
On behalf of the HAWC Collaboration
Sabrina Casanova, IFJ-PAN Krakow

VGGRS VII Barcelona 6-8 May 2025

Detections of binaries with HAWC
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• 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



Pass 5 
sensitivity

Improved background rejection

Better angular resolution

Improved sensitivity at 100s GeV

HAWC ApJ 972, 2024 

HAWC ApJ 973, 2024 



Looking for binaries with HAWC



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

1039-40 erg/s barion-loaded jets terminate at 40 pc 
distance in W50 nebula and produce western and 
eastern X-ray lobes  

 Jet speed roughly c/4

Particle acceleration & GeV-TeV radiation predicted at



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  pre trial at termination regions at the X-
ray lobe

Combined HESS-MAGIC produced only upper limits.

Hegra 2005 



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

Nature, HAWC Coll 2018



May 2022

SS-433 lobes with HAWC
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• HAWC emission → powerful jets accelerate particles beyond 100 TeV
•  Combining  and X-rays B~16 𝜇G
•  Emission region is ~40 pc from central binary > Diffusion length scale 

~35 pc > advection length scale is ~4 pc → Acceleration is occurring in 
the jets, not in the central binary:

HAWC Coll Nature 2018

Energy Budget :
~0.5% of jet power into electron acceleration

~100% of jet energy over 30000 yr lifetime for accelerating protons 
of at least 250 TeV if n=0.1cm-3 Nature, HAWC Coll 2018



Spectra of the lobes

SS 433 lobes again 

• 1922 days of data
•  Better Reconstruction 
•  Increased significance
• Individual lobe analysis and spectra 
 

HAWC ApJ 2024



SS 433 energy - 
dependent
morphology

Already discussed by Laura 

HESS Coll Science 2024



Hard Xray from the inner eastern lobe of  W50

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). 

Safi Harb +22



•  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) 
• Low Mass Xray Binary :Black-hole  6.4 M⊙ - 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

• Luminous Jet-like radio structure of 0,25” 
within 1 day after an X-ray burst in 
1999 (VLA)

• Long time monitoring by MAXI



• 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
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55pc 

30pc 

HAWC Collaboration, Nature 2024

• 2400 days obs

• High zenith angle for HAWC - 45o off zenith

• 8.8σ above 1 TeV and 5.2σ above 100 TeV – > 100 TeV 23 photons after background subtracted – 14 background



18

Spectra and morphology of the lobes

• Morphology:  two sources (8,1  and 6.8 ) or 
a roughly 70 pc extended one 
• PL spectra up to 220 TeV 
• No time flux variations 
• No other TeV gamma-ray counterpart 
• 800 TeV photons detected with LHAASO

HAWC Collaboration, Nature 2024



Origin of the emission 

• Electrons of at least 200 TeV at 
the termination shocks

• PeV protons at the termination 
shocks where jets impact ISM



Gas density
HI from HI4PI

H2 from Dame+2001 

HAWC Collaboration, Nature 2024

n~ 0.5 - 1 cm-3



Observations & Observational Proposal 

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 12 ks on 2024-09-07 covering 60% UHE 
emission)

• Nustar proposal  (P.I. Kaya and Naomi)

• Chandra proposal  (P.I. Kaya and Naomi)

Radio Observations

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

• Observations with Nobeyama (P.I. 
Naomi)



XRISM discovers extended X-ray emission

Susuki et al, 2025
XRISM 12.2 ks

Negroro et al, 2024

Extended emission either thermal 
or non-thermal emission
If thermal constraint on gas density



𝑡𝑐𝑜𝑜𝑙 ≈ 100 𝑦𝑟
𝐸𝑒

1𝑃𝑒𝑉

−1 𝐵
10𝜇𝐺

−2

Extended Xray from  V4641 Sgr 
region 

𝑅𝑑𝑖𝑓𝑓 = 2 𝐷 1𝑃𝑒𝑉 𝑡𝑐𝑜𝑜𝑙
                                                         

~80 𝑝𝑐
𝜂 𝐷(1𝑃𝑒𝑉)

1031𝑐𝑚2𝑠−1

1/2 𝐸𝑒
1𝑃𝑒𝑉

−1/2 𝐵
10𝜇𝐺

−1

𝐿𝛾
𝐿𝑋

 →  𝐵~ 10 𝜇𝐺

Xray extension ~ (13± 5) pc  →  𝜂 <  1 𝑜𝑟 𝐵 > 10 𝜇𝐺

30 pc

Susuki et al, 2025



• 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 – – 
Extension of diffuse Xray emission 10pc – Energy budget for hadronic 
emission : few objects as V4641 Sgr could explain the local PeV CR flux

Summary of HAWC microquasars



LS 5039
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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

• Accretion driven or  interaction pulsar - star winds 

• Distance = 3.5 kpc  

• 23 Mo O6.5V star and 3.7 Mo compact object 

• mildly eccentric 3.9 day orbit. 

• From radio to TeV energies. 

• Flux and spectral modulation as a function of its orbital period.



LS 5039 
with HAWC

• 1910 days of data
• Simultaneously likelihood fit with diffuse emission 
and background sources
• 8 
• PL preferred up to at least 100 TeV
• ~5 modulation between 2 and 118 TeV →  likely the 

emission up to the highest energy originates close to 
the binary

6

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

HAWC 2025



• HAWC emission detected up to 118 TeV → B-field, 
acceleration efficiency and acceleration location in LS 5039

• Difficult to accelerate electrons up to hundreds TeV within 
the binary

• Maybe room for pp or p 

𝜼 ≳ 10  B < 0.1 G      d ≫ 1013 cm

𝜼 ∼  1  → B ≲ 𝟎. 𝟏 G

Maximum acceleration energy in LS 5039
 𝜂 = 1 𝜂 = 10



Summary and outlook

SS 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 – First discovery of extended emission with XRISM 
LS 5039 

• Extension of the HESS modulated spectra up to 118 TeV

Many ongoing multiwavelength efforts. 



XRISM discovers extended emission

Susuki et al 2025



Arc-sec Radio jet-like 
structure in the outburst 
of 1999  (Hjellming et al, 2000) 

100 pc persistent structure, HAWC 2022

HAWC Collaboration, Nature 2024



DETAILS ON THE ANALYSIS OF V4641 SGR



SIGNIFICANCE MAP 
1 Introduction

This technical note will describe the analysis for the newly detected gamma-ray source near the X-ray binary
V4641 Sagittarii(hereafter V4641 Sgr) in our newly reprocessed pass 5 dataset. It’s an isolated source, about five
degrees o! the Galactic Plane. There are no known gamma-ray counterparts. The nearest Fermi source is about
0.4 degrees away. The Microquasar V4641 Sagittarii is right on the top of the gamma-ray emission. The V4641
Sgr is a transient X-ray binary containing a 6.4± 0.6 M→ compact object, which should be a Black Hole, and the
mass of the companion star is → 2.9 ± 0.4 M→ [1].

Figure 1: Significance maps for 2pct fHit dataset. Green contours represents significance from four to nine ω
calculated from all the events. White circle is the ROI that is chosen for the following analysis.White cross is
location of the V4641 Sgr.

2 Dataset Information

2.1 Data and ROI

The recently accessible pass5 dataset for HAWC has two fHit maps, one NN map, and one ε40(GP) map. For fHit
maps, one uses two percent of the crab flux to optimize the gamma/hadron separation (done by Jason); the other
uses 100 percent of the crab flux to optimize the gamma/hadron separation (made by Elijah).

All four sets of maps are tested at the beginning of this analysis. For the maps in the following analysis:

• The end chunk is 1143

• The end date is 20211021

• About 2321 days in the fHit maps and 2048 days in energy maps(see the README file in $HAWCROOT)

A circular region of interest(ROI) with 3 degrees of the radius is set for the following analysis. Fig 1 shows the
data map from 2pct fHit map, white circle representative the ROI. We started with the significance maps in the

3

ROI -  3deg

2321 days

Multi-source fitting - No diffuse emission

Contours from 4 to 9 sigmas

PSF (68% containment) between 0.28 to 0.18



MORPHOLOGICAL 
STUDIES

Source Name R.A. [
→
] Dec. [

→
] ω0 [cm

↑2
TeV

↑1
s
↑1

] Index TS

Bright 274.86
+0.035
↑0.035 -25.86

+0.034
↑0.034 8.2

+1.8
↑1.5 → 10

↑16
- 2.41

+0.21
↑0.21 61

Dim 274.85
+0.07
↑0.07 -25.21

+0.04
↑0.04 2.4

+1.9
↑1.1 → 10

↑16
-1.9

+0.4
↑0.4 23

Table 3: Best Fit Values for All Free Parameters

Fit model R.A. [
→
] Dec. [

→
] ω0 → 10

↑16
[cm

↑2
TeV

↑1
s
↑1

] Index TS

One point source 274.860+(0.036,0.006)
↑(0.035,0.009)

↑25.827+(0.031,0.005)
↑(0.032,0.005)

8.396+(1.865,2.654)
↑(1.429,2.351)

↑2.401+(0.200,0.250)
↑(0.198,0.093)

64

Table 4: Best fit values for all free parameters in one point source model

Figure 4: Spectrum energy distribution. Left: the best fit results from the two point source assumption; The red
line represent the brighter lower source

1ε 2ε 3ε

Maximum Energy 180 TeV 110 TeV 70 TeV

Minimum Energy 11 TeV 21 TeV 32 TeV

Table 5: Maximum and minimum energy

Figure 5: Log-likelihood profile of the energy range study. Left: maximum value for minimum energy. Right:
minimum value for maximum energy

6

Lower BIC model preferred

Lower AIC model preferred 

BIC and AIC penalize complexity
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