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microquasars
Mirabel & 
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Gallo 09
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probe of jet-disk connection:
timescales much faster than AGN,
allow study of state transitions
(but challenging to get good 
observational coverage)
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cosmic ray spectra up to PeV range LHAASO Col. 
2511.05013
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non-trivial spectral structure
different trends of p/He at low E vs high E
single source population strongly disfavored



microquasar zoo @PeV
Microquasar Distance LHAASO Source Significance Photon Index Energy Range Extensiona Fluxb

(kpc) (�) (TeV) (Crab Unit)
SS 433 E.

4.6± 1.333
J1913+0457 9.7c 2.78± 0.19 25� 100

0.70�
0.10

SS 433 W. J1910+0509 8.6c 2.92± 0.21 25� 100 0.082
SS 433 central J1911+0513 9.8 4.03± 0.29 100� 400 0.32� 0.32
V4641 Sgr 6.2± 0.734 J1819-2541 8.1 2.67± 0.27 40� 1000 0.36� 3.9
GRS 1915+105 9.4± 0.635 J1914+1049 6.1 3.07± 0.15 25� 400 0.33� 0.17
MAXI J1820+070 2.96± 0.3336 J1821+0726 5.9 3.19± 0.29 25� 400 < 0.28� 0.13
Cygnus X-1 2.2± 0.237 J1957+3517 4.0 4.07± 0.35 25� 100 < 0.22� < 0.01
XTE J1859+226 4.2± 0.538 – 1.9 – – – < 0.03
GS 2000+251 2.7± 0.739 – 1.7 – – – < 0.04
CI Cam 4.1+0.3

�0.2
40 – 1.4 – – – < 0.03

GRO J0422+32 2.49± 0.341 – 0.8 – – – < 0.01
V404 Cygni 2.39± 0.1442 – 0.5 – – – < 0.02
XTE J1118+480 1.7± 0.143 – 0 – – – < 0.01
V616 Mon 1.06± 0.144 – 0 – – – < 0.01

a separation between two point-like sources of SS 433 below 100 TeV; 39% containment radius for SS 433 central,
V4641 Sgr and GRS 1915+105; one-tailed 95% confidence upper limit for the source size for MAXI J1820+070
and Cygnus X-1.

b at 100 TeV, 1CrabUnit ' 10�12 erg cm�2s�1

c the combined detection significance for the two point-like sources is 12.9�.

Table 1: LHAASO’s measurement of Galactic BH-jet systems in the field of view.

for the gamma-ray detection over a wide energy range from 1 TeV to a few PeV. As of now,
LHAASO has reached an exceptional sensitivity of 10�14 erg cm�2s�1 at approximately 100 TeV
photon energy for point-like sources, making it an ideal detector for UHE gamma-ray sources that
probe accelerators of CRs around and beyond PeV energies. In LHAASO’s field of view, there are
twelve microquasars with dynamic evidences for BHs as central engines 26–28 (see Table 1). Given
these objects being located within 10 kpc from the Earth, investigations in depth could be carried
out by LHAASO in the UHE band, since the absorption of UHE photons is not severe within this
distance.

Using the latest LHAASO dataset of photons above 25 TeV, we detect five sources at signifi-
cance levels of 12.9�, 8.6�, 6.1�, 5.9� and 4.0�, respectively, associated with SS 433, V4641 Sgr,
GRS 1915+105, MAXI J1820+070 and Cygnus X-1. Except for Cygnus X-1, the maximum pho-
ton energies of all these sources well exceed 100 TeV, strongly indicating that BH-jet systems can
power efficient particle accelerators. There is no gamma-ray source with significance over 3� iden-
tified from other seven microquasars. It is interesting to note that SS 433 and Cygnus X-1 have
persistent BH activities, and V4641 Sgr, GRS 1915+105, and MAXI J1820+070 exhibited remark-
able radio or X-ray outbursts29–31 in recent years. On the other hand, those undetected microquasars
have not shown notable outbursts for many years. Such a contrast indicates a connection between
the UHE emission and activities of BHs. Our observational results are summarized in Table 1,
and significance maps & spectra of the five detected sources are shown in Figure 1, Figure 2 and
Figure 3

In a BH-jet system, there are several potential particle acceleration sites. Apparently, termi-
nation shocks formed by interactions between jets and the ambient medium are promising particle
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LHAASO Col. 2410.08988

+ Cyg X-3 H (detection open secret, some info in arXiv source file)
diverse types (HM/LMXB, persistent/transient): condition for PeV unclear

Iwakiri-san: “Looks randomly selected, makes no sense…” 4
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microquasar zoo @PeV vs X-ray (central object)
SS 433

Cyg X-1 GRS 1915+105

MAXI J1820+070

V4641 Sgr

Cyg X-3
NB linear;
different scales

MAXI light curves 2009-
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microquasar zoo @PeV LHAASO Col. 2410.08988
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?
LHAASO Col.
in prep.

variable ->
likely partly
~<AU

many spatially extended ~100 pc (correlation with other bands unclear)
some consistent with point source (but limited statistics)
diverse particle acceleration and/or emission sites?

H H

HH(I?) L L

-> IACT followup
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no clear evidence for spectral cutoffs (so far)
no time variability (so far)… except Cyg X-3!
n fluxes not high unless gamma rays significantly absorbed

SS 433 Cyg X-3V4641 Sgr

Cyg X-1

variable!

source file

GRS 1915+105 MAXI J1820+070



microquasars: potential particle acceleration sites
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- disk corona
- jet internal shocks
- jet termination shocks
- jet + stellar wind (HMXB)



microquasars: potential particle acceleration sites
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- disk corona
- jet internal shocks
- jet termination shocks
- jet + stellar wind (HMXB)

- disk wind internal shocks
- disk wind termination shocks
- disk wind + stellar wind (HXMB)
- disk wind + companion star



microquasars: potential particle acceleration sites
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- disk corona
- jet internal shocks
- jet termination shocks
- jet + stellar wind (HMXB)

- disk wind internal shocks
- disk wind termination shocks
- disk wind + stellar wind (HXMB)
- disk wind + companion star

NB: absence of high v absorption features
= absence of ultra fast winds? e.g. GX 13+1
≠ absence of clumpy ultra fast winds!

c.f. as in AGN PDS 456 XRISM Col. 25a,b



SS 433 LHAASO Col. 2410.08988
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12.9s (total), up to ~300 TeV

r39= 0.32°lsep= 0.70°

more correlated with X-ray jet
-> mainly leptonic?

more correlated with HI?
-> mainly hadronic?

1-25 TeV 25-100 TeV >100 TeV

nature of acceleration site? 9

possible
evidence
of enhanced
confinement
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FIGURES:

Fig. 1. IRAS 60 micron image with contours of the region with the sources of interest: GRS 1915+105 in
magenta, the two IRAS sources in blue, LHAASO’s 39% containment radius and source position in green,
Fermi -LAT’s 99% statistical containment region and best-fit position in yellow and HESS J1912+101 in
black (left). Fermi -LAT’s TS map of the region with the 99% containment region and best-fit position
(center). LHAASO’s significance map showing the position of the BH and the 68% containment radius
(right).

Fig. 2. Simulated spectrum for Tobs = 50h with MAGIC+LST-1 and 3 off positions with a combined
significance of 8.24σ for the point-like scenario (left). Simulated spectrum for Tobs = 100h with
MAGIC+LST-1 and 3 off positions with a combined significance of 3.59σ for the extended scenario
(center). Preliminary SED for GRS 1915+105, IRAS 19124+1106 and IRAS 19132+1035 sources showing
the obtained upper limits and a dashed line representing the assumed PW+ExpCutOff model (right).
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LHAASO: r>~50 pc, consistent with ~80 pc separation of radio IR sources
~ potential jet termination regions (bow shock structure Motta+ 25)

r39= 0.33°

LAT: r~<10 pc, consistent with point source; BH at edge of error region
no variability

10



spallation by hot thermal protons near BH 
Ekanger, SI, Kimura+, in prep.

56Fe

Mn, Cr, V, Ti, Sc…

p
Ek>~10 MeV
(vp>0.15c)

lEdd=1

assuming Tp~Tvir (corona or shock)
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Figure 4. Comparison of the outflow abundances measured with the ion-by-ion method to di↵erent SN model yields, taken
from Nomoto et al. (2006, 2013). The models di↵er by the initial progenitor mass M and metallicity Z. Models are the same
in all panels. Lines are drawn between measured elements for each source, just to guide the eye.

the core-collapsed star pollutes the companion, or remains bound to the system, one could expect to see a chemical
trace of the SN explosion in the X-ray binary, and its outflow. Indeed, there is circumstantial evidence for extended
Compton thick gas (a photosphere) around X-ray binaries in outburst (e.g., Neilsen et al. 2016; Shidatsu et al. 2016,
XRISM collaboration 2025, in preparation), which could be SN debris heated by the X-ray source (Keshet et al. 2024).
We surveyed a large range of progenitor masses M and zero-age main-sequence metallicities Z (not to be confused
with the atomic number) from Nomoto et al. (2006, 2013). The elemental abundances measured by the ion-by-ion
method are compared in Fig. 4 with SN model yields that best match the present measurements. Z = 0.02 is the
solar metallicity, therefore a progenitor with Z = 0.05 is considered super-solar, and a progenitor with Z = 0.001 is
sub-solar.
None of the SN models fits perfectly any of the outflow abundances. The GRS1915+105 abundance pattern resembles

that of a high-M(30M� or 40M�) high-Z(0.05) progenitor, except for its high Cr and Mn abundances. In the
globally fitted models these are closer to solar (Table 6), which would improve the agreement. Conversely, the increase
of abundance ratio to Fe with atomic number observed in GX13+1 hints towards the yields of a low-Z(0.001) low-
M(18M� or 25M�) model. The global fits, which show a similar trend, but with slightly lower abundance values
would quantitatively fit this SN model better. A higher progenitor mass is also ruled out by virtue of GX13+1 being
a NS binary, and not a BH binary. The sub-solar abundance ratios to Fe in 4U1630-472 are atypical of any core
collapse SN, hence none of the models agree quantitatively with the abundance values. Yet the trend with atomic
number is similar to that of GX13+1, again resembling the Z = 0.001, 25M� model. Overall, the far from perfect
agreement between the measured values and any of the SN model yields does not enable a conclusion regarding the
alleged connection between the material in the outflow and a progenitor.

5. DISCUSSION AND CONCLUSIONS

abundance via abs. in wind
vs SN models   Chandra/HETG

Mn, Cr overabundant?

GRS 1915+105

Keshet+ 2506.19440

abundance confirmed via emi. 
with XRISM
Miller+ 2510.25089
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V4641 Sgr: “micro Fermi bubble” pevatron

HAWC Col. 24, Nat 634, 557

8.8s, up to ~200 TeV
extended >~80 pc
no obvious counterparts
in GeV, X-ray, radio
~500-600 pc off Gal. Plane
ngas<0.2 cm-3

HESS Col.
2511.10537

Suzuki+ 24
HAWC Col. 24

leptonic g favored from SED
- B<3µG
- electron transport over 40 pc 
without energy loss?

electron accel. to >0.8 TeV
-> proton accel. to >0.8 TeV
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MAXI J1820+020: LHAASO LHAASO Col. 2410.08988
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5.9s, up to ~200 TeV
r~<15 pc (consistent with point source)     <-> SS 433, V4641 Sgr
offset in direction of sub-pc radio jet?

X-ray outburst from BH only around 2018
-> ~yr timescale variability?
-> some unidentified sources likely as yet unrecognized microquasars

r95< 0.28°
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object completely unknown before 2018 X-ray outburst



summary: g rays from microquasars and prospects
significant, surprising, mysterious, diverse results

- CR origin: strongest evidence yet for PeV hadron accelerator
SS 433 morphology >100 TeV TBC
possible first evidence for enhanced confinement of
hadrons near identified sources
viability as sources still open question

- mystery bubble: ~100 pc TeV-PeV structure without
obvious radio, X-ray, GeV counterparts (V4641 Sgr)

- mystery zoo: diverse types of microquasars
-> diversity of sites (large/small scales), processes?

- unidentified TeV-PeV sources: some likely microquasar
(MAXI J1820 would be unID 8 years ago)
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- stay tuned for interesting CTA results in the near future!


