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Astrophysical jets signpost the most extreme phenomena in the Universe.
Despite a century of study, connections between the physics of black
holes and the processes underpinning the formation and launch of these

jetsremain elusive. Here we present a statistically significant sample

of transient jet speeds from stellar-mass black holes and neutron stars.
The fastest jets are exclusively from black holes and propagate along a
fixed axis across several ejection phases. This provides strong evidence
that the most relativistic jets propagate along the spin axis of the black hole
thatlaunches them. However, we find no correlation between reported
spin estimates and the jet speeds, indicating that some issues remainin
connecting the theories of jet formation with spin measurements.

By contrast, slower jets can be launched by both black holes and neutron
stars and can change in direction or precess, indicating that they are
launched fromthe accretion flow.

The archetypal systems that produce relativistic jets are black holes
(BHs) accreting matter at high rates, a class of system that includes
active galactic nuclei (AGNs), tidal disruption events and gamma-ray
bursts'. This class also includes jets from BHs of ‘stellar mass’ (masses
inthe range 3-20 solar masses), which form at high accretionratesin
X-ray binary systems (XRBs). These have very recently been discovered
tobe the most powerful particle accelerators within our Galaxy*. XRBs
evolve rapidly enough that we can follow changes on humanly acces-
sible timescales, and we are able to spatially resolve and track their
jets over time; this, in turn, provides us with the best opportunity to
understand the jet-launching and powering mechanisms®. XRBs with
accreting neutron stars (NSs) instead of BHs have also been observed
to produce relativistic jets®.

In the past three decades, several attempts have been made to
measure the accretion state at the time of jet launch as well as the
energy content, composition and speed of the jets from XRBs’. It has
been well established that lessons learned from XRBs are directly
applicable to supermassive BHs in AGNs’ and in tidal disruption events®,
demonstrating that BH jet formation is largely scale-invariant. Thus,
we can use the short timescales associated with XRBs to learn about

the cosmological evolution of the most massive BHs. Attempts to
measure the power of XRB jets have been widespread, and yet the
uncertainties on energy estimates remain very large, often orders of
magnitude inscale’, and comparisons with other system properties can
bedifficult. Direct speed measurements are less ambiguous, although
harder to obtain, as they require several epochs of high-resolution
(at least arcsecond scale) radio observations. Building a statistically
significant sample has taken considerable time, but we have now
reached this stage.

Two widespread families of models for BH jet formation exist,
and these can be tested against observations: one in which the jet is
launched and powered by the accretion flow'°, and another whereit s
driven by extracting the rotational energy of the BH (or spin tapping)
through a Penrose process”. The latter ‘spin-powered’ paradigm is
widely discussed for many classes of jetted accreting systems. It has
further been suggested that in evolving accretion discs, relativistic
jetsmay accelerate to higher speeds when their launching region con-
nects with the spin of arapidly rotating BH'?, although direct empirical
evidence for this is lacking. In this paper, we report on a statistically
significant sample of jet speeds from stellar-mass relativistic accretors,
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Table 1| The sample of sources used in our analysis

Name Proper Distance Apparent i B r pr Accretor  Fastor Direction (a;.p) (acone) (3Gpo)

motion (kpc) speed(c) (deg) slow

(masd™)
4U1543-47 187 5.0 5.40 10 >0.98 >53 >5.2 BH >F L 0.98 0.8 -
GX 339-4 40 10 2.31 55 >0.9 >2.29 >2.06 BH >F L 0.95 - 0.27
XTE J1550-564 65 4.4 1.65 7 >0.9 >229 >206 BH >F ? 055 034 0.34
MAXI J1803-298 33 8 1.53 78 >0.9 >229 >206 BH >F ? 099 - -
MAXI J1820-070 (fast) 77 3.0 1.34 64 >0.9 >229 >206 BH >F ? 0.99 014 0.8
MAXI J1820-070 (slow) 18 3.0 0.31 64 0.30 1.05 0.31 BH S ? 0.99 014 0.8
MAXI J1348-630 10 2.2 1.40 29 0.81 174 1.43 BH F L 0.78 0.41 -
GRS 1915+105 24 9.4 1.30 65 >0.9 >224 >200 BH >F L 0.98 095 071
GRO J1655-40 54 3.2 1.00 85 >0.9 >229 >206 BH >F L? 098 07 0.29
MAXI J1535-571 44 3.6 0.92 72 0.74 1.48 1.09 BH [F ? 0.99 - -
H1743-322 20 8.5 0.98 75 0.81 1.69 1.36 BH F ? 0.98 - 0.5
MAXI J1848-015 33 3.4 0.86 76 0.73 1.47 1.08 BH? F ? 0.97 - -
XTE J1752-223 34 3.5 0.69 34 0.61 1.26 0.77 BH S L? 0.92 - -
EXO1846-031 15 45 0.39 73 0.37 1.07 0.39 BH S ? 099 - -
V404 Cyg 25 24 0.35 30 0.43 m 0.48 BH S P 0.92 - -
XTE J1908+094 3 8 0.14 85 014 1.01 014 BH S ? 0.55 = =
SS433 8 55 0.25 80 0.25 1.03 0.25 ? S P - - -
Cyg X-3 (fast) 18 9.3 0.97 10 0.86 1.95 1.68 ? F L? = = =
Cyg X-3 (slow) 10 9.3 0.54 82 0.51 116 0.59 ? S P - - -
Cir X-1 16 9.4 0.97 86 0.82 1.75 1.44 NS S P - - -
Sco X-1 35 2.8 0.57 44 0.53 118 0.62 NS S P - - -
Cyg X-2 6 9 0.31 65 0.30 1.05 0.32 NS S ? - - -

We indicate here the values of the proper motion, distance and inclination angle used in this analysis, which are used to calculate apparent speeds, intrinsic speeds as a fraction of the
speed of light (8), corresponding Lorentz factors (I') and their product (8r). If the proper motion implies an intrinsic speed 32 0.9, we assume this to be a lower limit (corresponding to
>2.3), following the discussion and analysis in ref. 27. The other columns include the nature of the compact object (BH, NS or unknown (?)) and information about the jet properties,
namely, speed (slow (S), fast (F) or fast and unconstrained (>F)) and direction (locked (L), precessing (P) or unknown (?)). Also listed are spin values a* from the reflection (refl), continuum

(cont) and QPO methods, respectively.

and we interpret these results considering the nature of the compact
object, evidence or not for achangein thejet-launching angle (whichwe
interpret asasignature of jet precession) and reported measurements
of BH spin. This sample allows us to address fundamental questions
aboutrelativistic jets from stellar-mass objects, and by association all
BHs, in ways impossible by other means.

The jet sample

Our sample is the largest compilation of jets from Galactic XRBs to
date, and itincludes discrete, resolved ejecta tracked across several
epochsinradioimages. Table 1 presents the datawe consideredinour
analysis and references for individual sources. The measurements we
considered are only generally possible during high-luminosity states or
outburst phases, and so thisis asample of jets formed at high accretion
rates. This sample does notinclude the ‘ultra-relativistic flows’ inferred
to exist in some systems but never directly imaged and which may
ultimately prove to be a phenomenon fundamentally different from
jets"* True jet speeds have been recovered from measured proper
motions based on estimates of distance d and inclination angle i, as
described in Methods. Although there are, of course, uncertainties
remaining, the sample is large enough to be confident in the general
results. Furthermore, in Methods (and Supplementary Fig.1) we dem-
onstrate that our results are robust to uncertainties in distance and
inclination angle. It is worth stressing that the sample, particularly at
the highest speeds, has become statistically significant only with the
addition of recent results for large BH jets from the MeerKAT radio
telescope, which in the past 5 yr has provided the three highest-ever

measurements of proper motion outside of our Solar System™ ™. We
also note that for seven of our systems, we can place only lower limits
onthe Lorentz factor of the ejecta.

Although our results are quantitative, we first make a qualitative
analysis of the populationbased uponasmall number of characteristics
of eachsystem, namely, the nature of the compactaccretor, whether or
notthereisevidence forjet angle swings (precession) and a categoriza-
tion of the jets as being ‘fast’ or ‘slow’. We define fast jets as those with
Brr=1.0(correspondingto=0.7and " =1.4,where [ isthe Lorentzfac-
tor of the bulk motion; Methods), a threshold approximately midway
between the expected escape velocities from NSs (-0.5¢) and BHs (~c).
These classifications are detailed in Table 1.

Relation to a fixed axis

Our most striking result, which will we expand on below, is that the
fastestjets show a pattern of repeated relativistic ejectionsin precisely
the same direction, whereas slower jets, exclusively, have a tendency
to precess or to change direction.

Inafew cases, jets have been shown to dramatically change their
position angle on short timescales (less than1hour), as seen for the
BH X-ray binary V404 Cyg (ref. 18; which we will assume was pre-
cessing), and to even exhibit clear precession patterns onthe plane
of the sky over much longer timescales (greater than 100 days), as
exemplified by the enigmatic source SS433 (ref. 19). By contrast, in
other cases, jets exhibit a fixed axis, revealed by several relativistic
ejections along precisely the same position angle (for example,
refs.16,17).
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Fig.1|Speeds of jets discriminated by evidence for precession or fixed axis.
Red, blue and white indicate, respectively, those sources with a varying jet angle
or precession, those with several ejections in the same direction and those for
which we have only one ejection so cannot presently tell. Grey arrows next to
the rightmost two columns indicate that these measurements are lower limits
onthejet speeds (this is agenuine effect, and we draw the boundary at = 2.0).
The precessing and fixed-axis samples differ at the >99% level (K-S and A-D
tests; Methods).

Figure 1is a histogram of the derived speeds (g of our jets. It
shows sources that have had several ejections at a fixed axis, those
that have undergone changes in direction (for which we used the
general shorthand ‘precessing’) and those for which we do not yet
know because we have observed only asingle ejection. Thereisaclear
suggestion in this figure that the fixed-axis jets are more relativistic
than those which change angle. This is borne out by statistical tests:
Kolmogorov-Smirnov (K-S) and Anderson-Darling (A-D) tests show
that the precessing jets (which have a mean fI"= 0.5) are drawn from
a different sample to the fixed-axis jets (which have a mean "> 2) at
>99% confidence level. The robustness of this result to large uncertain-
tiesindistance and inclination angle is demonstrated in Methods (and
Supplementary Fig.1).

This result can be understood in the context of jet-launching, as
thejet velocity is determined by the proximity of its launching region
to the BH where the local escape velocity increases. Jets launched
closer to the BH are faster, whereas those launched further from the
BH are slower. The inner region of a relativistic accretion flow around
aBH isbelieved to comprise a region that may be precessing®, inside
whichisasmallregion where the accretion flowis forced to flatten and
align with the spin axis of the BH according to the general relativistic
Bardeen-Petterson effect™.

The clear association between fixed-axis BH jets and the highest
measured jet speeds strongly indicates that fast jets are aligned with
the spinaxis of the BH. By contrast, lower-speed jets may originateina
precessing accretion flow, whichremains largely ignorant of the nature
ofthe compact object (assuming the NS lacks astrong magnetic field).
Thisisafundamental result that provides very strong evidence for the
long-held paradigm that the most relativistic flows align their direction
with the spin of the BH. It does not, however, prove that the jets are
powered by the BH in a Penrose process, as they canstill, in principle,
belaunched by the small,inner accretion flow that hasbeen forced into
alignment with the BH spin.

Relation to reported BH spins

Theimplied connection between the most relativistic jets and the BH
spin axis strongly motivated us to investigate whether a correlation
exists betweenthejet speed and reported BH spin measurements. Three
different methods are used to estimate the spins of stellar-mass BHs
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Fig. 2| Comparison of our measured speed distributions with reported spin
measurements, for subsets of BHs. From top to bottom, the three panels
represent measurements of BH spin by X-ray reflection, continuum or QPO
methods, respectively (see main text). Circles indicate estimates of both spin
andjet speed. Triangles indicate points for which the jet speed is a lower limit
only. It should be understood, asillustrated graphically in Fig. 1and discussed in
Methods, that where 8> 2, thisis alower limit to how relativistic the jet is.
Thereis no correlation between our measured speeds for BH jets and the
reported spin measurements for any of the three applied methods.

Nature Astronomy


http://www.nature.com/natureastronomy

Article

https://doi.org/10.1038/s41550-025-02665-w

= BH

B NS

[ Unknown
compact object

Frequency

|

0 T T T T
0 1 2 3 4 5 6

Fig. 3| Distribution of measured speeds of relativistic jets from stellar-mass
objects. Source types are BHs (grey), NSs (blue) and two unknown compact
objects (green). Grey arrows to the rightmost two columnsindicate that these
measurements are lower limits on the jet speeds. This analysis demonstrates a
broad distribution in the speeds of jets from BHs, with arange of at least 0.1to
>5.3in Bl Italso demonstrates that jets from BHs are not drawn from the same
speed distribution as NSs, at >92% confidence (K-S and A-D tests).

from X-ray observations, which are based on the modelling of (1) the
relativistic effects oniron emission lines?, (2) the relativistic effects on
thespectral continua of the accretion disk**and (3) the frequencies of
simultaneously measured quasi-periodic oscillations (QPOs) under the
assumption that they arise in a relativistic precessing accretion flow”.

Figure 2 compares our measured speed distributions to reported
BH spin measurements for allthree approaches. Our statistical analysis,
in which we use Pearson’s, Spearman’s and Kendall’s tau approaches,
reveals nosignificant correlationbetween our jet speed measurements
and the reported spin value for any of the three methods (see Meth-
ods for more details). Specifically, for each method, one or more fast
jets (BI'>1) are associated with sources that have the lowest reported
spins for that method (spin a = 0.55, 0.14 and 0.27 for the reflection,
continuum and QPO methods, respectively). We, therefore, conclude
that if any of the spin estimate methods are accurate, there is no evi-
dencethat the final measured speed of the jet depends directly onthe
spinmagnitude, although the jet axis at the highest speeds appears to
lock to the BH spin direction. This indicates an interesting scenarioin
whichthefastjets are aligned with the BH spin butin which a high spin
isnot required to produce highly relativistic velocities. An alternative
explanation for this is that none of the reported spin measurement
methods, which are extremely challenging, is accurate and reliable
forall the sources.

Relation to nature of compact object

The sample reveals a broad distribution of intrinsic jet speeds from
BHs, as already evidenced in individual cases, such as the BH MAXI
J1820+070 (ref. 24), which exhibits two distinct jet speeds. As already
noted, all the fastest, fixed-axis jets are from BHs. However, we also
have some NSs in our sample, so we can test for a direct relation
between jet speed and the nature of the compact object (Fig. 3). The
result is marginal: jet speeds from BHs and NSs are consistent with
them being drawn from different distributions with over 92% confi-
dence, as confirmed by both K-S and A-D tests. This finding aligns with
recentresultsinref. 25, which used a different, more model-dependent
method to study non-transient jets. The ‘escape speed’ paradigm, in
which jet speeds should reflect the local escape speed of their com-
pact object (and, hence, BH jets should always be faster than those
from NSs), seems to work only as an upper envelope for the speeds
of resolved jets.

Towards anew paradigm

Finally, the insights drawn from our results allow us to suggest a new
paradigm for jets from BHs at the highest luminosities, which we sketch
outinFig. 4.

Jets can be launched from regions with a range of radii from a
central BH or NS, with velocities increasing as the central relativistic
accretoris approached. Slow jets may be forced to precess by one or
both of the two mechanisms: (1) the inner accretion flow from which
thejetislaunchedisrapidly precessing, such asthe BHV404 Cyg, or
(2) a strong, mass-loaded accretion disk wind funnels the jet into a
slowly precessing cycle, such as SS433. At the very highest accretion
rates, the jet-launching region approaches the innermost stable cir-
cularorbitand enters aregion where the Bardeen-Petterson effect*
aligns the accretion flow along the spin axis of the BH. Hence, as the
jet-launching region moves inwards towards the BH, the jet will switch
from being launched at relatively low speeds and from aregion which
may precess to being launched at higher speeds and from a region
with a fixed axis.

How does a comparison with observations of supermassive BHs
in AGNs stand up? It was found in ref. 26, based on a 10-yr monitoring
programme of 38 AGNs, that ~-60% of their sample maintained a fixed
jetdirection over this period. If we assume a mean mass of 108 M, for
this AGN sample and a linear scaling of characteristic timescales with
BH mass, the decade length of this programme corresponds to about
30 s for aten-solar-mass BH, far shorter than any of the observed pre-
cession or jet variation timescales in our sample. This indicates that
some of these AGN jets may, indeed, be precessing on timescales we
cannot yet measure.

Finally, we note thatifitiscommon for the same systemto display
both slow, precessing jets and faster, spin-locked jets, thismay have a
unique effect onthe morphology of large jet-powered nebulae around
such systems.

Binary and <> ? BH spin axis

axis éé

mean disk
\
~
=~ -~
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Accretiondisk\

Hot torus, which forms around a
BH at relatively high accretion rates

Fig. 4| A new paradigm for accretion and jet formation at high luminosities

in BHs. Left: powerful jets form at relatively high luminosities. Middle: the jet
canbedriven to precess around the binary plane angular momentum axis by
aprecessing outer disk or around the BH spin axis by a precessing inner torus.
These precessing jets are always relatively slow (8 <1). Slow jets (8 < 0.8) are
launched or channelled by an accretion flow, which could be precessing on a
short timescale (A, inner torus, centred on the BH spin) or along timescale

(B, outer disc, centred on the binary plane). Examples include V404 Cyg (A) and
SS433 (B). Right: at the very highest accretion rates onto BHs, the accretion flow is
forced to align with the fixed BH spin axis and the most relativistic jets are formed
(Br>2). The alignment is fixed by the Bardeen-Petterson effect. Examples are GX
339-4 and 4U1543-47.
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Methods

Jet speed estimates

Foreach ofthe sourcesin our sample, we measured the proper motion

1, and we have distance d and inclination i estimates (Table 1).
Theapparent speed of approaching ejecta, expressed asafraction

ofthe speed of light, B =v/c, is given by

ﬂintrinsic sini

B t = )
apparen 1- ﬂintrinsic cost

and observationally by

d
ﬁapparem = %’

where the units of u are milliarcseconds per day, and the units of d
are kiloparsecs. This apparent speed is an absolute lower limit on the
Lorentzfactor:

= (l —,82)_1/2,

thatis 82 B, pparent:
Using the estimate of theinclination angle i, we can now estimate
theintrinsic speed:

_ ﬁapparent
ﬁintrinsic = W
and, hence, the intrinsic Lorentz factor.

Given uncertainties on distance measurements, and following
the arguments in ref. 27, if we estimate S, insic = 0.9, we cap it at 0.9
and assume it is a lower limit. This corresponds to a lower limit to the
Lorentz factor > 2.3, corresponding to = 2.0.

Statistical tests and robustness of results
In the following we outline in detail the statistical tests used in our
analysis and how we have tested the robustness of our results.

Population tests. Our population comparison results are based upon
the application of two-sample K-S and A-D tests. The latter is generally
favoured for small samples with a number of outliers, but all of our
results are consistently arrived at using both. In this piece of work, we
ran two population tests:

 Arejets with several ejections at a fixed axis faster than those for
which the jet angle seems to vary or precess?
 Arejets from BHs faster than those from NSs?

As discussed in this paper, for several of the jets we have only
lower limits onthe speed fI". These very fast jets are all from BHs, and
either they are locked to a fixed axis (4/7) or we do not have several
measurementsinwhichto test this (3/7). The lower limitsareall 5> 2,
except for the BH4U1543-47, for which I > 5.2. When performing our
population tests, we took these lower limits as the measured values,
asinboth cases they are in the group that was being tested to see if it
isfaster (note that the sources for which there is not enough informa-
tionto know ifthey are fixed axis or varying in angle were notincluded
inthe first test).

Using the above methodology and the exact values givenin Table 1,
we found, as noted in the main text, that fixed-axis jets are highly sig-
nificantly faster than those which varyinangle and that BHjets are only
marginally faster than NS jets. If the actual Lorentz factors are higher
than the lower limits, this would not change the fixed-axis result, as
itis already highly significant, but it could potentially increase the
significance of the BH versus NS test.

However, we also needed to test the robustness of our results
against uncertainties in the distance and inclination angle of our
sources. To do this, we ran simulations in which:

» Theinclination angle of our sources was drawn from a uniform
distribution centred on the tabulated value but with a range 66
(capped at 0° and 90°).

» Thedistance of our sources was similarly drawn from a uniform
distribution centred on the tabulated value but with an uncer-
tainty of 6d%.

Foreach of these, we chose uniform rather than normal (Gaussian)
distributions as we felt that these best represent the uncertainties in
making these estimates (for example, sometimes upper and lower dis-
tance bounds are set by different methods, and distance uncertainties
are clearly not normal). We note that this should make our tests more
robust compared with assuming a normal distribution. An excep-
tion may be parallax distances, which should be more like a normal
distribution, but we emphasize that this would only strengthen our
conclusions. Supplementary Fig. 1 presents this analysis in the form
of aheat map and demonstrates that our result is very robust against
distance and inclination uncertainties unless they are much larger
than usually assumed.

As the population test for NS versus BH speeds was already only
marginally significant using the tabulated values with no uncertainties,
we did not employ this analysis for that test.

Robustness of spin correlation tests. Spin measurements of three
types (reflection, continuum and QPO) were tested for correlation with
our measured B speeds using Pearson’s, Spearman’s and Kendall’s tau
tests. Thisisaslightly differentapproach to that taken for the popula-
tion studies, as the sources with the lower limits to S were being tested
for having overall higher speeds than a comparison sample, whereas
in this case, we found lower limits to SI" at a range of reported spin
measurements. Testing against the nominal values presentedin Table 1
revealed no significant correlation for any of these methods. We did not
takeintoaccountthe lower limits onjet speeds for the seven fastest BH
jets, but our codebase was written to check any apparent correlation
for consistency with these limits. However, in this case, there were no
instances with a significant correlation.

We then pursued an analogous approach to that taken for the
population test above: exploring various uniform distributions of
inclination angle and distance, redrawing samples and running the test
statistics. On exploring the same parameter space as for the popula-
tion analysis above, that is up to £30% distance uncertainty and £30°
inclination uncertainty, we found no regions of the heat map with a
non-zero chance of a correlation. We do not reproduce this plot here,
but it confirms the lack of any significant correlation in the data. This
does not rule out that future, more accurate, speed measurements of
the sources for which we have only lower limits on I, or indeed the
addition of new sources, could reveal such a correlation.

We note that we tested our code on samples into which we had
artificially injected a spin versus speed correlation, whichit did unam-
biguously identify. We will make our entire Python codebase public.

Data availability
All the data used in this analysis are available via GitHub at https://
github.com/robfender/Two]Jets.

Code availability
Allthe code usedin this analysisis available via GitHub at https://github.
com/robfender/TwoJets.
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