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*HAWC Observatory

*HAWC micro-quasars
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High-Altitude Water Cherenkov
Gamma Ray Observatory Instantaneous FOV 2sr
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, Daily FOV 8sr (66% of
.-.‘ - the sky)

M A 100N po Energy range: 100s GeV to
ex'co J,QN R 00s Tev

Observing >95% of the time
Angular resolution 0.2° —

345 outriggers since 2018
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HAWC Water Cherenkov detectors and detection technique

Large plastic

Steel frame )
bag container

construction

-

WCDs with 200,000 | 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

3900 Water trucks 8-inch
filling the tanks 10-inch k /

PMTs
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Gamma-ray Energy (TeV)

HAWC ApJ 972, 2024

improved background rejection
Better angular resolution

Improved sensitivity at 100s GeV
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Pass 5
sensitivity

HAWC ApJ 973, 2024
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10 -134
HAWC J1746-2856 !

== HAWC SED with H.E.S.S. sources subtracte:
H.E.S.S: diffuse-emission region (2016)
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Galactic Plane

Galactic Center

LS 5039

V4641 Sgr.

Companion| Compact Orbital | Orbital axis
star mass | star mass period inclination

Wpe) (M) | My | (days) (°)

Distance

V4641 Sgr : . : ] . : 72.3 4.1

LS5039 . 22.9 +3.4 3.90603 + 249+28

-1.3 0.00017
46 45 44 43 42 41 40 39 38

37 36 35

34



SS433 Lobes

Chandra X-ray

Binary observed in radio-X-rays

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

Accretion believed to be super Eddington

103940 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




T T T
o~ -1
— 1078 W50/SS 433: eastern lobe 3
) E
NE ]
S107% L E
S
5 C ]
— -1D
- 10 ~§
> 3
o o
—010“1 L L, = 108 erg/s <
o F a=2; E, = 7 TeV 3
-
=10-12 B=10uG
10—13 [ 1 1 1
7 & g 10
Hegra 2005
| aalF /e
15
g
]
o
Right Ascensic

SO SRR -

290.0 289.5 289.0 288.5 288.0 287.5 287.0 286.5 286.0 285.5

Right ascension

.......

33

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.




$S-433 Lobes with HAWE
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The first micro-quasar HAWC detected
1017 days of HAWC observations
Post-trial 5.4 o

Emission coincident with el and wl
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HAWC Coll Nature 2018
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pre-trial significance [0O]

$S-433 lobes with HAWE

* HAWC emission — powerful jets accelerate particles beyond 100 TeV

* Combining y and X-rays B~16 uG

* 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:

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
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SS 433 lobes again

HAWC ApJ 2024
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pre-trial significance [0]
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=== Sudoh+(2020) H-  Fermi-LAT (2020)
Kimura+(2020) VERITAS 99% UL (2017)
Reynoso & Carulli (2019) HAWC (this work)

- = H.E.S.S.+(2024) { HESS (2024)

Fang et al (2020)
- east

E2dN/dE[eVcm~2s71]

_+_ ey west

108  10° 10 10! 102 1013 10
E [eV]

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




SS 433 energy -

dependent

morphology

HESS Coll Science 2024
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Hard Xray from the inner eastern lobe of W50

Safi Harb +22
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 (I-2 keV); cyan: hard X-ray emission (2—12 keV).



V4641 Sgr

Radio, Optical and X—ray Light Curves

- Transient X-ray binary first detected flares in 1999

* X-ray flux reached 12.2 Crab in 8 hr i, ST 878 S AR BN B _
e Arcsec radio jets inclined < 16° (VLA) k\% -2 o
* Low Mass Xray Binary :Black-hole 6.4 M - B-star companion .
2.9 Mg B PN —
EY

* Orbital period 2.8 d, distance 6.2 kpc
* Super-Eddington accretion — Lgygipeon ~ 10%%erg
* Superluminal jets - apparent expansion speed 9.5c

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

Luminous Jet-like radio structure of 0,25”
within | day after an X-ray burst in

1999 (VLA)
* Long time monitoring by MAXI

2-4 keV
hotons cm™? s

A 0.05




€handra Observations of V464 1 Sgr in gquiescent state

Tomsick et al, 2003

™ I =] B Il T g | SO ISt St R I N R |
: . XTE J1859+226
<« : i Zf;:;ir_ y » X-ray observations focused on X-ray
: < AU 1543.47 outbursts happening roughly every two years
! < H 1705-250
: O V404 Cyg *  What about quiescent state ?
! o GX339-4
: © XTE J1550-564 * Quiescent state 0.3- 8 keV luminosity
TRRE GS 1124-68 4.0 x 103! (d/7 kpc)? ergs s (Tomsick+2003)
¢ GRO J1655-40
o : GRO J0422+32 * In optical wavelengths V4641 Sgr 85%
% ! XTE J1118+480 quiescent state and |15% active state
O ' A 0620-00 (MacDonald+2014)
o | GS 2000+25
1 M S S SR | | M R S S A | L Lol 1 M S A |
1030 1031 1032 1033 1034

Minimum Observed X-Ray Luminosity (erg s™)



VHE Photons coincident with V4641 Sgr

HAWC Collaboration, Nature 2024

> 1 TeV

4FGL J1822.6-2502 4FGL J1817.7-2517

4FGL J1821.5-2531 V4641 Sgr

276 275 274 276 275 274
al®] al°]
I @20 I 20
-4-3-2-10 1 2 3 4 5 6 7 8 -4-3-2-10 1 2 3 4 5 6 7 8
/75 /Ts

- 2400 days obs 1

* High zenith angle for HAWC - 45-off zenith
» 8.80 above | TeV and 5.20 above 100 TeV — > 100 TeV 23 photons after background subtracted — 14 background



Spectra and morphology of the lobes

E2 dN/dE [erg/(cm? s)]
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I HAWC Collaboration, Nature 2024

----- Single Asymmetric Extended Source
Northern Source
-== Southern Source
Single Asymmetric Extended Source
Northern Source
@® Southern Source

10! 10?

Energy [TeV]

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

* 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




Origin of the emission

* Electrons of at least 200 TeV at * PeV protons at the termination
the termination shocks shocks where jets impact ISM

tacc o IODB(Ee)/UshZI

W,(E,>1PeV)=L, ttﬂ
tcooling a 600(Ee/200 TeV)-l(B/]_O pG))—,% esc

~10%p L, D, )( n )_1 erg s
v,/c>0.02(E,/200 TeV)(B/10 pG)¥? - 10* erg s \3x10* cm?s™ \1 cm™

rason /(D) % LU0/ Yeus W,=1x10° Total budget in protons > | GeV ifn = | cm

D(200 TeV) = g10°° cm?*s™



Gas density

I HAWC Collaboration, Nature 2024 I

276 275 274
al°]

T |
0.00 0.13 0.26 0.390.51 0.64 0.77 0.90 1.031.151.27
NHgensity [cm~2] 1e20




Observations & Observational Proposal

X-rays Radio Observations

* MAXI/GSC announcement of renew BH activity AtelL
#16804

* Observations with APEX (Pl.

» INTEGRAL obs from 2024-09-07 at 16:44 until 2024-09- :
08 at 22:16 UTC. Atel #1688| Eduardo, Daniel)

¢ XRISM (ToO 12 ks on 2024-09-07 covering 60% UHE i )
emission) * Observations with Nobeyama (P.I.

Naomi)
* Nustar proposal (Pl.Kaya and Naomi)

* Chandra proposal (Pl.Kaya and Naom:i)



MAXI/GSC Count rate (s™)

XRISM discovers extended X-ray emission

XRISM 12.2 ks
0.4 — . | ' ' | ‘ ‘ | Susuki et al, 2025
2—-20 keV
2—4 keV § (a) XRISM/Xtend 1.2-7.0 keV image (b) XRISM/Xtend 1.2-7.0 keV image (c) NXB-subtracted, vignetting-corrected
0.3 |- * g | (with coarse binning) 1.2-7.0 kv image with HAWC contours
g - ’ e > 2
(@)
02 ’ * + '9 =
* S
(22,
o
0.1 4 iy LS |
b m’*f bl 4
o : W b J # " o s
o Whghl ¥l g | AR
t A
-0.1

2024-08-01 2024-09-01 2024-10-01

Negroro et al, 2024

0.006 0.036 0.15 0.62 2.5 27 b} | 39 54 4

r 80
Counts Counts

brightness (arbitrary)

0% 0.0013
Surface

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



(c) NXB-subtracted, vignetting-corrected

1.2-7.0 keV image with HAWC contours Extended Xray from V4641 Sgr

Ly
X & B~10uG
Lx

~100r (55) (i)
foot ® POV \TPev) \T0uG

Raiff = 2 D(1PeV)tcoo;
- (UD(lPeV) )1/2( E, )‘1/2( B )‘1
PC \ 1031 cm2s—1 1PeV 104G

Xray extension ~ (13t 5)pc - n < lorB > 10 uG

0.00105 0.00134 0.00 0.00712 0.02556

Surface bnghtness <arbnrary)

Susuki et al, 2025



Summary of HAWE microguasars

* Accretion Hard Spectra up to 100-200 TeVs
* SS 433 :likely super-Eddington

* V4641 Sgr: super-Eddington Morphology of the emission
e Jets * SS 433 :lobes

* SS 433 : most powerful jets known in the Galaxy * V4641 Sgr : lobes or extended source ?
~103%4% erg/s

* V4641 Sgr : superluminal jets

Similar acceleration locations

Origin of the emission

* BH aCtIVIt)’ . o e SS 433 :sub-PeV electrons accelerated at termination shocks. Barion loaded
* SS 433 : persistent BH activity jet, proton energy budget 3 x10°° erg ~ 100% Edd

* V4641 Sgr : powerful outbursts — intermittent BH

activity ~ every 2 yr * V4641 Sgr :sub-PeV electrons accelerated at termination shocks — —

Extension of diffuse Xray emission 10pc — Energy budget for hadronic
emission :few objects asV464 | Sgr could explain the local PeV CR flux




Accretion driven or interaction pulsar - star winds
Distance = 3.5 kpc

23 M, O6.5V star and 3.7 M, compact object
mildly eccentric 3.9 day orbit.

From radio to TeV energies.

Flux and spectral modulation as a function of its orbital period.
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E~2 dAN/AE dA dt) [TeV/(cm2 s)]

LS 5039
with HAWGE

—— HAWC INFC

—— HAWC SUPC
H.E.S.S. INFC
H.E.S.S. SUPC

lo—ll
10-12
10-13.
HAWC 2025
10 14

10-!

107

10!
Energy [TeV]

104

20 19 18 17 16 20 19 18 17 16
10°] 10°]
—— EE |
8 10 12 14 4 -2 0 2 4 6 8 10 12 14
VTS

* 1910 days of data
 Simultaneously likelihood fit with diffuse emission

and background sources
- 80
* PL preferred up to at least 100 TeV

* ~50 modulation between 2 and |18 TeV — likely the
emission up to the highest energy originates close to
the binary



[10+13 cm]

Distance

Maximum acceleration energy in LS 5039

n=I

n=10 B<0.1G d>10"cm

n ~1-Bs50.1G6

[10+13 em]

Distance

-1
B[Gausa)]) .

HAWC emission detected up to | 18TeV — 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 py ?
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| HAWC Collaboration, Nature 2024

Northern Gamma-Ray
Bubble

Direction of the Normal

Companion
Star

..................... Line of Sight

Binary Orbit

Accretion Disk

55 pc

Arc-sec Radio jet-like
structure in the outburst

of 1999 (Hjellming et al,2000)

No. 2, 2000 RADIO OBSERVATIONS OF XTE J1819—254

V4641 Sqr 4.9 GHz Sep. 16.027 UT V4641 Sgr 4.9 GHz Sep. 16.048 UT V4641 Sqr 4.9 GHz  Sep. 17.94 UT

T T T T T T T T T T T T T T T T T T T T T T T T T
25".0 b 25".0 F . 25".0 .

(@) , (b) (©)
g £ 2 g 0
g 25"5 | 5’«)‘@ 1 § 25"5 1 § 25"5 5 0 8
uthern Gamma-Ray = o = = (=
S Wb = B ] va b -} n b — i
Bubble 3 26".0 % 26".0 3 26".0

e 26".5 1 ° 26"5 1 ° 26"5 1
-4-3-2-10 1 2 3 4 5 6 7 8 -25%2427"00, o 4 4 4 4 1] -25°%2427°00, 4 4 4 4 4 1] -25%2427700y o o o oy o

VTS 18"19M21%.72 21%.64 21%.58 18"19™M21%.72 21%.64 21°.58 18M9™21%.72 21°.64 21°.58

Right Ascension (J2000) Right Ascension (J2000) Right Ascension (J2000)

100 pc persistent structure, HAWC 2022
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SIS INIRIC AT o AP

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




Model —logLikelihood BIC AIC M O RP I_l O LO G | C/ \L
One Point Source 60733 121520 121473 STU D | ES

One Asymmetric Extended Source 60694 121485 121403

Two Point Sources 60694 121498 121404

Lower BIC model preferred
Lower AIC model preferred z -
BIC and AIC penalize complexity 2 2
T i e

10! 102 10! 102
Energy [TeV] Energy [TeV]

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