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Microquasars are laboratories for the study of jets of relativistic particles produced
by accretion onto a spinning black hole. Microquasars are near enough to allow
detailed imaging of spatial features across the multiwavelength spectrum. The
recent extension measurement of the spatial morphology of amicroquasar, SS 433,
to TeV gamma rays' localizes the acceleration of electrons at shocks in the jet far from
theblack hole”. V4641 Sagittarii (V4641 Sgr) is a similar binary system with a black
hole and B-type main-sequence companion star and has an orbit period of 2.8 days
(refs. 3,4). It stands out for its super-Eddington accretion® and for its radio jet, which
isone of the fastest superluminal jets in the Milky Way. Previous observations of
V4641 Sgr did not report gamma-ray emission®. Here we report TeV gamma-ray
emission from V4641 Sgr that reveals particle acceleration at similar distances from
theblack hole as SS 433. Furthermore, the gamma-ray spectrum of V4641 Sgr is
among the hardest TeV spectra observed from any known gamma-ray source and is
detected above 200 TeV. Gammarays are produced by particles, either electrons or
protons, of higher energies. Because energetic electrons lose energy more quickly
the higher their energy, such aspectrum either very strongly constrains the
electron-production mechanism or points to the acceleration of high-energy
protons. This suggests that large-scale jets from microquasars could be more
common than previously expected and that they could be a notable source of
galactic cosmicrays’>.

Observations from 2015 to 2022 by the High-Altitude Water Cherenkov
(HAWC) Observatory'® have revealed notable gamma-ray emission
coincident withthelocation of V4641 Sgr, as shownin Fig. 1. The excess
over the estimated cosmic-ray background flux reaches a maximum
significance of 8.80 above 1 TeV and 5.20 above 100 TeV. After ruling
out an association with extragalactic background sources and other
high-energy sources in the galaxy, we conclude that V4641 Sgr is the
probable source of the observed gamma-ray excess (see details in
Methods).

On the basis of a systematic multisource analysis method on a
3°radius region of interest (ROI) around the gamma-ray emission,
the excess may be described as either two point-like sources or one
extended source withanasymmetric Gaussian distribution (see details
in Methods). The present statistics do not allow us to distinguish
between the two spatial models. When adopting a two-point-source
model, the northern source and the southern source are detected at
8.1oand 6.7, respectively The 95% upper limits on the extensions of the
twosources are found tobe 0.17° and 0.23°, respectively, when fitting
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Fig.1|Significance map around the V4641Sgrregion. a, For events with
measured energy greater than1TeV. The value TS refers to the likelihood

ratio teststatistic described in equation (1). The green contours indicating
significance are mapped to/TS values ranging from 4.5t0 8.5, increasing
inwards atintervals of one from the outermost contour to theinnermost. The
crosses represent the best-fit locations from the model with two point sources.
b, Significance map (of the sameregion) including only events with measured
energy greater than100 TeV. The white circle represents the angular resolution
ataradius correspondingto 68% event containment (0.17°) at this energy
range. The V4641Sgrlocationistaken fromref. 4. These significance mapsare
made by assuming a point-source hypothesis and a power-law spectrum with
thebest-fitindex a=-2.2.

a Gaussian spatial template to the data around each source over the
entire energy range. For comparison, the HAWC point-spread function
atthe declination of the sourceis 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
toabout 30 pcand about 55 pc, respectively, when assuming asource
distance of 6.6 kpc (ref. 4). When adopting a single-source model, we
find that a point-like source template is disfavoured at 8.30 with respect
to an asymmetric extended-source template. The extension of the
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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 froma 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
withasingleasymmetric extended source, see Methods). The spectrum
abovelTeVisbest described by apowerlaw, dN/dE = N,(E/E,)*, inwhich
E, =47 TeVisselected to minimize the correlation between parameters
owingto the choice of the spectral model. Table 1lists the best-fit val-
ues of Ny and a for the northern and southern sources. We note that
the exceptionally hard spectrum, a = -2.2, makes V4641 Sgrone of the
hardest ultra-high-energy sources ever measured. Figure 2 compares
the spectraof'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 whichwe refer to as abubble.

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 lobes'?. At a distance of 6.6 kpc for V4641 Sgr, the physical
separation between each of the two sources and the central object is
ontheorder oftens of parsecs. Our observationimplies 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 flares' >, The
ratio of the TeV gamma-ray power and the Eddington luminosity of this
sourceis anorder 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)™*®,

Aleptonic scenario is challenging for the following reasons. First, a
fast outflow is needed to accelerate electrons to 200 TeV and above.
Theaccelerationtime, t,.. = 10Dy(E,)/v,,, needs to be shorter than the
cooling time owing to synchrotron radiation in a magnetic field B,
Leooling = 600(E,/200 TeV) ™(B/10 pG) years, yielding a shock velocity,
vg/c>0.02(E,/200 TeV)(B/10 uG)“2. Here Dy(E,) = R,c/3 is the Bohm dif-
fusion coefficient and R, is the Larmor radius of the particle. Second,
electronsatsuch highenergies coolso quickly that they canbarely travel
over100 pc. The cooling time is much shorter than the diffusion time,
R?/(2D) =1,000/n years,inwhichR =100 pc, D(200 TeV) = 710*° cm?s™
andn < 1.Forthese evaluations, we have used amagnetic field strength
comparablewiththatinthejets 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
andinteract withthe ambient gas, producing neutral pions that quickly
decayintogammarays. 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 W, =~1x10% erg for these two sources. The protons could be
accelerated at the termination shock, at which the jets interact with
theISM, or along the jets and subsequently transported to the HAWC
sources. We assume that each HAWC source hasaradius of 20 pc, which
corresponds to the upper limit on the source radius of 0.2° at the 95%
confidencelevel, and consider escape owing to diffusion for two cases:
diffusion asinferred at GeV energies from the cosmic-ray secondaries



Table 1| Best-fit parameters for a model with two point sources

Sourcename RA(°) dec. (°) No (x107%cm™TeV's™)  Index(a) Extension upper limitat  Physical distance to the

95% confidence level (°)  black hole (distance: 6.6kpc)
Southern 274.82+0.04 -25.87+0.03 24t8§(stat)ﬁ8§(syst) -2.2+ 0.2(stat.)t8:8;(syst.) 0.23 0.46° =55pc
Northern 274.82+0.03 -25.18+0.02 2.6t8:i(stat.)iO_4(sy3t.) -2.2+ O'z(stat.)rgzgg(syst') 017 0.23°=30pc

The optimal pivot energy, E,, is 47 TeV for both sources.

or the much slower Bohmdiffusion. For 1-PeV protons, the escape time
is then 40 years or 4,000 years, respectively. The energy required in
the former case exceeds the Eddington luminosity assuming that pro-
tons are accelerated with the same spectrum from 1 GeV to 1 PeV, but
is only a small fraction of the Eddington luminosity in the latter case.
We also note that the power channelled into the kinetic energy of the
jets might easily exceed the Eddington luminosity, as testified by the
super-Eddington flares™.

Thedetection of greater than100-TeV photonsindicates that micro-
quasars could be protonic PeVatrons. A smoking gun for this hadronic
PeVatron scenario could be the detection of high-energy neutrinos
from V4641 Sgr. The neutrinos accompanying the gamma-ray emission
have a flux below the present IceCube sensitivity?, although future
experiments could detect them.

Large-scale jets have been found in several microquasars'® 2, They
carrythebulk of the liberated accretion power of the compact objects
and are local analogues of Fanaroff-Riley type Il active galaxies. The
interaction of large-scale jets and the ambient medium is suggested
to produce shock-ionized nebulae such as W50 (ref. 23) and to explain
the bubbles around ultraluminous X-ray sources, the most luminous
class of extra-nuclear X-ray emitters*?**26, The formation of large-scale
jets and their connection with extended nebulae or bubbles around
microquasars remains poorly known because of the rarity of such
objects. Detection of extended jets is challenging, both because the
outflows could be radiatively inefficient, and thus ‘dark’ in optical/
ultraviolet/X-ray®, and because a pair of extragalactic sources located
oneitherside of amicroquasar could cause afalse associationinradio
and X-ray wavelengths?.
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Fig.2|Spectral energy distribution of the gamma-ray emission. Differential
spectrumweighted by £2for the northern and southernsources inamodel with
two point sources and for the asymmetric extended source inamodel witha
single asymmetric extended source. The shaded regions indicate the best-fit
spectraandlostatistical uncertainties when fitting asingle-power-law model
tothe datafrom10to>200 TeV. The markers correspond to the best-fit values
and their 1o statistical uncertainties obtained when fitting a single-power-law
modeltodatainindividual energy bins. The chosen energy range for plotting
thespectrumisspecified in the Methods.

With a jet luminosity exceeding L.qq = 10>’ ergs™ (ref. 11), the
gamma-ray excess observed by HAWC aligns with the expectation
that V4641 Sgr powers a wind-driven nebula or jet-driven radio lobes
atascale of R=0.76(L;./nom,)"°t** =110 pc, in which m, is the mass
of the proton, n,=1cm™is the ambient gas density, which is derived
from the column density in the directions of the VHE lobes (see
Methods) and also comparable with the average of the ISM gas den-
sity,and t = 1 Myr is the estimated age of the source?®. The discovery of
the ultra-high-energy gamma-ray bubble around V4641 Sgr supports
the long-standing hypothesis that this source shares similarities with
SS 433 and suggests that the super-Eddington outflows could power
steady, large-scale jets.

Compared with SS 433, the gamma-ray spectrum of V4641 Sgr is
harder and the large-scale jets have not been observed in other wave-
lengths. Although both protons and electrons could be acceleratedin
the V4641 Sgr system, the dominant radiation mechanism, whether
itis leptonic or hadronic, depends on the surrounding conditions,
such as gas density and magnetic fields. These differences in ambi-
ent conditions may explain the observational discrepancies between
SS 433 and V4641 Sgr.

The large-scale jets of microquasars may play an important role in
the production of galactic cosmic rays. Microquasar jets have long been
suggested as cosmic-ray sources, although their contribution to the
galactic cosmic-ray fluxis unknown. As aresult of the uncertaintiesin
the duty cycle, kineticenergy output and composition of the microqua-
sar jets, this contribution may vary from 0.1% to 100% (refs. 8,9,29,30).
Our observation favours microquasar jets as extraordinary cosmic-ray
sources by suggesting the existence of large-scale steady jets, thereby
having along duty cycle, and by finding V4641 Sgr to be an emitter of
200-TeV photons, such that it is, therefore, a plausible accelerator of
PeV cosmic-ray protons.
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Methods

HAWC data

The HAWC Observatory consists of 300 water Cherenkov detectors
located on the slope of the Sierra Negra volcano in Puebla, Mexico, at
anelevation of4,100 m (ref. 10). Each detector has four upward-facing
photomultiplier tubes (PMTs) at its bottom to collect the Cherenkov
light produced by secondary air-shower particlesin the water. By using
the charge and time information recorded by the PMTs, we canrecon-
struct the properties of the primary particles. Recently, with better
reconstruction algorithms and gamma/hadron separation, the sensi-
tivity of the HAWC Observatory has been improved by a factor of 2-4
(depending on the declination and energy range).

This analysis uses approximately 2,400 days of data collected
between 26 November 2014 and 27 June 2022, reconstructed using
recently improved algorithms®.. The HAWC data are binned accord-
ing to the fraction of available PMTs hit and reconstructed energy>?;
air-shower events with higher energies typically trigger more PMTs.
Simultaneously, we differentiate between events with shower cores
landing exclusively on the array (on-array events) and those with cores
landing off the array (off-array events). Only on-array events are used
in this work. Events with the highest fraction of PMTs hit have the
highest energies and the best angular resolutions, with values of 0.18°
(68% containment radius) or better.

Likelihood analysis
We performed amaximum-likelihood analysis using the HAWC pluginto
the Multi-Mission Maximum Likelihood (3ML) software framework®,
This method obtains the best-fit parameters by means of maximum
likelihood for a model with a given spatial and spectral assumption
convolved with the detector response functions. The background
is estimated by the ‘direct integration’ method®**’. For events with a
larger fraction of PMT hits, we also used the ‘background randomiza-
tion’method (as described in ref. 32) alongside ‘direct integration’ to
spatially smooth the background.

The likelihood ratio test statistic (TS) is used to compare the two
given models, defined as:

TS= —2|n[ﬂ} (1)

alt

inwhich L, is the maximum likelihood of the alternative hypothesis
(background + source model) and L, is the likelihood of the null
hypothesis (background only).

In the analysis, we used a circular ROl with a radius of 3°, centred
atRA =274.92°, dec. = -25.82°. To explore gamma-ray emission within
the ROI, we conducted a systematic multisource analysis method
inspired by the Fermi-LAT%, As the latitude of the centre of the ROI
is 5° away from the galactic plane, background emission owing to the
galactic diffuse emission and unresolved sources on the galactic
plane is negligible. Furthermore, because the source is so isolated,
unlike SS 433 and other sources on the galactic plane that could be
affected by galactic diffuse emission, it serves as an excellent labora-
tory for studying the source emissionindependently. Therefore, we
begin with a model consisting of a single point source and a
simple-power-law spectral assumption. Then, we add point sources
until there is no excess with significance greater than 4. Following
this, we test the extension of each added point source sequentially
to obtain the best morphological description of the emission. We
further explore two distinct spectral models for the emission: the
simple-power-law spectrum (dN/dE = No(E/E,)*) and the log-parabola
spectrum (dN/dE = Ny(E /Eg)™ P'°8¢/50)) The pivot energy, £, is deter-
mined by minimizing the correlation between the flux normalization,
N,, and the spectral index, a. The pivot energy is fixed at 47 TeV for
models with two sources while letting the other parameters float.

Through this comprehensive multisource analysis, we identified a
model with two point sources as the best model to describe the
observed gamma-ray excess. Because this analysis is for a targeted,
specificregion, we further explored several alternative models involv-
ing asymmetric extended sources. A single asymmetric extended-
source model also provides a satisfactory description of our data.

The value ATS is used to compare nested models, such as the
single-point-source model and the model with two point sources.
The Bayesian information criterion (BIC**°) and Akaike information
criterion (AIC*) are used for non-nested model comparisons. In the
model with two point sources, the ATS between the simple-power-law
spectrum and the log-parabola spectrumis O for the southern source
and 6 for the northern source; for the model with a single asym-
metric extended source, the ATS between the two spectral models
is 6. Given that the values are 0 and 2.40, respectively, for one extra
free parameter—both of which are <4o—this comparison suggests
that there is no notable curvature in the energy spectrum in the
present HAWC data. The upper limits at the 95% confidence level
for the Gaussian width of the sources in the two-source model are
0.23° and 0.17° for the southern source and the northern source,
respectively.

From Extended Data Table1, it is evident that the single-point-source
modelis disfavoured compared with the model with two point sources
with a ATS value of 78, corresponding to an 8.1o significance, con-
sidering four degrees of freedom. Furthermore, the comparison
between a single symmetric extended-source model and a model
with a single asymmetric extended source is unfavourable based on
both ATS and ABIC assessments. It is noteworthy that the ABIC value
incurs substantial penalties resulting from the two extra parameters
and the large number of pixels in the ROl associated with the asym-
metric extended-source model. Moreover, the present HAWC data
do not allow us to differentiate between the model with two point
sources and the model with a single asymmetric extended source.
The presence of an extra free parameter and the involvement of nearly
100,000 pixels in the fitting process naturally leads to a substantial
ABIC, disfavouring the model with two point sources. If we ignore
the penalty originating from the pixel count in the fit and consider
instead the AIC, the model with asingle asymmetric extended source
only exhibits amarginal improvement with a AAIC value of one. This
small difference emphasizes the inability to distinguish between
the two models. Given the best-fit eccentricity of 0.98 + 0.01 (for
other parameters, see Extended Data Table 2), it remains plausible
that the occurrence of the asymmetric extended source could be
attributed to the presence of two closely overlapping sources that
cannot be definitively distinguished. We also tested models fixed
at the black hole location for events above 56 TeV. Compared with
the model with a single extended source, a single point source is
disfavoured with ATS =34, equivalent to 5.90 with one degree of
freedom.

Energy-range study/upper limit on the observed photon energy
To estimate the maximum energy of the gamma-ray emission detected
by the HAWC Observatory, we applied aforward-folding method similar
to Abeysekara et al.***. In this method, we multiply a step function by
the best-fit energy spectral model (a simple-power-law spectrum).
Keeping the boundary of the function floating and all the other param-
eters fixed in the fitting, we can obtain the maximum and minimum
energy by comparingthe log-likelihood value with our best-fit model.
The energy value at which the log-likelihood value decreases by 1o
is chosen as the minimum £, energy for the detected gamma rays.
Onthebasis of the energy-range study, the present measurement of the
gamma-ray excess observed by HAWC extends from 18 TeV to 217 TeV
for thesouthernsource, whereas the northernsourceis observed from
21 TeVto150 TeV. Both sources shareidentical spectralindices of 2.2,
asshowninFig. 2.



Article

Systematic uncertainties

The contribution to the systematic uncertainties from the detector
effects on the flux normalization of the TeV emission from V4641 Sgr
is less than +20% of the nominal value. The index of the TeV emission
from V4641 Sgr changes by <3% because of detector systematics. These
systematic uncertainties are determined as described inref. 32, which
includes the absolute quantum efficiency of the PMTs, charge resolu-
tion and threshold of the PMTs, changes to PMT efficiency over time
and howlatelightinthe air shower is treated. Uncertainties fromeach
category are investigated and summed in quadrature to estimate the
total systemic uncertainties.

We also studied the pointing accuracy. In the 3HWC catalogue
paper**, we quote the absolute pointing uncertainty of HAWC as 0.15°
forsources at -10° or +50° declination and 0.3° for sources at declina-
tions of —20° or +60°. With a better reconstruction algorithm, we have
improved the pointing uncertainty. To validate thisimprovement, we
conducted a series of tests.

We compare the measured declination of HAWC sources with the
declination of their potential TeV counterparts as determined by
the High Energy Stereoscopic System (H.E.S.S.), chosen as arepre-
sentative imaging atmospheric Cherenkov telescope experiment.
The sourcelocations and their uncertainties were obtained from the
H.E.S.S. galactic plane survey (HGPS) paper®. Extended Data Fig. 1
shows the comparison between the declination of sources detected
by HAWC and H.E.S.S., revealing substantial agreement between the
two experiments for declinations ranging from-10°to-30°. The error
barsin the plot indicate uncertainties derived from the combined
errors of HAWC and H.E.S.S., calculated in quadrature. The H.E.S.S.
data, sourced from the HGPS paper*, may reflect variations in the
observation times of individual sources. This comparison confirms
the consistency and reliability of HAWC'’s pointing.

Source associations

We searched for possible associations with the gamma-ray excess in
high-energy catalogues. Unlike in radio and X-ray, a chance superpo-
sition of extragalactic background sources can be easily ruled out at
200 TeV. This is because most photons at this energy will be attenu-
ated as a result of pair production with background radiation fields
whentravelling across the Milky Way and over extragalactic distances.
At TeVenergies, we found no known source within 3° of the HAWC point
sources. At GeV energies, three sources from the 4FGL catalogue*® are
found withinthe 0.5° radius of the HAWC point sources, but all of them
areoutside the4.50excessregion (see Fig.1). One of the three sources
is a distant galaxy and the other two have no known associations.
At X-ray wavelengths, we searched for counterparts in the galactic
Master X-Ray Catalog from the NASA HEASARC database (https://
heasarc.gsfc.nasa.gov/W3Browse/all/xray.html) and several X-ray
binary catalogues, including the High-Mass X-Ray Binaries Catalog
(HMXBCAT)¥, the Low-Mass X-Ray Binaries Catalog (LMXBCAT)*, the
Ritter Low-Mass X-Ray Binaries Catalog (RITTERLMXB)*, the X-Ray
Binaries Catalog (XRBCAT)*® and the Integral IBIS 9-Year Galactic
Hard X-Ray Survey Catalog (INTIBISGAL)*. Only a handful of sources
are found in the vicinity, including IGR J18170-2511, XTE J1818-245,
AXJ1824.5-2451 (J1824-2452) and SAX J1810.8-2609. Three galactic
sourcesare located within 0.5° of the northern and southernsources,
namely, V4641 Sgr, IGR 1819.3-2542 and SWIFT J1818.7-2553. The last
two are known to be associated with V4641 Sgr (refs. 52,53).

Time-dependent study

V4641 Sgr is well known for its violent X-ray outbursts. To study the
time dependency of the VHE gamma-ray emission, we carried out two
distinct tests. First, we split the datainto two halves. The first half of the
data runs from November 2014 to May 2018 and the second half from
May 2018 toJune 2022; the significance and location of the gamma-ray

excess do not show marked differences between the two halves. For the
second test, we selected approximately 180 days of data during four
recorded X-ray bursts fromthe Monitor of All-sky X-ray Image (MAXI)
telescope®. We used the online Bayesian Blocks analysis tool on the
MAXI website to select approximately 180 days of data during which
V4641 Sgr was in an X-ray outburst state (http://maxi.riken.jp/mxon-
dem/). We searched for excess gamma-ray emission based on this com-
bined dataset. Extended Data Table 3 details the dates chosen for the
four confirmed outbursts. No marked excessis observedin the data for
the selected time period. The X-ray emission detected by Chandradur-
ing the 2020 outburst® exhibited substantially higher flux compared
with the consistent gamma-ray flux observed by HAWC. Furthermore,
there was no noticeable increase in gamma-ray emissions during the
periods corresponding to the X-ray outbursts. This disparity indicates
that the gamma-ray and X-ray emissions are probably not because
of the same particle population. In summary, the HAWC-measured
radiation shows no variation over different time periods, including
recorded X-ray outbursts.

Multiwavelength observation of V4641 Sgr

V4641 Sgr is famous for its super-Eddington X-ray outbursts. Its most
notableflare happenedin September 1999, when the flux level reached
12.2 Crab, corresponding to a1-10-keV luminosity of (3-4) x 10* erg s
(ref. 56). Some of the X-ray outbursts present lower luminosity. One
explanation for the lower flux is that the central engine is potentially
obscured by an optically thick outflow>, in which case the intrinsic
X-ray luminosity was higher than observed.

H.E.S.S. conducted VHE observations of V4641 Sgr simultaneously
with the Rossi X-ray Timing Explorer (RXTE) in 2018, accumulating
anoveralllivetime of1.76 h, yielding a non-detection in gammarays®.
They reported an upper limit of the integral flux above 240 GeV as
I(E>240 GeV) <4.5x102 cm™s™, which is consistent with HAWC’s
observation of the integral flux above 10 TeV of /(E>10 TeV) =
2.60'5:28 x 102 cm™2 ™. We note that the H.E.S.S. analysis only con-
sidered a single potential point source at the location of the binary,
whereas the upper limit from HAWC is determined using the best-fit
differential flux under the assumption of two point sources.

Radio observations by the Very Large Array (VLA) of the September
1999 outburst events of V4641 Sgr resolved abright, jet-like radio struc-
ture®®. These radio observations suggest that V4641 Sgr might be a
galactic ‘microblazar’, which means that its jet inclination is small or
even aligned with the line of sight'>3¢°,

Extended Data Fig. 2 presents a sketch of the binary system. The
inclination angle, i, of V4641 Sgr, defined as the direction of the nor-
mal to the binary orbital plane with respect to the observer’s line of
sight, is about 72.3° + 4.1° (ref. 3). In a standard system, in which the
diskis aligned with the orbital plane and the jets are perpendicular to
the disk, this angle would be similar to the jet angle, 6, defined as the
angle of the jets with respect to the line of sight. It is not yet under-
stood why the transient radio jets of V4641 Sgr present an unusual
6 <12° (ref. 59). The gamma-ray sources, on the other hand, would be
consistent with ascenario involving jets that are perpendicular to the
accretion disk.

The absence of detectable persistent X-ray emission associated with
the gamma-ray lobes could be because of the low surface brightness of
the X-ray counterpart, which emits synchrotron radiation fromsecond-
ary electrons, a lack of deep X-ray observations of the large-scale jets
or acombination of both factors.

Gasdistribution

Inthe hadronicscenario, high-energy protons interact with the ambi-
ent gas, resulting in the production of gamma rays through the decay
processt° - yy. The molecular hydrogen survey®®? and the HI4P121-cm
line emission survey of atomic hydrogen® * provide the gas column
density from the direction of the V4641 Sgr region.
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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 Sgrand then divide
by the velocity interval. The V4641 Sgr distance of 6.6 kpc roughly
corresponds to a velocity of 90-100 km s according to the galactic
rotation velocity curve®®. Integrating the Hl spectra over a range of
velocities between 70 km s™ and 120 km s (this spread in velocities
includes, forinstance, possible internal turbulent motions of the gas),
the first momentayield N,, = 7.4 x 10" cm2and N, =3.9 x10” cm ™ 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 (refs. 61,62). As far as the molecular hydrogen is con-
cerned, the maps contain high levels of background fluctuation noise
such thatwe 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, n1,is1cm™and 0.5 cm™ for the south
and north lobes, respectively.

VHE emission owing to hadronicinteractions

Inthe 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 t° > yy. The acceleration of protons can
occuratthe termination shock, at which the jets collide with the ISM, or
alongthejetitself, allowing themto be transported to the lobe region.
Anupper limit onthe diameter of the two lobes in the two-source model,
(=40 pc,isusedtocalculate the escape time. If weaccount for particle
escape, the energy budget channelled inthe accelerated proton popula-
tion depends ontheratio betweenthe particle (pp) cooling time and the
escapetime fromthe twolobes, t,,/t.s.. The pp cooling time is defined
ast,, =1/(no,,c) 1.6 x10®(n/l1cm)™'s,inwhich g, is the cross-section
for pp interactions®. The escape time, t,,. = >/(2D(E)), in which lis the
source size, depends on the transport regime, D(E). If we assume the
diffusionat1PeV proceeds asinferred at GeV energies from the galactic
secondaryratio, with D(1PeV) =nD, = (3 x10*°) cm*s™, thenthe escape
time may be described ast,,. = 3 x10°/n/(D,/(3 x 10*°) cm?s™) s.Under
thisscenario, the energy budget required in accelerated protons above
1PeV (1-PeV protons produce roughly 100-200-TeV photons) would be
around 100% of the Eddington luminosity,

W.(E,>1P V)—Lt"—"
p\=p ev)= Ve

esc
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in which nis the ambient gas density and L, = 9.13-9.50 x 10 erg s™
for the north and south lobes, respectively. Transport could pro-
ceedinaslower (7 <1) or faster (n > 1) way with respect to the galactic
diffusion, D,, derived from the cosmic-ray secondary ratio at GeV
energies. Cosmic-ray transportin acceleration sites might also pro-
ceed much more slowly—in the extreme Bohm diffusion regime, ... ~
4 x10%*(E/1PeV) ' years, in which the energy needed to be channelled
into protons would be a small fraction of the Eddington luminosity.

(2)

VHE emission owing to leptonicinteractions

In the leptonic scenario, when assuming that the continuously accel-
erated electrons follow a differential-power-law spectrum extending
uptoatleast200 TeV, the northern and southern gamma-ray sources
may be produced by electrons with an energy budget of 7 x 10* erg
above 20 TeVintotal. The fraction of the energy of electrons released
ininverse Compton scattering and not lost to synchrotron cooling is
determined by the ratio of the energy density of the magnetic field
(proportional to B%) to the energy density of target photons, such that

the expected luminosity in hard X-rays from the HAWC lobes should

2 2
be L, (>few keV) = Loy (G1TeV)(555) =(3-4)x10%(555) ergs™™. We
note that this estimation assumes that the energy density of target
photonsis 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
(BML) 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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Extended DataFig.1| The measured declination of HAWC sources. They
arecompared with the TeV counterpart measurements from the imaging
atmospheric Cherenkov telescope experiment H.E.S.S. The vertical dashed
line represents the declination of V4641 Sgr. The HAWC measurements
generally agree with the source locations measured by H.E.S.S. within the
provided uncertainties, covering awide range of declinations, including
extremevalues. Theerrorbarsinthe plotrepresent the uncertainties derived
fromthe HAWC and H.E.S.S. errors added in quadrature, with the H.E.S.S.
results taken from the HGPS paper®.
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Extended DataFig.2|Schematicillustration of V4641Sgr.Red arrows ofthissourcewithajetinclinationangle 8 <12° (ref. 59). Blue arrows indicate

indicate theradio-emitting and X-ray-emitting jets with sizes comparable with asetofgamma-ray-emitting jets suggested by this work, extending
thescale of the binary system. They were detected during previous outbursts approximately 100 pc and oriented perpendicular to the accretion disk.
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Extended DataFig.3|Gas distribution atthelocation ofV4641Sgr.
Theblack contours represent the VHE gamma-ray excess obtained by HAWC.
The column density of atomic hydrogen, NV, at the V4641 Sgr location is
obtained by integrating the gas survey cubes over the range 70-120 kms™
and then dividing by the velocity interval. The level of noise in the molecular
hydrogen mapistoo highto confirmor rule out the presence of the target
materialin molecular form.
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Extended Data Table 1| Comparison of the performance of
different models

Model —logLikelihood BIC AIC
One Point Source 60733 121520 121473
One Asymmetric Extended Source 60694 121485 121403
Two Point Sources 60694 121498 121404

Three models are evaluated using three criteria: negative log-likelihood, BIC and AIC.



Extended Data Table 2 | Best-fit parameters for the asymmetric extended-source model

R.A. [°] Dec. [°] Gaussian Width of Major Axis [°] ¢ [x10~16cm—2TeV~—1s~1] Index Pivot Energy [TeV]

274.81+0.03 —25.56 £ 0.09 0.54 + 0.08 45797 —2.1+0.1 57

This table presents the key parameters of the asymmetric extended-source model, detailing its spatial and spectral characteristics. These include its location in right ascension (RA) and
declination (Dec), the flux normalization and spectral index, as well as its pivot energy.
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Extended Data Table 3 | Data selected for the X-ray
outbursts according to the Bayesian analysis of the daily

light curves from the MAXI public data

Data selected according to MAXI ~ Number of Days

Oct 4-Nov 7, 2021

35
(MJD 59491-59525)
Jan 12-Apr 1, 2020
80
(MJD 58860-58940)
Aug 30-Oct 9, 2018
40
(MJD 58360-58400)
Jul 22-Aug 16, 2015
25
(MIJD 57225-57250)
Total days 180

Table showing specific observation periods and the corresponding number of days for each.
The data span a total of 180 days, with each date range listed alongside the modified Julian

date (MJD) for reference.
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