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A B S T R A C T 

Scorpius X-1 (Sco X-1) is a neutron star X-ray binary in which the neutron star is accreting rapidly from a low-mass stellar 
companion. A t r adio frequencies, Sco X-1 is highly luminous and has been observ ed t o hav e jet ejecta moving at mildly 

relativistic velocities away from a radio core, which corresponds to the binary position. In this lett er, w e present new 

r adio observ ations of Sco X-1 taken with the Karl G . Jansk y Very Large Arra y. Using a fast imaging method, we find that 
the 10 and 15 GHz data show a number of flares. We interpret these flares as the possible launching of fast jets ( β� > 2 ), 
previously observed in Sco X-1 and called ultra-relativistic flows, and their interaction with slower moving jet ejecta. Using 

the period between successive flares, we find that it is possible for the fast jets to remain undetected, as a result of the fast 
jet velocity being sufficiently high to cause the jet emission to be beamed in the direction of the motion and out of our line 
of sight. Our findings demonstrate that the ultra-relativistic flows could be explained by the presence of fast jets in the Sco 

X-1 system. 

Key wor ds: stars: neutr on – r adio continuum: tr ansients – X-rays: binaries. 
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 INTRODUCTION  

elativistic outflows, r esulting fr om accr etion onto a compact 
bject, are a common feature of X-ray binaries. Such relativistic 
utflows, also known as jets, can be observed in ‘steady’ and 

transient’ forms. The steady form is a compact, self-absorbed out- 
ow thought to be mildly relativistic, with speeds likely spanning 
 0.5 c –0.9 c (R. P. F ender, J . Homan & T. M. Belloni 2009 ; A. J.

etarenko et al. 2019 , 2021 ), while the transient form can range
rom ∼0.1 c to highly relativistic velocities, including observed 

uperluminal motion (e.g. I. F. Mirabel & L. F. Rodríguez 1999 ;
. F ender 2006 ; J . S. Bright et al. 2020a ; F. Carot enut o et al. 2021 ;
. Bahramian et al. 2023 ). The observed radio emission from jets
ay be a result of jet interactions with the ambient medium ma-

erial, causing a relativistic shock, or in situ particle acceleration 

A. J. Cooper et al. 2025 ). 
Scorpius X-1 (Sco X-1) is a well-known low-mass X-ray binary 

ystem hosting a neutron star, and is considered a prototypical 
-sour ce. These ar e systems accr eting at very high rates which
uries the neutron star’s magnetic field and produces luminous 
-ray emission which traces a ‘Z’ shape on an X-ray colour–colour
iagram (G. Hasinger & M. van der Klis 1989 ; R. Fender 2006 ). 
Sco X-1 also produces bright radio emission that originates 

rom multiple components, including a core, corresponding to 
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he binary position, and two lobes, radio-bright jet ejecta slowly 
oving away from the launch site. Fig. 1 presents a schematic

f the Sco X-1 system. The approaching jet (the top left blob in
ach panel of Fig. 1 ) is observed as a lobe moving to the north-
ast (NE), and the receding jet is observed as a fainter lobe (the
ottom right blob in each panel of Fig. 1 ), visible less often (half 
f the time) moving to the south-west (SW; E. B . Fomalont, B .
. Geldzahler & C. F. Bradshaw 2001b ; S. E. Motta & R. P. Fender
019 ). The radio lobes of Sco X-1 have been seen to travel at ∼0.5 c
nd have been spatially resolved on milliarcsecond scales (E. B. 
omalont et al. 2001b ). 
Highly relativistic and even superluminal jets have been ob- 

erved in both black hole and neutron star binaries (e.g. I. F.
irabel & L. F. Rodríguez 1994 ; J. Homan et al. 2020 ). It has been

roposed that there may exist a highly relativistic and unseen 

ow of energy interacts with the observed radio jets, called ultra-
elativistic flow (URF) of energy, in neutron star binaries (the 
uthors note that URFs have only been observed in neutron star
inaries; R. Fender et al. 2004 ; S. E. Motta & R. P. Fender 2019 ).
n E. B. Fomalont et al.’s ( 2001b ) study of the radio properties of 
co X-1, using VLBI (Very Long Baseline Interferometry) data, 
onfirmed by S. E. Motta & R. P. Fender ( 2019 ), they inferred the
resence of such unseen URFs, which caused a correlated pattern 

f flares in the flux density of the radio core and lobes. A burst
f energy at the cor e, pr opag ating down the path of the existing
adio jet (the lobe or ‘slow’ jet), could intercept both lobes, causing
hem to re-brighten. Due to the viewing angle and relativistic 
 This is an Open Access article distributed under the terms of the 
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Figure 1. A schematic of Sco X-1 showing the relative positions of the cor e, appr oaching and r eceding slow jets and the effects of the URF on the system. 
The URF (indicated by the diagonal arrows) is launched from the core at the time of the core’s flare and then propagates out to the slow jets where they 
then cause flares, first in the approaching and receding jet. 

Table 1. A summary of the classification of jets in X-ray binaries (E. B. 
Fomalont et al. 2001a ; R. P. Fender & S. E. Motta 2025 ). 

Type Description 

Slow jet Also r eferr ed t o as radio lobes. These mov e at v elocities of 
< 0 . 7 c and are directly observed in neutron star and black 
hole X-ray binaries. These are observed as spatially resolved 
blobs with respect to the core of the binary in Sco X-1. 

Fast jet Jets with velocities > 0 . 7 c . These have only been observed 
in black hole X-ray binaries. In this work, we are exploring 
whether fast jets could be present in the Sco X-1 system. 

URF An inferred flow of energy with velocities > 0 . 95 c . These 
have only been observed in neutron star X-ray binaries. 
URFs have been inferred in the Sco X-1 system 
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ffects, the flares would always be observed in the order of the
ore first, then the approaching lobe, then the receding lobe.
he URF was not directly det ect ed in either the radio or X-ray
ata, but its presence could only be inferred based on the flaring
ehaviour, and was inferred to be highly relativistic with speeds of 

0 . 95 c (E. B. Fomalont et al. 2001a ). For ease of understanding
he difference between the different jets and outflows, we present
 summary in Table 1 . 

In this w ork, w e analyse new r adio observ ations of Sco X-1
aken in 2019, using the Karl G. Jansky Very Large Array (VLA) in
he X and Ku bands (9 and 15 GHz, respectively). The new obser-
ations, described in Section 2 cover a 6 h period and have a high
emporal resolution, allowing for the timing of flares to be tracked
ith a higher accuracy than previous observations. In Section 3 ,
e analyse whether flares in the radio spectrum of Sco X-1 could
e explained by the presence of a URF, whether flux beaming
ould allow a URF to remain unseen, and whether URFs could
e relativistic ‘fast’ jets as presented in the R. P. Fender & S. E.
otta ( 2025 ) framework. It is possible that URFs are intrinsically

ark, or that the emission is beamed out of our line of sight. In
his w ork, w e att empt t o constrain the URF properties without
LBI observations, relying on the assumption that URFs are fast

ets that may be beamed out of the line of sight, and that the
roperties of URFs and lobes (slow jets) are very similar. 

 O B S E RVAT I O N S  

s part of a larger multi- w avelength campaign Sco X-1 was ob-
erved with the Karl G . Jansk y VLA beginning on 2019 February
4 under project code 19A-302 (PI Motta). The VLA was in C- > B
onfigur ation and w as sub-arr ay ed int o three independent arrays
bserving between ut 08:59:50 and ut 17:00:10. Two of the sub-
rrays used the Ku-band (central frequency 15 GHz with 2 GHz
NRAS 546, 1–7 (2026) 
andwidth and 8-bit sampling) receiver and had offset start times
uch that target was always being observed. The third sub-array
bserved at X-band (central frequency 9 GHz with 2 GHz band-
idth and 8-bit sampling). For both frequency set-ups the bright

nd unr esolved sour ce J1558 −1409 was used as an int erleav ed
omple x g ain calibrator (and for pointing calibration at Ku-band),
nd 3C286 was observed to set the absolute flux density scale and
alibrate the bandpass response of each sub-array. 

The data from each sub-array were iter atively calibr ated us-
ng the VLA casa (version 6.4.1.12; J. P. McMullin et al. 2007 )
ipeline (version 2022.2.0.64). After each run the pipeline weblog
as inspected to check the quality of the calibration, and manual
agging followed by a rerun of the pipeline (with the Hanning
moothing st ep remov ed). We particularly not e the need for ad-
itional flagging at the beginning of some complex gain calibrator
cans where the array had clearly not settled onto the target. 

Once the data from each sub-array were phase reference cali-
rat ed w e made deep images fr om each sub-array using the cas a
ask tclean with a Briggs robust parameter of 0.5 for X-band
nd −0 . 5 for Ku-band, two Taylor terms to describe the spectra of 
lean components, and with wprojection enabled (and the num-
er of planes aut omatically calculat ed by casa ). Clean regions
 ere defined int eractiv ely and data w ere av eraged in time and

r equency accor ding to the constraints defined in EVLA Memo
99 1 to reduce processing times (channel width from 1 to 8 MHz
or the Ku-band sub-arrays, and from 1 to 4 MHz with the X-band
ub-arr ay, and time aver aging from 2 s to 8 s for Ku-band and from
 s to 8 s for X-band). Clear artefacts remained around Sco X-1 and
wo other field sources in these deep images. 

To improve the quality of the data calibration we performed
hase- only self- calibration per sub -array, finding significant im-
rovements in all three cases. For the Ku-band sub-arrays a single

teration of phase-only self-calibration with a solution interval
f 1 h was sufficient to significantly improve the deep images,
her eas X-band r equir ed two r ounds with solution intervals of 

0 min followed by the scan length. Calibration solutions for each
olarization w ere calculat ed independently and on a per-spectral
indow basis. The phase solutions for each polarization were
ot consistently similar, leading us to apply separate solutions.
fter initial rounds of long-interv al self-calibr ation, additional
 ounds wer e att empt ed but a large number of failed solutions
s well as noise-like phase solutions (oscillating without much
tructur e ar ound 0 phase) r esulted in no further applications of 
elf-calibration. The lack of further self-calibration rounds was
ue to the relatively low flux density of additional sources in the

https://library.nrao.edu/public/memos/evla/EVLAM_199.pdf
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Figure 2. Two plots showing the observed separation, in mas, of three 
pairs of radio lobes from the core of Sco X-1, as a function of time. 
Overlaid is a linear fit to data at both frequencies which corresponds 
to proper motion in mas per day. We assumed the proper motion was 
constant. Upper panel : Pairs 1 and 2, observed in June 1999. Lower panel : 
Pair 3, observed in February 1998. 
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eld and the use of sub-arrays, reducing the sensitivity of the
nstrument. We did not employ amplitude self-calibration as we 
ished to measure the short-term variability of Sco X-1, which 

mplitude self-calibration would alter artificially. 
Once the data from each sub-array were self-calibrated we pro- 

eeded with imaging on short time-scales. For each frequency 
aft er concat enating the data from the two K u-band sub-arra ys)
 e separat ed the self-calibrat ed measurement set into individ-
al measurement sets each covering 60 s. Each 60 s section was

maged using natural w eighting t o ensure maximum sensitivity 
sing the clean masks defined during the creation of our deep 

mages, with a stopping threshold set to twice the image root
ean square (RMS) noise of the dirty image. The tclean task
as run twice with an updated threshold in the second run using

he RMS noise from the first clean image. Due to the poor uv -
ov erage achiev ed for a 60 s sub-array ed observation (which re-
ults in a particularly poor point spread function when imaging 
sing natural w eighting), w e set the psfcutoff paramet er t o
.8 to ensure that only the central lobe of the dirty beam was fit
hen defining the synthesized beam. Sco X-1 is clearly det ect ed

n each 60 s image at both frequencies. Data were not combined
ver scan boundaries and so in some cases a data point r epr esents
ess than 60 s of data. To extract the flux from each image we
se the casa task imfit , with the source size fixed to that of the
ynthesized beam for a particular observation and fitting within 

 small region centred on Sco X-1. We add a 5 per cent systematic
ux scale error in quadrature with the error returned by imfit . 
We observe clear correlated variability on short time-scales 

t both X- and Ku-band. Comparison to a field source, which 

as constant over the length of the observ ation, demonstr ated
hat the variability associated with Sco X-1 is real. The light
urves are shown in Fig. 3 and the data used to create the figure
re available as a machine-readable table as part of the online
ersion of this article. 

 ANALYSIS  

or ease of comprehension, we have divided the analysis into 
hree parts. We first determine the proper motions of the radio
obes of Sco X-1, using digitized data from E. B. Fomalont et al.
 2001a , b ) and verifying the results of S. E. Motta & R. P. Fender
 2019 ). The verification of S. E. Motta & R. P. F ender’ s ( 2019 )
ork is necessary as the r esults ar e dir ectly used in all subsequent

nalyses. Secondly, we analyse the 2019 VLA observations of Sco 
-1’s flares to infer the speeds of URFs, assuming URFs were re-

ponsible for sequences of flares and had properties as described 

n Section 1 . Finally, we e xplor e whether the relativistic beaming
f the inferred URFs could result in them being undetectable in
he 2019 observations. 

.1 Slow jet analysis 

e used all of the digitized data fr om fig . 7 of E. B. Fomalont et al.
 2001b ), showing the angular separation with time of three pairs
f lobes/slow jets. Lobe pairs 1 and 2 were observed in June 1999,
nd lobe pair 3 was observed in February 1998. Fig. 2 shows these
ata, along with linear fits corresponding to the proper motion. 
e first used linear r egr ession ( scipy ) t o det ermine the line of 

est-fit ting par ameters and then used these v alues as the flat
riors for a Markov chain Monte Carlo ( MCMC ) method ( emcee;
 . F oreman-Mackey et al. 2013 ). The MCMC sampler consisted of 
0 walkers and ran for 1000 st eps. Conv ergence was checked for
y eye in the trace plots and determined that the first 100 steps
eeded to be discarded. We obtained posterior distributions for 

he gradient and y -intercept which we used in our further analysis
Sections 3.2 and 3.3 ). 

We assume that the NE and SW lobes are launched at the same
ime and infer the ejection times by extrapolating backwards to a
eparation of 0 mas. The ejection times quoted in Table 2 consider
nly extrapolate of the NE lobe, due to better data quality, how-
ver in all cases the inferred ejection time for the SW lobe was in
greement with that of the NE lobe. For the fit of the second NE
obe, we considered only the 5 GHz data, as in S. E. Motta & R. P.
ender ( 2019 ), due to better data quality and for consistency. 
Assuming that the lobes were launched at the same time and
oved symmetrically from the core, we calculated for each pair 

f lobes the ejection angle against the line of sight and intrinsic
elocity, using equations from R. Fender ( 2006 ): 

int cos θ = 

μapp − μrec 

μapp + μrec 
. (1) 

tan θ = 

2 d 

c 
μapp μrec 

μapp − μrec 
. (2) 

The results are displayed in Table 2 . Our results agreed with
hose of S. E. Motta & R. P. Fender ( 2019 ). We found that the
jection angle of each lobe pair differed, suggesting that the slow
et precesses. E. B. Fomalont et al. ( 2001b ), analysing the same
ata, found that the angle did not change; this may be because
hey did not fit for the properties of the set of lobes individually
ut instead averaged across all the data. 

.2 Inferring a URF from spatially unresolved data 

er e, we pr esent how we inferr ed the pr esence of URFs fr om our
LA data. The VLA data (described in Section 2 ) do not spatially

esolve the flux from the slow jets (lobes) and the core because
he average beam size was ∼ 2 arcsec which is much larger than
he milliarcsecond scales on which the radio components of Sco 
MNRAS 546, 1–7 (2026) 
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T able 2. V alues derived from the lobe proper motions as shown in Fig. 2 . The err ors ar e the 16th and 84th per centiles fr om MCMC posterior distributions. 
Ejection time is based upon the NE lobe. μapp and μapp are the ‘true’ velocities of the approaching and receding lobes, respectively. The maximum 

separation is of the NE lobe from the core. 

Ejection time (MJD) μapp (mas day −1 ) μrec (mas day −1 ) βcos θ β θ ( ◦) Max. separation (mas) 

Pair 1 51339 . 13 +0 . 02 
−0 . 02 15 . 5 +0 . 3 

−0 . 3 7 . 9 +0 . 4 
−0 . 3 0 . 323 +0 . 007 

−0 . 006 0 . 36 +0 . 03 
−0 . 02 28 +3 

−3 19 . 7 +0 . 2 
−0 . 2 

Pair 2 51340 . 78 +0 . 01 
−0 . 01 32 . 7 +0 . 2 

−0 . 2 15 . 8 +0 . 3 
−0 . 2 0 . 350 +0 . 002 

−0 . 002 0 . 49 +0 . 02 
−0 . 02 45 +2 

−2 53 . 0 +0 . 3 
−0 . 3 

Pair 3 50870 . 12 +0 . 02 
−0 . 02 26 . 7 +0 . 2 

−0 . 5 13 . 7 +0 . 2 
−0 . 3 0 . 320 +0 . 004 

−0 . 004 0 . 43 +0 . 02 
−0 . 02 43 +3 

−3 61 . 2 +0 . 6 
−0 . 6 

Figure 3. The light curves produced from the VLA data presented in 
Section 2 at 10 and 15 GHz. Each point corresponds to 60 s of data. The 
light curves show that the emission from Sco X-1 is brighter at lower 
frequencies but both light curves demonstrate strong flaring behaviour. 
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Table 3. Full results for values inferred for the URFs. Errors are the 16th 
and 84th percentiles of the derived posterior distribution. Lower limits are 
quoted for � where the velocity e x ceeded c and so � t ended t o infinity. The 
numbers in the ‘Flare sequence’ column refer to the flares labelled in Fig. 
4 . Three of the possible flare permutations are allowed: 2, 3, and 10. 

Series no. Flare sequence Velocity ( �) Inferred flux density (mJy) 

1 1-2-3 2 . 2 +0 . 2 
−0 . 1 1 . 14 +0 . 08 

−0 . 08 
2 1-2-4 2 . 9 +0 . 5 

−0 . 2 0 . 8 +0 . 1 
−0 . 1 

3 1-2-5 > 8 . 1 0 . 0 +0 . 1 
−0 . 0 

4 1-3-4 1 . 21 +0 . 01 
−0 . 02 1 . 44 +0 . 01 

−0 . 01 
5 1-3-5 1 . 33 +0 . 02 

−0 . 01 1 . 51 +0 . 01 
−0 . 01 

6 1-4-5 1 . 25 +0 . 02 
−0 . 01 1 . 470 +0 . 009 

−0 . 008 
7 2-3-4 1 . 27 +0 . 04 

−0 . 02 1 . 48 +0 . 01 
−0 . 02 

8 2-3-5 1 . 56 +0 . 07 
−0 . 03 1 . 50 +0 . 03 

−0 . 03 
9 2-4-5 1 . 33 +0 . 04 

−0 . 02 1 . 51 +0 . 01 
−0 . 01 

10 3-4-5 > 3 . 4 0 . 04 +0 . 06 
−0 . 4 

Figure 4. Decomposition of the components in the 10 GHz band. Five 
flares (labelled 1–5) are identified and fitted with broken power laws, and 
the remaining baseline flux is fitt ed linearly. Not e that the flux after the 
fifth flare was not included in the linear fit, as the Ku-band data suggest 
there may be a flare, but we were not able to clearly identify it in the X 

band. 
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-1 have been observed. As a result, our light curves show the
otal flux from the core and the slow jet, as well as the flares.
ig. 3 displays the light curves from our VLA observation, at 10
nd 15 GHz. These flares show substantial flux density increases
bove the baseline in both frequency bands. We note that around
.05 d in Fig. 3 there is some low -level v ariability but it is not
bserv ed cont emporaneously in both bands. As shown in Fig. 3 ,
he flux density at all times (while flaring and between flares)
 as gener ally lower in the 15 GHz data compared to 10 GHz,

nd the flares generally peaked earlier in 15 GHz. For our URF
nalysis, we considered only the 10 GHz band, as this is closer to
he 5 GHz VLBI observations. We make the assumption that the
 adio spectr al properties would not v ary dr astically between the
bserved lobes and inferred URF ejections. 

With five flares identified, we fitted each with a broken power
aw, and to the baseline (non-flaring) level of flux that decreased
v er time, w e linear decay. These fits were performed using em-
ee placing flat priors on all parameters, with 128 walkers and
00 steps, burning the first 100 steps (D. Foreman-Mackey et al.
013 ). The linear fit to the baseline flux at 10 GHz produced an
stimate of the lowest baseline flux during the observation period
s 1 . 05 ± 0 . 06 mJy, at MJD 58538.707 (0.317 d from the beginning
f the observations). 

As the VLA data did not allow for the radio core and lobes to be
patially resolv ed, w e consider ed the scenario in which the flar es
re caused by a URF being launched from the core (causing one
are) and then interacting with the lobes (causing two further
ares). We identified every permutation in which a sequence of 

hr ee flar es, all observed at 10 GHz, might be explained by a URF,
y assigning them to the cor e, appr oaching lobe and receding

obe (in that order). We found 10 sequences of flares (see Table 3 ,
hich uses the labels in the lower panel of Fig. 4 ), which we con-

idered equally in the subsequent analysis. For each sequence, we
alculated the time intervals between flares as measured using
NRAS 546, 1–7 (2026) 
he peak times derived from the broken power law fits as a pr o xy
or the time between the launch from the core to the interaction
n the lobes. Assuming that the URF was ejected at 45 ± 2 ◦ to
he line of sight (the largest inclination inferred in Section 3.1 ,
nd discussed further in the next par agr aph), and reached a max-
mum separation of 53 mas (i.e. that it followed the same path,
or the same distance, as lobe pair 2, we combined the observed
ime between flares with equations ( 1 ) and ( 2 ) to infer the speed
f the URF. 

Table 3 displays the inferred Lorentz factors with errors calcu-
ated from the posteriors of our MCMC fitting. The majority of 
are sequences, with inferred v elocities betw een 0.5 c and 0.8 c ,
id not suggest the presence of a URF. One sequence, with β =
 . 89 , � = 2 . 2 , did not quite reach the ultra-relativistic regime.
hree sequences allowed for ultra-relativistic or even superlumi-



Fast jets in Scorpius X-1 5 

Figure 5. Corner plots of the deriv ed post erior distribution for the three 
fast est URF candidat es. The plots show how inferred velocity depends on 
the angle against the plane of the sky of the jet. For URFs 2 and 3, the 
inferred velocity depends strongly on angle. 
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Figur e 6. Inferr ed observed flux of each potential URF. Results are dis- 
play ed as hist ograms of probability density, calculat ed fr om the pr opag a- 
tion of MCMC posterior distributions. Each bin covers an interval of 0.02 
mJy. The hashed ‘observational limit’ bar r epr esents the low est lev el of 
flux observed from the X-band 2019 observ ations. If the histogr am is to 
the left of the v ertical, the URF w ould be unobserv ed. The v ertical bar is 
also derived from MCMC posterior distributions and r epr esents the 16th 
to 84th percentile range. Each panel has the series number (from Table 3 ) 
labelled. 
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al URFs to be inferred: the second, with β = 0 . 94 , � = 2 . 9 ; the
hird, with β = 1 . 00 , � > 8 . 1 ; and the tenth, with β = 1 . 00 , � >

 . 4 . The uncertainties were larger for sequences that inv olv ed the
econd, third, and particularly fourth flares, as the uncertainty in 

etermining their peak times was higher. The results were highly 
ensitiv e t o angle, as shown in Fig. 5 , the bottom row of which
isplays the dependence of the MCMC -inferred velocity on the 
dopted URF angle. In the bottom-left panel, for example, the 
nferred velocity of URF series 2 increases by about β = 0 . 02 as
he inclination angle increases by 1 ◦. If 43 ◦ was adopted as the
nclination angle of the URF, as in the third lobe pair of the
low jet, then none of the URFs reached superluminal inferred 

elocities, but series 2 and 10 were still ultra-relativistic, with 

= 2 . 87 and � = 2 . 69 , respectiv ely. If 28 ◦ was adopt ed, as in the
rst lobe pair of the slow jet, then the URFs could only reach
round 0.8c. 

.3 Effects of relativistic beaming 

e next consider the effects of relativistic beaming, from the 
elativistic motion of the URF, on the observed emission of the
RF, which we now assume is intrinsically luminous. Despite it 
eing luminous, we only detect the URF when it is launched and

nteracts with the lobes. As we did not directly detect a URF in our
ata, we can assume that an inferred URF would relativistically 
eam its flux below the lowest baseline level of flux observed, 
hich w as fit ted for in Fig. 4 . The difference betw een observ ed
ux F obs and the emitted flux F em 

is given by 

 obs = F em 

δk (3) 

here 

= �−1 (1 ∓ βint cos θ ) (4) 

nd k = 3 for flux dominated by a single evolving event such as a
obe (R. Fender 2006 ). 

Our analysis relies on the assumption that the rest-frame flux 
ensity of the URF was the same as that of the non-flaring slow

et/lobe that we analysed in Section 3.1 , i.e. that they have the
ame intrinsic properties. We use the VLA observations from 

une 1999 (shown in Fig. 2 ) as a means to calculate the intrinsic
et properties. The VLA observations found that the NE lobe had
 flux density of 1.35 mJy at 5 GHz (E. B. Fomalont et al. 2001b ).
he flux density of the SW component was hard to determine as

her e wer e few data points. Using equations ( 3 ) and ( 4 ), where
 obs = 1 . 35 mJy and β, �, and θ as from the second row of Table 2 ,
 e calculat ed the rest frame flux density of the lobe and ther efor e

he URF to be 0 . 76 ± 0 . 01 mJy. 
We then used the rest frame flux density t o det ermine the ob-

erved flux of the URF for each flare sequence, using the different
nferred velocities in Table 3 along with equations ( 3 ) and ( 4 ).

here the inferred URF velocity was above c , and so δ in equa-
ion ( 4 ) was infinit e, the observ ed flux was assumed to be 0. For
he URF to be unobserved, its flux would have to fall below the
observational limit’ of 1 . 05 ± 0 . 06 mJy (the lowest non-flaring
evel of flux density from the 10 GHz VLA observations in Fig. 4 ).
ig. 6 shows the posterior distributions for our derived observed 

ux es compar ed to this limit for each inferr ed URF. As e xpected,
he three sequences with ultra-relativistic inferred velocities were 
lso those which would not be observed. Due to the steep depen-
ence of Doppler factor on velocity at values close to c , the URF
andidates with highest velocities had greater uncertainty in their 
nferred observed flux. 

 DISCUSSION  

e have shown that radio flar es fr om the Sco X-1 system are
apable of supporting flows travelling at � > 2 . Flar es fr om Sco
-1 have previously been shown to occur in a correlated manner,

uggesting the presence of a URF travelling down the path of 
he ‘slow’ jet. Under the assumption that URFs and slow jets
hare many intrinsic properties, we show that a URF with equal
est-frame flux density to the slow jet would undergo sufficient 
elativistic boosting out of our line of sight that its flux would
e ‘hidden’ by the flux from the observed slow jet. Three com-
inations of flares, numbers 2, 3, and 10 as presented in Table
 , have a high � and are estimated to beam their flux well be-
ow the low est lev el observ ed by the VLA. Flare combinations
, 3, and 10 have � values or limits of 2 . 9 +0 . 5 

−0 . 2 , > 8 . 1 , and > 3 . 4 ,
espectiv ely. Fast jets hav e been observ ed in other X-ray bina-
ies (e.g. GRS 1915 + 105, MAXI J1820 + 070; R. P. Fender et al.
MNRAS 546, 1–7 (2026) 
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While w e w ere unable t o det ermine the sour ce of each flar e 
as the lobes were not spatially resolv ed, w e found that several 
s  

‘  

d  

o  

m  

v  

t  

o  

r  

t
 

p  

e

A

T  

t  

b
 

F  

s  

p  

w  

i

D

T  

r

R

B
B
C
C
F  

F
F  

F  

F
F
F
F  

H
H
M  

 

 

M
M
M
T  

 

T

999 ; J. S. Bright et al. ). Our results suggest similar jets could be
roduced in the Sco X-1 system and be the cause of the flaring
bserved in the radio lobes, despite no observations of fast jets in
co X-1. 

We have made a number of assumptions about the similarity of 
he URF to the slow jet, and we note that while the URF remains
nseen few scenarios can be ruled out concerning its true nature.
he assumption that a re-flaring event requires the URF to flow
long the same axis as the slow jet assumes a relatively small
pening angle for a URF, whereas a flow with a wide opening
ngle may interact with jet ejecta even if launched at a different
ngle. Changing the assumed launch angle of the URF can have
rastic consequences for the inferred velocity (as shown in Fig. 5 ),
nd ther efor e the ability of the URF to beam its flux out of the line
f sight. The discussion of ‘hidden’ URFs may be moot if URFs
re not intrinsically luminous, or invalid if URFs ar e mor e highly
uminous than expect ed. How ev er, w e argue that the existing
ndirect evidence, concerning the radio spectral properties of Sco
-1 during slow jet and URF launches, does not suggest that the
RF is intrinsically different from the slow jet. 
R. P. Fender & S. E. Motta ( 2025 ) reframe the observations

f pr oper motion-r esolved r adio jets such that ‘ slow’ and ‘fast’
ets are launched through different mechanisms. ‘Slow’ jets are
hose with β� values below 2, and ‘fast’ jets are those with β�

bove 2. They also demonstrate that fast jets are always launched
n the same dir ection, wher eas slower jets can precess. We find
hat the thr ee high- � flar e combinations have β� values above
, consistent with the ‘fast’ jet r egime. A dditionally, we find that
he three pairs of observed radio lobes presented in Table 2 all
ave β� values far below β� = 2 , consistent with ‘slow’ jets. It
as been shown here by E. B. Fomalont et al. ( 2001a ) and S. E.
otta & R. P. Fender ( 2019 ) that the slow jet-driven lobes from

co X-1 have at least two distinct angles to the line of sight: ∼ 28 ◦
nd ∼ 44 ◦. While we have concluded that the flares observed by
he VLA correspond to either the launch of fast jets or interaction
etween them and the slow jets, we do not have sufficient angular
esolution to spatially separate or measure the angle to the line of 
ight of the jets, to determine if there is precession as was previ-
usly observed. Assuming that the URF is similar in nature to the
low jet – having a small opening angle and pr opag ating along a
pecific direction – we do not expect to observe re-flaring events
hen the slow jets are launched at smaller angles to the line of 

ight because the URFs, which are launched along a fixed axis,
ill not interact with them. However, we note that such conclu-

ions can be drawn in future works examining contemporaneous
LBI and lower angular resolution campaigns (Motta et al., in
r eparation). Such r esults will be able to br eak the degeneracy
etween variability as a result of jet–interstellar medium inter-
ction and slow–fast jet interaction, and determine whether the
cenario we have put forward here can explain the radio data from
co X-1. 

 CONCLUSIONS  

e used archival radio data to determine the proper and intrinsic
otions of the spatially resolved radio lobes of Sco X-1. We found

hat pairs of radio lobes were emitted at speeds of around 0.4 c ,
nd at inclination angles between 28 ◦ and 45 ◦. We analysed new,
ow angular resolution radio data from the VLA showing the
 ariation of r adio emission from the whole Sco X-1 system with
ime. 
NRAS 546, 1–7 (2026) 
equences of flares could plausibly be explained by a fast jet (or
URF’) causing a flare as it is emitted from the core, travelling
own the pathway of the observed radio jet at 45 ◦ (angle to line
f sight), reaching the lobes at their maximum separation (53
as for the NE lobe), and re-brightening each lobe. The inferred

elocities of such flows could reach the speed of light. Assuming
hat the rest-frame flux density of the flow is the same as that
f the slow jet, 0.76 mJy, the flux from the fast jets would be
elativistically beamed out of our line of sight to a level well below
he observational limit, and would ther efor e go unseen. 

In future work, observations with high-quality spatial and tem-
oral resolution would be able to confirm or deny whether this
xplanation for Sco X-1 is plausible. 
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