in reasonable agreement with the data of Dubner et al. (1998).

One striking feature of the extended X-ray jets is that their total opening angle is about
20◦ (Brinkmann et al. 1996), much smaller than the opening angle for the precession cone
of the optical and inner radio jets (40◦). The same geometry is shown by the outer radio
lobes of W50 (Fig. 8a), whose total opening angle is appreciably smaller than that of the
precession cone in the kinematic model. It would be natural to expect the kinematic model
to be in agreement with the geometry of the extended structures in W50. In addition, the
surface brightness of the X-ray emission grows with approach toward the precession axis,
although, at first glance, it seems that the X-ray jets should be hollow and have their
maximum radiation along the generating line of the precessional cone (±20◦).

To illustrate the extended jets, Fig. 10 presents an X-ray image of SS433 constructed
using ASCA GIS data (Kotani 1998). This is one of the deepest X-ray images of the
vicinity of SS433. This image was obtained by joining several images obtained with
different time exposures. The central bright source is SS433, and the total size of the
entire jet system is about one degree.

Subsequent investigations of the X-ray emission in the vicinity of SS433 were carried
out using the ROSAT, ASCA and RXTE observatories (Yamauchi et al. 1994; Brinkmann
et al. 1996; Safi-Harb and Oegelman 1997; Safi-Harb and Petre 1999). The X-ray spectra
of the two extended jets are different. The spectrum of the eastern jet is non-thermal,
with a power-law photon index Γ ≈ 1.6. There is a region of thermal emission at the end
of this jet (T ≈ 0.4 keV), with the X-ray and radio structures being very similar. The
emission of the western jet is appreciably softer (Γ ≥ 2.3), and may even be thermal,
but no additional thermal emission is detected at the end of this jet (at the radio “ear”).
The ROSAT data (Brinkmann et al. 1996) indicate that the X-ray structure does not
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FIG. 9.ÈThermal bremsstrahlung conÐdence contours of e1 (top) and
e2 (bottom) selected from the combined ROSAT and ASCA data.

result is consistent with the ROSAT observations of the
eastern lobe in that the spectrum softens away from SS 433,
when studied on large angular scales (D10@). The X-ray
luminosities from both models are comparable, with a total
luminosity (0.9È9 keV) D 2.5 ] 1034 ergs WeL x s~1D5.52 .
note that a continuum model (power law or thermal
bremsstrahlung) plus a Gaussian improves the Ðt to region
w2 slightly. However, a broken power-law model gives the
best Ðt, with a reduced s2 : (seesl2 D 117/93 \ 1.26 Table 5).
The power-law indices are 1.9 and 3.6, with the break
occurring at 3.7 keV. This result is also close to our Ðndings
for the spectral Ðtting of region e2 in the eastern lobe (see

FIG. 10.ÈX-ray spectra of the brightest region (e2) with ROSAT and
both GIS detectors. The Ðt models are power law (top), power law plus a
Gaussian (middle), and broken power law (bottom). The residuals from the
Ðts show how a Gaussian or a broken power law improves the Ðts.

0.2keV - 10 keV spectrum
Safi-Harb+ 1997

ASCA
ROSAT

CREDIT: Blundell & Bowler, 
NRAO/AUI/NSF

ASCA: Kotani et al. 1998
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the Galactic plane. The ROI also removes significant spatially extended 
emission from the nearby γ-ray source MGRO J1908+06. The spatial 
distribution and spectrum of γ-rays from MGRO J1908+06 are fitted 
using an electron diffusion model23, and point-like sources centred 
on e1 and w1 are fitted on top of this extended emission. As a sys-
tematic check, the regions are also fitted using X-ray spatial templates 
and extended Gaussian functions. Neither improves the statistical  
significance of the fits. Upper limits on the angular size of the emission 
regions are 0.25° for the east hotspot and 0.35° for the west hotspot 
at 90% confidence. Given the distance to the source of 5.5 kpc, this 
corresponds to a physical size of 24 pc and 34 pc, respectively. The 
constraint is tighter on the eastern hotspot owing to its higher statistical 
significance.

The VHE γ-ray flux is consistent with a hard E−2 spectrum, though 
current data from HAWC are not of sufficient significance to constrain 
the spectral index. Therefore, we report the flux of both hotspots at  
20 TeV, at which systematic uncertainties due to the choice of spectral 
model are minimized and the sensitivity of HAWC is maximized.  
At e1, the VHE flux is . . . ×− .

+ .
− .
+ . − − − −2 4 (stat ) (syst ) 10 TeV cm s0 5

0 6
1 3
1 3 16 1 2 1, 

and at w1 the flux is . . . ×− .
+ .

− .
+ . − − − −2 1 (stat ) (syst ) 10 TeV cm s0 5

0 6
1 2
1 2 16 1 2 1. 

HAWC detects γ-rays from the interaction regions up to at least 25 TeV. 
The energies of these γ-rays are a factor of three to ten higher than 
previous measurements from microquasars24,25. Since most γ-ray  
telescopes are optimized for measurements below 10 TeV, this may 
explain why these photons were not observed in previous observational 
campaigns.

The γ-rays detected by HAWC are produced by radiative or decay 
processes from particles of much higher energy. The detection yields 
important information about the mechanisms and sites of particle 
acceleration, the types of particles accelerated (for example, protons 
or electrons), and the radiative processes that produce the spectrum of 
emission from radio to VHE γ-rays. Two scenarios for explaining the 

HAWC observations of the e1 and w1 regions can be tested. The first is 
that protons are primarily responsible for the observed γ-rays. Protons 
must have an energy of at least 250 TeV to produce 25-TeV γ-rays 
through hadronic collisions with ambient gas. Proton–proton collisions 
yield neutral pions (π0) that decay to VHE γ-rays, and charged pions 
(π±) that decay to the secondary electrons and positrons responsible 
for radio to X-ray emission via synchrotron radiation. This scenario is 
of particular interest because there is spectroscopic evidence for ionized 
nuclei in the inner jets of SS 4338,26. The alternative scenario requires 
electrons of at least 130 TeV to up-scatter the low-energy photons from 
the cosmic microwave background (CMB) to 25-TeV γ rays. In this 
case, the radio to X-ray emission is dominated by synchrotron radia-
tion from the same population of electrons in the magnetized plasma 
of the jets and lobes.

The fact that the VHE emission is detected along a line of sight 
nearly orthogonal to the jet axis means that charged particle trajecto-
ries become isotropic before they interact to produce the γ-rays. The 
embedded magnetic fields in the VHE regions can easily deflect the 
accelerated particles because their typical gyroradii are much smaller 
than the size of the emission regions, approximately 30 pc. The jets are 
only mildly relativistic, so the emission from the interaction regions will 
have a negligible Doppler beaming effect and remain nearly isotropic.

The flux of VHE γ-rays observed by HAWC makes the proton sce-
nario for SS 433 unlikely, because the total energy required to produce 
the highly relativistic protons is too high. The jets of SS 433 are known 
to be radiatively inefficient, with most of the jet energy transformed 
into the thermal energy of W5016,27 rather than into particle accelera-
tion. We model the primary proton spectrum as a power law with an 
exponential cutoff, / ∝ − /−N E E Ed d exp( 1 PeV)p p

2
p . If we assume that 

10% of the jet kinetic energy converts into accelerated protons, and that 
the ambient gas density16,27 is 0.05 cm−3, then the resulting flux of 
γ-rays from proton–proton collisions is much less than the observed 
γ-ray flux, as shown in the dash-dotted line of Fig. 2. In fact, for a target 
proton density as large as 0.1 cm−3 in the e1 region16,27, the total energy 
of the proton population needs to be around 3 × 1050 erg to explain the 
observed γ-rays, assuming an γ

−E 2 spectrum. This is comparable to the 
total jet energy available during the presumed 30,000-year lifetime2 of 
SS 433. Furthermore, because the synchrotron emission from second-
ary electrons from charged pion decay is always lower than the γ-ray 
flux from π0 decay, and the observed X-ray flux is higher than the γ-ray 
flux, the X-rays cannot originate solely from secondary electrons. 
Finally, the proton scenario requires that the protons remain trapped 
in the region observed by HAWC for the lifetime2 of SS 433. This means 
the protons must diffuse very slowly, with a diffusion coefficient of 
about 1/1,000 of the typical value28 of the interstellar medium (ISM), 
DISM ≈ 3 × 1028 (E/3 GeV)1/3 cm2 s−1. This value, comparable to the 
theoretical Bohm limit, is very small but not impossible. Given the 
uncertainties in the historical jet flux, the ambient particle density and 
the radiative efficiency, we cannot exclude the possibility that some 
fraction of the γ-ray flux is produced by protons. However, we do rule 
out the possibility that the VHE γ-rays are entirely produced by 
protons.

Highly relativistic electrons, on the other hand, can produce γ-rays 
much more efficiently, primarily via inverse Compton scattering of 
CMB photons to γ-rays. The inverse Compton losses due to upscatter-
ing of infrared and optical photons are suppressed owing to the Klein–
Nishina effect and are thus dominated by scattering of CMB photons29. 
In this scenario, the ratio of the VHE γ-ray to X-ray fluxes constrains 
the energy density in the magnetic field compared to the energy density 
in CMB photons. We have modelled the broadband spectral energy 
distribution of the eastern emission region 15′ to 33′ from the  
centre of SS 433. The solid and dashed lines in Fig. 2 show the spectral 
energy distribution of a leptonic model for e1 produced by an  
injected flux of relativistic electrons with an energy spectrum 

/ ∝ − /α−dN dE E E Eexp( )max  in a magnetic field of strength B. We use 
the parameters α = 1.9, Emax = 3.5 PeV, and B = 16 µG (see Methods). 
The estimate of the magnetic field strength is consistent with the 
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Fig. 1 | VHE γ-ray image of the SS 433/W50 region in Galactic 
coordinates. The colour scale indicates the statistical significance of 
the excess counts above the background of nearly isotropic cosmic rays 
before accounting for statistical trials. The figure shows the γ-ray excess 
measured after the fitting and subtraction of γ-rays from the spatially 
extended source MGRO J1908+06. The jet termination regions e1, e2, e3, 
w1 and w2 observed in the X-ray data are indicated, as well as the location 
of the central binary. The solid contours show the X-ray emission observed 
from this system.

4  O C T O B E R  2 0 1 8  |  V O L  5 6 2  |  N A T U R E  |  8 3
© 2018 Springer Nature Limited. All rights reserved.

HAWC 2018

LETTERRESEARCH

equipartition of energy between the relativistic electrons and magnetic 
fields, which is common in astrophysical systems16. The required total 
energy budget for relativistic electrons is three orders of magnitude 
lower than the total jet energy.

The maximum electron energy of about 1 PeV has important 
implications for electron acceleration sites and acceleration mech-
anisms in SS 433. SS 433 is distinguished from other binary systems 
with relativistic objects because it achieves a supercritical accretion 
of gas onto the central engine (the compact object)2. Powerful accre-
tion flows and the inner jets near the compact object have therefore 
been proposed as possible acceleration sites of relativistic particles26. 
However, the observation from HAWC suggests that ultrarelativistic 
electrons are not accelerated near the centre of the binary. If the 
electrons were accelerated in the central region, they would have 
cooled by the time they reached the sites of observed VHE emission. 
Owing to their small gyroradii, high-energy electrons may transport 
in a magnetized medium via diffusion or advection. The distance 
travelled via diffusion within the cooling time tcool of an electron  
of energy E  moving in a magnetic field of strength B is 

= ≈ / / µ− / −r Dt E B2 36 pc ( 1 PeV) ( 16 G)d cool
1 3 1 , using the diffusion 

coefficient D typical of the ISM28. This distance would be even smaller 
for diffusion coefficients lower than the ISM value. Similarly, the dis-
tance travelled by electrons being advected with the jet flow is 

= . × ≈ / / µ− −r c t E B0 26 4 pc ( 1 PeV) ( 16 G)adv cool
1 2  for a jet velocity of 

0.26c. Both distance scales are smaller than the 40-pc distance between 
the binary and e1, indicating that the electrons are not accelerated near 
the centre of the system.

Instead, the highly energetic electrons in SS 433 are probably accel-
erated in the jets and near the VHE γ-ray emission regions. This pre-
sents a challenge to current acceleration models. For example, particle 
acceleration may be driven by the dissipation of the magnetic fields 
in the jets, but above several hundred teraelectronvolts the electron 
acceleration time exceeds the electron cooling time, assuming a 16-µG 
magnetic field. Thus, the system does not appear to have sufficient 
acceleration power, unless there are very concentrated magnetic fields 
along the jets. If instead particle acceleration is driven by standing 
shocks produced by the bulk flow of the jets, it is possible to reach 

petaelectronvolt energies if the size of the acceleration region is larger 
than the gyroradii of the electrons. However, shocks in the interaction 
regions are not currently resolved by X-ray or γ-ray measurements.

Studies of microquasars such as SS 433 provide valuable probes of 
the particle acceleration mechanisms in jets, since these objects are 
believed to be scale models of the much larger and more powerful jets 
in active galactic nuclei30. Active galactic nuclei are the most prevalent 
VHE extragalactic sources and are believed to be the sources of the 
highest-energy cosmic rays. Although active galactic nuclei are not 
spatially resolved at VHE energies, with this observation we have iden-
tified a VHE source in which we can image the particle acceleration 
powered by jets. Future high-resolution observations of SS 433 are 
possible using atmospheric Cherenkov telescopes pointed to localize 
the emission sites better, and further high-energy measurements with 
HAWC will record the spectrum at high energies and better constrain 
the maximum energy of accelerated particles.
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Fig. 2 | Broadband spectral energy distribution of the eastern emission 
region e1. The data include radio14, soft X-ray15, hard X-ray16 and 
VHE γ-ray upper limits19,20, and HAWC observations of e1. Error bars 
indicate 1σ uncertainties, with the thick (thin) errors on the HAWC flux 
indicating statistical (systematic) uncertainties and arrows indicating 
flux upper limits. The multiwavelength spectrum produced by electrons 
assumes a single electron population following a power-law spectrum 

with an exponential cutoff. The electrons produce radio to X-ray photons 
through synchrotron emission in a magnetic field (thick solid line) and 
teraelectronvolt γ rays through inverse Compton scattering of the CMB 
(thin dashed line). The dash-dotted line represents the radiation produced 
by protons, assuming that 10% of the jet kinetic energy converts into 
protons.

8 4  |  N A T U R E  |  V O L  5 6 2  |  4  O C T O B E R  2 0 1 8
© 2018 Springer Nature Limited. All rights reserved.

• HAWCがSS433の広がったジェットから
TeVガンマ線を検出 
̶> マイクロクエーサーから初 
• Leptonic model： 
シンクロトロン + 逆コンプトン（CMB） 
• 広帯域スペクトルをフィット

High-Energy Particles in the SS433 Jets 7

in the framework of our leptonic models from knot re-
gions. Thus, most GeV photons should be produced in
di↵erent regions or by di↵erent mechanisms.
In Table 1, we list the required parameters for the

fit. The slope pinj is determined from the radio and X-
ray data, while LB and Le are derived by combining
them with the HAWC data. The derived magnetic field
strengths are 16 µG and 9 µG for e1 and w1, respec-
tively.
The mechanism responsible for the maximum energy

cannot be determined from this fit. We temporarily fo-
cus on the case where it is limited by synchrotron losses
(Eq. 10). Then, the magnetic field and acceleration ef-
ficiency, ⌘acc, define the maximum electron energy:

Esyn

e,max
= 1.5 PeV

⇣⌘acc
102

⌘�1/2
✓

B

16 µG

◆�1/2

. (26)

In our model, the hard X-ray data require ⌘acc . 102

for both regions. Although our model does not spec-
ify the acceleration processes, it would be helpful to
interpret ⌘acc in the framework of two representative
scenarios. First, we consider di↵usive shock accelera-
tion. In this mechanism, particles gain energy as they
cycle upstream and downstream across the shock front.
The acceleration timescale in a parallel shock is given by
tDSA

acc
' 10D/v2

sh
(e.g., Bell 2013). This translates into

the e�ciency in Eq. (5) as

⌘DSA

acc
'

10⌘g
3(vsh/c)2

' 102
⇣⌘g
2

⌘⇣ vsh
0.26c

⌘�2

. (27)

Thus, our results suggest that the di↵usion coe�cient
may satisfy ⌘g . 2, indicating strong particle confine-
ment close to the Bohm limit. Such a high particle ac-
celeration e�ciency is known to be achieved in young
supernova remnants (e.g., Stage et al. 2006; Uchiyama
et al. 2007; Tsuji et al. 2019), while it is thought to
be much more ine�cient in extragalactic black hole jets
(e.g., Araudo et al. 2015; Inoue & Tanaka 2016; Tanada
et al. 2019) possibly due to the ine�ciency of the dif-
fusive shock acceleration mechanism in the relativistic
regime (Bell et al. 2018).
Second, we consider the stochastic acceleration. In

this mechanism, particles gain energy as they are reso-
nantly scattered by magnetohydrodynamic turbulence

Table 1. Model parameters

Region pinj Le [1039 erg s�1] LB [1039 erg s�1]

e1 2.25 0.02 0.18

w1 2.55 0.08 0.06

Figure 2. Broad-band spectral energy distribution of the
e1 (top) and w1 (bottom) region. Orange curves are model
predictions for di↵erent choices of ⌘acc, as labelled. Black
and gray points are observational data and upper limits, re-
spectively, from Geldzahler et al. (1980) (radio), Brinkmann
et al. (2007); Safi-Harb & Ögelman (1997); Safi-Harb & Petre
(1999) (X-ray), Bordas et al. (2017); Xing et al. (2019); Ra-
sul et al. (2019); Sun et al. (2019) (HE), Ahnen et al. (2018);
Kar (2017); Abeysekara et al. (2018) (VHE). Expected sen-
sitivities are also shown for CTA (North, 50 h; Acharya et al.
2019), LHAASO (1 yr; Bai et al. 2019), e-ASTROGAM (3
yr; De Angelis et al. 2017) and GRAMS (3 yr; Aramaki et al.
2020).

(e.g., Dermer & Menon 2009). Assuming that the
smallest turbulence wavenumber is equal to R�1, the
timescale for acceleration is given by

tS
acc

'
1

B

⇣vA
c

⌘�2 ⇣rL
R

⌘2�q
tdyn, (28)

where B is the ratio of the strength of turbulent field
compared to the background field, tdyn = R/c is the
dynamical timescale and q describes the spectrum of
the turbulence. This expression is derived under quasi-
linear approximation (B ⌧ 1), but has a wider appli-
cability (O’Sullivan et al. 2009). The Alfven velocity

HAWC 2018

Sudoh 2019
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Extended Data Fig. 3 | Fraction of jet power needed to produce the 
observed VHE γ-rays in the hadronic scenario. The blue-shaded 
region shows the energy injection rate of protons, in units of the kinetic 
luminosity of the jet, required to produce the observed VHE γ-rays by 
interacting with ambient gas, as a function of the proton confinement 
time. A gas density of 0.05 cm−3 is adopted for the source vicinity16,27. 
Most hadronic models require >100% jet power (above the red solid line) 

and are thus not allowed. Even when the diffusion coefficient is extremely 
small (for reference, the dashed grey lines show the source age and the 
confinement time of 200 TeV protons in a 30-pc region in the ISM with 
Kraichnan- and Kolmogorov-type diffusion) and when the spectral index 
is much harder than 2, the hadronic scenario still requires a large energy 
input from the jet.

© 2018 Springer Nature Limited. All rights reserved.

• HAWCがSS433の広がったジェットから
TeVガンマ線を検出 
̶> マイクロクエーサーから初 
• Hadronic model： 
p + p → p + p + π 
π → 2γ 
• energetics から好まれない

これは背景密度が 
n = 0.05個/cc  
だった場合の結論



• Bordas + 2015: SS 433の南東にGeV天体を検出 <̶ ジェット軸から外れている 
• Xing + 2019: 西側のジェットからGeVガンマ線を検出 <̶ 東側は検出なし 
• Rasul + 2019: 周期的に変光するGeVガンマ線を検出 <̶ 中心の歳差を反映？ 
• Sun + 2019: W50全体に広がったGeVガンマ線を検出 <̶ ジェット起源ではない？

SS433からのGeVガンマ線

to MJD 56,719.4), corresponding to observations of a
20 20n q n region centered on SS433 (R.A. = 19 11 49. 57h m s ,
decl. = 04 58 57. 9n a ´ ). This analysis has revealed the presence of
a highly significant ( 7T� ) point-like source spatially coin-
cident, within the 3σ (99.9%) confidence level position
accuracy of this newly discovered gamma-ray source, with
the cataloged position of SS433. The data have been processed
through the standard LAT analysis software together with the
latest version of the instrument response functions as well as
the Galactic and isotropic diffuse models provided by the
Fermi-LAT Collaboration.3 The sources present in the 3rd
Fermi-LAT catalog were included in the analysis, while
allowing for a variation of the point-source parameters in the
likelihood fit for sources inside the studied region. A strong
gamma-ray excess was apparent in the obtained residual maps.
We use gtfindsrc to derive the best-fit position of this excess.
The best-fit position is [R.A. 287 . 65� ◦ , decl. 4 .72� ◦ ], or
about 0 .41◦ away from SS433ʼs nominal position, with a 1σ
error circle of 0 ◦. 15. In addition, the residuals showed the
presence of another uncataloged point-like source candidate in
the field of view, labeled “ps2” hereafter, with the best-fit
position [R.A. 289 . 50� ◦ , decl. 6 .09� ◦ ].

The inclusion of these two sources in the likelihood analysis,
again allowing for a variation of their spectral parameters,
provides a Test Significance value TS= 57.6 above 200MeV
(or about 7.3 σ) for the source encompassing SS433, whereas a
TS = 52.0 (or 6.9T_ ) is obtained for “ps2” in our analysis. A
5 5n q n TS map of the region of interest (ROI) is shown in
Figure 1, together with the SS433 position and the 68%, 95%,
and 99.9% confidence contours on the position of the gamma-

ray source enclosing it. Given the point-spread function of the
Fermi-LAT at energies E 300 MeV_H , above 1 .5_ ◦ , the 0 .41◦

difference of the centroid of the gamma-ray signal with respect
to the SS433 coordinates and the error circle radius of the
source position, of 0 .15_ ◦ , the observed spacial coincidence
prompts us for a tentative association of this new source with
SS433.
A distinct feature of this detection is that the source shows a

very unusual spectrum as compared to most of the Fermi-LAT
catalog objects, with a spectral energy distribution (SED)
displaying a maximum at ∼250MeV and only extending up to
∼800MeV. The gamma-ray data are best fitted with a logparabola
model, N E E( ) E E

0 b
( log( )bB C� � , with N 1.3 0.1 100

7� o q �

cm−2 s−1 GeV−1, 0.010 0.004B � o , 1.9 0.1C � o , and Eb �
0.182 0.005o GeV, yielding a Likelihood Test Ratio against a
simple power law of LTR= −2log (LPL/L logpar) = 13.2. A cutoff
power law also fits the data well, with a value of LTR= 8.3 over a
simple power-law fit.
The bolometric gamma-ray flux above 200MeV,

2.4 0.3 10 8' � o qH
� ph cm−2 s−1, does not show any sig-

nificant variability in the five-year data set. We also searched
for a possible periodic signature by folding the gamma-ray light
curve on both the orbital and precession periods of SS433. Due
to the limited statistics, we divided all the available data into
five equally spaced phase bins in both cases. The flux has been
derived by applying a likelihood fit above 200MeV in each
phase bin. The resulting light curves, displayed in Figure 2, are
compatible with a constant flux. To constrain the possible
contamination of the signal by the bright, nearby Fermi-LAT
pulsar 3FGL J1907.9+0602, we used the Tempo2 pulsar timing
package (Hobbs et al. 2006) and the latest ephemeris available
for J1907.9+06024 and performed the same likelihood analysis,
but used a restricted data set including only photons falling in
the off-pulse emission period of J1907.9+0602. Using this

1 2_ exposure data set, the source we associate with SS433 is
detected at a TS value of 33 above 200 MeV. Both the total
flux and the spectral properties are in complete agreement with
respect to the analysis of the whole data set, and we therefore
make use of all available photons in the spectral analysis. The
SED of the source associated with SS433 is shown in Figure 3.

3. DISCUSSION

The location of the newly discovered gamma-ray source, the
lack of any other high-energy counterpart in the studied region,
and the extreme energetics and known non-thermal activity of
SS433 argue for an association of the two sources.
Assuming a distance to SS433 of d d5 5� kpc, the derived

flux translates to a gamma-ray luminosity of L 7 1034_ qH d5
2

erg s−1, which is much lower than the bolometric luminosity of
the system, L 10bol

40_ erg s−1 (Fabrika 2004). The total
power required to sustain it could be supplied close to the
compact object by the supercritical accretion disk or by the
powerful jets both at the jet base or in the region of interaction
with the W50 nebula. Moreover, several emission mechanisms
could contribute significantly to the gamma-ray flux.
In a leptonic scenario, gamma-rays could be produced by the

inverse Compton (IC) up-scattering of photons from the optical
star and accretion disk or through relativistic bremsstrahlung of
electrons embedded in the cold proton/ion jet plasma or matter

Figure 1. Test Significance (TS) map above 300 MeV for the 5 5n q n ROI
around the nominal position of SS433, with pixel size corresponding to
0.1 0.1q◦ ◦ . Sources included in the 3rd Fermi-LAT catalog located within the
ROI, in particular the bright gamma-ray pulsar 3FGL J1907+0602, as well as
the candidate source “ps2” found in our analysis, have been excluded from the
map for clarity. A green diamond indicates the position of SS433, whereas the
green contours show the 68%, 95%, and 99.9% positional accuracy of its
proposed Fermi-LAT counterpart, with a TS value of 57.6.

3 Software package v9r33p0, with the P7rev_v15 version of post-launch
instrument response functions (IRFs), Fermi Science Support Center (http://
fermi.gsfc.nasa.gov/ssc).

4 Fermi Pulsar Timing (http://www.slac.stanford.edu/∼kerrm/
fermi_pulsar_timing).
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interesting that the current best-fit leptonic model predicts an turnover in the energy spectrum in HAWC energy range, which can
be tested by the further data release of HAWC, as well as the observations of the forthcoming CTA and LHASSO.

Fig. 1: 2.5◦ × 2.5◦ TS residual map near the SS433/W50 system above 500 MeV, with pixel size corresponding to 0.1◦ × 0.1◦. The
square shows the nominal position of SS433, and the diamond indicates the best-fit position. The left and right triangles (e1 & w1)
mark the fixed positions for the fitting of the VHE excesses detected by HAWC. The contours in white to show the main features
of the studied region using the radio observation, smoothed with a Gaussian kernel of 0.1◦. Contours start at 10 mJy beam−1 and
increase in steps of 40 mJy beam−1. The magenta contours show the X-ray emission, smoothed with a Gaussian filter of 0.17◦. The
dashed circle with a radius of 0.45◦ shows the size of the assumed uniform disk used for spatial analysis.

Fig. 2: The significance of the uniform disk models with various radii relative to the single-point source model. The maximum
likelihood radius of the disk is at Rdisk ∼ 0.45◦.
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Fig. 1.— 3o × 3o TS maps in 0.3–100 GeV band, extracted using 10-year data (left panel) and the data of the same time period as that
in Bordas et al. (2015) (right panel). The image scale of the maps is 0.◦05 pixel−1. TS value ranges are indicated by the color bars. The
white crosses mark the positions of the catalog sources within the region. The green crosses mark the position of SS 433 and the green
circles mark the interaction regions of e1–e3, and w1 and w2.

sidered. We included the LAT events with zenith angles
less than 90 degrees to prevent the Earth’s limb con-
tamination, and excluded the events with quality flags
of ‘bad’. Both these selections are recommended by the
LAT team5.
We used the Fermi LAT 4-year catalog (3FGL,

Acero et al. 2015) and the preliminary LAT 8-year point
source list6 (FL8Y) to make the source model. Sources
within 5 degrees from SS 433 in the FL8Y were in-
cluded in the source model and their spectral parame-
ters were set free; sources 5–20 degrees away from SS
433 in 3FGL were included with their spectral parame-
ters fixed to the values given in the catalog. The spec-
tral forms of these sources are provided in the two cat-
alogs. We note that FL8Y, released in early 2018, is
not encouraged to be used directly and the extended
source templates and the Galactic/extragalactic diffuse
emission models have not been updated accordingly.
Therefore we only used the sources within 5 degrees
from SS 433 in FL8Y. In addition, the background
Galactic and extragalactic diffuse emission were included
by adding the spectral model gll iem v06.fits and the
file iso P8R2 SOURCE V6 v06.txt, respectively, to the
source model. The normalizations of the diffuse compo-
nents were set as free parameters.

3. DATA ANALYSIS AND RESULTS

3.1. Likelihood Analysis

We performed standard binned likelihood analysis to
the LAT data in the 0.3–100 GeV band. The ver-
sion of the LAT science tools software package used was
v11r5p3. LAT events below 300 MeV were not included
because of the relatively large uncertainties of the in-
strument response function of the LAT and strong back-
ground emission from the Galactic plane in the low en-
ergy range. A 3o × 3o residual Test Statistic (TS) map

5 http://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/
6 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/

in 0.3–100 GeV band centered at SS 433 was constructed
(left panel of Figure 1). The TS value is a measurement
of the fit improvement for including a source at a posi-
tion in the source model, and is approximately the square
of the detection significance of the source (Abdo et al.
2010). It can be seen from the TS map that significant
excess emission is detected around the western regions
w1, as the maximum TS value is ∼65 around w1 (corre-
sponding to >7σ detection significance). In the eastern
region, TS∼30 around e1 but the non-negligible value is
likely due to emission in the western region; note that the
68% containment angle of LAT is∼2 degrees at 300 MeV.
In this analysis, we found photon index Γ = 6.0±1.3
and 0.3–100 GeV flux F0.3−100 = 8.4 ± 1.3 × 10−9 pho-
tons s−1 cm−2 for w1, indicating a very steep source spec-
trum.
Bordas et al. (2015) has reported the detection of γ-

ray emission toward the SS 433/W50 region. However,
in their TS map, the excess emission was in the south
west of SS433, not along the w1 and w2 X-ray lobe. The
differences in data analysis between theirs and this work
are that they used the P7rev v15 database and the time
period of the data was the first 5.5 years (MJD 54682.6–
56719.4) of the Fermi observation. In order to check
the reasons for the differences, we repeated their analy-
sis but used the Pass 8 data. The obtained TS map is
shown in the right panel of Figure 1. As can be seen,
the TS map is nearly the same as that from the 10 years
data, while with a maximum value of ∼40 in the w1 and
w2 regions. We therefore conclude that the differences
are likely due to our use of the updated version of the
LAT data and instrument response functions, and our
results are more consistent with the general features of
the region obtained at X-ray and TeV energies.
In addition, for the purpose of also confirming that

there is no detected emission in the eastern region, we
performed likelihood analysis to the LAT data of SS
433/W50 by including two point sources at the central
positions of e1 and w1. A power law emission was as-

Xing + 2019
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Table 1. All significant new sources added to the model within 5◦ of SS433. ! is the best-fitting power-law index for the emission.

Source name RA Dec. Pos. err Flux ! TS Offset
deg. deg. deg. 10−8 cm−2 s−1 deg.

PS J1905.2+0351 286.30 +3.86 0.12 5.92 ± 0.59 2.51 ± 0.12 145.7 2.0
PS J1918.3+0640 289.60 +6.68 0.10 5.08 ± 0.47 2.73 ± 0.12 160.0 2.4
PS J1910.5+0736 287.63 +7.61 0.11 5.45 ± 0.58 2.29 ± 0.13 129.6 2.6
PS J1859.2 + 0559 284.80 +5.99 0.09 8.61 ± 0.61 2.38 ± 0.09 291.7 3.3
PS J1907.5+0920 286.98 +9.33 0.06 2.39 ± 0.25 1.44 ± 0.85 94.3 4.4
PS J1854.6+0311 283.65 +3.20 0.11 8.03 ± 0.64 2.18 ± 0.09 271.2 4.6
PS J1852.2+0533 283.07 +5.56 0.18 4.97 ± 0.55 2.58 ± 0.14 114.0 4.9

Figure 1. TS map centred on the position of SS433. The solid red circle
indicates the optimized extension, with dotted red circles representing the
1σ uncertainty on the extension. The red cross represents the position of
SS433 in this analysis, and the blue circles represent the positions of the
West and East lobes of SS433 as defined by Abeysekara et al. (2018).

Figure 2. Spectral energy distribution of SS433 in the 0.1–1 GeV range.
The best-fitting log-parabola function is shown, with the dotted lines
indicating the uncertainties on the functional fit. For energy bins with a
TS > 25, the flux is shown, along with the 1σ statistical uncertainties.
Upper limits are 2σ limits.

The parameters of the ephemerides applied are provided in Table 2;
the observation epoch was set to 55 000 MJD in both cases. The
two resulting light curves are shown in Figs 4(a) and 4(c).

Given the apparent variability shown in the light curves, we look
to assess the following models of periodicity:

(i) A constant flux N0 with no dependence on phase φ:

F (φ) = N0.

(ii) A constant flux with an additive sinusoid of amplitude C with
a minimum at φ = −0.25:

F (φ) = N0 + C sin(2πφ).

(iii) A constant flux with an additive sinusoid and an optimized
phase offset φ0:

F (φ) = N0 + C sin(2π(φ + φ0)).

To assess the significance of the alternative hypotheses, models
B and C, in comparison to our null hypothesis model A, we
perform a Monte Carlo simulation. For the case of both orbital
and precessional periodicity, our approach is the same. We generate
105 data sets assuming the null hypothesis of constant flux. The flux
of each phase bin is sampled from the distribution N (µ, σ 2), where
µ is the best-fitting constant flux and σ is the standard deviation
in our measured flux. Similarly, the uncertainty on each generated
flux is sampled from N (µunc, σ

2
unc) where µunc and σ unc are the

equivalent mean and standard deviation in our measured statistical
flux uncertainty. Each generated data set is fitted by minimizing
the χ2 value obtained with models B and C, and the fraction of
events for which the χ2 value exceeded the χ2 for our measured
data determined the significance of periodicity. This effectively
represents a Monte Carlo approach to the χ2 method introduced
by Leahy et al. (1983) for folded light curves. This method was
validated by application to 12 background point sources and found
no evidence of variability.

3.4.1 Orbital variability

An additive sinusoid with a fixed minimum at φ = 0.0 (model B) is
attained in 7.15 per cent of the simulated data sets. While allowing
the phase of the sinusoid to vary (model C), this is achieved in
only 5.30 per cent of the simulated data sets. This corresponds to
approximately 2σ evidence of sinusoidal variability in the orbital
light curve when compared to an assumption of constant flux (model
A). The optimized model parameters are in this case

F (φ) = (1.07 + 0.18 sin(2π(φ + 0.81))) × 10−8 ph cm−2 s−1. (2)

3.4.2 Precessional variability

We apply these methods to the precessional light curve, but without
considering model B as we have no a priori evidence to suggest
that the emission should be strongest at φ = 0.0 in the case of
precession. In the case of model C, we find stronger evidence of
temporally correlated emission than in the orbital light curve, with
only 1.4 per cent of the simulated data sets with a χ2 value smaller
than the observed data, a result significant at the 2.45σ level. If the
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Figure 3. Reconstructed flux from our fit to the data. The solid black line
corresponds to the median flux as a function of phase, and the dashed and
dotted lines correspond to the 1 and 2σ uncertainty regions as evaluated as
percentiles of the posterior’s sampling when evaluated for flux as a function
of phase.

phase parameter of the sinusoid is profiled out as a free parameter,
this result improves to the 2.9σ level.

In order to estimate the uncertainties on the best-fitting parame-
ters, in-depth parameter estimation was performed using an MCMC
maximum likelihood fit to the data using the PYTHON package
EMCEE (Foreman-Mackey et al. 2013). This allowed us to place
confidence regions on the flux, as is plotted in Fig. 3. The optimized
parameters in the case of the precession period are

F (φ) = (0.99 + 0.14 sin(2π(φ + 0.84))) × 10−8 ph cm−2 s−1. (3)

4 D ISCUSSION

We have noted a similar spectral cut-off to that of Bordas et al.
(2015). In their analysis, the best fit to this spectrum was provided by
a model in which gamma-ray emission is produced by the decay of
neutral pions produced by proton–proton collisions. Such a scenario
requires a population of accelerated protons, which could naturally
be provided by the relativistic jet. However, given the strong cut-off
in the spectrum, this emission mechanism would need to be rather
inefficient, which also agrees with the conclusions of the MAGIC
and H.E.S.S. collaborations in relation to the lack of VHE emission,
at least from the central object (MAGIC & H.E.S.S. Collaborations
2018); as already noted, there is evidence for emission at much
higher energies from the lobes (Abeysekara et al. 2018).

Bordas et al. (2015) concluded that the likely site for this
inefficient process would be close to the compact object so that
the protons could interact with cold jet material or the disc wind.
In this case, where the emission site is close to the binary system,
one would expect to see both the precession period and the orbital

period imprinted on the gamma-ray data (Reynoso et al. 2008),
which was not apparent in the smaller data set that they analysed.
They therefore concluded that the likely site for the gamma-ray
production was the jet termination regions. However, we now find
some evidence for periodicity, at least in the case of the precession
period, which is seen in the data at the ∼3σ level of significance.
Reynoso et al. (2008) also suggest that the gamma-ray emission
should be weakest around precession phase 0.5 and strongest in the
range of precession phases between 0.91 and 0.09, i.e. around zero
phase, which is compatible with the precessional light curve we
obtained.

Recent work by Molina & Bosch-Ramon (2018) on a general
model for high-mass microquasar jets notes that strong orbital
modulation may be expected in gamma-ray emission that is placed
farther from the compact object, at the point where a helical jet
(known to exist in SS433) bends from its initial trajectory. The
orbital modulation predicted by the model would have a maximum
at phase 0.5, which is also the case for our orbital light curve
(such as it is). However, their model is leptonic in nature, with the
inverse Compton emission maximizing around 10 GeV. This is not
compatible with the cut-off that is observed in our spectrum, but
a more detailed multiwavelength spectral analysis and modelling
would be necessary to distinguish conclusively between models.
Finally, we note that the HAWC result favours the existence of
accelerated electrons rather than protons in the lobes (Abeysekara
et al. 2018).

5 C O N C L U S I O N S

We have detected SS433 at a TS level of 173, corresponding to
a significance of ∼13σ , in 9 yr of Fermi-LAT data. The spectrum
is best fitted by a log-parabola; there is no evidence for emission
above 500 MeV. The centroid of the Fermi emission is offset by
0.188◦ from the nominal position of SS433, but still within the
95 per cent positional uncertainty. There is evidence at the ∼3σ

level for modulation of the gamma-ray emission with the precession
period of the jet, but there is no significant evidence for orbital
modulation of the emission. These results suggest that at least some
of SS433’s gamma-ray emission originates close to the base of
the jet.

High-energy (HE) gamma-ray emission is observed from three
other likely jet-powered objects: V404 Cygni (Loh et al. 2016; Piano
et al. 2017), Cygnus X-1 (Malyshev, Zdziarski & Chernyakova
2013; Zanin et al. 2016) and Cygnus X-3 (Fermi-Lat Collaboration
2009; Bulgarelli et al. 2012; Corbel et al. 2012). Emission is
generally seen during outburst or X-ray hard states, although other
prominent microquasars, such as GRS1915+105 and GX339+4,
have not been detected in HE gamma-rays thus far, even during
high or outburst states (Bodaghee et al. 2013). The brightest of the
detected objects, Cygnus X-3, shows some evidence for persistent
emission (Bodaghee et al. 2013) and the emission is strongly
orbitally modulated during flares (Zdziarski et al. 2018). There
is a hint of orbital modulation in the HE emission from Cygnus

Table 2. Orbital and precession ephemerides used in the analysis. The orbital ephemeris is from
Katz et al. (1983) and the precession ephemeris from Eikenberry et al. (2001). The phase error is the
accumulated error from the date of the ephemeris to the time of the observations.

Period (d) Period error (d) Zero phase (JD) Phase error (d)

Orbital 13.0682 0.0035 244 3551.93 0.20
Precession 162.375 0.011 244 3563.23 0.11
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• Fang + 2020 
＊上記の４研究は違うPoint source catalogを使っている 
＊上記の４研究は違うresponse functionを使っている 
̶> SS 433と関係のない点源を引けていない。 
• 最新のカタログとresponse functionをHAWCとFermiの
両方のデータを使って解析 ̶> フラットなGeV-TeV SED

SS433からのGeVガンマ線 8

GeV-to-TeV �-rays from SS 433/W50 3

Figure 1. The SS 433/W50 region in the 10.5-year Fermi-LAT data between 100 MeV and 300 GeV (left) and from joint
analysis of the Fermi-LAT data and the 1,017-day HAWC data (right) in Galactic coordinates. Left: The color scale indicates
the statistical significance for a point source following an E�2 spectrum as a function of position. The figure is a test statistic
map after fitting �-rays from known sources in the 4FGL catalog. Right: The background includes the 4FGL sources and
J1913+0515 in the GeV band, and MGRO J1908+06 in the TeV band. The color scale indicates the improvement of the total
likelihood of the ROI by a test point source that follows a log parabola spectrum in each 0.1� ⇥ 0.1� grid inside the purple
squares. The maps are smoothed by a Gaussian interpolation. The �-ray hotspots revealed by joint analysis are inside the lobes
and close to hard X-ray emission sites. For comparison, the locations of SS 433, the jet termination regions e1, e2, e3, w1 and
w2 observed in the X-ray data are indicated as orange crosses. FL8Y J1913.3+0515 is marked by a white cross. The white and
grey contours show the X-ray at ⇠ 0.9 � 2 keV (Safi-Harb & Ögelman 1997) and radio emission at 4.85 GHz (Gregory et al.
1996). For a SS 433 distance of 5.5 kpc, 30 corresponds to 50 pc.

di↵erent from the location listed in the FL8Y catalog.
The test statistic of the source is TS = 32.8 using a regu-
lar likelihood and TS = 25.7 using a weighted likelihood
(The Fermi-LAT collaboration 2019) that takes into ac-
count estimated systematic uncertainties in the di↵use
emission models. As the results obtained by the two
methods are similar, we use a regular (i.e., unweighted)
likelihood in the rest of our analyses.
A sub-threshold (TS < 25) excess is evident at the

northeastern side of J1913+0515. Because it is spatially
close to the TeV excess in the eastern lobe, we refer
to it as the “eastern hotspot”. It is not significant in
the LAT data and has TS = 5.0 when J1913+0515 is
included in the background model. The excess is due to
several high-energy photons at ⇠ 20�50 GeV, as shown
by the SED in the top panel of Figure 2.
In the western lobe, a sub-threshold excess is found

between w1 and w2 (which we refer to as the “west-
ern hotspot” below). The excess region partially over-
laps with the X-ray jets and touches the boundary of

W50. We find a TS of 16.1 for the western hotspot
when adding it to the baseline model. Its spectrum can
be described by a power law of index 2.3 as shown in
the bottom panel of Figure 2.
When including the potential sources in the baseline

model simultaneously, we obtain TS ⇠ 5 and TS ⇠ 10
for the eastern and western hotspots, respectively. The
fit results are summarized in Table A1. Neither of the
“hotspots” is statistically significant in the LAT obser-
vations but they are evident in the joint analysis as will
be shown in Section 3.3.

3.2. J1913+0515 and the TeV emission

To investigate whether J1913+0515 and the TeV emis-
sion in the eastern lobe share a common origin, we test
two ways of combining the GeV and TeV hotspots.
First, we replace J1913+0515 and the TeV excess with

a single source centered between them and assume that
it has a power-law spectrum. The joint fit has six free
parameters in total, including spectral index, flux nor-
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Table 1. Fit results

Source Position TS (Individual) Model* Significance

(R.A., Dec. in
degree)

LAT HAWC Individual Total

eastern hotspot (288.56, 4.95) 1.9 21.6 I 4.2� 5.5�

western hotspot (287.58, 5.01) 8.9 12.1 I 3.9�

eastern hotspot (288.56, 4.95) 4.3 21.7 II 4.4� 5.4�

western hotspot (287.58, 5.01) 4.6 12.4 II 3.4�

eastern hotspot (288.56, 4.95) 3.3 19.9 III 4.1� 5.0�

western hotspot (287.58, 5.01) 5.2 10.8 III 3.3�

* For particular models, certain parameters are held constant. They include: Model I, Epiv = 875.753MeV, ↵�,W = 2.2,
↵�,E = 2.1; Model II, ↵� = 1.8, �� = 0.05, E�,piv = 60 GeV; Model III, ↵e = 1.9, B = 20µG, and Ee,max = 1PeV. RA and

Dec are for epoch J2000. See text for additional details.

malization, extension of MGRO J1908+06, and flux nor-
malization and location (RA, Dec) of the test source.
Due to the low statistics, it is di�cult to fit the spec-
tral index and the flux normalization of the test source
simultaneously. We thus fix the index as ↵� = 2.2 and
vary only the prefactor. Following Wilks (1938) theorem
and Cherno↵ & Lehmann (1954), we calculate the prob-
ability of the TS using a chi-square distribution with
three degrees of freedom, which is the di↵erence in di-
mensionality of the models when including and exclud-
ing the test source. We then evaluate the corresponding
number of standard deviations for this confidence level
for a Gaussian distribution.
We find TS = 32.1 for the test source, which includes

16.9 from a comparison with the LAT data, and 15.2
from a comparison with the HAWC data. The TS cor-
responds to 5.0� standard deviation.
Alternatively, we assume that the sources share a spec-

trum but di↵er in emission sites. The fit results in
TS = 30.3 from GeV data and TS = 23.8 from TeV
data. The total significance increases to 6.4�, despite
the two extra degrees of freedom due to the additional
emission site. In general, we find that the LAT TS of the
common source increases and the HAWC TS decreases
when the test source is moved toward J1913+0515, and
the trend is reversed when the test source is moved to-
ward the VHE hotspot. Such a trend, along with the
considerable di↵erence in the statistical significances of
the models with one and two source locations, suggest
that J1913+0515 is unlikely to be a counterpart of the
TeV hotspot in the eastern lobe.

3.3. Joint analysis results

Motivated by results from the last section, we per-
form a joint analysis of LAT and HAWC data with
J1913+0515 added to the background. The parameters

Figure 2. The best-fit �-ray spectra in the eastern and
western lobes obtained by joint analysis assuming that �-
rays are produced by an electron population (Model III). The
parameters and TS of the model are listed in Table 1. The
grey shaded area indicates the 68% statistical uncertainty
from a fit that varies the normalization. For comparison, we
show the SED from the LAT-only analysis (Section 3.1, red
markers), HAWC-only analysis (Appendix B, HAWC Col-
laboration et al. 2018; blue markers), upper limits on �-rays
from nearby regions by VERITAS (Kar & VERITAS Collab-
oration 2017) and HESS (MAGIC Collaboration et al. 2018)
(grey markers). For the LAT data points, 95% upper limits
are shown when TS < 4, otherwise 1� error bars are shown.
Since IACT limits are converted from integral limits, they
do not have horizontal error bars. We find that the �-ray
emission in the eastern lobe can be explained as the inverse-
Compton emission by a cooled electron population.
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of 24µm resulting in an 89× 89 arcmin2 field of view and an image
scale of 5 arcsec pixel−1.
Each of four different fields was observed for 2400 s in both filters

while corresponding continuum images were also observed (180 s
each) and were subtracted from those containing the emission lines
to eliminate the confusing star field (see Boumis et al. 2002, for
details of this technique). All fields were projected on to a common
origin on the sky andwere subsequently combined to create the final
mosaics inHα+[N II] and [O III] 5007Å.During the observations the
‘seeing’ varied between 0.8 and 1.2 arcsec. The image reductionwas
carried out using the IRAF and STARLINK packages. The astrometric
solutions were calculated for each field using reference stars from
the Hubble Space Telescope (HST) Guide Star Catalogue (Lasker,
Russel & Jenkner 1999). All coordinates quoted in this paper refer
to epoch 2000.
The images of the nebulosity in all of the fields considered here are

detected, at most, only a few times greater than the residual noise
level. In these circumstances we have always chosen to display
the data with a linear scale, but negatively, and at high contrast.
Furthermore, we have chosen not to suppress the noise artificially,
for example, by excessive smoothing or lifting the zero level, for
this often leads to detection artefacts being confused in the resultant
display with real nebulous features.
The image of W50 with this system is shown in Fig. 1. This

is a mosaic of four images taken through the Hα + [N II] filter.
The same field was observed with the [O III] 5007Å emission line
filter. Dubner et al. (1998) and Dubner (2002) using their high-
resolution radio map of W50 made a comparison between the
radio/X-ray/H I emission. These radio continuum contours (Dubner
et al. 1998) are compared inFig. 1with this newmosaic ofHα+[N II]
images.
Selected areas of the eastern and western filaments seen in Fig. 1

are shown, respectively, in Figs 2(a) and (b) and 3(a) and (b) in
the light of [O III] 5007Å and Hα + [N II]. For the first time, deep,
continuum-subtracted, CCD images in the light of Hα + [N II] and

19:18:00 19:12:00

4:20

5:00

5:20

DEC

19:09:00

4:40

5:40

19:15:00
RA

Figure 1. The correlation between the∼2.◦3×2.◦5 negative continuum-subtracted mosaic of W50 in the light of Hα +[N II] and the radio emission at 1465MHz
(solid lines). The 1465MHz (Dubner et al. 1998) radio contours scale linearly from 1 × 10−2 to 0.1 Jy beam−1. The strong radio source to the north-west is
LBN109 (see the text). The image has been smoothed to suppress the residual from the imperfect continuum subtraction. The horizontal line segments seen
near overexposed stars in this figure and the next figures are due to the blooming effect. The optical features are shown in detail in Figs 2(b) and 3(b).

[O III] 5007Å of W50 have been obtained. The Hα + [N II] mo-
saic of images in Fig. 1 shows new filamentary and diffuse emis-
sion while, for the first time, [O III] 5007Å filamentary emission
from W50 is revealed. The most striking features are the differ-
ences in the filamentary nebulosities in Figs 2(a) and (b). The [O III]
5007Å emission in Fig. 2(a) forms a 24 arcmin-long outer arc (α %

19h14m30s, δ % 4◦30′) which contains the predominantly [N II]
6584Å (see Section 2.2.1) emitting filaments. This eastern fila-
mentary arc is convex with respect to SS 433 whereas the [N II]
6584Å emitting western filamentary arc in Figs 3(a) and (b)
is concave and only has very localized [O III] 5007Å emitting
counterparts.
Diffuse Hα + [N II] is present to the north-east (α % 19h13m05s,

δ % 5◦08′00′′) and north-west (α % 19h11m30s, δ % 5◦12′00′′) of
the main, circular radio remnant of W50 in Fig. 1. It is also present
within its western radio lobe and the possibility that it belongs to
the remnant cannot be ruled out. The weak diffuse emission which
is present north of W50 (α % 19h13m05s, δ % 5◦43′00′′) and to the
north-west (the bright, extended nebula LBN109; Lynds 1965) is
outside W50’s radio borders and not associated with the remnant.

2.1.2 High-resolution imagery of the eastern and western
filaments

Optical images at higher angular resolution of the eastern and west-
ern filaments were also obtained with the 1.3-m (f/7.7) Ritchey-
Cretien telescope at SkinakasObservatoryduring2005September 5,
9–10 and 2006 July 27–28 using an [O III] 5007Å and an Hα+[N II]
interference filters, respectively. The detector was a 1024 × 1024
SITe CCD with a field of view of 8.5 × 8.5 arcmin2. 10 exposures
through the [O III] 5007Åfilter each of 2400 s duration and 10 corre-
sponding exposures in the continuum, each of 180 s, were taken of
the eastern filaments, and similarly two Hα+[N II] 6548, 6584Å
and continuum images of the western filaments were obtained.
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leads to various conclusions.
The gamma-ray emission region coincides with the X-

ray knots (Safi-Harb & Ögelman 1997). It is widely
believed that high-energy electrons accelerated at the
knots emit X-rays by the synchrotron mechanism. Thus,
most previous works focus on the leptonic scenario for
the TeV gamma-ray emission mechanism (Abeysekara
et al. 2018; Xing et al. 2019; Sudoh et al. 2020; Fang
et al. 2020). However, hadronic emission could provide
a dominant contribution for the observed gamma-rays
(Reynoso & Carulli 2019). Optical filaments exist within
the angular uncertainty of the gamma-ray signals in the
eastern lobe (Zealey et al. 1980; Konigl 1983; Boumis
et al. 2007). The particle number density in the fil-
aments is much higher than in the ambient medium,
which motivates us to investigate a hadronic scenario
more carefully.
In this paper, we examine both scenarios using the

multi-wavelength data, including the latest GeV data
by Fermi LAT, and discuss the scenario feasibility and
tests by future observations. We focus on the east-
ern lobe. In the western lobe, it is unclear whether
dense filaments exist close to the gamma-ray emission
region or not, and we avoid discussion of hadronic sce-
nario there. In Section 2, we construct a steady-state
one-zone model, and describe the model parameters ob-
tained from multi-wavelength observations. Our calcu-
lation results are shown in Section 3, and the analogy to
large scale jets in radio galaxies is discussed in Section 4.
We discuss the implications in Section 5 and summarize
our results in Section 6. The notation of QX = Q/10X

in cgs unit is used unless otherwise noted.

2. MODELS

2.1. Formulation

We assume that the jets of kinetic luminosity Lj dis-
sipate some of their energy at the X-ray knot, resulting
in acceleration of non-thermal particles (see Figure 1 for
schematic picture). To obtain the particle spectra at the
X-ray knot, we solve the steady state transport equation
for non-thermal particles of species i:

d

dEi
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NEi

◆
= �NEi

tesc
+ ṄEi , (1)

where Ei is the particle energy (i =e or p), NEi is the
total number spectrum, ti,cool is the cooling time, tesc
is the escape time, and ṄEi is the injection term. This
equation has an analytic solution (see Appendix C in
Dermer & Menon 2009):
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Figure 1. Schematic picture of our models. The jets dis-
sipate their kinetic energy at a dissipation radius, Rdis,
which accelerates non-thermal particles. The non-thermal
protons interact with ambient matter including the dense
optical filaments, producing gamma-rays through pion de-
cay. The non-thermal electrons emit gamma-rays by up-
scattering the CMB photons. We write the size of the emis-
sion region as Rknot. We consider 4 scenarios: combinations
of hadronic-dominated/leptonic-dominated and fast (dark-
grey)/slow (light-grey) advection velocity (see Table 1).

We numerically integrate this equation to obtain the
proton and electron spectra. We consider the di↵usive
shock acceleration mechanism at the knot and set the in-
jection term to be a power-law form with an exponential
cuto↵:

ṄEi = Ṅi,nor

✓
Ei

Ei,cut

◆�pinj

exp(� Ei

Ei,cut
), (3)

where Ṅi,nor is the normalization factor, pinj is the
power-law index, and Ei,cut is the cuto↵ energy de-
termined by the balance between acceleration and loss
timescales, t�1

loss = t�1
cool+ t�1

esc. We normalize the normal-
ization factor so that

R
EiṄEidEi = ✏iLj is satisfied,

where ✏i is the energy conversion factor.
We assume the same bulk velocity for the electrons

and protons. They should have the same acceleration
and di↵usion timescales at a given energy. The di↵usive
shock acceleration time is given by

tacc ⇡
20⌘Ei

3ceB�2
j

, (4)

where ⌘ is the acceleration e�ciency, B is the magnetic
field strength, and �j is the jet velocity. As the escape
processes, we consider di↵usion and advection, whose
timescales are estimated to be

tdi↵ ⇡ 3eBR2
knot

2c⌘Ei
, (5)

tadv ⇡ Rknot

Vadv
, (6)

where Rknot is the size of the knot and Vadv is the advec-

モデルの概念図
11



• 定常  & 乱流再加速を無視　& One-zone近似　 
̶> 単純化した輸送方程式

 基礎方程式
12

2 Kimura, Murase, & Mészáros

ber density of the optical filament is much higher than
the ambient medium, which motivates us to investigate
hadronic scenario more carefully.
In this paper, we examine both scenarios using the

multi-wavelength data, including the latest GeV data
by Fang et al. (2020), and discuss the model feasibil-
ity and test by future observations. We focus ourselves
on the eastern lobe for simplicity. However, since the
physical situation and high-energy gamma-ray spectrum
are similar, our conclusion should not change if we take
into account the western lobe. In Section 2, we con-
struct a steady-state one-zone model, and describe the
model parameters obtained by multi-wavelength obser-
vations. Our calculation results are shown in Section 3,
and analogy to large scale jets in radio galaxies are dis-
cussed in Section 4. We discuss implications in Section 5
and summarize our results in Section 6. The notation of
QX = Q/10X in cgs unit is used unless otherwise noted.

2. MODELS

2.1. Formulation

We assume an energy dissipation of the jets of kinetic
luminosity Lj at the X-ray knot, which accelerate non-
thermal particles. To obtain the particle spectra at the
X-ray knot, we solve the steady state transport equation
for non-thermal particles of species i:
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where Ei is the particle energy (i =e or p), NEi is the
total number spectrum, ti,cool is the cooling time, tesc
is the escape time, and ṄEi is the injection term. This
equation has an analytic solution (see Appendix C in
Dermer & Menon 2009):
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We numerically integrate this equation to obtain the
proton and electron spectra. We consider the di↵usive
shock acceleration at the knot and set the injection term
to be a power-law form with an exponential cuto↵:

ṄEi = Ṅi,nor
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Ei,cut

◆�pinj

exp(� Ei

Ei,cut
), (3)

where Ṅi,nor is the normalization factor, pinj is the
power-law index, and Ei,cut is the cuto↵ energy de-
termined by the balance between acceleration and loss
timescales, t�1

loss = t�1
cool+t�1

esc. We normalize the injection
factor so that

R
EiṄEidEi = ✏iLj is satisfied, where ✏i

is the energy conversion factor.
We assume the same bulk velocity for the electrons

and protons. They should have the same acceleration

and di↵usion timescales at a given energy. The di↵usive
shock acceleration time is given by

tacc ⇡
20⌘Ei

3ceB�2
j

, (4)

where ⌘ is the acceleration e�ciency, B is the magnetic
field strength, and �j is the jet velocity. As the escape
processes, we consider di↵usion and advection, whose
timescales are estimated to be

tdi↵ ⇡ 3eBR2
knot

2c⌘Ei
, (5)

tadv ⇡ Rknot

Vadv
, (6)

where Rknot is the size of the knot and Vadv is the ad-
vection velocity at the knot. Assuming the spherical
geometry of the emission region, the adiabatic cooling
timescale is expressed as

tadi ⇡
Rdis

Vadv
, (7)

where Rdis is the distance of the dissipation region from
the central object. Note that if the jet geometry is cylin-
drical, one can ignore the adiabatic cooling (Sudoh et al.
2020).
For the electron radiation processes, we consider syn-

chrotron and inverse Compton scattering (IC). The syn-
chrotron timescale for the species i is represented as

ti,syn ⇡ 6⇡m2
ec

3

�TB2Ei

✓
mi

me

◆2

, (8)

where mi is the mass of the particle i and �T is the
Thomson crosssection. We use a fitting formula (Equa-
tion [18]–[20]) in Finke et al. (2008) to calculate the
synchrotron spectrum. The IC cooling rate is estimated
using Equation (2.56) in Blumenthal & Gould (1970),
and the IC spectrum is calculated by Equation (2.48) in
Blumenthal & Gould (1970). We consider only cosmic-
microwave background (CMB) as the target photons,
since IC emission using another photon field is sub-
dominant (Sudoh et al. 2020; Fang et al. 2020).
For the hadronic radiation processes, we consider only

the pp inelastic collisions, because other processes are
negligibly ine�cient (Reynoso & Carulli 2019). The pp
cooling rate is estimated to be

t�1
pp = ne↵�ppppc, (9)

where ne↵ is the e↵ective number density (defined in
the following subsection), �pp is the pp inelastic colli-
sion crosssection given in Kafexhiu et al. (2014), and
pp ⇡ 0.17 is the inelasticity for pp interaction (Kelner
et al. 2006). We use the method by Kelner et al. (2006)
to calculate the gamma-ray spectrum by pp inelastic col-
lisions.
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the ambient medium, which motivates us to investigate
hadronic scenario more carefully.
In this paper, we examine both scenarios using the

multi-wavelength data, including the latest GeV data
by Fang et al. (2020), and discuss the model feasibil-
ity and test by future observations. We focus ourselves
on the eastern lobe for simplicity. However, since the
physical situation and high-energy gamma-ray spectrum
are similar, our conclusion should not change if we take
into account the western lobe. In Section 2, we con-
struct a steady-state one-zone model, and describe the
model parameters obtained by multi-wavelength obser-
vations. Our calculation results are shown in Section 3,
and analogy to large scale jets in radio galaxies are dis-
cussed in Section 4. We discuss implications in Section 5
and summarize our results in Section 6. The notation of
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We assume an energy dissipation of the jets of kinetic
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thermal particles. To obtain the particle spectra at the
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We numerically integrate this equation to obtain the
proton and electron spectra. We consider the di↵usive
shock acceleration at the knot and set the injection term
to be a power-law form with an exponential cuto↵:

ṄEi = Ṅi,nor
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where Ṅi,nor is the normalization factor, pinj is the
power-law index, and Ei,cut is the cuto↵ energy de-
termined by the balance between acceleration and loss
timescales, t�1

loss = t�1
cool+t�1

esc. We normalize the injection
factor so that
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is the energy conversion factor.
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where ⌘ is the acceleration e�ciency, B is the magnetic
field strength, and �j is the jet velocity. As the escape
processes, we consider di↵usion and advection, whose
timescales are estimated to be
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where Rknot is the size of the knot and Vadv is the ad-
vection velocity at the knot. Assuming the spherical
geometry of the emission region, the adiabatic cooling
timescale is expressed as
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, (7)

where Rdis is the distance of the dissipation region from
the central object. Note that if the jet geometry is cylin-
drical, one can ignore the adiabatic cooling (Sudoh et al.
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For the electron radiation processes, we consider syn-
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chrotron timescale for the species i is represented as
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where mi is the mass of the particle i and �T is the
Thomson crosssection. We use a fitting formula (Equa-
tion [18]–[20]) in Finke et al. (2008) to calculate the
synchrotron spectrum. The IC cooling rate is estimated
using Equation (2.56) in Blumenthal & Gould (1970),
and the IC spectrum is calculated by Equation (2.48) in
Blumenthal & Gould (1970). We consider only cosmic-
microwave background (CMB) as the target photons,
since IC emission using another photon field is sub-
dominant (Sudoh et al. 2020; Fang et al. 2020).
For the hadronic radiation processes, we consider only

the pp inelastic collisions, because other processes are
negligibly ine�cient (Reynoso & Carulli 2019). The pp
cooling rate is estimated to be

t�1
pp = ne↵�ppppc, (9)

where ne↵ is the e↵ective number density (defined in
the following subsection), �pp is the pp inelastic colli-
sion crosssection given in Kafexhiu et al. (2014), and
pp ⇡ 0.17 is the inelasticity for pp interaction (Kelner
et al. 2006). We use the method by Kelner et al. (2006)
to calculate the gamma-ray spectrum by pp inelastic col-
lisions.
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leads to various conclusions.
The gamma-ray emission region coincides with the X-

ray knots (Safi-Harb & Ögelman 1997). It is widely
believed that high-energy electrons accelerated at the
knots emit X-rays by the synchrotron mechanism. Thus,
most previous works focus on the leptonic scenario for
the TeV gamma-ray emission mechanism (Abeysekara
et al. 2018; Xing et al. 2019; Sudoh et al. 2020; Fang
et al. 2020). However, hadronic emission could provide
a dominant contribution for the observed gamma-rays
(Reynoso & Carulli 2019). Optical filaments exist within
the angular uncertainty of the gamma-ray signals in the
eastern lobe (Zealey et al. 1980; Konigl 1983; Boumis
et al. 2007). The particle number density in the fil-
aments is much higher than in the ambient medium,
which motivates us to investigate a hadronic scenario
more carefully.
In this paper, we examine both scenarios using the

multi-wavelength data, including the latest GeV data
by Fermi LAT, and discuss the scenario feasibility and
tests by future observations. We focus on the east-
ern lobe. In the western lobe, it is unclear whether
dense filaments exist close to the gamma-ray emission
region or not, and we avoid discussion of hadronic sce-
nario there. In Section 2, we construct a steady-state
one-zone model, and describe the model parameters ob-
tained from multi-wavelength observations. Our calcu-
lation results are shown in Section 3, and the analogy to
large scale jets in radio galaxies is discussed in Section 4.
We discuss the implications in Section 5 and summarize
our results in Section 6. The notation of QX = Q/10X

in cgs unit is used unless otherwise noted.

2. MODELS

2.1. Formulation

We assume that the jets of kinetic luminosity Lj dis-
sipate some of their energy at the X-ray knot, resulting
in acceleration of non-thermal particles (see Figure 1 for
schematic picture). To obtain the particle spectra at the
X-ray knot, we solve the steady state transport equation
for non-thermal particles of species i:
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Figure 1. Schematic picture of our models. The jets dis-
sipate their kinetic energy at a dissipation radius, Rdis,
which accelerates non-thermal particles. The non-thermal
protons interact with ambient matter including the dense
optical filaments, producing gamma-rays through pion de-
cay. The non-thermal electrons emit gamma-rays by up-
scattering the CMB photons. We write the size of the emis-
sion region as Rknot. We consider 4 scenarios: combinations
of hadronic-dominated/leptonic-dominated and fast (dark-
grey)/slow (light-grey) advection velocity (see Table 1).

We numerically integrate this equation to obtain the
proton and electron spectra. We consider the di↵usive
shock acceleration mechanism at the knot and set the in-
jection term to be a power-law form with an exponential
cuto↵:

ṄEi = Ṅi,nor

✓
Ei

Ei,cut

◆�pinj

exp(� Ei

Ei,cut
), (3)

where Ṅi,nor is the normalization factor, pinj is the
power-law index, and Ei,cut is the cuto↵ energy de-
termined by the balance between acceleration and loss
timescales, t�1

loss = t�1
cool+ t�1

esc. We normalize the normal-
ization factor so that

R
EiṄEidEi = ✏iLj is satisfied,

where ✏i is the energy conversion factor.
We assume the same bulk velocity for the electrons

and protons. They should have the same acceleration
and di↵usion timescales at a given energy. The di↵usive
shock acceleration time is given by

tacc ⇡
20⌘Ei

3ceB�2
j

, (4)

where ⌘ is the acceleration e�ciency, B is the magnetic
field strength, and �j is the jet velocity. As the escape
processes, we consider di↵usion and advection, whose
timescales are estimated to be

tdi↵ ⇡ 3eBR2
knot

2c⌘Ei
, (5)

tadv ⇡ Rknot

Vadv
, (6)

where Rknot is the size of the knot and Vadv is the advec-
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leads to various conclusions.
The gamma-ray emission region coincides with the X-

ray knots (Safi-Harb & Ögelman 1997). It is widely
believed that high-energy electrons accelerated at the
knots emit X-rays by the synchrotron mechanism. Thus,
most previous works focus on the leptonic scenario for
the TeV gamma-ray emission mechanism (Abeysekara
et al. 2018; Xing et al. 2019; Sudoh et al. 2020; Fang
et al. 2020). However, hadronic emission could provide
a dominant contribution for the observed gamma-rays
(Reynoso & Carulli 2019). Optical filaments exist within
the angular uncertainty of the gamma-ray signals in the
eastern lobe (Zealey et al. 1980; Konigl 1983; Boumis
et al. 2007). The particle number density in the fil-
aments is much higher than in the ambient medium,
which motivates us to investigate a hadronic scenario
more carefully.
In this paper, we examine both scenarios using the

multi-wavelength data, including the latest GeV data
by Fermi LAT, and discuss the scenario feasibility and
tests by future observations. We focus on the east-
ern lobe. In the western lobe, it is unclear whether
dense filaments exist close to the gamma-ray emission
region or not, and we avoid discussion of hadronic sce-
nario there. In Section 2, we construct a steady-state
one-zone model, and describe the model parameters ob-
tained from multi-wavelength observations. Our calcu-
lation results are shown in Section 3, and the analogy to
large scale jets in radio galaxies is discussed in Section 4.
We discuss the implications in Section 5 and summarize
our results in Section 6. The notation of QX = Q/10X

in cgs unit is used unless otherwise noted.

2. MODELS

2.1. Formulation

We assume that the jets of kinetic luminosity Lj dis-
sipate some of their energy at the X-ray knot, resulting
in acceleration of non-thermal particles (see Figure 1 for
schematic picture). To obtain the particle spectra at the
X-ray knot, we solve the steady state transport equation
for non-thermal particles of species i:

d
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where Ei is the particle energy (i =e or p), NEi is the
total number spectrum, ti,cool is the cooling time, tesc
is the escape time, and ṄEi is the injection term. This
equation has an analytic solution (see Appendix C in
Dermer & Menon 2009):

NEi =
ti,cool
Ei

Z 1

Ei

dE0
iṄE0
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Figure 1. Schematic picture of our models. The jets dis-
sipate their kinetic energy at a dissipation radius, Rdis,
which accelerates non-thermal particles. The non-thermal
protons interact with ambient matter including the dense
optical filaments, producing gamma-rays through pion de-
cay. The non-thermal electrons emit gamma-rays by up-
scattering the CMB photons. We write the size of the emis-
sion region as Rknot. We consider 4 scenarios: combinations
of hadronic-dominated/leptonic-dominated and fast (dark-
grey)/slow (light-grey) advection velocity (see Table 1).

We numerically integrate this equation to obtain the
proton and electron spectra. We consider the di↵usive
shock acceleration mechanism at the knot and set the in-
jection term to be a power-law form with an exponential
cuto↵:

ṄEi = Ṅi,nor
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Ei,cut

◆�pinj

exp(� Ei
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), (3)

where Ṅi,nor is the normalization factor, pinj is the
power-law index, and Ei,cut is the cuto↵ energy de-
termined by the balance between acceleration and loss
timescales, t�1

loss = t�1
cool+ t�1

esc. We normalize the normal-
ization factor so that

R
EiṄEidEi = ✏iLj is satisfied,

where ✏i is the energy conversion factor.
We assume the same bulk velocity for the electrons

and protons. They should have the same acceleration
and di↵usion timescales at a given energy. The di↵usive
shock acceleration time is given by

tacc ⇡
20⌘Ei

3ceB�2
j

, (4)

where ⌘ is the acceleration e�ciency, B is the magnetic
field strength, and �j is the jet velocity. As the escape
processes, we consider di↵usion and advection, whose
timescales are estimated to be

tdi↵ ⇡ 3eBR2
knot

2c⌘Ei
, (5)

tadv ⇡ Rknot

Vadv
, (6)

where Rknot is the size of the knot and Vadv is the advec-
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ber density of the optical filament is much higher than
the ambient medium, which motivates us to investigate
hadronic scenario more carefully.
In this paper, we examine both scenarios using the

multi-wavelength data, including the latest GeV data
by Fang et al. (2020), and discuss the model feasibil-
ity and test by future observations. We focus ourselves
on the eastern lobe for simplicity. However, since the
physical situation and high-energy gamma-ray spectrum
are similar, our conclusion should not change if we take
into account the western lobe. In Section 2, we con-
struct a steady-state one-zone model, and describe the
model parameters obtained by multi-wavelength obser-
vations. Our calculation results are shown in Section 3,
and analogy to large scale jets in radio galaxies are dis-
cussed in Section 4. We discuss implications in Section 5
and summarize our results in Section 6. The notation of
QX = Q/10X in cgs unit is used unless otherwise noted.

2. MODELS

2.1. Formulation

We assume an energy dissipation of the jets of kinetic
luminosity Lj at the X-ray knot, which accelerate non-
thermal particles. To obtain the particle spectra at the
X-ray knot, we solve the steady state transport equation
for non-thermal particles of species i:
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where Ei is the particle energy (i =e or p), NEi is the
total number spectrum, ti,cool is the cooling time, tesc
is the escape time, and ṄEi is the injection term. This
equation has an analytic solution (see Appendix C in
Dermer & Menon 2009):
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We numerically integrate this equation to obtain the
proton and electron spectra. We consider the di↵usive
shock acceleration at the knot and set the injection term
to be a power-law form with an exponential cuto↵:

ṄEi = Ṅi,nor
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Ei,cut

◆�pinj

exp(� Ei

Ei,cut
), (3)

where Ṅi,nor is the normalization factor, pinj is the
power-law index, and Ei,cut is the cuto↵ energy de-
termined by the balance between acceleration and loss
timescales, t�1

loss = t�1
cool+t�1

esc. We normalize the injection
factor so that

R
EiṄEidEi = ✏iLj is satisfied, where ✏i

is the energy conversion factor.
We assume the same bulk velocity for the electrons

and protons. They should have the same acceleration

and di↵usion timescales at a given energy. The di↵usive
shock acceleration time is given by

tacc ⇡
20⌘Ei

3ceB�2
j

, (4)

where ⌘ is the acceleration e�ciency, B is the magnetic
field strength, and �j is the jet velocity. As the escape
processes, we consider di↵usion and advection, whose
timescales are estimated to be

tdi↵ ⇡ 3eBR2
knot

2c⌘Ei
, (5)

tadv ⇡ Rknot

Vadv
, (6)

where Rknot is the size of the knot and Vadv is the ad-
vection velocity at the knot. Assuming the spherical
geometry of the emission region, the adiabatic cooling
timescale is expressed as

tadi ⇡
Rdis

Vadv
, (7)

where Rdis is the distance of the dissipation region from
the central object. Note that if the jet geometry is cylin-
drical, one can ignore the adiabatic cooling (Sudoh et al.
2020).
For the electron radiation processes, we consider syn-

chrotron and inverse Compton scattering (IC). The syn-
chrotron timescale for the species i is represented as

ti,syn ⇡ 6⇡m2
ec

3

�TB2Ei

✓
mi

me

◆2

, (8)

where mi is the mass of the particle i and �T is the
Thomson crosssection. We use a fitting formula (Equa-
tion [18]–[20]) in Finke et al. (2008) to calculate the
synchrotron spectrum. The IC cooling rate is estimated
using Equation (2.56) in Blumenthal & Gould (1970),
and the IC spectrum is calculated by Equation (2.48) in
Blumenthal & Gould (1970). We consider only cosmic-
microwave background (CMB) as the target photons,
since IC emission using another photon field is sub-
dominant (Sudoh et al. 2020; Fang et al. 2020).
For the hadronic radiation processes, we consider only

the pp inelastic collisions, because other processes are
negligibly ine�cient (Reynoso & Carulli 2019). The pp
cooling rate is estimated to be

t�1
pp = ne↵�ppppc, (9)

where ne↵ is the e↵ective number density (defined in
the following subsection), �pp is the pp inelastic colli-
sion crosssection given in Kafexhiu et al. (2014), and
pp ⇡ 0.17 is the inelasticity for pp interaction (Kelner
et al. 2006). We use the method by Kelner et al. (2006)
to calculate the gamma-ray spectrum by pp inelastic col-
lisions.
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leads to various conclusions.
The gamma-ray emission region coincides with the X-

ray knots (Safi-Harb & Ögelman 1997). It is widely
believed that high-energy electrons accelerated at the
knots emit X-rays by the synchrotron mechanism. Thus,
most previous works focus on the leptonic scenario for
the TeV gamma-ray emission mechanism (Abeysekara
et al. 2018; Xing et al. 2019; Sudoh et al. 2020; Fang
et al. 2020). However, hadronic emission could provide
a dominant contribution for the observed gamma-rays
(Reynoso & Carulli 2019). Optical filaments exist within
the angular uncertainty of the gamma-ray signals in the
eastern lobe (Zealey et al. 1980; Konigl 1983; Boumis
et al. 2007). The particle number density in the fil-
aments is much higher than in the ambient medium,
which motivates us to investigate a hadronic scenario
more carefully.
In this paper, we examine both scenarios using the

multi-wavelength data, including the latest GeV data
by Fermi LAT, and discuss the scenario feasibility and
tests by future observations. We focus on the east-
ern lobe. In the western lobe, it is unclear whether
dense filaments exist close to the gamma-ray emission
region or not, and we avoid discussion of hadronic sce-
nario there. In Section 2, we construct a steady-state
one-zone model, and describe the model parameters ob-
tained from multi-wavelength observations. Our calcu-
lation results are shown in Section 3, and the analogy to
large scale jets in radio galaxies is discussed in Section 4.
We discuss the implications in Section 5 and summarize
our results in Section 6. The notation of QX = Q/10X

in cgs unit is used unless otherwise noted.

2. MODELS

2.1. Formulation

We assume that the jets of kinetic luminosity Lj dis-
sipate some of their energy at the X-ray knot, resulting
in acceleration of non-thermal particles (see Figure 1 for
schematic picture). To obtain the particle spectra at the
X-ray knot, we solve the steady state transport equation
for non-thermal particles of species i:
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◆
= �NEi
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+ ṄEi , (1)

where Ei is the particle energy (i =e or p), NEi is the
total number spectrum, ti,cool is the cooling time, tesc
is the escape time, and ṄEi is the injection term. This
equation has an analytic solution (see Appendix C in
Dermer & Menon 2009):

NEi =
ti,cool
Ei

Z 1

Ei

dE0
iṄE0
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Figure 1. Schematic picture of our models. The jets dis-
sipate their kinetic energy at a dissipation radius, Rdis,
which accelerates non-thermal particles. The non-thermal
protons interact with ambient matter including the dense
optical filaments, producing gamma-rays through pion de-
cay. The non-thermal electrons emit gamma-rays by up-
scattering the CMB photons. We write the size of the emis-
sion region as Rknot. We consider 4 scenarios: combinations
of hadronic-dominated/leptonic-dominated and fast (dark-
grey)/slow (light-grey) advection velocity (see Table 1).

We numerically integrate this equation to obtain the
proton and electron spectra. We consider the di↵usive
shock acceleration mechanism at the knot and set the in-
jection term to be a power-law form with an exponential
cuto↵:

ṄEi = Ṅi,nor

✓
Ei

Ei,cut

◆�pinj

exp(� Ei

Ei,cut
), (3)

where Ṅi,nor is the normalization factor, pinj is the
power-law index, and Ei,cut is the cuto↵ energy de-
termined by the balance between acceleration and loss
timescales, t�1

loss = t�1
cool+ t�1

esc. We normalize the normal-
ization factor so that

R
EiṄEidEi = ✏iLj is satisfied,

where ✏i is the energy conversion factor.
We assume the same bulk velocity for the electrons

and protons. They should have the same acceleration
and di↵usion timescales at a given energy. The di↵usive
shock acceleration time is given by

tacc ⇡
20⌘Ei

3ceB�2
j

, (4)

where ⌘ is the acceleration e�ciency, B is the magnetic
field strength, and �j is the jet velocity. As the escape
processes, we consider di↵usion and advection, whose
timescales are estimated to be

tdi↵ ⇡ 3eBR2
knot

2c⌘Ei
, (5)

tadv ⇡ Rknot

Vadv
, (6)

where Rknot is the size of the knot and Vadv is the advec-
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2. Models

2.1. Formulation

We assume that the jets of kinetic luminosity Lj dissipate
some of their energy at the X-ray knot, resulting in acceleration
of nonthermal particles (see Figure 1 for a schematic picture).
To obtain the particle spectra at the X-ray knot, we solve the
steady-state transport equation for nonthermal particles of
species i:
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where Ei is the particle energy (i=e or p), NEi is the total
number spectrum, ti,cool is the cooling time, tesc is the escape
time, and �NEi is the injection term. This equation has an
analytic solution (see Appendix C in Dermer & Menon 2009):
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We numerically integrate this equation to obtain the proton and
electron spectra. We consider the diffusive shock acceleration
mechanism at the knot and set the injection term to be a power-
law form with an exponential cutoff:
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where �Ni,nor is the normalization factor, pinj is the power-law
index, and Ei,cut is the cutoff energy determined by the balance
between acceleration and loss timescales, � �� � �t t tloss

1
cool

1
esc

1. We
normalize the normalization factor so that �¨ F�E N dE Li E i i ji is
satisfied, where Fi is the energy conversion factor.

We assume the same bulk velocity for the electrons and
protons. They should have the same acceleration and diffusion
timescales at a given energy. The diffusive shock acceleration
time is given by
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where Y is the acceleration efficiency, B is the magnetic field
strength, and βj is the jet velocity. As the escape processes, we
consider diffusion and advection, whose timescales are
estimated to be
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where Rknot is the size of the knot and Vadv is the advection
velocity at the knot. Assuming a spherical geometry of the
emission region, the adiabatic cooling timescale is expressed as
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where Rdis is the distance of the dissipation region from the
central object. Note that if the jet geometry is cylindrical, one
can ignore the adiabatic cooling (Sudoh et al. 2020).
For the electron radiation processes, we consider synchrotron

and inverse Compton (IC) scattering. The synchrotron time-
scale for the species i is represented as
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where mi is the mass of the particle i and σT is the Thomson
cross section. We use a fitting formula (Equations (18)–(20) in
Finke et al. 2008) to calculate the synchrotron spectrum. The
IC cooling rate is estimated using Equation (2.56) in
Blumenthal & Gould (1970), and the IC spectrum is calculated
by Equation (2.48) in Blumenthal & Gould (1970). We
consider only the cosmic microwave background (CMB) as the
target photons, since IC emission using other photon fields is
subdominant (Fang et al. 2020; Sudoh et al. 2020).
For the hadronic radiation processes, we consider only the pp

inelastic collisions, because other processes are negligibly
efficient (Reynoso & Carulli 2019). We should note that for
neff 0.01, external photon fields by the central star or by the
beamed emission from the inner jets may be important. The pp
cooling rate is estimated to be

( )T L��t n c, 9pp pp pp
1

eff

where neff is the effective number density (defined in the
following subsection), σpp is the pp inelastic collision cross
section given in Kafexhiu et al. (2014), and κpp≈0.17 is the
inelasticity for pp interaction (Kelner et al. 2006). We use the
method of Kelner et al. (2006) to calculate the gamma-ray
spectrum by pp inelastic collisions.

2.2. Model Parameters

Multiwavelength observations of SS 433 provide useful
information to model the high-energy emission from the
extended jets. The jet velocity is measured to be βj; 0.26 at
the jet base using both optical (Abell & Margon 1979;
Eikenberry et al. 2001) and X-ray data (Marshall et al. 2002).
The mass-loss rate of the jet is estimated to be � � qM 5j

:
� �M yr10 7 1 (Konigl 1983), which leads to a kinetic energy of

the jet of � �Cx q �L M c 2 2 10 erg sj j
2 2 39 1. The size and the

distance from the central object for the brightest X-ray knot (e2)

Figure 1. Schematic picture of our models. The jets dissipate their kinetic
energy at a dissipation radius, Rdis, which accelerates nonthermal particles. The
nonthermal protons interact with ambient matter including the dense optical
filaments, producing gamma rays through pion decay. The nonthermal
electrons emit gamma rays by upscattering the CMB photons. We write the
size of the emission region as Rknot . We consider four scenarios: combinations
of hadronic-dominated/leptonic-dominated and fast (dark gray)/slow (light
gray) advection velocity (see Table 1).
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2. Models

2.1. Formulation

We assume that the jets of kinetic luminosity Lj dissipate
some of their energy at the X-ray knot, resulting in acceleration
of nonthermal particles (see Figure 1 for a schematic picture).
To obtain the particle spectra at the X-ray knot, we solve the
steady-state transport equation for nonthermal particles of
species i:
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where Ei is the particle energy (i=e or p), NEi is the total
number spectrum, ti,cool is the cooling time, tesc is the escape
time, and �NEi is the injection term. This equation has an
analytic solution (see Appendix C in Dermer & Menon 2009):
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We numerically integrate this equation to obtain the proton and
electron spectra. We consider the diffusive shock acceleration
mechanism at the knot and set the injection term to be a power-
law form with an exponential cutoff:
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where �Ni,nor is the normalization factor, pinj is the power-law
index, and Ei,cut is the cutoff energy determined by the balance
between acceleration and loss timescales, � �� � �t t tloss

1
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1
esc

1. We
normalize the normalization factor so that �¨ F�E N dE Li E i i ji is
satisfied, where Fi is the energy conversion factor.

We assume the same bulk velocity for the electrons and
protons. They should have the same acceleration and diffusion
timescales at a given energy. The diffusive shock acceleration
time is given by
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where Y is the acceleration efficiency, B is the magnetic field
strength, and βj is the jet velocity. As the escape processes, we
consider diffusion and advection, whose timescales are
estimated to be
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where Rknot is the size of the knot and Vadv is the advection
velocity at the knot. Assuming a spherical geometry of the
emission region, the adiabatic cooling timescale is expressed as
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where Rdis is the distance of the dissipation region from the
central object. Note that if the jet geometry is cylindrical, one
can ignore the adiabatic cooling (Sudoh et al. 2020).
For the electron radiation processes, we consider synchrotron

and inverse Compton (IC) scattering. The synchrotron time-
scale for the species i is represented as
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where mi is the mass of the particle i and σT is the Thomson
cross section. We use a fitting formula (Equations (18)–(20) in
Finke et al. 2008) to calculate the synchrotron spectrum. The
IC cooling rate is estimated using Equation (2.56) in
Blumenthal & Gould (1970), and the IC spectrum is calculated
by Equation (2.48) in Blumenthal & Gould (1970). We
consider only the cosmic microwave background (CMB) as the
target photons, since IC emission using other photon fields is
subdominant (Fang et al. 2020; Sudoh et al. 2020).
For the hadronic radiation processes, we consider only the pp

inelastic collisions, because other processes are negligibly
efficient (Reynoso & Carulli 2019). We should note that for
neff 0.01, external photon fields by the central star or by the
beamed emission from the inner jets may be important. The pp
cooling rate is estimated to be

( )T L��t n c, 9pp pp pp
1

eff

where neff is the effective number density (defined in the
following subsection), σpp is the pp inelastic collision cross
section given in Kafexhiu et al. (2014), and κpp≈0.17 is the
inelasticity for pp interaction (Kelner et al. 2006). We use the
method of Kelner et al. (2006) to calculate the gamma-ray
spectrum by pp inelastic collisions.

2.2. Model Parameters

Multiwavelength observations of SS 433 provide useful
information to model the high-energy emission from the
extended jets. The jet velocity is measured to be βj; 0.26 at
the jet base using both optical (Abell & Margon 1979;
Eikenberry et al. 2001) and X-ray data (Marshall et al. 2002).
The mass-loss rate of the jet is estimated to be � � qM 5j

:
� �M yr10 7 1 (Konigl 1983), which leads to a kinetic energy of

the jet of � �Cx q �L M c 2 2 10 erg sj j
2 2 39 1. The size and the

distance from the central object for the brightest X-ray knot (e2)

Figure 1. Schematic picture of our models. The jets dissipate their kinetic
energy at a dissipation radius, Rdis, which accelerates nonthermal particles. The
nonthermal protons interact with ambient matter including the dense optical
filaments, producing gamma rays through pion decay. The nonthermal
electrons emit gamma rays by upscattering the CMB photons. We write the
size of the emission region as Rknot . We consider four scenarios: combinations
of hadronic-dominated/leptonic-dominated and fast (dark gray)/slow (light
gray) advection velocity (see Table 1).
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2.2. Model parameters

Multi-wavelength observations of SS 433 provide use-
ful information to model the high-energy emission from
the extended jets. The jet velocity is measured to be
�j ' 0.26 at the jet base using both optical (Abell &
Margon 1979; Eikenberry et al. 2001) and X-ray data
(Marshall et al. 2002). The mass loss rate of the jet
is estimated to be Ṁj ' 5 ⇥ 10�7 M� yr�1 (Konigl
1983), which leads to the kinetic energy of the jet of
Lj ⇡ Ṁ�2

j c
2/2 ' 2 ⇥ 1039 erg s�1. The size and the

distance from the central object for the brightest X-
ray knot (e2) are 5’ and 35’, respectively (Safi-Harb &
Ögelman 1997), which correspond to Rdis ' 56 pc and
Rknot ' 8.1 pc, with the distance of dL = 5.5 kpc.
Optical observations discovered filamentary structures

coincident with the X-ray knot (Zealey et al. 1980),
where the number density can be as high as n ⇠
102 cm�3 (Konigl 1983) and the velocity is estimated
to be Vadv ⇠ 107 cm s�1 (Boumis et al. 2007). On the
other hand, Panferov (2017) estimate the mean num-
ber density in W50 to be n ⇠ 0.1 cm�3, and argue that
the jet is not significantly decelerated at the X-ray knot.
In this case, the bulk velocity of the emission region is
likely to be Vadv ⇡ �jc/4, where the factor 4 indicates
the energy dissipation by a strong shock. Since the ad-
vection velocity and the target gas density in the X-ray
knot are still largely uncertain, we examine two values of
the advection velocity: Vadv = �jc/4 ' 1.9⇥109 cm s�1

(models A & C) or Vadv = 107 cm s�1 (models B & D).
Even for the low advection velocity cases, we assume a
shock velocity of �j , because the accelerated electrons
cannot emit the observed X-rays with a lower value of
the shock velocity (see Section 3). Regarding the num-
ber density, we define the e↵ective number density as
ne↵ = ffilnfil, where nfil ⇠ 100 cm�3 and ffil ⇠ 10�3 � 1
are the number density and the volume filling factor of
the optical filaments, respectively.

3. RESULTS

We calculate the photon spectra with various values
of pinj, ✏e, B, and ne↵ to seek the parameter set that
matches the data. Since the radio map of W50 does
not indicate any clear knot-like structure (Dubner et al.
1998), we should regard the radio data as an upper limit.
Figure 1 shows the photon spectra for our models whose
parameter sets are tabulated in Table 1. For all the mod-
els, the electron synchrotron emission is responsible for
the X-ray data. The Lorentz factor of electrons emitting
the hard X-rays is estimated to be

�e,X ⇡

s
4⇡mecE�

hpeB
' 4.1⇥ 108B�1/2

�4.5

✓
E�

30 keV

◆1/2

,
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Table 1. Model parameters in our hadronic scenario.

Fixed parameters

�j Lj Rknot Rdis ✏p ⌘ dL

[erg s�1] [pc] [pc] [kpc]

0.26 2⇥ 1039 8.1 56 0.1 2 5.5

Model parameters.

Model Vadv B pinj ✏e ne↵

[cm s�1] [µG] [cm�3]

A 1.9⇥ 109 32 2.0 1.0⇥ 10�3 10

B 1.0⇥ 107 36 1.6 1.5⇥ 10�4 0.2

C 1.9⇥ 109 13 2.1 5.0⇥ 10�3 0.01

D 1.0⇥ 107 18 1.6 2.0⇥ 10�4 0.01

where hp is the Planck constant. The synchrotron cool-
ing is the dominant loss process in this energy range for
all the models. Equating the synchrotron and accelera-
tion timescales, we obtain the maximum Lorentz factor
of the electrons:

�e,cut ⇡

s
9⇡e�2

j

10�TB⌘
' 2.1⇥ 109B�1/2

�4.5 ⌘
�1/2
0 . (11)

From the condition �X,e < �e,max, we obtain an upper
limit for ⌘:

⌘ ⇡ 9

20

hpe2�2
j

�TmecE�
' 27

✓
E�

30 keV

◆�1

. (12)

Thus, the particle acceleration should be very e�cient
(see also Sudoh et al. 2020). The synchrotron cut-
o↵ feature should be detected by the proposed MeV
satellites, such as e-ASTROGAM (De Angelis et al.
2017), All-sky Medium Energy Gamma-ray Observatory
(AMEGO; Moiseev & Amego Team 2017), or Gamma-
Ray and AntiMatter Survey (GRAMS; Aramaki et al.
2020), which will provide a better constraint on the value
of ⌘.
The synchrotron-cooling break energies for photons

and electrons are respectively estimated to be

E�,br ⇡
hpeB�2

e,br

4⇡mec
' 0.67B�3

�4.5V
2
adv,9.3 keV, (13)

�e,br ⇡
6⇡mecVadv

�TB2Rknot
' 6.1⇥ 107B�2

�4.5Vadv,9.3. (14)

The break energy lies between the radio and X-ray data
points, and E�,br is lower for a lower value of Vadv and
a higher value of B. A lower value of E�,br increases
the radio flux if we fix pinj and X-ray luminosity. To
avoid overshooting the radio data, a hard spectral index
is required for a lower value of Vadv. For models A and
C, pinj is consistent with the prediction by the di↵usive
shock acceleration theory (Bell 1978; Blandford & Os-
triker 1978), whereas models B and D demands a harder

• Vadv：移流速度 
optical filamentsの移動速度 ~107 cm/s 
強い衝撃波:  Vadv ~Vj/4 ~1.9x109 cm/s 

• neff = fvol nfil   ：有効密度 
nfil ~100 cm-3はフィラメントの密度 
fvolはvolume filling factor

モデルパラメータ
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A: Hadronic + high Vadv 

B: Hadronic + low  Vadv 

C: Leptonic + high Vadv 

D: Leptonic + low  Vadv
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2.2. Model parameters

Multi-wavelength observations of SS 433 provide use-
ful information to model the high-energy emission from
the extended jets. The jet velocity is measured to be
�j ' 0.26 at the jet base using both optical (Abell &
Margon 1979; Eikenberry et al. 2001) and X-ray data
(Marshall et al. 2002). The mass loss rate of the jet
is estimated to be Ṁj ' 5 ⇥ 10�7 M� yr�1 (Konigl
1983), which leads to the kinetic energy of the jet of
Lj ⇡ Ṁ�2

j c
2/2 ' 2 ⇥ 1039 erg s�1. The size and the

distance from the central object for the brightest X-
ray knot (e2) are 5’ and 35’, respectively (Safi-Harb &
Ögelman 1997), which correspond to Rdis ' 56 pc and
Rknot ' 8.1 pc, with the distance of dL = 5.5 kpc.
Optical observations discovered filamentary structures

coincident with the X-ray knot (Zealey et al. 1980),
where the number density can be as high as n ⇠
102 cm�3 (Konigl 1983) and the velocity is estimated
to be Vadv ⇠ 107 cm s�1 (Boumis et al. 2007). On the
other hand, Panferov (2017) estimate the mean num-
ber density in W50 to be n ⇠ 0.1 cm�3, and argue that
the jet is not significantly decelerated at the X-ray knot.
In this case, the bulk velocity of the emission region is
likely to be Vadv ⇡ �jc/4, where the factor 4 indicates
the energy dissipation by a strong shock. Since the ad-
vection velocity and the target gas density in the X-ray
knot are still largely uncertain, we examine two values of
the advection velocity: Vadv = �jc/4 ' 1.9⇥109 cm s�1

(models A & C) or Vadv = 107 cm s�1 (models B & D).
Even for the low advection velocity cases, we assume a
shock velocity of �j , because the accelerated electrons
cannot emit the observed X-rays with a lower value of
the shock velocity (see Section 3). Regarding the num-
ber density, we define the e↵ective number density as
ne↵ = ffilnfil, where nfil ⇠ 100 cm�3 and ffil ⇠ 10�3 � 1
are the number density and the volume filling factor of
the optical filaments, respectively.

3. RESULTS

We calculate the photon spectra with various values
of pinj, ✏e, B, and ne↵ to seek the parameter set that
matches the data. Since the radio map of W50 does
not indicate any clear knot-like structure (Dubner et al.
1998), we should regard the radio data as an upper limit.
Figure 1 shows the photon spectra for our models whose
parameter sets are tabulated in Table 1. For all the mod-
els, the electron synchrotron emission is responsible for
the X-ray data. The Lorentz factor of electrons emitting
the hard X-rays is estimated to be

�e,X ⇡

s
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Table 1. Model parameters in our hadronic scenario.

Fixed parameters

�j Lj Rknot Rdis ✏p ⌘ dL

[erg s�1] [pc] [pc] [kpc]

0.26 2⇥ 1039 8.1 56 0.1 2 5.5

Model parameters.

Model Vadv B pinj ✏e ne↵

[cm s�1] [µG] [cm�3]

A 1.9⇥ 109 32 2.0 1.0⇥ 10�3 10

B 1.0⇥ 107 36 1.6 1.5⇥ 10�4 0.2

C 1.9⇥ 109 13 2.1 5.0⇥ 10�3 0.01

D 1.0⇥ 107 18 1.6 2.0⇥ 10�4 0.01

where hp is the Planck constant. The synchrotron cool-
ing is the dominant loss process in this energy range for
all the models. Equating the synchrotron and accelera-
tion timescales, we obtain the maximum Lorentz factor
of the electrons:

�e,cut ⇡

s
9⇡e�2

j

10�TB⌘
' 2.1⇥ 109B�1/2

�4.5 ⌘
�1/2
0 . (11)

From the condition �X,e < �e,max, we obtain an upper
limit for ⌘:

⌘ ⇡ 9

20

hpe2�2
j

�TmecE�
' 27

✓
E�

30 keV

◆�1

. (12)

Thus, the particle acceleration should be very e�cient
(see also Sudoh et al. 2020). The synchrotron cut-
o↵ feature should be detected by the proposed MeV
satellites, such as e-ASTROGAM (De Angelis et al.
2017), All-sky Medium Energy Gamma-ray Observatory
(AMEGO; Moiseev & Amego Team 2017), or Gamma-
Ray and AntiMatter Survey (GRAMS; Aramaki et al.
2020), which will provide a better constraint on the value
of ⌘.
The synchrotron-cooling break energies for photons

and electrons are respectively estimated to be

E�,br ⇡
hpeB�2

e,br

4⇡mec
' 0.67B�3

�4.5V
2
adv,9.3 keV, (13)

�e,br ⇡
6⇡mecVadv

�TB2Rknot
' 6.1⇥ 107B�2

�4.5Vadv,9.3. (14)

The break energy lies between the radio and X-ray data
points, and E�,br is lower for a lower value of Vadv and
a higher value of B. A lower value of E�,br increases
the radio flux if we fix pinj and X-ray luminosity. To
avoid overshooting the radio data, a hard spectral index
is required for a lower value of Vadv. For models A and
C, pinj is consistent with the prediction by the di↵usive
shock acceleration theory (Bell 1978; Blandford & Os-
triker 1978), whereas models B and D demands a harder
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are 5′ and 35′, respectively (Safi-Harb & Ögelman 1997), which
correspond to �R 56dis pc and �R 8.1knot pc, with a distance
of �d 5.5 kpcL .

Optical observations discovered filamentary structures located
close to the X-ray knots (Zealey et al. 1980), where the number
density can be as high as _ �n 10 cm2 3 (Konigl 1983) and the
velocity is estimated to be _ �V 10 cm sadv

7 1 (Boumis et al.
2007). On the other hand, Panferov (2017) estimates the mean
number density in W50 to be _ �n 0.1 cm 3, and argues that the
jet is not significantly decelerated at the X-ray knot. In this case,
the bulk velocity of the emission region is likely to be

CxV c 4jadv , where the factor 4 indicates energy dissipation
by a strong shock. Since the advection velocity and the target gas
density in the X-ray knot are still largely uncertain, we examine
two values of the advection velocity: �C� qV c 4 1.9jadv

�10 cm s9 1 (scenarios A and C) or � �V 10 cm sadv
7 1 (scenarios

B and D). Even for the low advection velocity cases, we assume
a shock velocity of Cj, because the accelerated electrons cannot
emit the observed X-rays with a lower value of the shock
velocity (see Section 3). Regarding the number density,
we define the effective number density as �n f neff fil fil, where

_ �n 100 cmfil
3 and –_ �f 10 1fil

4 are the number density and
the volume filling factor of the optical filaments, respectively.
Here we note that the magnetic field strength and the effective
number density are treated as independent parameters. Also,

because we assume �f 1fil in our scenarios, we should
evaluate the magnetic field strength at the X-ray knot, and the
magnetic field strength does not have to scale with the effective
density.

3. Results

We calculate the photon spectra for various values of pinj, Fe,
B, and neff to seek the parameter set that matches the data.
Since the radio map of W50 does not indicate any clear knot-
like structure (Dubner et al. 1998), we should regard the radio
data as an upper limit. We match the data by eye inspection,
and do not discuss the goodness of fit because of the
observational uncertainty and the limitation of the models.
Figure 2 shows both the leptonic and hadronic contributions to
the photon spectra for our scenarios whose parameter sets are
tabulated in Table 1. For all the scenarios, the electron
synchrotron emission is responsible for the X-ray data. The
Lorentz factor of electrons emitting the hard X-rays is
estimated to be

⎛
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where hp is the Planck constant. The synchrotron cooling is the
dominant loss process in this energy range for all the scenarios.

Figure 2. Photon spectra from the extended jets of SS 433 for scenario A (top left), B (top right), C (bottom left), and D (bottom right). The red thick solid, green thin
long-dashed, and blue thin short-dashed lines are total, hadronic, and leptonic components, respectively. The observational data are taken from Geldzahler et al. (1980)
(circle), Brinkmann et al. (2007) (triangles), Safi-Harb & Ögelman (1997) (squares), MAGIC Collaboration et al. (2018) (crosses), and Fang et al. (2020) (pluses). The
thin solid, thin dashed, and thin dotted lines are sensitivity curves for e-ASTROGAM (1 yr; De Angelis et al. 2017), CTA (50hr; Cherenkov Telescope Array
Consortium et al. 2019), and LHAASO (1 yr; Bai et al. 2019). Scenarios A, B, and D can reproduce the GeV–TeV gamma-ray data, while scenario C cannot reproduce
the Fermi data. The thin dotted–dashed lines are the muon neutrino spectra (i.e., neutrino spectra per flavor). Also, the CTA sensitivity curve is for a point source. The
TeV gamma-ray emission region in SS 433 is extended, which worsens the sensitivity.
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• 移流速度が速いと、cooling breakは高エネルギー側へ 
＊ ガンマ線スペクトルはフラットになり観測と無矛盾 
• 移流速度が遅いと、cooling breakが低エネルギー側にシフト 
＊ 電波を出しすぎないためには、硬いスペクトル指数が必要 
＊ 陽子の逃走によるbreakでガンマ線スペクトルを説明

Hadronic models
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2.2. Model parameters

Multi-wavelength observations of SS 433 provide use-
ful information to model the high-energy emission from
the extended jets. The jet velocity is measured to be
�j ' 0.26 at the jet base using both optical (Abell &
Margon 1979; Eikenberry et al. 2001) and X-ray data
(Marshall et al. 2002). The mass loss rate of the jet
is estimated to be Ṁj ' 5 ⇥ 10�7 M� yr�1 (Konigl
1983), which leads to the kinetic energy of the jet of
Lj ⇡ Ṁ�2

j c
2/2 ' 2 ⇥ 1039 erg s�1. The size and the

distance from the central object for the brightest X-
ray knot (e2) are 5’ and 35’, respectively (Safi-Harb &
Ögelman 1997), which correspond to Rdis ' 56 pc and
Rknot ' 8.1 pc, with the distance of dL = 5.5 kpc.
Optical observations discovered filamentary structures

coincident with the X-ray knot (Zealey et al. 1980),
where the number density can be as high as n ⇠
102 cm�3 (Konigl 1983) and the velocity is estimated
to be Vadv ⇠ 107 cm s�1 (Boumis et al. 2007). On the
other hand, Panferov (2017) estimate the mean num-
ber density in W50 to be n ⇠ 0.1 cm�3, and argue that
the jet is not significantly decelerated at the X-ray knot.
In this case, the bulk velocity of the emission region is
likely to be Vadv ⇡ �jc/4, where the factor 4 indicates
the energy dissipation by a strong shock. Since the ad-
vection velocity and the target gas density in the X-ray
knot are still largely uncertain, we examine two values of
the advection velocity: Vadv = �jc/4 ' 1.9⇥109 cm s�1

(models A & C) or Vadv = 107 cm s�1 (models B & D).
Even for the low advection velocity cases, we assume a
shock velocity of �j , because the accelerated electrons
cannot emit the observed X-rays with a lower value of
the shock velocity (see Section 3). Regarding the num-
ber density, we define the e↵ective number density as
ne↵ = ffilnfil, where nfil ⇠ 100 cm�3 and ffil ⇠ 10�3 � 1
are the number density and the volume filling factor of
the optical filaments, respectively.

3. RESULTS

We calculate the photon spectra with various values
of pinj, ✏e, B, and ne↵ to seek the parameter set that
matches the data. Since the radio map of W50 does
not indicate any clear knot-like structure (Dubner et al.
1998), we should regard the radio data as an upper limit.
Figure 1 shows the photon spectra for our models whose
parameter sets are tabulated in Table 1. For all the mod-
els, the electron synchrotron emission is responsible for
the X-ray data. The Lorentz factor of electrons emitting
the hard X-rays is estimated to be

�e,X ⇡

s
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Table 1. Model parameters in our hadronic scenario.

Fixed parameters

�j Lj Rknot Rdis ✏p ⌘ dL

[erg s�1] [pc] [pc] [kpc]

0.26 2⇥ 1039 8.1 56 0.1 2 5.5

Model parameters.

Model Vadv B pinj ✏e ne↵

[cm s�1] [µG] [cm�3]

A 1.9⇥ 109 32 2.0 1.0⇥ 10�3 10

B 1.0⇥ 107 36 1.6 1.5⇥ 10�4 0.2

C 1.9⇥ 109 13 2.1 5.0⇥ 10�3 0.01

D 1.0⇥ 107 18 1.6 2.0⇥ 10�4 0.01

where hp is the Planck constant. The synchrotron cool-
ing is the dominant loss process in this energy range for
all the models. Equating the synchrotron and accelera-
tion timescales, we obtain the maximum Lorentz factor
of the electrons:

�e,cut ⇡

s
9⇡e�2

j

10�TB⌘
' 2.1⇥ 109B�1/2

�4.5 ⌘
�1/2
0 . (11)

From the condition �X,e < �e,max, we obtain an upper
limit for ⌘:

⌘ ⇡ 9
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Thus, the particle acceleration should be very e�cient
(see also Sudoh et al. 2020). The synchrotron cut-
o↵ feature should be detected by the proposed MeV
satellites, such as e-ASTROGAM (De Angelis et al.
2017), All-sky Medium Energy Gamma-ray Observatory
(AMEGO; Moiseev & Amego Team 2017), or Gamma-
Ray and AntiMatter Survey (GRAMS; Aramaki et al.
2020), which will provide a better constraint on the value
of ⌘.
The synchrotron-cooling break energies for photons

and electrons are respectively estimated to be

E�,br ⇡
hpeB�2

e,br

4⇡mec
' 0.67B�3

�4.5V
2
adv,9.3 keV, (13)

�e,br ⇡
6⇡mecVadv

�TB2Rknot
' 6.1⇥ 107B�2

�4.5Vadv,9.3. (14)

The break energy lies between the radio and X-ray data
points, and E�,br is lower for a lower value of Vadv and
a higher value of B. A lower value of E�,br increases
the radio flux if we fix pinj and X-ray luminosity. To
avoid overshooting the radio data, a hard spectral index
is required for a lower value of Vadv. For models A and
C, pinj is consistent with the prediction by the di↵usive
shock acceleration theory (Bell 1978; Blandford & Os-
triker 1978), whereas models B and D demands a harder
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leads to various conclusions.
The gamma-ray emission region coincides with the X-

ray knots (Safi-Harb & Ögelman 1997). It is widely
believed that high-energy electrons accelerated at the
knots emit X-rays by the synchrotron mechanism. Thus,
most previous works focus on the leptonic scenario for
the TeV gamma-ray emission mechanism (Abeysekara
et al. 2018; Xing et al. 2019; Sudoh et al. 2020; Fang
et al. 2020). However, hadronic emission could provide
a dominant contribution for the observed gamma-rays
(Reynoso & Carulli 2019). Optical filaments exist within
the angular uncertainty of the gamma-ray signals in the
eastern lobe (Zealey et al. 1980; Konigl 1983; Boumis
et al. 2007). The particle number density in the fil-
aments is much higher than in the ambient medium,
which motivates us to investigate a hadronic scenario
more carefully.
In this paper, we examine both scenarios using the

multi-wavelength data, including the latest GeV data
by Fermi LAT, and discuss the scenario feasibility and
tests by future observations. We focus on the east-
ern lobe. In the western lobe, it is unclear whether
dense filaments exist close to the gamma-ray emission
region or not, and we avoid discussion of hadronic sce-
nario there. In Section 2, we construct a steady-state
one-zone model, and describe the model parameters ob-
tained from multi-wavelength observations. Our calcu-
lation results are shown in Section 3, and the analogy to
large scale jets in radio galaxies is discussed in Section 4.
We discuss the implications in Section 5 and summarize
our results in Section 6. The notation of QX = Q/10X

in cgs unit is used unless otherwise noted.

2. MODELS

2.1. Formulation

We assume that the jets of kinetic luminosity Lj dis-
sipate some of their energy at the X-ray knot, resulting
in acceleration of non-thermal particles (see Figure 1 for
schematic picture). To obtain the particle spectra at the
X-ray knot, we solve the steady state transport equation
for non-thermal particles of species i:

d

dEi

✓
� Ei

ti,cool
NEi

◆
= �NEi

tesc
+ ṄEi , (1)

where Ei is the particle energy (i =e or p), NEi is the
total number spectrum, ti,cool is the cooling time, tesc
is the escape time, and ṄEi is the injection term. This
equation has an analytic solution (see Appendix C in
Dermer & Menon 2009):

NEi =
ti,cool
Ei

Z 1

Ei

dE0
iṄE0

i
exp

 
�
Z E0

i

Ei

ti,cool
tesc

dEi

!
.

(2)

Figure 1. Schematic picture of our models. The jets dis-
sipate their kinetic energy at a dissipation radius, Rdis,
which accelerates non-thermal particles. The non-thermal
protons interact with ambient matter including the dense
optical filaments, producing gamma-rays through pion de-
cay. The non-thermal electrons emit gamma-rays by up-
scattering the CMB photons. We write the size of the emis-
sion region as Rknot. We consider 4 scenarios: combinations
of hadronic-dominated/leptonic-dominated and fast (dark-
grey)/slow (light-grey) advection velocity (see Table 1).

We numerically integrate this equation to obtain the
proton and electron spectra. We consider the di↵usive
shock acceleration mechanism at the knot and set the in-
jection term to be a power-law form with an exponential
cuto↵:

ṄEi = Ṅi,nor

✓
Ei

Ei,cut

◆�pinj

exp(� Ei

Ei,cut
), (3)

where Ṅi,nor is the normalization factor, pinj is the
power-law index, and Ei,cut is the cuto↵ energy de-
termined by the balance between acceleration and loss
timescales, t�1

loss = t�1
cool+ t�1

esc. We normalize the normal-
ization factor so that

R
EiṄEidEi = ✏iLj is satisfied,

where ✏i is the energy conversion factor.
We assume the same bulk velocity for the electrons

and protons. They should have the same acceleration
and di↵usion timescales at a given energy. The di↵usive
shock acceleration time is given by

tacc ⇡
20⌘Ei

3ceB�2
j

, (4)

where ⌘ is the acceleration e�ciency, B is the magnetic
field strength, and �j is the jet velocity. As the escape
processes, we consider di↵usion and advection, whose
timescales are estimated to be

tdi↵ ⇡ 3eBR2
knot

2c⌘Ei
, (5)

tadv ⇡ Rknot

Vadv
, (6)

where Rknot is the size of the knot and Vadv is the advec-
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leads to various conclusions.
The gamma-ray emission region coincides with the X-

ray knots (Safi-Harb & Ögelman 1997). It is widely
believed that high-energy electrons accelerated at the
knots emit X-rays by the synchrotron mechanism. Thus,
most previous works focus on the leptonic scenario for
the TeV gamma-ray emission mechanism (Abeysekara
et al. 2018; Xing et al. 2019; Sudoh et al. 2020; Fang
et al. 2020). However, hadronic emission could provide
a dominant contribution for the observed gamma-rays
(Reynoso & Carulli 2019). Optical filaments exist within
the angular uncertainty of the gamma-ray signals in the
eastern lobe (Zealey et al. 1980; Konigl 1983; Boumis
et al. 2007). The particle number density in the fil-
aments is much higher than in the ambient medium,
which motivates us to investigate a hadronic scenario
more carefully.
In this paper, we examine both scenarios using the

multi-wavelength data, including the latest GeV data
by Fermi LAT, and discuss the scenario feasibility and
tests by future observations. We focus on the east-
ern lobe. In the western lobe, it is unclear whether
dense filaments exist close to the gamma-ray emission
region or not, and we avoid discussion of hadronic sce-
nario there. In Section 2, we construct a steady-state
one-zone model, and describe the model parameters ob-
tained from multi-wavelength observations. Our calcu-
lation results are shown in Section 3, and the analogy to
large scale jets in radio galaxies is discussed in Section 4.
We discuss the implications in Section 5 and summarize
our results in Section 6. The notation of QX = Q/10X

in cgs unit is used unless otherwise noted.

2. MODELS

2.1. Formulation

We assume that the jets of kinetic luminosity Lj dis-
sipate some of their energy at the X-ray knot, resulting
in acceleration of non-thermal particles (see Figure 1 for
schematic picture). To obtain the particle spectra at the
X-ray knot, we solve the steady state transport equation
for non-thermal particles of species i:

d

dEi

✓
� Ei

ti,cool
NEi

◆
= �NEi

tesc
+ ṄEi , (1)

where Ei is the particle energy (i =e or p), NEi is the
total number spectrum, ti,cool is the cooling time, tesc
is the escape time, and ṄEi is the injection term. This
equation has an analytic solution (see Appendix C in
Dermer & Menon 2009):

NEi =
ti,cool
Ei

Z 1

Ei

dE0
iṄE0

i
exp
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Z E0

i

Ei

ti,cool
tesc

dEi

!
.
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Figure 1. Schematic picture of our models. The jets dis-
sipate their kinetic energy at a dissipation radius, Rdis,
which accelerates non-thermal particles. The non-thermal
protons interact with ambient matter including the dense
optical filaments, producing gamma-rays through pion de-
cay. The non-thermal electrons emit gamma-rays by up-
scattering the CMB photons. We write the size of the emis-
sion region as Rknot. We consider 4 scenarios: combinations
of hadronic-dominated/leptonic-dominated and fast (dark-
grey)/slow (light-grey) advection velocity (see Table 1).

We numerically integrate this equation to obtain the
proton and electron spectra. We consider the di↵usive
shock acceleration mechanism at the knot and set the in-
jection term to be a power-law form with an exponential
cuto↵:

ṄEi = Ṅi,nor

✓
Ei

Ei,cut

◆�pinj

exp(� Ei

Ei,cut
), (3)

where Ṅi,nor is the normalization factor, pinj is the
power-law index, and Ei,cut is the cuto↵ energy de-
termined by the balance between acceleration and loss
timescales, t�1

loss = t�1
cool+ t�1

esc. We normalize the normal-
ization factor so that

R
EiṄEidEi = ✏iLj is satisfied,

where ✏i is the energy conversion factor.
We assume the same bulk velocity for the electrons

and protons. They should have the same acceleration
and di↵usion timescales at a given energy. The di↵usive
shock acceleration time is given by

tacc ⇡
20⌘Ei

3ceB�2
j

, (4)

where ⌘ is the acceleration e�ciency, B is the magnetic
field strength, and �j is the jet velocity. As the escape
processes, we consider di↵usion and advection, whose
timescales are estimated to be

tdi↵ ⇡ 3eBR2
knot

2c⌘Ei
, (5)

tadv ⇡ Rknot

Vadv
, (6)

where Rknot is the size of the knot and Vadv is the advec-

• TeVガンマ線とX線の光度比 ̶> B~10-20μG 
• 移流速度が速い場合、cooling breakが高エネルギーになる 
̶> GeVバンドで硬いスペクトル ̶> 観測と矛盾 
• 遅い移流速度の場合、冷却によりフラットなスペクトル 
̶> 広帯域スペクトルを説明可能
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2.2. Model parameters

Multi-wavelength observations of SS 433 provide use-
ful information to model the high-energy emission from
the extended jets. The jet velocity is measured to be
�j ' 0.26 at the jet base using both optical (Abell &
Margon 1979; Eikenberry et al. 2001) and X-ray data
(Marshall et al. 2002). The mass loss rate of the jet
is estimated to be Ṁj ' 5 ⇥ 10�7 M� yr�1 (Konigl
1983), which leads to the kinetic energy of the jet of
Lj ⇡ Ṁ�2

j c
2/2 ' 2 ⇥ 1039 erg s�1. The size and the

distance from the central object for the brightest X-
ray knot (e2) are 5’ and 35’, respectively (Safi-Harb &
Ögelman 1997), which correspond to Rdis ' 56 pc and
Rknot ' 8.1 pc, with the distance of dL = 5.5 kpc.
Optical observations discovered filamentary structures

coincident with the X-ray knot (Zealey et al. 1980),
where the number density can be as high as n ⇠
102 cm�3 (Konigl 1983) and the velocity is estimated
to be Vadv ⇠ 107 cm s�1 (Boumis et al. 2007). On the
other hand, Panferov (2017) estimate the mean num-
ber density in W50 to be n ⇠ 0.1 cm�3, and argue that
the jet is not significantly decelerated at the X-ray knot.
In this case, the bulk velocity of the emission region is
likely to be Vadv ⇡ �jc/4, where the factor 4 indicates
the energy dissipation by a strong shock. Since the ad-
vection velocity and the target gas density in the X-ray
knot are still largely uncertain, we examine two values of
the advection velocity: Vadv = �jc/4 ' 1.9⇥109 cm s�1

(models A & C) or Vadv = 107 cm s�1 (models B & D).
Even for the low advection velocity cases, we assume a
shock velocity of �j , because the accelerated electrons
cannot emit the observed X-rays with a lower value of
the shock velocity (see Section 3). Regarding the num-
ber density, we define the e↵ective number density as
ne↵ = ffilnfil, where nfil ⇠ 100 cm�3 and ffil ⇠ 10�3 � 1
are the number density and the volume filling factor of
the optical filaments, respectively.

3. RESULTS

We calculate the photon spectra with various values
of pinj, ✏e, B, and ne↵ to seek the parameter set that
matches the data. Since the radio map of W50 does
not indicate any clear knot-like structure (Dubner et al.
1998), we should regard the radio data as an upper limit.
Figure 1 shows the photon spectra for our models whose
parameter sets are tabulated in Table 1. For all the mod-
els, the electron synchrotron emission is responsible for
the X-ray data. The Lorentz factor of electrons emitting
the hard X-rays is estimated to be

�e,X ⇡

s
4⇡mecE�

hpeB
' 4.1⇥ 108B�1/2

�4.5

✓
E�

30 keV

◆1/2

,

(10)

Table 1. Model parameters in our hadronic scenario.

Fixed parameters

�j Lj Rknot Rdis ✏p ⌘ dL

[erg s�1] [pc] [pc] [kpc]

0.26 2⇥ 1039 8.1 56 0.1 2 5.5

Model parameters.

Model Vadv B pinj ✏e ne↵

[cm s�1] [µG] [cm�3]

A 1.9⇥ 109 32 2.0 1.0⇥ 10�3 10

B 1.0⇥ 107 36 1.6 1.5⇥ 10�4 0.2

C 1.9⇥ 109 13 2.1 5.0⇥ 10�3 0.01

D 1.0⇥ 107 18 1.6 2.0⇥ 10�4 0.01

where hp is the Planck constant. The synchrotron cool-
ing is the dominant loss process in this energy range for
all the models. Equating the synchrotron and accelera-
tion timescales, we obtain the maximum Lorentz factor
of the electrons:

�e,cut ⇡

s
9⇡e�2

j

10�TB⌘
' 2.1⇥ 109B�1/2

�4.5 ⌘
�1/2
0 . (11)

From the condition �X,e < �e,max, we obtain an upper
limit for ⌘:

⌘ ⇡ 9

20

hpe2�2
j

�TmecE�
' 27

✓
E�

30 keV

◆�1

. (12)

Thus, the particle acceleration should be very e�cient
(see also Sudoh et al. 2020). The synchrotron cut-
o↵ feature should be detected by the proposed MeV
satellites, such as e-ASTROGAM (De Angelis et al.
2017), All-sky Medium Energy Gamma-ray Observatory
(AMEGO; Moiseev & Amego Team 2017), or Gamma-
Ray and AntiMatter Survey (GRAMS; Aramaki et al.
2020), which will provide a better constraint on the value
of ⌘.
The synchrotron-cooling break energies for photons

and electrons are respectively estimated to be

E�,br ⇡
hpeB�2

e,br

4⇡mec
' 0.67B�3

�4.5V
2
adv,9.3 keV, (13)

�e,br ⇡
6⇡mecVadv

�TB2Rknot
' 6.1⇥ 107B�2

�4.5Vadv,9.3. (14)

The break energy lies between the radio and X-ray data
points, and E�,br is lower for a lower value of Vadv and
a higher value of B. A lower value of E�,br increases
the radio flux if we fix pinj and X-ray luminosity. To
avoid overshooting the radio data, a hard spectral index
is required for a lower value of Vadv. For models A and
C, pinj is consistent with the prediction by the di↵usive
shock acceleration theory (Bell 1978; Blandford & Os-
triker 1978), whereas models B and D demands a harder
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Figure 1. Schematic picture of our models. The jets dissi-
pate their kinetic energy, which accelerates non-thermal par-
ticles. The non-thermal protons interact with ambient mat-
ter including the dense optical filaments, producing gamma-
rays through pion decay. The non-thermal electrons emit
gamma-rays by up-scattering the CMB photons.

observed gamma-rays (Reynoso & Carulli 2019). The
particle number density in the optical filament is much
higher than in the ambient medium, which motivates us
to investigate a hadronic scenario more carefully.
In this paper, we examine both scenarios using the

multi-wavelength data, including the latest GeV data
by Fang et al. (2020), and discuss the model feasibil-
ity and tests by future observations. We focus on the
eastern lobe for simplicity. However, since the physical
situation and the high-energy gamma-ray spectrum are
similar, our conclusion should not change if we take into
account also the western lobe. In Section 2, we con-
struct a steady-state one-zone model, and describe the
model parameters obtained from multi-wavelength ob-
servations. Our calculation results are shown in Section
3, and the analogy to large scale jets in radio galaxies
is discussed in Section 4. We discuss the implications in
Section 5 and summarize our results in Section 6. The
notation of QX = Q/10X in cgs unit is used unless oth-
erwise noted.

2. MODELS

2.1. Formulation

We assume that the jets of kinetic luminosity Lj dis-
sipate some of their energy at the X-ray knot, resulting
in acceleration of non-thermal particles (see Figure 1 for
schematic picture). To obtain the particle spectra at the
X-ray knot, we solve the steady state transport equation
for non-thermal particles of species i:

d

dEi

✓
� Ei

ti,cool
NEi

◆
= �NEi

tesc
+ ṄEi , (1)

where Ei is the particle energy (i =e or p), NEi is the
total number spectrum, ti,cool is the cooling time, tesc

is the escape time, and ṄEi is the injection term. This
equation has an analytic solution (see Appendix C in
Dermer & Menon 2009):

NEi =
ti,cool
Ei

Z 1

Ei

dE0
iṄE0

i
exp
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i
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ti,cool
tesc

dEi

!
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(2)
We numerically integrate this equation to obtain the
proton and electron spectra. We consider the di↵usive
shock acceleration mechanism at the knot and set the in-
jection term to be a power-law form with an exponential
cuto↵:

ṄEi = Ṅi,nor

✓
Ei

Ei,cut

◆�pinj

exp(� Ei

Ei,cut
), (3)

where Ṅi,nor is the normalization factor, pinj is the
power-law index, and Ei,cut is the cuto↵ energy de-
termined by the balance between acceleration and loss
timescales, t�1

loss = t�1
cool+t�1

esc. We normalize the injection
factor so that

R
EiṄEidEi = ✏iLj is satisfied, where ✏i

is the energy conversion factor.
We assume the same bulk velocity for the electrons

and protons. They should have the same acceleration
and di↵usion timescales at a given energy. The di↵usive
shock acceleration time is given by

tacc ⇡
20⌘Ei

3ceB�2
j

, (4)

where ⌘ is the acceleration e�ciency, B is the magnetic
field strength, and �j is the jet velocity. As the escape
processes, we consider di↵usion and advection, whose
timescales are estimated to be

tdi↵ ⇡ 3eBR2
knot

2c⌘Ei
, (5)

tadv ⇡ Rknot

Vadv
, (6)

where Rknot is the size of the knot and Vadv is the advec-
tion velocity at the knot. Assuming a spherical geometry
of the emission region, the adiabatic cooling timescale is
expressed as

tadi ⇡
Rdis

Vadv
, (7)

where Rdis is the distance of the dissipation region from
the central object. Note that if the jet geometry is cylin-
drical, one can ignore the adiabatic cooling (Sudoh et al.
2020).
For the electron radiation processes, we consider syn-

chrotron and inverse Compton scattering (IC). The syn-
chrotron timescale for the species i is represented as

ti,syn ⇡ 6⇡m2
ec

3

�TB2Ei

✓
mi

me

◆2

, (8)

te,syn =
6⇡m2

ec
3

�TB2Ee
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where mi is the mass of the particle i and �T is the
Thomson cross section. We use a fitting formula (Equa-
tion [18]–[20]) in Finke et al. (2008) to calculate the
synchrotron spectrum. The IC cooling rate is estimated
using Equation (2.56) in Blumenthal & Gould (1970),
and the IC spectrum is calculated by Equation (2.48)
in Blumenthal & Gould (1970). We consider only the
cosmic-microwave background (CMB) as the target pho-
tons, since IC emission using other photon fields is sub-
dominant (Sudoh et al. 2020; Fang et al. 2020).
For the hadronic radiation processes, we consider only

the pp inelastic collisions, because other processes are
negligibly e�cient (Reynoso & Carulli 2019). The pp
cooling rate is estimated to be

t�1
pp = ne↵�ppppc, (9)

where ne↵ is the e↵ective number density (defined in
the following subsection), �pp is the pp inelastic colli-
sion cross section given in Kafexhiu et al. (2014), and
pp ⇡ 0.17 is the inelasticity for pp interaction (Kelner
et al. 2006). We use the method of Kelner et al. (2006)
to calculate the gamma-ray spectrum by pp inelastic col-
lisions.

2.2. Model parameters

Multi-wavelength observations of SS 433 provide use-
ful information to model the high-energy emission from
the extended jets. The jet velocity is measured to be
�j ' 0.26 at the jet base using both optical (Abell &
Margon 1979; Eikenberry et al. 2001) and X-ray data
(Marshall et al. 2002). The mass loss rate of the jet
is estimated to be Ṁj ' 5 ⇥ 10�7 M� yr�1 (Konigl
1983), which leads to a kinetic energy of the jet of
Lj ⇡ Ṁ�2

j c
2/2 ' 2 ⇥ 1039 erg s�1. The size and the

distance from the central object for the brightest X-
ray knot (e2) are 5’ and 35’, respectively (Safi-Harb &
Ögelman 1997), which correspond to Rdis ' 56 pc and
Rknot ' 8.1 pc, with the distance of dL = 5.5 kpc.
Optical observations discovered filamentary structures

coincident with the X-ray knot (Zealey et al. 1980),
where the number density can be as high as n ⇠
102 cm�3 (Konigl 1983) and the velocity is estimated
to be Vadv ⇠ 107 cm s�1 (Boumis et al. 2007). On the
other hand, Panferov (2017) estimate the mean number
density in W50 to be n ⇠ 0.1 cm�3, and argue that the
jet is not significantly decelerated at the X-ray knot. In
this case, the bulk velocity of the emission region is likely
to be Vadv ⇡ �jc/4, where the factor 4 indicates energy
dissipation by a strong shock. Since the advection veloc-
ity and the target gas density in the X-ray knot are still
largely uncertain, we examine two values of the advec-
tion velocity: Vadv = �jc/4 ' 1.9⇥ 109 cm s�1 (models
A & C) or Vadv = 107 cm s�1 (models B & D). Even
for the low advection velocity cases, we assume a shock

Table 1. Model parameters in our lepto-hadronic scenarios;
models A and B are hadronic-dominated, while C and D are
leptonic-dominated

Fixed parameters

�j Lj Rknot Rdis ✏p ⌘ dL

[erg s�1] [pc] [pc] [kpc]

0.26 2⇥ 1039 8.1 56 0.1 2 5.5

Model parameters.

Model Vadv B pinj ✏e ne↵

[cm s�1] [µG] [cm�3]

A 1.9⇥ 109 32 2.0 1.0⇥ 10�3 10

B 1.0⇥ 107 36 1.6 1.5⇥ 10�4 0.2

C 1.9⇥ 109 13 2.1 5.0⇥ 10�3 0.01

D 1.0⇥ 107 18 1.6 2.0⇥ 10�4 0.01

velocity of �j , because the accelerated electrons cannot
emit the observed X-rays with a lower value of the shock
velocity (see Section 3). Regarding the number density,
we define the e↵ective number density as ne↵ = ffilnfil,
where nfil ⇠ 100 cm�3 and ffil ⇠ 10�3 � 1 are the num-
ber density and the volume filling factor of the optical
filaments, respectively.

3. RESULTS

We calculate the photon spectra for various values
of pinj, ✏e, B, and ne↵ to seek the parameter set that
matches the data. Since the radio map of W50 does
not indicate any clear knot-like structure (Dubner et al.
1998), we should regard the radio data as an upper limit.
Figure 2 shows both the leptonic and hadronic contribu-
tions to the photon spectra for our models whose param-
eter sets are tabulated in Table 1. For all the models,
the electron synchrotron emission is responsible for the
X-ray data. The Lorentz factor of electrons emitting the
hard X-rays is estimated to be

�e,X ⇡

s
4⇡mecE�

hpeB
' 4.1⇥ 108B�1/2

�4.5

✓
E�

30 keV

◆1/2

,

(10)
where hp is the Planck constant. The synchrotron cool-
ing is the dominant loss process in this energy range for
all the models. Equating the synchrotron and accelera-
tion timescales, we obtain the maximum Lorentz factor
of the electrons:

�e,cut ⇡

s
9⇡e�2

j

10�TB⌘
' 2.1⇥ 109B�1/2

�4.5 ⌘
�1/2
0 . (11)

From the condition �X,e < �e,max, we obtain an upper
limit for ⌘:

⌘ ⇡ 9

20

hpe2�2
j

�TmecE�
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30 keV

◆�1

. (12)

̶>

を使うと、X線を出す電子のローレンツ因子はE�,syn =
hpeB�2

e
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where mi is the mass of the particle i and �T is the
Thomson cross section. We use a fitting formula (Equa-
tion [18]–[20]) in Finke et al. (2008) to calculate the
synchrotron spectrum. The IC cooling rate is estimated
using Equation (2.56) in Blumenthal & Gould (1970),
and the IC spectrum is calculated by Equation (2.48)
in Blumenthal & Gould (1970). We consider only the
cosmic-microwave background (CMB) as the target pho-
tons, since IC emission using other photon fields is sub-
dominant (Sudoh et al. 2020; Fang et al. 2020).
For the hadronic radiation processes, we consider only

the pp inelastic collisions, because other processes are
negligibly e�cient (Reynoso & Carulli 2019). The pp
cooling rate is estimated to be

t�1
pp = ne↵�ppppc, (9)

where ne↵ is the e↵ective number density (defined in
the following subsection), �pp is the pp inelastic colli-
sion cross section given in Kafexhiu et al. (2014), and
pp ⇡ 0.17 is the inelasticity for pp interaction (Kelner
et al. 2006). We use the method of Kelner et al. (2006)
to calculate the gamma-ray spectrum by pp inelastic col-
lisions.

2.2. Model parameters

Multi-wavelength observations of SS 433 provide use-
ful information to model the high-energy emission from
the extended jets. The jet velocity is measured to be
�j ' 0.26 at the jet base using both optical (Abell &
Margon 1979; Eikenberry et al. 2001) and X-ray data
(Marshall et al. 2002). The mass loss rate of the jet
is estimated to be Ṁj ' 5 ⇥ 10�7 M� yr�1 (Konigl
1983), which leads to a kinetic energy of the jet of
Lj ⇡ Ṁ�2

j c
2/2 ' 2 ⇥ 1039 erg s�1. The size and the

distance from the central object for the brightest X-
ray knot (e2) are 5’ and 35’, respectively (Safi-Harb &
Ögelman 1997), which correspond to Rdis ' 56 pc and
Rknot ' 8.1 pc, with the distance of dL = 5.5 kpc.
Optical observations discovered filamentary structures

coincident with the X-ray knot (Zealey et al. 1980),
where the number density can be as high as n ⇠
102 cm�3 (Konigl 1983) and the velocity is estimated
to be Vadv ⇠ 107 cm s�1 (Boumis et al. 2007). On the
other hand, Panferov (2017) estimate the mean number
density in W50 to be n ⇠ 0.1 cm�3, and argue that the
jet is not significantly decelerated at the X-ray knot. In
this case, the bulk velocity of the emission region is likely
to be Vadv ⇡ �jc/4, where the factor 4 indicates energy
dissipation by a strong shock. Since the advection veloc-
ity and the target gas density in the X-ray knot are still
largely uncertain, we examine two values of the advec-
tion velocity: Vadv = �jc/4 ' 1.9⇥ 109 cm s�1 (models
A & C) or Vadv = 107 cm s�1 (models B & D). Even
for the low advection velocity cases, we assume a shock

Table 1. Model parameters in our lepto-hadronic scenarios;
models A and B are hadronic-dominated, while C and D are
leptonic-dominated

Fixed parameters

�j Lj Rknot Rdis ✏p ⌘ dL

[erg s�1] [pc] [pc] [kpc]

0.26 2⇥ 1039 8.1 56 0.1 2 5.5

Model parameters.

Model Vadv B pinj ✏e ne↵

[cm s�1] [µG] [cm�3]

A 1.9⇥ 109 32 2.0 1.0⇥ 10�3 10

B 1.0⇥ 107 36 1.6 1.5⇥ 10�4 0.2

C 1.9⇥ 109 13 2.1 5.0⇥ 10�3 0.01

D 1.0⇥ 107 18 1.6 2.0⇥ 10�4 0.01

velocity of �j , because the accelerated electrons cannot
emit the observed X-rays with a lower value of the shock
velocity (see Section 3). Regarding the number density,
we define the e↵ective number density as ne↵ = ffilnfil,
where nfil ⇠ 100 cm�3 and ffil ⇠ 10�3 � 1 are the num-
ber density and the volume filling factor of the optical
filaments, respectively.

3. RESULTS

We calculate the photon spectra for various values
of pinj, ✏e, B, and ne↵ to seek the parameter set that
matches the data. Since the radio map of W50 does
not indicate any clear knot-like structure (Dubner et al.
1998), we should regard the radio data as an upper limit.
Figure 2 shows both the leptonic and hadronic contribu-
tions to the photon spectra for our models whose param-
eter sets are tabulated in Table 1. For all the models,
the electron synchrotron emission is responsible for the
X-ray data. The Lorentz factor of electrons emitting the
hard X-rays is estimated to be

�e,X ⇡

s
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30 keV
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(10)
where hp is the Planck constant. The synchrotron cool-
ing is the dominant loss process in this energy range for
all the models. Equating the synchrotron and accelera-
tion timescales, we obtain the maximum Lorentz factor
of the electrons:

�e,cut ⇡

s
9⇡e�2

j

10�TB⌘
' 2.1⇥ 109B�1/2
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�1/2
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From the condition �X,e < �e,max, we obtain an upper
limit for ⌘:

⌘ ⇡ 9
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• 上記二つを組み合わせると加速効率のパラメータの最大値は

Gamma-ray Emission Mechanism from SS 433 Jets 3

where mi is the mass of the particle i and �T is the
Thomson cross section. We use a fitting formula (Equa-
tion [18]–[20]) in Finke et al. (2008) to calculate the
synchrotron spectrum. The IC cooling rate is estimated
using Equation (2.56) in Blumenthal & Gould (1970),
and the IC spectrum is calculated by Equation (2.48)
in Blumenthal & Gould (1970). We consider only the
cosmic-microwave background (CMB) as the target pho-
tons, since IC emission using other photon fields is sub-
dominant (Sudoh et al. 2020; Fang et al. 2020).
For the hadronic radiation processes, we consider only

the pp inelastic collisions, because other processes are
negligibly e�cient (Reynoso & Carulli 2019). The pp
cooling rate is estimated to be

t�1
pp = ne↵�ppppc, (9)

where ne↵ is the e↵ective number density (defined in
the following subsection), �pp is the pp inelastic colli-
sion cross section given in Kafexhiu et al. (2014), and
pp ⇡ 0.17 is the inelasticity for pp interaction (Kelner
et al. 2006). We use the method of Kelner et al. (2006)
to calculate the gamma-ray spectrum by pp inelastic col-
lisions.

2.2. Model parameters

Multi-wavelength observations of SS 433 provide use-
ful information to model the high-energy emission from
the extended jets. The jet velocity is measured to be
�j ' 0.26 at the jet base using both optical (Abell &
Margon 1979; Eikenberry et al. 2001) and X-ray data
(Marshall et al. 2002). The mass loss rate of the jet
is estimated to be Ṁj ' 5 ⇥ 10�7 M� yr�1 (Konigl
1983), which leads to a kinetic energy of the jet of
Lj ⇡ Ṁ�2

j c
2/2 ' 2 ⇥ 1039 erg s�1. The size and the

distance from the central object for the brightest X-
ray knot (e2) are 5’ and 35’, respectively (Safi-Harb &
Ögelman 1997), which correspond to Rdis ' 56 pc and
Rknot ' 8.1 pc, with the distance of dL = 5.5 kpc.
Optical observations discovered filamentary structures

coincident with the X-ray knot (Zealey et al. 1980),
where the number density can be as high as n ⇠
102 cm�3 (Konigl 1983) and the velocity is estimated
to be Vadv ⇠ 107 cm s�1 (Boumis et al. 2007). On the
other hand, Panferov (2017) estimate the mean number
density in W50 to be n ⇠ 0.1 cm�3, and argue that the
jet is not significantly decelerated at the X-ray knot. In
this case, the bulk velocity of the emission region is likely
to be Vadv ⇡ �jc/4, where the factor 4 indicates energy
dissipation by a strong shock. Since the advection veloc-
ity and the target gas density in the X-ray knot are still
largely uncertain, we examine two values of the advec-
tion velocity: Vadv = �jc/4 ' 1.9⇥ 109 cm s�1 (models
A & C) or Vadv = 107 cm s�1 (models B & D). Even
for the low advection velocity cases, we assume a shock

Table 1. Model parameters in our lepto-hadronic scenarios;
models A and B are hadronic-dominated, while C and D are
leptonic-dominated

Fixed parameters

�j Lj Rknot Rdis ✏p ⌘ dL

[erg s�1] [pc] [pc] [kpc]

0.26 2⇥ 1039 8.1 56 0.1 2 5.5

Model parameters.

Model Vadv B pinj ✏e ne↵

[cm s�1] [µG] [cm�3]

A 1.9⇥ 109 32 2.0 1.0⇥ 10�3 10

B 1.0⇥ 107 36 1.6 1.5⇥ 10�4 0.2

C 1.9⇥ 109 13 2.1 5.0⇥ 10�3 0.01

D 1.0⇥ 107 18 1.6 2.0⇥ 10�4 0.01

velocity of �j , because the accelerated electrons cannot
emit the observed X-rays with a lower value of the shock
velocity (see Section 3). Regarding the number density,
we define the e↵ective number density as ne↵ = ffilnfil,
where nfil ⇠ 100 cm�3 and ffil ⇠ 10�3 � 1 are the num-
ber density and the volume filling factor of the optical
filaments, respectively.

3. RESULTS

We calculate the photon spectra for various values
of pinj, ✏e, B, and ne↵ to seek the parameter set that
matches the data. Since the radio map of W50 does
not indicate any clear knot-like structure (Dubner et al.
1998), we should regard the radio data as an upper limit.
Figure 2 shows both the leptonic and hadronic contribu-
tions to the photon spectra for our models whose param-
eter sets are tabulated in Table 1. For all the models,
the electron synchrotron emission is responsible for the
X-ray data. The Lorentz factor of electrons emitting the
hard X-rays is estimated to be

�e,X ⇡

s
4⇡mecE�

hpeB
' 4.1⇥ 108B�1/2

�4.5

✓
E�

30 keV

◆1/2

,

(10)
where hp is the Planck constant. The synchrotron cool-
ing is the dominant loss process in this energy range for
all the models. Equating the synchrotron and accelera-
tion timescales, we obtain the maximum Lorentz factor
of the electrons:

�e,cut ⇡

s
9⇡e�2

j

10�TB⌘
' 2.1⇥ 109B�1/2

�4.5 ⌘
�1/2
0 . (11)

From the condition �X,e < �e,max, we obtain an upper
limit for ⌘:

⌘ ⇡ 9
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See also Sudoh + 2019



• ニュートリノフラックスはTeV-100 TeV付付近で0.03 eV/s/cm2 
• IceCubeを10年運用でsensitivity ~ 1 eV/s/cm2 →30倍足りない  
• IceCube-Gen2は5倍大きくて各分解能が５倍良い 
→で20-30年運用すれば受けられる可能性

SS433からのニュートリノ放射
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are 5′ and 35′, respectively (Safi-Harb & Ögelman 1997), which
correspond to �R 56dis pc and �R 8.1knot pc, with a distance
of �d 5.5 kpcL .

Optical observations discovered filamentary structures located
close to the X-ray knots (Zealey et al. 1980), where the number
density can be as high as _ �n 10 cm2 3 (Konigl 1983) and the
velocity is estimated to be _ �V 10 cm sadv

7 1 (Boumis et al.
2007). On the other hand, Panferov (2017) estimates the mean
number density in W50 to be _ �n 0.1 cm 3, and argues that the
jet is not significantly decelerated at the X-ray knot. In this case,
the bulk velocity of the emission region is likely to be

CxV c 4jadv , where the factor 4 indicates energy dissipation
by a strong shock. Since the advection velocity and the target gas
density in the X-ray knot are still largely uncertain, we examine
two values of the advection velocity: �C� qV c 4 1.9jadv

�10 cm s9 1 (scenarios A and C) or � �V 10 cm sadv
7 1 (scenarios

B and D). Even for the low advection velocity cases, we assume
a shock velocity of Cj, because the accelerated electrons cannot
emit the observed X-rays with a lower value of the shock
velocity (see Section 3). Regarding the number density,
we define the effective number density as �n f neff fil fil, where

_ �n 100 cmfil
3 and –_ �f 10 1fil

4 are the number density and
the volume filling factor of the optical filaments, respectively.
Here we note that the magnetic field strength and the effective
number density are treated as independent parameters. Also,

because we assume �f 1fil in our scenarios, we should
evaluate the magnetic field strength at the X-ray knot, and the
magnetic field strength does not have to scale with the effective
density.

3. Results

We calculate the photon spectra for various values of pinj, Fe,
B, and neff to seek the parameter set that matches the data.
Since the radio map of W50 does not indicate any clear knot-
like structure (Dubner et al. 1998), we should regard the radio
data as an upper limit. We match the data by eye inspection,
and do not discuss the goodness of fit because of the
observational uncertainty and the limitation of the models.
Figure 2 shows both the leptonic and hadronic contributions to
the photon spectra for our scenarios whose parameter sets are
tabulated in Table 1. For all the scenarios, the electron
synchrotron emission is responsible for the X-ray data. The
Lorentz factor of electrons emitting the hard X-rays is
estimated to be

⎛
⎝⎜

⎞
⎠⎟ ( )�H

Q
x qH H

�
�m cE

h eB
B

E4
4.1 10

30 keV
, 10e X

e

p
,

8
4.5
1 2

1 2

where hp is the Planck constant. The synchrotron cooling is the
dominant loss process in this energy range for all the scenarios.

Figure 2. Photon spectra from the extended jets of SS 433 for scenario A (top left), B (top right), C (bottom left), and D (bottom right). The red thick solid, green thin
long-dashed, and blue thin short-dashed lines are total, hadronic, and leptonic components, respectively. The observational data are taken from Geldzahler et al. (1980)
(circle), Brinkmann et al. (2007) (triangles), Safi-Harb & Ögelman (1997) (squares), MAGIC Collaboration et al. (2018) (crosses), and Fang et al. (2020) (pluses). The
thin solid, thin dashed, and thin dotted lines are sensitivity curves for e-ASTROGAM (1 yr; De Angelis et al. 2017), CTA (50hr; Cherenkov Telescope Array
Consortium et al. 2019), and LHAASO (1 yr; Bai et al. 2019). Scenarios A, B, and D can reproduce the GeV–TeV gamma-ray data, while scenario C cannot reproduce
the Fermi data. The thin dotted–dashed lines are the muon neutrino spectra (i.e., neutrino spectra per flavor). Also, the CTA sensitivity curve is for a point source. The
TeV gamma-ray emission region in SS 433 is extended, which worsens the sensitivity.
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4.4. Jet Apparent Speeds and Comparison with Other Studies

We show the mean radial distances from the core and the
observed radial speeds of the jet components obtained by the
three methods in Table 2. We present the apparent jet speeds in
the left panel of Figure 7. The apparent speeds, in general,
increase from ≈0.3c at a distance ≈0.5 mas to ≈2.7c at
≈20 mas. However, there is nonnegligible dispersion in the
speeds at a given distance. Many of the slower speeds come
from the WISE analysis. On the contrary, the speeds of the fast
outward WISE vectors are in good agreement with the
modelfit results. This may imply that the WISE analysis
can capture both fast and slow motions existing in the M87 jet,
as already seen by Mertens et al. (2016), which is not possible
for our modelfit results because we measured a single
velocity for each jet region.

However, we cannot reject the possibility that the dispersion
is produced by potential systematic errors in the different
methods that we have applied. As previously explained in
Section 3, the first method, modelfit with circular Gaussian
components, has the advantage of a straightforward component
identification in individual epochs. However, the results can be
affected by nonnegligible residual emission in the maps, which
could not be properly modeled by only a few Gaussian

components. The second method, modelfit with point sources
and grouping of different components for cross-identification in
different epochs, is not affected by the residual jet emission.
However, it relies on visual inspection for grouping and
identification and could be quite subjective. The WISE analysis
is, on the other hand, based on statistical methods. However,
we could not figure out the origin of the dependence on SWD/
IWD scales, and we selected the results at the finest scales.
In the right panel of Figure 7, we compare our results with

other previous VLBI observations. We include the results
obtained from the data observed with relatively small sampling
intervals (e.g., 3 weeks) in more than five epochs to avoid
possible effects of a large sampling interval on the results, or
from the analysis of jet-to-counterjet brightness ratio. We
converted the observed brightness ratio in different studies into
the apparent speeds with the adopted viewing angle of 17° and
the spectral index of α=−0.7 for the inner jet (at
0.2–1.2 mas) obtained at 22–86 GHz (Hada et al. 2016). As
for the results of Mertens et al. (2016), we included the values
derived by their stacked cross-correlation analysis, which are
representatives of a large number of jet speeds derived by the
WISE analysis. Also, we present an average of the component
speeds measured at core distances greater than 1.8 mas as
reported by Walker et al. (2018).

Figure 8. Top: CLEAN image of the M87 jet observed with the VLBA on 2005 October 27 at 1.7 GHz. The gray shaded ellipse in the lower left part denotes a typical
size of the FWHM of the synthesized beam. Contours start at 1 mJy beam–1. The map is rotated clockwise by 23°. The rebrightened jet regions at ≈20, ≈65, and
≈165 mas, originally labeled as components N2, N1, and M, respectively (Reid et al. 1989), are marked. Bottom: CLEAN maps showing the region in the rectangular
box in the top panel for 19 VLBA archival data we analyzed (Section 5). The observation date in units of decimal years is noted for each map. The circular Gaussian
components fitted to the visibility data are shown with the plus signs surrounded by circles. The components with the same color in different epochs are cross-
identified as the same component.
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• AGNジェットのノットとホットスポット 
＊ ホットスポット：ジェットの先端にある明るい領域 
＊ ノット：ジェットの途中にある明るい点源 
• ノットでは 
＊ 十分な減速がない ̶> 移流速度が速い 
＊ 観測的にX線でカットオフが見えない 
 ̶> 効率的な加速（ηが小さい） 
• ホットスポットでは 
＊ 十分な減速 ̶> 移流速度が遅い 
＊ 可視赤外にカットオフ  
̶> 加速効率が悪い (ηが大きい)  
• 我々のモデルはηが小さい 
̶> 移流速度が大きいモデルが良い？

AGNジェットとの比較
20

A: Hadronic + high Vadv —> Knot 

B: Hadronic + low  Vadv —> Hotspot 

C: Leptonic + high Vadv —> Knot 

D: Leptonic + low  Vadv —> Hotspot

Gamma-ray Emission Mechanism from SS 433 Jets 7

Table 2. Consistency check for our models. Here “AGN
analog” indicates whether the value of ⌘ in our model is
consistent with those obtained from the radio galaxies’ X-
ray knots. �, 4, and ⇥ indicate consistent, marginal, and
inconsistent, respectively.

Hadronic Leptonic

Model A B C D

Knot Hotspot Knot Hotspot

HAWC data � � � �
Fermi data � � ⇥ �

Ambient density 4 � � �
AGN analog � ⇥ � ⇥

where the factor fbol ⇡ 1/ ln(Ep,max/GeV) ⇠ 1/15 is
the bolometric correction factor. The recent observa-
tions by Telescope Array Low-energy Extension (TALE)
and IceTop reported that the CR energy density at the
PeV energy is ⇠ 1⇥ 10�4 eV cm�3 (Abbasi et al. 2018;
Aartsen et al. 2019), which matches the estimate above
within an order of magnitude. Hence, Galactic X-ray
binaries may provide some contribution to the PeV CRs
(cf., Cooper et al. 2020). The lifetime of SS 433 may be
longer, tage ⇠ 105 � 106 yr (Yamamoto et al. 2008; Su
et al. 2018), and the escaping CRs can arrive at Earth if
we use tage = 106 yr. In this case, SS 433 can contribute
to the observed PeV CRs up to 6 %.

6. SUMMARY

We have examined both leptonic and hadronic models
for GeV-TeV gamma-ray emission from the SS 433 jets
in light of the recent detections by Fermi and HAWC.
The gamma-ray emission region coincides with the X-ray
knots and the optical filaments, where particle accelera-
tion should be e�cient and the target density should
be high, respectively. To obtain broadband photon
spectra, we solve the transport equations for electrons
and protons taking into account acceleration, radiative
and adiabatic cooling, and di↵usive and advective es-
cape. We fix several parameters based on the multi-
wavelength observations of the SS 433/W50 system, and
look for parameter sets with which the resulting pho-
ton spectra match the observed data. We find that

both hadronic and leptonic models can reproduce the
observed data without violating current observational
constraints. The radio to X-ray data are emitted by elec-
tron synchrotron radiation and the GeV–TeV gamma-
rays are produced by either the pion decay process or IC
emission. The spectral shapes strongly depend on the
advection timescale, and future observations by CTA
and LHAASO will provide more clues to distinguish be-
tween the models.
Finally, we summarize the feasibility of our models in

terms of the gamma-ray spectrum, the ambient number
density, and analogy to large-scale AGN jets (see Table
2). Models A, B, and D can reproduce the GeV-TeV
gamma-ray data, while the model C cannot reproduce
the Fermi data. The estimates of the ambient density in
the W50 region prefer ne↵ ⇠ 0.01�0.1 cm�3 (Safi-Harb
& Petre 1999; Panferov 2017), which is consistent with
models B, C, and D. However, the density in the optical
filaments is higher and a value for model A, ne↵ ⇠ 10,
is also acceptable there. In the large-scale jets of radio
galaxies, the knots and hotspots have low and high val-
ues of ⌘, respectively. Our models assume a low value
of ⌘, which corresponds to the values in knots where the
advection velocity is high, making models A and C suit-
able. Therefore, our hadronic model A is the most plau-
sible scenario for the high-energy gamma-ray emission
mechanism. To more solidly understand the emission
mechanism, further investigations from both the obser-
vational and theoretical sides are necessary. In particu-
lar, future MeV gamma-ray observations will clarify the
value of ⌘ and observations of > 100 TeV photons by
LHASSO or CTA may be able to discriminate between
the models.
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• マイクロクエーサーSS433のジェットからGeV-TeVガンマ線の検出 
• ハドロンモデルもレプトンモデルも観測スペクトルを説明可能 
• AGN jetとの類推から、Vadvが大きい方が良いかもしれない 
̶> ハドロンモデルが優勢か？ 
• モデルの区別にはLHAASOやCTAによる観測が重要となる

結論
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Table 2. Consistency check for our models. Here “AGN
analog” indicates whether the value of ⌘ in our model is
consistent with those obtained from the radio galaxies’ X-
ray knots. �, 4, and ⇥ indicate consistent, marginal, and
inconsistent, respectively.

Hadronic Leptonic

Model A B C D

Knot Hotspot Knot Hotspot

HAWC data � � � �
Fermi data � � ⇥ �

Ambient density 4 � � �
AGN analog � ⇥ � ⇥

where the factor fbol ⇡ 1/ ln(Ep,max/GeV) ⇠ 1/15 is
the bolometric correction factor. The recent observa-
tions by Telescope Array Low-energy Extension (TALE)
and IceTop reported that the CR energy density at the
PeV energy is ⇠ 1⇥ 10�4 eV cm�3 (Abbasi et al. 2018;
Aartsen et al. 2019), which matches the estimate above
within an order of magnitude. Hence, Galactic X-ray
binaries may provide some contribution to the PeV CRs
(cf., Cooper et al. 2020). The lifetime of SS 433 may be
longer, tage ⇠ 105 � 106 yr (Yamamoto et al. 2008; Su
et al. 2018), and the escaping CRs can arrive at Earth if
we use tage = 106 yr. In this case, SS 433 can contribute
to the observed PeV CRs up to 6 %.

6. SUMMARY

We have examined both leptonic and hadronic models
for GeV-TeV gamma-ray emission from the SS 433 jets
in light of the recent detections by Fermi and HAWC.
The gamma-ray emission region coincides with the X-ray
knots and the optical filaments, where particle accelera-
tion should be e�cient and the target density should
be high, respectively. To obtain broadband photon
spectra, we solve the transport equations for electrons
and protons taking into account acceleration, radiative
and adiabatic cooling, and di↵usive and advective es-
cape. We fix several parameters based on the multi-
wavelength observations of the SS 433/W50 system, and
look for parameter sets with which the resulting pho-
ton spectra match the observed data. We find that

both hadronic and leptonic models can reproduce the
observed data without violating current observational
constraints. The radio to X-ray data are emitted by elec-
tron synchrotron radiation and the GeV–TeV gamma-
rays are produced by either the pion decay process or IC
emission. The spectral shapes strongly depend on the
advection timescale, and future observations by CTA
and LHAASO will provide more clues to distinguish be-
tween the models.
Finally, we summarize the feasibility of our models in

terms of the gamma-ray spectrum, the ambient number
density, and analogy to large-scale AGN jets (see Table
2). Models A, B, and D can reproduce the GeV-TeV
gamma-ray data, while the model C cannot reproduce
the Fermi data. The estimates of the ambient density in
the W50 region prefer ne↵ ⇠ 0.01�0.1 cm�3 (Safi-Harb
& Petre 1999; Panferov 2017), which is consistent with
models B, C, and D. However, the density in the optical
filaments is higher and a value for model A, ne↵ ⇠ 10,
is also acceptable there. In the large-scale jets of radio
galaxies, the knots and hotspots have low and high val-
ues of ⌘, respectively. Our models assume a low value
of ⌘, which corresponds to the values in knots where the
advection velocity is high, making models A and C suit-
able. Therefore, our hadronic model A is the most plau-
sible scenario for the high-energy gamma-ray emission
mechanism. To more solidly understand the emission
mechanism, further investigations from both the obser-
vational and theoretical sides are necessary. In particu-
lar, future MeV gamma-ray observations will clarify the
value of ⌘ and observations of > 100 TeV photons by
LHASSO or CTA may be able to discriminate between
the models.
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Figure 2. Photon spectra from the extended jets of SS 433 for scenario A (top-left), B (top-right), C (bottom-left), and D
(bottom-right). The red-thick-solid, green-thin-long-dashed, and blue-thin-short-dashed lines are total, hadronic, and leptonic
components, respectively. The observational data are taken from Geldzahler et al. (1980) (circle), Brinkmann et al. (2007)
(triangles), Safi-Harb & Ögelman (1997) (squares), MAGIC Collaboration et al. (2018) (crosses) and Fang et al. (2020) (pluses).
The thin-dotted lines are sensitivity curves for e-ASTROGAM (1 yr; De Angelis et al. 2017), CTA (50 h; Cherenkov Telescope
Array Consortium et al. 2019), and LHAASO (1 yr; Bai et al. 2019). Scenarios A, B, and D can reproduce the GeV–TeV
gamma-ray data, while scenario C cannot reproduce the Fermi data. The thin-dotted-dashed lines are the muon neutrino
spectra (i.e., neutrino spectra per flaver). Also, the CTA sensitivity curve is for a point source. The TeV gamma-ray emission
region in SS 433 is extended, which worsens the sensitivity.

the goodness of fit because of the observational uncer-
tainty and the limitation of the models. Figure 2 shows
both the leptonic and hadronic contributions to the pho-
ton spectra for our scenarios whose parameter sets are
tabulated in Table 1. For all the scenarios, the electron
synchrotron emission is responsible for the X-ray data.
The Lorentz factor of electrons emitting the hard X-rays
is estimated to be

�e,X ⇡
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30 keV
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(10)
where hp is the Planck constant. The synchrotron cool-
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Figure 2. Photon spectra from the extended jets of SS 433 for scenario A (top-left), B (top-right), C (bottom-left), and D
(bottom-right). The red-thick-solid, green-thin-long-dashed, and blue-thin-short-dashed lines are total, hadronic, and leptonic
components, respectively. The observational data are taken from Geldzahler et al. (1980) (circle), Brinkmann et al. (2007)
(triangles), Safi-Harb & Ögelman (1997) (squares), MAGIC Collaboration et al. (2018) (crosses) and Fang et al. (2020) (pluses).
The thin-dotted lines are sensitivity curves for e-ASTROGAM (1 yr; De Angelis et al. 2017), CTA (50 h; Cherenkov Telescope
Array Consortium et al. 2019), and LHAASO (1 yr; Bai et al. 2019). Scenarios A, B, and D can reproduce the GeV–TeV
gamma-ray data, while scenario C cannot reproduce the Fermi data. The thin-dotted-dashed lines are the muon neutrino
spectra (i.e., neutrino spectra per flaver). Also, the CTA sensitivity curve is for a point source. The TeV gamma-ray emission
region in SS 433 is extended, which worsens the sensitivity.

the goodness of fit because of the observational uncer-
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leads to various conclusions.
The gamma-ray emission region coincides with the X-

ray knots (Safi-Harb & Ögelman 1997). It is widely
believed that high-energy electrons accelerated at the
knots emit X-rays by the synchrotron mechanism. Thus,
most previous works focus on the leptonic scenario for
the TeV gamma-ray emission mechanism (Abeysekara
et al. 2018; Xing et al. 2019; Sudoh et al. 2020; Fang
et al. 2020). However, hadronic emission could provide
a dominant contribution for the observed gamma-rays
(Reynoso & Carulli 2019). Optical filaments exist within
the angular uncertainty of the gamma-ray signals in the
eastern lobe (Zealey et al. 1980; Konigl 1983; Boumis
et al. 2007). The particle number density in the fil-
aments is much higher than in the ambient medium,
which motivates us to investigate a hadronic scenario
more carefully.
In this paper, we examine both scenarios using the

multi-wavelength data, including the latest GeV data
by Fermi LAT, and discuss the scenario feasibility and
tests by future observations. We focus on the east-
ern lobe. In the western lobe, it is unclear whether
dense filaments exist close to the gamma-ray emission
region or not, and we avoid discussion of hadronic sce-
nario there. In Section 2, we construct a steady-state
one-zone model, and describe the model parameters ob-
tained from multi-wavelength observations. Our calcu-
lation results are shown in Section 3, and the analogy to
large scale jets in radio galaxies is discussed in Section 4.
We discuss the implications in Section 5 and summarize
our results in Section 6. The notation of QX = Q/10X

in cgs unit is used unless otherwise noted.

2. MODELS

2.1. Formulation

We assume that the jets of kinetic luminosity Lj dis-
sipate some of their energy at the X-ray knot, resulting
in acceleration of non-thermal particles (see Figure 1 for
schematic picture). To obtain the particle spectra at the
X-ray knot, we solve the steady state transport equation
for non-thermal particles of species i:

d

dEi

✓
� Ei

ti,cool
NEi

◆
= �NEi

tesc
+ ṄEi , (1)

where Ei is the particle energy (i =e or p), NEi is the
total number spectrum, ti,cool is the cooling time, tesc
is the escape time, and ṄEi is the injection term. This
equation has an analytic solution (see Appendix C in
Dermer & Menon 2009):
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Figure 1. Schematic picture of our models. The jets dis-
sipate their kinetic energy at a dissipation radius, Rdis,
which accelerates non-thermal particles. The non-thermal
protons interact with ambient matter including the dense
optical filaments, producing gamma-rays through pion de-
cay. The non-thermal electrons emit gamma-rays by up-
scattering the CMB photons. We write the size of the emis-
sion region as Rknot. We consider 4 scenarios: combinations
of hadronic-dominated/leptonic-dominated and fast (dark-
grey)/slow (light-grey) advection velocity (see Table 1).

We numerically integrate this equation to obtain the
proton and electron spectra. We consider the di↵usive
shock acceleration mechanism at the knot and set the in-
jection term to be a power-law form with an exponential
cuto↵:

ṄEi = Ṅi,nor

✓
Ei

Ei,cut

◆�pinj

exp(� Ei

Ei,cut
), (3)

where Ṅi,nor is the normalization factor, pinj is the
power-law index, and Ei,cut is the cuto↵ energy de-
termined by the balance between acceleration and loss
timescales, t�1

loss = t�1
cool+ t�1

esc. We normalize the normal-
ization factor so that

R
EiṄEidEi = ✏iLj is satisfied,

where ✏i is the energy conversion factor.
We assume the same bulk velocity for the electrons

and protons. They should have the same acceleration
and di↵usion timescales at a given energy. The di↵usive
shock acceleration time is given by

tacc ⇡
20⌘Ei

3ceB�2
j

, (4)

where ⌘ is the acceleration e�ciency, B is the magnetic
field strength, and �j is the jet velocity. As the escape
processes, we consider di↵usion and advection, whose
timescales are estimated to be

tdi↵ ⇡ 3eBR2
knot

2c⌘Ei
, (5)

tadv ⇡ Rknot

Vadv
, (6)

where Rknot is the size of the knot and Vadv is the advec-
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