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It all starts with Berrie
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De: Berrie Giebels <berrie@poly.in2p3.fr> 
Objet: emergency 
Date: 5 mars 2004 à 10:39:46 UTC+1 
À: gd@poly.in2p3.fr 

Yo, on a besoin de toi ici. psr1259-63 a 5 sigma 
la nuit derniere. apparemment on est pas loin du 
periastre prevu pour Mars 2004. Il faudrait 
probablement lancer toutes les observations 
possibles. 

- Berrie 
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PSR B1259-63 (spring 2004)
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De: Berrie Giebels <berrie@poly.in2p3.fr> 
Objet: emergency 
Date: 5 mars 2004 à 10:39:46 UTC+1 
À: gd@poly.in2p3.fr 

Yo, on a besoin de toi ici. psr1259-63 a 5 sigma 
la nuit derniere. apparemment on est pas loin du 
periastre prevu pour Mars 2004. Il faudrait 
probablement lancer toutes les observations 
possibles. 

- Berrie 

/----------------------------------------------\ 
| Berrie Giebels                   ,~          | 
| LLR Ecole Polytechnique          |\          | 
| Route de Saclay                 /| \         | 
| 91128 Palaiseau         ~^~ ^~ /_|__\~^~ ~^~ | 
| (33) 016933-3958 Voice ~^~^ ~ `======' ~^ ~^~| 
| (33) 016933-3002 Fax      ~^~ ~^ ~^~ ~^~ ~^  | 
\----------------------------------------------/ 

PSR B1259-63, a 48 ms radio pulsar in a 3.4 yr orbit around a 30 Msol Oe star, discovered in 1992 in a radio pulsar survey 

pulsar spinning down on timescale ~ 3e5 yr, spindown power  ~ 8e35 erg/s. Proposed as possible VHE source 
·E

Miller-Jones+ 2018

Berrie drafted IAU Tel 8300 announcing 
the discovery, followed by ATel#249

Tavani & Arons 1995, Kirk+ 1999

HESS coll. 2005



LS5039’s orbital modulation (winter 2004)

4G. Dubus, Institut Pascal, Nov. 2025

HESS coll. 2006



A new era
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These detections allowed to move 
beyond the historical role played 
by binaries in the 1980s

Weekes, SSRv, 1992
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 gamma-ray binaries (9) 
binary MSPs (~50) 

(pulsar-driven) 

microquasars (6) 
(accretion-driven)

novae (~20) 
(ejecta-driven)

colliding wind binaries (2) 
(wind-driven)

GD 2015
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Gamma-ray binaries 
probing pulsar winds
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Binary pulsar wind nebulae
bow shock where pulsar wind interacts with massive star wind 

pulsar

termination shock closer to pulsar 

than in pulsar wind nebulae

Rs ⇠ (104 to 106)Rlc

Lamberts+ 2017



PSR B1259-63: a gamma-ray binary
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Pulsar with high spin down power, radio pulsations eclipsed over part of the orbit, SED peaks in gamma rays, orbital modulation

Fermi/LAT coll.  2011

Miller-Jones+ 2018

pulsar eclipse



LS 5039 : microquasar or “binary plerion” ?
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Paredes+ 2000 Radio VLBI LS 5039 SED 

GD 2015



LS 5039 : microquasar or “binary plerion” ?
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Paredes+ 2000 Radio VLBI Dhawan+ 2006 Radio VLBI of LSI +61 303

Swift/BAT detects magnetar bursts at LSI loc.

Weng+ 2022 FAST detects 269 ms radio pulsation from LSI

De Pasquale+ 2008



Gamma-ray binaries evolution

12G. Dubus, Institut Pascal, Nov. 2025

Tauris+ 2017

Expected phase of binary massive star evolution 

Accretion (HMXB) turns on once pulsar spindown 
power drops below

van den Heuvel 1974

·E < 4 × 1033 (
·Mw

10−6 M⊙ yr−1 ) ( 103 km s−1

vw )
3

( 0.1 AU
a )

2

erg s−1

Illarionov & Sunyaev 1976



(Candidate) pulsars with massive stars
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system spectral type pulse (s) Edot (erg/s) Porb  (d) e gamma rays

PSR B1259-63 O9.5Ve 0,05 8E+35 1237 0,87 HE,VHE

LS 5039 O6.5V(f) ? ? 3,9 0,35 HE,VHE

LS I +61 303 B0Ve 0,27 ? 26,5 0,54 HE,VHE

HESS J0632+057 B0Vpe ? ? 315 0,83 HE,VHE

1FGL J1018.6-5856 O6.5V(f) ? ? 16,6 0,53 HE,VHE

LMC P-3 O5III(f) ? ? 10,3 0,4 HE,VHE

PSR J2032+4127 B0Ve 0,14 1E+35 16835 0,97 HE,VHE

4FGL J1405.1-6119 O6.5III ? ? 13,7 ? HE,?

HESS J1832-093 O6V ? ? 87 ? HE,VHE

PSR J1740-3052 >11 Msun 0,57 5E+33 231 0,58 -

PSR J1638-4725 >6 Msun 0,76 4E+32 1941 0,96 -

PSR J0045-7319 >4 Msun 0,93 2E+32 51 0,81 -

PSR J2108+4516 >12 Msun 0,58 9E+32 269 0,09 -

PSR J0210+5845 B6V 1,77 1E+33 17155 0,46 -

Don’t forget radio pulsars 

with massive stars !



The pulsars of gamma-ray binaries
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LSI +61 303

PSR B1259

PSR J2032

radio pulse obscured at low Porb 

gamma-quiet at high Porb  

orbital modulation of the emission

Gamma-ray binaries as population 

How many are there ? 

How many can we detect in HE/VHE ?



Impact of orbital modulation on detection
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HESS J0632+057: 315 day orb. period

VERITAS+MAGIC+HESS coll. 2021

Assuming same lightcurve as HESS J0632, randomly placed in Galaxy, 
allow up to 200 HE « faint » gamma-ray binaries in the Galaxy. Strong 
constrains if none detected in CTA full survey (11% detection rate).
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Galactic population estimate

1. distribute in Galaxy 
2. model lightcurve 
3. mock survey 
4. get detection rates 
5. infer population size
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Galactic population estimate

How many are there ?  

HE 124+125-74 

VHE 172+328-143 

Combining both estimates, 
based on HE/VHE detections 

145+107-67 systems  

Relative numbers of HE and VHE 
detections can constrain the 
relative radiative efficiencies

 updated from GD+ 2017 
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Future observations

‣ up to 9 new detections in full 
Fermi-LAT (3 most likely) 

‣ up to 10 new detections in full 
CTA GP survey (3 most likely) 

‣  ≈ 15 with SKA1 (50 with SKA2) 

‣ 100s-1000s NS + ★ with Gaia

⚠ detection ≠ identification!

How many can we see? 



Figure 5. Excess counts above the CR background in the 0.07-200 TeV energy range from the entire
CTA GPS. The spatial bin width is 0.06→ and a Gaussian smoothing with ω = 0.03→ is applied.

Name PWN SNR iSNR Binaries Known Unmatched Total !F/F fmatch freco
True detectable 294 37 24 10 134 - 499 - - -

Catalogue A 241 16 20 10 111 169 567 -12.5% 0.70 0.80
Catalogue B 257 31 14 10 122 36 470 3.8% 0.92 0.87

Table 2. Number of detectable sources (TS > 25 for the true sky model, labelled True detectable) and
detected objects (TS > 25 in the catalogue) in the 0.07-200 TeV energy range. Unmatched corresponds
to detected objects without direct match with any simulated sources, !F/F is the relative error on
the total flux of the detectable sources, fmatch is the fraction of the detected objects matching a true
source, and freco is the fraction of the true detectable sources matching a detected object.The first
columns correspond to the synthetic populations and the “Known” column to sources already detected
by the current generation telescopes (at GeV or TeV energies). Further details on the content of the
true sky model are given in section 2 and appendix A.

di!erences between the output catalogues result from the analysis strategies used for the
initial object detection (di!erent algorithms), and the model fitting refinement (order and
type of models tested). Catalogue A is based on the work presented in [89] and summarised
in appendix C. Catalogue B partly relies on the techniques and ideas discussed in [90], but
the complete work-flow is detailed in appendix D. In the next section we will comment on
how the di!erences between the two strategies a!ect the results.
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Prospects for CTA Galactic Plane Survey
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Figure 11. Variability of the di!erential flux at 1 TeV of source bin095 on timescales of a single
observation (30 minutes, left) and a month (right). Red dots show > 5ω detections and green stars
show 95% c.l. upper limits when a significant detection was not achieved. The blue line shows the
average flux.

free for the source of interest and nearby sources (located within 1→), and was fixed to the
catalogue value for more distant sources. A simple ε2 test was used to analyse the lightcurves
and, if the probability to have a constant flux was less than 5% (without accounting for
trials), then the source was classified as being variable. The lightcurves were generated for
temporal intervals corresponding to one individual observation (30 minutes), one week, and,
for sources simulated with periods longer than a week, one month and one year (see figure 11
for an example).

Table 3 shows the results for sixteen sources simulated as variable on a timescale longer
than 30 minutes. Twelve of them were classified as variable in the analysis, according to the
criterion described above. On the other hand, four of them were not detected as variable,
either because their mean flux is too low or because they have a flat orbital flux profile.

Table 3 also includes two sources that showed a probability of constant flux below 5% in
spite of being simulated as constant. In the case of 3FHL J1855.3+0751 we verified that the
false variability detection is related to the imperfect modelling of a bright extended shell SNR
nearby that a!ects di!erently the flux determination depending on epoch/pointing direction.
By selecting events only within 3→ of the source for the analysis we obtain probabilities to have
a constant flux > 5%. In the case of the synthetic source pwn2059, the variability detection is
determined by a single 30-minute observation for the individual realisation of the simulated
dataset considered. A detailed investigation based on 10000 realisations of the observation
simulations showed that the low-flux point that drives the variability detection stems from
a combination of downward statistical fluctuations in the number of events from the source
and the background at the source position. The said fluctuations consist of variations <
10 events, therefore the simple ε2 test based on Gaussian statistics employed here may not
be fully appropriate in the context of blind searches for variable sources with CTA and further
developments are needed.

Nevertheless, this study shows that the GPS can be used to find variable sources on
di!erent time scales, so that follow-up observations of individual sources to study in detail
their properties can be performed.

– 23 –

Source Name ωobs Fmean PObs PDay PWeek PMonth PYear Period
d

LS I +61
→

303 15.6 0.97±0.03 2→10
↑295

8→10
↑302

5→10
↑273 - - 26.5

PSR B1259-63 11.1 0.33±0.01 3→10
↑251

4x10
↑121

9→10
↑128

10
↑288

10
↑165 1241

bin040 5.3 0.06±0.01 6.5→10↑1 6.3→10↑1 1.6→10↑1
5→10

↑3
5.7→10

↑6 3358
1FGL J1018.6-5856 4.3 0.41±0.02 9→10

↑22
5→10

↑25
7→10

↑29 - - 16.6
LS5039 4.0 4.15±0.03 10

↑37
10

↑37 - - - 3.9
bin095 3.9 0.23±0.01 9.6→10↑2

4.9→10
↑2

1.8→10
↑3

3.13→10
↑5 - 200

HESS J1832-093 3.5 2.28±0.02 6.6 →10
↑7

1.8→10
↑6

1.5→10
↑5

1.2→10
↑4 - 365

PSR J2032+4127 3.4 3.95±0.05 4.1 →10
↑26

1.2→10
↑26

5.1→10
↑27

8.23→10
↑29

5.36→10
↑32 1.8→10

4

HESS J0632+057 3.0 0.30±0.06 10
↑8

10
↑8

7→10
↑9

6→10
↑10 - 315

bin074 2.8 0.05±0.01 9.9→10↑1 9.9→10↑1 9.3→10↑1
6→10

↑3 4.9→10↑1 840
bin159 2.6 0.11±0.01 1.6→10↑1

1.6→10
↑2

4.7→10
↑2 - - 5.2

bin123 2.3 0.09±0.01 3.9→10↑1 5→10↑1 3.7→10↑1
1.8→10

↑2
2→10

↑4 522
bin162 1.9 0.10±0.01 9.9→10↑1 9.9x10↑1 9.3→10↑1 6→10↑2 4.9→10↑1 1387
bin154 1.9 0.05±0.01 9.9→10↑1 9.7→10↑1 8.2→10↑1 6.1→10↑1 - 35.8
bin093 1.4 0.06±0.01 9.9→10↑1 9.9→10↑1 9.9→10↑1 - - 7
bin146 1.0 0.07±0.01 9.9→10↑1 9.9→10↑1 - - - 1.5

pwn2059 2.5 2.30±0.17 2.3→10
↑5

4.8→10
↑3

2.8→10
↑5 - - N/A

3FHL J1855.3+0751 1.1 1.55±0.37 9.9→10↑1
10

↑5
2.7→10

↑4
1.1→10

↑3 - N/A

Table 3. List of variable sources. Sources simulated as variable are given in the upper section,
while sources simulated as constant but detected as variable are given in the bottom section. Sources
detected as variable and the probabilities P for the corresponding time binning are marked in bold.
Fmean is the mean di!erential flux at 1 TeV in units of 10→12 cm→2 s→1 TeV→1. ωobs = (Fmax →
Fmean)/

√
(!F 2

max + !F 2
mean) is the significance of the maximum flux deviation on the 30 minutes

time scale.

6.2 Pulsars

We analysed data for all known Fermi-LAT pulsars included in the simulations. To this end
we selected observations in which the pulsar has a maximum o!set of 5↑ from the centre
of the field of view. No relativistic e!ects or delay in the generation of event time stamps
were considered in the simulations. Therefore, no barycentric corrections are included in the
analysis chain.

As a first step, we searched for pulsed emission at the known positions of the pulsars.
Events were extracted from a region of 5↑ around the pulsar and weighted by the probability
to originate from the pulsar position. This probability was estimated by using the PSF model
of the instrument as a function of angular distance to the source and energy of each event. The
significance when testing for a periodic signal based on the known ephemerides was estimated
using the weighted H-test [27, 92, 93].

Among the 25 Crab-like pulsars, pulsations from PSR J1833→1034 and PSR J1838→0537
were detected at significance levels (H-test values) of 5.1ω (37) and 7.2ω (70.3), respectively.
We note, however, that the quoted significance levels are subject to caution due to a possible
contribution of the PWN in the tens of GeV range, owing to the use of phase-averaged spectra
to model the pulsed emission in the true sky model (see appendix A.1). Some of the brightest
Fermi -LAT pulsars are not detected due to the limitation in latitude coverage of the CTA
GPS (see figure 4). Indeed, the latter provides scarce or no observing time/sensitivity at
the positions of the Crab and Geminga pulsars, PSR J0007+7303, PSR J1057→5226, and
PSR J1514→4946 (for instance, the closest pointing in the simulated GPS lies at 4.8↑ from
the Crab pulsar, located at a Galactic latitude of →5.78↑). These objects are however expected
to be well-studied through dedicated observations independent of the GPS.

The Vela pulsar, as well as several Vela-like pulsars covered with at least few hours
of observing time by the GPS were significantly detected. Figure 12 shows an example of

– 24 –

CTA collaboration 2024

simulated binary lighcturve variable sources in mock survey



Direct estimate from population synthesis

20G. Dubus, Institut Pascal, Nov. 2025

A.M. Bykov, A.G. Kuranov, A.E. Petrov et al. 

Fig. 2. Simulated population of Galactic pulsar+Be-type star binaries for the neutron star surface magnetic field distributed according to Eq. (3) with log𝐵0 = 12.6
and ≲𝑡 = 0.55. Shown are model distributions of Be+PSR systems over the optical companion mass ≳2 and the orbital period 𝛾orb (top row) and over 𝛾orb (bottom 
row). Left panels: distribution of the Galactic formation rate of Be+PSR binaries (per year). Middle panels: average lifetime of Be+PSR systems in each parameter 
bin ⟨𝑆𝐹⟩ (in units of 106 years). Right panels: the model distribution of the number of Galactic Be+PSR systems 𝑆𝑉 = 𝑆𝑉∕𝑆𝐹× ⟨𝑆𝐹⟩. In the bottom row, blue and red 
curves show differential distribution of binaries experienced the first stable mass transfer (SMT) and subsequent common envelope (CE), respectively. Brown curve 
show the sum of the SMT and CE binaries. Black curves show cumulative distributions 𝑉(< log𝛾orb) and 𝑉(> log𝛾orb).

pact object – is observed as the gamma-ray binary (Matchett and 
van Soelen, 2025).

• 10-day systems. About 200 Be+PSR systems with 𝛾orb ∼ few tens 
days are predicted, only one such GRLB is known – LSI 61 303, 
whose compact object is likely a pulsar (Weng et al., 2022).

• Finally, the Be+PSR gamma-ray loud short-period systems, 𝛾orb < 10
d are unknown, whereas ∼ 200 Be+PSR binaries of such period 
range are predicted by the model.

A deficiency of the observed gamma-ray loud binaries in compari-
son with the model-predicted number of pulsar+Be-star systems is more 
than obvious. Possible reasons are: (i) either the gamma-ray loud binaries 
are rare objects among binary pulsars or (ii) the gamma-ray emission of 
most of the pulsar+Be-star binaries is still not detected.

Interestingly, for binaries with OB-stars the deficiency may be less 
dramatic, but anyway it is still significant. The model distribution for 
systems with OB-star is shown in Fig. 1 (bottom right panel) together 
with the model for Be-star systems for comparison. According to the 
model, the binaries with OB-star are an order of magnitude less nu-
merous. Just a few systems with 𝛾orb 𝐻 103 d are predicted – and not 
a single one is observed as a GRLB. For both the short-period systems 
with 𝛾orb < 10 d and the systems with 100 < 𝛾orb < 1000 d a dozen of 
objects is expected, and for the 10-100-day periods about two dozens of 
binaries are predicted. Among the observed GRLBs with OB-type mas-
sive stars one short-period system (LS 5039, 𝛾orb ∼ 3.9 d (Casares et 
al., 2005)), two systems with 10-d period (1FGL J1018.6-5856 with 
𝛾 ∼ 16.6 d, (van Soelen et al., 2022) and LMC P-3 with 𝛾 ∼ 10.3 d, 
(van Soelen et al., 2019)) and one binary candidate HESS J1832-093 
with a longer 𝛾orb ∼ 86 d (Tam et al., 2020) are known. Assuming that 

some of yet unidentified compact objects in these systems are pulsars, 
one finds that systems with massive OB-stars may be detected as bright 
gamma-ray sources more often than ones with Be-stars. Indeed, for the 
3-4 known Be+PSR GRLBs there are hundreds predicted systems, and 
for a few suspected OB+PSR systems then would be just three dozens. 
Why most of the predicted Galactic Be+PSR binaries are not detected 
as gamma-ray loud objects and what is their difference with gamma-
ray loud OB+PSR binaries, if the latter indeed exist, are the issues we 
discuss in the next sections.

4. Are the predicted binaries faint? Simple energetics and 
acceleration efficiency

Let us check whether the pulsar + Be/OB star binaries can be ab-
solutely gamma-quiet, i.e. either they do not emit gamma-photons in 
any direction, or are very faint sources. The gamma-ray emission can 
be produced by accelerated leptons in the inverse Compton scattering 
of the optical or ultraviolet (UV) photons of the massive star’s radiation 
or background microwave/infrared/optical photons, including the cos-
mic microwave background (CMB). Alternatively, the hadrons (protons 
and nuclei) injected in the Fermi-type acceleration in the zone of the bi-
nary’s winds collision may gain high energies and emit gamma-photons 
in p-p or p-𝑠 interaction with hadrons of the massive star’s wind and 
photons of stellar emission.

A low spin-down power of the pulsars in the predicted hundreds 
of binaries can prevent their detection by the modern gamma-ray ob-
servatories. Two established pulsars in the GRLBs have spin-down lu-
minosities of order 1035 − 1036 erg s−1. The model distributions of the 
PSR+Be and PSR+OB binaries over 𝑤, are given in Fig. 3. The model 
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Orbital period # Be+ # O Obs

Porb > 104 d 10+0 2

103 d < P < 104 d 30+0 2

102 d < P < 103 d 150+10 3

10 d < P < 102 d 200+30 6

1 d < P < 10 d 200+10 1

~1/3 chance of eclipse 
for 1 d < Porb < 10 d 

Evolve a synthetic population of massive star binaries and identify young PSR + Be or O systems Bykov+ 2026

Bykov+ 2026

NB 20 yr Fermi-LAT and 10 yr CTA GP survey detect about 6% of the systems, typically at low Porb and high power GD+ 2017



Gamma-ray orbital modulation
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LS 5039

Orbital modulation constrains location of accelerator

Anisotropic inverse Compton of ~10 eV star photons and VHE absorption by star photons produces “geometric” modulations

GD+ 2008, Khangulyan+ 2008

GeV/TeV e-OB

γ

γ



Inverse Compton scattering of stellar photons
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Inverse Compton + pair production
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Edge-on orbit
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Linking radiative and dynamical models
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Molina & Bosch-Ramon 2020
GD+ 2015 LS 5039
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5

FIG. 2. Spectral energy distribution of LS I +61→ 303 observed by LHAASO. The meausrements from WCDA and KM2A
are marked with black dots and red squares, respectively. The solid line represents the best-fit result assuming a power-law
distribution, while the butterfly plot shows the 1ω statistical uncertainties. For comparison, measurements from MAGIC
(marked with gray points; [14]) and VERITAS (marked with purple circles for orbital phases from 0.8 to 0.5, and blue points
for orbital phases from 0.5 to 0.8; [26]) are shown.

depressed. The IC process is also constrained by the maximum energy of electrons can be accelerated in binary
systems, which is fundamentally determined by the the particle acceleration e!ciency, cooling time and the limited
size. Early studies [31, 32] have shown that the maximum energy is sensitive to parameters such as the magnetic
field strength, the e!ciency of the acceleration mechanism, and the ambient photon density. Assuming an accelera-
tion timescale ωacc = E/(εeBc) → 1.1(E/1TeV)(ε/0.1)→1(B/1G)→1 s with e!ciency factor ε → 0.1 and a magnetic
field B → 0.2 G [33], and a synchrotron cooling timescale tsyn = 6ϑm2

ec
3/(ϖTB2E) → 400(E/1TeV)→1(B/1G)→2

s, the maximum energy Emax can be obtained by equating ωacc to the synchrotron cooling timescale tsyn, then
Emax =

√
6ϑεem2

ec
4/(ϖTB) → 40 TeV. Even if the acceleration e!ciency is at its extreme maximum ε = 1 (Bohm

di”usion limit), the attainable energy is only 130 TeV. Local magnetic field strength B(ϱ) varies substantially along the
orbit—due to changing orbital separation, shock compression, Be-disk crossings, and magnetic reconnection/turbulent
amplification—so adopting an orbit-averaged B → 0.2 G [33] may significantly misestimate the local Emax. Conse-
quently, despite the detection of photons up to >200 TeV, a purely leptonic scenario cannot yet be ruled out.

Hadronic processes are expected to be most e!cient near periastron, as indicated by the flux enhancement around
this orbital phase observed by KM2A. At these phases, the compact object encounters higher ambient densities,
for instance through interaction with the circumstellar disk (possibly at its outer edge). Adopting the currently
accepted orbital parameters of LS I +61↑ 303 (orbital period P → 26.5 days, eccentricity e → 0.54, total mass
Mtot → 14M↓ [24] and then semi-major axis a → 0.4 au), the radial density profile of the stellar wind can be expressed
as n(r) = Ṁ/(4ϑr2vwmp), where we adopt canonical values for the mass-loss rate and velocity, Ṁ ↑ 5↓10→8M↓ yr→1

and vw = 108 cm s→1. At periastron (r = rp), this yields n(rp) → 1.9↓ 108 cm→3. Within the Be-star disk, however,
densities are 2–4 orders of magnitude higher; we adopt ndisk ↑ 1011 cm→3 as a fiducial value. The proton–proton
cooling timescale is tpp = (nςppϖppc)→1, with ϖpp → 40 mbarn and ςpp → 0.5. In the absence of disk-crossing events, one
obtains tpp ↑ 100 days, which is much longer than the orbital period and thus renders this scenario unlikely, whereas
during disk crossing tpp ↑ 4.6 hours. The interaction e!ciency can be estimated as fpp = tesc/(tpp + tesc), where the
escape/advection time is given by tesc ↑ l/v, with l ↑ 1012 cm for a compact interaction zone and v ↑ 109 cm s→1,
leading to tesc ↑ 103 s. Consequently, fpp → 0.08 during disk-crossing episodes and fpp → 1 ↓ 10→4 otherwise. Since
only about one third of the pion energy is transferred into ϑ0 ↔ φφ, the gamma-ray luminosity is related to the proton
power by Lω → fppLp/3. From the KM2A spectrum, we infer a flux of Fω,25→100TeV = 1.05 ↓ 10→13 erg cm→2 s→1.
Adopting a source distance of d → 2.0 kpc, this corresponds to a gamma-ray luminosity of Lω → 5 ↓ 1031 erg s→1.

LS I+61 303 (LHAASO coll. 2025)

level of 2.7σ in the energy range of 40–118 TeV, in the energy
range from 100 to 118 TeV, a signiScance of 2.2σ is obtained
(see Appendix F). The modulation of the spectrum up to
100 TeV gives strong evidence of gamma-ray production inside
the binary.

3. Discussion

In order to shed light on the origin of the emission from LS
5039, we here discuss the possible parental particle populations
and the ambient target Selds. Electron and proton acceleration in
binaries can proceed on the basis of the jet, along the jet, and at
the jet termination shock, or alternatively in wind–wind
interaction shocks. Photons from the companion star, gas from

the stellar wind, and X-ray photons from the accretion disk can
provide the accelerated particles with rich target Selds. The
modulation of the emission detected from TeV to hundreds of
TeV energy suggests that the HAWC detected photons are
likely to be emitted within or near the binary.
Ultrarelativistic electrons upscattering ultraviolet photons

emitted by the stellar companion are capable of producing the
gamma rays observed by HAWC. The inverse Compton cross
section depends on the product, ξ, of the energies of the
interacting electrons and photons in units of me c

2. Since the hot
stellar companion photons have temperatures of kT ∼ 3.3 eV,
for multi-TeV energy electrons, ξ ≫ 1. Therefore, the inverse
Compton scatterings should occur in the deep Klein–Nishina

E
 d

N
/d

E
 [T

eV
/(c

m
s)

]
2

2

Energy [TeV]
Figure 2. The spectral energy distribution of LS 5039 at inferior conjunction (red) and superior conjunction (blue). The gray and yellow 5ux points are plotted from
a previous H.E.S.S. study (F. Aharonian et al. 2006a).

Table 1
Fit Parameters for Each State

Time Integrated SUPC INFC

R.A. (deg)
Decl. (deg) −14.81 ± 0.02 ± 0.002 −14.82 ± 0.027 ± 0.002
K (TeV−1 cm−2 s−1)
γ
Emin (TeV) 0.4 2.1 1.0
Emax (TeV) 130 118 208
TS (Equation (B1)) 123 36 103

Note. Spectral models are described in Equations (A1) and (A2). In the table, K is the 5ux normalization at 16.8 TeV, γ is the spectral index, and Emin and Emax

represent the 68% conSdence level upper limit on the minimum energy and lower limit on the maximum energy, respectively. The Srst uncertainty is statistical, and
the second uncertainty is systematic (see Appendix G).
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orbital modulation at 4.0σ confidence 
between 25 and 100 TeV

orbital modulation at 4.7σ confidence 
between 2 and 118 TeV

B~1 G from 
synchrotron break

 location of accelerator also constrained by spectrum
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Figure 2. Two possible structures of the tail flow: “open” one, when the supersonic pulsar wind partially extends to infinity, and “closed” one, when the 
supersonic pulsar wind always terminates at the reverse shock. For a given thrust ratio η the type of configuration also depends on the neutron star geometry, 
see Fig. 3. In the case pulsar-ISM interaction only closed configurations are possible. For "Stellar wind"-"pulsar wind" case switching between the two 
morphologies leads to sudden changes in the resulting emission. 

 
sar wind with the stellar wind. We rely on (and extend) two 
previous related investigations: hydrodynamic models of the 
wind-wind interaction in gamma-ray binaries (Bogovalov et 
al. 2008; Bogovalov et al. 2012; V. Bosch-Ramon et al. 2012; 
Bosch-Ramon, Barkov, and Perucho 2015; Valenti Bosch- 
Ramon et al. 2017; Barkov and Bosch-Ramon 2016, 2021; 
Lamberts et al. 2013; Dubus, Lamberts, and Fromang 2015; 
Huber, Kissmann, and Reimer 2021) and 3D relativistic MHD 
simulations of the pulsar wind-ISM interaction (Barkov, Lyu- 
tikov, and Khangulyan 2019; Barkov et al. 2019; Olmi and 
Bucciantini 2019). 

In the case of fluid simulations, V. Bosch-Ramon et al. 2012; 
Bosch-Ramon, Barkov, and Perucho 2015 found that the wind- 
wind interaction is subject to strongly non-linear processes 
already within the orbital scale that leads to the isotropization 
of the interaction region, and loss of coherence. Eventually the 
interacting region becomes an irregular isotropic flow formed 
by mixed stellar and pulsar winds. This mixed flow terminates 
with a shock on the external medium (interstellar medium 
(ISM)) or the interior of a supernova remnant (SNR). 

Near the the bow-shock region, one can adopt the interac- 
tion of a magnetized pulsar wind with the interstellar medium 
(ISM) as an approximate model for the interaction of a pulsar 
and a stellar wind. Recently, two papers (Barkov, Lyutikov, 
and Khangulyan 2019; Barkov et al. 2019) have presented a 
study of the formation of pulsar wind nebulae from a fast- 
moving pulsar. These works show that the geometry head of 
the bow-shock and the pulsar-wind tail can be significantly 
affected by the formation of the jet-like structures along pulsar 
spin axis. The contact discontinuity in the pulsar wind tail 
can take the form of a cross (in “Frisbee” case), instead of a 
cylindrical shape, as in the case of a spherically symmetric 
nonmagnetized wind moving fast and interacting with the 
ISM. This cross shape of the contact discontinuity is the re- 
sult of the asymmetry of the pulsar wind, which is dominated 
by the equatorial flow and the jet-like structures in the polar 

directions. 
The paper has the following structure: 1) Introduction; 2) 

Details of the simulation setup (stellar wind and pulsar wind 
setup); 3) Simulation results with a detailed comparison with 
2D RHD and 2D RMHDa and a detailed discussion of the flow 
in general; 4) Discussion and conclusions. 

 
 

2. Details of the simulations’ setup. 

The initial setup of our simulation for the magnetized pulsar 
wind is similar to our previous work for the interaction of the 
ISM with the relativistic wind of a fast moving pulsar (Barkov, 
Lyutikov, and Khangulyan 2019, see also Porth, Komissarov, 
and Keppens 2014). As a first step, we focus on the bow-shock 
structure and study the formation of tail-ward Mach disks, 
neglecting the orbital motion of the pulsar. 

The simulations were performed using a three-dimensional 
(3D) geometry in Cartesian coordinates using the PLUTO 
codeb (Mignone et al. 2007). Spatial linear interpolation, a 2nd 
order Runge-Kutta approximation in time, and an HLL Rie- 
mann solver were used (Harten 1983). PLUTO is a modular 
Godunov-type code entirely written in C and intended mainly 
for astrophysical applications and high Mach number flows in 
multiple spatial dimensions. The simulations were performed 
on CFCA XC50 cluster of National Astronomical Observa- 
tory of Japan (NAOJ). The flow has been approximated as an 
ideal, relativistic adiabatic gas, one particle species, and poly- 
tropic index of 4/3. The size of the domain is 𝑥𝑥 ∈ [– 2, 10], 
𝑦𝑦 and 𝑧𝑧 ∈ [– 5, 5]. We have uniform resolution in the entire 
computational domain with total number of cells 𝑁𝑁𝑋𝑋  = 780, 
and 𝑁𝑁𝑌𝑌= 𝑁𝑁𝑍𝑍= 650, see details in Table 1. 

+ morphological changes with orbital phase e.g. Kissmann+ 2023, Boch-Ramon+2015

η = ( ·Ep/c)/( ·Mwvw)

Barkov+ 2023

emission sites ?
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Microquasars 
from small scales to very large scales
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Gamma-ray emission from 
particles associated with 
relativistic jet, powered by 
accretion or BH rotation

Microquasars

Only two microquasars confirmed in GeV 
Cyg X-1, Cyg X-3 



Gamma-ray orbital variability of Cyg X-3
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Cyg X-3           

4.8 hour orbit

IC on star photons from particles 
located in relativistic jet

gamma

X

Zdziarski +2018

Bosch-Ramon & Barkov 2015, 2022

recollimation shock 
or jet bending ?

 Dmytriiev+ 2024

Fermi-LAT+ 2009  



Linking accretion, acceleration, jet launching
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Corbel et al. 2012
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Cyg X-1 and Cyg X-3 detections clearly related to spectral state 

Miller-Jones+ 2004



Cyg X-3 back as a PeV accelerator ?
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LHAASO coll. 2024
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SS433 > TeV gamma rays on large scales
LETTER RESEARCH

the Galactic plane. The ROI also removes significant spatially extended 
emission from the nearby γ-ray source MGRO J1908+06. The spatial 
distribution and spectrum of γ-rays from MGRO J1908+06 are fitted 
using an electron diffusion model23, and point-like sources centred 
on e1 and w1 are fitted on top of this extended emission. As a sys-
tematic check, the regions are also fitted using X-ray spatial templates 
and extended Gaussian functions. Neither improves the statistical  
significance of the fits. Upper limits on the angular size of the emission 
regions are 0.25° for the east hotspot and 0.35° for the west hotspot 
at 90% confidence. Given the distance to the source of 5.5 kpc, this 
corresponds to a physical size of 24 pc and 34 pc, respectively. The 
constraint is tighter on the eastern hotspot owing to its higher statistical 
significance.

The VHE γ-ray flux is consistent with a hard E−2 spectrum, though 
current data from HAWC are not of sufficient significance to constrain 
the spectral index. Therefore, we report the flux of both hotspots at  
20 TeV, at which systematic uncertainties due to the choice of spectral 
model are minimized and the sensitivity of HAWC is maximized.  
At e1, the VHE flux is . . . ×− .

+ .
− .
+ . − − − −2 4 (stat ) (syst ) 10 TeV cm s0 5

0 6
1 3
1 3 16 1 2 1, 

and at w1 the flux is . . . ×− .
+ .

− .
+ . − − − −2 1 (stat ) (syst ) 10 TeV cm s0 5

0 6
1 2
1 2 16 1 2 1. 

HAWC detects γ-rays from the interaction regions up to at least 25 TeV. 
The energies of these γ-rays are a factor of three to ten higher than 
previous measurements from microquasars24,25. Since most γ-ray  
telescopes are optimized for measurements below 10 TeV, this may 
explain why these photons were not observed in previous observational 
campaigns.

The γ-rays detected by HAWC are produced by radiative or decay 
processes from particles of much higher energy. The detection yields 
important information about the mechanisms and sites of particle 
acceleration, the types of particles accelerated (for example, protons 
or electrons), and the radiative processes that produce the spectrum of 
emission from radio to VHE γ-rays. Two scenarios for explaining the 

HAWC observations of the e1 and w1 regions can be tested. The first is 
that protons are primarily responsible for the observed γ-rays. Protons 
must have an energy of at least 250 TeV to produce 25-TeV γ-rays 
through hadronic collisions with ambient gas. Proton–proton collisions 
yield neutral pions (π0) that decay to VHE γ-rays, and charged pions 
(π±) that decay to the secondary electrons and positrons responsible 
for radio to X-ray emission via synchrotron radiation. This scenario is 
of particular interest because there is spectroscopic evidence for ionized 
nuclei in the inner jets of SS 4338,26. The alternative scenario requires 
electrons of at least 130 TeV to up-scatter the low-energy photons from 
the cosmic microwave background (CMB) to 25-TeV γ rays. In this 
case, the radio to X-ray emission is dominated by synchrotron radia-
tion from the same population of electrons in the magnetized plasma 
of the jets and lobes.

The fact that the VHE emission is detected along a line of sight 
nearly orthogonal to the jet axis means that charged particle trajecto-
ries become isotropic before they interact to produce the γ-rays. The 
embedded magnetic fields in the VHE regions can easily deflect the 
accelerated particles because their typical gyroradii are much smaller 
than the size of the emission regions, approximately 30 pc. The jets are 
only mildly relativistic, so the emission from the interaction regions will 
have a negligible Doppler beaming effect and remain nearly isotropic.

The flux of VHE γ-rays observed by HAWC makes the proton sce-
nario for SS 433 unlikely, because the total energy required to produce 
the highly relativistic protons is too high. The jets of SS 433 are known 
to be radiatively inefficient, with most of the jet energy transformed 
into the thermal energy of W5016,27 rather than into particle accelera-
tion. We model the primary proton spectrum as a power law with an 
exponential cutoff, / ∝ − /−N E E Ed d exp( 1 PeV)p p

2
p . If we assume that 

10% of the jet kinetic energy converts into accelerated protons, and that 
the ambient gas density16,27 is 0.05 cm−3, then the resulting flux of 
γ-rays from proton–proton collisions is much less than the observed 
γ-ray flux, as shown in the dash-dotted line of Fig. 2. In fact, for a target 
proton density as large as 0.1 cm−3 in the e1 region16,27, the total energy 
of the proton population needs to be around 3 × 1050 erg to explain the 
observed γ-rays, assuming an γ

−E 2 spectrum. This is comparable to the 
total jet energy available during the presumed 30,000-year lifetime2 of 
SS 433. Furthermore, because the synchrotron emission from second-
ary electrons from charged pion decay is always lower than the γ-ray 
flux from π0 decay, and the observed X-ray flux is higher than the γ-ray 
flux, the X-rays cannot originate solely from secondary electrons. 
Finally, the proton scenario requires that the protons remain trapped 
in the region observed by HAWC for the lifetime2 of SS 433. This means 
the protons must diffuse very slowly, with a diffusion coefficient of 
about 1/1,000 of the typical value28 of the interstellar medium (ISM), 
DISM ≈ 3 × 1028 (E/3 GeV)1/3 cm2 s−1. This value, comparable to the 
theoretical Bohm limit, is very small but not impossible. Given the 
uncertainties in the historical jet flux, the ambient particle density and 
the radiative efficiency, we cannot exclude the possibility that some 
fraction of the γ-ray flux is produced by protons. However, we do rule 
out the possibility that the VHE γ-rays are entirely produced by 
protons.

Highly relativistic electrons, on the other hand, can produce γ-rays 
much more efficiently, primarily via inverse Compton scattering of 
CMB photons to γ-rays. The inverse Compton losses due to upscatter-
ing of infrared and optical photons are suppressed owing to the Klein–
Nishina effect and are thus dominated by scattering of CMB photons29. 
In this scenario, the ratio of the VHE γ-ray to X-ray fluxes constrains 
the energy density in the magnetic field compared to the energy density 
in CMB photons. We have modelled the broadband spectral energy 
distribution of the eastern emission region 15′ to 33′ from the  
centre of SS 433. The solid and dashed lines in Fig. 2 show the spectral 
energy distribution of a leptonic model for e1 produced by an  
injected flux of relativistic electrons with an energy spectrum 

/ ∝ − /α−dN dE E E Eexp( )max  in a magnetic field of strength B. We use 
the parameters α = 1.9, Emax = 3.5 PeV, and B = 16 µG (see Methods). 
The estimate of the magnetic field strength is consistent with the 
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Fig. 1 | VHE γ-ray image of the SS 433/W50 region in Galactic 
coordinates. The colour scale indicates the statistical significance of 
the excess counts above the background of nearly isotropic cosmic rays 
before accounting for statistical trials. The figure shows the γ-ray excess 
measured after the fitting and subtraction of γ-rays from the spatially 
extended source MGRO J1908+06. The jet termination regions e1, e2, e3, 
w1 and w2 observed in the X-ray data are indicated, as well as the location 
of the central binary. The solid contours show the X-ray emission observed 
from this system.
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HAWC coll. 2018 & LHAASO 2024 superposed

Sunyaev+ 2025

BH or NS in 13 day orbit with highly-evolved massive star, 
super Edddington, Pjet~1039 erg/s 
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SS433 > TeV gamma rays on large scales

HESS coll. 2024 & eROSITA Sunyaev+ 2025

BH or NS in 13 day orbit with highly-evolved massive star, 
super Edddington, Pjet~1039 erg/s 

• >100 TeV electrons upscattering CMB/IR (0.5% Pjet)  

and radiating synchrotron in X-rays 

• pp emission requires ~ Pjet
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SS433 > TeV gamma rays on large scales

BH or NS in 13 day orbit with highly-evolved massive star, 
super Edddington, Pjet~1039 erg/s 

• >100 TeV electrons upscattering CMB/IR (0.5% Pjet)  

and radiating synchrotron in X-rays 

• pp emission requires ~ Pjet

HESS coll. 2024 & eROSITA Sunyaev+ 2025
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SS433 > TeV gamma rays on large scales

Sunyaev+ 2025

BH or NS in 13 day orbit with highly-evolved massive star, 
super Edddington, Pjet~1039 erg/s 

• why does the jet reappear here ?

Mioduszewski+ 2004

~0.1 pc

~100 pc

HESS coll. 2024 & eROSITA Sunyaev+ 2025



Large scale UHE emission
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LHAASO coll. 2025

V4641 Sgr, BH with Lj~1039 erg/s, 

extended emission up to PeV

extended on ~50 pc scale in GRS1915, V4641 Sgr, SS433

HAWC coll. 2024



The missing PeVatrons ?
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A handful of microquasars with (Hillas)                                                 ,  

e.g. Ohira 2025

Kaci+ 2025Zhang+ 2025

Lj ≥ 1038 ( E
10 PeV )

2

( 0.1
σ ) erg/s e.g. Wang+ 2025

Rb = 100 (
Lj

1039 erg/s )
1/5

( 1 cm−3

n )
1/5

( t
106 yr )

3/5

pcinflate jet bubbles (Sedov-Taylor)  



Large scale UHE emission
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HAWC coll. 2024, HESS coll. 2025 LHAASO coll. 2025

HESS

extended on ~50 pc scale in GRS1915, V4641 Sgr, SS433

V4641 Sgr, BH with Lj~1039 erg/s, 

extended emission up to PeV
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Motta+ 2025 (MeerKAT+LHAASO)
GRS 1915+105 

jet calorimetry:  

jet age: 

3 × 1037 < Lj < 1.5 × 1039 erg/s

0.09 × 106 < t < 0.22 × 106 yr

(see Atri+2025 for Cyg X-1)

Mirabel & Rodríguez 1994

VLA

superluminal “blobs”



Jets at smaller scales
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MAXI J1820+070 Deceleration of “blobs” as kinetic energy of jet is transferred to swept-up material at forward shock

Carotenuto+ 2024

~0.1pc

Ej ≈ 3 × 1046 ( n
1 cm−3 ) ( θ

1o )
2

erg ≤ 1043 erg

At sub-pc scales, BH are in environments 
that are 2–4 orders of magnitude less dense 
than canonical ISM density unless jet is very 
narrowly collimated and/or very energetic.

XB-News (Russell+) How does this connect with acceleration, 
energetics, lifetime in large scale jets ?

Carotenuto+ 2024
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Summary

• Gamma-ray 

• Probe   

• >100            

• Young          

• Microquasars 

• Cyg           

• Evidence                 

• Disappearing           


