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the Earth is 
continuously hit by a 
flux of charged cosmic 
particles

Image by ASPERA/Novapix/L. Bret

where do they come from?
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NASA

Fig by Carmelo Evoli

NASA

NASA

NASA

▸ Flux of charged particles constantly 
arriving to Earth from the Universe.

▸ Reaches extremely high energies.

▸ Where and How are they accelerated?

CDY seminar – L. Olivera-Nieto30/10/2024
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NASA

Fig by Carmelo Evoli

NASA

NASA

NASA

in order to 
accelerate 
particles, you 
need to keep 
them confined!

Hillas plot

Supernova 
Remnants
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Astrophysical Jets

NASA

ESO

Centaurus A: the nearest active 
galactic nucleus 

▸ Fast outflows of plasma moving at relativistic speeds.

▸ Originate due to accretion of matter onto a black hole.

▸ Perfect candidate for acceleration of particles to the 
highest energies: powerful enough, large enough. 

▸ But how does this acceleration happen exactly?

CDY seminar – L. Olivera-Nieto30/10/2024
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Astrophysical Jets

NASA

ESO

▸ Fast outflows of plasma moving at relativistic speeds.

▸ Originate due to accretion of matter onto a black hole

▸ Perfect candidate for acceleration of particles to the 
highest energies: powerful enough, large enough. 

▸ But how does this acceleration happen exactly?

(some) possible mechanisms for 
particle acceleration in jets

Matthews et al 2020

CDY seminar – L. Olivera-Nieto30/10/2024
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Astrophysical Jets

NASA

ESO + H.E:S.S

Centaurus A: the nearest active 
galactic nucleus 

o o
----

▸ Fast outflows of plasma moving at relativistic speeds.

▸ Originate due to accretion of matter onto a black hole

▸ Perfect candidate for acceleration of particles to the 
highest energies: powerful enough, large enough. 

▸ But how does this acceleration happen exactly?

CDY seminar – L. Olivera-Nieto30/10/2024
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Meet Microquasars
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Meet Microquasars

NASANASA

stellar mass 
black hole companion star

jets 

Ṁ

▸ Inside our Galaxy: closer to 
Earth!

▸ Much less powerful than AGN: 
Ledd~10

39erg/s

▸ Highly variable: short-lived 
phases of activity
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Meet Microquasars

NASANASA

stellar mass 
black hole companion star

jets 

Ṁ

1. What can we learn about particle acceleration in jets using microquasars?

2. Do microquasars contribute to galactic cosmic rays up to the “knee”?

▸ Inside our Galaxy: closer to 
Earth!

▸ Much less powerful than AGN: 
Ledd~10

39erg/s

▸ Highly variable: short-lived 
phases of activity

CDY seminar – L. Olivera-Nieto30/10/2024
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NASANASA
? total microquasars in the Galaxy

few tens known

4-6 in gamma-rays

CDY seminar – L. Olivera-Nieto30/10/2024
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NASANASA

Fender 2001

Motta et al 2021

CDY seminar – L. Olivera-Nieto30/10/2024
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2009:  photons above 100 MeV 
detected from Cygnus X-3 by 
AGILE satellite

Four different flares 
coincident with special  
radio/X-ray states and  
preceding strong radio flares

RADIO

x-ray

x-ray

Gamma-rays

AGILE coll 2009

CDY seminar – L. Olivera-Nieto30/10/2024
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Zanin et al 2016: photons up to 20 GeV detected from Cygnus X-1 by 
Fermi-LAT satellite

Emission correlated with “hard” spectral index in the x-ray band

hard 
states

otherwise

CDY seminar – L. Olivera-Nieto30/10/2024
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evidence before 2018: GeV emission is variable and 
correlates with transit flares or spectral changes

CDY seminar – L. Olivera-Nieto30/10/2024
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let’s point at microquasars 
during flares/special times! 
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HAWC Observatory

>10 TeV photons → > 100 TeV particles

CDY seminar – L. Olivera-Nieto30/10/2024

see next seminar by Sabrina!
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Meet the microquasar SS 433

NASA

stellar mass 
black hole companion star

jets 

actual radio 
image from 
Blundell 2004

vjet = 0.26c

Ṁ

CDY seminar – L. Olivera-Nieto30/10/2024
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blue: radio emission from nebula
white: outline of jets in x-ray

Background: NRAO/AUI/NSF, K. Golap, M. 
Goss; NASA’s Wide Field Survey Explorer 
(WISE); X-Ray (green contours): ROSAT/W. 
Brinkmann; TeV (red colors): H.E.S.S. 
collaboration.
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SS 433: open questions

▸ Where and how are particles accelerated?

▸ electrons or protons? 

▸ Why do the jets reappear?

CDY seminar – L. Olivera-Nieto30/10/2024
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The H.E.S.S. array of telescopes

▸ Array of 5 Cherenkov telescopes located in Namibia

▸ 4 “small” (12m, CT1-4), one “big” (28m, CT5) telescopes

▸ Detecting 100 GeV to 100 TeV Gamma rays

▸ Angular resolution ~0.07º, Energy resolution~10% (CT1-4)

▸ novel rejection method: using CT5 as a muon veto Olivera-Nieto et al EPJC 82 1118 (2022)

CDY seminar – L. Olivera-Nieto30/10/2024
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actual data
blue: radio emission from nebula
white: outline of jets in x-ray

Background: NRAO/AUI/NSF, K. Golap, M. Goss; 
NASA’s Wide Field Survey Explorer (WISE); X-
Ray (green contours): ROSAT/M. Brinkmann; 
TeV (red colors): H.E.S.S. collaboration.

H.E.S.S. Collaboration Science 383 6681, 2024 (LON leading author)
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first observation of energy-dependent morphology in TeV emission of a jet!
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SS 433: open questions

▸ Where and how are particles accelerated?

▸ electrons or protons? electrons radiate but protons are present 
                            in the jet and might be accelerated too

▸ Why do the jets reappear?

CDY seminar – L. Olivera-Nieto30/10/2024
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SS 433: open questions

▸ Where and how are particles accelerated?
Where the jets reappear in x-ray 

▸ electrons or protons? electrons radiate but protons are present 
                            in the jet and might be accelerated too

▸ Why do the jets reappear?

CDY seminar – L. Olivera-Nieto30/10/2024



   26/01/2024 WEH Dissertation Prize Symposium 57

0.8 to 2.5 TeV 2.5 to 10 TeV above 10 TeV

first observation of energy-dependent morphology in TeV emission of a jet!

how fast do electrons 
need to be moving to 
produce this shift?

We need to know how 
fast they lose energy 

(and thus are no 
longer able to 

generate >10 TeV 
photons)
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Simulating transport and radiation of electrons
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Simulating transport and radiation of electrons
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How fast do electrons lose energy?

measured gamma-ray 
spectrum

(HAWC)

(HAWC)

CDY seminar – L. Olivera-Nieto30/10/2024
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measured gamma-ray 
spectrum

Electrons radiate due to:

▸ Inverse Compton

▸ Synchrotron 

How fast do electrons lose energy?

(HAWC)

CDY seminar – L. Olivera-Nieto30/10/2024
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measured gamma-ray 
spectrum

Electrons radiate due to:

▸ Inverse Compton

▸ Synchrotron 

Estimated:
▸ Magnetic field (B) ~ 20 G μ

▸ Injected electron spectrum:
▻ Normalization: 0.1% of jet kinetic power

▻ spectral shape: E-2 with no cutoff (EC>200 TeV)

How fast do electrons lose energy?
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Simulating transport and radiation of electrons

CDY seminar – L. Olivera-Nieto30/10/2024
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▸ For each gamma-ray energy range, measured 
flux profile along the jet.

▸ Model transport and radiation with a 1D 
monte carlo simulation.

▸ Compare results to data and fit for vo

Measuring v0

CDY seminar – L. Olivera-Nieto30/10/2024
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▸ v0 = (0.08 ± 0.03stat ± 0.01syst)c

▸ Recall that the jets launched with

vjet = 0.26c

▸ EC>200 TeV requires efficient acceleration, 
meaning vjet cannot have decreased much 
before reaching the outer jet

Measuring v0

vjet = 0.26c vjet = 0.08c

shock!
CDY seminar – L. Olivera-Nieto30/10/2024



308/10/2024 DIAS-CDY workshop – L. Olivera-Nieto

Safi-Harb et al

see dec 11th seminar by Samar!
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SS 433: open questions

▸ Where and how are particles accelerated?
Where the jets reappear in x-ray by a shock

▸ electrons or protons? electrons radiate but protons are present 
                            in the jet and might be accelerated too

▸ Why do the jets reappear? Because there is a shock!

CDY seminar – L. Olivera-Nieto30/10/2024



actual data
blue: radio emission from nebula
white: outline of jets in x-ray

Background: NRAO/AUI/NSF, K. Golap, M. Goss; 
NASA’s Wide Field Survey Explorer (WISE); X-
Ray (green contours): ROSAT/M. Brinkmann; 
TeV (red colors): H.E.S.S. collaboration.

The jets of SS 433 host shocks that can accelerate 
particles to energies of at least hundreds of TeV

shocks efficiently 
accelerating particles!
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1. What can we learn about particle acceleration in jets using microquasars?

▸ With SS 433 we could identify the mechanism by which particles are accelerated in an 
astrophysical jet for the first time

▸ Many jet properties follow a simple scaling with black hole mass → not crazy to extrapolate

▸ But SS 433 might be a total outlier - hard to make a statement with only one data point

CDY seminar – L. Olivera-Nieto30/10/2024
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1. What can we learn about particle acceleration in jets using microquasars?

2. Do microquasars contribute to galactic cosmic rays up to the “knee”?

▸ With SS 433 we could identify the mechanism by which particles are accelerated in an 
astrophysical jet for the first time

▸ Many jet properties follow a simple scaling with black hole mass → not crazy to extrapolate

▸ But SS 433 might be a total outlier - hard to make a statement with only one data point

▸ In principle possible – but very hard to make a statement when we only know one!

CDY seminar – L. Olivera-Nieto30/10/2024
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HAWC comes to the rescue (again)

Gamma2022: Report of TeV emission surrounding a second microquasar

30/10/2024

HAWC Coll. Nature 2024

CDY seminar – L. Olivera-Nieto

see next seminar by Sabrina!
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Meet V4641 Sgr
▸ LMXB with a B9III companion star (2.8 days period)

▸ Giant x-ray flare in 1999 

▸ Radiio observations imply superluminal motion

▸ indication of relativistic motions at low inclination angle wrt to line of sight

▸ presence of a fast jet pointing towards us 
Hjellming et al

Blundell & Bowler, NRAO/AUI/NSF

radio image of SS 433
?

30/10/2024 CDY seminar – L. Olivera-Nieto
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H.E.S.S. detection

▸ Clearly detected, elongated and asymmetric

▸ Assuming d=6.2 kpc (macdonalds et al) the 
emission is ~100 pc long (!)

▸ V4641 not at the centre of emission

▸ No better counterpart (5º below Gplane)

H.E.S.S. PRELIMINARY

H.E.S.S. PRELIMINARY
D=

6.
2k

pc
 →

 ~
10

0p
c

~15pc

30/10/2024
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H.E.S.S. detection

▸ Best fit model: single elliptical 
component with a very hard photon spectrum 
(Γ=1.8)

▸ Two component model not preferred

▸ Spectral properties consistent across the  
emission region

▸ No evidence of distinct emission regions 
or lobes

H.E.S.S. PRELIMINARY
30/10/2024

H.E.S.S. PRELIMINARY
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H.E.S.S. detection

H.E.S.S. PRELIMINARY
30/10/2024

▸ Best fit model: single elliptical 
component with a very hard photon spectrum 
(Γ=1.8)

▸ Two component model not preferred

▸ Spectral properties consistent across the  
emission region

▸ No evidence of distinct emission regions 
or lobes

H.E.S.S. PRELIMINARY
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What is this thing?

H.E.S.S. PRELIMINARY

H.E.S.S. PRELIMINARY

30/10/2024 CDY seminar – L. Olivera-Nieto
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What is this thing?

H.E.S.S. PRELIMINARY

H.E.S.S. PRELIMINARY

30/10/2024 CDY seminar – L. Olivera-Nieto
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Any help from other wavelengths?

▸ Previous observations focused on the 
narrow field around the binary.

▸ No known X-ray emission on large 
scales, Chandra UL derived by Naomi 
Tsuji

▸ No comparable known radio structure

30/10/2024 CDY seminar – L. Olivera-Nieto
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Some simple modeling using Gamera
▸ Leptonic: Assuming Popescu et al radiation model, t=2000 yr (total guess)

▻ B field has to be relatively low (<5 Gμ ), (SS 433 → 20 μG), high power requirement

▸ Hadronic: either high density or high total energy: ETOT=3·10
49(10cm-3/n) erg

Fermi-LAT analysis: M. Lemoine-Goumard
x-ray analysis: N. Tsuji

30/10/2024 CDY seminar – L. Olivera-Nieto

H.E.S.S. PRELIMINARY

H.E.S.S. PRELIMINARY
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LHAASO detected 
photons up to 800 TeV 
from V4641 Sgr !!

H.E.S.S. 
PRELIMINARY

H.E.S.S. Preliminary

HAWC Nature 2024

HAWC Nature 2024 LHAASO arXiv 2024

LHAASO Collaboration 2410.08988 

https://arxiv.org/abs/2410.08988
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H.E.S.S. 
PRELIMINARY

▸ Let’s pass some lines through 
points again

▸ Particle cutoff energy at a few 
PeV no matter the scenario

▸ one-zone modeling is not the 
whole story! one has to consider 
transport and cooling over large 
scales

30/10/2024

H.E.S.S. PRELIMINARY

H.E.S.S. PRELIMINARY
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H.E.S.S. PRELIMINARY

1) The structure we see is the jets

● Why so different from the radio?

2) The structure we see is created by 
particles accelerated by the jets 
which escaped

● Why does it have that shape?

What can this be?

H.E.S.S. PRELIMINARY

CDY seminar – L. Olivera-Nieto30/10/2024



1) Gas?

● There doesn’t seem to be much there!

● dedicated obs planned (PI: N. Tsuji)

Escaped particles interacting with...
Planck dust map

dense gas target 
(e.g. molecular cloud)

diffuse 
escaped 
protons

+ =

gamma-rays 
tracing the gas

CDY seminar – L. Olivera-Nieto30/10/2024 43
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1) Gas?

● There doesn’t seem to be much there!

● dedicated obs soon (PI: N. Tsuji)

2) A magnetic field structure?

● electrons would radiate in x-ray

● XMM proposal planned  (Pi: X. Wang)

Escaped particles interacting with...
Planck dust map

diffuse 
target 
photons

+ =

gamma-rays and x-
rays tracing the 

electrons
B 

+

escaped 
electrons are 

trapped
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1) Gas?

● There doesn’t seem to be much there!

● dedicated obs soon (PI: N. Tsuji)

2) A magnetic field structure?

● electrons would radiate in x-ray

● XMM proposal submitted  (Pi: X. Wang)

Escaped particles interacting with...
Planck dust map

CDY seminar – L. Olivera-Nieto30/10/2024 43
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GeV, 
transient

AGILE Coll 2009 Zanin et al 2016

CDY seminar – L. Olivera-Nieto30/10/2024
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GeV, 
transient

TeV, 
persistent

AGILE Coll 2009 Zanin et al 2016

H.E.S.S. Coll 2024 H.E.S.S. Coll in prep
CDY seminar – L. Olivera-Nieto30/10/2024
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is everyting transient in the GeV band?

▸ This summer we looked at entire Fermi-
LAT data around GRS 1915+105

▸ Found persistent new source,best 
counterpart is the microquasar

▸ Likely hadronic origin

Marti-Devesa & LON, submitted 
2410.10396

CDY seminar – L. Olivera-Nieto30/10/2024

https://www.arxiv.org/abs/2410.10396
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GeV, 
transient

TeV, 
persistent

AGILE Coll 2009 Zanin et al 2016

H.E.S.S. Coll 2024 H.E.S.S. Coll in prep

Marti-Devesa & LON, submitted
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GeV, 
transient

TeV, 
persistent

AGILE Coll 2009 Zanin et al 2016

H.E.S.S. Coll 2024 H.E.S.S. Coll in prep

Marti-Devesa & LON, submitted

LHAASO Coll. arXiv
CDY seminar – L. Olivera-Nieto30/10/2024
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The LHAASO revolution

LHAASO Collaboration 2410.08988 

▸ on arXiv last week!

▸ report >25 TeV photons from 5 sources

▸ Two “known”: SS 433, V4641 Sgr

▸ Three new! GRS 1915+105, Cyg X-1, 
MAXI J1820+070

▸ All with persistent emission, and 
extended when statistics are high 
enough

CDY seminar – L. Olivera-Nieto30/10/2024

see Nov 27th seminar by Ruoyu!

https://arxiv.org/abs/2410.08988
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▸ report >25 TeV photons from 5 sources

▸ Two “known”: SS 433, V4641 Sgr

▸ Three new! GRS 1915+105, Cyg X-1, 
MAXI J1820+070

▸ All with persistent emission, and 
extended when statistics are high 
enough

▸ V4641 Sgr by far the brightest and 
most energeticLHAASO Collaboration 2410.08988 
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The LHAASO revolution: GRS 1915+105

LHAASO Collaboration 2410.08988 

Marti-Devesa & LON,
2410.10396

LHAASO Collaboration
2410.08988 

HAWC Collaboration 2024
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The LHAASO revolution: SS 433

LHAASO Collaboration 2410.08988 

▸ New component above 100 TeV! 
Interpreted as hadronic
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The LHAASO revolution: SS 433

LHAASO Collaboration 2410.08988 

▸ New component above 100 TeV! 
Interpreted as hadronic

▸ Presence of neutral gas previously 
associated with a pulsating Fermi-
LAT source

Li et al 2020
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see Nov 27th seminar by Ruoyu!
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The LHAASO revolution: SS 433
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▸ New component above 100 TeV! 
Interpreted as hadronic

▸ Below 100 TeV consistent picture 
with previous studies (although the 
flux below 10 TeV…?)
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The LHAASO revolution: SS 433

LHAASO Collaboration 2410.08988 

H.E.S.S. 
points 
include 

systematics, 
not sure 

about LHAASOvery hacky overlay(!)

CDY seminar – L. Olivera-Nieto30/10/2024

see Nov 27th seminar by Ruoyu!

https://arxiv.org/abs/2410.08988


G. Schwefer et al arXiv:2406.17502

51

1. What can we learn about particle acceleration in jets using microquasars?

▸ With SS 433 we could identify the mechanism by which particles are accelerated in an 
astrophysical jet for the first time

▸ This could only be done because of good angular resolution!

▸ Only other source detected by an IACT (so far) is V4641 Sgr → stay tuned

▸ x-ray/radio picture crucial

▸ Future is bright!!!

▸ and SHARP

CDY seminar – L. Olivera-Nieto30/10/2024

https://arxiv.org/abs/2406.17502
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2. Do microquasars contribute to galactic cosmic rays up to the “knee”?

▸ Before last week I would have said: in principle yes.

▸ After LHAASO results I think it is fair to say YES. Now the question is – how much?

▸ The answer depends on how common something like V4641 Sgr/SS 433 is in the Galaxy

▸ There are >~30 x-ray binaries from which observational evidence of a relativistic jet is 
reported. What makes the 5 that LHAASO sees special?

▸ Wide range of jet speeds, compact object mass, companion mass, distances…

▸ Extended emission → Interactions jet-environment ? (but not exclusive!)

▸ We have work to do!

CDY seminar – L. Olivera-Nieto30/10/2024
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NASA

Fig by Carmelo Evoli
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