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Sierra Negra volcano

e HAWC is located on the flanks of the
Sierra Negra volcano near Puebla

e 4,100 meters (13,500 feet) above the
sea level
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HAWC Water Cherenkov detectors and detection
technique

Steel frame Large plastic
construction bag container

3900 Water trucks 8-inch
filling the tanks 10-inch
PMTs




E2 Flux (TeV/s cm?)

10-10 == LHAASO 1 yr
1 CTA Northern array 50 h
= CTA Southern array 50 h
VERITAS 50 h
. MAGIC 50 h
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arxiv.org/pdf/2405.06050

Gamma-ray Energy (TeV)

Pass 5
sensitivity

Improved background rejection

Better angular resolution

Improved sensitivty at hundred GeVs



Once upon a time the SNR paradigm
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* Research focus : Local CR spectrum
* Featureless CR PL spectrum up to PeVs

* SNRs major CR contributors — energy budget and DSA
theory working well in SNR shocks

of Cosmic Rays

- +«—— 1 particle per m? - second

Knee
(1 particle per m? - year)

Ankle
(1 particle per km? - VCED)
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SNR RXJ1713 SEEN BY HESS 2004-2018

[ O 68% PSF

16m

14m 12m 17h10m

RA (J2000)

Challenges

Cutoffs at few TeV in SNRs — CRs up to 100 TeVs

Including B amplification from CRs - CRs up to 100

TeV

High precision measurements reveal multiple features
in local CR spectrum

iminosity (erg/s/TeV)
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Declination
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Reformulating the €R paradigm
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Several classes of PeVatrons and superPeVatrons -
revealed with ys

Research focus: investigate classes of CR sources:
study confinement, acceleration and escape

SNRs still viable CR sources but major
contributors ?

B Last discovery : micro-quasars !



Xiaojie Wang

Looking for binaries with HAWE
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Credit: NRAO/AUI/NSF, K. Golap, M. Goss;
NASA’s Wide Field Survey Explorer (WISE)

Binary observed in radio-X-rays & 3

Supergiant > 10 M, and 8 M, compact object, BH or NS : Y R ey B .,i',. BIaCkHOle *' o

Accretion believed to be super Eddington 3 2 R ’ ’
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Barion loaded S5433 jet : 10%0 ergls RRENLS 2 R A TR TR

e P JRU I KEAY e e i S
SS433 jet speed roughly c/4 S N A - B R A R

Most powerful jets in the Galaxy terminate at 40 pc distance in W50 )
nebula and produce western and eastern X-ray lobes

Particle acceleration & GeV-TeV radiation predicted at the lobes o _ LR ’ VNS . ALY . x
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1078 L W50/SS 433: eastern lobe a

SS 433 with Fermi and 1A€TSs

~1071° E
imﬂ L, = 10% erg/s E
Lonl wroe ] HEGRA set upper limits on the emission from e3
O i ki A WS (Aharonian+, 2005)
7 8 9 10 11 12 13

LOQ(E/GV) 6+0655

Fermi-LAT analysis revealed a persistent emission
between 250 MeV and 800 MeYV, possibly due to
proton-proton interaction close to SS433(Bordas+,2015)

Declination

290.0 289.5 289.0 288.5 288.0 287.5 287.0 286.5 286.0 285.5

A snon VERITAS has 4  pre trial at termination regions at
the X-ray lobe

Combined HESS-MAGIC produced only upper limits.




$S-433 Lobes with HAWGC

0 2 4 6 8 10 12 14 -1 0 1 2 3 4 5
pre-trial significance [o] pre-trial significance [o]

The first micro-quasar HAWC detected

. 1 0 1 2 3 4 5
1017 dgys of HAWC observations ore-trial significance [o]
Post-trial 5.4 ¢

Emission coincident with el and wi




HAWC Coll Nature 2018

$S-433 lobes with HAWE

* HAWC emission shows that powerful jets accelerate

particles beyond 100 TeV

¢ Combining y and X-rays B~16 uG
log[v(Hz,,)]
4 9 12 15 18 21 24 27 30
- = = Leptonic (inverse Compton) ; Radio (ref. 14)
3} === | eptonic (synchrotron) XMM-Newton (ref. 15)
| "] Hadronic (n° decay) # RXTE (ref. 16)
-1 0 1 5 3 A 5 2t % MAGIC-HESS 95% uy.Jp.er limits (ref. 19) E HAWC (this work)
pre-trial significance [0] = *  VERITAS 99% upper limits (ref. 20) E
w 1t
OI:E
Energy Budget : = 3
~0.5% of jet power into electron acceleration -2 \
-3} '
~100% of jet energy over 30000 years lifetime of SS 433 D | | !
. . — -3 -5 -3 -1 1 3 5 7 9 11 13 15
for accelerating protons of at least 250 TeV if n=0.1 cm (glE, (V)]

13



SS 433 lobes
with Passh

Bin g Spectrum

3 @ This work - flux points
TS52.1 ¥ Nature(2018)
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E2 dN/dE (TeV cm~2 s71)

1922 days of data

104 HAWC 2024
10° 10! 102

Better Reconstruction Energy (TeV)

Increased significance

Individual analysis

Lobe spectra reach 100 TeV



SS 433 energy -
dependent
morphology

HESS Coll Science 2022
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Hard Xray obs of the inner eastern lobe of W50

Safi-Harb+22

See seminar by Samar
Red: radio (Dubner et al. 1998); green: optical (Boumis et al. 2007); yellow: soft X-rays (0.5—

| keV); magenta: medium energy X-rays (1-2 keV); cyan: hard X-ray emission (2—12 keV).



Transient X-ray binary first detected flares in 1999
X-ray flux reached 12.2 Crab in 8 hr

Arcsec radio jets inclined < 16° (VLA)

Black-hole 6.4 M (MacDonald+2014)

B-star companion 2.9 Mg

Orbital period 2.8 d, distance 6.2 kpc
Super-Eddington accretion — Leggingon ~ 103%erg
Superluminal jets - apparent expansion speed 9.5¢

Credit: (R.M. Hjellming, NRAO, VLA, Associated Universities, Inc.)
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€handra Observations of V4641 Sgr in quiescent state

Tomsick et al, 2003

T T ) e S R e L e s R B
S XTE J1859+226 :
L - e X-ray observations focused on X-ray
il :
< | GRS 1009-45 outbursts happening roughly every two years
< 4U 1543-47
: Sl Bl *  What about quiescent state ?
| O V404 Cyg
| o GX339-4 : L
! o TE 11550564 * Quiescent state 0.3- 8 keV luminosity
TN GS 1124-68 4.0 x 103! (d/7 kpc)? ergs s°! (Tomsick+2003)
|
o GRO J1655-40
o | GRO J0422+32 .
o | . * In optical wavelengths V4641 Sgr 85%
o ! A 0620-00 quiescent state and |15% active state
o | GS 2000425 (MacDonald+2014)
1 1 1 1 11 1 1 I I 1 1 1 | e o I | | 1 1 1 1 11 1 1 I 1 1 1 1 11 11 l
30 31 32 33 34
10 10 10 10 10

Minimum Observed X-Ray Luminosity (erg s™)



VHE Photons coincident with v4641 Sgr

>1TeV

>100 TeV HAWC, Nature 2024

4FGL J1822.6-2502 N
== b \¢ 4FGL J1817.7-2517

V4641 Sgr

276 275 274 276 275 274
al°] °

|
-4-3-2-10 1 2 3 4 5 6 7 8 -4-3-2-10 1 2 3 4 5 6 7 8
vTS vTS

* 2400 days obs
* High zenith angle for HAWC - 45° off zenith 19
* 8.80 above | TeV and 5.20 above 100 TeV




Spectra and morphology of the lobes

Extension upper limit

Physical distance to the black hole

Source Name R.A.[°] Dec. [°] No [x1078cm—2TeV—1s71) Index () a1 95% CL [°] (distance: 6.6 kpc)
Southern | 274.82+0.04 | —25.87 +0.03 2.4105 (stat.) 10 2 (syst.) ~2.2 4 0.2(stat.) )07 (syst.) 0.23 0.46° ~ 55 pe
Northern 274.82+£0.03 | —25.18£0.02 | 2.6705(stat.) £ 0.4(syst.) | —2.2+0.2(stat.) 0L (syst.) 0.17 0.23° ~ 30 pc
| IHAWC Collaboration, Nature 2024 I o Morphology: tWo sources (8,| o and
6.8 o) or a roughly 70 pc extended one
= * PL spectra up to 220 TeV
o
5
= 1077+ I * No time flux variations
:
w
kS
~
P
©
TR B Single Asymmetric Extended Source

10~

Northern Source

——- Southern Source
13 | Single Asymmetric Extended Source

] Northern Source

@® Southern Source

10! | | 102
20 Energy [TeV]



Origin of the emission

* Electrons of at least 200 TeVat ~ ° PeV protons at the termination
the termination shocks shocks where jets impact ISM

|tacc =~ 1ODB(Ee)/Ush2|

W,(E,>1PeV) = Lyfﬂ
tcooling ~ 600(Ee/200 TeV)_l(B/lO pG)ﬁl , esc

~ 103912[ 4 ]{ Do j( h J_l erg s !
| v,./c>0.02(E,/200 TeV)(B/10 pG)Y 2| 10* erg s \3x10%° cm? s \1 cm™3

Fesc~ R/(2D) ~1,000/n years W,=1x10"°  Total budget in protons > | GeV ifn =1 cm3

D(200 TeV) = n10°° cm*s™






I HAWC Collaboration, Nature 2024 I

Northern Gamma-Ray
Bubble

Direction of the Normal

Companion ,:':. ,: 9
< €lhimate ?

Binary Orbit

Accretion Disk

55 pc

No. 2, 2000 RADIO OBSERVATIONS OF XTE J1819—254
V4641 Sgr 4.9 GHz Sep. 16.027 UT V4641 Sgr 4.9 CHz Sep. 16.048 UT V4641 Sgr 4.9 GHz Sep. 17.94 UT
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100 pc persistent structure, HAWC 2022 Arc-sec Radio jet-like structure in the outburst of 1999 (Hjellming et al, 2000)
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above 25 TeV
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See previous talk by Laura

Photon energies close to 1 PeV!



Signatures of PeV €R factories

a=2,8=1
33.5 C Egy = 3000 Tev
B = 300 uG

33

log(Esz/dE) (erg s™1)

32.5

l""'l""[""

Aharonian+2013,Celli+2020

pp collisions

0 — y Sub-PeV gamma-rays
T — pv,  Sub-PeV neutrinos
o — eVelVy Prompt hard X-ray (10-100

keV) synchrotron from secondary e

E~%exp|—(E/Ey)”
15(B/100uG)~*%(e/10ke V)~ 1%y

synch ~



Current and planned observations

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.AtelL #1688

* XRISM (ToO [0ks on 2024-09-07 covering
60% UHE emission)

 XMM Newton proposal (PIl. X.Wang and K.

Mori)

« Radio Observations

* Observations with APEX (Pl. Eduardo dela
Fuente, Daniel Tafoya)

* Observations with Nobeyama (PI. N.Fuiji)



Expected neutrino fluxes

Neronov+2024
BNLINLELIL L B B 00 D 0 B B O B R L) B N R RN
=== Neutrinos (all flavours) Hadronic v-rays -
- IC Tracks, 2008-2018 — — Electrons -
10 IC Cascades, 2011-2021 Fermi-LAT
1077 g KM3NeT-ARCA, 10 yr HESS 3
— r—— TRIDENT, 10 yr HAWC .
- ~=— = TRIDENT, 50 flux, 10 yr LHASSO =
. L -
=
O
a0 10711 .
;_‘ o —
2L, C -
o - ]
3 B ~ 7
/
= r . U ]
o //
= 10712E — =
= ™~ -
10—13
10° 10% 10 10" 10" 10 10" 10%

Energy [eV]

high-energy CR particles escaping from the micro-quasar along
ordered field lines of the GMF colliding with ISM gas



Summary of HAWGE microquasars

* Accretion Hard Spectra up to 100-200 TeVs

* SS 433 :likely super-Eddington
* V4641 Sgr: super-Eddington

* Jets

* SS 433 :mos Powerful jets known in the
Galaxy ~ 1037 erg/s

* V4641 Sgr : superluminal jets

Morphology of the emission

* SS 433 :lobes
* V4641 Sgr :lobes or extended source ?

Similar acceleration locations

* BH activity
* SS 433 : persistent BH activity

* V4641 Sgr : powerful outbursts — intermittent
BH activity ~ every 2 yr

Origin of the emission

e SS 433 :sub-PeV electrons accelerated at termination

shocks — Barion loaded jet, proton energy budget 3
x10°0 erg ~ 100% Edd

* V4641 Sgr : sub-PeV electrons accelerated at termination
shocks — Energy budget for hadronic emission : few
objects as V4641 Sgr could explain the local PeV CR flux




The LHAASO microquasar class

above 25 TeV above 25 TeV

GRS 1915+105

V4644 Sgr S Jn
// \\
\\ y

L

MAXI' J1820+070

LHAASO Coll 2024

10-10

10—11 L

1072}
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100 J
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See next talk by Ruoyu



LS 5039

Either microquasar with relativistiv jet formation through matter
accretion onto the compact object or acceleration resulting from the

interaction between pulsar and star winds

Distance = 3.5 kpc, 06.5V star and compact object with a mildly
eccentric 3.9 day orbit. Mass companion star 23 M,, mass compact

object=3.7 M,

From radio to TeV energies. Flux and spectral modulation as a function of

its orbital period.
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LS503 region with Pass 5 HAWC NN SUPC
HAWC NN INFC
10-114 # H.E.S.S. INFC Flux Points
H.E.S.S. SUPC Flux Points
@ .« *
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5 |
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107134 {
10°1 100 10! 102 103
w03 Energy [TeV]

1910 days of data

20 19 18 17 16 20 19 18 17 16 . ST . .
: Simultaneously likelihood fit with
| : .
420 2 4 6 8 1012 14 —— ] diffuse emission and  background
- VTS sources

Dezhi Huang, ICRC 2023

About 8 ¢

PL preferred up to at least 100 TeV

31



IC off starlight photons proceeds in
extreme KN regime, maximum Emax

Origin of the emission

maximum Emax from synchrotron

G = tsyn

Eta= 1| Eta=10 .

Maximum Electron Energy

r_ < accelerator linear size
Maximum Electron Energy

Acceleration efficiency
Location of the accelerator
B field

Distance [10+13 cr]

B[Ga_uLa)]) -3 -2

-1
B[Gauss)])

e eta< 10
B<10'G d>10"cm

* VHE emission can help constrain B-field, acceleration
* efficiency and acceleration location (see Khangulian+2008)

* Maybe room for pp or py ?  eta=1
B<1G
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SS 433 : Origin of the emission

Leptonic model does a good job of explaining the gamma ray emission, requires ~0.5% of jet
power going into electron acceleration.

In hadronic-only scenario protons of at least 250 TeV produce gamma in proton-proton
interaction and secondary leptons radio and X-rays via synchrotron radiation.

50
Energy budget of 3 X |0  erg ~100% of jet energy over 30000 year lifetime of SS 433 must go
into accelerating protons to explain the observed gamma-ray emission. But do we really know
the local gas density ?

Acceleration is occurring in the jets, not in the central binary:

|. Emission region is ~40 pc from central binary.

2. Diffusion length scale is ~35 pc at these energies, assuming ISM diffusion coefficient
3. Advection length scale is ~4 pc.



