NS0 5.
keptonic hadroni ]
Y Y
50 . ...................... :
~ hadr@nich
: ‘ f 1
- % g - 7 “( Y
: ! "*/‘I(A
- y = 4V,

HAWC
(>100 TeV)

Kleimenov, A.Neronov and F.Oikow
2410.17608 and 2512.13578

276° 275° 274°




Plan:

Microquasar V4641
Gamma-rays from V4641
Leptonic models
Hadronic models

L epto-hadronic models
Conclusions



V4641 microquasar
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Microquasar V4641 Sgr

A low-mass X-ray binary (LMXB)
J2000: (274.8°, -25.41°)
Galactic: (6.8°, -4.8°)

Kyoto University
25-cm Schmidt-
Cassegrain
telescope
[Uemura et al,
2002]

Galactic plane

Galactic center

V4641 Sgr -
+

“ B

Stérs (my < 6)
NGC objects

86 352

A skymap of Sagittarius constellation in Gal. coord.
with a teapot asterism. Plotted with V/50 (Hipparcos)

and VIl/118 catalogues




V4641 Sgr

88 " 1999
: Regular visual observations of the X-Ray binary
> made by R. Stubbings near Melbourne, Australia
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Historical light-curve of V4641 Sgr in B-band restored from photographic plates
in Sternberg Astronomical Institute (Moscow, Russia) and Sonneberg
Observatory (Sonneberg, Germany) [Barsukova et al., 2014]
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1999 outburst: from radio to gamma

V4641 Sgr 4.9 GHz Sep. 16.027 UT V4641 Sgr 4.9 GHz Sep. 16.048 UT V4641 Sgr 4.9 GHz Sep. 17.94 UT
1 I I

Very-large-base
(®) interferometry
(VLBI) picture
from the Very-
large-array (VLA)
at 6.1 kpc ' with an overlaid
5 RIS 003 pe [ ~1"” =1~0.11y. ~ 36 light days color pattern

(0.1 Ly, 6100 a.u.) At =2days > v=20c [Hjellming, 1999]
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B [Barsukova, 2014] . . 5 .
V [Stubbings, 2024] Historical lightcurve in blue (B)

ﬁargif]j;r:-:s [[’;1] | [Barsukova et al.,, 2014] and

visual (V) optical bands [Stubbings, 2024]
depicting several flares in 1978, 1999,
2002, 2003, 2004, 2005, 2008, 2010,
2014, 2020, 2022
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O ._ leptohadronic models of V4641, LHAASO

Companion star: 2.9 M,
B9 11l (10 250 K)
The most_massive and bluest among LMXB

Black

Accretion disc
T~5000 K,
~15% light

<0 contribution

Period: 2.8 days
Viot~100 km st



. _, hadronic and leptohadronic models of V4641, LHAASO

Binary system 10

Companion star 2.9 M Observed in two states: passive and active
B9 Il (10 250 K) Passive: obs. variability is consistent with orb. variations
. The most massive and Active: brighter and more variable condition

Superluminal jet, 1999: a;,;< 16°, Vjot 0.990c, v, = 39¢c
[Salvesen, Pokawanvit, 2020]

\40\ o @< 10°, Vs > 0.95 ¢

\

ﬁ/& ~< - [Chaty et al., 2003] &

N\ Accretion disc
~ — __ __ __ —“ Quiescence: T~5000 K, ~15% light
Black hole contribution [MacDonald et al., 2014]
6.4 M,

Rad. velocity y =72.7 +3.3 km s™!
[Lindstregm et al., 2005]

Period: 2.8 d
VenfcilOO i ?_’f Distance D = 6.1 + 0.5 kpc (parallax)




B JEEREEESionic. hadronic and leptohadronic models of V4641, LHAASO

MNRAS 545, 1-5 (2026) https://doi.org/10.1093/mnras/staf2104
Advance Access publication 2025 November 26

Alignment of radio jets in the microquasar V4641 Sagittarii with its
high-energy structures

Josep Marti “'!'* and Pedro L. Luque-Escamilla 2

I Departamento de Fisica. Universidad de Jaén, EPS Jaén. Campus Las Lagunillas s/n, Jaén, E-23071 Jaén, Spain
2Departmento de Ingenieria Mecdnica y Minera, Universidad de Jaén, Campus Las Lagunillas s/n, Jaén, E-23071 Jaén, Spain
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MNRAS 545, 1-5 (2026) https://doi.org/10.1093/mnras/staf2104
Advance Access publication 2025 November 26

Alignment of radio jets in the microquasar V4641 Sagittarii with its
high-energy structures

Josep Marti “'!'* and Pedro L. Luque-Escamilla 2

! Departamento de Fisica. Universidad de Jaén, EPS Jaén. Campus Las Lagunillas s/n, Jaén, E-23071 Jaén, Spain
2Departmento de Ingenieria Mecdnica y Minera, Universidad de Jaén, Campus Las Lagunillas s/n, Jaén, E-23071 Jaén, Spain
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O .— leptohadronic models of V4641, LHAASO

Companion star: 2.9 M,
B9 11l (10 250 K) !
The most_massive and bluest among LMXB

Accretion disc
T~5000 K,
~15% light
Period: 2.8 days contribution

Viot~100 km st
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Companion star: 2.9 M,
BO 1l (10 250 K) !

/

The most massive and bluest among LMXB /

BJack

Accretion disc
T~5000 K,
~15% light
Period: 2.8 days " contribution

Viot~100 km st



Gamma-ray emission
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"
aldacCtiC p ane Survey
[ L alactic Plane

E5-5039

V4641 Sgr.
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and leptohadronic models of V4641, LHAASO

LHAASO meeting Oct 2023: first LHAASO observation of V4641

E>180TeV

dec, deg
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XRISM
(2-10 keV)
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Extended radiation:
from X-rays to gamma

Morphological features SO :
Length of the nebula increases With energy _250 ..................... - ..................... ’ y ona
Non-zero width (from H.E.S.S)) :
Clear North-South asymmetry at high energies

obs. / intr.
. HAWC, 2024
LHAASO, 2024 : i :
a = S 1 .
5 H.ES.S., 2024 : = \ , : XRISM
& FERMI, [Neronov, 2024] i

FERMI, [Zhao, 2025] p v (2-10 keV)

Flux, erg cm=2 571

T ¢
= ¢
! w B *ﬁ
A" ¥ i

10’10 10‘11 1612 10‘13 10‘14 1615
Energy, eV
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Multiwavelength observations of the binary (in radio, optical, X-rays)
and of the surrounding nebula (in gamma-rays) from 1999 to the present day
RXTE/PCA/HEXTE, 1999, 50-170 s

1078

-7 \
ig d \
/’/ !
10—10 4

¢ 1999, 14.9 GHz: VLA -+ NuStar, 2021
RXTE/PCA/HEXTE, 1999, 170-300 s ¢ 2004, VLA 4+ XRISM, 2024 (broad)

v RXTE/PCA/HEXTE, 1999, 500-700 s 2003-2005, VLA H  HAWC, 2024

- RXTE/PCA/HEXTE, 1999, 1100-1500 s { VLA, 2003 4+ LHAASO, 2024

¢ 1999, 0.843 GHz: MOST UKIRT (Optical), 1999 + H.E.S.S., 2024

¢ 1999, 1.4 GHz: VLA, ATCA, MERLIN, RATAN ¢ UKIRT (NIR), 1999 FERMI, [Neronov, 2024]
t 1999, 4.9 GHz: VLA, ATCA, RATAN -+  Swift/XRT + NuStar, 2014 (hard) HH
t 1999, 8.4 GHz: GBI, VLA, ATCA, RATAN

FERMI, [Zhao, 2025]
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Position in the Galaxy 12

The source is located close to the Galactic Bar — an a non-axisymmetric vertically

extended stellar over-density region in the Milky Way center
Evolution of distance

measurements to V4641 Sgr

[
Fo4— ——- 6.1 £0.5 kpc
1

a—-:-@——a

-

1
——d—]

BElE 0 75 100 125
Distance, kpc
rel to Sun

|/ Il rel to GC
B rel to Bar

~10 —8 —6 4 =

The source and the bar in galactocentric coordinates; stellar overdensity
(n the bar (top-view, upper panel; observer view, right panel)
[Wegg et al, 2015]
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Galactic Mag netic field Galactic Magnetic field has two components: 13

— a regular magnetic field B,
— a turbulent component 6B

persS

X-shaped bulge
of the Milky Way
[Ness, Lang,
2016]

Magnetic field in the Bar is weakly constrained:
— we expect a horizontal component
(in Galactic Plane)

— and an X-shape component perpendicular

Schematic picture of the Galactic arms as viewed to the Galactic Plane
from the north Galactic pole [Korochkin et al., 2025]

-~
Galactic Plane

Galactic Center

LS 5039

.

V4641 Sgr.
20 19 18 17 16 15 14 13 12 11 10 9 8 7 6
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Leptonic model: spectrum

Continuous emission

Continuously ejecting electrons

= " HAWC > 100 TeV
Magnetic field B =3 pG.

B=3uG FERMI XRISM

" HAWC [Neronov et al.] o d {(no GRXE)
L=3-10%¢ erg/s ' LHAASO _ FERMI _ XRISM
r=19 H.E.S.S. ¥ [Zhao et al.] ' (with GRXE)
T=4.5kyr

E.it =6 PeV

-1

Declination, deg (J2000)
E2dN/dE, erg cm™

10713 ' R . ;
276 : 274 108 1010 1012
Right ascension, deg (J2000) Photon energy, eV




O ._c and leptohadronic models of V4641, LHAASO
Photon flux from an UHE electron distribution

Single FERMI
T FIa?e ¢ HAWC # [Semikoz et al.] "i" XRISM
Continuous ¢ LHAASO FERMI &1 XRISM (no bgnd)
~ Emission 4+ H.E.S.S. 24 [Zhao et al.] H+  Chandra [H.E.S.S.]
107104
Single flare Continuous ejection
=19 r=17 T=2900yr
o T =610 yr Ecut = 10 PeV
Etot = 1 Loy = 5-1035 erg/s

Etot N 4'1046 erg

10712+

106 108 1016

Energy, eV

M.Kleimenov, A.Neronov, F.Oikonomou and D.S., in preparation



Leptonic model: morphology

Morphology: bent magnetic field line

107!

< : H |
Q: 0 - p— : : 0 -
x ' H

—-200 . : —200 ;
~200 —100 Eo00 =100




Leptonic model: morphology

Morphology: Ballistic-Diffusive transition

Ballistic-diffusive

—200-100 0 100 200
z, pc




Hadronic models



Hadronic models: gas model

Gas in the galaxy
CO brightness <.
temperature -
radial velocity
distribution

[Dame et al,
2001]

Hydrodynamical modelling of gas surface density
in the Milky Way [Li et al, 2022]

5 p—
B -

Gas velocities
in a barred
galaxy

[Liu et al,
2025]

LOS velocity [100 km/s]

20 0 =20 25 0 =25 =50 50 0 -50
Galactic Longitude Galactic Longitude Gzlactic Longitude




Hadronic models: target gas

density maps 19

HI4PI column density in the vicinity of the source [Bekhti et al., 2017]
70 - 76 km/s 102 - 108 km/s 134 - 141 km/s 166 - 173 km/s

v
~
£
V4
=)
S
—
>
=
(9}
o
]
>
n
o]
|

51005 00 05 10
I, deg |, deg distance from Y4641, deg

a) Atomic H density at v =125 km/s b) Predicted intensity for high-energy gamma-rays
¢) Observations by H.E.S.S.,, HAWC, HAWC (>100 TeV), and LHAASO d) H.E.S.S. flux data




Hadronic models: spectrum

Proton-flash model

20

10—1[}
A single ejected
population of protons
att=0 va o=l
Synchrotron
radiation can be
produced by
secondary
electrons only!

ji
£
J
o
e
J
m
T
=
<
T
~
W
X
=
L.

In any magnetic field
from 1 to 40 pG

=1.8
T =15 kyr
E=2-10°%erg

|

H=1ecm>

FERMI
% HAWC & [Neronov et al.]

-4 H.E.S.S. T [Zhao et al.]

XRISM
{no GRXE)

XRISM
{with GRXE}

synchrotron emission
is insufficient

109 102 104

inconsistent with X-ray observations

105 108 1010 1012
energy, eV
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Leptohadronic models

Proton-electron flash

Protons and electrons are Minimal magnetic field to fit XRISM is B =4 uG i
accelerated simultaneously Model parameters:

=>they have same cutoff energy T=2kyr,I' =16, Eqy; =5 PeV

and same spectral index Eprot =1.5% 10 erg; & =5x 10% erg

total flux
10710

=

o
S
(o0

FERMI XRISM
injected e $ HAWC [Neronov et al.] + (no GRXE)
cooled e LHAASO Egrmi _ XRISM

1047 Vi
secondary € 4 HESS. ¥ [Zhaoetal] ' (with GRXE)
— .= primary p/10*
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L

J
1

e
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Particle energy, eV

108 g 1gie 1Ot @32 10"
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Leptohadronic models

Proton flash and electron emission

Minimal magnetic field to fit XRISM

Here proton and electron : : ,
observations is again B =4 pG

spectra are independent:

rP =L Ecut'P =R In the figure, there is a 8 kyr old spectrum with
€, =8.3x10% erg; L, = 8.3 x 10% erg/s
P & g total flux

B=4 uG
T=8 kyr
Ne=1.3,Tg=2.0

XRISM

] injected e~ 4 HAWC $ 4 [Neronov et al.] (no GRXE)

i sseinc_cooled.e LHAASO ~  pepw) _ XRISM

: secondary e* 9 H.ES.S. "® [Zhaoetal] (with GRXE)
+{=—-=— primary p/104

=
o
o
=
Fluence spectrum, erg

. . N 1
1013 10'14 1615 1616 1017

Particle energy, eV
v

2

10° 10 107 10®  10° 109 10! 102 1013 104 10%°
Photon energy, eV

Photon flux, ergcm=2s~1
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Neutrinos from
V4641 sgr



leptohadronic models of V4641, LHAASO

Neutrinos from V4146,
hadronic model

gl S .~ === Neutrinos (all flavours) Hadronic v-rays -
- IC Tracks, 2008-2018 — =~ Electrons .
R — ~ IC Cascades, 2011-2021 Fermi-LAT
1071%E . KM3NeT-ARCA, 10 yr HESS 3
S > — F—— TRIDENT, 10 yr HAWC E
K ln [= = TRIDENT, 50 flux, 10 yr LHASSO ]
:', v L\I) - -
! [ g
: > i :o 1071g 3
‘. ; B F :
‘l‘ V4641 Sgr 9 | Galactic Center /: % -y T = —— 7
\‘ II < = f - —
5 ! Z - — v -
' ," ,_:,U / \
N ’ —12
K 10 ~L_

TTTTTIT

Sun .
———_ 4
107"
. 10° 10% 10 10*2 10%3 10 10" 106
I Energy [eV]
X
*. |
Bl

A.Neronov, F.Oikonomou and D.S., arXiv:2410.17608
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10710 -
] — - IC Cascades, 2011-2021
IC Tracks, 2008-2018
n KM3NeT-ARCA, 10 yr
S N —— TRIDENT, 8 km3, 10 yr
S £ 1079 — HUNT, 30 km?, 10 yr
o = e T
© ()
§ X
= =
k= o
8 % 10—12_
a) 5
O]
=
276 275 274 1013 A R
Right ascension, deg (J2000) 109 1010 101! 102 1013 10 101> 10

Neutrino energy, eV

M.Kleimenov, A.Neronov, F.Oikonomou and D.S., arXiv:2512.13578
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Summary

m Gamma-ray emission from V4641 extend to 100 pc
from source at high energy on south and around 60
pc both sides at low energies.

m [ eptonic models explain low energies, but difficult to
explain north/south asymmetry at high energy

m Hadronic emission explains asymmetry, but contradict
to X-ray
m [ eptohadronic models explain all data

m One need to check X-rays from south E>100 TeV
emission

m Future 8-30 km3 neutrino detectors can try to get
neutrino flux after several years of observation



