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A B S T R A C T 

The origin of cosmic rays (CRs) from outside the Solar system is unknown, as they are deflected by the int erst ellar magnetic 
field. Supernova remnants are the main candidate for CRs up to PeV energies but due to lack of evidence, they cannot be 
concluded as the sources of the most energetic Galactic CRs. We inv estigat e discret e ejecta produced in state transitions of 
black hole X-ray binary systems as a potential source of CRs, motivated by recent > 100 TeV γ -ray detections by LHAASO. 
Starting from MAXI J1820 + 070, we examine the multi- w avelength observ ations and find that efficient particle acceleration 

may take place (i.e. into a robust power law), up to ∼ 2 × 10 

16 μ−1 / 2 eV, where μ is the ratio of particle energy to magnetic 
energy. From these calculations, we estimate the global contribution of ejecta to the entire Galactic spectrum to be ∼
1 per cent , with the CR contribution rising to ∼ 5 per cent at PeV energies, assuming roughly equal energy in non-thermal 
pr otons, non-thermal electr ons, and magnetic fields. In addition, w e calculat e associat ed γ -r ay and neutrino spectr a of 
the MAXI J1820 + 070 ejecta to investigate new detection methods with CTAO, which provide strong constraints on initial 
ejecta size of order 10 

7 Schwarzschild radii ( 10 

−5 pc) assuming a period of adiabatic expansion. 

Key wor ds: astr oparticle physics – neutrinos – methods: analytical – cosmic rays – gamma-r ays: gener al – X-rays: bina- 
ries. 
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 INTRODUCTION  

osmic rays (CRs) are charged particles that propagate through 

pace and bombard the Earth’s atmosphere (e.g. J. Beringer et al. 
012 ). CRs do not point back to their sources, as they are deflected
y the magnetic fields in the intergalactic and int erst ellar media
ISM). CRs are thought to be accelerated in blast -wa v es int o a
haract eristic pow er -la w spectrum in energy (e.g. M. S. Longair
011 ) by diffusive shock acceleration in magnetic fields (W. I.
xford, E. Leer & G. Skadron 1977 ; G. F. Krymskii 1977 ; R. D.
landford & J. P. Ostriker 1978 ; A. R. Bell 1978a ; L. O. Drury 1983 ;
. C. Begelman, R. D. Blandford & M. J. Rees 1984 ; R. Blandford
 D. Eichler 1987 ; for a review see e.g. J. H. Matthews, A. R. Bell &
. M. Blundell 2020 ). Galactic sour ces ar e thought t o be limit ed t o
10 16 eV and below (e.g. J. H. Matthews et al. 2020 ). Supernova

emnants (SNRs) are the main candidate for CRs below ∼ 10 15 

V (originally proposed by W. Baade & F. Zwicky ( 1934 ), with
trong evidence of pion decay indicative of CRs (likely protons) 
resented in M. Ackermann et al. 2013 ). How ev er, the lack of 
bserv ations of TeV γ -r ays (e.g. M. L. Ahnen et al. 2017 ) suggests
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hat CR energies from SNRs do not reach the highest Galactic
nergies (PeV). This is supported by theor etical work; e.g . S.
abici, D. Gaggero & F. Zandanel ( 2016 ) estimate only one SNR

ccelerating particles to 10 15 eV at any time. Hence, although 

here is likely a large flux of CRs from SNRs, the energies may
ot reach that of the knee in the CR spectrum at 10 16 eV. 
Black hole X-ray binaries (BH-XRBs, also r eferr ed to as micro-

uasars) are BHs that accrete matter from a companion star and
re observed in two distinct r egimes: the “har d” state, which has a
ompact jet, and the “soft” state, which does not (R. A. Remillard
 J. E. McClintock 2006 ). The X-ray spectra for the two states

re thought to be determined by the behaviour of the accretion
isc and Comptonizing corona (e.g. R. P. Fender, T. M. Belloni
 E. Gallo 2004 ). In the transition fr om har d to soft, r elativistic

ransient discrete ejections (ejecta, also referred to as “knots” or 
blobs”) of plasma can be released ballistically (R. P. Fender et al.
997 ), and ejecta may have energy on the high-end of estimates
R. P. Fender & G. G. Pooley 2000 ; F. Carot enut o, A. J. Tetarenko
 S. Corbel 2022 ). Ejecta are thought to be trans-relativistic blast
aves which appear to be less energetic and less relativistic ver-

ions of γ -ray bursts (F. Carot enut o et al. 2024 ; A. J. Cooper et al.
025 ; J. H. Matthews et al. 2025 ). The release of ejecta is strongly
ssociated with early-time radio flaring during hard-soft transi- 
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Figure 1. Internal energy over time from equipartition for the MAXI 
J1820 + 070 ejection, as inferred from r adio observ ations. An adiabatic 
expansion fits the data, with the upper dashed curve highlighting the 
need for a break in expansion speed (best-fit at 80 d). Data plotted for 
R (90 days ) = 3 . 3 × 10 3 AU. 
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ions, believ ed t o be initially self-absorbed synchr otr on emission
rom accelerated electrons (R. P. Fender et al. 1997 ). 

XRB jets have long been suggested as sites of diffusive shock
cceleration and CR acceleration (e.g. G. E. Romero et al. 2003 ;
. Bednarek, G. Burgio & T. Montaruli 2005 ; R. P. Fender, T. J.
accarone & Z. van Kesteren 2005 ; G. E. Romero et al. 2007 ; M.

eynoso & G. Romero 2008 ; A. J. Cooper et al. 2020 ; A. M. Carulli,
. M. Reynoso & G. E. Romero 2021 ; D. Kantzas et al. 2021 ; S.
aci et al. 2025 ), which is strongly supported by recent obser-

ations (e.g. F. Aharonian et al. 2024 ; LHAASO Collaboration
024 ), how ev er in this paper we consider discrete ejections from
H-XRBs, rather than hard-state jets. Efforts to model particle
cceleration in BH-XRB ejecta specifically are scarce and their
ontribution to the CR spectrum has been largely une xplor ed
ntil recently (e.g. K. Savard et al. 2025 ). CRs will interact with
hotons and thermal pr otons, pr oducing pions which decay (S. R.
elner, F. A. Aharonian & V. Bugayov 2006 ; S. R. Kelner & F. A.
haronian 2008 ; R. L. Workman et al. 2022 ). The produced γ -rays

nd neutrinos point back to the source as these are not deflected
y the Galactic magnetic field, unlike CRs. If these emissions are
et ect ed, BH-XRB ejecta could be confirmed as a CR source. 
In this paper, our aim is to determine the CR contribution

r om BH-XRBs thr ough a combination of analytic calculation
nd analysis of recent observations, in particular for energies
 x ceeding 10 15 eV. In Section 2 we lay out the fundamentals of CR
cceleration and bulk ejecta dynamics and apply this to the recent
AXI J1820 + 070 ejection (J. S. Bright et al. 2020 ; M. Espinasse

t al. 2020 ; C. M. Wood et al. 2021 ). In Section 3 , we extend
hese estimates to the population as a whole using radio flares
 o estimat e the t otal CR contribution. Lastly, in Section 4 , we
 xplor e γ -ray and neutrino emission from these ejections with
oth analytic and numerical calculations. 

 MAXIMUM  COSMI C  RAY  E N E RGY  

.1 Maximum energy and ejecta expansion 

o calculate the contribution due to protons accelerated in ejecta
rom BH-XRBs to the CR spectrum, we first need to calculate the

aximum proton energy attainable. We assume that an ejection
s composed of a magnetic field and equal numbers of protons
nd electrons, such that the ejection is charge neutral. The com-
osition of ejecta is unknown – there are observations of heavy
adr ons (ir on) in the jets of BH-XRB SS 433 (T. Kotani et al. 1996 ;
. Migliari, R. Fender & M. Méndez 2002 ) and recent work (A.
. Zdziarski & S. Heinz 2024 ) suggests that ejecta ar e electr on-

on plasmas, but the possibility of electr on-positr on plasma has
ot been conclusively ruled out. We focus on prot ons, how ev er
eavier ions could be accelerated to higher energies if they are
resent. It has been shown (P. O. Lagage & C. J. Cesarsky 1983 ; A.
. Hillas 1984 ) that the characteristic maximum proton energy

s 
E 

10 15 eV 

= 

D 

pc 
B 

μG 

β

0 . 5 
(1) 

here the shock speed is u = βc , B is the magnetic flux density,
nd D is the size of the accelerating region. 

We assume the ejection is spherical with uniform energy den-
ity and uniform magnetic field strength for simplicity of calcu-
ations. Additionally, we begin by assuming total energy (non-
hermal particles and magnetic fields) is minimized, which is
nown as equipartition. This assumption is r elax ed later. For
NRAS 546, 1–10 (2026) 
ime-varying luminosity L ν (t ) ∝ να , α < 0 (e.g. M. S. Longair
011 ), the total internal energy W eq from equipartition (at which
he ratio of ( particle energy / magnetic energy ) ≡ μ = 4 / 3 ) satis-
es: 

 eq ( t ) = 

7 
24 π

V 

3 / 7 ( 6 πG ( α) ηL ν ( t ) ) 4 / 7 (2) 

here V is the volume and G (α) is a slowly - varying function of 
(the spectral index of observed radiation) and the maximum

requency of emission. η determines the energy share between
on-thermal protons and electrons. Energy in the magnetic field
 B ∝ B 

2 V , which implies 

 B ∝ R 

9 / 7 L 

4 / 7 
ν ⇒ B ∝ R 

−6 / 7 L 

2 / 7 
ν (3) 

or a uniform magnetic field. Hence the maximum energy scales
s βR 

1 / 7 L 

2 / 7 
ν which should be similar for all ejections with a mag-

etic field so it is sufficient to analyse a snapshot of one event in
etail here. 
The total energy in non-thermal particles and magnetic fields

s a function of time for MAXI J1820 + 070 is plotted in Fig. 1 . We
ake the common assumption (e.g. M. Persic & Y. Rephaeli 2014 )

hat η = 2 , which corresponds to equal energy in the non-thermal
omponent of both species. Since the minimum energies of the
on-thermal spectra are likely different ( ≈ rest-mass energy),

her e ar e differ ent number densities of non-thermal pr otons and
lectrons. How ev er, the jet may remain neutral, if charge neu-
rality is satisfied by the combined thermal (around 90 per cent
f the total, see discussion below) and non-thermal components.
he energy share between non-thermal electrons and protons is
n open problem (A. Marcowith et al. 2016 ; J. H. Matthews et al.
020 ) and can be varied, with one species having up to ∼ 100
imes more energy than the other, e.g. G. E. Romero & G. S. Vila
 2008 ); G. S. Vila & G. E. Romero ( 2011 ); C. Pepe, G. S. Vila & G.
. Romero ( 2015 ). This would cause up to ∼ 1 dex of variation in

he total energy in non-thermal pr otons, r oughly comparable to
he variation due to the size uncertainty. Some simulations (e.g.
 . Park, D . Caprioli & A. Spitkovsky 2015 ; P. Crumley et al. 2019 )
uggest that protons are accelerated more efficiently, although
hese are not conclusive and assume unphysical pr oton–electr on

ass ratios. The higher acceleration efficiency may be because
lectr on gyr oradii ar e smaller than pr oton gyr oradii (for the same
omentum) by a factor 

√ 

m e /m p (e.g. A. R. Bell 1978b ), although
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Figur e 2. The pr oton energy spectrum of the MAXI J1820 + 070 ejection 
at t = 90 d after inferred ejection, multiplied by volume. The shaded area 
r epr esents departur es fr om equipartition ( 0 . 1 < μ < 100 ) for the mean 
size. Maximum energy scales as E max ∝ μ−1 / 2 and in general size uncer- 
tainty of MAXI J1820 + 070 at 90 d dominat es ov er pot ential deviations 
from equipartition. 
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his is uncertain due to the difficulty in r esolving gyr oradii. The
ssue is also discussed in D. Kantzas et al. ( 2023a ) with respect
o the hard state jets of BH-XRBs. Furthermore, the system may 
ot be in an equipartition state (i.e. μa not 4 / 3 ); the effect on the
roton energy spectrum is explored in Fig. 2 . 
An alt ernativ e constraint can be placed on maximum proton

nergy E max by equating energy gains to synchr otr on and adi-
batic losses ( P dV work on the surroundings), which, when 

hrased in terms of r ecipr ocal time-scales, gives (A. J. Cooper et
l. 2020 ): 

4 
3 

(
m e 

m p 

)2 

cσT 
U B 

m p c 2 
E max 

m p c 2 
+ 

βexp c 
R 

= 

εecB 

E max 
c (4) 

here U B = W B /V is the internal energy density in the magnetic
eld, βexp c is the lateral expansion speed, ε is the acceleration 

fficiency, and the remaining symbols have their usual mean- 
ngs. Based on kinetic hybrid simulations (e.g. D. Caprioli & A. 
pitkovsky 2014 ), ε ≈ 0 . 1 is appropriate for protons accelerated 

y non-relativistic shocks, applicable also in observations of non- 
hermal radiation (e.g. G. Morlino & D. Caprioli 2012 ). For rel-
tivistic shocks, particle-in-cell simulations by L. Sironi & A. 
pitkovsky ( 2010 ) found ε � 0 . 3 and similarly P. Crumley et al.
 2019 ) found ε ≈ 0 . 1 for shocks moving at 0 . 75 c . We find that the
r oton synchr otr on losses ar e negligible for our given parameters
nd hence 

 max = 

RεeBc 
βexp 

∼ 10 16 eV (5) 

his has the same dependence as the previously calculated max- 
mum energy: E max ∝ RB . 

Ejecta adiabatically expand over time from ejection ( t = 0 ), de-
reasing the magnetic field strength. Ejecta are difficult to resolve 
ue to the high angular r esolution r equir ed, so it is not yet certain
ow long or how well they maintain their structure, although 

ecent modelling work (A. J. Cooper et al. 2025 ) finds a conical
ophat jet without spreading appears to fit the data best. Here, 
e model analytically the expansion as the ejection expands for 

onstant magnetic flux φ = BR 

2 , which physically equates to the
agnetic field lines being frozen-in (M. S. Longair 2011 ). Mag-
etic energy follows 

 B ∝ B 

2 V ⇒ W B ∝ R 

−4 R 

3 ∝ R 

−1 (6) 

ndividual particle energy satisfies (H. Laan 1966 ; M. S. Longair
011 ) 

 ∝ R 

−1 ⇒ W prot ∝ R 

−1 ∝ W B (7) 

ence this is also an equipartition expansion. 

.2 Results for MAXI J1820 + 070 ejection 

n order to carry out an estimate for the total BH-XRB ejecta
ontribution to the CR spectrum, we begin by finding the max-
mum CR energy E max and internal energy W eq of the MAXI
1820 + 070 ejection. Two apparently superluminal ejecta from 

AXI J1820 + 070 were observed in 2017 (J. S. Bright et al. 2020 ),
ith a re-analysis by C. M. Wood et al. ( 2021 ) finding a third slow-
oving ejection. These ejecta w ere observ ed by MeerKAT and

MERLIN simultaneously at the same frequency 90 d after initial 
adio flaring, allowing the size of the approaching ejection to be
onstrained to 6 . 2 × 10 2 AU < R (90 days ) < 1 . 7 × 10 4 AU , using
he difference in flux at two different angular resolutions (see 
lso K. Savard et al. 2025 ). Table 1 summarizes the parameters
sed t o deriv e the energetics present ed in Table 2 . The calculated
 eq and size are in agreement with ejections from other BH-XRB

ources (R. P. Fender et al. 1999 ; E. Gallo et al. 2004 ; C. Brocksopp
t al. 2007 ; P. A. Curran et al. 2013 ; T. D. Russell et al. 2019 ; A. J.
ooper et al. 2025 ). We recalculate W eq utilizing Chandra X-ray
ata points and assuming the ejection is optically thin through- 
ut, as in M. Espinasse et al. ( 2020 ) which found α = −0 . 6 rather
han −0 . 7 . We also account for relativistic beaming to find the
rue minimized total energy (e.g. T. Savolainen et al. 2010 ; K.
avard et al. 2025 ), since energy W eq was originally calculated
J. S. Bright et al. 2020 ) for MAXI J1820 + 070 directly from the
bserved luminosity rather than the emitted luminosity. For bulk 

orentz factor � = �min = 1 . 7 as given by J. S. Bright et al. ( 2020 ),
 eq increases by a factor 1.20 ( α = −0 . 6 and θ = 64 ◦), although

his may be an underestimate as the re-analysis by C. M. Wood
t al. ( 2021 ) inst ead gav e �min = 2 . 1 . Observational uncertainties
ule out using direct equations (J. C. A. Miller-Jones, R. P. Fender
 E. Nakar 2006 ) to solve for � from the proper motion; recent
ork (P. Saikia et al. 2019 ; F. Carot enut o et al. 2024 ; Cowie and
ender, in preparation) suggests that a typical � is 3, although �

ay e x ceed this on kinematic grounds (R. P. Fender 2003 ; R. P.
ender & S. E. Motta 2025 ; C. Lilje, R. Fender & J. H. Matthews
025 ). Using � = 3 gives a boosted W eq 3.2 times greater for an
nclination of 64 ◦; correcting for beaming is especially important 
or more relativistic events. We could also refine our estimate a
ittle further: if we assume the shock is a forward shock, then we
an relat e � t o the Lorentz factor of the shock �sh (J. F. Steiner
 J. E. McClintock 2012 ). For � > 1 . 7 , �sh > 2 . 2 , bulk speed
> 0 . 81 and shock speed βsh > 0 . 89 . The two velocities differ by
 10 per cent , so we take β ≈ βsh to simplify our analysis. 
We model the lateral expansion of the ejection to be linear

 o estimat e the expansion speed βexp c which affects the E max of 
rotons attainable as in equation ( 5 ). For a full discussion, see
ppendix A . For an adiabatic expansion, the luminosity satisfies
 ν ∝ R 

−2 p (e.g. M. S. Longair 2011 ). A Ta ylor–von Neumann–
edov expansion (L. I. Sedov 1946 ) is appropriate for the late-
ime behaviour ( t � 80 d) when the bulk dynamics become non-
elativistic. The internal energy varies slowly at these times, so we
MNRAS 546, 1–10 (2026) 
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M

T able 1. V alues of the model parameters. 

Modelling parameter Symbol Value 

Non-thermal p- e − energy share η 2 (equal) 
Non-thermal particle-B-field share μ 4/3 
Acceleration efficiency ε 0.1 
Observ ational par ameter Symbol Value 

S ynchr otr on spectral index α −0.6 
Ejecta size (AU) at 90 d R (90) 6 . 2 × 10 2 − 1 . 7 × 10 4 
Bulk ejecta Lorentz factor � 1.7 
Viewing angle θ 64 ◦

Table 2. Calculated properties of the MAXI J1820 + 070 ejection 90 d (J. 
S. Bright et al. 2020 ) after launching for βexp = 0 . 05 . The different sizes 
correspond to the lower and upper estimates. 

R (90) [AU] W eq [erg] Simple E max [eV] Full E max [eV] 

6 . 2 × 10 2 4 . 1 × 10 41 1 . 1 × 10 16 6 . 3 × 10 15 

3 . 3 × 10 3 3 . 4 × 10 42 1 . 4 × 10 16 8 . 0 × 10 15 

1 . 7 × 10 4 2 . 9 × 10 43 1 . 8 × 10 16 1 . 0 × 10 16 
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abel this stage as a pseudo - st eady stat e. Aft er fitting L ν ∝ R 

−2 p t o
he data with R (t ) = R 0 + βexp ct (using the geometric mean size
 (90 days ) = 3 . 3 × 10 3 AU, with the only free parameter being
exp ), we find that there are two regimes for βexp with a best-fit
reak at t ≈ 80 d, consistent with J. S. Bright et al. ( 2020 ). 1 We
hen use equation ( 2 ) to calculate the internal energy W eq over
ime, plotted in Fig. 1 . 

We assume an energy spectrum of protons accelerated by
hocks of 

(E ) dE = N 0 E 

−p exp 

(
− E 

E max 

)
dE (8) 

ith power -la w inde x p = −2 α + 1 (spectral inde x α < 0 ; e.g . J.
. Matthews et al. 2020 ). For the total energy in non-thermal

rot ons w e can writ e: 

 prot = 

∫ ∞ 

E min 

E N(E ) dE = 

4 
7 

W eq × η − 1 
η

, η > 1 (9) 

hese calculations (see Appendix A ) give a lower bound E min 
f 1 GeV for p = 2 . 2 , in agreement with conservative estimates

m p c 2 from D. Kantzas et al. ( 2023a ). Other similar works (e.g.
. E. Romero et al. 2003 ; G. E. Romero & G. S. Vila 2008 ; G. S. Vila
 G. E. Romero 2011 ; C. Pepe et al. 2015 ) suggest that the mini-
um energy of non-thermal protons should be between 2 − 120
eV. Note that the overall number of non-thermal protons is rel-

tiv ely insensitiv e t o minimum energy: spectrum normalization
 0 ∝ E 

p−2 
min . If we take E min = 10 GeV, the normalization rises by

 factor 1.6; for E min = 100 GeV it rises by a factor 2.5. 
The approaching ejection has spectral index α = −0 . 59 ± 0 . 01

nd the receding ejection has α = −0 . 65 ± 0 . 01 (using Chan-
ra data – see M. Espinasse et al. 2020 ) so p app = 2 . 2 ± 0 . 02
nd p rec = 2 . 3 ± 0 . 02 . We tak e the power -la w index p = 2 . 2 for
he spectra; in general, 2 < p � 2 . 6 and shock theory tends to
redict p = 2 . 2 − 2 . 3 (e.g. L. O. Drury 1983 ). The number den-
ity of accelerated protons as a function of energy for MAXI
NRAS 546, 1–10 (2026) 

 Note that this may correspond to the reverse shock crossing time-scale 
e.g. A. J. Cooper et al. 2025 ; J. H. Matthews et al. 2025 ; K. Savard et al. 
025 ) 

o  

o  

e  

a  

m  
1820 + 070 ejection is shown in Fig. 2 . The larger the size, the
reater the number of accelerated protons across the spectrum.
he size is the most important factor in determining the CR
ow er, ev en when accounting for departur es fr om equipartition.
. A. Schekochihin et al. ( 2009 ) suggests that a reasonable range

or the energy partition between non-thermal particles and mag-
etic fields is 0 . 1 < μ < 100 ; below μ ∼ 0 . 1 maximum energy
stimat es become quit e large due t o the μ−1 / 2 scaling . Departur es
rom equipartition will change the shape of the CR energy spec-
rum, as in Fig. 2 , but even e xtr eme values of μ produce variations
ess than both size uncertainty and differences between events, as
iscussed in Section 3 . This highlights the importance of multi-
requency observations of ejecta, and the need for higher spa-
ial resolution where possible. We set the E max to be the simpler
stimate as in equation ( 1 ); there is a small difference for E max 
etermined by adiabatic losses at energies � 10 15 eV. For p = 2 . 4
J. S. Bright et al. 2020 ) there are more low-energy and fewer PeV
r otons but ag ain the size uncertainty is dominant. Reg ar dless
f size, a large number of protons are accelerated to energies
reater than 10 15 eV, with a robust CR E max = 1 . 6 × 10 16 μ−1 / 2 eV
s smaller sizes fit the data better (see Appendix B for details). 

 C  O N T R I B U T I O N  T  O  T H E  C  OSMIC  RAY  

P ECT RU M  

e now estimate the global contribution to the CR spectrum from
iscr ete ejections. If ther e is limited variability in energetics and
ehaviour between different ejections, BH-XRBs could partially
xplain the findings of Z. Cao et al. ( 2024 ) which suggests the
nee in the CR spectrum is due to pr otons. A dditionally, this
ould provide further theoretical backing to recent persistent
igh-energy ( ∼100 TeV) γ -ray observations in the vicinity of 
AXI J1820 + 070 and four other recently active or persistent BH-

RBs (LHAASO Collaboration 2024 ). Repeating the calculations
bove for the ejection from XTE J1908 + 094 (A. P. Rushton et al.
017 ) gives E max ≈ 1 × 10 16 μ−1 / 2 eV, which suggests the MAXI
1820 + 070 ejection is not an abnormal event. 

Energetics estimates for most other ejecta cannot be performed
n the same manner as MAXI J1820 + 070 due to the lack of strong
ize constraints. Inst ead, w e proceed utilizing the bett er charac-
erized energy of self-absorbed radio flares. The energy in flares
 flare is calculated by Cowie and Fender (in preparation) using

he framework in R. Fender & J. Bright ( 2019 ) which assumes
he observed radio flares are associated with a transition from
ptically thick to optically thin, and that the bulk Lorentz factor
f each region � = 3. Flares have been strongly associated with
jection (e.g. R. P. F ender, J . Homan & T. M. Belloni 2009 ), with
 flare coincident with all documented ejections, and are much
ore easily observed. These flares may correspond to the same
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Figur e 3. Fitted log -normal distribution of synchr otr on flar e energies 
of 30 candidate BH-XRBs (Cowie and Fender, in preparation), with the 
MAXI J1820 + 070 flare energy indicated. The mean flare energy is 2 ×
10 38 ±1 . 1 erg . Assuming a pr oportional r elation between flar e and ejecta 
energies gives an internal energy distribution for ejecta. 
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aterial as the large-scale ejecta, with absorbed radiation stem- 
ing from particles accelerated prior to or during the ejection 

vent. It is possible to estimate the ejecta size as βexp ct flare , where
 flare is the rise time of the flare (e.g. R. P. Fender et al. 2023 ). 

Ejecta are not always det ect ed aft er a flar e (e.g . R. P. Fender
t al. 2009 ); possibly because flar es ar e isotr opic wher eas ejecta
av e undet ectable fluxes due t o beaming. Alt ernativ ely, these
adio flares may be associated with a different phenomenon, e.g. 
lower-moving ejecta (C. M. Wood et al. 2021 ) or other changes
n accr etion. N ev ertheless, w e assume that each flar e corr esponds
o a canonical fast-moving ejection with internal energy W ej , and 

dditionally that the energies are directly proportional: 
W ej 

W flare 
≡ κ (10) 

here κ is a constant for all events; an oversimplification due to
ack of data, but appropriate as we e xpect mor e energetic ejecta to
e associated with stronger flaring events. Note that W ej is time-
ependent as in Fig. 1 , particularly close to ejection, so we take
 ej at observation. Other relationships are possible, for instance 
e could apply equation ( 2 ) directly, how ev er equation ( 10 ) is suf-
cient to roughly estimate the BH-XRB population contribution 

o the CR spectrum. With equation ( 10 ), we relate the distribution
f flare energies in Fig. 3 (to which we fit a log-normal distribu-
ion) to a distribution of internal ejecta energies W ej . 

As well as MAXI J1820 + 070, we examine ejections from XTE
1908 + 094 (A. P. Rushton et al. 2017 ), MAXI J1535–571 (J.
hauhan et al. 2019 ; T. D. Russell et al. 2019 ; A. J. Cooper et al.
T able 3. V alues of κ , the ratio of int ernal ov er flare energy, as in equati
energy (Cowie and Fender, in preparation) dominate. 

BH-XRB Calculated κ log κ

MAXI J1820 + 070 1 × 10 4 � κ � 8 × 10 5 4 . 0 � log κ � 5 . 9

XTE J1908 + 094 4 × 10 2 � κ � 3 × 10 4 2 . 6 � log κ � 4 . 5
MAXI J1535–571 1 × 10 4 � κ � 1 × 10 5 4 . 1 � log κ � 5 . 0

MAXI J1348–630 8 × 10 2 � κ � 5 × 10 4 2 . 9 � log κ � 4 . 7

GRS 1915 + 10 κ < 5 × 10 4 log κ < 4 . 6 
025 ), and prolific GRS 1915 + 105 (B. E. Tetarenko et al. 2016 ).
her e ar e tw o separat e estimat es for the MAXI J1820 + 070 flare
nergy in J. S. Bright et al. ( 2020 ); we choose to use the method
resented in R. Fender & J. Bright ( 2019 ) to calculate the flare
nergy, which is the method used for the other ejections in Cowie
nd Fender (in pr eparation). Another r elevant event is the ejec-
ion from recently-discovered MAXI J1348–630, how ev er for this 
jection only the bulk kinetic energy of the ejecta (� − 1) Mc 2 is
stimat ed (F. Carot enut o et al. 2022 ) rather than W ej . We estimat e
he internal energy of MAXI J1348–630 by assuming the ratio 
f kinetic energy to W ej is the same as for MAXI J1820 + 070.
his gives (� − 1) Mc 2 ≈ 10 W ej , in agreement with R. P. Fender
t al. ( 1999 ), E. Gallo et al. ( 2004 ), and the discussion of ε in
ection 2.1 . We can also consider the Eddington luminosity, 
 Edd = 1 . 3 × 10 38 M BH 

/M 	 erg s −1 (see e.g. M. S. Longair 2011 ).
uminosity can e x ceed L Edd in non-st eady stat e behaviour (e.g.
. Done, G. Wardzi ́nski & M. Gierli ́nski 2004 ), but flaring tends

o occur at and above ≈ 0 . 1 L Edd . A ccor ding to the WATCHDOG
atalogue (B. E. Tetarenko et al. 2016 ), the average luminosity of 
RS 1915 + 105 is 6 . 3 × 10 38 erg s −1 = 0 . 4 L Edd . Hence 

ummed GRS 1915+010 ejecta energies � 

∫ 
0 . 4 L Edd dt (11) 

uch that the average power is below 0.4 times the Eddington
uminosity. GRS 1915 + 010 had 486 flares over a 4000 day obser-
ation period with a mean flare energy of 1 . 4 × 10 40 erg (Cowie
nd Fender, in preparation), giving κ < 5 × 10 4 . This inequality
ould be violated if ejections are significantly more energetic than 

t eady-stat e behaviour. The different values of κ are summarized 

n Table 3 . Constraining all κ < 5 × 10 4 and taking a w eight ed
ean average gives log κ = 4 . 1 ± 0 . 4 . 
Sampling from the log-normal distribution of flares in Fig. 3 

ives a mean flare energy of ≈ 4 × 10 39 erg. According to Black-
AT data (J. M. Corral-Santana et al. 2016 ), 73 candidate stellar-
ass BH-XRBs have been observed in the Milky Way. Analysis 

f the spatial distribution implies there are ∼ 1300 total tran- 
ient BH-XRB systems in the Galaxy (J. M. Corral-Santana et al.
016 ). We estimate that the combined BH-XRB flaring activity is
quivalent to 10 active BH-XRBs in the Milky Way that flare as
requently as GRS 1915 + 105, roughly one flare per day (Cowie
nd Fender, in preparation), analogous to LHAASO Collabora- 
ion ( 2024 ) who estimate the proton luminosity from Galactic
H-XRBs as � 10 times that of SS 433. Imposing the upper limit
n κ from GRS 1915 + 10, we find the CR luminosity L CR satisfies
 . 0 × 10 38 � L CR � 1 . 9 × 10 39 erg s −1 , which is 0.2–1.2 per cent
f the total Galactic luminosity of 1 . 5 × 10 41 erg s −1 (A. Dar & A.
. Rújula 2001 ), in appr o ximate agr eement with the hard-state

ontribution found by A. J. Cooper et al. ( 2020 ). Although ejecta
MNRAS 546, 1–10 (2026) 

on ( 10 ), for different events. Uncertainties in ejecta size and flare 

Notes 

 Flare is e − synchrotron emission (J. S. Bright et al. 2020 ; M. 
Espinasse et al. 2020 ) 

 W ej smaller than most other events 
 Size uncertainty due to ejecta unresolved mitigated by 

modelling 
 Take internal energy fraction = 0 . 1 and cavity density 

= 0 . 0010 cm 

−3 

Ejecta energy is Eddingt on-limit ed: luminosity cannot 
e x ceed 0 . 4 L Edd 
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M

Figur e 4. Upper curve: pr edicted contribution to the CR spectrum 

with p = 2 . 2 , E max = 10 16 eV and κ = 1 . 3 × 10 4 ; low er: a rough estimat e 
(see discussion below) for the effect of pr opag ation, with p = 2 . 6 , E max = 

10 16 eV and κ = 1 . 3 × 10 4 , normalized t o hav e the same energy in CRs; 
data: CR spectrum (D. Maurin et al. 2023 ) and protons (Z. Cao et al. 2025 ). 
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re not significant for the entire CR spectrum, their contribution
ay become important at the knee (Fig. 4 ). The contribution
ould be slightly higher if we take W ej at early times instead:

or MAXI J1820 + 070, the energy halv es betw een early times and
bservation according to Fig. 1 , increasing the maximum con-
ribution to ∼ 2 per cent. Additionally, as in Fig. 4 , this contri-
ution peaks at PeV energies and suggests that BH-XRB ejecta
ould alone account for the knee, in agreement with LHAASO
ollaboration ( 2024 ) from modelling of SS 433 and the analysis

n S. Kaci et al. ( 2025 ). 
Ther e ar e two important considerations to make on this esti-
ation of overall CR power. First, CRs travel for a distance d and

ime t related by (F. Aharonian et al. 2024 ): 

 ≈ √ 

4 D gal t (12) 

here D gal = 10 28 ( E 
1 GeV 

) 1 
3 cm 

2 s −1 is the Galactic diffusion coef-
cient. This gives a CR travel time of ≈ 10 6 years from Galactic
ources. Since the population of BH-XRBs should be roughly
orrelat ed t o the star formation rat e (SFR) (e.g. H. J. Grimm, M.
ilfanov & R. Sunyaev ( 2003 ) for high-mass XRBs), we assume

hat the BH-XRB population should be fairly constant, given that
he SFR in the Milk y Wa y has barely changed in the last 4 × 10 9 
ears (e.g. R. Yves et al. 2016 ), suggesting a comparison between
bserved BH-XRB activity and current CR data is valid, notwith-
tanding the possibility of a single, nearby dormant source which
ay skew current data. Secondly, w e hav en’t considered the ef-

ect of pr opag ation – without this, BH-XRB ejecta could entir ely
ccount for the knee. This phenomenon has been studied and
odelled in depth by C. Evoli et al. ( 2017 ), and the general effect is

 o st eepen the pow er -la w (so that the p ≈ 2 . 2 predicted by shocks
s changed to p = 2 . 6 − 2 . 7 as in the CR spectrum) and E max 
ecreases. The full calculations and Monte Carlo simulations are
eyond the scope of this paper, see how ev er A. J. Cooper et al.
 2020 ) and D. Kantzas et al. ( 2023b ) for calculations involving
Rs from the hard stat e; w e inv estigat e the propagation of CRs

rom ejecta in a future work. In Fig. 4 a curve with p = 2 . 6 and
qual energy normalization is plotted to roughly emulate the
esult. The diminished knee contribution instead suggests that
H-XRB ejecta only partially account for the PeV Galactic CRs
NRAS 546, 1–10 (2026) 
 ∼ 5 per cent). Increasing μ to 100 increases the upper limit
o ∼ 15 per cent of Galactic CRs from BH-XRB ejecta. Further
bservational and theoretical work is needed to quantify the exact
ontribution. 

 EMISSION  OF  γ-RAY S  AND  NEUTRINOS  

s well as producing PeV CRs, ejecta will also emit γ -rays and
eutrinos from non-thermal protons interacting with the rest of 

he ejecta. Recently, a number of BH-XRBs have been det ect ed
ith extended > 10 − 100 TeV γ -ra y emission (e.g. G . E. Romero

t al. 2007 ; D. Kantzas et al. 2021 ; LHAASO Collaboration 2024 )
nd possibly neutrinos too (A. J. Cooper et al. 2020 ; D. Kantzas
t al. 2023b ), suggesting they are accelerating particles to ∼PeV
nergies. The connection between the multi- w a velength obser -
ations of discrete ejecta and the TeV γ -ray detections is not
mmediately clear. On the one hand, we and others (K. Savard
t al. 2025 ) have shown that the discrete ejecta can plausibly reach
p to and beyond PeV energies, and ejecta emission has been

inked (LHAASO Collaboration 2024 ). On the other hand, the
-ray detections are not localized to the BH-XRBs; observations
y LHAASO Collaboration ( 2024 ) subtend angles of ∼ 0 . 5 ◦. In
his section, w e calculat e flux es of γ -rays and neutrinos fr om the

AXI J1820 + 070 ejection and examine if these are detectable
nd hence responsible for the TeV γ -rays observed. 

When high-energy protons collide with photons or with other
r otons, ther e is a probability to produce pions ( π) (see e.g. R.
. Workman et al. 2022 ). Production of π is maximum when the
article density and radiation field strength are high but the ejec-
ion has become large enough to have a high maximum proton
nergy. Our method to calculate an output spectrum of γ -rays
r neutrinos from prot on–prot on int eractions ( p + p) or prot on–
hot on int eractions ( p + γ ) is as follows. Taking the example

p + p → p + p + π0 , π0 → γ γ , we start by making the delta-
unction appr o ximation that energy of pion E π = A π E kin where
 kin is the kinetic energy of the proton and A π ≈ 0 . 17 is the “in-
lasticity” and is a constant (e.g. M. M. Reynoso , G . E. Romero &
. R. Christiansen 2008 ). Making the relativistic approximation
 kin = E p , the output spectrum of pions is 

 π (E π ) ≈ cn H 

∫ 
δ(E π − A π E p ) σpp (E p ) N p (E p ) dE p (13) 

here q π (E π ) is the number of pions produced per unit time,
olume, and energy, σ ( E ) is the cross- section, and N p ( E p ) is the
umber density of protons, both as a function of energy. The spec-

rum is proportional to the number density of thermal protons
 H . Integrating: 

 π (E π ) ≈ cn H σpp 

(
E π

A π

)
N p 

(
E π

A π

)
(14) 

he spectrum of pions q π (E π ) can then be used t o calculat e the
utput γ -rays or neutrinos for various parametrizations of the
ross- section σ ( E ) . In the case of γ -rays, the output spectrum
 γ (E γ ) is 

 γ (E γ ) ≈ 2 
∫ ∞ 

E thresh 

q π (E π ) 
E π

dE π (15) 

his gives a γ -ray spectrum with a spectral index similar to the
on-thermal protons and decreased by a factor ≈ A π . Full deriva-

ions can be found in S. R. Kelner & F. A. Aharonian ( 2008 ) ( p +
) and S. R. Kelner et al. ( 2006 ) ( p + p). The above arguments
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Figur e 5. γ -rays (fr om p + p interactions in MAXI J1820 + 070) could 
have been detectable with CT AO (CT AO 2021 ) for ejecta radii � 1 . 5 ×
10 7 R S . 
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rovide us with the theoretical foundations to find expected γ - 
ay and neutrino emissions. 

For p + p int eractions, w e take the target prot on field t o be
he thermal protons of the ejecta, of which ther e ar e r oughly ten
imes as many as non-thermal protons (Section 2.1 ). For p + γ

nteractions, the target photon field is taken to be the synchr otr on
pectrum from M. Espinasse et al. ( 2020 ). We assume E max of 
hotons ∼ E max of electr ons. Electr on E max is calculat ed via tw o
ethods: first, with the gain/loss estimate equation ( 4 ) ( E max =
 × 10 10 eV), and secondly neglecting adiabatic losses and setting 
 sync = 90 d ( E max = 1 × 10 12 eV). Although both of these are likely
 o be ov erestimat es, for E max � 10 8 eV, there is no discernible dif-
erence to the output spectrum. We assume that the synchr otr on
pectrum a year after ejection is the same as at t = 90 d, and that
he conditions of the ejecta don’t change significantly over time- 
cales on the order of years, valid assuming conservation of mag- 
etic flux φ. The r emaining r equir ed parameters – mass of BH
 8 . 5 M 	), distance to BH-XRB (2.96 kpc), and inclination angle
 64 ◦) – are taken from P. Atri et al. ( 2020 ) and M. A. P. Torres et al.
 2020 ). We will now use these observations and assumptions in
ombination with the above theoretical groundwork to explicitly 
alculat e expect ed γ -r ay and neutrino spectr a. 

Previously, it was unknown whether γ -rays or neutrinos could 

e det ect ed from ejecta, how ev er according t o the simulations,
he rate of production in st eady stat e is far too low, unlike the hard
tate jets which could produce measurable γ -ray flux (D. Kantzas 
t al. 2021 ). The spectra ar e pr esented in Appendix C (Figs C1
nd C2 ) and show that γ -rays and neutrinos at t = 90 d are unob-
ervable, in agreement with γ -ray observations by J. Hoang et al. 
 2019 ) and H. Abe et al. ( 2022 ). Furthermore, the spectra suggest
hat p + p interactions are dominant over p + γ , assuming the

come fr om electr on synchr otr on emission only and have the
bserv ed pow er law flux. Ev en with upper limits by taking ejecta
adius and distance to the BH-XRB to be the most favourable 
ithin 1 σ uncertainties, as well as allowing for departures from 

quipartition (away from μ = 4 / 3 , as in A. A. Schekochihin et al.
009 ), the emit ted γ -r ay and neutrino flux would be orders of 
agnitude too small to be detected even over long observation 

imes. We can do the same calculations for earlier times, using
ig. 1 for the internal energy and radius over time. The closer to
jection, the higher the r ate of γ -r ay and neutrino production due
o the increasing energy density. However, the energy density is 
till far too low to produce detectable rates at astrophysical dis-
ances. These new calculations suggest that γ -ray and neutrino 
bservation in the pseudo - st eady stat e is highly unlikely. It is pos-
ible that repeated ejections, perhaps combined with particle dif- 
usion in the ISM may explain the TeV γ -ray emission (LHAASO 

ollaboration 2024 ), but this r equir es the particles to pr opag ate
 large distance without cooling significantly. Further work on 

he pr opag ation of CRs and bulk ejecta dynamics is needed to
efinitively link ejecta to these emissions. 
It is int eresting t o see what is predicted by our model if we trace

ack to ejection when the ejection is more compact, assuming the
jection forms on small scales comparable to the Schwarzschild 

adius (e.g. for AGN: M. Janssen et al. 2021 ), with a quasi-constant
nergy corresponding to the dashed blue line in Fig. 1 . The MAXI
1820 + 070 ejection had a size 3 . 6 × 10 9 R S < R < 1 . 0 × 10 11 R S 
t 90 d (J. S. Bright et al. 2020 ), where R S ≡ 2 GM 

c 2 . An adiabatic
xpansion must eventually cease to be valid, as the internal en-
rgy is unbounded as R → 0 , hence we use Fig. 1 to justify us-
ng W eq ≈ 10 43 erg, as the energy derived from equipartition is
oughly constant for the AMI-LA data at early times. This value 
an be further motivated by considering an ejection produced at 
ddingt on-limit ed pow er L Edd for the duration of the initial flare
similar to e.g. H. Sreehari et al. ( 2019 ), although this may even
e an underestimate of the internal energy W eq (A. J. Cooper et al.
025 ). For W eq � L Edd t flare : 

 eq � 1 . 3 × 10 38 M BH 

M 	
t flare ⇒ W eq � 2 . 6 × 10 43 erg (16) 

n good agreement with the value from equipartition in Fig. 1 for
 (90 days ) = 3 . 3 × 10 3 AU. 
A ccor ding to the flux as shown in Fig. 5 , γ -rays could have been

et ect ed with CTAO for hours if observed at ejection. The Fermi-
AT measurement of no γ -rays at fluxes � 10 −10 erg cm 

−2 s −1 (J.
oang et al. 2019 ; H. Abe et al. 2022 ) constrains the minimum

ossible radius to ≈ 5 × 10 6 R S in our model. For comparison, the
arliest size measurement of the XTE J1908 + 094 ejection was
 ≈ 10 8 R S (A. P. Rushton et al. 2017 ) and the upper limit on the
nresolved MAXI J1535–571 ejection was ≈ 10 10 R S (T. D. Russell
t al. 2019 ), which is likely a large ov erestimat e due t o maximum
nergy considerations. Hence, an early-time burst of γ -rays may 
e plausible to detect with a sensitive γ -ray observatory . Notably ,
he γ -ray fluxes are comparable to the extended emission ob- 
erved by LHAASO Collaboration ( 2024 ), perhaps indicative of 
 continual interaction/build-up between ejecta and ISM around 

ctive BH-XRBs. Further work is r equir ed in analysing the energy
ransfer between the two media, as in K. Savard et al. ( 2025 ). 

The detection of neutrinos is disfavoured by two considera- 
ions. First, neutrinos are only produced in appreciable quan- 
ities [when compared to the sensitivity of Trinity (A. Wang 
t al. 2021 ) or IceCube (M. G. Aartsen et al. ( 2019 )] at sizes
maller than 10 4 R S , which is constrained by the Fermi-LAT up-
er limit according to our model. A further constraint on the
etection of neutrinos arises when considering the time-scale 
f expansion t exp : for R ∼ 10 4 R S , t exp ≈ 80 s, which severely lim-
ts the number of neutrino events observable. Although not 
etectable from ejecta, neutrinos may be detectable from the 
 xtended emission r egions as observed by LHAASO Collab- 
ration ( 2024 ) if the above hypothesis of ejecta build-up is
rue. 

 CONCLUSIONS  

n this w ork, w e hav e e xamined whether discr ete BH-XRB ejecta
ould be significant sources of CRs, and be detectable as γ -ray
MNRAS 546, 1–10 (2026) 
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r neutrino emitters, using MAXI J1820 + 070 as a case study.
ur study allows us to make three theoretical predictions. First,

jecta from BH-XRBs may accelerate protons up to ∼ 10 16 μ−1 / 2 

V, making them plausible sites of e xtr eme CR acceleration.
econdly, BH-XRB ejecta could possibly contribute a flux ( ∼
 per cent ) to the knee of the CR spectrum, calculated here
ssuming that the energy share between non-thermal protons,
on-thermal electrons, and magnetic fields is not too dissimilar.
eviations from equipartition may not rule out PeV CRs from
H-XRB ejecta, how ev er the shape of the BH-XRB spectrum
ould change as a result; for instance, increasing μ to 100 gives

n upper limit of ∼ 15 per cent at the knee. Despite this being
 conservative estimate, discrete ejecta from BH-XRBs appear
o r epr esent only a fraction of observed PeV CRs and likely do
ot dominate at the knee. Instead, the knee may be due to a
ombination of CRs from hard-state BH-XRB jets and/or other
ources. A. J. Cooper et al. ( 2020 ) suggest that BH-XRB hard-
tate jets might be the dominant source of CRs at the knee,
hile accounting for only around a few percent of the total CR

pectrum. Moreover, S. Kaci et al. ( 2025 ) recently calculated BH-
RB population contribution to be � 25 per cent at the knee,
sing the CR pr opag ation code pr esented in S. Kaci & G. Giacinti
 2025 ). Additionally, the PeV CRs could be dominated by either
 oung, massiv e, windy star clust ers (Aharonian, F. et al. 2022 ;
. Vieu & B. Reville 2022 ) or skewed by a nearby PeV source.
hir dly, γ -rays fr om the ejecta will be observed only if ejecta are

ormed on small scales and the Doppler boosting is favourable,
nd even then only as a short burst with a sensitive observatory
ike CTA O . Detecting > 1 TeV neutrinos from ejecta is highly
nlikely, even if ejecta form on favourably small scales. To con-

inue this investigation, further simultaneous observations on
iffering angular scales permitting measurements of the size of 
jecta are necessary. This would allow ejecta and flare energies to
e bett er correlat ed, and a Mont e Carlo simulation of the ov erall
H-XRB contribution to the CR spectrum could be carried out
s outlined. In addition, the earlier these observations take place
fter ejection, the better we can understand the formation of these
jecta and determine whether TeV γ -rays are produced in mea-
urable quantities or not. Finally, considering the effect of propa-
ation is necessary to refine the estimate of CR contribution from
H-XRBs. 
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Table B1. Fitted proper expansion speeds for different sizes. Errors ( 1 σ ) 
include both fitting and observation. The data in the second row corre- 
spond to the solid purple and blue lines in Fig. 1 . 
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P P E N D I X  A:  NORMALIZATION  OF  

P ECT RU M  

here is a str aightforw ard approximation for the integral. 

 prot = 

∫ ∞ 

E min 

N 0 E 

1 −p exp 

(
− E 

E max 

)
dE ≈

∫ E max 

E min 

N 0 E 

1 −p dE 

(A1) 

hich is sufficient for our purposes. Integrating gives 

 0 = (p − 2) 
W prot 

E 

2 −p 
min − E 

2 −p 
max 

(A2) 

e also form an equation for the total number of non-thermal
rotons N nth : 

 nth = 

∫ ∞ 

E min 

N 0 E 

−p exp 

(
− E 

E max 

)
dE ≈

∫ E max 

E min 

N 0 E 

−p dE (A3) 

hich giv esN 0 = (p − 1) N nth 
E 1 −p 

min −E 1 −p 
max 

. If w e take equation
 A2 )/equation ( A4 ), and use E min � E max we getE min =

p−2 
p−1 ×

W prot 
N nth 

. We can use N nth = 1 . 0 × 10 44 (M. Espinasse et al.
020 ) to find E min ≈ 1 . 0 × 10 9 eV and N 0 = 7 . 6 × 10 54 . Numerical
nt egration giv es the same answ ers t o 1 s.f.: E min ≈ 1 . 1 × 10 9 
V and N 0 = 5 . 3 × 10 54 . This agrees with D. Kantzas et al.
 2023a ) as minimum non-thermal proton energy ∼ 1 GeV. 
ote that overall normalization is rather insensitive to E min : 
 0 ∝ E 

p−2 
min = E 

0 . 2 
min for p = 2 . 2 . 

P P E N D I X  B :  EXPANSION  S P E E D  

A LC U L AT I O N S  FOR  MAXI  J1820  + 070  

he largest ejection size has an unphysical best-fit βexp at late 
imes (see Table B1 ), so larger observed sizes at t = 90 d should
e viewed as more unlikely and so we estimate a robust CR
aximum energy E max = 1 . 4 × 10 16 eV. Reg ar dless of parameter

alues, the best-fit expansion speed is 0 . 05 � βexp � 0 . 25 , con-
istent with A. P. Rushton et al. ( 2017 ); R. Fender & J. Bright
 2019 ). It takes years for the energy to change appreciably in the
ase of an adiabatic expansion from ≈ 90 d onwards, neglecting 
ate-time energy transfers to the ISM. After 2000 d, the internal
nergy decreases by a factor 6 for a typical βexp = 0 . 1 c . Hence the
tate at t = 90 d is a pseudo - st eady stat e, a conv enient simpli-
cation when we calculate the γ -rays and neutrinos produced. 
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his breaks down for extreme expansion speeds ( ≈ 0 . 3 c ), as the
nternal energy decreases by roughly a factor 30 in the same time
eriod, which w ould giv e a low er flux of γ -rays and neutrinos.
dditionally, fitting constant energy at early times ( t � 80 d) gives
ood agreement. This may suggest that interactions with the en-
ironment become significant from this time onwards, perhaps
ue to an increase in ISM density. This roughly constant energy
otivates further early-time calculations in Section 4 . Here we

av e neglect ed energy transfers betw een ejecta and the ISM, ex-
lored by K. Savard et al. ( 2025 ). X-ray and radio measurements
uggest that the ejection from MAXI J1820 + 070 decelerates at
ater times (M. Espinasse et al. 2020 ), which could correspond to
t reaching the edge of a density cavity the BH-XRB is located in
A. P. Rushton et al. 2017 ; M. Espinasse et al. 2020 ; F. Carot enut o
t al. 2022 ). 

P P E N D I X  C :  S  T E A DY- S  T  A  T E  PRODUCTION  

F  γ-RAY S  AND  NEUTRINOS  

ate of production of γ -rays (Fig. C1 ) and neutrinos (Fig. C2 )
rom the MAXI J1820 + 070 ejection onwards from t = 90 d in the
seudo - st eady stat e. Sensitivity scales as 

√ 

t obs for long e xposur es
nd event counts N >> 1 . 
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igure C1. Rate of γ -rays produced from the MAXI J1820 + 070 ejection.
eV γ -rays ar e undetectable. Pr edicted CT AO sensitivity (CT AO 2021 ) has
een plotted for comparison. 

igure C2. The calculat ed rat e of neutrino production from the MAXI
1820 + 070 ejection is orders of magnitude below sensitivity of det ect ors.
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