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Latitude:  18o59.7’N 
Longitude: 97o18.6’W

Sierra Negra volcano

• HAWC is located on the flanks of the 
Sierra Negra volcano near Puebla 

• 4,100 meters (13,500 feet) above the 
sea level

• HAWC is located on the flanks of the 
Sierra Negra volcano near Puebla

• HAWC altitude : 4100 meters above 
the sea level
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Inaugurated March 2015.

Instantaneous FOV 2sr

Daily FOV 8sr (66% of 
the sky)

Energy range:  100s GeV to 
100s TeV
 
Observing >95% of the time

Angular resolution 0.2o – 1o

345 outriggers since 2018



HAWC Water Cherenkov detectors and detection 
technique

Steel frame 
construction

3900 Water trucks 
filling the tanks

Large plastic 
bag container

8-inch 
10-inch 
PMTs

WCDs with 200,000 l of 
purified water. 

Particles from the  
shower induce 
Cherenkov light in water, 
detected by  4 PMTs.

Measure: time and light  
level in each PMT

Reconstruct: core, 
energy, direction and 
background rejection



We verified the performance of the Pass 5 reconstruction
algorithm with the observation of the Crab Nebula with a
significance of 258σ over 2565 days using on-array data and
123σ using off-array data. In both cases, we selected events
triggering specific PMT ranges to represent small, medium, and
large showers. As expected, there are significantly more events
at lower energies, but the angular resolution is worse and the
significance lower. We fit the Pass 5 log parabola spectral
energy distribution for the Crab using our three analytical
approaches and found good agreement with other experiments.
In addition, we present for the first time an energy-dependent
study of systematic uncertainties for the FHit analysis. The
three analytical approaches show a total systematic uncertainty
of 10% around 1 TeV and are bounded by ±20% in the entirety
of the energy range.
Last but not least, using the three analysis approaches, we

showed the sensitivity of the improved HAWC reconstruction
algorithm for four different decl. from overhead to 48° zenith,
where the Galactic center culminates relative to HAWC. We
confirm that the addition of off-array events improves the
sensitivity by a factor of 2 at 100 TeV. The sensitivities for
GP and NN are similar and exhibit flux thresholds smaller

Figure 11. HAWC’s quarter-decade-binned differential sensitivity as a function of the primary photon’s reconstructed energy. (a) FHit on-array events only, (b) FHit
on- and off-array events (see Section 3.3), (c) GP, and (d) NN.

Figure 12. Comparison of HAWC’s sensitivity to other gamma-ray observatories:
LHAASO (Cao et al. 2019), CTA northern and southern arrays (Zanin 2022),
VERITAS (VERITAS 2012), MAGIC (Aleksić et al. 2016), and H.E.S.S.
(adaptation by Zanin 2022). The comparison of sensitivity between different
instruments using the curves shown can only be considered approximate, as the
criteria for evaluation and the calculation methods used are not identical.
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The Astrophysical Journal, 972:144 (15pp), 2024 September 10 Albert et al.

Pass 5 
sensitivity

Improved background rejection

Better angular resolution

Improved sensitivty at hundred GeVs

https://arxiv.org/pdf/2405.06050 



Once upon a time the SNR paradigm
• Research focus : Local CR spectrum 
• Featureless CR PL spectrum up to PeVs 
• SNRs major CR contributors – energy budget and DSA 

theory working well in SNR shocks   
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below        1015 eV   -      G          challenge :   > 1015 eV 
                                                                          topmost challenge 
beyond      1018 eV -        EXG.    challenge:   > 1020  eV 

between     1015-1018 eV   transition  ???

Eun-Suk Seo

“Origin of cosmic rays remains a mystery…”  
      a standard  statement used in reviews/textbooks over many decades

G

EXG

?

PeVatrons

ZaVatrons

                                PeVatrons and ZeVatrons  -  extreme accelerators

SNR RXJ1713 SEEN BY HESS 2004-2018

 Challenges

• Cutoffs at few TeV in SNRs – CRs up to 100 TeVs

• Including B amplification from CRs - CRs up to 100 
TeV

• High precision measurements reveal multiple features 
in local CR spectrum

                                                          
2

below 1015 eV    -  Galactic;   
beyond 1018 eV   -  Extragalactic;  
1015-1018 eV     ?   Galactic/Extragalactic 

Eun-Suk Seo

Cosmic Rays from sub-GeV to 100 EeV energies 

G EXG

?

Origin of Galactic Cosmic Rays ?

structure	before	the	knee	-		
																					recent	progress

Aharonian+2019
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Supplementary Figure 10: The profile of γ-ray emissivities (per H-atom) above 10 GeV for the regions around Cygnus
OB2 (left panel) and Westerlund 1 (right panel) after subtraction of the external excess emission contained in the red
boxes in Supplementary Figure 9. The error bars contain both statistical and systematic errors.

Supplementary Figure 11: Differential spectrum of historical (left panel) and other (right panel) TeV emitting SNRs.
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Reformulating the CR paradigm

• Several classes of PeVatrons and superPeVatrons -
revealed with gs

• Research focus: investigate classes of CR sources: 
study confinement, acceleration and escape

• SNRs still viable CR sources but major 
contributors ?

  Last discovery : micro-quasars ! 

HESS 2016 HAWC 2020

HAWC 2021

LHAASO 2023

LHAASO 2024

HAWC 2024



Multi-TeV Microquasars with HAWC
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Looking for binaries with HAWC

Xiaojie Wang
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SS433 Lobes
Binary observed in radio-X-rays

Supergiant > 10 𝑀∘ and 8 𝑀∘	compact object, BH or NS

Accretion believed to be super Eddington

Barion loaded SS433 jet  : 1039-40 erg/s  

SS433 jet speed roughly c/4

Most powerful jets in the Galaxy terminate at 40 pc distance in W50 
nebula and produce western and eastern X-ray lobes

Particle acceleration & GeV-TeV radiation predicted at the lobes
Credit NASA

Credit: NRAO/AUI/NSF, K. Golap, M. Goss; 
NASA’s Wide Field Survey Explorer (WISE)



SS 433 with Fermi and IACTs

HEGRA set upper limits on the emission from e3 
(Aharonian+, 2005)

Fermi-LAT analysis revealed a persistent emission 
between 250 MeV and 800 MeV, possibly due to 
proton-proton interaction close to SS433(Bordas+,2015)

  

VERITAS has 4 s pre trial at termination regions at 
the X-ray lobe

Combined HESS-MAGIC produced only upper limits.

Gamma-rays from SS433 5
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Fig. 1.— Test Significance (TS) map above 300 MeV for the 5◦ × 5◦ ROI around the nominal position of SS433, with pixel size
corresponding to 0.1◦ × 0.1◦. Sources included in the 3 ndFermi-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.
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Fig. 2.— Phase-folded gamma-ray light-curve on the orbital and precession period of the system (P = 13.15 and 162.4 days, respectively).
Ephemeris by Gies et al. (2002) have been employed. No statistically significant signature of flux modulation is observed, with a constant
fit to the data yielding χ2/d.o.f of 0.60/4 and 2.27/4 for the orbital and precession phase-folded light-curves, respectively.

F. Aharonian et al.: TeV observations of SS-433 and surrounding field 641
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Fig. 5. For the SS-433 region: comparison of the daily excess signifi-
cance from HEGRA IACT-System data, X-ray (RXTE ASM) and ra-
dio (Green Bank Interferometer and RATAN 600) light curves.
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Fig. 6. Skymap of exp-test significance from Prahl (1999) over the
FoV (range and binning are the same as in Fig. 4 using the en-
tire dataset. The 1D distribution of significances is well fitted by a
Gaussian of mean µ = 0.024 ± 0.0007 and std. dev. σ = 0.965 ±
0.005.

4. Discussion and conclusions

We have performed a search for TeV γ-ray emission from
SS-433 and associated objects, 23 pulsars, three SNR and
the unidentified EGRET source GeV J1907+0557 with the
HEGRA IACT-System. No evidence for steady or variable TeV
emission has been seen and we discuss here some implications
of the upper limits obtained.

Concerning the e3 region of SS-433, the inverse-Compton
emission predicted by AA lies in the range 10−12 to
10−11 erg cm−2 s−1. The radio spectral index at α ∼ 0.5
(Downes et al. 1986) (a value of α ∼ 0.68 is calculated by

HEGRA IACT−System

Fig. 7. Integral flux of inverse-Compton emission expected from
the SS-433/W50 eastern lobe e3 region for different source radii
(Aharonian & Atoyan 1998): 0.1◦ (dot-dashed), 0.25◦ (solid, actual
radio “ear” size), 0.5◦ (dashed) and 2.0◦ (dotted). Our upper limit is
included and assumes a source radius of 0.25◦ (ie. to be compared
with the solid line). The increasing predicted flux with opening angle
results from the fact that the IC emission is actually emitted over a
considerably wider solid angle, reflecting the ubiquitous nature of the
CMB target photon field.

Dubner 2000; see also Dubner et al. 1998) and spatial correla-
tion of the radio and X-ray fluxes support the notion that dif-
fusive shock acceleration of electrons to TeV energies is tak-
ing place at e3. AA find that an electron injection spectrum
of the form N(E) ∼ E−2 exp(−E/7 TeV) fits the radio and
X-ray fluxes well. Determination of the electron injection rate
is linked to the B-field (in this model, considered a free pa-
rameter) since the radio flux ∝B1.5Le where Le (erg s−1) is the
injection power of electrons. AA also consider a number of
source sizes, concluding that the measured size of the radio
lobe corresponding to e3, of radius ∼0.25◦, is consistent with
a diffusion coefficient implied from cosmic-ray flux transport
in the galactic disk. A comparison of our upper limit for e3
F(E > 0.8 TeV) <8.93 × 10−13 ph cm−2 s−1 with the predic-
tions of AA (for various source sizes) is presented in Fig. 7. Our
upper limit constrains somewhat the prediction of AA assum-
ing a source radius of 0.25◦, a B-field of 10 µG, and injection
rate of Le = 1038 erg s−1. Using the direct relationship between
the expected IC ( fγ) and X-ray energy fluxes ( fx) arising from
the same electrons (Eq. (1)) we can establish a condition on the
post-shocked magnetic field B of the e3 region. The mathemat-
ical caveat here is that the corresponding energy range in the
TeV and keV regimes must be adhered to and that we assume
that the emission regions of both components have the same
size as in the model of AA. The IC (E TeV) and X-ray (ε keV)
synchrotron energies in Eq. (1) are coupled according to Eq. (2)
(Aharonian et al. 1997), so that a comparison of the γ-ray en-
ergy flux fγ in the range E ∼ 0.8 to 10 TeV with the X-ray
energy flux in the range ε ∼ 0.1 to 2.4 keV (Lx(0.1−2.4 keV)
∼2.3 × 1035 erg s−1 or 6.35 × 10−11 erg cm−2 s−1 at 5.5 kpc)
will yield an appropriate value of B ∼ 10 to 100 µG expected
after shock compression. In estimating fγ we also assumed a
differential photon index of −3.7 which is the same as that for



SS-433 Lobes with HAWC

• The first micro-quasar HAWC detected 
•  1017 days of HAWC observations 
•  Post-trial 5.4 σ 
• Emission coincident with e1 and w1

Figure 1: VHE �-ray image of the SS 433/W50 region. The color 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 �-ray excess measured after the fitting and subtraction of �-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.

In 1017 days of measurements with HAWC, an excess of � rays with a post-trials significance
of 5.4� has been observed in a joint fit of the eastern and western interaction regions of the jets of
SS 433. The emission is plotted in galactic coordinates in Fig. 1, which includes an overlay of the
X-ray observations of the jets and the central binary. The �-ray emission is spatially coincident
with the X-ray hotspots w1 and e1; no significant emission is observed at the location of the central
binary where the jets are produced.

Spatial and spectral fits to SS 433 are performed in a semicircular region of interest (RoI)
designed to mask out diffuse emission from the Galactic Plane. The RoI also removes significant
spatially extended emission from the nearby �-ray source MGRO J1908+06. The spatial distribu-
tion and spectrum of � rays from MGRO J1908+06 are fit using an electron diffusion model 23, and
point-like sources centered on e1 and w1 are fit on top of this extended emission. As a system-
atic check, the regions are also fit 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.

3

Nature, HAWC Coll 2018

affects the best-fit fluxes from e1 and w1 at the level of ±20%. We adopt this value as a systematic
uncertainty on the flux from w1 and e1 due to VHE emission from the nearby extended source.

Extended Data Figure 1: VHE � rays from MGRO J1908+06 and SS 433/W50. The color scale indicates the
statistical significance of the excess counts above background before accounting for statistical trials. Left panel: the
bright extended �-ray source MGRO J1908+06 is shown at the center of the image and SS 433/W50 at the bottom.
The dark contours show X-ray emission from SS 433 and its jets 41. The semicircular area indicates the region of
interest used to fit the �-ray observations. Right panel: The figure shows the �-ray excess measured after the fitting
and subtraction of �-rays from the spatially extended source MGRO J1908+06. The dashed box indicates the region
shown in Fig. 1. 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 dark lines show the contours of X-ray emission observed from this system.

Contamination from Galactic Diffuse Emission The e1 and w1 regions are located roughly 2�

from the Galactic plane, so the contamination from the Galactic diffuse emission (GDE) is negli-
gible. However, MGRO J1908+06 has a Galactic latitude of ⇠ 1�. Since the three spatial models
used to fit MGRO J1908+06 are radially symmetric, the presence of GDE has the potential to pro-
duce an overestimate in the flux from MGRO J1908+06, which could result in an underestimate in
the flux measured from w1 and e1. To minimize the effect of the GDE on the fit, the RoI is defined
to be a semicircular region centered on the position of MGRO J1908+06 (Extended Data Fig. 1).
The RoI is designed to reduce the effect of GDE by excluding the half of the source closest to the
Galactic plane.

To estimate the systematic uncertainties associated with the choice of RoI and possible con-
tamination from GDE, a second maximum likelihood fit is performed using a full-disk RoI which
includes GDE, emission from MGRO J1908+06, and w1 and e1. The spatial distribution of the
GDE is modeled with a Gaussian profile of three different widths of 0.5�, 1�, and 2� in Galactic

13
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SS-433 lobes with HAWC
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• HAWC emission shows that powerful jets accelerate 
particles beyond 100 TeV

•  Combining g and X-rays B~16	𝜇G

HAWC Coll Nature 2018

Energy Budget :

~0.5% of jet power into electron acceleration

~100% of jet energy over 30000 years lifetime of SS 433 
for accelerating protons of at least 250 TeV if n=0.1 cm-3 

Nature, HAWC Coll 2018



• 1922 days of data

• Better Reconstruction

• Increased significance

• Individual analysis

• Lobe spectra reach 100 TeV 

8

West jet only after subtract emission 
from adjacent MGRO J1908 +06

Recent Updates from SS 433

• 1910 days of data 

• Better Reconstruction algorithm  

• More separate with MGRO J1908 +06  

• Lobs have enough significance to do the individual analysis 

• The spectrum from both jets reaching 100 TeV 

• See more details in Chang’s Talk (Wed, Aug 28, 2:45 pm 
161 ERC ) 

•

CREDIT: Science Communication Lab for MPIK/H.E.S.S.
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West jet only after subtract emission 
from adjacent MGRO J1908 +06

Recent Updates from SS 433

• 1910 days of data 

• Better Reconstruction algorithm  

• More separate with MGRO J1908 +06  

• Lobs have enough significance to do the individual analysis 

• The spectrum from both jets reaching 100 TeV 

• See more details in Chang’s Talk (Wed, Aug 28, 2:45 pm 
161 ERC ) 

•

CREDIT: Science Communication Lab for MPIK/H.E.S.S.

SS 433 lobes 
with Pass5

Spectrum of the west lobe

HAWC 2024



SS 433 energy -
dependent
morphology

Already discussed by Laura 

HESS Coll Science 2022



Hard Xray obs of the inner eastern lobe of  W50

cosmic-ray acceleration in a jet source: a Galactic PeVatron
candidate (Safi-Harb & Petre 1999; Aharonian et al. 2005).
This motivated the search for high-energy, gamma-ray
emission from the source using the Major Atmospheric Gamma
Imaging Cherenkov telescopes (MAGIC) and the High Energy
Spectroscopic System (H.E.S.S.) (MAGIC Collaboration et al.
2018), as well as the Very Energetic Radiation Imaging
Telescope Array System (VERITAS; Kar & VERITAS
Collaboration 2017), leading to upper limits on TeV emission
from the system. The PeVatron scenario has been more
recently revived with the discovery of TeV emission with the
High Altitude Water Cherenkov (HAWC) Observatory (Abey-
sekara et al. 2018) whose peak lies close to the “e1” region.
Furthermore, a recent joint Fermi-LAT and HAWC analysis
(Fang et al. 2020 and references therein) finds common
emission sites of GeV-to-TeV γ-rays inside the eastern and
western lobes of SS 433. Despite the surge of gamma-ray
studies and multiwavelength spectral energy distribution (SED)
modeling of this system, the origin of the hard(est) X-ray
emission, its extent/compactness, and steepness of its spectrum
remain unknown.

In this paper, we present the first joint NuSTAR and XMM-
Newton study of the inner eastern lobe of W50 to probe the
properties of the hard X-ray emission and thus address the
particle acceleration process(es) powering this Galactic PeVa-
tron candidate. Combining new and archival XMM-Newton
data and Chandra, we also present the first XMM-Newton
coverage of the full eastern jet extending from SS 433 out to the
radio “ear,” as well as the first Chandra coverage of the
innermost X-ray emitting region.

2. Observations

Three main X-ray emitting regions in the eastern lobe of
W50 are defined in Safi-Harb & Ögelman (1997) and labeled
“e1,” “e2,” and “e3”, centered at 24′, 35′, and 60′ east of SS
433, respectively. For d⊕= 5.5 kpc, these correspond to a
projected distance from SS 433 of 38 pc, 56 pc, and 96 pc,
respectively. In the following, we describe new NuSTAR and
XMM-Newton observations targeting region “e1” along with
an archival XMM-Newton observation of “e2” and “e3”
(Brinkmann et al. 2007). A Chandra observation of SS 433
(Migliari et al. 2002) serendipitously covered a portion of “e1.”
Summary images that outline these regions are shown in
Figure 2. A list of the X-ray observations used in this study is
presented in Table 1.

2.1. NuSTAR

NuSTAR observed the inner eastern lobe region, targeting
region “e1,” on 2019 December 1. NuSTAR consists of two
coaligned X-ray telescopes coupled with focal plane detector
modules FPMA and FPMB (Harrison et al. 2013). These are
sensitive to X-rays in the 3−79 keV band, with a characteristic
spectral resolution of 400 eV FWHM at 10 keV. The multinested
foil mirrors provide 18″ FWHM (58″ HPD) imaging resolution
over a ¢ ´ ¢12.2 12.2 FoV. NuSTAR data were processed and
analyzed using FTOOLS (HEAsoft 6.28) with NuSTAR Calibra-
tion Database (CALDB) files of 2021 January 5. The resulting
data set provides a total of 109 ks, with 32 ks on a nearby off-
source background field. For all subsequent analysis we merged
data from the two focal plane module (FPM) detectors. Images
and exposure maps were generated following the standard

Figure 1. Multiwavelength image of the W50 nebula. Red: radio (Dubner et al. 1998); green: optical (Boumis et al. 2007); yellow: soft X-rays (0.5–1 keV); magenta:
medium energy X-rays (1–2 keV); cyan: hard X-ray emission (2–12 keV). The eastern lobe X-ray image highlights the XMM-Newton data presented in this work
(with the brightening at the edge of the FoV cropped here to highlight the source emission). The western lobe X-ray image shows only partial Chandra coverage of part
of the nebula (Moldowan et al. 2005); additional X-ray observations of this and other regions are currently being carried out and will be presented in future work.
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cosmic-ray acceleration in a jet source: a Galactic PeVatron
candidate (Safi-Harb & Petre 1999; Aharonian et al. 2005).
This motivated the search for high-energy, gamma-ray
emission from the source using the Major Atmospheric Gamma
Imaging Cherenkov telescopes (MAGIC) and the High Energy
Spectroscopic System (H.E.S.S.) (MAGIC Collaboration et al.
2018), as well as the Very Energetic Radiation Imaging
Telescope Array System (VERITAS; Kar & VERITAS
Collaboration 2017), leading to upper limits on TeV emission
from the system. The PeVatron scenario has been more
recently revived with the discovery of TeV emission with the
High Altitude Water Cherenkov (HAWC) Observatory (Abey-
sekara et al. 2018) whose peak lies close to the “e1” region.
Furthermore, a recent joint Fermi-LAT and HAWC analysis
(Fang et al. 2020 and references therein) finds common
emission sites of GeV-to-TeV γ-rays inside the eastern and
western lobes of SS 433. Despite the surge of gamma-ray
studies and multiwavelength spectral energy distribution (SED)
modeling of this system, the origin of the hard(est) X-ray
emission, its extent/compactness, and steepness of its spectrum
remain unknown.

In this paper, we present the first joint NuSTAR and XMM-
Newton study of the inner eastern lobe of W50 to probe the
properties of the hard X-ray emission and thus address the
particle acceleration process(es) powering this Galactic PeVa-
tron candidate. Combining new and archival XMM-Newton
data and Chandra, we also present the first XMM-Newton
coverage of the full eastern jet extending from SS 433 out to the
radio “ear,” as well as the first Chandra coverage of the
innermost X-ray emitting region.
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Three main X-ray emitting regions in the eastern lobe of
W50 are defined in Safi-Harb & Ögelman (1997) and labeled
“e1,” “e2,” and “e3”, centered at 24′, 35′, and 60′ east of SS
433, respectively. For d⊕= 5.5 kpc, these correspond to a
projected distance from SS 433 of 38 pc, 56 pc, and 96 pc,
respectively. In the following, we describe new NuSTAR and
XMM-Newton observations targeting region “e1” along with
an archival XMM-Newton observation of “e2” and “e3”
(Brinkmann et al. 2007). A Chandra observation of SS 433
(Migliari et al. 2002) serendipitously covered a portion of “e1.”
Summary images that outline these regions are shown in
Figure 2. A list of the X-ray observations used in this study is
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coaligned X-ray telescopes coupled with focal plane detector
modules FPMA and FPMB (Harrison et al. 2013). These are
sensitive to X-rays in the 3−79 keV band, with a characteristic
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over a ¢ ´ ¢12.2 12.2 FoV. NuSTAR data were processed and
analyzed using FTOOLS (HEAsoft 6.28) with NuSTAR Calibra-
tion Database (CALDB) files of 2021 January 5. The resulting
data set provides a total of 109 ks, with 32 ks on a nearby off-
source background field. For all subsequent analysis we merged
data from the two focal plane module (FPM) detectors. Images
and exposure maps were generated following the standard

Figure 1. Multiwavelength image of the W50 nebula. Red: radio (Dubner et al. 1998); green: optical (Boumis et al. 2007); yellow: soft X-rays (0.5–1 keV); magenta:
medium energy X-rays (1–2 keV); cyan: hard X-ray emission (2–12 keV). The eastern lobe X-ray image highlights the XMM-Newton data presented in this work
(with the brightening at the edge of the FoV cropped here to highlight the source emission). The western lobe X-ray image shows only partial Chandra coverage of part
of the nebula (Moldowan et al. 2005); additional X-ray observations of this and other regions are currently being carried out and will be presented in future work.
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Red: radio (Dubner et al. 1998); green: optical (Boumis et al. 2007); yellow: soft X-rays (0.5–
1 keV); magenta: medium energy X-rays (1–2 keV); cyan: hard X-ray emission (2–12 keV). 
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•  Transient X-ray binary first detected flares in 1999 
•  X-ray flux reached 12.2 Crab in 8 hr
• Arcsec radio jets inclined < 16o  (VLA) 
• Black-hole  6.4 M⊙ (MacDonald+2014)
• B-star companion  2.9  M⊙ 
• Orbital period 2.8 d, distance 6.2  kpc
• Super-Eddington accretion – LEddington ~ 1039erg
• Superluminal jets - apparent expansion speed 9.5c 
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What We Know About V4641 Sgr

• Consist of a 6.4  black hole and ~2.9  
companion star 

• Distance: 6.6 kpc 

• Orbit period: ~2.8 day 

• Jet inclination: <16°

M⊙ M⊙

• Outburst in September 1999, X-ray flux reach up 
to 12.2 Crab in 8 hours 

• Radio jet-like structure observed by the Very 
Large Array (VLA) 

• X-ray observation focus on the outbursts 

• MAXI has long term light curve provide 

• H.E.S.S. yields upper-limit with 1.7 hour 
observation in 2008

Credit: (R.M. Hjellming, NRAO, VLA, Associated Universities, Inc.)

MAXI Light curve of the V4641 Sgr

V4641 Sgr

MAXI LONG TERM
OBSERVATIONS



• X-ray observations focused on X-ray 
outbursts happening roughly every two years

• What about quiescent state ?

• Quiescent state 0.3- 8 keV luminosity 

4.0 × 1031 (d/7 kpc)2 ergs s-1 (Tomsick+2003)

• In optical wavelengths V4641 Sgr 85% 
quiescent state and 15% active state 
(MacDonald+2014)

Chandra Observations of V4641 Sgr in quiescent state 

Tomsick et al, 2003



VHE Photons coincident with V4641 Sgr

• 2400 days obs
• High zenith angle for HAWC   - 45o off zenith
• 8.8σ above 1 TeV and  5.2σ above 100 TeV

19

(a) (b)

Figure 1: Significance map around the V4641 Sgr region. (a): For events with measured energy greater than 1 TeV.
The value TS refers to the likelihood ratio test statistic described in Equation 1 in the Methods section. The green
contours indicating significance are mapped to

p
TS values ranging from 4.5 to 8.5, increasing inwards at intervals of

one from the outermost contour to the innermost. The black stars represent the best-fit locations from the model with
two point sources. (b): Significance map (of the same region) including only events with measured energy greater
than 100 TeV. The white circle represents the angular resolution at a radius corresponding to 68% event containment
(0.17�) at this energy range. The V4641 Sgr location is taken from Ref. 4. These significance maps are made by
assuming a point-source hypothesis and a power-law spectrum with the best-fit index ↵ = �2.2.

Source Name R.A. [�] Dec. [�] N0 [⇥10�16cm�2TeV�1s�1] Index (↵) Extension upper limit
at 95% CL [�]

Physical distance to the black hole
(distance: 6.6 kpc)

Southern 274.82± 0.04 �25.87± 0.03 2.4+0.6
�0.5(stat.)

+0.2
�0.5(syst.) �2.2± 0.2(stat.)+0.07

�0.02(syst.) 0.23 0.46� ⇠ 55 pc

Northern 274.82± 0.03 �25.18± 0.02 2.6+0.5
�0.4(stat.)± 0.4(syst.) �2.2± 0.2(stat.)+0.07

�0.05(syst.) 0.17 0.23� ⇠ 30 pc

Table 1: Best-fit parameters for a model with two point sources; the optimal pivot energy, E0, is 47 TeV for both
sources.
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HAWC, Nature 2024
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30pc 



Figure 2: Differential spectrum weighted by E2 for the northern and southern sources in a model with two point
sources and for the asymmetric extended source in a model with a single asymmetric extended source. The shaded
regions indicate the best-fit spectra and 1� statistical uncertainties when fitting a single-power-law model to the data
from 10 to >200 TeV. The markers correspond to the best-fit values and their 1� statistical uncertainties obtained when
fitting a single-power-law model to data in individual energy bins. The chosen energy range for plotting the spectrum
is specified in Methods.
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Spectra and morphology of the lobes

• Morphology:  two sources (8,1 s and 
6.8 s) or a roughly 70 pc extended one 

• PL spectra up to 220 TeV 

• No time flux variations 

HAWC Collaboration, Nature 2024
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Figure 1: Significance map around the V4641 Sgr region. (a): For events with measured energy greater than 1 TeV.
The value TS refers to the likelihood ratio test statistic described in Equation 1 in the Methods section. The green
contours indicating significance are mapped to

p
TS values ranging from 4.5 to 8.5, increasing inwards at intervals of

one from the outermost contour to the innermost. The black stars represent the best-fit locations from the model with
two point sources. (b): Significance map (of the same region) including only events with measured energy greater
than 100 TeV. The white circle represents the angular resolution at a radius corresponding to 68% event containment
(0.17�) at this energy range. The V4641 Sgr location is taken from Ref. 4. These significance maps are made by
assuming a point-source hypothesis and a power-law spectrum with the best-fit index ↵ = �2.2.

Source Name R.A. [�] Dec. [�] N0 [⇥10�16cm�2TeV�1s�1] Index (↵) Extension upper limit
at 95% CL [�]

Physical distance to the black hole
(distance: 6.6 kpc)

Southern 274.82± 0.04 �25.87± 0.03 2.4+0.6
�0.5(stat.)

+0.2
�0.5(syst.) �2.2± 0.2(stat.)+0.07

�0.02(syst.) 0.23 0.46� ⇠ 55 pc

Northern 274.82± 0.03 �25.18± 0.02 2.6+0.5
�0.4(stat.)± 0.4(syst.) �2.2± 0.2(stat.)+0.07

�0.05(syst.) 0.17 0.23� ⇠ 30 pc

Table 1: Best-fit parameters for a model with two point sources; the optimal pivot energy, E0, is 47 TeV for both
sources.
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Origin of the emission 

• Electrons of at least 200 TeV at 
the termination shocks

• PeV protons at the termination 
shocks where jets impact ISM

To obtain a realistic estimate of the gas density in the region of 
V4641 Sgr, we need to integrate the gas survey cubes over the range 
of velocities corresponding to the distance of V4641 Sgr and then divide 
by the velocity interval. The V4641 Sgr distance of 6.6 kpc roughly 
corresponds to a velocity of 90–100 km s−1 according to the galactic 
rotation velocity curve66. Integrating the HI spectra over a range of 
velocities between 70 km s−1 and 120 km s−1 (this spread in velocities 
includes, for instance, possible internal turbulent motions of the gas), 
the first momenta yield NH = 7.4 × 1019 cm−2 and NH = 3.9 × 1019 cm−2 for 
the southern and northern lobes, respectively. We also examined the 
molecular gas distribution at the locations of the two HAWC lobes 
by integrating the molecular hydrogen cubes over the velocity range 
70–120 km s−1 (refs. 61,62). As far as the molecular hydrogen is con-
cerned, the maps contain high levels of background fluctuation noise 
such that we cannot confirm the presence of any emission from hadrons 
colliding off molecular hydrogen targets.

Assuming a radius of approximately 20 pc for each lobe from an 
upper limit of 0.2° at the 95% confidence level for the Gaussian width 
of the sources, the gas density, n, is 1 cm−3 and 0.5 cm−3 for the south 
and north lobes, respectively.

VHE emission owing to hadronic interactions
In the hadronic scenario, the interaction of high-energy protons with 
the surrounding gas in the source leads to the production of gamma 
rays through the decay process π0 → γγ. The acceleration of protons can 
occur at the termination shock, at which the jets collide with the ISM, or 
along the jet itself, allowing them to be transported to the lobe region. 
An upper limit on the diameter of the two lobes in the two-source model, 
l ≈ 40 pc, is used to calculate the escape time. If we account for particle 
escape, the energy budget channelled in the accelerated proton popula-
tion depends on the ratio between the particle (pp) cooling time and the 
escape time from the two lobes, tpp/tesc. The pp cooling time is defined 
as tpp = 1/(nσppc) ≈ 1.6 × 1015(n/1 cm−3)−1 s, in which σpp is the cross-section 
for pp interactions67. The escape time, tesc ≈ l2/(2D(E)), in which l is the 
source size, depends on the transport regime, D(E). If we assume the 
diffusion at 1 PeV proceeds as inferred at GeV energies from the galactic 
secondary ratio, with D(1 PeV) = ηD0 ≈ η (3 × 1030) cm2 s−1, then the escape 
time may be described as tesc ≈ 3 × 109/η/(D0/(3 × 1030) cm2 s−1) s. Under 
this scenario, the energy budget required in accelerated protons above 
1 PeV (1-PeV protons produce roughly 100–200-TeV photons) would be 
around 100% of the Eddington luminosity,
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in which n is the ambient gas density and Lγ = 9.13–9.50 × 1033 erg s−1 
for the north and south lobes, respectively. Transport could pro-
ceed in a slower (η < 1) or faster (η > 1) way with respect to the galactic 
diffusion, D0, derived from the cosmic-ray secondary ratio at GeV 
energies. Cosmic-ray transport in acceleration sites might also pro-
ceed much more slowly—in the extreme Bohm diffusion regime, tesc ≃  
4 × 103(E/1 PeV)−1 years, in which the energy needed to be channelled 
into protons would be a small fraction of the Eddington luminosity.

VHE emission owing to leptonic interactions
In the leptonic scenario, when assuming that the continuously accel-
erated electrons follow a differential-power-law spectrum extending 
up to at least 200 TeV, the northern and southern gamma-ray sources 
may be produced by electrons with an energy budget of 7 × 1046 erg 
above 20 TeV in total. The fraction of the energy of electrons released 
in inverse Compton scattering and not lost to synchrotron cooling is 
determined by the ratio of the energy density of the magnetic field 
(proportional to B2) to the energy density of target photons, such that 

the expected luminosity in hard X-rays from the HAWC lobes should 
be ( ) ( )L L(>few keV) ≈ (>1 TeV) ≈ (3 − 4) × 10 erg sX

B
G

B
GTeV 3 µ

2
34

3 µ

2
−1. We  

note that this estimation assumes that the energy density of target 
photons is dominated by the cosmic microwave background, although 
the assumption may not be true in a small region close to the binary. 
Also, electron cooling may affect the electron spectrum and hence the 
expected X-ray luminosity.

Data availability
The datasets analysed during this study are available at a public 
repository maintained by the HAWC Collaboration (https://data.hawc- 
observatory.org).

Code availability
The study was carried out using the Multi-Mission Maximum Likelihood 
(3ML) HAWC Accelerated Likelihood (HAL) framework developed by 
the HAWC Collaboration. The software is open source and publicly 
available on Github at https://github.com/threeML/hawc_hal. The code 
distribution includes instructions on installation and use.
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a Gaussian spatial template to the data around each source over the 
entire energy range. For comparison, the HAWC point-spread function 
at the declination of the source is 0.2° at energies greater than 30 TeV. 
The angular separations between the binary and the northern and 
southern gamma-ray sources are 0.23° and 0.46°, which correspond 
to about 30 pc and about 55 pc, respectively, when assuming a source 
distance of 6.6 kpc (ref. 4). When adopting a single-source model, we 
find that a point-like source template is disfavoured at 8.3σ with respect 
to an asymmetric extended-source template. The extension of the 

asymmetric source is found to be 0.54°, corresponding to about 70 pc. 
This is much larger than the size of the binary system, implying that 
the gamma-ray emission comes from a region more extended than 
the central binary.

Under the model with two point sources from a physically grounded 
perspective, the excess spectrum extends up to 217 TeV without any 
observable indication of a cut-off (for the best-fit results of the model 
with a single asymmetric extended source, see Methods). The spectrum 
above 1 TeV is best described by a power law, dN/dE = N0(E/E0)α, in which 
E0 = 47 TeV is selected to minimize the correlation between parameters 
owing to the choice of the spectral model. Table 1 lists the best-fit val-
ues of N0 and α for the northern and southern sources. We note that 
the exceptionally hard spectrum, α = −2.2, makes V4641 Sgr one of the 
hardest ultra-high-energy sources ever measured. Figure 2 compares 
the spectra of the two sources. Despite being 0.69 ± 0.04° (about 80 pc) 
away from each other, the two sources present almost identical flux 
amplitudes and spectral indices, hinting that they probably share a 
common origin. Considering that no other plausible multiwavelength 
counterparts can be identified and that the two point-like sources 
present remarkably similar spectra while being physically distant, 
the origin of the HAWC excess is probably connected to V4641 Sgr and 
could be because of persistent large-scale outflows from the system, 
each of which we refer to as a bubble.

Interaction of large-scale jets with the interstellar medium (ISM) may 
induce high-energy radiation. So far, SS 433 is the only microquasar with 
very-high-energy (VHE; 0.1–100 TeV) gamma-ray emission observed 
from the lobes1,2. At a distance of 6.6 kpc for V4641 Sgr, the physical 
separation between each of the two sources and the central object is 
on the order of tens of parsecs. Our observation implies that V4641 Sgr 
could be closely analogous to SS 433 (ref. 1), which has long been pro-
posed, based on optical and X-ray observations of the flares11–13. The 
ratio of the TeV gamma-ray power and the Eddington luminosity of this 
source is an order of magnitude higher than that of SS 433, suggesting 
that large-scale outflows from microquasars may carry high kinetic 
power and be efficient particle accelerators.

Persistent VHE gamma-ray emission from microquasars can be 
expected from accelerated electrons inverse Compton scattering off 
low-energy photons (leptonic scenario) and/or from the decay of neu-
tral pions, which are produced by the interaction of protons and nuclei 
(hadronic scenario)14,15.

A leptonic scenario is challenging for the following reasons. First, a 
fast outflow is needed to accelerate electrons to 200 TeV and above. 
The acceleration time, tacc ≈ 10DB(Ee)/vsh

2, needs to be shorter than the 
cooling time owing to synchrotron radiation in a magnetic field B, 
tcooling ≈ 600(Ee/200 TeV)−1(B/10 µG)−2 years, yielding a shock velocity, 
vsh/c > 0.02(Ee/200 TeV)(B/10 µG)1/2. Here DB(Ee) = RLc/3 is the Bohm dif-
fusion coefficient and RL is the Larmor radius of the particle. Second, 
electrons at such high energies cool so quickly that they can barely travel 
over 100 pc. The cooling time is much shorter than the diffusion time, 
R2/(2D) ≈ 1,000/η years, in which R ≈ 100 pc, D(200 TeV) ≈ η1030 cm2 s−1 
and η ≪ 1. For these evaluations, we have used a magnetic field strength 
comparable with that in the jets of SS 433 (ref. 1). Future X-ray observa-
tions of the VHE emission site are needed to constrain the field strength.

In the hadronic scenario, protons are accelerated to PeV energies 
and interact with the ambient gas, producing neutral pions that quickly 
decay into gamma rays. Extended Data Fig. 3 shows the gas distribution 
near the gamma-ray excess detected by HAWC. To account for both 
the southern and northern HAWC sources, we require a total proton 
energy Wp ≈ 1 × 1050 erg for these two sources. The protons could be 
accelerated at the termination shock, at which the jets interact with 
the ISM, or along the jets and subsequently transported to the HAWC 
sources. We assume that each HAWC source has a radius of 20 pc, which 
corresponds to the upper limit on the source radius of 0.2° at the 95% 
confidence level, and consider escape owing to diffusion for two cases: 
diffusion as inferred at GeV energies from the cosmic-ray secondaries 
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Fig. 1 | Significance map around the V4641 Sgr region. a, For events with 
measured energy greater than 1 TeV. The value TS refers to the likelihood  
ratio test statistic described in equation (1). The green contours indicating 
significance are mapped to TS  values ranging from 4.5 to 8.5, increasing 
inwards at intervals of one from the outermost contour to the innermost. The 
crosses represent the best-fit locations from the model with two point sources. 
b, Significance map (of the same region) including only events with measured 
energy greater than 100 TeV. The white circle represents the angular resolution 
at a radius corresponding to 68% event containment (0.17°) at this energy 
range. The V4641 Sgr location is taken from ref. 4. These significance maps are 
made by assuming a point-source hypothesis and a power-law spectrum with 
the best-fit index α = −2.2.
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a Gaussian spatial template to the data around each source over the 
entire energy range. For comparison, the HAWC point-spread function 
at the declination of the source is 0.2° at energies greater than 30 TeV. 
The angular separations between the binary and the northern and 
southern gamma-ray sources are 0.23° and 0.46°, which correspond 
to about 30 pc and about 55 pc, respectively, when assuming a source 
distance of 6.6 kpc (ref. 4). When adopting a single-source model, we 
find that a point-like source template is disfavoured at 8.3σ with respect 
to an asymmetric extended-source template. The extension of the 

asymmetric source is found to be 0.54°, corresponding to about 70 pc. 
This is much larger than the size of the binary system, implying that 
the gamma-ray emission comes from a region more extended than 
the central binary.

Under the model with two point sources from a physically grounded 
perspective, the excess spectrum extends up to 217 TeV without any 
observable indication of a cut-off (for the best-fit results of the model 
with a single asymmetric extended source, see Methods). The spectrum 
above 1 TeV is best described by a power law, dN/dE = N0(E/E0)α, in which 
E0 = 47 TeV is selected to minimize the correlation between parameters 
owing to the choice of the spectral model. Table 1 lists the best-fit val-
ues of N0 and α for the northern and southern sources. We note that 
the exceptionally hard spectrum, α = −2.2, makes V4641 Sgr one of the 
hardest ultra-high-energy sources ever measured. Figure 2 compares 
the spectra of the two sources. Despite being 0.69 ± 0.04° (about 80 pc) 
away from each other, the two sources present almost identical flux 
amplitudes and spectral indices, hinting that they probably share a 
common origin. Considering that no other plausible multiwavelength 
counterparts can be identified and that the two point-like sources 
present remarkably similar spectra while being physically distant, 
the origin of the HAWC excess is probably connected to V4641 Sgr and 
could be because of persistent large-scale outflows from the system, 
each of which we refer to as a bubble.

Interaction of large-scale jets with the interstellar medium (ISM) may 
induce high-energy radiation. So far, SS 433 is the only microquasar with 
very-high-energy (VHE; 0.1–100 TeV) gamma-ray emission observed 
from the lobes1,2. At a distance of 6.6 kpc for V4641 Sgr, the physical 
separation between each of the two sources and the central object is 
on the order of tens of parsecs. Our observation implies that V4641 Sgr 
could be closely analogous to SS 433 (ref. 1), which has long been pro-
posed, based on optical and X-ray observations of the flares11–13. The 
ratio of the TeV gamma-ray power and the Eddington luminosity of this 
source is an order of magnitude higher than that of SS 433, suggesting 
that large-scale outflows from microquasars may carry high kinetic 
power and be efficient particle accelerators.

Persistent VHE gamma-ray emission from microquasars can be 
expected from accelerated electrons inverse Compton scattering off 
low-energy photons (leptonic scenario) and/or from the decay of neu-
tral pions, which are produced by the interaction of protons and nuclei 
(hadronic scenario)14,15.

A leptonic scenario is challenging for the following reasons. First, a 
fast outflow is needed to accelerate electrons to 200 TeV and above. 
The acceleration time, tacc ≈ 10DB(Ee)/vsh

2, needs to be shorter than the 
cooling time owing to synchrotron radiation in a magnetic field B, 
tcooling ≈ 600(Ee/200 TeV)−1(B/10 µG)−2 years, yielding a shock velocity, 
vsh/c > 0.02(Ee/200 TeV)(B/10 µG)1/2. Here DB(Ee) = RLc/3 is the Bohm dif-
fusion coefficient and RL is the Larmor radius of the particle. Second, 
electrons at such high energies cool so quickly that they can barely travel 
over 100 pc. The cooling time is much shorter than the diffusion time, 
R2/(2D) ≈ 1,000/η years, in which R ≈ 100 pc, D(200 TeV) ≈ η1030 cm2 s−1 
and η ≪ 1. For these evaluations, we have used a magnetic field strength 
comparable with that in the jets of SS 433 (ref. 1). Future X-ray observa-
tions of the VHE emission site are needed to constrain the field strength.

In the hadronic scenario, protons are accelerated to PeV energies 
and interact with the ambient gas, producing neutral pions that quickly 
decay into gamma rays. Extended Data Fig. 3 shows the gas distribution 
near the gamma-ray excess detected by HAWC. To account for both 
the southern and northern HAWC sources, we require a total proton 
energy Wp ≈ 1 × 1050 erg for these two sources. The protons could be 
accelerated at the termination shock, at which the jets interact with 
the ISM, or along the jets and subsequently transported to the HAWC 
sources. We assume that each HAWC source has a radius of 20 pc, which 
corresponds to the upper limit on the source radius of 0.2° at the 95% 
confidence level, and consider escape owing to diffusion for two cases: 
diffusion as inferred at GeV energies from the cosmic-ray secondaries 
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Fig. 1 | Significance map around the V4641 Sgr region. a, For events with 
measured energy greater than 1 TeV. The value TS refers to the likelihood  
ratio test statistic described in equation (1). The green contours indicating 
significance are mapped to TS  values ranging from 4.5 to 8.5, increasing 
inwards at intervals of one from the outermost contour to the innermost. The 
crosses represent the best-fit locations from the model with two point sources. 
b, Significance map (of the same region) including only events with measured 
energy greater than 100 TeV. The white circle represents the angular resolution 
at a radius corresponding to 68% event containment (0.17°) at this energy 
range. The V4641 Sgr location is taken from ref. 4. These significance maps are 
made by assuming a point-source hypothesis and a power-law spectrum with 
the best-fit index α = −2.2.
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a Gaussian spatial template to the data around each source over the 
entire energy range. For comparison, the HAWC point-spread function 
at the declination of the source is 0.2° at energies greater than 30 TeV. 
The angular separations between the binary and the northern and 
southern gamma-ray sources are 0.23° and 0.46°, which correspond 
to about 30 pc and about 55 pc, respectively, when assuming a source 
distance of 6.6 kpc (ref. 4). When adopting a single-source model, we 
find that a point-like source template is disfavoured at 8.3σ with respect 
to an asymmetric extended-source template. The extension of the 

asymmetric source is found to be 0.54°, corresponding to about 70 pc. 
This is much larger than the size of the binary system, implying that 
the gamma-ray emission comes from a region more extended than 
the central binary.

Under the model with two point sources from a physically grounded 
perspective, the excess spectrum extends up to 217 TeV without any 
observable indication of a cut-off (for the best-fit results of the model 
with a single asymmetric extended source, see Methods). The spectrum 
above 1 TeV is best described by a power law, dN/dE = N0(E/E0)α, in which 
E0 = 47 TeV is selected to minimize the correlation between parameters 
owing to the choice of the spectral model. Table 1 lists the best-fit val-
ues of N0 and α for the northern and southern sources. We note that 
the exceptionally hard spectrum, α = −2.2, makes V4641 Sgr one of the 
hardest ultra-high-energy sources ever measured. Figure 2 compares 
the spectra of the two sources. Despite being 0.69 ± 0.04° (about 80 pc) 
away from each other, the two sources present almost identical flux 
amplitudes and spectral indices, hinting that they probably share a 
common origin. Considering that no other plausible multiwavelength 
counterparts can be identified and that the two point-like sources 
present remarkably similar spectra while being physically distant, 
the origin of the HAWC excess is probably connected to V4641 Sgr and 
could be because of persistent large-scale outflows from the system, 
each of which we refer to as a bubble.

Interaction of large-scale jets with the interstellar medium (ISM) may 
induce high-energy radiation. So far, SS 433 is the only microquasar with 
very-high-energy (VHE; 0.1–100 TeV) gamma-ray emission observed 
from the lobes1,2. At a distance of 6.6 kpc for V4641 Sgr, the physical 
separation between each of the two sources and the central object is 
on the order of tens of parsecs. Our observation implies that V4641 Sgr 
could be closely analogous to SS 433 (ref. 1), which has long been pro-
posed, based on optical and X-ray observations of the flares11–13. The 
ratio of the TeV gamma-ray power and the Eddington luminosity of this 
source is an order of magnitude higher than that of SS 433, suggesting 
that large-scale outflows from microquasars may carry high kinetic 
power and be efficient particle accelerators.

Persistent VHE gamma-ray emission from microquasars can be 
expected from accelerated electrons inverse Compton scattering off 
low-energy photons (leptonic scenario) and/or from the decay of neu-
tral pions, which are produced by the interaction of protons and nuclei 
(hadronic scenario)14,15.

A leptonic scenario is challenging for the following reasons. First, a 
fast outflow is needed to accelerate electrons to 200 TeV and above. 
The acceleration time, tacc ≈ 10DB(Ee)/vsh

2, needs to be shorter than the 
cooling time owing to synchrotron radiation in a magnetic field B, 
tcooling ≈ 600(Ee/200 TeV)−1(B/10 µG)−2 years, yielding a shock velocity, 
vsh/c > 0.02(Ee/200 TeV)(B/10 µG)1/2. Here DB(Ee) = RLc/3 is the Bohm dif-
fusion coefficient and RL is the Larmor radius of the particle. Second, 
electrons at such high energies cool so quickly that they can barely travel 
over 100 pc. The cooling time is much shorter than the diffusion time, 
R2/(2D) ≈ 1,000/η years, in which R ≈ 100 pc, D(200 TeV) ≈ η1030 cm2 s−1 
and η ≪ 1. For these evaluations, we have used a magnetic field strength 
comparable with that in the jets of SS 433 (ref. 1). Future X-ray observa-
tions of the VHE emission site are needed to constrain the field strength.

In the hadronic scenario, protons are accelerated to PeV energies 
and interact with the ambient gas, producing neutral pions that quickly 
decay into gamma rays. Extended Data Fig. 3 shows the gas distribution 
near the gamma-ray excess detected by HAWC. To account for both 
the southern and northern HAWC sources, we require a total proton 
energy Wp ≈ 1 × 1050 erg for these two sources. The protons could be 
accelerated at the termination shock, at which the jets interact with 
the ISM, or along the jets and subsequently transported to the HAWC 
sources. We assume that each HAWC source has a radius of 20 pc, which 
corresponds to the upper limit on the source radius of 0.2° at the 95% 
confidence level, and consider escape owing to diffusion for two cases: 
diffusion as inferred at GeV energies from the cosmic-ray secondaries 
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Fig. 1 | Significance map around the V4641 Sgr region. a, For events with 
measured energy greater than 1 TeV. The value TS refers to the likelihood  
ratio test statistic described in equation (1). The green contours indicating 
significance are mapped to TS  values ranging from 4.5 to 8.5, increasing 
inwards at intervals of one from the outermost contour to the innermost. The 
crosses represent the best-fit locations from the model with two point sources. 
b, Significance map (of the same region) including only events with measured 
energy greater than 100 TeV. The white circle represents the angular resolution 
at a radius corresponding to 68% event containment (0.17°) at this energy 
range. The V4641 Sgr location is taken from ref. 4. These significance maps are 
made by assuming a point-source hypothesis and a power-law spectrum with 
the best-fit index α = −2.2.
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a Gaussian spatial template to the data around each source over the 
entire energy range. For comparison, the HAWC point-spread function 
at the declination of the source is 0.2° at energies greater than 30 TeV. 
The angular separations between the binary and the northern and 
southern gamma-ray sources are 0.23° and 0.46°, which correspond 
to about 30 pc and about 55 pc, respectively, when assuming a source 
distance of 6.6 kpc (ref. 4). When adopting a single-source model, we 
find that a point-like source template is disfavoured at 8.3σ with respect 
to an asymmetric extended-source template. The extension of the 

asymmetric source is found to be 0.54°, corresponding to about 70 pc. 
This is much larger than the size of the binary system, implying that 
the gamma-ray emission comes from a region more extended than 
the central binary.

Under the model with two point sources from a physically grounded 
perspective, the excess spectrum extends up to 217 TeV without any 
observable indication of a cut-off (for the best-fit results of the model 
with a single asymmetric extended source, see Methods). The spectrum 
above 1 TeV is best described by a power law, dN/dE = N0(E/E0)α, in which 
E0 = 47 TeV is selected to minimize the correlation between parameters 
owing to the choice of the spectral model. Table 1 lists the best-fit val-
ues of N0 and α for the northern and southern sources. We note that 
the exceptionally hard spectrum, α = −2.2, makes V4641 Sgr one of the 
hardest ultra-high-energy sources ever measured. Figure 2 compares 
the spectra of the two sources. Despite being 0.69 ± 0.04° (about 80 pc) 
away from each other, the two sources present almost identical flux 
amplitudes and spectral indices, hinting that they probably share a 
common origin. Considering that no other plausible multiwavelength 
counterparts can be identified and that the two point-like sources 
present remarkably similar spectra while being physically distant, 
the origin of the HAWC excess is probably connected to V4641 Sgr and 
could be because of persistent large-scale outflows from the system, 
each of which we refer to as a bubble.

Interaction of large-scale jets with the interstellar medium (ISM) may 
induce high-energy radiation. So far, SS 433 is the only microquasar with 
very-high-energy (VHE; 0.1–100 TeV) gamma-ray emission observed 
from the lobes1,2. At a distance of 6.6 kpc for V4641 Sgr, the physical 
separation between each of the two sources and the central object is 
on the order of tens of parsecs. Our observation implies that V4641 Sgr 
could be closely analogous to SS 433 (ref. 1), which has long been pro-
posed, based on optical and X-ray observations of the flares11–13. The 
ratio of the TeV gamma-ray power and the Eddington luminosity of this 
source is an order of magnitude higher than that of SS 433, suggesting 
that large-scale outflows from microquasars may carry high kinetic 
power and be efficient particle accelerators.

Persistent VHE gamma-ray emission from microquasars can be 
expected from accelerated electrons inverse Compton scattering off 
low-energy photons (leptonic scenario) and/or from the decay of neu-
tral pions, which are produced by the interaction of protons and nuclei 
(hadronic scenario)14,15.

A leptonic scenario is challenging for the following reasons. First, a 
fast outflow is needed to accelerate electrons to 200 TeV and above. 
The acceleration time, tacc ≈ 10DB(Ee)/vsh

2, needs to be shorter than the 
cooling time owing to synchrotron radiation in a magnetic field B, 
tcooling ≈ 600(Ee/200 TeV)−1(B/10 µG)−2 years, yielding a shock velocity, 
vsh/c > 0.02(Ee/200 TeV)(B/10 µG)1/2. Here DB(Ee) = RLc/3 is the Bohm dif-
fusion coefficient and RL is the Larmor radius of the particle. Second, 
electrons at such high energies cool so quickly that they can barely travel 
over 100 pc. The cooling time is much shorter than the diffusion time, 
R2/(2D) ≈ 1,000/η years, in which R ≈ 100 pc, D(200 TeV) ≈ η1030 cm2 s−1 
and η ≪ 1. For these evaluations, we have used a magnetic field strength 
comparable with that in the jets of SS 433 (ref. 1). Future X-ray observa-
tions of the VHE emission site are needed to constrain the field strength.

In the hadronic scenario, protons are accelerated to PeV energies 
and interact with the ambient gas, producing neutral pions that quickly 
decay into gamma rays. Extended Data Fig. 3 shows the gas distribution 
near the gamma-ray excess detected by HAWC. To account for both 
the southern and northern HAWC sources, we require a total proton 
energy Wp ≈ 1 × 1050 erg for these two sources. The protons could be 
accelerated at the termination shock, at which the jets interact with 
the ISM, or along the jets and subsequently transported to the HAWC 
sources. We assume that each HAWC source has a radius of 20 pc, which 
corresponds to the upper limit on the source radius of 0.2° at the 95% 
confidence level, and consider escape owing to diffusion for two cases: 
diffusion as inferred at GeV energies from the cosmic-ray secondaries 
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Fig. 1 | Significance map around the V4641 Sgr region. a, For events with 
measured energy greater than 1 TeV. The value TS refers to the likelihood  
ratio test statistic described in equation (1). The green contours indicating 
significance are mapped to TS  values ranging from 4.5 to 8.5, increasing 
inwards at intervals of one from the outermost contour to the innermost. The 
crosses represent the best-fit locations from the model with two point sources. 
b, Significance map (of the same region) including only events with measured 
energy greater than 100 TeV. The white circle represents the angular resolution 
at a radius corresponding to 68% event containment (0.17°) at this energy 
range. The V4641 Sgr location is taken from ref. 4. These significance maps are 
made by assuming a point-source hypothesis and a power-law spectrum with 
the best-fit index α = −2.2.
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a Gaussian spatial template to the data around each source over the 
entire energy range. For comparison, the HAWC point-spread function 
at the declination of the source is 0.2° at energies greater than 30 TeV. 
The angular separations between the binary and the northern and 
southern gamma-ray sources are 0.23° and 0.46°, which correspond 
to about 30 pc and about 55 pc, respectively, when assuming a source 
distance of 6.6 kpc (ref. 4). When adopting a single-source model, we 
find that a point-like source template is disfavoured at 8.3σ with respect 
to an asymmetric extended-source template. The extension of the 

asymmetric source is found to be 0.54°, corresponding to about 70 pc. 
This is much larger than the size of the binary system, implying that 
the gamma-ray emission comes from a region more extended than 
the central binary.

Under the model with two point sources from a physically grounded 
perspective, the excess spectrum extends up to 217 TeV without any 
observable indication of a cut-off (for the best-fit results of the model 
with a single asymmetric extended source, see Methods). The spectrum 
above 1 TeV is best described by a power law, dN/dE = N0(E/E0)α, in which 
E0 = 47 TeV is selected to minimize the correlation between parameters 
owing to the choice of the spectral model. Table 1 lists the best-fit val-
ues of N0 and α for the northern and southern sources. We note that 
the exceptionally hard spectrum, α = −2.2, makes V4641 Sgr one of the 
hardest ultra-high-energy sources ever measured. Figure 2 compares 
the spectra of the two sources. Despite being 0.69 ± 0.04° (about 80 pc) 
away from each other, the two sources present almost identical flux 
amplitudes and spectral indices, hinting that they probably share a 
common origin. Considering that no other plausible multiwavelength 
counterparts can be identified and that the two point-like sources 
present remarkably similar spectra while being physically distant, 
the origin of the HAWC excess is probably connected to V4641 Sgr and 
could be because of persistent large-scale outflows from the system, 
each of which we refer to as a bubble.

Interaction of large-scale jets with the interstellar medium (ISM) may 
induce high-energy radiation. So far, SS 433 is the only microquasar with 
very-high-energy (VHE; 0.1–100 TeV) gamma-ray emission observed 
from the lobes1,2. At a distance of 6.6 kpc for V4641 Sgr, the physical 
separation between each of the two sources and the central object is 
on the order of tens of parsecs. Our observation implies that V4641 Sgr 
could be closely analogous to SS 433 (ref. 1), which has long been pro-
posed, based on optical and X-ray observations of the flares11–13. The 
ratio of the TeV gamma-ray power and the Eddington luminosity of this 
source is an order of magnitude higher than that of SS 433, suggesting 
that large-scale outflows from microquasars may carry high kinetic 
power and be efficient particle accelerators.

Persistent VHE gamma-ray emission from microquasars can be 
expected from accelerated electrons inverse Compton scattering off 
low-energy photons (leptonic scenario) and/or from the decay of neu-
tral pions, which are produced by the interaction of protons and nuclei 
(hadronic scenario)14,15.

A leptonic scenario is challenging for the following reasons. First, a 
fast outflow is needed to accelerate electrons to 200 TeV and above. 
The acceleration time, tacc ≈ 10DB(Ee)/vsh

2, needs to be shorter than the 
cooling time owing to synchrotron radiation in a magnetic field B, 
tcooling ≈ 600(Ee/200 TeV)−1(B/10 µG)−2 years, yielding a shock velocity, 
vsh/c > 0.02(Ee/200 TeV)(B/10 µG)1/2. Here DB(Ee) = RLc/3 is the Bohm dif-
fusion coefficient and RL is the Larmor radius of the particle. Second, 
electrons at such high energies cool so quickly that they can barely travel 
over 100 pc. The cooling time is much shorter than the diffusion time, 
R2/(2D) ≈ 1,000/η years, in which R ≈ 100 pc, D(200 TeV) ≈ η1030 cm2 s−1 
and η ≪ 1. For these evaluations, we have used a magnetic field strength 
comparable with that in the jets of SS 433 (ref. 1). Future X-ray observa-
tions of the VHE emission site are needed to constrain the field strength.

In the hadronic scenario, protons are accelerated to PeV energies 
and interact with the ambient gas, producing neutral pions that quickly 
decay into gamma rays. Extended Data Fig. 3 shows the gas distribution 
near the gamma-ray excess detected by HAWC. To account for both 
the southern and northern HAWC sources, we require a total proton 
energy Wp ≈ 1 × 1050 erg for these two sources. The protons could be 
accelerated at the termination shock, at which the jets interact with 
the ISM, or along the jets and subsequently transported to the HAWC 
sources. We assume that each HAWC source has a radius of 20 pc, which 
corresponds to the upper limit on the source radius of 0.2° at the 95% 
confidence level, and consider escape owing to diffusion for two cases: 
diffusion as inferred at GeV energies from the cosmic-ray secondaries 
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Fig. 1 | Significance map around the V4641 Sgr region. a, For events with 
measured energy greater than 1 TeV. The value TS refers to the likelihood  
ratio test statistic described in equation (1). The green contours indicating 
significance are mapped to TS  values ranging from 4.5 to 8.5, increasing 
inwards at intervals of one from the outermost contour to the innermost. The 
crosses represent the best-fit locations from the model with two point sources. 
b, Significance map (of the same region) including only events with measured 
energy greater than 100 TeV. The white circle represents the angular resolution 
at a radius corresponding to 68% event containment (0.17°) at this energy 
range. The V4641 Sgr location is taken from ref. 4. These significance maps are 
made by assuming a point-source hypothesis and a power-law spectrum with 
the best-fit index α = −2.2.
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a Gaussian spatial template to the data around each source over the 
entire energy range. For comparison, the HAWC point-spread function 
at the declination of the source is 0.2° at energies greater than 30 TeV. 
The angular separations between the binary and the northern and 
southern gamma-ray sources are 0.23° and 0.46°, which correspond 
to about 30 pc and about 55 pc, respectively, when assuming a source 
distance of 6.6 kpc (ref. 4). When adopting a single-source model, we 
find that a point-like source template is disfavoured at 8.3σ with respect 
to an asymmetric extended-source template. The extension of the 

asymmetric source is found to be 0.54°, corresponding to about 70 pc. 
This is much larger than the size of the binary system, implying that 
the gamma-ray emission comes from a region more extended than 
the central binary.

Under the model with two point sources from a physically grounded 
perspective, the excess spectrum extends up to 217 TeV without any 
observable indication of a cut-off (for the best-fit results of the model 
with a single asymmetric extended source, see Methods). The spectrum 
above 1 TeV is best described by a power law, dN/dE = N0(E/E0)α, in which 
E0 = 47 TeV is selected to minimize the correlation between parameters 
owing to the choice of the spectral model. Table 1 lists the best-fit val-
ues of N0 and α for the northern and southern sources. We note that 
the exceptionally hard spectrum, α = −2.2, makes V4641 Sgr one of the 
hardest ultra-high-energy sources ever measured. Figure 2 compares 
the spectra of the two sources. Despite being 0.69 ± 0.04° (about 80 pc) 
away from each other, the two sources present almost identical flux 
amplitudes and spectral indices, hinting that they probably share a 
common origin. Considering that no other plausible multiwavelength 
counterparts can be identified and that the two point-like sources 
present remarkably similar spectra while being physically distant, 
the origin of the HAWC excess is probably connected to V4641 Sgr and 
could be because of persistent large-scale outflows from the system, 
each of which we refer to as a bubble.

Interaction of large-scale jets with the interstellar medium (ISM) may 
induce high-energy radiation. So far, SS 433 is the only microquasar with 
very-high-energy (VHE; 0.1–100 TeV) gamma-ray emission observed 
from the lobes1,2. At a distance of 6.6 kpc for V4641 Sgr, the physical 
separation between each of the two sources and the central object is 
on the order of tens of parsecs. Our observation implies that V4641 Sgr 
could be closely analogous to SS 433 (ref. 1), which has long been pro-
posed, based on optical and X-ray observations of the flares11–13. The 
ratio of the TeV gamma-ray power and the Eddington luminosity of this 
source is an order of magnitude higher than that of SS 433, suggesting 
that large-scale outflows from microquasars may carry high kinetic 
power and be efficient particle accelerators.

Persistent VHE gamma-ray emission from microquasars can be 
expected from accelerated electrons inverse Compton scattering off 
low-energy photons (leptonic scenario) and/or from the decay of neu-
tral pions, which are produced by the interaction of protons and nuclei 
(hadronic scenario)14,15.

A leptonic scenario is challenging for the following reasons. First, a 
fast outflow is needed to accelerate electrons to 200 TeV and above. 
The acceleration time, tacc ≈ 10DB(Ee)/vsh

2, needs to be shorter than the 
cooling time owing to synchrotron radiation in a magnetic field B, 
tcooling ≈ 600(Ee/200 TeV)−1(B/10 µG)−2 years, yielding a shock velocity, 
vsh/c > 0.02(Ee/200 TeV)(B/10 µG)1/2. Here DB(Ee) = RLc/3 is the Bohm dif-
fusion coefficient and RL is the Larmor radius of the particle. Second, 
electrons at such high energies cool so quickly that they can barely travel 
over 100 pc. The cooling time is much shorter than the diffusion time, 
R2/(2D) ≈ 1,000/η years, in which R ≈ 100 pc, D(200 TeV) ≈ η1030 cm2 s−1 
and η ≪ 1. For these evaluations, we have used a magnetic field strength 
comparable with that in the jets of SS 433 (ref. 1). Future X-ray observa-
tions of the VHE emission site are needed to constrain the field strength.

In the hadronic scenario, protons are accelerated to PeV energies 
and interact with the ambient gas, producing neutral pions that quickly 
decay into gamma rays. Extended Data Fig. 3 shows the gas distribution 
near the gamma-ray excess detected by HAWC. To account for both 
the southern and northern HAWC sources, we require a total proton 
energy Wp ≈ 1 × 1050 erg for these two sources. The protons could be 
accelerated at the termination shock, at which the jets interact with 
the ISM, or along the jets and subsequently transported to the HAWC 
sources. We assume that each HAWC source has a radius of 20 pc, which 
corresponds to the upper limit on the source radius of 0.2° at the 95% 
confidence level, and consider escape owing to diffusion for two cases: 
diffusion as inferred at GeV energies from the cosmic-ray secondaries 
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Fig. 1 | Significance map around the V4641 Sgr region. a, For events with 
measured energy greater than 1 TeV. The value TS refers to the likelihood  
ratio test statistic described in equation (1). The green contours indicating 
significance are mapped to TS  values ranging from 4.5 to 8.5, increasing 
inwards at intervals of one from the outermost contour to the innermost. The 
crosses represent the best-fit locations from the model with two point sources. 
b, Significance map (of the same region) including only events with measured 
energy greater than 100 TeV. The white circle represents the angular resolution 
at a radius corresponding to 68% event containment (0.17°) at this energy 
range. The V4641 Sgr location is taken from ref. 4. These significance maps are 
made by assuming a point-source hypothesis and a power-law spectrum with 
the best-fit index α = −2.2.
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To obtain a realistic estimate of the gas density in the region of 
V4641 Sgr, we need to integrate the gas survey cubes over the range 
of velocities corresponding to the distance of V4641 Sgr and then divide 
by the velocity interval. The V4641 Sgr distance of 6.6 kpc roughly 
corresponds to a velocity of 90–100 km s−1 according to the galactic 
rotation velocity curve66. Integrating the HI spectra over a range of 
velocities between 70 km s−1 and 120 km s−1 (this spread in velocities 
includes, for instance, possible internal turbulent motions of the gas), 
the first momenta yield NH = 7.4 × 1019 cm−2 and NH = 3.9 × 1019 cm−2 for 
the southern and northern lobes, respectively. We also examined the 
molecular gas distribution at the locations of the two HAWC lobes 
by integrating the molecular hydrogen cubes over the velocity range 
70–120 km s−1 (refs. 61,62). As far as the molecular hydrogen is con-
cerned, the maps contain high levels of background fluctuation noise 
such that we cannot confirm the presence of any emission from hadrons 
colliding off molecular hydrogen targets.

Assuming a radius of approximately 20 pc for each lobe from an 
upper limit of 0.2° at the 95% confidence level for the Gaussian width 
of the sources, the gas density, n, is 1 cm−3 and 0.5 cm−3 for the south 
and north lobes, respectively.

VHE emission owing to hadronic interactions
In the hadronic scenario, the interaction of high-energy protons with 
the surrounding gas in the source leads to the production of gamma 
rays through the decay process π0 → γγ. The acceleration of protons can 
occur at the termination shock, at which the jets collide with the ISM, or 
along the jet itself, allowing them to be transported to the lobe region. 
An upper limit on the diameter of the two lobes in the two-source model, 
l ≈ 40 pc, is used to calculate the escape time. If we account for particle 
escape, the energy budget channelled in the accelerated proton popula-
tion depends on the ratio between the particle (pp) cooling time and the 
escape time from the two lobes, tpp/tesc. The pp cooling time is defined 
as tpp = 1/(nσppc) ≈ 1.6 × 1015(n/1 cm−3)−1 s, in which σpp is the cross-section 
for pp interactions67. The escape time, tesc ≈ l2/(2D(E)), in which l is the 
source size, depends on the transport regime, D(E). If we assume the 
diffusion at 1 PeV proceeds as inferred at GeV energies from the galactic 
secondary ratio, with D(1 PeV) = ηD0 ≈ η (3 × 1030) cm2 s−1, then the escape 
time may be described as tesc ≈ 3 × 109/η/(D0/(3 × 1030) cm2 s−1) s. Under 
this scenario, the energy budget required in accelerated protons above 
1 PeV (1-PeV protons produce roughly 100–200-TeV photons) would be 
around 100% of the Eddington luminosity,
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in which n is the ambient gas density and Lγ = 9.13–9.50 × 1033 erg s−1 
for the north and south lobes, respectively. Transport could pro-
ceed in a slower (η < 1) or faster (η > 1) way with respect to the galactic 
diffusion, D0, derived from the cosmic-ray secondary ratio at GeV 
energies. Cosmic-ray transport in acceleration sites might also pro-
ceed much more slowly—in the extreme Bohm diffusion regime, tesc ≃  
4 × 103(E/1 PeV)−1 years, in which the energy needed to be channelled 
into protons would be a small fraction of the Eddington luminosity.

VHE emission owing to leptonic interactions
In the leptonic scenario, when assuming that the continuously accel-
erated electrons follow a differential-power-law spectrum extending 
up to at least 200 TeV, the northern and southern gamma-ray sources 
may be produced by electrons with an energy budget of 7 × 1046 erg 
above 20 TeV in total. The fraction of the energy of electrons released 
in inverse Compton scattering and not lost to synchrotron cooling is 
determined by the ratio of the energy density of the magnetic field 
(proportional to B2) to the energy density of target photons, such that 

the expected luminosity in hard X-rays from the HAWC lobes should 
be ( ) ( )L L(>few keV) ≈ (>1 TeV) ≈ (3 − 4) × 10 erg sX
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note that this estimation assumes that the energy density of target 
photons is dominated by the cosmic microwave background, although 
the assumption may not be true in a small region close to the binary. 
Also, electron cooling may affect the electron spectrum and hence the 
expected X-ray luminosity.

Data availability
The datasets analysed during this study are available at a public 
repository maintained by the HAWC Collaboration (https://data.hawc- 
observatory.org).

Code availability
The study was carried out using the Multi-Mission Maximum Likelihood 
(3ML) HAWC Accelerated Likelihood (HAL) framework developed by 
the HAWC Collaboration. The software is open source and publicly 
available on Github at https://github.com/threeML/hawc_hal. The code 
distribution includes instructions on installation and use.
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To obtain a realistic estimate of the gas density in the region of 
V4641 Sgr, we need to integrate the gas survey cubes over the range 
of velocities corresponding to the distance of V4641 Sgr and then divide 
by the velocity interval. The V4641 Sgr distance of 6.6 kpc roughly 
corresponds to a velocity of 90–100 km s−1 according to the galactic 
rotation velocity curve66. Integrating the HI spectra over a range of 
velocities between 70 km s−1 and 120 km s−1 (this spread in velocities 
includes, for instance, possible internal turbulent motions of the gas), 
the first momenta yield NH = 7.4 × 1019 cm−2 and NH = 3.9 × 1019 cm−2 for 
the southern and northern lobes, respectively. We also examined the 
molecular gas distribution at the locations of the two HAWC lobes 
by integrating the molecular hydrogen cubes over the velocity range 
70–120 km s−1 (refs. 61,62). As far as the molecular hydrogen is con-
cerned, the maps contain high levels of background fluctuation noise 
such that we cannot confirm the presence of any emission from hadrons 
colliding off molecular hydrogen targets.

Assuming a radius of approximately 20 pc for each lobe from an 
upper limit of 0.2° at the 95% confidence level for the Gaussian width 
of the sources, the gas density, n, is 1 cm−3 and 0.5 cm−3 for the south 
and north lobes, respectively.

VHE emission owing to hadronic interactions
In the hadronic scenario, the interaction of high-energy protons with 
the surrounding gas in the source leads to the production of gamma 
rays through the decay process π0 → γγ. The acceleration of protons can 
occur at the termination shock, at which the jets collide with the ISM, or 
along the jet itself, allowing them to be transported to the lobe region. 
An upper limit on the diameter of the two lobes in the two-source model, 
l ≈ 40 pc, is used to calculate the escape time. If we account for particle 
escape, the energy budget channelled in the accelerated proton popula-
tion depends on the ratio between the particle (pp) cooling time and the 
escape time from the two lobes, tpp/tesc. The pp cooling time is defined 
as tpp = 1/(nσppc) ≈ 1.6 × 1015(n/1 cm−3)−1 s, in which σpp is the cross-section 
for pp interactions67. The escape time, tesc ≈ l2/(2D(E)), in which l is the 
source size, depends on the transport regime, D(E). If we assume the 
diffusion at 1 PeV proceeds as inferred at GeV energies from the galactic 
secondary ratio, with D(1 PeV) = ηD0 ≈ η (3 × 1030) cm2 s−1, then the escape 
time may be described as tesc ≈ 3 × 109/η/(D0/(3 × 1030) cm2 s−1) s. Under 
this scenario, the energy budget required in accelerated protons above 
1 PeV (1-PeV protons produce roughly 100–200-TeV photons) would be 
around 100% of the Eddington luminosity,

























(2)

W E L
t
t

η
L D n

( > 1 PeV) =

10
10 erg s 3 × 10 cm s 1 cm

erg s ,

γ

γ

p p
pp

esc

39
34 −1

0
30 2 −1 −3

−1
−1

̇

≃

in which n is the ambient gas density and Lγ = 9.13–9.50 × 1033 erg s−1 
for the north and south lobes, respectively. Transport could pro-
ceed in a slower (η < 1) or faster (η > 1) way with respect to the galactic 
diffusion, D0, derived from the cosmic-ray secondary ratio at GeV 
energies. Cosmic-ray transport in acceleration sites might also pro-
ceed much more slowly—in the extreme Bohm diffusion regime, tesc ≃  
4 × 103(E/1 PeV)−1 years, in which the energy needed to be channelled 
into protons would be a small fraction of the Eddington luminosity.

VHE emission owing to leptonic interactions
In the leptonic scenario, when assuming that the continuously accel-
erated electrons follow a differential-power-law spectrum extending 
up to at least 200 TeV, the northern and southern gamma-ray sources 
may be produced by electrons with an energy budget of 7 × 1046 erg 
above 20 TeV in total. The fraction of the energy of electrons released 
in inverse Compton scattering and not lost to synchrotron cooling is 
determined by the ratio of the energy density of the magnetic field 
(proportional to B2) to the energy density of target photons, such that 

the expected luminosity in hard X-rays from the HAWC lobes should 
be ( ) ( )L L(>few keV) ≈ (>1 TeV) ≈ (3 − 4) × 10 erg sX
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note that this estimation assumes that the energy density of target 
photons is dominated by the cosmic microwave background, although 
the assumption may not be true in a small region close to the binary. 
Also, electron cooling may affect the electron spectrum and hence the 
expected X-ray luminosity.
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observatory.org).
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distribution includes instructions on installation and use.
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To obtain a realistic estimate of the gas density in the region of 
V4641 Sgr, we need to integrate the gas survey cubes over the range 
of velocities corresponding to the distance of V4641 Sgr and then divide 
by the velocity interval. The V4641 Sgr distance of 6.6 kpc roughly 
corresponds to a velocity of 90–100 km s−1 according to the galactic 
rotation velocity curve66. Integrating the HI spectra over a range of 
velocities between 70 km s−1 and 120 km s−1 (this spread in velocities 
includes, for instance, possible internal turbulent motions of the gas), 
the first momenta yield NH = 7.4 × 1019 cm−2 and NH = 3.9 × 1019 cm−2 for 
the southern and northern lobes, respectively. We also examined the 
molecular gas distribution at the locations of the two HAWC lobes 
by integrating the molecular hydrogen cubes over the velocity range 
70–120 km s−1 (refs. 61,62). As far as the molecular hydrogen is con-
cerned, the maps contain high levels of background fluctuation noise 
such that we cannot confirm the presence of any emission from hadrons 
colliding off molecular hydrogen targets.

Assuming a radius of approximately 20 pc for each lobe from an 
upper limit of 0.2° at the 95% confidence level for the Gaussian width 
of the sources, the gas density, n, is 1 cm−3 and 0.5 cm−3 for the south 
and north lobes, respectively.

VHE emission owing to hadronic interactions
In the hadronic scenario, the interaction of high-energy protons with 
the surrounding gas in the source leads to the production of gamma 
rays through the decay process π0 → γγ. The acceleration of protons can 
occur at the termination shock, at which the jets collide with the ISM, or 
along the jet itself, allowing them to be transported to the lobe region. 
An upper limit on the diameter of the two lobes in the two-source model, 
l ≈ 40 pc, is used to calculate the escape time. If we account for particle 
escape, the energy budget channelled in the accelerated proton popula-
tion depends on the ratio between the particle (pp) cooling time and the 
escape time from the two lobes, tpp/tesc. The pp cooling time is defined 
as tpp = 1/(nσppc) ≈ 1.6 × 1015(n/1 cm−3)−1 s, in which σpp is the cross-section 
for pp interactions67. The escape time, tesc ≈ l2/(2D(E)), in which l is the 
source size, depends on the transport regime, D(E). If we assume the 
diffusion at 1 PeV proceeds as inferred at GeV energies from the galactic 
secondary ratio, with D(1 PeV) = ηD0 ≈ η (3 × 1030) cm2 s−1, then the escape 
time may be described as tesc ≈ 3 × 109/η/(D0/(3 × 1030) cm2 s−1) s. Under 
this scenario, the energy budget required in accelerated protons above 
1 PeV (1-PeV protons produce roughly 100–200-TeV photons) would be 
around 100% of the Eddington luminosity,
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in which n is the ambient gas density and Lγ = 9.13–9.50 × 1033 erg s−1 
for the north and south lobes, respectively. Transport could pro-
ceed in a slower (η < 1) or faster (η > 1) way with respect to the galactic 
diffusion, D0, derived from the cosmic-ray secondary ratio at GeV 
energies. Cosmic-ray transport in acceleration sites might also pro-
ceed much more slowly—in the extreme Bohm diffusion regime, tesc ≃  
4 × 103(E/1 PeV)−1 years, in which the energy needed to be channelled 
into protons would be a small fraction of the Eddington luminosity.

VHE emission owing to leptonic interactions
In the leptonic scenario, when assuming that the continuously accel-
erated electrons follow a differential-power-law spectrum extending 
up to at least 200 TeV, the northern and southern gamma-ray sources 
may be produced by electrons with an energy budget of 7 × 1046 erg 
above 20 TeV in total. The fraction of the energy of electrons released 
in inverse Compton scattering and not lost to synchrotron cooling is 
determined by the ratio of the energy density of the magnetic field 
(proportional to B2) to the energy density of target photons, such that 

the expected luminosity in hard X-rays from the HAWC lobes should 
be ( ) ( )L L(>few keV) ≈ (>1 TeV) ≈ (3 − 4) × 10 erg sX
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note that this estimation assumes that the energy density of target 
photons is dominated by the cosmic microwave background, although 
the assumption may not be true in a small region close to the binary. 
Also, electron cooling may affect the electron spectrum and hence the 
expected X-ray luminosity.
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of velocities corresponding to the distance of V4641 Sgr and then divide 
by the velocity interval. The V4641 Sgr distance of 6.6 kpc roughly 
corresponds to a velocity of 90–100 km s−1 according to the galactic 
rotation velocity curve66. Integrating the HI spectra over a range of 
velocities between 70 km s−1 and 120 km s−1 (this spread in velocities 
includes, for instance, possible internal turbulent motions of the gas), 
the first momenta yield NH = 7.4 × 1019 cm−2 and NH = 3.9 × 1019 cm−2 for 
the southern and northern lobes, respectively. We also examined the 
molecular gas distribution at the locations of the two HAWC lobes 
by integrating the molecular hydrogen cubes over the velocity range 
70–120 km s−1 (refs. 61,62). As far as the molecular hydrogen is con-
cerned, the maps contain high levels of background fluctuation noise 
such that we cannot confirm the presence of any emission from hadrons 
colliding off molecular hydrogen targets.

Assuming a radius of approximately 20 pc for each lobe from an 
upper limit of 0.2° at the 95% confidence level for the Gaussian width 
of the sources, the gas density, n, is 1 cm−3 and 0.5 cm−3 for the south 
and north lobes, respectively.

VHE emission owing to hadronic interactions
In the hadronic scenario, the interaction of high-energy protons with 
the surrounding gas in the source leads to the production of gamma 
rays through the decay process π0 → γγ. The acceleration of protons can 
occur at the termination shock, at which the jets collide with the ISM, or 
along the jet itself, allowing them to be transported to the lobe region. 
An upper limit on the diameter of the two lobes in the two-source model, 
l ≈ 40 pc, is used to calculate the escape time. If we account for particle 
escape, the energy budget channelled in the accelerated proton popula-
tion depends on the ratio between the particle (pp) cooling time and the 
escape time from the two lobes, tpp/tesc. The pp cooling time is defined 
as tpp = 1/(nσppc) ≈ 1.6 × 1015(n/1 cm−3)−1 s, in which σpp is the cross-section 
for pp interactions67. The escape time, tesc ≈ l2/(2D(E)), in which l is the 
source size, depends on the transport regime, D(E). If we assume the 
diffusion at 1 PeV proceeds as inferred at GeV energies from the galactic 
secondary ratio, with D(1 PeV) = ηD0 ≈ η (3 × 1030) cm2 s−1, then the escape 
time may be described as tesc ≈ 3 × 109/η/(D0/(3 × 1030) cm2 s−1) s. Under 
this scenario, the energy budget required in accelerated protons above 
1 PeV (1-PeV protons produce roughly 100–200-TeV photons) would be 
around 100% of the Eddington luminosity,

























(2)

W E L
t
t

η
L D n

( > 1 PeV) =

10
10 erg s 3 × 10 cm s 1 cm

erg s ,

γ

γ

p p
pp

esc

39
34 −1

0
30 2 −1 −3

−1
−1

̇

≃

in which n is the ambient gas density and Lγ = 9.13–9.50 × 1033 erg s−1 
for the north and south lobes, respectively. Transport could pro-
ceed in a slower (η < 1) or faster (η > 1) way with respect to the galactic 
diffusion, D0, derived from the cosmic-ray secondary ratio at GeV 
energies. Cosmic-ray transport in acceleration sites might also pro-
ceed much more slowly—in the extreme Bohm diffusion regime, tesc ≃  
4 × 103(E/1 PeV)−1 years, in which the energy needed to be channelled 
into protons would be a small fraction of the Eddington luminosity.

VHE emission owing to leptonic interactions
In the leptonic scenario, when assuming that the continuously accel-
erated electrons follow a differential-power-law spectrum extending 
up to at least 200 TeV, the northern and southern gamma-ray sources 
may be produced by electrons with an energy budget of 7 × 1046 erg 
above 20 TeV in total. The fraction of the energy of electrons released 
in inverse Compton scattering and not lost to synchrotron cooling is 
determined by the ratio of the energy density of the magnetic field 
(proportional to B2) to the energy density of target photons, such that 

the expected luminosity in hard X-rays from the HAWC lobes should 
be ( ) ( )L L(>few keV) ≈ (>1 TeV) ≈ (3 − 4) × 10 erg sX

B
G

B
GTeV 3 µ

2
34

3 µ

2
−1. We  

note that this estimation assumes that the energy density of target 
photons is dominated by the cosmic microwave background, although 
the assumption may not be true in a small region close to the binary. 
Also, electron cooling may affect the electron spectrum and hence the 
expected X-ray luminosity.
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To obtain a realistic estimate of the gas density in the region of 
V4641 Sgr, we need to integrate the gas survey cubes over the range 
of velocities corresponding to the distance of V4641 Sgr and then divide 
by the velocity interval. The V4641 Sgr distance of 6.6 kpc roughly 
corresponds to a velocity of 90–100 km s−1 according to the galactic 
rotation velocity curve66. Integrating the HI spectra over a range of 
velocities between 70 km s−1 and 120 km s−1 (this spread in velocities 
includes, for instance, possible internal turbulent motions of the gas), 
the first momenta yield NH = 7.4 × 1019 cm−2 and NH = 3.9 × 1019 cm−2 for 
the southern and northern lobes, respectively. We also examined the 
molecular gas distribution at the locations of the two HAWC lobes 
by integrating the molecular hydrogen cubes over the velocity range 
70–120 km s−1 (refs. 61,62). As far as the molecular hydrogen is con-
cerned, the maps contain high levels of background fluctuation noise 
such that we cannot confirm the presence of any emission from hadrons 
colliding off molecular hydrogen targets.

Assuming a radius of approximately 20 pc for each lobe from an 
upper limit of 0.2° at the 95% confidence level for the Gaussian width 
of the sources, the gas density, n, is 1 cm−3 and 0.5 cm−3 for the south 
and north lobes, respectively.

VHE emission owing to hadronic interactions
In the hadronic scenario, the interaction of high-energy protons with 
the surrounding gas in the source leads to the production of gamma 
rays through the decay process π0 → γγ. The acceleration of protons can 
occur at the termination shock, at which the jets collide with the ISM, or 
along the jet itself, allowing them to be transported to the lobe region. 
An upper limit on the diameter of the two lobes in the two-source model, 
l ≈ 40 pc, is used to calculate the escape time. If we account for particle 
escape, the energy budget channelled in the accelerated proton popula-
tion depends on the ratio between the particle (pp) cooling time and the 
escape time from the two lobes, tpp/tesc. The pp cooling time is defined 
as tpp = 1/(nσppc) ≈ 1.6 × 1015(n/1 cm−3)−1 s, in which σpp is the cross-section 
for pp interactions67. The escape time, tesc ≈ l2/(2D(E)), in which l is the 
source size, depends on the transport regime, D(E). If we assume the 
diffusion at 1 PeV proceeds as inferred at GeV energies from the galactic 
secondary ratio, with D(1 PeV) = ηD0 ≈ η (3 × 1030) cm2 s−1, then the escape 
time may be described as tesc ≈ 3 × 109/η/(D0/(3 × 1030) cm2 s−1) s. Under 
this scenario, the energy budget required in accelerated protons above 
1 PeV (1-PeV protons produce roughly 100–200-TeV photons) would be 
around 100% of the Eddington luminosity,
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in which n is the ambient gas density and Lγ = 9.13–9.50 × 1033 erg s−1 
for the north and south lobes, respectively. Transport could pro-
ceed in a slower (η < 1) or faster (η > 1) way with respect to the galactic 
diffusion, D0, derived from the cosmic-ray secondary ratio at GeV 
energies. Cosmic-ray transport in acceleration sites might also pro-
ceed much more slowly—in the extreme Bohm diffusion regime, tesc ≃  
4 × 103(E/1 PeV)−1 years, in which the energy needed to be channelled 
into protons would be a small fraction of the Eddington luminosity.

VHE emission owing to leptonic interactions
In the leptonic scenario, when assuming that the continuously accel-
erated electrons follow a differential-power-law spectrum extending 
up to at least 200 TeV, the northern and southern gamma-ray sources 
may be produced by electrons with an energy budget of 7 × 1046 erg 
above 20 TeV in total. The fraction of the energy of electrons released 
in inverse Compton scattering and not lost to synchrotron cooling is 
determined by the ratio of the energy density of the magnetic field 
(proportional to B2) to the energy density of target photons, such that 

the expected luminosity in hard X-rays from the HAWC lobes should 
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note that this estimation assumes that the energy density of target 
photons is dominated by the cosmic microwave background, although 
the assumption may not be true in a small region close to the binary. 
Also, electron cooling may affect the electron spectrum and hence the 
expected X-ray luminosity.
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accelerators, as evidenced by nonthermal radiation observed from lobes of SS 433. In addition,
powerful sub-relativistic winds may be launched from the accretion disk45. Expansion of winds
into the ambient medium can generate shocks and provide another potential particle acceleration
site25. Particles may be also energized at the boundary between the jet and the wind, or within the
jet’s outer layer of stratified velocity via the shear mechanism46. Besides, particle acceleration may
take place in more compact regions of the system as well. For example, internal dissipation within
jets, such as internal shocks and magnetic reconnection events, is also usually considered as the
efficient particle accelerator5. The fast-rotating magnetosphere of the BH offers an alternative pos-
sibility via the centrifugal force47, 48. Note that particles accelerated in the compact regions may also
produce extended gamma-ray sources, if these particles escape the acceleration site and diffuse to
ambient media of the BHs.
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Figure 3: Spectra of the LHAASO sources associated with four microquasars. (a) V4641 Sgr; (b)
GRS 1915+105; (c) MAXI J1820+070; (d) Cygnus X-1.

SS 433 is a microquasar presenting a pair of jets launched from the central BH. The two
jets are nearly perpendicularly to our line of sight and terminated at approximately 40 parsecs

5

800 TeV !

Table 1: Comparison of multi-wavelength properties between SS 433 and V4641 Sgr

SS 433 V4641 Sgr
Radio band Radio nebula (SNR?) Jet detected during outbursts
X-ray band Non-thermal and thermal X-ray emission Only X-ray outbursts detected
GeV band *** GeV detection No detection
TeV band < 30 TeV detection > 100 TeV detection
Jet velocity bulk v: 0.26c [2] 0.22� 0.36c [8]
Jet emission Persistent Intermittent
�-ray emission mechanism Leptonic Unknown

peanut-shaped TeV emission indicated in the HAWC image was confirmed by H.E.S.S with better angular
resolution (Figure 2 right panel), exhibiting knot-like or zig-zagged features in the TeV band. In the GeV
range, no Fermi-LAT 4FGL catalog source was found within the TeV source location and its error circle.

Following what we learned from the X-ray observations of the SS433 lobes, three important questions can
be addressed by detecting and characterizing synchrotron X-ray emission in the TeV source region: (1) the
hadronic or leptonic origin of the UHE emission, (2) the complex high-energy emission morphology, and
(3) the ambient magnetic field strength. The first question can be best studied through spectral energy
distribution (SED) data in the X-ray and TeV band as demonstrated for many Galactic TeV sources. If
confirmed to be hadronic, V4641 Sgr would represent the first detection of a PeVatron associated with a
microquasar, o↵ering valuable insights into the contribution of microquasars to the CR energy distribution
around the knee. An X-ray survey will resolve the potentially complex TeV morphology with better angular
resolution and locate the most energetic acceleration sites by detecting non-thermal X-ray knots. Also, the
X-ray and TeV SED data will allow us to constrain the ambient magnetic field strength which controls
particle propagation and cooling.

A comparative study between V4641 Sgr and SS433 will be intriguing as to why the UHE emission was
detected from only V4641 Sgr. Note that V4641 Sgr possesses distinct multi-wavelength properties from
SS 433 (Table 1). The UHE emission may be attributed to the highly relativistic jet (v = ⇤ ⇤ c compared to
v = ⇤⇤c in SS433) or the more powerful super-Eddington BH of V4641 Sgr. While extensive radio and X-ray
surveys of the entire lobe region around SS433 have revealed how the particle acceleration, propagation and
cooling mechanisms operate within the bipolar jets, no di↵use radio or X-ray emission has been detected
in the vicinity of V4641 Sgr. No dedicated multi-wavelength observations have been performed before
this year’s HAWC discovery. Follow-up multi-wavelength observations of V4641 Sgr and its vicinity are
most important to understand the particle acceleration and high-energy emission mechanisms of this truly
remarkable and unique microquasar PeVatron detected above 200 TeV.

Figure 2: HAWC (left) and H.E.S.S (right) TeV gamma-ray significance maps of V4641 Sgr and its surrounding region.
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Figure 2: Significance maps of four other LHAASO measured microquasars besides SS 433. Panel
(a) V4641 Sgr, (b) GRS 1915+195, (c) MAXI J1820+070 and (d) Cygnus X-1 at above 25 TeV.
In each panel, the green cross marks the position of the BH of each microquasar. The green circle
exhibits 68% containment radii of the LHAASO sources. The cyan arc in panel (d) represents the
bow-like radio structure inflated by the jet of Cygnus X-132. The yellow circle in each panel shows
the corresponding 68% containment radii of LHAASO PSF.
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Signatures of PeV CR factories
pp collisions 

                Sub-PeV gamma-rays
  Sub-PeV neutrinos 
                Prompt hard X-ray (10-100 
keV) synchrotron from secondary e-

Aharonian+2013,Celli+2020

2 Celli et al.

pointing capabilities and angular resolution, promise a
breakthrough in this area.
Galactic PeVatrons have distinct spectral signatures.

The final neutral and stable products of proton-proton
(pp) collisions, i.e. gamma rays and neutrinos, receive
approximately ⇠ 10% of the energy of primary pro-
tons. Therefore � 100 TeV gamma rays and neutrinos
carry straightforward and model-independent informa-
tion about the primary PeV protons. Hence, spectrom-
etry well beyond the cut-o↵ region E�,0 ⇠ 0.1Ep,0 ⇠
100 TeV is of paramount importance for the identifica-
tion of the acceleration mechanism and the conditions
operating in the acceleration region. Spectral measure-
ments of PeVatrons above 100 TeV can be realised by
future ground-based gamma-ray detectors (both with
CTA and LHAASO). This should be the case of SNRs
characterised by hard power-law energy distribution and
a relatively slow (e.g. exponential) cut-o↵. For steeper
acceleration spectra, a proper spectrometry would be
problematic even for future generation instruments. Be-
sides, if the PeVatrons are located in enhanced far-
infrared radiation regions, e.g. in the Galactic Center
region, one may expect significant distortion of the ini-
tial energy spectrum of �100 TeV gamma rays due to
the � � � absorption in pair production process (Celli
et al. 2017). At these conditions, neutrinos would act as
unique messengers as they do not su↵er such absorption.
Still, even in the most optimistic scenarios, neutrino
spectroscopy appears challenging for the current km3-
scale neutrino detectors (Ambrogi et al. 2018). Mean-
while, complementary information about PeVatrons is
carried by synchrotron photons emitted by secondary
electrons in the surrounding magnetic fields (Aharonian
et al. 2013).
The calculations of characteristics of gamma rays,

neutrinos and electrons as the final products of proton-
proton interactions include integrations over inclusive
di↵erential cross-sections of short-lived secondaries (⇡
and K-mesons, etc.) and the kinematic relation of their
decays. In the case of broad energy distributions, one
can avoid extensive integrations, by using a simple �-
functional approach instead. The latter is a rather good
approximation, provided that the distribution of the in-
cident protons does not contain sharp spectral features
(Aharonian & Atoyan 2000). Otherwise, this approxi-
mation leads to wrong results. In particular, in the case
of the power-law distribution of protons with an expo-
nential cut-o↵, the �-functional approach predicts the
gamma-ray spectrum to closely mimic the parent proton
spectrum, with a shift towards lower energies. However,
the detailed numerical calculations in the cut-o↵ region

show a significantly shallower gamma-ray distribution
(Kelner et al. 2006).
The aim of this paper is a detailed study of the en-

ergy spectra of gamma rays, neutrinos and synchrotron
radiation of the secondary electrons emerging from pp
collisions, with a focus on the spectral signatures of sec-
ondaries linked to the highest energy protons from the
cut-o↵ region. The latter contains crucial information
about the conditions operating inside the accelerator,
concerning, in particular, the energy-dependent accel-
eration rate, the e�ciency of the confinement and es-
cape of the relativistic particles from the accelerator,
etc. Representing the energy distributions of accelerated
protons in the form of power-law with a generalized ex-
ponential cut-o↵, / E�↵ exp[�(E/E0)� , we o↵er simple
analytical presentations of ↵,� and E0, that can conve-
niently be used in the data reduction and interpretation
of observations.
The paper is structured as it follows: in Sec. 2 we in-

troduce the energy distribution of the projectile protons,
discussing its parametric representation and normaliza-
tion. We outline the method for calculating the spectra
of secondary particles in Sec. 3, providing parametriza-
tions of the spectral parameters in Sec. 4. In Sec. 5
we consider the case of Maxwellian-like energy distribu-
tion of primary protons. Results are summarized and
discussed in Sec. 6. The computation of secondary par-
ticle spectra is complemented with Appendix A, where
a collection of the relevant equations is given.

2. ENERGY DISTRIBUTION OF PROTONS

In pp collisions, for the given energy distribution of
parent protons, the energy spectra of secondaries are de-
termined by inclusive cross-sections. In this work, unless
otherwise stated, we will represent the energy distribu-
tion of relativistic protons in the following form:

Jp ⌘ dNp

dEpdV
= KpE

�↵p
p exp

"
�
✓

Ep

E0,p

◆�p
#

. (1)

It consists of the power-law part with slope ↵p, and of
the cut-o↵ at energy E0,p, in a general exponential form
defined by the index �p. The normalization constant
Kp is determined by the condition of the energy density
above 100 GeV to be

wp =

Z 1

100 GeV
EpJp(Ep)dEp = 1 erg cm�3 . (2)

The 100 GeV energy in protons translates into⇠ 10 GeV
energy gamma rays and neutrinos, significantly above
the so-called pion-bump region determined by the kine-
matics of pion decays.
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Current and planned observations

X-rays 

• MAXI/GSC announcement of renew BH 
activity  AteL #16804

• INTEGRAL obs from 2024-09-07 at 16:44 
until 2024-09-08 at 22:16 UTC. AteL #16881

• XRISM (ToO 10ks on 2024-09-07 covering
60% UHE emission)

…………………….

• XMM Newton proposal  (P.I.  X. Wang and K. 
Mori)

• Radio Observations

• Observations with APEX (P.I.  Eduardo dela 
Fuente, Daniel Tafoya)

• Observations with Nobeyama (P.I. N.Fuji)
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latter case, the energies of protons reach above 10 PeV,
more than an order of magnitude higher than the energies
of the observed �-rays.

In the case of V4641 Sgr, it is challenging, but not
impossible, to directly determine the type of particles
escaping from the source. One expects to observe an
accompanying neutrino flux if these particles are pro-
tons or nuclei. The source is within the sensitivity reach
of neutrino telescopes, as illustrated by Figure 2. This
figure summarises the measurements of the �-ray flux
of the source together with a model of �-ray and neu-
trino fluxes produced in proton-proton interactions sim-
ulated with AAfragpy [23]. The assumed proton spec-
trum follows a power-law dN/dE / E↵ with index
↵ = �1.8 and exhibits an exponential cuto↵ at 5 PeV.
The all-flavour neutrino flux level is expected to reach
⇠ 2 ⇥ 10�12 erg/(cm2s) in the 10-100 TeV band.

This flux level is clearly out of IceCube’s reach in its
muon track detection channel because it is situated in
the Southern Hemisphere. Fig. 2 shows the upper limit
on the neutrino flux derived from the publicly available
10-year track dataset (2008 - 2018) [24] using the Multi-
Messenger Online Data Analysis (MMODA) service [25]
powered by the SkyLLH [26] analysis software. In our
calculation, we have taken into account that the angu-
lar resolution of IceCube, ✓ ' 0.2� is better than the
source size, and in fact, the two-degree-long jet-like fea-
ture would be resolved in neutrinos into ' 5 sources so
that the flux of each source is ' 1/5 of the total. In such
a situation, the sensitivity is degraded by a factor of

p
5.

The sensitivity of IceCube in the cascade detection
channel is much better in the Southern hemisphere.
Comparing the point source sensitivity of this channel
reported in Ref. [30] for the E�2 type power-law spec-
tra, Ffl ' 10�12 TeV/(cm2 s), for the per-flavour neu-
trino flux at the source declination, one finds that the
upper limit on the all-flavour source flux is 3Ffl '
5 ⇥ 10�12 erg/(cm2 s), somewhat above the expected
source flux level. Note that in the case of the cascade
event channel, no correction for the extended nature of
the source is needed because the angular resolution in
this channel is worse than the source size. It is inter-
esting to note that V4641 Sgr is located within one of
the excess regions in the significance map of the IceCube
cascade data analysis of Ref. [30] so that the source may
be contributing to this excess.

Contrary to IceCube, the KM3NeT-ARCA detector
that is currently under construction will be able to ob-
serve the source in both muon track and cascade detec-
tion channels. To estimate the detectability of V4641 Sgr,
we use the projected track sensitivity and discovery po-
tential of KM3NeT-ARCA [28]. We show this estimate in
Figure 2 for the all-flavour neutrino flux. Similar to the
IceCube track channel, we introduce a correction factorp

5 to the sensitivity to account for the extended nature
of the source. Clearly, detecting the source will also be
challenging for KM3NeT: the flux barely reaches the sen-
sitivity level. We conclude that a multi-km3 size detector
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FIG. 2. The high-energy spectral energy distribution of V4641
Sgr. The 68% CL all-flavour neutrino upper limit of Ice-
Cube (IC) and 90% CL sensitivities of upcoming neutrino
telescopes are shown under the assumption of an E�2 power-
law neutrino spectrum, together with �-ray spectra measured
by HESS [27], HAWC [17], and LHASSO [16], and Fermi-
LAT upper limits which we obtained (see Supplementary Ma-
terial). We show the sensitivity of KM3NeT-ARCA [28] and
the 5� discovery flux of the proposed TRIDENT neutrino tele-
scope [29]. The model lines show a fit to the �-ray spectrum
of V4641 Sgr (blue line), the accompanying neutrino emission
(red line), and the accompanying electron and positron emis-
sion (green line) under the assumption of a purely hadronic
origin, calculated with AAFrag model (see text for details).

is needed for a sensible study of spectral and morpholog-
ical characteristics of the neutrino source. For example,
we show in Fig. 2 the sensitivity reach of the TRIDENT
multi km3 detector proposed for installation in the South
China Sea [29]. With such a telescope, the source will be
detected at the ⇠ 5� significance level.

V. X-RAY SYNCHROTRON EMISSION FROM
ELECTRONS

Even if the observed �-ray emission is from high-energy
proton interactions, secondary electrons from the pion
decays should still be present in the emission region.
Emission from these secondary or primary electrons pro-
vides a possibility for an additional measurement that
is directly useful in studying the GMF and high-energy
particle propagation through it. In the case of secondary
electrons from high-energy proton interactions, their in-
jection spectrum is expected to be close to the �-ray and
neutrino spectrum, i.e. dN/dE ⇠ E��, � ' �1.8, in the
energy range up to Emax

>⇠ 100 TeV, as shown in Fig. 2.
Both primary and secondary electrons from proton in-

teractions cool through synchrotron and inverse Comp-
ton scattering that softens their spectrum to dN/dE ⇠
E�(�+1). The inverse Compton emission contributes to
the overall �-ray flux. Its potential presence complicates

Expected neutrino fluxes

high-energy CR par.cles escaping from the micro-quasar along 
ordered field lines of the GMF colliding with ISM gas

Neronov+2024



• Accretion 
• SS 433 : likely super-Eddington
• V4641 Sgr: super-Eddington

• Jets
• SS 433 : most powerful jets known in the 

Galaxy ~1039-40 erg/s
• V4641 Sgr : superluminal jets

• BH activity
• SS 433 : persistent BH activity
• V4641 Sgr : powerful outbursts – intermittent 

BH activity ~ every 2 yr

• Hard Spectra up to 100-200 TeVs

• Morphology of the emission
• SS 433 : lobes
• V4641 Sgr : lobes or extended source ? 

• Similar acceleration locations

• Origin of the emission
• SS 433 : sub-PeV electrons accelerated at termination 

shocks – Barion loaded jet, proton energy budget 3 
x1050 erg ~ 100% Edd

• V4641 Sgr : sub-PeV electrons accelerated at termination 
shocks – Energy budget for hadronic emission : few 
objects as V4641 Sgr could explain the local PeV CR flux

Summary of HAWC microquasars
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The LHAASO revolution ▸ on arXiv last week!

▸ report >25 TeV photons from 5 sources

▸ Two “known”: SS 433, V4641 Sgr

▸ Three new! GRS 1915+105, Cyg X-1, 
MAXI J1820+070

▸ All with persistent emission, and 
extended when statistics are high 
enough

▸ V4641 Sgr by far the brightest and 
most energeticLHAASO Collaboration 2410.08988 

CDY seminar – L. Olivera-Nieto30/10/2024

The LHAASO microquasar class 

LHAASO Coll 2024 

See next talk by Ruoyu



LS 5039

Multi-wavelength view: TeV
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(Aharonian et al. ����)

Vı́ctor Zabalza (MPIK) The GeV and TeV components of LS ���� � / ��

H.E.S.S. observations of LS 5039 C. Mariaud
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Figure 1: Geometry of the orbit (in the orbital plane) of the compact object around the O6.5V star (Casares
et al. [1]). The star size is to scale. The arrow at the bottom indicates the direction to the observer. Sev-
eral notable positions of the compact object are indicated: periastron (f = 0), apastron (f = 0.5), superior
conjunction (f = 0.058) and inferior conjunction (f = 0.716).

the source at a statistical significance of more than 56s and 2800 detected gamma-rays. To perform
this analysis, we used a ring background subtraction [16] in stereo mode.

2.1 H.E.S.S. I: phase-folded light curve

The integral flux above 1 TeV, folded with the orbital period of the system, is computed as-
suming a spectral index G = 2.20 ± 0.03, where G is derived from a fit with a simple power law,
dN/dEg µ E�G

g , to the whole data-set. In Fig. 2 the known modulation of the source at VHE is
recovered, which keeps essentially unchanged from one year to the next, for the whole data set,
averaging over short, e.g., daily time-scales.

To better characterise this modulation, Fig. 3 displays the phase-folded averaged flux for phase
intervals of width 0.1 each. In this case, however, the large data set obtained in the last ⇠ 10 yr
of observations enables us to fit separately each phase interval to compute the bin-averaged flux.
We assume here again a simple power law model fitted to the data in each phase interval. The
corresponding photon index G plotted against the differential gamma-ray flux at 1 TeV in the same
bin is displayed in Fig. 4. We notice a relationship between both variables, the correlation coef-
ficient is �0.93. When the system is brighter the spectrum is harder. In the same way, when the
differential flux decreases, the spectral index increases. We note that noticeable departures from a
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Binary LS 5039

• Consist of a 23  type O star and a 
compact object, which could be a black 
hole or pulsar  

• Star and compact object are orbit with 
each other in 3.9 days period  

• Located ~ 1.5° from galactic plane 

• In the complex J1825 region 

• Previously seen by H.E.S.S., VERITAS, and 
Fermi-LAT in gamma rays

M⊙

Credits: Mon. Not. R. Astron. Soc. 383, 467–478 (2008)

Sketch of the LS 5039
Fermi-LAT 2018; 100 MeV - 300 GeV; 

 A. A. Abdo et al 2009 ApJ 706 L56

VERITAS 2020 Astroparticle PhysicsVolume 117, January 2020, 102403
H.E.S.S. 2007 Astrophys Space Sci (2007) 309: 
277–284

• Either microquasar with relativistiv jet formation through matter 
accretion onto the compact object or acceleration resulting from the 
interaction between pulsar and star winds 

• Distance = 3.5 kpc , O6.5V star and compact object with a mildly 
eccentric 3.9 day orbit. Mass companion star 23 Mo, mass compact 
object = 3.7 Mo 

• From radio to TeV energies. Flux and spectral modulation as a function of 
its orbital period. 

HESS Coll 2005-2007



LS5039 region with Pass 5 

31

Dezhi Huang, ICRC 2023

• HAWC see flux modulation at LS5039 

• Inferior conjunction (INFC)  0.45< 0.9 

• Superior conjunction (SUPC) 0.45or 
>0.9 

• INFC flux have a factor of two compare to 
SUPC flux, similar power law indices 

• No cutoff found in both low state and High 
state maps yet

ϕ≤

ϕ ≤ ϕ
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Spectrum Analysis of LS 5039

Credits:H.E.S.S. data points A&A, 460 3 (2006) 743-749

LS 5039 Spectrum

H.E.S.S.: Astronomy and Astrophysics 460:743-749
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LS 5039 in HAWC Data

GP-Pass5

• 1910 days of data 

• LS 5039 can be disentangled from J1825 region 

• About 8  detection 

• Use multi-source fitting procedure to get best-fit 
model for the whole J1825 region 

• More details on modeling methods see Sam 
Groetsch’s poster PGA0-03 

• More details on the morphology study in the 
J1825 region see “Revealing Ultra-High-Energy 
Gamma-Ray Emission from the eHWC J1825-134 
Region with HAWC” GA20-04 by Dezhi Huang

σ

• 1910 days of data

• Simultaneously likelihood fit with 
diffuse emission and  background 
sources

• About 8 s

• PL preferred up to at least 100 TeV



Origin of the emission 

• VHE emission can help constrain B-field, acceleration 
• efficiency and acceleration location (see Khangulian+2008)
• Maybe room for pp or pg ?

Eta = 1 Eta = 10

2 Khangulyan, Aharonian & Bosch-Ramon

i

ω

P

plane of sky plane of orbit

z

−z

Emitter

Accelerator

Compact object

Optical star

Figure 1. Sketch of the system.

relativistic electrons determined by the balance between the
acceleration and radiative cooling rates. Finally, the produc-
tion and gamma-ray absorption processes should be coupled
with an appropriate treatment of the particle cooling and
propagation (e.g. particle di↵usion and advection along the
jet). Thus, in the context of leptonic models, the spectral
shape of the gamma-ray emission, in particular its orbital
phase-dependence, contains unique information about the
location of the particle acceleration and gamma-ray produc-
tion regions.

In what follows, we show that the spectral and temporal
features of the VHE gamma-radiation reported by HESS
from LS 5039 can be reproduced with a leptonic model that
invokes anisotropic IC scattering of electrons and absorption
of gamma-rays under certain requirements concerning the
location and e�ciency of the electron accelerator.

2 PHYSICAL PROCESSES IN THE SYSTEM

2.1 Radiation and acceleration processes

The gamma-ray spectrum of LS 5039 extends to very high
energies, up to E� ⇠ 10 TeV and beyond (Aharonian et al.
2006a). Since the parent electrons should have even higher
energies, the acceleration of > 10 TeV electrons requires
rather special conditions, especially if the radiation is formed
inside the binary system, where electrons su↵er strong IC
energy losses (Aharonian et al. 2006b). Assuming for sim-
plicity that the gamma-ray emitter is a jet-like structure1

perpendicular to the orbital plane, one derives the energy
density of the stellar radiation field in the emitting region:

1
The assumption on the jet-like structure here does not nec-

essarily mean adopting the microquasar scenario (i.e. an accret-

ing system with a jet). In fact, a jet-like structure could also be

produced in other types of object, e.g. in binary pulsar systems

(Bogovalov et al. 2007).
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Figure 2. Contour plot of the maximum energy of accelerated

electrons in the B-d plane for di↵erent values of the ⌘ parameter:

⌘ = 1 (solid lines), ⌘ = 10 (dashed lines), ⌘ = 100 (dotted lines).

Thick and thin lines correspond to 30 TeV and 1 TeV electrons,

respectively.

wr = L?/4⇡(R2
orb + Z2)c, where L? is the star luminosity

and Z is the distance to the compact object.
A sketch of the geometry of the system is shown in

Fig. 1. The radiation of the companion star in LS 5039
is characterised by a black-body spectrum of temperature
kT ⇡ 3.3 eV and luminosity L? ⇡ 7 · 1038 erg/s (Casares
et al. 2005). Since Z cannot be much larger than the or-
bital distance (otherwise the periodic component of radia-
tion would be smeared out), the energy density of the target
photons typically varies between 10 erg/cm3 at Z ⇠ 1013 cm,
and 1000 erg/cm3 at the base of the jet around periastron.

The IC scattering of TeV electrons on the starlight pho-
tons of average energy 3kT ⇡ 10 eV takes place deep in the
Klein-Nishina (KN) regime. The characteristic cooling time
of electrons in this regime can be approximated with good
accuracy as (Aharonian et al. 2006b):

tKN ⇡ 1.7 · 102w�1
0 E0.7

e TeV s ⇡ 103 d2
13E

0.7
e TeV s , (1)

where Ee TeV = E/1TeV is the electron energy in TeV units,

w0 = wr/100 erg/cm3, and d13 =
p

R2
orb + Z2/1013cm. The

maximum acceleration energy of electrons is achieved when
the cooling time approaches the acceleration time (tacc),
which it is convenient to present in the following general
form:

tacc = ⌘ rL/c ⇡ 0.1 Ee TeV B�1
0 G ⌘ s , (2)

where rL = E/eB0 is the Larmor radius, and B0 G =
B0/1 G is the strength of the magnetic field in the ac-
celerator. The parameter ⌘ characterises the acceleration
e�ciency. Generally, ⌘ � 1, and only in so-called extreme
accelerators ⌘ ! 1 (Aharonian et al. 2002). From the con-
dition tacc = tKN one obtains:

Ee,max ' 4 · 1010 [B0 G⌘�1w�1
0 ]3.3 TeV. (3)

Formally, for an extreme accelerator (⌘ . 10) and B0 >
0.3 G, the maximum energy of electrons can, under KN IC
energy losses, exceed 100 TeV even for a radiation energy
density wr ' 103 erg/cm3. However, for such a magnetic
field strength in the accelerator, synchrotron energy losses

c� RAS, MNRAS 000, 1–14

Khangulyan+08

From observations to parameter 
constraining using maximum electron energy

• IC off starlight photons proceeds in 
extreme KN regime, maximum Emax 
tacc = tKN

• maximum Emax from synchrotron 
tacc= tsyn

• rL< accelerator linear size

Acceleration efficiency
Location of the accelerator
B field

• eta < 10
B < 10-1 G      d > 1013 cm

• eta = 1 
B <	1 G



Summary and outlookSS 433 

• Discovery of multi TeV gamma-rays from SS 433/W50

• Extension of the spectra of SS 433 lobes up to 100 TeV

V4641 Sgr 

• Discovery of hundred TeV gamma-rays from V4641 Sgr

• Multiwavelength analysis of V4641 Sgr ongoing 

LS 5039 

• Extension of the HESS spectra up to 100 TeV

Perspective for improving analysis of UHE photons with outrigger data.
Multiwavelength studies ! 
STAY TUNED !



Leptonic model does a good job of explaining the gamma ray emission, requires ~0.5% of jet 
power going into electron acceleration.

In hadronic-only scenario protons of at least 250 TeV produce gamma in proton-proton 
interaction and secondary leptons radio and X-rays via synchrotron radiation. 

Energy budget of 3 X 10
50

 erg ~100% of jet energy over 30000 year lifetime of SS 433 must go 
into accelerating protons to explain the observed gamma-ray emission. But do we really know 
the local gas density ? 

Acceleration is occurring in the jets, not in the central binary:
1.  Emission region is ~40 pc from central binary.
2.  Diffusion length scale is ~35 pc at these energies, assuming ISM diffusion coefficient 
3.  Advection length scale is ~4 pc.

SS 433 : Origin of the emission  


