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Abstract

A recent report on the detection of very-high-energy gamma rays from V4641 Sagittarii (V4641 Sgr) up to ≈0.8
PeV has made it the second confirmed “PeVatron” microquasar. Here we report on the observation of V4641 Sgr
with X-Ray Imaging and Spectroscopy Mission (XRISM) in 2024 September. Thanks to the large field of view and
low background, the CCD imager Xtend successfully detected for the first time X-ray extended emission around
V4641 Sgr with a significance of 4.5σ and >10σ based on our imaging and spectral analysis, respectively. The
spatial extent is estimated to have a radius of 7′ ± 3′ (13 ± 5 pc at a distance of 6.2 kpc) assuming a Gaussian-like
radial distribution, which suggests that the particle acceleration site is within ~10 pc of the microquasar. If the
X-ray morphology traces the diffusion of accelerated electrons, this spatial extent can be explained by either an
enhanced magnetic field (∼80 μG) or a suppressed diffusion coefficient (∼1027 cm2 s−1 at 100 TeV). The
integrated X-ray flux, (4–6) × 10−12 erg s−1 cm−2 (2–10 keV), would require a magnetic field strength higher than
the Galactic mean (8 μG) if the diffuse X-ray emission originates from synchrotron radiation and the gamma-ray
emission is predominantly hadronic. If the X-rays are of thermal origin, the measured extension, temperature, and
plasma density can be explained by a jet with a luminosity of ∼2 × 1039 erg s−1, which is comparable to the
Eddington luminosity of this system.

Unified Astronomy Thesaurus concepts: Low-mass x-ray binary stars (939); Gamma-ray sources (633); Radio jets
(1347); Non-thermal radiation sources (1119)

1. Introduction

The origin of Galactic cosmic rays has been a long-standing
question and is of increasing interest in recent years thanks to
the growing high-sensitivity X-ray, gamma-ray, and neutrino
observatories. Among the candidates for Galactic cosmic-ray
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accelerators, microquasars, where accreting black holes are
powering jets, are an emerging class of Galactic PeVatrons
after the TeV detection of the W50-SS433 system (A. U. Abe-
ysekara et al. 2018; H.E.S.S. Collaboration et al. 2024). Most
recently, LHAASO discovered gamma-ray emission exceeding
100 TeV from directions overlapping with several microqua-
sars (LHAASO Collaboration 2024). The detection of gamma
rays with E > 100 TeV suggests that parent particles (either
protons or electrons) are accelerated beyond 1 PeV, indicating
these microquasars are potential PeVatrons.

V4641 Sagittarii (V4641 Sgr) was found to exhibit extended
gamma-ray emission up to ≈0.8 PeV in its surroundings, which
is the brightest among the TeV-detected microquasars
(R. Alfaro et al. 2024; LHAASO Collaboration 2024). V4641
Sgr is a low-mass X-ray binary consisting of a black hole with
a mass of 6.4 ± 0.6Me and a B9III companion star with a mass
of 2.9 ± 0.4Me (R. K. D. MacDonald et al. 2014), located at a
distance of ≈6.2 kpc (R. K. D. MacDonald et al. 2014;
P. Gandhi et al. 2019). In contrast to other microquasars,
V4641 Sgr is characterized by violent X-ray outbursts, which
include a rapid onset and exponential decay (M. Revnivtsev
et al. 2002). The outbursts are observed once in ∼2 yr without
clear periodicity.30 Radio observations with the Very Large
Array, performed within 1 day after an X-ray burst in 1999,
showed a luminous jetlike radio structure of about 0.25 length
(R. M. Hjellming et al. 2000), much more compact than the
gamma-ray extension of 0.54»  (R. Alfaro et al. 2024).

In these months, V4641 Sgr is gaining even more attention
because it has been exhibiting a bursting activity since 2024
September (Figure 1; report on MAXI/GSC observations,
Negoro et al. 2024). Following other X-ray observatories such
as Swift and XMM-Newton, the X-Ray Imaging and
Spectroscopy Mission (XRISM; M. Tashiro et al. 2018,
2020, 2024) observed V4641 Sgr as a generic Target of
Opportunity (ToO) observation. In this Letter, we report on a
morphological and spectral analysis of the environment of
V4641 Sgr and the detection of extended emission with
XRISM.

2. Observation and Data Reduction

XRISM is equipped with the microcalorimeter Resolve
(Y. Ishisaki et al. 2018) and wide field-of-view (FoV) CCD
camera Xtend (K. Mori et al. 2022). In this work, we focus on
the data obtained with Xtend to search for a possible extended
emission.31 Xtend provides a 38 38» ¢ ´ ¢ FoV for the energy
range 0.4–13 keV with an energy resolution better than 200 eV
(FWHM; K. Mori et al. 2024). The angular resolution is 1.7< ¢

(half-power diameter, HPD; K. Tamura et al. 2024).
V4641 Sgr was observed with XRISM as a generic ToO

target on 2024 September 30 UT (ObsID: 901001010). Since
the allocated time for generic ToO observations is very limited,
the observation duration was only ≈20 ks. We reduced the data
with the pre-release Build 7 XRISM software with HEAsoft
version 6.32 (HEASARC 2014) and calibration database
(CALDB) version 8 (v20240815; M. Loewenstein et al.
2020; Y. Terada et al. 2021). We excluded periods of the
Earth eclipse and sunlit Earth's limb, as well as passages of the
South Atlantic Anomaly. The effective exposure of Xtend that
remains after the standard data reduction is ≈12.2 ks. We
removed flickering pixels32 using the searchflickpix tool
in addition to removing bad pixels and columns manually.
For the morphological analysis, we use the night-earth and

day-earth occultation data collected from 2024 March 10 to
July 31 from the XRISM trend archive (rev. 3).33 The night-
earth data are used to evaluate the event rate and spatial
distribution of the particle background (non-X-ray back-
ground), whereas the day-earth data are used as a reference
for the detector image from a uniform emission on the plane of
the sky, which allows us to obtain the vignetting curve
(effective area as a function of the off-axis angle).
In our spectral analysis, we use XSPEC version 12.13.1

(K. A. Arnaud 1996) with the C-statistic (W. Cash 1979), and
AtomDB version 3.0.9 (A. R. Foster et al. 2012). Redistribu-
tion matrix files (RMFs) are created with the xtdrmf task
using the cleaned event file and CALDB based on ground
measurements. Auxiliary response files (ARFs) are generated
with the xaarfgen task assuming constant surface-brightness
emission because the sky background dominates the data. The
errors given in the text and figures indicate 1σ confidence
intervals.

3. Analysis and Results

3.1. X-Ray Morphology

Figures 2(a) and (b) show a 1.2–7.0 keV image with XRISM
Xtend, indicating a hint of extended emission around V4641
Sgr. Here, events with lower and higher energies are excluded
because of the significant contribution of the sky and particle
background, respectively (see Section 3.2). To be more precise,
we subtract the particle-background image extracted from the
night-earth data set and scaled to match the 9.0–13.0 keV event
rate, dominated by the particle background, of the V4641 Sgr
observation. Then we also correct for the vignetting of the
mirror assembly using the day-earth image. As a result, we
obtain Figure 2(c), which shows extended emission around
V4641 Sgr.

Figure 1.MAXI/GSC light curves of V4641 Sgr showing the bursting activity
in 2024 September, obtained from http://maxi.riken.jp/star_data/J1819-254/
J1819-254.html. The observation period with XRISM is indicated with the blue
transparent region.

30 Refer to, e.g., a light curve by MAXI (http://maxi.riken.jp/star_data/
J1819-254/J1819-254.html).

31 The results of the high-resolution spectroscopy of V4641 Sgr itself with
Resolve will be reported separately (M. Shidatsu et al. 2024, in preparation).
32 Pixels with anomalously high event rates, which mostly record pseudo-
events at 1 keV (H. Nakajima et al. 2018).
33 https://data.darts.isas.jaxa.jp/pub/xrism/data/trend/rev3/
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In order to quantify the spatial extent of the extended
emission, we extract a one-dimensional radial profile centered
at V4641 Sgr (Figure 3). The profile is extracted from a circle
with a radius of 12′ and from a partial annulus extending from
12′ to 24′ (Figure 3(a)). The location of the partial annulus is
chosen to extend to the region where events are dominated by
particle background. The radial profile for the emission of
V4641 Sgr (point-spread function, PSF) is made with a ray-
tracing simulation using the xrtraytrace task at 6–7 keV.34

The morphology of the sky background, which should
originate from a nearly uniform emission on the plane of the
sky, is modeled using the day-earth image, which is equivalent
to the vignetting image. The radial profile of the particle
background is extracted from the night-earth data set. As for
the the extended emission, we assume a Gaussian-like
distribution as a simple model. We model the radial profile
from the 1.2–7.0 keV image with the empirical model “(V4641
Sgr) + (extended emission) + (sky background) + (particle
background).” The free parameters include the normalizations
of the components of V4641 Sgr, the extended emission, and
sky background, and the width of the extended emission
(Gaussian function). We employ a least chi-square fit to
determine the best-fit parameters and their confidence intervals.
The best-fit model is shown in Figure 3(b). We obtain the best-
fit Gaussian σ width of the extended-emission model of 7′ ± 3′,
which is converted to 13 ± 5 pc at a distance of 6.2 kpc. The
model without the extended emission does not fit the data in the
radii of ≈5′–12′ (Figure 3(b)). The detection significance can
be evaluated from the fit statistics with and without the
extended-emission model using the F-test, to be 4.5σ (F-test
probability of <8.8 × 10−6) taking into account the upper
limits of the systematic uncertainties described below.

We evaluate the impact of the systematic uncertainties
associated with the PSF tail: <80% within the radii <8′
(K. Tamura et al. 2022, 2024), off-axis effective area: <30%,
and particle-background level: <5% (H. Uchida et al. 2024, in
preparation). These uncertainty levels are also shown in
Figure 3(b). These systematic uncertainties can alter the flux
of the emission up to ≈30%.

3.2. X-Ray Spectra

In the next step, we examine the X-ray spectrum of the
extended emission marginally detected in Section 3.1. The
source and background (BGD) regions are defined as shown in
Figure 2(a). The source region encloses most of the apparent
extended emission found in the morphological analysis
(Section 3.1) but without the contribution of V4641 Sgr itself.35

The BGD region is nearly free from the extended emission
(Figure 2(c)). We only use the energies above 1.0 keV, where
the contamination from potential flickering pixels and bad
pixels remaining after data reduction is negligible.
For the spectral model, we consider the sky and particle

background in addition to the extended source. As for the sky
background, we apply the foreground emission (Local Hot
Bubble), Milky Way halo (transabsorption emission), and
cosmic X-ray background (CXB). The former two are modeled
with the apec model in XSPEC with the electron temperatures
of 0.1 keV and 0.6 keV, respectively, and the solar abundance
(K. D. Kuntz & S. L. Snowden 2008; K. Masui et al. 2009;
M. C. H. Yeung et al. 2024). The uncertain Galactic absorption
for the Milky Way halo component is not considered because it
does not strongly affect the energy range we focus on. Only their
fluxes are treated as free parameters. As for CXB, we use the
power-law model with a photon index of 1.41 and the 2–10
keV flux fixed to 5.4 × 10−15 erg cm−2 arcmin−2 (A. Kushino
et al. 2002). The Galactic absorption is considered with the

Figure 2. (a) A 1.2–7.0 keV XRISM Xtend image with the regions for the spectral analysis. (b) Same with a course binning. (c) The image after the particle-
background subtraction and vignetting correction and with the HAWC gamma-ray contours (>1 TeV; R. Alfaro et al. 2024) and the Xtend field of view (FoV)
overlaid. The 68% containment circle of the point-spread function at 6.4 keV is shown as a reference. The images are shown on the Equatorial coordinates (J2000).

34 The in-orbit calibration of the PSF has been done best for this energy range.
The energy dependence of the PSF in 1.2–7.0 keV (<80% at radii smaller than
8′; K. Tamura et al. 2022) is included in the systematic uncertainty considered
later.

35 3% of the total flux remains within the source region (K. Tamura et al.
2024), which is lower than the sky-background level.
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tbabs model with a column density of 1.6 × 1021 cm−2

(J. Wilms et al. 2000; HI4PI Collaboration et al. 2016).
The particle-background model is developed from the night-

earth observation data. The extracted spectrum can be
explained with a model composed of the fluorescence lines
of Au-M, Ni-K, and Au-L and a continuum (power law;
H. Nakajima et al. 2018; H. Uchida et al. 2024, in preparation).
As the particle-background level depends on the satellite
position and solar activity but without changing the spectral
shape significantly (10%; H. Uchida et al. 2024, in
preparation), we apply this spectral model to the V4641 Sgr
observation. Only the total normalization is treated as a free
parameter.

As for the extended emission, we first use an absorbed
power-law model (tbabs × powerlaw). In the spectral
modeling, we fit the spectra of the source and BGD
simultaneously with two assumptions: (a) the extended
emission does not contaminate the BGD region and (b) 10%
flux of the extended emission in the source region contributes
to the BGD region. The contamination level of 10% is derived
by evaluating the integrals of a Gaussian function for the
extended source, assuming a σ of 10′ (best-fit value plus 1σ
error; see Section 3.1) over the source and BGD regions. In the
spectral modeling, we find that the detector gain is slightly
shifted from that expected by the RMFs due to the degradation
on orbit in ∼1 yr. We thus correct the gain slopes of the RMFs

Figure 3. (a) A 1.2–7.0 keV XRISM Xtend image with the radial-profile extraction region centered at V4641 Sgr (green). (b) Extracted radial profile with the models
for the point-spread function at 6.4 keV, sky background, particle background, and extended emission modeled with a Gaussian function. The transparent regions
indicate the systematic uncertainty ranges (see the text for details).

Figure 4. (a) X-ray spectra obtained with XRISM Xtend and the best-fit spectral models in the case where contamination of the extended emission in the BGD region
is ignored and (b) assumed to be 10% in flux of the source region. The green, blue, and orange solid lines indicate the extended emission, sky background, and particle
background, respectively, for the source region. The black and red solid lines indicate the total models for the source and BGD regions, respectively. The black dashed
line is the total model for the source region but without the extended-emission component.
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by ≈0.3% and ≈0.2% for the source and BGD regions,
respectively, to fit the detector background lines.

Figure 4 shows the results corresponding to the two cases (a)
and (b). We obtain the fit statistics C-stat/d.o.f. = 4190.1/3658
and 4147.6/3658, respectively. The case (b) better explains the
observations. The best-fit spectral parameters of the extended
emission are summarized in Table 1. The unabsorbed flux in
2–10 keV is determined to be ≈7–10 × 10−15 erg s−1 cm−2

arcmin−2. The spectral index is found to depend on the
assumptions strongly, and thus is not constrained well. The
detection significance of the extended emission can be
evaluated, from the fit statistics with and without the extend-
emission model using the likelihood ratio test (for the C-
statistic), to be >10σ (ΔC = 361.9 and Δd.o.f. = 3).

To account for the possibility that the emission is of thermal
origin, we also assume a thermal emission model (case (c)). If a
collisional ionization equilibrium plasma model (apec) with
the solar abundance (J. Wilms et al. 2000) and with free
electron temperature and normalization replaces the power-law
model of the case (a), we obtain the fit statistics C-stat/d.o.
f. = 4192.3/3658. This is similar to the result of the case (a).
The derived parameters are shown in Table 1. The electron
temperature kTe is constrained to be 3.2 ± 0.7 keV. The
unabsorbed flux in 2–10 keV is estimated to be
(7 ± 1) × 10−15 erg s−1 cm−2 arcmin−2. Based on the volume
emission measure nenpV, where ne, np, and V, respectively, are
the electron density, proton density, and volume, one can
derive the plasma density ≈0.3 cm−3 (r/10 pc)−1.5, with r
being the radius of the spherical plasma.

Considering its location (ℓ 6.77=  and b 4.79= -  ) close to
the Galactic center, the spectrum is possibly affected by the
Galactic ridge X-ray emission (GRXE; H. Uchiyama et al.
2013; S. Yamauchi et al. 2016), but the exact contribution at
such high Galactic altitudes is quite uncertain. So, we add a
GRXE model (with the spectral shape described in Table 3 of
H. Uchiyama et al. 2013) with the highest flux level allowed
from the best-fit radial-profile models (Section 3.1).36 As a

result, the spectral excess is still found to be significant with a
≈9σ significance with a somewhat reduced flux of
(3.6 ± 0.8) × 10−15 erg s−1 cm−2 arcmin−2 in 2–10 keV.

4. Discussion and Conclusion

We have found extended X-ray emission around V4641 Sgr.
The derived extension of ∼20 pc assuming a Gaussian-like radial
profile is smaller than that seen in gamma rays (≈60 pc with the
HAWC observation; R. Alfaro et al. 2024). Here we first discuss
the nature of the acceleration environment with an assumption that
the X-rays are of nonthermal origin. Although we cannot
confidently identify the exact site of particle acceleration, the
X-ray radial profile describable with a Gaussian function
centered at V4641 Sgr suggests that the acceleration site is
close to the microquasar (10 pc). The synchrotron cooling
timescale for X-ray-emitting electrons is t 1000 yrcool »
( ) ( )/ /E B100 TeV 10 Ge

1 2m- - , where the Ee and B are the
electron energy and magnetic field strength, respectively. The
diffusion length for this timescale is Rdif ( ( ) )D t4 100 TeV cool

0.5»
( ( ) ) ( )/ /D E80 pc 100 TeV 5 10 cm s 100 TeV29 2 1 0.5

e
0.5» ´ - -

( )/B 10 G 1m - , where D(Ee) is the diffusion coefficient. Thus,
electrons with energies ≈100 TeV can travel within the X-ray-
emitting region, if we assume the Galactic mean value for

( ) ( )/D E E2 10 cm s 3 GeVe
28 2 1

e= ´ d- with δ = 0.3–0.6
(V. Berezinskii et al. 1990; V. S. Ptuskin et al. 2006). To
match the observed X-ray extent Rdif ≈ 10 pc, either an
enhanced magnetic field B ≈ 80μG with ( )D E 2e = ´

( )/E10 cm s 3 GeV28 2 1
e

0.3- or a suppressed diffusion
coefficient D(100 TeV) ≈ 1 × 1027 cm2 s−1 with an interstellar
magnetic field level B ≈ 3μG is required.
Given that the very-high-energy gamma-ray emission is likely

hadronic due to the very hard spectra with Γ= 2.2± 0.2 (R. Alfaro
et al. 2024; LHAASO Collaboration 2024), one can constrain the
lower limit of the magnetic field strength based on the highest
allowed level of the inverse Compton gamma-ray flux. As shown
in Figure 5, we obtain B  8μG, which indicates that the magnetic
field is likely enhanced compared with the interstellar values. Since
the spectral shape of accelerated electrons is completely unknown,
we assume a cutoff power-law model and have examined various
parameter sets, with an index of 2–3 and a cutoff energy of 10–100
TeV. Radiation cooling is also taken into consideration, as the
X-ray spectrum is extracted from the region extending beyond Rdif
(Figures 2 and 3), where electrons may be affected by cooling. In
conclusion, the choice of the parameters and the cooling effect does
not significantly affect the lower limit of ≈8μG.
If the X-ray emission is of thermal origin, one can discuss the

physical process that produced the thermal plasma based on the
electron temperature and plasma density. Assuming a shock heating
as a representative scenario to generate X-ray emitting plasma in
interstellar space, the derived electron temperature ≈3 keV would
require a shock velocity 1500 km s−1 (Y. Ohshiro et al. 2024;
XRISM Collaboration 2024). Plasma density ∼0.3 cm−3 is typical
for the interstellar medium. A supernova remnant would be able to
explain these parameters, but the age estimate for the black hole in
this system, 10 Myr (G. Salvesen & S. Pokawanvit 2020), would
contradict this scenario. Thus, a shock originating from black hole
activities, e.g., a jet termination shock, would be more feasible. If
we assume a pair of jets along the line-of-sight direction
(R. M. Hjellming et al. 2000; J. A. Orosz et al. 2001),
strong and adiabatic shock, and homogeneous plasma, the jet
luminosity can be estimated from the shock kinetic energy as

( )( ) ( )/ / /L n v R2 10 erg s 0.08 cm 1500 km s 10 pcjet
39 1

ISM
3

jet
1 3 2~ ´ - - - ,

Table 1
Best-fit Spectral Parameters of the Extended Emission

Case (a) NH (1022 cm−2) 1.8 ± 0.5
Power-law index 2.4 ± 0.3
Power-law flux (2–10 keV) 7.8 ± 0.9
(10−15 erg s−1 cm−2 arcmin−2)
Integrated power-law flux (2–10 keV)a 4.3 ± 0.5
(10−12 erg s−1 cm−2)
C-stat./d.o.f. 4190.1/3658

Case (b) NH (1022 cm−2) 0.6 ± 0.4
Power-law index 1.8 ± 0.2
Power-law flux (2–10 keV) 9.2 ± 1.1
(10−15 erg s−1 cm−2 arcmin−2)
Integrated power-law flux (2–10 keV)a 5.1 ± 0.6
(10−12 erg s−1 cm−2)
C-stat./d.o.f. 4147.6/3658

Case (c) NH (1022 cm−2) 1.5 ± 0.4
kTe (keV) 3.2 ± 0.7
nenpV (1058 cm−3) 1.3 ± 0.2
C-stat./d.o.f. 4192.3/3658

Note.
a Integrated flux for the source region, which has an area of 629.4 arcmin2.

36 Total sky-background rate of ≈70% particle-background rate in 1.2–7.0
keV for radii of 5′–15′, roughly corresponding to the source region.
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where nISM, vjet, and R are the interstellar plasma density, jet
velocity, and radius of the extended emission, respectively. This is
comparable to the Eddington luminosity of the system
(R. K. D. MacDonald et al. 2014; P. Gandhi et al. 2019). This
luminosity would not be unrealistic as the jet luminosity during the
outburst in 1999 was inferred to exceed 1039 erg s−1 (M. Revnivt-
sev et al. 2002). The spatial extent of the lobe produced by the jet to
explain the observed extended X-rays, 20 pc, would be much
larger than the typical size of the radio lobes found in microquasars
such as Circinus X-1, Cygnus X-1, and GRS 1758−258 (5 pc;
see a review by E. Gallo 2010), but would be comparable to the
X-ray extension of the SS 433/W50 complex (∼30 pc; S. Safi-H-
arb et al. 2022). Such a large spatial extent may be related to the
inferred high jet luminosity. R. Alfaro et al. (2024) suggests that a
jet with a luminosity of 1039 erg s−1 can, in principle, explain the
extension of the TeV emission around V4641 Sgr (≈60 pc).

An alternative origin to the extended X-ray emission around
V4641 Sgr could be a dust-scattering halo. The flux of the
scattered photons can be evaluated based on the relation
between an interstellar absorption column and optical depth in
scattering (P. Predehl & J. H. M. M. Schmitt 1995), the
absorption column density ≈1.6 × 1021 cm−2, and a typical
flux of V4641 Sgr during the bursting activity from 2024
September, ∼10−11

–10−10 erg s−1 cm–2.37 The resultant flux
level for the source region, <10−13 erg s−1 cm−2 in 2–4 keV, is
lower than the sky background. We have also examined 25 ks
archival Chandra data in 2002 (ObsID: 3800), which were
obtained during its quiescence (∼5 months after the outburst in
2002 May) with a low flux of V4641 Sgr ∼10−12 erg s−1 cm–2.
38 With the same source and sky-background spectral models

as case (a) (Section 3.2) plus a particle-background model for
Chandra ACIS (H. Suzuki et al. 2021), we obtained a surface
brightness of the excess source, ∼7 × 10−15 erg s−1 cm−2

arcmin−2 in 2–10 keV, similar to that obtained with XRISM.
This supports the idea that the extended emission is more
persistent and thus independent of the bursting activity of
V4641 Sgr. To conclude, it is unlikely that the observed
extended X-rays are due to dust scattering, without specific
conditions such as the presence of dense clumps in the line of
sight.
This work has discovered for the first time extended

emission around V4641 Sgr with XRISM Xtend. The spatial
extent of the X-ray emission ∼20 pc in diameter is smaller
than that seen in gamma rays. Assuming that the X-rays are of
nonthermal origin, this suggests that the X-rays originate from
an electron population near the acceleration sites, which is
different from that responsible for the gamma-ray emission. If
the X-rays are of thermal origin, a jet termination shock would
be able to explain the measured properties with a jet luminosity
∼2 × 1039 erg s−1, which is comparable to the Eddington
luminosity of this system. Future radio observations and more
extensive X-ray observations of the gamma-ray-emitting region
will help disentangle the nature of the acceleration
environment.
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